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Abstract 
  

 
Environmental hazards caused by conventional plastics having fossil-fuel origin have 

aroused interest in bio-based polymers. Poly(lactic acid) (PLA) has rapidly gained 

popularity in the past decade as potential replacement for petroleum-based plastics. 

Attributes like biodegradability, recyclability, compostability, biocompatibility and non-

toxicity is what makes PLA the eco-friendly alternative. However, several drawbacks are 

associated with PLA such as brittle nature, slow crystallization and poor gas barrier 

properties which avert its utilization for food packaging applications to its full potential.An 

effort has been undertaken in the current doctoral research work to address these 

limitations by fabrication of PLA based bionanocomposites. 

In the current work, the effect of novel discotic bio-filler crystalline silk nano-discs 

(CSNs) on the structural, morphological, thermo-mechanical, optical and barrier properties 

of PLA is investigated. CSNs are extracted from waste Muga silk through novel hydrolysis 

cum sonication route providing an effective strategy for upconversion of ‘waste to wealth’. 

The physico-chemical, structural and morphological properties of the isolated CSNs are 

studied. The CSNs are having a predominant β-pleated sheet conformation which was 

confirmed using FTIR, Raman and NMR studies. The average diameter and thickness of 

CSNs calculated using AFM, TEM and FESEM is 49.1±12 nm and 3.1±0.9 nm, 

respectively. Amino acid analysis shows that CSNs are mainly composed of alanine, serine 

and glycine which are 83.8%, 6.8% and 6.1%, respectively which makes CSNs 

hydrophobic in nature. X-ray diffraction studies disclose that CSNs are highly crystalline 

nanoparticles with ~93.7% percentage of crystallinity. Thermal analysis reveals that they 

have superior thermal stability of 310 °C., respectively. Furthermore, surface of CSNs are 

modified using iron-oxide nanoparticles to fabricate magnetic CSNs through one-step 

reduction reaction. TEM analysis reveals that MGCSNs have diameter and thickness of 

58.2 ± 4.6 nm and 16.0 ± 2.6 nm, respectively. Subsequently, CSNs are used as 

reinforcement material in the poly(lactic acid) (PLA) matrix to fabricate biopolymeric/ 

crystalline silk nano-discs (CSNs)-based “green” bionanocomposites through melt-

extrusion for potential high temperature engineering and food packaging applications. At 

optimum loadings of 1 wt. %, show well-dispersed CSNs covering the entire matrix, 

corroborated through morphological analysis, leads to significant improvement in intrinsic 

characteristics such as thermal, mechanical, barrier, and processing capabilities. Thermo-

gravimetric analysis confirms the role of CSNs in enhancing melt stability of 
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PLA, as that the decomposition temperature for the PLA bionanocomposite with 

1wt. % CSN content is increased by ~10 °C over neat PLA, when onset of decomposition 

is takenas point of comparison. Due to enhanced crystal nucleation density, water-vapor 

and oxygen permeability reduced by ~28 and ~70%, respectively. Enhancement in 

toughness, percentage elongation and tensile strength up to ~65%, ~40% and ~10%, 

respectively is obtained. These favorable properties along with their non-toxicity, 

sustainability and complete biodegradability makes the PLA/CSN bionanocomposites-

based packaging a promising candidate to replace non-degradable fossil-based plastic 

packaging. 

Further, the influence of CSNs on crystallization behavior of melt-extruded PLA 

was investigated to measure the thermodynamic parameters which are essential during 

processing of polymers. The crystallization behavior is studied using non-isothermal cold 

crystallization and isothermal melt crystallization using differential calorimetry. Both the 

phenomenon are also studied through spherulite morphology and growth rate using 

polarizing microscopy. Crystallization data was analyzed by Jeziorny, Liu-Mo and Tobin 

models to determine useful crystallization information. Incorporation of CSNs facilitates 

the crystallization process. Addition of CSNs in PLA matrix results in lower cold 

crystallization temperatures (Tcc) and shorter crystallization half-time (t0.5) with enhanced 

growth rates. It was found that CSNs act as heterogeneous nucleating agents, hence 

improve non-isothermal crystallization kinetics of PLA. Spherulitic morphology and 

growth of spherulites in case of PLA and PLA/CSN are observed over a wide range of 

crystallization temperatures (90-120 °C) using polarized optical microscopy 

(POM).Improvement in crystal nucleation density is observed as CSNs contribute towards 

new nano-nucleation sites. With incorporation of CSN, the crystallization kinetics were 

modified, the overall isothermal melt crystallization rates of PLA/CSN increased, however 

the crystallization mechanism remained unaltered. The apparent activation energy and 

surface energy barrier for crystallization process decreased upon addition of silk nano-

discs. Decreasing crystallization temperatures decreased growth rates of PLA spherulites. 

Both PLA and PLA/CSN exhibited highest crystallization rates ~107 °C. 

In addition to this, effect of CSNs on the thermal degradation kinetic studies for 

PLA and PLA/CSN are carried out using thermogravimetric analysis (TGA) at various 

non-isothermal heating rates. The apparent activation energies (Ea) of bionanocomposites, 

determined from model free (Flynn-Wall-Ozawa, Kissinger-Akahira-Sunose method) and 
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model fitting (Coats-Redfern method) approach, increased in comparison to pure PLA 

which inform that CSNs impede the thermal degradation process. A possible mechanism is 

proposed for the thermal degradation process of PLA/CSN bionanocomposites using 

Criado method. Hyphenated TGA-Fourier transform infrared (FTIR) analysis is utilized to 

identify the evolved gaseous products of untreated muga, CSNs, PLA and PLA/CSN 

bionanocomposites. For untreated muga and fabricated CSNs various volatile species were 

released such as different amide containing products, carbon dioxide (CO2), carbon 

monoxide (CO) while in case of PLA and PLA/CSN bionanocomposites similar type of 

major products such as CO2, CO, cyclic oligomers, lactide, hydrocarbons and aldehydes 

were detected. Furthermore, the hydrolytic degradation behavior of PLA and PLA/CSN 

were studied at different incubation temperatures (37 and 60 °C) and pH (acidic, neutral 

and alkaline) conditions. The results demonstrate that hydrolytic degradation rate of 

bionanocomposites was slower as compared to PLA in acidic, neutral and alkaline media at 

pH=2, 7 and 12, respectively due to hydrophobic nature of CSN and pH. This work 

provides valuable insight for the application and reclamation of PLA/CSN 

bionanocomposites in moist and wet working environments. 

Further, fabricated CSNs and MGCSNs are utilized for preparation of 

biocompatible nanofiber based scaffolds by melt blending with poly(lactic acid) (PLA) 

followed by electrospinning. The prepared scaffolds are characterized for morphological, 

structural, thermal and mechanical properties. We assessed release behavior of these 

scaffolds using curcumin, a naturally occurring anticancer drug, curcumin and found 

effective towards sustained release over 25 days which also shows effective cytotoxicity 

against human cervical cancer cells. Interestingly, alignment of CSN derived magnetic 

nanoparticles due to effective fiber drawing process during electrospinning could improve 

cytocompatibility against BHK-21 cells. In vitro cell cytocompatibility studies show 

improved cell adhesion and proliferation on the surface of the developed 

bionanocomposites scaffolds which support its biocompatible nature. Combined effect of 

curcumin and hyperthermia reduced the growth to ~57%. Therefore, this doctoral thesis 

focusses on utilization of CSNs and its magnetic derivative, MGCSNs as a novel bio-filler 

for PLA based bionanocomposites for potential food packaging and cancer therapeutics 

which has been summarized in eight chapters and explained in detail in subsequent 

sections. 
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Chapter 1 

Introduction and Literature Review  
This chapter provides a brief outline on the environmental hazards caused by conventional 

plastics having fossil-fuel origin. The benefits, limitations and applications of bio-based 

non-toxic and biodegradable polymers as potential alternatives for replacement of 

conventional plastics are discussed. A brief summary of basic fundamentals and 

terminologies about bioplastics, biopolymers and more emphasis on technological 

practices for overcoming limitations associated with biopolymers to achieve key target 

properties are discussed. The chapter also provides overview of the origin, chemical 

structure, properties, challenges and applications of bio-based polymers and proteins. This 

chapter mainly focuses on discussing various aspects of poly(lactic acid) and silk, 

especially muga silk. Some major outcomes reported so far on extraction, modification and 

utilization of silk with poly(lactic acid) in the area of packaging of food products, wound 

dressing scaffolds, cancer therapeutics and others are highlighted. Thereafter, the chapter 

presents the objectives of the doctoral thesis followed by organization of the thesis.  

 

 

 

 

 

Parts of this chapter are published as book chapters 

• Vimal Katiyar, Neelima Tripathi, Rahul Patwa and Prakash Kotecha, Environment 

friendly packaging plastics (CRC Press, Taylor & Francis Group, 2013). 

• Arvind Gupta, Akhilesh Kumar Pal, Rahul Patwa, Prodyut Dhar and Vimal Katiyar, 

Green Composites Films with Excellent Barrier Properties (John Wiley & Sons, 2017). 

• Akhilesh Kumar Pal, Neelima Tripathi, Rahul Patwa, Tabli Ghosh, Prodyut Dhar, 

Medha Mili, and Vimal Katiyar, Bio-based sustainable polymers for Food Packaging 

Applications (Smithers Rapra, 2017). 

1 
 



 

1.1 Introduction 

Plastics play a major role in industrial growth of developing economies such as India. They 

have potential applications in market sectors such as transportation, construction, 

electronics, packaging and biomedical (Geyer et al., 2017). This is due to their favorable 

characteristics such as low cost, easy processability, light weight, durability and storage 

efficiency. The conventional plastics are primarily derived from petrochemical feedstock 

and their widespread use has made us dependent on petrochemical sources (Hopewell et 

al., 2009). Out of the total plastic production, packaging remains as the major market 

sector in which huge volumes of plastics are utilized worldwide (Figure 1.1). As per the 

data of 2015, around 381 million tons of plastic was produced worldwide, which is 

estimated to cross over 400 million metric tonnes by 2020 (Fornasiero and Graziani, 

2011).  

 

Figure 1.1: Percentage consumption of plastics for different applications (taken from 

((Geyer et al., 2017)).  

At present, majority of plastics used for packaging sector are fossil fuel-based such as 

polyethylene terephthalate (PET), polypropylene (PP), polyvinyl chloride (PVC), high 

density polyethylene (HDPE), low density polyethylene (LDPE) and polystyrene (PS) 

(Sogancioglu et al., 2017). Each of the above-mentioned plastics have distinct 

characteristics to address specialized packaging applications. For example, PET is optically 
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clear and possesses high tensile strength making it suitable for transparent packaging. PVC 

has higher elongation which makes it suitable for production of pipes and sheets. PP and 

HDPE are used for production of firm and clouded containers respectively, by injection 

molding. LDPE, which possesses excellent stretchability, is ideal choice for storage bags. 

PS is mainly used for manufacturing Styroform®, which is an ideal shock-proof and 

insulating packaging material. The key thermal mechanical and barrier properties of 

different conventional polymers discussed above are presented in Table 1.1. 

Table 1.1: Properties of different conventional polymers compared to PLA (taken from 

(Crompton, 2012) and (Shogren, 1997)). 

Properties PC PET PVC PP HDPE LDPE PS PLA 

Tensile Strength (MPa) 50 55 51 26 32 10 34 53 

Percentage Elongation (%) 200 300 60 80 150 400 1.6 6 

Young’s Modulus (GPa) 2.1 2.3 3 2 1.25 0.25 3 3.5 

Max. serviceable Temperature (°C) 110 115 70 135 120 80 90 55 

Thermal Conductivity (W/m.K) 0.22 0.15 0.25 0.11 0.47 0.33 0.13 0.13 

Oxygen Transmission Rate 

(cc.cm/sq. cm. s. cm Hg × 1010) 

1.4 0.035 0.045 1.2 0.3 2.2 3.4 0.26 

Water vapor Transmission Rate 

(cc.cm/sq. cm. s. cm Hg × 1010) 

1400 130 275 35 9 68 1400 3.2 

 

Despite the considerable benefits that the fossil fuel-based conventional plastics have, the 

depleting fossil fuel reserves and the environmental pollution caused by conventional 

plastics has become a major concern of our modern day society. Out of the total plastic 

produced, around 60% is discarded after first use, which is either incinerated or goes into 

the landfills which ultimately goes to the oceans and gets accumulated there forever. So 

far, a total of 8300 million metric tons (Mt) of plastics has been produced and 6300 Mt of 

plastic waste has been generated out of which only 9% goes to recycling, 12% is 

incinerated and 79% is dumped at landfilling sites (Geyer et al., 2017). As a result of this, 

large amounts of pollutants are released into the environment adding to the carbon 

footprint. All the three alternatives for disposal of plastic waste have their shortcomings. 

Incineration is the less favored option as it leads to emission of huge amounts of carbon 

dioxide and other toxic green-house gases, which results in global warming. Landfilling is 

often discouraged due to dwindling landfilling sites and leachates ultimately polluting 
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water bodies. Out of the three, recycling seems to be an appropriate option to deal with the 

plastic waste generated. However, recycling is an energy-intensive process with several 

pre-treatment steps prior to reprocessing into final end product. In addition to this, the final 

product lacks in terms of overall quality when compared to fresh manufactured item. Due 

to such alarming issues, it is the need of the hour to develop bio-based materials having 

similar or better properties than petroleum-based products for a sustainable future. At 

present, bio-based plastics are being studied extensively to improve their properties and 

make their production more cost-effective to replace petroleum-based plastics. The bio-

based polymers derived from biomass or obtained from the derivatives of biomass which 

can be processed to finished products are known as bio-based plastics (Pilla, 2011). 

1.1.1 Biopolymers 

Biopolymers are basically polymers that are bio-based, biodegradable or both (Imre and 

Pukánszky, 2013). Biopolymers are considered to be environment friendly, as carbon 

atoms in these materials originate from atmospheric carbon dioxide fixed by plants during 

photosynthesis. If incinerated these materials do not produce any extra carbon dioxide, thus 

keeping greenhouse gases under check. Kfoury et al. (2013) divided biodegradable 

polymers into two broad categories viz. natural and synthetic biodegradable polymers 

(Figure 1.2(a)). These can be further classified as: 

(i) Natural biodegradable polymers 

(a) Polymers obtained from agro-based resources. 

(b) Polymers obtained through microbial fermentation processes. 

(ii) Synthetic biodegradable polymers 

(a) Polymers synthesized by conventional methods using bio-derived 

monomers. 

(b) Polymers synthesized by conventional method using monomers derived 

from petrochemical resources. 

Major biodegradable polymers include poly(lactic acid) (PLA), poly(hydroxybutyrate) 

(PHB), poly(ε-caprolactone) (PCL), polypropylene carbonate (PPC) etc. The production of 

bio-based polymers in 2011 was 3.5 million tonnes which is estimated to shoot up to 12 

million tonnes in 2020, with an annual 15% growth till 2015 already observed. As shown 

in Figure 1.2(b), the packaging sector accounts for up to 66.5% consumption of bio-based 

polymers, based on the data of year 2016. PLA is a versatile and promising bio-based, 
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renewable and biodegradable thermoplastic polyester derived from lactic acid which can 

be used for food packaging (Ramos et al., 2014; Rhim et al., 2013). 

Figure 1.2: (a) Classification of biodegradable polymers and (b) global consumption of 

biodegradable plastics. 

(a) 

(b
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1.1.2 Poly(lactic acid) 

PLA is a linear, aliphatic, thermoplastic polyester that can be produced from L-lactic acid 

or D-lactic acid monomers. These monomers are obtained from natural resources like corn, 

sugar beet, sugar feedstock and wastes from food and agriculture industry through 

fermentation (Bocchini et al., 2010). The monomer unit of poly(lactic acid) is 2-hydroxy 

propionic acid. PLA is widely used in various biomedical applications such as sutures, 

drug delivery, tissue engineering as scaffolds, orthopedic implants, etc. Another potential 

application is in packaging sector, especially food packing industry. PLA is commercially 

available in various grades and has been approved by the food and drug administration 

(FDA). PLA degrades slowly by simple hydrolysis of the ester bonds to harmless products 

like carbon dioxide and water (Drumright et al., 2000). The life cycle of PLA along with 

its chemical structure is shown in Figure 1.3. PLA can be synthesized by various 

polymerization routes viz. polycondensation, azeotropic dehydrative condensation 

polymerization, ring opening polymerization (ROP) and solid state polymerization of low 

molecular weight PLA (Lunt, 1998). 

 

Figure 1.3: Life cycle of poly(lactic acid) (taken from (Gironi and Piemonte, 2011)). 

6 
 



 

1.1.3 Properties of poly(lactic acid) 

In this section, thermophysical, mechanical, barrier, and rheological properties, and 

solubility and degradation characteristics of poly(lactic acid) are presented. Attributes such 

as biodegradability, recyclability, compostability, biocompatibility and non-toxicity make 

PLA an eco-friendly alternative to conventional petroleum-based plastics. During 

processing, PLA consumes around 25% lesser energy as compared to petroleum-based 

polymers (Rasal et al., 2010). PLA is a transparent, colorless, stiff and glossy 

thermoplastic with physical properties quite similar to polystyrene. Pure PLA enantiomer 

exhibits semicrystalline nature and different phases with melting point (Tm) ranging from 

160–175 °C, glass transition temperature (Tg) ranging from 55–70 °C and cold 

crystallization temperature (Tcc) ranging from 90–125 °C. The melt enthalpy for 

completely crystallized PLA is estimated to lie between 93–148 Jg-1 (Miyata and Masuko, 

1998). PLA has a slow crystallization rate even at optimum temperature range 110–130 °C. 

Huang et al. (1998) reported the spherulite growth rate to be ~4 μm/min at 125 °C. 

Mechanical properties of PLA are highly dependent on molecular weight and degree of 

crystallinity. Accordingly, amorphous PLA can be soft and elastic while crystalline PLA 

can be stiff. Semicrystalline PLA displays a balance of the desired mechanical properties 

such as tensile strength ranging from 50–70 MPa, tensile modulus reaching to 3 GPa and 

elongation at break roughly around 4% (Södergård and Stolt, 2002). Upon annealing, the 

tensile strength and impact resistance increase due to crosslinking of crystalline segments 

and stereo-regularity, respectively (Farah et al., 2016). Stereocomplexation leads to 

superior mechanical properties due to intermolecular crosslinking (Gupta and Katiyar, 

2017). Barrier properties too are highly dependent on PLA crystallinity. Gas transmission 

rates increase with increasing temperatures. PLA displayed a water vapor transmission rate 

(WVTR) of 82 and 172 g/m2.day for crystalline and amorphous forms, respectively 

(Shogren, 1997). Oxygen permeability of PLA at 30 °C and 50% relative humidity (RH) is 

around 500 cm3/m2.day.0.1MPa (Narayanan et al., 2017). PLA, being a thermoplastic 

polymer, is found to have non-Newtonian characteristics with pseudoplastic nature. High 

viscosity linear PLA is observed to exhibit zero shear viscosity around 1000 Pa.s at 190 °C 

which is expected to decrease with reduction in molecular weight (Dorgan et al., 1999). 

PLA is highly soluble in chloroform, dichloroacetic acid, acetonitrile, dioxane, methylene 

chloride, 1,1,2-trichloroethane whereas it is sparingly soluble in acetone, toluene, ethyl 

benzene and tetrahydrofuran. PLA is insoluble in water, alcohols such as ethanol, methanol 
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and other unsubstituted hydrocarbons (Lasprilla et al., 2012). PLA can degrade in natural 

environments such as soil and composts via hydrolytic and enzymatic degradation 

pathways. During hydrolytic degradation, water seeps in and cleaves the ester bonds by 

random scission. This results in production of oligomers thus resulting in reduction in 

molecular weight. When the molecular weight of fragments approaches to 10–20 kg/mol, 

the microbes present in the soil consume them and convert to carbon dioxide and water. 

Therefore, hydrolytic degradation takes place initially followed by microbial degradation. 

1.1.4 Limitations of poly(lactic acid) 

Although PLA has comparable thermal, mechanical and barrier properties which makes it 

a promising candidate for replacement of conventional plastics, it suffers from some 

limitations which restrict its applications (Armentano et al., 2013). PLA has a brittle 

nature which is undesirable in flexible packaging. It is not fit for high temperature and high 

strength applications due to its weak mechanical properties and poor heat stability. PLA 

has a slow crystallization rate which poses difficulties during processing. PLA has poor 

barrier properties which make its applicability to food packaging very limited. It cannot 

hold hot beverages due to its low heat deflection temperature. PLA has a short working 

lifetime which prevents its use in engineering applications requiring longer workability 

(Carrasco et al., 2010). 

1.1.5 Applications of poly(lactic acid) 

PLA has a wide range of applications owing to its comparable material properties to 

conventional plastics. The three important sectors where PLA has major application are 

packaging, textiles and bio-medical. According to the Grand view research, 2017 market 

survey report published in May, 2017, packaging sector accounted for the maximum share 

of 59.1% in 2016 due to increasing awareness towards green packaging. Notably, as PLA 

is biocompatible and biodegradable, it can be used for biosorbable sutures and implants, 

eliminating the need to operate on the body for removal. Other areas where PLA finds 

application are building and construction, agriculture, electronics etc. 

1.1.6 Polymer nanocomposites 

In order to improve material properties of biopolymers, they are filled with nanoparticles 

of other materials to yield nanocomposite materials. Nano-fillers can have organic or 

inorganic origin. Inorganic fillers at some stage from production to end-of-use pose 
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environmental or health hazards (Fawell, 1993). Hence, it is wiser to opt for organic nano-

fillers to ensure sustainability. Combining nano-fillers into PLA/PCL matrix to form 

nanocomposite material has been explored as an innovative and effective approach to 

achieve superior thermomechanical and barrier properties than each of the constituent 

material. These nano-fillers are added at small loadings. Due to dimensions at the 

nanoscale, the filler has high surface area and can interfere with polymer chain movement. 

This brings about a change in matrix properties; thus improved material properties can be 

achieved. The improvement in material properties depend upon the extent of dispersion 

and chemical/physical interactions between nano-fillers and the polymer matrix. 

Conventionally, there are four ways to prepare polymer nanocomposites viz. solution 

casting-cum-evaporation technique, melt extrusion, electrospinning and in-situ 

polymerization method, which are described next: (Dhar et al., 2017; Gupta et al., 2017; 

Suwantong et al., 2012). 

1.1.6.1 Solution casting-cum-evaporation technique: This method involves the 

dissolution of polymers in an appropriate solvent, after which the nano-fillers are 

usually added in the polymer-solvent mixture. After appropriate mixing, the 

mixture is allowed to relax and the trapped air bubbles are allowed to escape. The 

solution is poured onto non-sticky flat surfaces like glass or Teflon and solvent is 

allowed to evaporate (Jamshidian et al., 2012). 

1.1.6.2 Melt compounding method: This technique involves the melt-integration of 

polymers with reinforcement directly without the use of harmful solvents making it 

a real ‘green processing’ technique. The materials are mixed at temperatures 

slightly higher than the melting temperature of polymer (Monika et al., 2017). 

1.1.6.3 Electrospinning: In this process, voltage is applied to polymer solution to 

overcome its surface tension which causes the formation of nanofibers, whose 

dimensions can be fine-tuned depending upon process conditions such as voltage, 

rotating speed, injection speed. The nanofibers possess high porosity, large surface 

area and high gas permeation rates (Suwantong et al., 2012). 

1.1.6.4 In-situ polymerization method: In this method, the nanomaterials are well 

dispersed in the monomer solution, which is subsequently polymerized in the 

presence of fillers (Tesfaye et al., 2017). 
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1.1.7 Biofiller-reinforced poly(lactic acid) 

To retain biodegradability and non-toxicity, PLA can be mixed with biofillers, i.e. nano-

fillers from natural polymeric materials such as cellulose, chitosan, gums, silk etc. (Gupta 

and Katiyar, 2017; Pal and Katiyar, 2016; Tripathi and Katiyar, 2016). They offer a 

lot of advantages such as abundancy, low-cost and sustainability. However, biofillers have 

high density of functional (polar) groups on their surface which restricts proper dispersion. 

Surface modification of the biofiller may be required to achieve good dispersion. 

1.1.8 Silk: nature’s nylon 

The term silk refers to the wide range of continuous filaments spun by several insect 

species of Lepidoptera and Arthropoda. It has excellent strength which is comparable with 

Kevlar. Silk is produced by specialized glands which are stored in the lumen sac until it is 

spun into silk fibers. However, it still remains a mystery to researchers as to what happens 

on the molecular scale at the spinning duct that converts the silk dope present in the sac 

initially in liquid form to fibers of such high strength. The taxonomic classification can be 

seen in Figure 1.4(a) (Sonthisombat and Speakman, 2003). They have a range of 

purposes ranging from cocoons which provide protective casing for eggs/pupa to draglines 

which hold the spider orbs against impact from prey and are also used for escape. Silks are 

hierarchically arranged from the amino-acid level up to micro and macroscopic structures. 

It is evident that both types of silks (spider and silkworm) do not have any common 

lineage. Furthermore, their amino acid composition is also different. On weight basis, silk 

is five times stronger than steel (Keten et al., 2010), but at the same time is as tough and 

extendable as synthetic rubber. Silks’ discovery dates back to around 3000 B.C. in China 

where cultivation was closely guarded and was limited to aristocratic use, but attempts to 

do the same with spiders have proven unsuccessful because of their territorial and 

cannibalistic nature. According to Central Silk Board (CSB) (Natesh, 2011), total 

production of silk in India as per 2010–11 data is 20,410 Mt consisting of all four major 

varieties of silk produced in India viz. Mulberry, Tasar, Eri and Muga shown in Figure 

1.4(b–e). Out of these, silk produced by Bombyx mori, also known as the mulberry silk 

amounts to ~80%, i.e. 16,360 Mt whereas the share of the other three varieties, collectively 

termed as Vanya silks, is mere ~20%, i.e. 4550 Mt, with Muga silk having even lesser 

share of just 0.6%, i.e. 124 Mt (Natesh, 2011). Silk fiber is constructed with two proteins 

namely, fibroin and sericin. Silk production has a minimal wastage as compared to other 

synthetic alternatives. The byproducts during silk production are unused parts of pupa and 
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cocoon. The major source of silk waste is from pierced cocoons and left over cocoons from 

silk reeling process, called the reeled cocoons. Silk fiber is hydrophobic, renewable, 

biodegradable and biocompatible, making it a valuable resource. Utilizing waste silk-

reinforced polymer bionanocomposites can be very cost-effective especially for packaging 

and bio-medical applications. 

 

 
Figure 1.4: (a) Taxonomic classification of silks and (b-e) visual appearance of different 

varieties of silk cocoons available in India (taken from (Sonthisombat and Speakman, 

2003)) 

1.1.9 Structure of silk 

As illustrated in Figure 1.5, all silks irrespective of their origin are thought to consist of a 

protein core and a protective coating. The core which contains the fibroin, is made up of 

two protein mono-filaments called brins (extruded from two silk glands) which are 

embedded inside sericin, a hydrophilic glycoprotein which needs to be removed by a 

process known as degumming (Gulrajani, 1992). Sericin forms 25–30% weight of the silk 

fiber, and is rich in amino acid serine. It is rich in carotenoids which are responsible for 

(a) 

(b) (c) (d) (e) 
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pigmentation of cocoons. Sericins are UV resistant and are difficult to digest by microbes 

or insects. Sericin is known to generate immune response that is why silk needs to be 

properly degummed prior to use in biomedical applications. The brins are made up of 

bundles of nanofibrils, which are arranged parallel to the axis of the fibre. The nanofibrils 

bundles are grouped together to form microfibrils which combine to form brins. 

 

Degumming 

 

Size reduction 

β-sheets 

h 

Size reduction 

Further size reduction 
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Figure 1.5: Molecular arrangement of silk fiber. (a) microscopic view of degummed silk 
fiber showing two brins, (b) microscopic view of silk fiber showing ~20 μm with sericin 
outer layer, (c) microscopic view of raw silk fiber with calcium oxalate crystals over 
surface, (d) degummed silk fiber, (e) optical microscope image of raw silk fiber showing 
high shimmer under light due to its high refractive index (f) microfibrils from silk fiber, (g) 
nanofibrils from silk microfibers and (h) the nanostructured arrangement of hydrophilic 
and hydrophobic domains, where hydrophobic domains are organized into β-sheets 
adapted from ((Sonthisombat and Speakman, 2003)). 
 
1.1.9.1 Molecular structure of silk 

To know more about the microstructure of silk proteins, various sophisticated techniques 

such as nuclear magnetic resonance (NMR) spectroscopy, X-ray diffraction (XRD) and 

transmission electron microscopy (TEM) have been utilized (Barghout et al., 1999; Plaza 

et al., 2012). Silk proteins are supposed to be a matrix of rubbery polypeptide which 

imparts elasticity with small, rigid, inextensible β-sheet crystallites embedded in it 

imparting strength. Silk structure can be simplified into primary and secondary structures 

for a clearer understanding.  

1.1.9.1.1 Primary structure of silk 

Primary Structure of silk comprises highly repetitive sequences which give rise to very 

regular conformations as shown in Figure 1.6. It is known that these amino acids are 

grouped together in many fibroins; e.g., there is evidence for long sequences of glycine, 

alanine, and serine in Bombyx mori fibroin, and for poly(alanine) sequences (12-13 

residues) in the non-mulberry silk followed by glycine-rich domains containing bulky 

residues, which closely resemble to that of primary structure of spider silk (5-7 residues) 

(Ayoub et al., 2007; Plaza et al., 2012). The hydrophobic domains are mainly composed 

of charge carrying amino acids such as glycine, alanine, serine, threonine and valine 

repeats which can form anti-parallel β-sheets . The hydrophilic units are smaller and more 

complex that consist of bulky and polar side chains which make up the amorphous portion 

of silk, imparting elasticity. Non-mulberry silks possess higher alanine to glycine ratio and 

poly-alanine blocks which form β-sheets (Lucas et al., 1960).  

Figure 1.6: Typical amino acid sequences of repetitive core of wild silk (genus: 

Antheraea) fibroin. The highlighted regions are definite β-sheet forming segments. The 

sequence is for Antheraea pernyi fibroin (accession number: O76786) (adapted from (Fu 

et al., 2011)). 

AAAAAAAAAAAAAGS SAAAAAAAAAAAA SAGGGSGGYGGYGGYG
SAAAAAAAAAAAGGGYGWGDGGY
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1.1.9.1.2 Secondary structure of silk 

Silks are two-phased semicrystalline biopolymers having both amorphous and crystalline 

regions. The silk proteins are essentially block copolymers with alternate arrangements of 

hydrophobic (crystalline) and hydrophilic (amorphous) regions. Crystalline regions are 

composed of β-pleated sheets of polyalanine repeats in case of spiders and wild silks, and 

polyglycylalanine for mulberry silks. The hydrophobic domains are assembled in the form 

of nanocrystallites which are highly conserved amino acid sequences, with crystal size 

around 2 × 5 × 7 nm as measured using XRD (Riekel and Vollrath, 2001). Nanocrystals 

contribute to superior mechanical properties of silk (Keten et al., 2010) and are mostly 

insoluble in all major solvents including water. Nova et al. (2010) used molecular 

modelling approach to study the interplay between amorphous regions and nanocrystals. 

They observed that the amorphous regions unravel first which impart the silk its 

extensibility while nanocrystals are responsible for ultimate tensile strength by forming 

interlocking regions that transfer the load. The amorphous regions have random coil 

arrangements. The ultimate tensile strength is directly related to the size of nanocrystals. 

The ratio of crystalline to non-crystalline domains is different in spiders and silkworms. 

The β-pleated sheets are formed by intermolecular forces such as H-bonding, one of the 

weakest chemical bonds known with typical bond energies around 5 kcal/mol. It has been 

found that the intrinsic weakness of H-bonds when grouped in clusters of around 4, upon 

breaking of a single bond does not result in breakdown of entire system. In addition to that, 

hydrogen bonds can reform upon breaking, contributing to exceptional toughness of silk 

(Shao and Vollrath, 2002). Furthermore, β-sheets in silk are aligned parallel to fiber axis 

unlike amyloid protein aggregates responsible for Alzheimer’s, Parkinson’s and 

Huntington’s diseases which are known to form cross beta sheets. This compels force to 

propagate along the strand, requiring higher force to dissociate all inter-strand hydrogen 

bonding at once (Du et al., 2006). The beta sheet structure of silk is quite similar to Nylon 

6 except that the hydrogen bonding is much higher. This results in higher degradation 

temperature of silk as compared to other aliphatic polyamides (O'Brien et al., 1998). Beta 

sheets have dimensions of a few nanometers and constitute roughly 10-15% of the silk 

volume for spiders and silkworm silks (Keten et al., 2010). 

1.1.10 Difference between mulberry and non-mulberry silk 

Both mulberry and non-mulberry silkworms belong to the Bombycidae family as shown in 

the tree diagram in Figure 1.4(a). The former belongs to the Bombicinae subfamily while 
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the latter belongs to the Saturniinae subfamily. This naturally makes their silk fibroins 

quite different in the amino acid sequence, composition, their arrangement as well as 

structure (Devi et al., 2011; Lucas et al., 1958). B. mori contains alternate glycine and 

alanine in their consensus amino acid sequence, i.e. (Gly-Ala-Ser-Gly-Ala-Gly)~Tyr, while 

A. assama contains multiple repeats of alanine in their consensus amino acid sequence. B. 

mori contains a higher percentage of glycine than alanine while A. assama contains a 

higher percentage of alanine than glycine (Devi et al., 2011). In B. mori the distance 

between beta sheets is alternatively 3.79Å and 5.27Å while in wild silkworms it is a 

uniform 5.27 Å (Kaplan et al., 1993). 

1.1.11 Properties of silk 

This section briefly discusses the physical, chemical, mechanical, degradability and other 

properties of silk. Silk fibers generally have a triangular cross-section with rounded corners 

and elongated wedge shape for wild silk varieties. The surfaces reflect light at many angles 

giving silk a shimmering appearance. Silk has a smooth and soft texture, and loses around 

20% of its strength when wet. Silk is a poor conductor of electricity but displays static 

effect during manual handling. The silk fibroin protein of non-mulberry silkworm is a 

homodimeric protein of 395 kDa, with each monomer approximately 197 kDa (Datta et 

al., 2001). Silk is resistant to most mineral acids, except sulfuric acid which dissolves the 

silk. Mulberry silk is soluble in chaotropic solvents such as lithium bromide, lithium 

thiocyanate, calcium chloride solution in ethanol etc. at temperatures above room 

temperature. Non-mulberry silks are only partially soluble or non-soluble in such solvents 

due to increased hydrogen bonding. Regenerated or reconstituted silk which is essentially 

in random coil conformation and is converted to β-form by annealing (steam or water), 

treatment with methanol or ethanol. Most products fabricated from regenerated silk are 

weak and brittle with only around 1–2% of mechanical strength of original form. Koh et 

al. (2015) have compared the mechanical properties of natural and synthetic fibres. Spider 

silks are comparable to commercially available synthetic fibres as seen in Table 1.2. 

Through in vivo experiments on rats and pigs, silk is found to be biocompatible after 

proper degumming and sterilization (Fan et al., 2009). Silk can be degraded by enzymes 

such as α-chymotrypsin and protease (Shaw, 1964); (Srihanam and Simchuer, 2009). 

Silk can be effectively used as implants over polylactides or polyglycolides, as it does not 

degrade into acidic fragments which decrease the pH of surrounding. The degradation of 

silk can be controlled by varying the content of β-sheets. 
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1.1.12 Muga silk 

Muga silk, which is geographically tagged to the state of Assam in the year 2007, is 

obtained from Muga (Antheraea assama) silkworm which is a wild/semi-domesticated, 

multivoltine (i.e. breeds many times a year), non-mulberry species belonging to the family 

Saturniidae (superfamily Bombycoidea) (Unni et al., 2009). These silkworms are raised on 

aromatic leaves of Som (Machilus bombycina) and Soalu (Litsaea polyantha) plants. 

Cocoons are large (about 5 × 2.5 cm in size) and exhibit a bright brown color.  

Table 1.2: Mechanical properties of silk compared to other materials (adapted from (Koh 

et al., 2015)). 

Source Tensile strength 

(MPa) 

Toughness 

(MJ·m−3) 

Elongation 

(%) 

Modulus 

(GPa) 

B. mori silk 300–740 70–78 4–26 10–17 

A. assama silk 440–620 84–149 33-45 3.8–5.8 

Dragline silk 875–1300 200 16.7–38 10 

Collagen 0.9–7.4 - 24–68 0.0018–0.046 

Wool 200 60 50 0.5 

Rayon 685 - 12 13 

Nylon 430–950 80 18 1.8–6 

Kevlar 3600 50 2.7 154 

Steel 1500 6 0.8 209 

Natural rubber 22–32 - 700 0.0015–0.0025 

 

It is found only in the Brahmaputra valley situated in the north eastern region of India, 

especially Assam state from which it gets its name ‘assama’. The word ‘Muga’ in 

Assamese language means amber brown which indicates the golden color of silk fiber. A. 

assama is a promising candidate as a biocompatible, biomimetic, and biodegradable 

biomaterial of natural origin for applications in tissue engineering and regenerative 

medicine (Kasoju et al., 2009). The unit cell dimensions for wild silk are a = 10.6 Å (side-

chain), b = 9.44 Å (H-bond) and c = 6.95 Å (fiber axis) (Warwicker, 1960). Linear 

density, refractive index, density and birefringence of Muga silk is around 2.3 dtex, 1.536, 

1.308 g/cm3 and 0.040, respectively (Rajkhowa et al., 2008). 

 

16 
 



 

 

1.2 Literature review 

1.2.1 Synthesis/preparation of silk nanoparticles 

This section shows key representative literature on synthesis and preparation of silk 

nanoparticles using various methods used so far by various researchers. 

Rajkhowa et al. (2008) prepared ultra-fine silk particles from three silk varieties, viz. 

Mulberry, Muga and Eri. The silk fibers were chopped into snippets and then pulverized 

using rotary and planetary ball mill. They studied the effects of degree of degumming, size 

of milling media, water and lubricant amount on particle size. They found that effective 

degumming reduces milling time but severe degumming prevents effective size reduction 

due to particle aggregation. A volume based median particle size (d (0.5)) of around 200 

nm was achieved. Size reduction occurred by separation of micro and nanofibrillar 

structures. It was found that planetary ball mill was more efficient than rotary milling, and 

wet milling was more effective than dry milling. Non-mulberry silk showed higher 

fragmentation rate than mulberry silk. For ball milling, material-to-water ratio by weight 

was 1: 10–15, rotating speed was 200 rpm, milling media was ziralumina 10 mm balls. For 

further size reduction 0.5–5 mm balls were used once size reached 10-12 μm. 

 

Kundu et al. (2010) prepared silk nanoparticles from silk fibroin solutions of non-

mulberry Tasar silkworm using desolvation technique, dimethyl sulfoxide (DMSO) as 

desolvating agent. The fibroin was collected from silk glands of silkworms. The particle 

size was around 157–168 nm with spherical shape and negative surface charge -5.06 to -

25.15 mV. The particles possessed a β-sheet structure. Cytotoxicity was assessed against 

L929 fibroblast cells, which indicated that silk nanoparticles are relatively non-toxic to the 

cells. In vitro release of growth factors was achieved without initial burst, releasing ~35% 

up to 5 days followed by a more sustained release ~1% per day after that. The silk fibroin 

nanoparticles were developed for cancer diagnostics and therapeutics. 

 

Zhang et al. (2007) prepared silk fibroin nanoparticles (SFNs) using regenerated silk (8–

200 kDa) by rapidly introducing liquid silk into water miscible protonic solvents. Well 

dispersed, stable and insoluble nanoparticles were obtained which were globular in shape 

with sizes in the range of 35–125 nm. The size and morphology was confirmed using 

TEM, scanning electron microscopy (SEM), atomic force microscopy, (AFM) and 

dynamic light scattering (DLS). The conformation change of silk from random coil to β-
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sheet structure was confirmed by infrared, Raman, and NMR spectroscopy. It was 

observed that nanoparticles prepared using acetone showed 20 times more UV resistibility 

than native silk powder. E. coli and B. subtilis could not grow in solutions containing silk 

nanoparticles. The X-ray diffraction curves showed the crystallinity to be about four-fifths 

of native fiber. The silk nanoparticles were generated by rapid dispersing which resulted in 

instant dehydration and denaturing internally and externally. The SFNs were 

biocompatible, easy to functionalize and suitable for application as medical biomaterials 

and in drug delivery.  

 

Lammel et al. (2010) prepared silk fibroin particles (500 nm–2 μm) by salting out using 

potassium phosphate (> 0.75 M). Secondary structure, size and zeta potential of prepared 

nanoparticles could be controlled by varying the pH. The size and yield of nanoparticles 

increased as the pH was increased. Nanoparticles fabricated through salting out process 

using 1.25 M potassium phosphate at pH 6 showed β-pleated structures whereas particles 

produced at pH 9 had a mainly random coil structure. The reported silk fibroin 

nanoparticles could be loaded with drug by simple absorption based on electrostatic 

interactions and were used for controlled release of hydrophobic model drug (rhodamine 

B) which released quickly with high burst release in the first 3 hours. 

 

Wang et al. (2010) prepared silk spheres with controllable size and shape using aqueous-

based preparation method. The method involves phase separation between silk fibroin and 

polyvinyl alcohol (PVA) at a weight ratio of 1:1 and 1:4. The nanospheres were obtained 

by dissolution of previously air-dried blend solution in water; the residual PVA was 

removed by centrifugation. The spheres had around 30% beta content and less than 5% 

residual PVA. The study also discusses obtaining spindle-shaped particles by stretching the 

films prior to dissolving in water. The sphere sizes could be controlled by varying the 

concentration of PVA, silk fibroin solution or by applying ultrasonication. The porous 

nature of nanoparticles and amphiphilic nature of silk facilitated the loading of a variety of 

drugs with different zeta potentials and hydrophobicities, which can lead to different drug 

release profiles. Silk nanospheres can be utilized as drug delivery carriers in a variety of 

biomedical applications. 

 

Gupta et al. (2009) prepared pure silk fibroin or silk fibroin and chitosan nanoparticles 

with varying ratios (<100 nm) fabricated using capillary-microdot technique. The drug (1 
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mg) was added to silk fibroin solution (100 μl) and was dispensed on glass slides via micro 

capillary, which was frozen overnight and later lyophilized. Dry dots were scraped off and 

were subjected to crystallization by suspending the nanoparticles in methanol for 15 

minutes. After crystallization phosphate buffered saline (PBS) washing was done and the 

nanoparticles were stored until further use. Particle size was determined using transmission 

electron microscopy. The prepared nanoparticles were loaded with curcumin and release 

profiles were studied. It was found that nanoparticles derived from pure silk fibroin 

showed highest drug entrapment, drug release and highest efficacy against breast cancer 

cells. 

1.2.2 Extraction of crystalline silk  

This section discusses current know-how about the isolation/extraction of crystalline 

portion of silk from native silk fibers. 

Drucker and Smith (1950) and Drucker et al. (1953) dissolved silk fibroin in cupri-

ethylenediamine, which was followed by neutralization and dialysis. The regenerated 

solution was subjected to tryptic hydrolysis. This led to formation of a precipitate, whose 

amino acid composition was determined using hydrochloric acid digestion. The precipitate 

consisted of glycine, alanine and serine in the ratio 3:2:1. The trypsin hydrolysis liquor on 

the other hand showed the presence of bulky amino acids such as tyrosine, valine, leucine, 

arginine, phenylalanine, aspartic acid, glutamic acid and proline. The molecular weight of 

portion consisting of bulky side-chains was estimated to be 5000 units whereas the 

molecular weight of the precipitate was estimated to be around 7000 units. The fibroin 

molecular weight was reported as 33000 units. To form a complete silk molecule, three 

straight chain sections of molecular weight (MW) 7000 each are linked by two regions of 

bulky amino acids having total MW of 5000 each. These findings were correlated with X-

ray diffraction patterns of fibroin, which showed that crystalline portion consists of glycine 

alternating with alanine or serine. 

 

Shaw and Smith (1961) obtained residues by treatment of various silk fibroins with acid, 

alkali and oxidation using hydrogen peroxide. The residues were identified using column 

chromatography. The wild silk residues upon acid treatment had higher amounts of alanine 

(71.8%), glycine (9.4%) and serine (8.5%) than untreated fibroins which have alanine 

(36.9%), glycine (23.5%) and serine (9.8%). The yield with acid (10N HCl), alkali (4N 

NaOH) and oxidation (3% w/v, pH 5) was 39%, 47% and 48% after 70, 95 and 45 h, 

respectively. They further performed X-ray diffraction studies to observe that the crystal 
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structure of residues was almost identical to the crystal structure of unmodified fibroins, 

except residues had sharper intensities. 

 

Bhat and Nadiger (1980) carried out partial acid hydrolysis of four Indian varieties of silk 

viz. Mulberry, Tasar, Eri and Muga using hydrochloric acid at 40 °C. Hydrolysis of 

mulberry silk was carried out using 6N acid for 48 h while wild silk varieties were 

subjected to 8N acid strength for 96 h. The partial acid hydrolysis yielded a chemically 

resistant portion which is supposed to be mostly crystalline. The percentage crystallinity 

was determined using electronic diffraction and infrared spectroscopy. For mulberry silk, 

absorption bands at 975 and 998 cm-1 are present and become stronger upon hydrolysis. 

These bands are Ala-Gly linkages. In addition to that, peaks at 1015 and 975 cm-1 were 

absent which are designated for Gly-Gly and Ala-Ala linkages, respectively. The reverse 

was the case for wild silk varieties. This led to the understanding that mulberry silk is a 

copolymer of glycine and alanine, whereas wild silks have Ala-Ala linkages in their 

crystalline portions. The crystallite size for (002) reflection for mulberry silk increases 

from 10 to 20 while for Muga it shows considerable increase from 32 to 60. Reflection 002 

arises from planes whose normal are in direction of side chains of amino acid residues. 

Due to the presence of Ala-Ala linkages in crystalline part in the wild silkworms, the 

crystallite size is bigger as compared to mulberry silks which contains alternate Ala-Gly 

linkages. It was observed that wild silks have around 60% crystalline fraction which was 

confirmed from the ratio intensity of 1265 and 1235 cm-1. 

 

Numata et al. (2010) investigated the anti-parallel β-pleated sheet structure of silk and 

found that they are fully degradable and non-toxic structures in biology. They also showed 

the beta sheets from silkworm are structurally different from amyloid structures formed 

during disease conditions and show no cytotoxicity. The enzymatic degradation was 

carried out on beta sheets using protease XIV (300 μg/mL) and alpha-chymotrypsin (300 

μg/mL) in 0.1 M PBS at 37 °C for 24 h. It leads to fibrils and subsequently to 

nanofilaments (2 nm thickness and 160 nm length) as observed by AFM. The degradation 

products produced by Protease XIV were beta-sheet structures with 37% beta-strand and 

50% unordered whereas those for α-chymotrypsin were 5% beta-strand and 57% 

unordered. Hence, protease degradation was found to be faster than alpha-chymotrypsin. 

They reported that dimension of one beta-sheet layer is 1 nm thick and 56–212 nm long. 
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Alpha-chymotrypsin results in loosely-packed chains around tightly packed chains 

generating soluble fractions with random coil and few beta sheets. 

 

Tao et al. (2012) prepared crystalline silk fibroin (CSFs) nanoparticles, a kind of natural 

protein nanocrystals using sulfuric acid (64 wt%). The treatment periods were varied and 

optimum results were obtained at 2 h and 45 °C. TEM microscopy showed that CSFs 

existed as short-rod like fragments and spherical particles. After treatment, the crystallinity 

improved from 53.9% to 78.7% and β-sheet content increased. The CSFs showed reduction 

in molecular weight from 34.6 × 105 g/mol to 11.5 × 105 g/mol. The glass transition 

temperature and degradation temperature showed an upward shift from 179 and 293 °C to 

216 and 320 °C, respectively. These nanoparticles were mixed with high strength 

polyurethane and showed improvement in mechanical properties such that elongation at 

break improved from 1070 to 2370%, tensile strength increased from 0.6 to 2.2 MPa 

whereas Young’s modulus improved from 0.3 to 4.0 MPa. 

 

1.2.3 PLA/silk nanocomposites 

This section shows main available literature related to nanocomposite preparation using 

PLA and silk in various physical forms. 

Cai et al. (2002) modified the surface of poly(lactic acid) with silk fibroins of different 

molecular weights, and assessed functions of rat osteoblasts cultured in vitro. The PLA 

films were prepared by solvent casting technique using chloroform as solvent which were 

acid and base-treated to cap them with carboxylic group. The silk fibroin solution with 

different molecular weights was obtained by treating reconstituted silk with 0.2N NaOH at 

45, 85 and 95 °C for 30 minutes. The PLA-COOH films were soaked in silk fibroin 

solutions and after immobilization were washed with PBS buffer. The surface of modified 

PLA was investigated by contact angle and electron spectroscopy. It was observed that by 

using silk fibroin, the hydrophilicity (wettability) and availability of nitrogen atoms on the 

surface can be incorporated to PLA surface. The study revealed that silk fibroin-modified 

PLA surface can improve the interaction between osteoblasts and the PLA films which was 

confirmed by cell proliferation, MTT assay or alkaline phosphatase (ALP) assessment.  

 

Cheung et al. (2010) prepared silk/PLA composite material for biodegradable implants. 

With the reinforcement of tussah silk fiber, enhancement in stiffness and ductility of PLA 

in addition to faster biodegradation rate (approximately 4 months) was observed. Silk fiber 
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was cut into snippets of 5 mm and mixed with PLA in ratio of 5:95 wt% and extruded at 

180 °C at 100 rpm and 10 minutes residence time which were then injection molded to 

form dumbbell shaped biocomposite samples. The biodegradability was assessed for 4 

months in PBS solution at pH 7.4. The biodegradation of silk/PLA implants did not show 

large increment in acidity and thus would not affect the in vivo environment. The materials 

started to show translucent/milky coloration due to increased crystallinity. The 

incorporation of silk fibers resulted in porous structure due to higher water uptake of silk 

fibers as a result of their strong hydrophilic ability. Such biodegradable implants with 

controllable biodegradability can match with neo-tissue regeneration rate and reduce the 

need of second operation for implant removal. 

  

Wang et al. (2009) prepared tubular porous-structured scaffold using electrospinning 

having PLA fibers as outside layer and fibroin/gelatin as inside layer. Biocompatibility of 

these implants was examined, in particular by in vitro and in vivo cell culture and 

subcutaneous implantation test. The lyophilized reconstituted silk sponges and gelatin were 

dissolved in formic acid to obtain 13 wt% solution while PLA was dissolved in acetone: 

chloroform (1:2) to obtain 5 wt% solution which were used for electrospinning. The 

scaffolds were immersed in ethanol for 15 min to impart strength and stability. The tubular 

scaffolds showed around 82% porosity, breaking strength of 2.21 MPa, elongation 

(pliability) of 61% and suture retention strength of 4.58 N. The burst pressure strength 

obtained was 1596 mmHg which was much higher than native vessels. The scaffolds were 

insoluble in water and biocompatible with both mouse fibroblasts and human endothelial 

cells. In addition, upon subcutaneous implantation they did not result in any macrophages 

and lymphocytes proving that they can be an ideal candidate for tissue engineering blood 

vessels. 

 

He et al. (2011) prepared electrospun nanofibers of tussah silk fibroin/poly(lactic acid) 

composites by dissolving in 1,1,1,3,3,3-hexafluoro-2-propanol in the ratio of 90:10 by 

weight. Addition of 10% PLA led to decrease in average nanofiber diameter from 583 nm 

to 178 nm. XRD and infrared studies showed that upon addition of PLA, the conformation 

of silk changed from random coil and α-helix to β-sheet. The breaking stress and breaking 

strain improved from 1.158 MPa and 4.05% to 2.727 MPa and 4.39%, respectively. Upon 

increasing PLA content, beta content of silk decreased and phase separation was observed 

with increase in average diameter. 
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Zhao et al. (2010) prepared silk fiber/PLA biocomposites using melt compounding 

methods for environment engineering applications. The effect of silk fiber on the 

structural, thermal, dynamic mechanical properties and enzymatic degradation behavior of 

the PLA matrix was investigated. Incorporation of silk fibers in PLA matrix resulted in 

improvement in stiffness, confirmed by increased storage modulus (E´) values, but thermal 

stability was lowered. The enzymatic degradation enhanced upon addition of silk fibers. 

The crystallization temperature (Tcc) decreased on addition of silk fiber, suggesting that 

silk fibers can be used as effective nucleating agents. The improved enzymatic degradation 

(improved weight loss and water absorption) can be attributed to the hydrophilicity of silk 

fibers. The authors suggested 5 wt% silk fiber as optimum loading for silk/PLA 

nanocomposites. 

 

1.2.4 Packaging application of bio-based materials 

This section presents known works related to food packaging which use silk as one of the 

components. 

Ma and Song (2005) prepared films from regenerated silk fibroin (SF) using plasticizers 

and their physical properties were evaluated. The various plasticizers used were 

polyethylene glycol (PEG), polypropylene glycol (PPG) and glycerol. It was found that 

glycerol-laden films showed the least strength of 14.24 MPa albeit with highest % 

elongation 184.44%. PEG and PPG films showed tensile strength and % elongation of 

23.71 MPa, 7.23% and 24.52 MPa, 2.51%, respectively. Water vapor permeation (WVP) 

of SF films varied with addition of plasticizers, with the values being 4.12, 3.92 and 1.32 

ng.m/m2s.Pa for glycerol-SF, PPG-SF and PEG-SF, respectively and these WVP values 

were found to be lower than that of pure silk fibroin films. The Hunter color parameter 

revealed no difference in L (~95–96) values but a (-0.38 to -0.7) and b (3.38–4.07) values 

were higher than silk fibroin. These films could be used for food packaging applications, 

especially PEG-SF with respect to WVP, tensile strength and % elongation. 

 

Singha and Kapoor (2014) prepared films by solvent casting method where silk particles 

and methyl methacrylate (MMA) grafted silk particles with varying concentrations (10, 20, 

30 and 40 wt%) were used as reinforcements for starch and PVA. The films were assessed 

for improvement in mechanical and water-resistant properties. The composites were 

plasticized using citric acid and cross-linked using glutaraldehyde. The films showed 

increment in tensile strength and decrease in elongation at break. The biocomposites were 
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found to be biodegradable and possess anti-bacterial properties. Citric acid reduced the 

tensile strength and increased % elongation due to improved hydrogen bonding as a result 

of its multi-carboxylic structure, whereas glutaraldehyde resulted in improvement in tensile 

strength and decrease in % elongation. Incorporation of silk particles in PVA matrix 

resulted in better interfacial adhesion between particle and matrix. The optimum particle 

loading was found to be 20 wt% beyond which particle-particle aggregation was observed.  

 

Kweon et al. (2001) prepared silk fibroin (5% w/v)/chitosan (5% w/v) blends by 

dissolving in formic acid and solvent casting, which showed no phase separation. The 

dried films were treated with methanol prior to analysis. The chitosan content was varied 

(0–100%) in the blends and physical and mechanical properties were investigated for 

feasibility of using these films as artificial skin and wound dressing. These films showed 

improved mechanical properties and high water vapor and oxygen permeability making 

them ideal for wound dressing and artificial skin. The swelling was around 150–210% 

when chitosan ratio was 10–20%, but above 40% there was not much variation and was 

around 120–140%. The addition of chitosan (10–40 wt%) results in flexibility (5–10 MPa) 

of highly stiff silk films (~35MPa). The 20% chitosan resulted in 90% elongation. 

Addition of chitosan content increased the water vapor permeability (WVP) from 1.2 × 10-

8 g.cm.cm-2.s-1 (1037 g/m2.day) towards 2.4 g.cm.cm-2.s-1 (2074 g/m2.day), which is the 

WVP for chitosan. The oxygen permeability coefficient at 50:50 ratio of fibroin and 

chitosan was 0.579 cm3(STP).cm/ cm2. s.cmHg × 1010. 

 

Fernandez and Ingber (2012) fabricated a bioinspired material that reproduces the 

chemical composition and phase separated structure of insect cuticle by laminar 

arrangement of chitosan and fibroin. The designed material showed outstanding strength 

and toughness similar to aluminum alloys but was half in density. The strength and 

toughness was ten times that of unstructured component blend and twice of chitosan. This 

can be used to replace plastics in consumer products, as well as medical applications, as 

both chitosan and fibroin are biodegradable and biocompatible. Around 12 μm thick 

chitosan film was cast on glass substrate and treated with sodium hydroxide, over which 

fibroin was cast and treated with methanol to induce insoluble β-sheet structure. This 

laminate structure was called ‘Shrilk’ which exhibited ultimate tensile strength (UTS) of 

119 MPa, at a 1:2 chitosan-to-fibroin ratio. The toughness of ‘Shrilk’ is 1.5 times that of 
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pure chitosan. The stiff material can be made flexible by controlling the amount of 

hydration. 

 

Doblhofer et al. (2016) processed cationic recombinant spider silk protein, eADF4 

together with synthetic lysine treated layered silicate sodium hectorite through drop 

casting. The resulting films were both thermally and chemically stable and completely 

water insoluble. The internal structure showed that spider silk was well-oriented and self-

assembled on the nanoclay surface yielding high oxygen and water vapor barrier 

properties. It was observed that spider silk occupied the interlayer spaces between clays as 

confirmed by X-ray studies. The beta content was found to be ~28% as opposed to ~18% 

for neat silk films. The composite showed a decomposition temperature of 327 °C. The 

films were found stable against humidity, acidity and sterilizing environment more than 7 

days. The mechanical properties of the biocomposite were superior to recombinant spider 

silk alone; the modulus, UTS and toughness were 1682 MPa, 100 MPa and 1.0 MJ/m3, 

respectively. The gas (oxygen) and water vapor transmission rates of the bionanocomposite 

were reported to be 3.87 cm3.μmm−2day−1.bar−1 and 0.28 g.μmm−2day−1.bar−1, respectively. 

The bionanocomposite showed better barrier performance than poly(vinylidene chloride) 

and poly(ethylene terephthalate (PET) by 60-fold and 600-fold, respectively. The material 

showed good biocompatibility and hence can be used for green, flexible packaging 

applications.  

 

1.2.5 Tissue engineering application of bio-based materials 

This section discusses key literature available in the area of biomedical devices, tissue-

engineering and allied fields where silk has been utilized as one of the components. 

Wharram et al. (2014) prepared electrospun scaffolds from silk fibroin/ polyethylene 

oxide (PEO) (2:1 or 4:1) blended materials and assesses them for feasibility towards 

biomedical applications such as wound healing. The electrospun scaffolds (20–80 μm) 

showed adequate moisture and oxygen transmission rates, biodegradability, absorption 

(460%) to be utilized for wound dressings. The prepared mats were subjected to alcohol 

treatment to induce conformational change followed by dissolution of PEO in water which 

resulted in interconnected porous structure. Active agents like therapeutic drug can also be 

added to the blend mixture. The composite showed 86% weight reduction in 14 days. The 

achieved oxygen gas transmission rate (OTR) was about 15460 cm3/m2/day and WVTR 

was 1934 g/m2/day. 
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Singh et al. (2015) prepared bionanocomposite of spider silk fibers using neoteric 

solvents, both ionic liquids (ILs) and deep eutectic solvents. Hydrated tetrabutylammonium 

hydroxide (TBAH) was used to disperse 7.5 mg/ml of spider silk. Spider silk was collected 

from the surroundings, washed multiple times to remove dust; this was later degummed 

using sodium bicarbonate (0.5% w/v) at 100 °C for 30 min. Quaternary ammonium IL was 

used for fabrication of magnetite-functionalized bionanocomposite. Iron oxide 

nanoparticles were prepared separately by co-precipitation method which were 

ultrasonicated for 30 min, washed and vacuum dried. The degummed silk fibers (5 mg) 

were dispersed in 1mL of IL at room temperature for 2 h to obtain dispersion of spider silk 

fibers (SSF) into which 5 mg of iron oxide powder was added and ultrasonicated for 30 

min. The material was lyophilized to obtain dry powder. Attachment of iron oxide 

nanoparticles on the surface of spider silk was confirmed by TEM and energy dispersive 

X-ray spectroscopy (EDX) which showed presence of 14.72% of Fe on silk surface and 

chemical structure was confirmed using Fourier transform infrared spectroscopy (FTIR). 

The prepared bionanocomposite showed antibacterial properties and allowed growth of 

mammalian cells (human lung carcinoma A549) in vitro. The material can be used for 

therapeutic applications.  

 

Lian et al. (2014) prepared nanofibrous scaffolds by electrospinning using silk fibroin 

(SF)/poly(L-lactic acid-co-ε-caprolactone) (P(LLA-CL)) in the ratio 1:1. The 

conformational change from random coil to β-sheet structure was achieved by treating with 

75% ethanol vapor. The blends were loaded with curcumin and scaffolds showed 

controlled release, antioxidant and antimicrobial activities, and free radical scavenging 

activities. The curcumin-loaded scaffolds inhibited S. aureus growth (< 95%). The authors 

showed that curcumin-loaded SF/ (P(LLA-CL)) scaffolds can be effectively used as 

potential candidates for wound healing and tissue engineering scaffolds. The nanofiber size 

varied from 293–497 nm. It was ethanol treatment and not curcumin incorporation which 

brings change in conformation. At 6 wt% curcumin loading, increase in the diameter of 

nanofibers was observed which resulted in increment in percentage elongation (117.44%) 

and tensile strength (5.27 MPa). The scaffolds showed 12 h initial burst and a sustained 

release over 72 h. 
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1.2.6 Outcome of literature review 

The detailed literature survey discussed above reveals the continuing efforts focused on 

improving the thermal, mechanical and barrier properties of PLA. In this regard, the 

present doctoral work focuses on the fabrication of PLA-based nanocomposites by 

incorporation of a novel nano-biofiller, namely crystalline silk nano-discs (CSNs), in the 

PLA matrix and on understanding the influence of the reinforcement on the thermal, 

mechanical and barrier properties of PLA. Crystalline silk is selected as reinforcement due 

to the following advantages possessed by the filler: stable in suspension, renewability, low-

cost, easy availability, biocompatibility, ease of functionalization, thermal stability, slow 

biodegradability. The nanoparticles possess high surface area which allows for better 

adhesion with PLA matrix leading to improvement in strength. The nanoparticles have a 

high aspect ratio which results in providing a tortuous diffusion path leading to enhanced 

gas barrier properties. Highly crystalline and thermally stable hydrophobic silk can be 

dispersed in hydrophobic PLA in order to significantly enhance the mechanical and barrier 

properties, crystallization characteristics and thermal stability along with processability of 

PLA. Especially, for food packaging applications, it is important to understand both 

mechanical and barrier properties of filler materials as well as their compatibility with food 

during storage. 

1.2.7 Gaps in the prior art 

Extensive literature survey revealed that very few studies have been conducted on 

exploring the use of crystalline silk-based fillers for food packaging and wound healing 

applications. The strength of silk is due to the crystalline domain, present in the form of β-

sheet crystallites, which can be utilized as PLA reinforcement. It has been found that 

although silk can be reconstituted from cocoons and also extracted directly from silk 

glands, and has film forming ability, it still has random coil conformation which even after 

treatment to obtain β-sheet structure lacks strength and toughness. This inhibits its usage in 

packaging and other applications. Hence, researchers have found different ways such as 

utilizing silk fibers or obtaining silk nanoparticles and using them as reinforcements to 

avoid such limitations. It has also been inferred from literature survey that the use of silk 

nanoparticles in wound healing applications has not been explored in detail. 

Based on the literature survey, it was observed that no work has been published (to the best 

of our knowledge) on: (a) preparation of silk nano-discs with high crystallinity using Muga 

silk, (b) use of silk nano-disc-based bionanocomposite for food packaging applications, 

and (c) use of silk nano-disc-based bionanocomposite for wound healing applications. 
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Therefore, the present doctoral work focuses on two applications, namely (i) packaging 

application and, (ii) wound healing application. In packaging application, the hydrophobic 

silk nano-discs are utilized as filler in the PLA matrix to improve the characteristic 

properties of PLA. Further, the prepared silk nano-discs are functionalized with iron 

nanoparticles and electrospun with PLA and tested for wound healing applications.  

1.2.8 Motivation & hypothesis 

Completely green packaging is of interest worldwide as it is environment-friendly and can 

be manufactured from combination of renewable resources. In the case of PLA/silk 

nanocomposite, abundantly available agricultural crop waste and waste silk can be used for 

producing PLA and silk nano-discs respectively. Such bio-based, biodegradable materials 

have the potential to meet environmental and health requirements along with the required 

necessary properties for food packaging and wound healing applications such as barrier, 

mechanical and thermo-physical properties. 

The aim of current work is to develop PLA/silk nano-disc based food packaging films with 

necessary barrier, mechanical and thermal properties to overcome the limitation of 

conventional bio-based PLA. The nanoscale reinforcement due to silk is expected to 

improve the mechanical and thermo-physical properties of PLA. This novel formulation 

can be used to produce bionanocomposite films by melt extrusion technique, which will 

provide cost-effective process production of films. Therefore, the objectives of the doctoral 

work are framed as follows: 

1.2.9 Objectives of the research 

• Isolation of crystalline silk nano-discs from Antheraea assama and their detailed 

characterization. 

• Preparation of PLA/silk bionanocomposites and detailed characterization of the 

bionanocomposites for improvement in mechanical, thermal and barrier properties. 

• Investigation of thermal and hydrolytic degradation, and crystallization kinetics of 

the prepared bionanocomposites. 

• Fabrication of scaffolds using electrospinning for tissue engineering application 

and checking for biocompatibility. 
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1.2.10 Outline of doctoral thesis 

This doctoral thesis provides fundamental and applied research and analysis of a 

biodegradable polymer nanocomposite, namely PLA/silk nano-disc which is described 

systematically in the following chapters and schematic representation is shown at the end 

of this chapter: 

Chapter 1: Introduction and Literature Survey 

In this chapter, a comprehensive literature of published articles related to the 

broad theme of the thesis are reviewed. Gaps in knowledge are determined, and 

objectives are formulated. 

Chapter 2 Materials and Methods 

In this chapter, the materials used, experimental procedures followed, and the 

characterization techniques and equipment used are described in detail. 

Chapter 3 Isolation of crystalline silk nano-discs (CSN) from Muga silk, preparation of 

magnetic CSN (MGCSN) and their detailed characterization 

In this chapter, isolation of crystalline silk nano-discs (CSNs) from Antheraea 

assamensis (Muga) silk fibroin is discussed. The isolated CSNs were 

thoroughly characterized on mainly morphological, structural and 

conformational fronts. As a continuation of this work, the isolated CSN were 

modified using magnetic nanoparticles which were electrostatically adhered to 

the –NH2 moieties of the CSN to prepare magnetic silk nano-discs (MGCSNs). 

The MGCSNs are characterized with respect to their morphology, magnetic 

moment, structure, etc.  

Chapter 4 Studies on poly(lactic acid)/crystalline silk nano-discs based ‘green’ 

bionanocomposite for food packaging applications 

This chapter describes the fabrication of biopolymeric/CSN-based “green” 

bionanocomposite films using bio-based polylactic acid (PLA) for potential 

food packaging applications. The formation of network-like structure of CSNs 

in PLA matrix, corroborated through morphological analysis, leads to 

significant improvement in structural, crystallization and thermal properties. 

The melt extruded films showed high resistance to oxygen gas and water vapor 

permeation, which were within the limits as per standard legislations. These 

favorable properties along with their non-toxicity, sustainability and complete 

biodegradability makes the PLA/CSN bionanocomposites suitable for food 
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packaging applications 

Chapter 5 Influence of crystalline silk nano-discs (CSNs) on the crystallization behavior 

of melt extruded PLA films 

Crystallization studies are very important for improvement of various properties 

essential for stringent food packaging applications.  

The effect of silk nano-disc content on crystallization behavior of PLA/CSNs is 

assessed by isothermal and non-isothermal crystallization kinetics. Polarizing 

optical microscope (POM) analysis suggested that the spherulite growth of PLA 

is improved significantly with the addition of silk nano-discs.  

Chapter 6 Thermal degradation kinetics and hydrolytic degradation studies of PLA/CSN 

bionanocomposites 

The influence of crystalline silk nano-discs (CSNs) on thermal stability and 

evolved gas characteristics of PLA is discussed with the help of thermal 

gravimetric analysis coupled with Fourier transform infrared spectroscopy (TG-

FTIR). Different models from isoconversional and model fitting techniques are 

used to evaluate the degradation kinetics. Moreover, mechanism of thermal 

degradation is predicted by Criado method. In addition, the materials are also 

evaluated for hydrolytic degradation behavior with respect to molar mass, 

morphology, residual weight, etc.  

Chapter 7 Preparation and characterization of PLA/CSN and PLA/MSCSN 

bionanocomposites with and without anticancer drug (Curcumin) by 

electrospinning, and evaluation for cytotoxicity and anti-cancer activity 

This chapter discusses the utilization of CSNs and MGCSNs for preparation of 

bionanocomposite scaffolds using electrospinning. The morphological, 

structural, thermal and mechanical properties of the prepared scaffolds are 

characterized. Drug encapsulation ability and release kinetics are also 

evaluated. This chapter assesses the biocompatibility of silk nano-disc-based 

polymeric materials for suitability towards food packaging applications. The 

silk nano-disc-filled electrospun polymeric scaffolds are evaluated for 

proliferation of fibroblasts. The drug-loaded scaffolds are assessed for anti-

cancer activity due to sustained drug release, magnetic hyperthermia or 

concomitant effect.  

Chapter 8 Conclusions & Future Directions 
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This chapter summarizes the conclusions of major findings of all the chapters 

and highlights the important technical and fundamental issues addressed in each 

chapter. The structural, morphological, conformational and other aspects of 

prepared silk nano-discs are summarized and discussed. The application of silk 

nano-discs, developed and demonstrated in the thesis, are also highlighted 

including use in PLA-based packaging material, wound healing, targeted drug 

delivery, and magnetic hyperthermia. Based on the general conclusions of the 

work presented in the thesis, some suggestions for future work are made on the 

development of silk nano-disc-based functional materials for high performance 

applications. 
 

 

31 
 



 

 

 

32 
 



Chapter 2 

                      Materials and Method 
 
 
This chapter provides details of the materials and reagents used and protocols followed for 

performing various experiments in this research work. Extraction of crystalline silk nano-

discs (CSNs) from Muga silk using sulfuric acid as hydrolyzing agent has been discussed. 

Surface modification of CSNs with iron-oxide nanoparticles to fabricate Fe3O4-CSNs has 

been discussed in detail. Processing of CSN-based polymeric bionanocomposites through 

different approaches such as melt extrusion, solvent casting and electrospinning has been 

reported. The fabrication of electrospun nanofibers under the influence of magnetic field 

has been explained. The calculation methodology for converting raw experimental data 

into appropriate results has been elaborated. The analytical instrumentation and 

experimental procedure followed for the characterization of aforementioned nanoparticles 

and bionanocomposites have also been discussed in this chapter. 

 

2.1 Materials 

Poly L-lactic Acid (PLA) granules (grade: 2003D MFI of 6.0 g/ 10 min at 210 °C) were 

purchased from NatureWorks® LLC, USA. The weight averaged molecular weight (Mw), 

number averaged molecular weight (Mn) and polydispersity index (PDI) were ~250,000 

Da, ~135,000 Da and 1.82, respectively and content of L-lactic acid/D-lactic acid was 

98.6/1.4. Sodium carbonate (>97%) (analytical grade) used for degumming of silk was 

purchased from Merck, India. Fabrication of crystalline silk nano-discs (CSNs) was carried 

out using sulfuric acid (>99%) as hydrolyzing agent which was purchased from SISCO 

Research Laboratories (SRL Chemicals, India) (analytical grade). Waste pierced Muga 

(Antheraea assama) cocoons were supplied by Regional Muga Research Station (RMRS), 

Central Silk Board (CSB), Boko, Assam, India. For gel permeation chromatography (GPC) 

analysis, the reagent chloroform (Merck, high performance liquid chromatography (HPLC) 

grade) was used. For the fabrication of iron-oxide supported CSNs, chemicals required 

such as ferric (III) chloride (FeCl3) (96%), sodium borohydride (NaBH4) (95%), sodium 

hydroxide (NaOH) (>97%), curcumin (>95%) (analytical grade) were received from 

SISCO Research Laboratories (SRL Chemicals, India). Diiodomethane (Sigma Aldrich, 

India) was used for contact angle measurements. All solvents such as chloroform, 

dimethylformamide, methanol, acetone and ethanol were purchased from Merck, India. 

Ultrapure water was obtained from a Milli-Q filtration unit Millipore® (TOC <10ppb, 
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particles <0.22 μm/ml, resistivity: 18.2 MΩ.cm at 25 °C) was used as solvent for all the 

experiments reported in the thesis. 

2.2 Methods 

2.2.1 Fabrication of crystalline silk nano-discs (CSNs) through sulfuric acid as 

hydrolyzing agent 

2.2.1.1 Degumming Process (Sericin removal) 

CSNs are fabricated through the traditional route of sulfuric acid-based hydrolysis with 

waste pierced Muga silk cocoons as fibroin precursor. The waste silk contains fibroin as 

main ingredient in which sericin is present as protective protein coat. The extraction of 

purified fibroin was carried out through degumming; the step-wise procedure is shown in 

Figure 2.1. Firstly, silk cocoons are chopped into small pieces and cleaned to remove eggs, 

plant debris, dirt and foreign impurities. Degumming of silk was carried out with 0.02 M 

Na2CO3 at 98 °C for 30 min (Rockwood et al., 2011). The fibroin was filtered out and 

washed with copious amount of Milli-Q water three times to remove trace amount of 

sericin and subsequently the fibroin was dried in oven at ~80 °C to remove moisture. 

 

Figure 2.1: Step-wise degumming procedure (Rockwood et al., 2011). 

2.2.1.2 Isolation of CSNs 

The stretched and dried degummed silk fiber (~5 g) was hydrolyzed with sulfuric acid (64 

wt%, 50 ml) under combined mechanical stirring (~500 rpm) and sonication (~40 kHz) for 

2 h, at 45 °C as shown in Figure 2.2(a). Subsequently, equal volume of chilled deionized 

water was added to stop the reaction. The CSN suspension was centrifuged (Remi, India) 

at 10,000 rpm for 20 min and the precipitate was transferred to cellulose acetate dialysis 
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membrane with a cut-off molecular weight 12–14 kDa (Sigma Aldrich) to achieve neutral 

pH. Further, the neutralized pH suspension was collected as pellet upon centrifugation 

followed by lyophillization after quench freezing with liquid nitrogen (at ~ -110 °C) 

(Scanlaf, Denmark) and dried CSN was stored in inert atmosphere as shown in Figure 

2.2(b). 

 

Figure 2.2: (a) Hydrolysis setup and (b) overall experimental representation for 

preparation of crystalline silk nano-discs (CSNs). 

2.2.2 Fabrication of Fe3O4-adsorbed crystalline silk nano-discs (MGCSNs) 

The iron oxide (Fe3O4) nanoparticles were adsorbed onto the CSN surface by chemical 

reduction method. The reaction setup is depicted in Figure 2.3. CSN (70 mg) was 

uniformly dispersed in 50 ml deionized water followed by ultrasonication (3000MP, 

Biologics, USA) at 30% amplitude for 2 min. Subsequently, FeCl3 (30 mg) salt was 

dissolved in CSN suspension, and pH was adjusted to ~5.0 using 0.1N NaOH under inert 

atmosphere (by continuously purging with inert gas). The contents were vigorously stirred 

(at ~1000 rpm). For the fabrication of Fe3O4 nanoparticle-adsorbed CSNs (MGCSNs), 500 

mg NaBH4 in 10 ml solution was added dropwise into the iron salt-CSN solution at 65 °C 

and stirred for 2 h; suspension turned black immediately with evolution of hydrogen gas 

bubbles. The MGCSNs were separated from the solution using permanent magnets and 

washed three times with water and ethanol to remove impurities. Finally, the MGCSNs 

were centrifuged, dried at 50 °C and crushed into fine powder using mortar. 

(a) (b) 
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Figure 2.3: Reaction setup for fabrication of magnetic crystalline silk nano-discs 

(MGCSNs). 

2.2.3 Dye adsorption studies 

Adsorption of aniline blue (AB) was carried out to evaluate the adsorption activity of the 

fabricated iron oxide-adsorbed CSNs. The adsorption was carried out using 1000 ppm of 

aniline blue (20 ml) at room temperature with a fixed amount of synthesized nanoparticles 

(10 mg). A small amount of sample mixtures (200 μl) was pipetted out at various time 

intervals (30s–30 min) and diluted depending upon the initial dye concentration. The 

calibration curve shown in Figure 2.4 for aniline blue was plotted for at 598 nm with R2= 

~0.98. The MGCSNs were removed from the supernatant using a permanent magnet, 

followed by filtration using 0.2 μm syringe filters and concentration was evaluated. 

 

Figure 2.4: Calibration curve for aniline blue at 598 nm. 

36 
 



 

2.2.4 Fabrication of bionanocomposites using melt-extrusion 

2.2.4.1 Poly(lactic acid) (PLA)/ crystalline silk nano-discs (CSNs) bionanocomposites 

PLA/CSN bionanocomposites were fabricated by melt compounding with a twin screw 

micro extruder (Haake™ MiniLabII, Thermo Scientific, Germany) shown in Figure 2.5(a). 

Miniextruder is first heated to ~300 °C to stabilize the instrument. Initially neat PLA is 

extruded at a processing temperature of 210 °C to remove any leftover impurities, obtain 

uniform temperature throughout the barrel and also to check for initial leakages. The screw 

rotation and the residence time were set to 100 rpm and 1 min, respectively. Before 

extrusion, PLA granules were dried overnight at 80 °C in an oven. The PLA granules (~7 

g) and freeze dried CSNs were pre-mixed at four different weight ratios 0.5, 1, 2 and 5 

wt% followed by vacuum drying at 40 °C (for 24 h) to remove the adsorbed moisture. 

Bionanocomposites of PLA with different CSN content were extruded by introducing into 

the closed loop (recycle mode) for proper melt mixing of materials under inert 

environment. After 1 min, the loop was opened to obtain bionanocomposites in the form of 

strips having dimensions ~ 5 mm (width) × 0.5 mm (thickness) as shown in Figure 2.5(b). 

Control (PLA 2003D) was also manufactured using the same conditions, so that there 

would be no difference in the thermal history between manufactured samples. Hereafter, 

the extruded strips with the CSNs produced from sulfuric acid over the loading range 0.5–5 

wt% are represented as PLACSN0.5– PLACSN5, as summarized in Table 2.1. 

Table 2.1: Composition of PLA/CSN bionanocomposites. 

Codes of samples PLA (wt%) CSN (wt%) 

PLA 100 0 

PLACSN0.5 99.5 0.5 

PLACSN1 99 1 

PLACSN2 98 2 

PLACSN5 95 5 

 

Standard dumbbell shaped specimens (Figure 2.5(c)) as per ASTM D638 were prepared by 

injection molding machine (Haake™ Minijet Pro, Thermo Scientific, Germany). The 

injection barrel and the mold were pre-heated to desired temperature of 200 and 45 °C, 

respectively. The dumbbells are removed from the mold after 10 s. 
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Figure 2.5: (a) Co-rotating twin screw extruder and injection molding machine, (b) 

fabricated PLA strip, PLA dumbbell, PLA/CSN strip (1 wt%), PLA/CSN dumbbell (1 

wt%) and (c) neat PLA and PLA/CSN bionanocomposite dumbbells with different CSN 

loading from 0.5–5 wt%. 

2.2.5 Preparation of PLA and PLA/CSN bionanocomposite films 

Films (~ 100 μm) from melt extruded samples were prepared by simple solution casting 

method and are shown in Figure 2.6 which clearly display the film formability of 

PLA/CSN bionanocomposites. First, PLA (~2 g) was dissolved in 50 ml of HPLC grade 

chloroform with continuous stirring (~500 rpm) for 2 h in order to completely dissolve 

PLA. Thereafter, the stirring was stopped and solution was allowed to sit to get rid of 

trapped air bubbles. Finally, the solution was cast on Teflon petriplates (~15 cm diameter) 

and allowed to dry in fume hood for 12 h. The dried films were peeled off carefully from 

the petriplates and dried under vacuum at 40 °C for another 12 h. The films were stored in 

zip lock bags and kept in desiccator until further use. These solvent cast films were used 

(a) 

(c) (b) 
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for estimation of barrier properties, transparency, color and for investigation of hydrolytic 

degradation. 

 

Figure 2.6: Fabrication of PLA and PLA/CSN films by solution casting method. 

2.2.6 Hydrolytic degradation measurements 

For hydrolytic degradation investigations, samples (30 × 20 mm2) were cut from solvent 

cast films of thickness 100 ± 10 μm. To prepare films, calculated amounts (~2g) of melt-

compounded samples were dissolved in chloroform under stirring (500 rpm) for around six 

hours. After complete dissolution, solution for poured onto PTFE petriplates and finally 

films were obtained after evaporation of solvent. Study was carried out at 37 and 60 °C 

under three hydrolytic mediums, viz. alkaline condition (NaOH solution, pH= 12), acidic 

condition (HCl solution, pH=2) and neutral condition (distilled water, pH=7). Prior to 

immersion, weight of the initial sample (dried under vacuum at 37 °C) was carefully 

measured. After being placed into the solution for a defined time period, the sample was 

taken out, washed with fresh water and dried at 37 °C for 24 h to ensure complete removal 

of water. Subsequently, the residual weight of the hydrolyzed sample was carefully 

measured to know the weight loss of the sample during the hydrolytic degradation process. 

The residual weight fraction, ɸ, was determined using the following expression (Girdthep 

et al., 2016): 

 ɸ =  𝑊𝑊𝑡𝑡
𝑊𝑊𝑜𝑜

 × 100 (2.1) 
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where, Wo and Wt refer to the dry weight (g) of the sample, prior to and after certain time 

(t) of the hydrolytic degradation process, respectively. The hydrolytic degradation rate (R, 

%/day) was defined according to the following relation (Fernández and Fernández, 

2017): 

𝑅𝑅 =  �𝜙𝜙𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 − 𝜙𝜙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎�/𝑡𝑡    (2.2) 

where, ɸbefore and ɸafter are the residual weight fractions of sample before and after being 

hydrolyzed for a certain time t. Samples subjected to hydrolytic degradation were coded as 

PLA_pH_T and PLACSN_pH_T, where pH can be basic (B), neutral (N) and acidic (A), 

depending upon the hydrolytic degradation medium used. The symbol “T” refers to the 

temperatures, either 37 or 60 °C, used in this particular study.  

2.2.7 Fabrication of electrospun bionanocomposite scaffolds 

2.2.7.1 Normal electrospinning 

The melt extruded strips were dissolved in a binary solvent of chloroform: 

dimethylformamide (9:1) to obtain 10% (w/v) solution. The solutions were stirred 

overnight and were used for production of nanofibers via electrospinning using a standard 

electrospinning setup (E-spin, Nanotech, India). The polymer solution was taken into a 5 

ml plastic syringe with a 20G SS needle. The solution was pumped with a flowrate of 0.8 

ml/h with a positive voltage of 6 kV to the needle. The collector to needle distance was 

maintained at 15 cm. A flat plate collector was used to collect the scaffold of randomly 

oriented fibers at 23 °C under 35% relative humidity. A schematic of the electrospinning 

setup is shown in Figure 2.7(a). Electrospun scaffolds containing anticancer drug curcumin 

(5 wt%) were also prepared in similar manner. Images of electrospun samples are shown in 

Figure 2.7(b). 

2.2.7.2 Magnetic field-assisted electrospinning 

Apart from standard procedure, magnetic field-assisted electrospinning was carried out 

with a small modification in the setup (Figure 2.7(c)). Three tubular neodymium magnets 

(10 mm × 5 mm) attached back to back (Figure 2.7(d)) with central opening of around 5 

mm were used. The electrospinning needle was passed through these magnets without 

touching them with 10 mm of needle tip protruding outside from the magnets (Figure 

2.7(e)). The applied voltage was 12 kV whereas all other parameters were maintained the 

same as that in the absence of magnetic field. PLA/MGCSN with and without curcumin 
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were prepared separately under identical conditions and termed as PLAA (Figure 2.7(f)). 

The as-formed PLA-CSN/MGCSN bionanocomposite scaffolds were oven dried for 24 h 

at 50 °C before using for further analysis.  

 

Figure 2.7: (a) Normal electrospinning setup, (b) PLA-based electrospun scaffolds with 

and without curcumin, (c) magnetic field-assisted electrospinning setup, (d) magnetic field 

diagram of the magnetic assembly, (e) visual appearance of magnetic field-assisted 

(c) 

(d) 

 
PLAA 
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PLA PLA 

PLACSN PLACSN 
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(e) 

(f) 
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electrospinning setup and (f) PLA-based electrospun scaffolds under the influence of 

magnetic field with and without curcumin. 

2.2.8 Swelling properties  

The swelling behavior of electrospun scaffolds was determined by dipping the samples in 

phosphate-buffered saline (PBS) at pH 7.4 for 24 h. After this duration, the samples were 

taken out, washed with deionized water, surface dried using blotting paper and weighed. 

The gain in weight percentage is reported. 

2.2.9 In vitro curcumin release  

Prior to release studies, entrapped drug amount was calculated. The drug loading was 

estimated by dissolving 1 × 1 cm2 pieces of prepared materials in 1ml dichloromethane 

followed by addition of 1ml methanol to precipitate the polymer matrix. The precipitate 

was removed by centrifugation (10000 rpm, 30 min). The supernatant was filtered using 

polytetrafluoroethylene (PTFE) syringe filters and the drug content was estimated by UV-

Vis at 425 nm. The calibration curve is shown in Figure 2.8(a)). Release profile of anti-

cancer drug was studied in vitro by immersing the electrospun nanocomposite scaffolds 

loaded with curcumin in 30 ml glass vial containing 10 ml solution maintained at a pH 

~7.4 for 37 °C, 150 rpm, kept in orbital shaker-cum-incubator. The solution consisted of 

PBS containing Tween-80 (5 % v/v) because curcumin is sparingly soluble in PBS alone. 

At predetermined times, sample solution (~1 mL) was taken and replaced back with equal 

quantity of fresh solution. The released curcumin in the sample solution was analyzed 

using UV-Vis spectrometer at 425 nm by plotting a calibration curve (Figure 2.7(d)). 

Release studies were carried out in triplicates where sample dimensions were 1 × 1 cm2. 

Average values were reported as percentage cumulative drug release as a function of time. 
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Figure 2.8: (a) Calibration curve for curcumin dissolved in DCM: MeOH (1:1) at 425nm 

and (b) calibration curve for curcumin dissolved in PBS/Tween 80 at 425 nm. 

2.2.10 Cell culture experiments 

Baby hamster kidney (BHK-21) fibroblast cells and human cervical cancer cells (HeLa) 

(National Centre for Cell Science (NCCS), Pune, India) were used for biocompatibity 

(a) 

(b) 
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studies on electrospun scaffolds. The cells were cultured in 75 cm2 T25 tissue culture 

flasks using Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen, USA) 

supplemented with 10% fetal bovine serum, 1% penicillin-streptomycin, 1% L-glutamine, 

and 1% pyruvate (Invitrogen, USA). The cells were cultured in a standard incubator with 

humidified atmosphere and 5% CO2 at 37 °C. The cells were further recultured and 

maintained for cell adhesion and proliferation assay. The cells were stained with trypan 

blue (SRL) and counted using automated cell counter (Countess® II FL, Thermo Fisher 

Scientific). In the present work, for the bionanocomposite scaffolds containing MGCSN 

(electrospun with and without magnetic field), neodymium magnets (N52, 5 mm × 1.5 

mm) were applied under culture plate wells as shown in Figure 2.9 to investigate the cell 

growth under magnetic field. 

 

Figure 2.9: Twelve (12 nos.) neodymium magnets arranged onto 96-well culture plate. 

In the present work, six groups (I- VI) of scaffolds were studied for cell viability which are 

summarized in Table 2.2. 

Table 2.2: Composition of electrospun samples. 

S.No. Group Name Details 
Group I PLA Neat PLA 
Group II PLA/CSN PLA filled CSN 5 wt% 
Group III PLAN PLA filled MGCSN 5 wt% 
Group IV PLAA PLA filled MGCSN 5 wt% electrospun under external 

magnetic field 
Group V PLAN (mf) PLA filled MGCSN 5 wt% incubated under static 

magnetic field 
Group VI PLAA (mf) PLA filled MGCSN 5 wt% electrospun under external 

magnetic field; incubated under static magnetic field 
 

Nanofiber mats were cut to fit into individual wells of a 96-well plate (Nunc, USA) in the 

form of circular discs (~6 mm diameter) and were sterilized for 30 min in ultraviolet light. 
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Prior to cell seeding, 0.1 ml of complete culture medium containing 2 x 105 cells/well was 

added to each well with polystyrene (PS) as control. All the studies were carried out in 

triplicates and average values with standard deviations are reported.  

2.2.10.1 Alternating magnetic field (AMF)-induced heating of magnetic scaffolds 

The heat generation properties of magnetic nanoparticles were utilized by applying 

alternating magnetic field (AMF) with an alternating magnetic field generator (Ambrell, 

U.S.A.) at room temperature. The strength and frequency of the magnetic field were kept at 

12.57 kA/m and 293 kHz, respectively to maintain an optimum temperature for 

hyperthermia (Sasikala et al., 2016). In a typical procedure, the well plates containing 

scaffolds and culture media which were under incubation for 48 h were placed at the center 

of the coil. 48 h time point was selected as optimum growth period for any noticeable cell 

count differences. During experiment controls (cells grown without mats) and electrospun 

mats of PLAA, i.e. group IV (in Table 2.2) and curcumin-loaded PLAA were seeded with 

HeLa cells and cultured in DMEM medium in a 5% CO2 incubator at 37 °C in humidified 

environment. All samples were taken in triplicates. For application of hyperthermia, AMF 

was turned ‘on’ for 15 min after placing the samples in the center of the coil. After the 

hyperthermia treatment, samples were allowed to incubate for 24 h and then checked for 

effect of hyperthermia on cell viability using MTT assay. 

2.2.11 Cell proliferation and morphological characterization 

Cell attachment and proliferation were studied using a combination of MTT assay and 

fluorescence microscopy (Nikon, H600L, Japan). Proliferation was assessed at 8, 16, 24, 

48, 72 and 96 h from the start of experiment. Mitochondrial activity of BHK-21/HeLa cells 

seeded onto electrospun scaffold was measured by enzymatic conversion of tetrazolium 

dye MTT (Sigma-Aldrich, USA). MTT reagent was made by adding 5 mg of MTT in 1 ml 

PBS. After every measurement (at aforementioned times), 10 μl of MTT was added to the 

wells followed by 3 h of incubation at 37 °C. Subsequently, the MTT reagent was 

discarded and 100 μl of dimethyl sulfoxide (Merck) was added to dissolve the formazan 

crystals. Absorbance at 570 nm was measured using plate reader (Thermo Fisher 

Scientific, USA) with reference value 650 nm. For cells to be fixed for morphological 

study using fluorescence microscopy, BHK-21/HeLa cell nuclei were stained with DAPI 

(4’, 6-diamidino-2-phenylindole dilactate) (Sigma Aldrich, USA). DAPI stock solution (5 

mg/ml) was prepared in water and diluted to 1:2500 in 1% PBS solution. The culture 
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medium was removed completely from the wells and washed thrice with PBS. The cells 

were fixed with 4% formaldehyde, incubated for 10 min and then washed thrice with PBS. 

The cells were then permeabilized using 0.2% Triton X-100, kept for 5 min and washed 

thrice with PBS. DAPI (300 μl) was added to the wells and incubated in dark for 15 min, 

followed by discarding of stain and washing thrice with PBS. Fluorescence was captured 

by exciting DAPI with ultraviolet light and detecting through a blue/cyan filter. The 

images were captured using fluorescence optical microscope at 10x resolution. 

2.3 Analytical instrumentation and characterization 

From the synthesis to final decomposition, the nanoparticles, polymer and nanocomposites, 

need to be characterized in detail and various properties such as morphological, thermal, 

mechanical, optical, barrier etc. need to be measured. It is very crucial to have a proper 

understanding of the working principle of all the characterization techniques utilized for 

polymers. A number of characterization techniques are utilized in this study and are 

described in detail nextx. 

2.3.1 Transmission electron microscopy (TEM) 

TEM is a powerful microscopic technique to obtain microscopic and electronic diffraction 

information about the specimen. A very narrow and intense electron beam is focused with 

the help of magnetic lenses and the image is formed by the electrons transmitted through 

the specimen. Sample thickness for TEM should be as small as possible allowing more 

electrons to pass through it and form image with minimum energy loss. The samples were 

uniformly dispersed using sonication (~30 min) in water at a concentration of ~0.01 wt% 

followed by drop casting onto the carbon-coated grids (Pacific Grid, USA) and vacuum 

drying at 60 °C. Images were acquired using TEM (JEM-2100, JEOL, USA) at an 

accelerating voltage 200 kV, and dimensions of prepared nanoparticles were determined 

(using Image J software, version 1.42) and reported as average values. 

2.3.2 Scanning electron microscopy (SEM) 

SEM images of degummed and native silk fibers were analyzed by scanning electron 

microscope (1430vp, LEO, USA), operated at a voltage of 10 kV with 15 mm working 

distance. A small fiber piece is mounted on aluminum stubs over carbon tape. Further, a 

thin gold layer was coated on the samples under vacuum using sputter coater (SC7620, 

Quorum) to increase the conductivity of the samples. 
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2.3.3 Field emission scanning electron microscopy (FESEM)  

FESEM is used for acquiring surface morphological and elemental composition 

information about the specimen. An electron beam generates electrons which are 

accelerated using a high electric field gradient. This beam is focused using electronic 

lenses to develop a narrow beam. The collimated electrons are bombarded on the 

specimen, the emitted secondary electrons are detected by detector and electric signals are 

generated which are amplified and transformed into images. The angle and velocities of 

secondary electrons determine the shape and size of specimen.  

To make samples conductive, the samples are coated with a thin layer of gold or 

platinum using plasma sputtering method. To examine the surface morphology, samples 

were well-dispersed in water with the help of sonication (~30 min), drop cast on aluminum 

foil, placed over double sided carbon tape and dried under vacuum overnight. For 

examining variation in surface morphology of PLA films with an increase in filler loading, 

small pieces of film samples were dipped in liquid nitrogen and taken out after bubbling 

stopped and broken immediately. The broken samples were mounted on aluminum stub 

with carbon tape. To make specimen conducting, ~5 nm gold coating was done under 

vacuum by using sputter coater (SC7620, Quorum). For electrospun scaffolds, a small 

piece was cut and placed on Al stub over carbon tape. The analysis was performed using 

FESEM (Sigma, Zeiss) at accelerating voltage of 2–5 kV. 

2.3.3.1 Energy dispersive X-ray (EDX) spectroscopy  

Energy dispersive X-ray analysis (EDX) (Oxford Instruments, UK) was used to investigate 

the elemental composition and to carry out mapping of the nanocomposites. The 

accelerating voltage of 20 kV is used and sample analysis is done using Aztec software. 

The composition analysis and mapping of bionanocomposite was carried out using 

energy dispersive X-ray analysis (EDX) (Oxford Instruments, UK) at an accelerating 

voltage of 20 kV and analyzed using Aztec software. 

2.3.4 Atomic force microscopy (AFM)  

AFM is a microscopic technique which can develop three-dimensional image of the sample 

at nanoscale. A mechanical probe moves over the surface and due to forces between 

sample and probe, the probe deflects as per Hooke’s law. These deflections change the 

reflections of the laser focused on the probe and are recorded by a detector. The surface 
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topography and morphology of CSNs were assessed using AFM (Agilent, Model 5500 

series) with silicon cantilever having a spring constant of 42 N/m at a resonance frequency 

of 320 kHz. The samples were prepared by drop casting CSN suspension in water (0.01 

wt%) on sonicated silica substrates (1 cm × 1 cm) and dried overnight under vacuum. AFM 

images and 3D morphologies were analyzed with the WSxM software (version 5.0). To 

examine the dispersion of CSN in PLA matrix, PLA and PLA/CSN bionanocomposites 

were dissolved in HPLC chloroform and drop cast. 

2.3.5 Polarizing optical microscopy (POM) 

POM is a type of optical microscope used for crystallization studies of small individual 

crystals of polymers and to obtain important information such as spherulite morphology, 

spherulite growth rate and spherulite density. During crystallization process, the formed 

crystals rotate the polarized light in particular direction and develop birefringence due to 

difference in refractive index. The growth of PLA spherulites in PLA and PLA/CSN 

bionanocomposite films were observed using POM (Eclipse LV100N POL, Nikon Co., 

Japan) supplied with a Linkam TST350 hot stage (Linkam Scientific Instrument, UK). The 

samples (~ 20 μm) were placed in between the glass slides and rapidly heated to 190 °C at 

a heating rate of 50 °C/min to obtain a thin slice. This was followed by a 3 min isothermal 

hold to remove the thermal history. Thereafter, the samples were rapidly cooled down to 

the crystallization temperature at a cooling rate of 50 °C/min (using liquid nitrogen) and 

maintained at isothermal condition for 30 min (until complete crystallization). The radius 

of the PLA spherulites at different time intervals were recorded using a stationary CCD 

camera and images were analyzed using J software. Nucleation density was obtained by 

counting the number of crystals in a particular area. Growth rate (G) of spherulite was 

estimated from the slope of the straight line plots of spherulitic radius (R) versus time of 

crystallization (t) as per the following expression.  

𝐺𝐺 =  𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

                             (2.3) 

To investigate the cold crystallization morphology, the PLA and PLA/CSN samples were 

investigated using POM. The crystallization process during the second heating cycle at the 

rate of 2.5 °C/min was recorded, till the final temperature was about 120 °C, which is 

lower than the Tm. The cell proliferation studies were carried out using optical microscope 

with fluorescent lens attachment; the stained cells appeared blue and could be detected 
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well through a blue/cyan filter. The images were captured using fluorescence optical 

microscope at 10x resolution. 

2.3.6 X-ray diffraction (XRD) 

This characterization technique allows identification of different phases of semi-crystalline 

polymer and unit cell dimensions of the crystalline phase. All possible diffraction 

directions are detected by scanning the sample through a range of 2θ angles. XRD studies 

were carried out using D8 Advance diffractometer (Bruker, Germany) equipped with θ-θ 

goniometer and Ni-filtered Cu-Kα radiation (λ=0.1541 nm). X-ray generator was operated 

at 40 kV and 40 mA. The 2θ range for the analysis was chosen from 10 to 50° with a 

continuous scan speed and an increment of 2 s/step and 0.05°/s, respectively. The 

powdered samples were dried under vacuum at 60 °C whereas the film samples were 

annealed at 80 °C for 2 h before analysis. The interlayer spacing (d) was calculated by Eq. 

2.4 (Warwicker, 1960): 

𝑑𝑑 =  𝜆𝜆
2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

 (2.4) 

where λ is the wavelength of incident radiation, and θ is half the Bragg’s angle 

corresponding to the crystalline peak. The degree of crystallinity was determined using 

OriginPro® software version 8.5. The program deconvoluted the XRD data to remove the 

background noise and calculated the degree of crystallinity from the difference in area of 

crystalline peak to amorphous region which is based on Eq. 2.5: 

𝐼𝐼𝑐𝑐 =
∑𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

∑𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴ℎ𝑜𝑜𝑜𝑜𝑜𝑜+𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
 × 100 (2.5) 

2.3.7 Fourier transform infrared spectroscopy (FTIR) 

Fourier transform infrared spectroscopy (FTIR) of prepared nanoparticles, i.e. CSN and 

MGCSN, and PLA/CSN bionanocomposite was carried out using FTIR spectrophotometer 

(Frontier1, PerkinElmer, USA). The powdered samples pelletized with KBr (in ratio 1:100) 

were investigated in diffuse reflectance spectroscopy (DRS) mode using dried KBr as 

background. Before analysis, the samples were kept in hot air oven at 60 °C overnight. The 

polymeric films were scanned in attenuated total reflectance (ATR) mode in the spectral 

range 400–4000 cm-1 and a minimum of 64 scans with a resolution of 4.0 cm-1. 
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2.3.8 Raman spectroscopy 

Raman spectroscopy, unlike FTIR spectroscopy, uses monochromatic light in the visible 

and near-IR to illuminate the samples. The spectra are obtained from scattering of light by 

vibrating molecules, unlike from absorption of light by vibrating molecules as in FTIR 

spectroscopy. Secondly scattered light is observed at right angles to the direction of the 

incident beam whereas in case of FTIR the absorption signal is measured in the same 

direction as the incident beam. Raman spectra were measured using Horiba Jobin Yvon 

Raman spectrometer (Labram HR, France) equipped with a 1W, 1064 nm Nd: YAG diode-

pumped laser at an excitation wavelength of 514 nm. 1024 scans were accumulated with 

the use of a double-sided forward-backward scanning mode. The finely ground powdered 

sample was placed on a glass slide and spectra was collected at different locations viewed 

through an attached microscope. 

2.3.9 13C-Solid state nuclear magnetic resonance spectroscopy (ss-NMR) 

NMR is an analytical technique used for the determination of atomic arrangement of 

molecule, purity of substance, chemical composition etc. It is based on the fact that when a 

population of nuclei is exposed in an external magnetic field, the nuclei turn out to be 

aligned either with the magnetic field (alpha orientation) or against the field (beta 

orientation). This process generates fluctuation in magnetic field known as resonance. This 

resonance can be detected and converted into peaks. Conformational studies for isolated 

CSN were performed on 13C solid-state nuclear magnetic resonance (NMR) spectrometer 

(Bruker Avance 500 MHz) with resonance frequency of 59.6 MHz for 13C, and chemical 

shifts were referenced to tetramethylsilane. 

2.3.10 Ultraviolet-visible (UV-Vis) spectroscopy 

For estimation of dye adsorption activity, the concentration of samples taken at different 

time intervals in quartz cuvette was measured. The characteristic peaks for aniline blue 

were taken and transparency of the films was determined using a UV-Visible 

spectrophotometer (Labmda 25, PerkinElmer, Germany). The wavelength range for the 

measurement was kept between 190 to 1100 nm with a scan rate of 50 nm/min and 2 nm of 

spectral bandwidth. The transparency measurements were carried out with films of 

dimension 20 × 10 mm. Transparency of the films was calculated using Eq. 2.6 (Bhasney 

et al., 2017): 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 =  𝐴𝐴600
𝑋𝑋

                       (2.6) 
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where A600 and X are the absorbance at 600 nm and the film thickness (mm), respectively. 

Results are based on a mean of three measurements. 

2.3.11 Differential scanning calorimetry (DSC) 

The polymer sample absorbs or releases energy when undergoing endothermic or 

exothermic phase transitions. The change in heat enthalpies can be used to determine the 

temperatures corresponding to different phase transitions in polymer samples such as glass 

transition, crystallization and melting. Similarly, heat capacity, heat of fusion etc. can be 

determined directly whereas degree of crystallinity can be determined indirectly. Using 

DSC data and applying various theoretical models, one can study kinetics of crystallization 

which is a critical aspect of polymer processing. The thermal properties of the 

bionanocomposites were characterized with DSC 204 F1 Phoenix® (Netzsch, Germany) 

under inert nitrogen flow (~60 ml/min). The instrument was pre-calibrated with Indium 

standards. Platinum-Rhodium (Pt-Rh) crucible was used for the tests with sample weight 

~6–8 mg and an empty crucible made of the same material was used as reference. Phase 

transition information (i.e. glass transition, Tg; cold crystallization, Tcc; enthalpy of cold 

crystallization, ΔHcc and enthalpy of fusion, ΔHf) is obtained by scanning at a rate of 10 

°C/min with temperature varied from 25 to 190 °C followed by 3 min isothermal hold at 

190 °C. After erasing the processing history in the first heating cycle, samples were cooled 

to 25 °C and then second heating cycle was used for recording the information. The 

percentage crystallinity (% Xc) of PLA was calculated according to the Eq. 2.7: 

%𝑋𝑋𝑐𝑐 =  � (∆𝐻𝐻𝑚𝑚−∆𝐻𝐻𝑐𝑐𝑐𝑐)

∆𝐻𝐻𝑚𝑚° ×�1−𝑤𝑤𝑤𝑤% 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
100 �

� × 100 (2.7) 

where ΔHm and ΔHcc are the enthalpies of fusion and crystallization, respectively, ∆𝐻𝐻𝑚𝑚°  is 

the enthalpy of fusion of 100% crystalline polymer matrix (93.0 J/g for PLA) and wt% 

filler is the filler weight percentage (Dong et al., 2011). To better understand the 

crystallization phenomenon and evaluate various kinetic parameters related to process of 

crystallization, both non-isothermal and isothermal crystallization kinetics were studied. 

For non-isothermal crystallization kinetics, the film samples were scanned at varying rates 

of 5, 7.5, 10 and 12.5 °C/min. In order to cancel the effect of thermo-mechanical histories, 

the samples were heated from room temperature and held at 190 °C for 3 min. 

Subsequently, the samples were cooled to room temperature and again heated to 190 °C at 

the predetermined rates. For investigation of isothermal crystallization kinetics, the film 
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samples were heated from 25 to 190 °C at a scanning rate of 50 °C/min followed by 

holding the samples for 3 min to eliminate remaining nuclei which may function as seed 

crystals. Thereafter, the samples were rapidly quenched from 190 °C to the respective 

crystallization temperatures of 90, 95, 100, 105, 110, 115 and 120 °C at a cooling rate of 

50 °C/min. The temperature was maintained until the crystallization process was 

completed. 

2.3.12 Thermogravimetric analysis (TGA) 

TGA can determine the thermal transitions (onset of degradation, Tonset; degradation 

temperature, Tmax) by measuring the mass change (loss or gain) and rate of the change with 

respect to increase in temperature or time in a controlled environment due to 

absorption/desorption of volatile components, oxidation/reduction or decomposition of the 

sample. TGA can be used to determine the thermal and oxidative stability of the material 

and also composition of the material. Thermogravimetric analysis for the 

bionanocomposites (~6 mg sample weight) was performed using TGA (TGA-4000, 

PerkinElmer, USA) under nitrogen atmosphere (at a flow rate of 250 ml/min) from 30 to 

600 °C at a heating rate of 10 °C/min. The experimental data were evaluated through 

Pyris-1™ Thermal Analysis Software. The non-isothermal degradation kinetics for 

PLA/CSN bionanocomposite films was studied in the temperature range of 30–600 °C at 

three different heating rates of 10, 20 and 30 °C/min. The activation energy (Ea) and 

mechanism for thermal degradation of the PLA/CSN bionanocomposite have been 

measured by applying various theoretical models. 

2.3.12.1 Hyphenated thermogravimetric-Fourier transform infrared spectroscopy 
(TG-FTIR) 

Hyphenated TG-FTIR analysis was carried out to investigate the mass loss of PLA, 

PLA/CSN bionanocomposite films (~9 mg) and online, real-time investigation of evolved 

gaseous products. A thermogravimetric analyzer (TGA-4000, PerkinElmer, USA) coupled 

with Fourier transform infrared spectrophotometer (Frontier-1, PerkinElmer, USA) was 

used in the temperature range of 30–700 °C at a heating rate of 5 °C/min under the flow of 

nitrogen gas at 50 ml/min. The start time difference between FTIR and TG was about 2 

min which was due to the time required for the nitrogen gas to fill the cell volume of the 

spectrophotometer. The isothermal condition was maintained at 700 °C for 1 min. TGA 

was coupled to FTIR using an interface line having gas transfer tube and gas cell. The 

interface line was heated up to 260 °C to avoid condensation of the evolved gases from 
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TGA instrument. The FTIR scanning range was set to be 4000-450 cm-1 at a resolution of 8 

cm-1 with 4 scans. 

2.3.13 Mechanical testing using universal testing machine (UTM) 

UTM is used for determining tensile strength of the polymer films. In this technique, 

samples are prepared as per ASTMD638 standard for the analysis. The mechanical 

properties (tensile strength, elastic modulus, toughness and elongation at break) of the 

prepared dumbbells using injection molding machine as per ISO-527-2-1BA standard (5 

mm width, 2 mm thickness and 25 mm gauge length) were measured using a universal 

tensile testing machine (8801J4051, Instron, U.S.A.) equipped with a 100 kN load cell at a 

constant cross-head speed of 5 mm/min. The samples were equilibrated in an 

environmental chamber at 25 °C ± 5 °C and 50 ± 5% relative humidity (RH) for 48 h prior 

to testing. Five replicates of each sample were tested and the mean of the obtained results 

was reported along with standard deviation. 

2.3.14 Micro-tensile testing 

The mechanical properties of CSN/MGCSN-filled electrospun scaffolds were measured 

with the micro-tensile stage (Linkam, TST 350) built in 200 N load cell with micro-

Newton resolution. Samples with an average thickness of ~50 μm were stretched at a 

constant speed of 3 mm/min under standard condition following ASTM D638-03 Type I, 

scaled down by a factor of 3. The measured width and gauge length of the sample were 7 

and 15 mm, respectively. Stage is controlled by system controller PE95/T95 with system 

software Linksys 32. Three replicates of each sample were tested and the average results 

are reported with standard deviation. 

2.3.15 Dynamic mechanical analysis (DMA) 

In this test, the specimen is subjected to dynamic force with progressive increase in 

temperature to measure viscoelastic behavior, i.e. loss and storage modulus of the polymer 

with known geometry either in tensile or compression mode. DMA can be used to measure 

glass transition temperature (Tg) as well as heat deflection temperature (HDT). The 

thermo-mechanical analysis of PLA and PLA/CSN bionanocomposite dumbbells cut to 10 

× 5 × 2 mm3 was carried out with DMA 242E Artemis (Netzsch, Germany) in tensile mode 

under a dynamic force of 2N, oscillation amplitude of 20 μm at a frequency of 10 Hz. 

Samples were heated from 25 to 100 °C at a heating rate of 3 °C/min in 100 ml/min 

nitrogen gas flow. 
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2.3.16 Shore hardness test 

The shore hardness tests of melt blended PLA and PLA/CSN bionanocomposite dumbbells 

were carried out using Durometer (GGR-30, Hiroshima) based on ASTM D2240 under 

atmospheric conditions. The average hardness value was reported by performing the 

measurement at five different positions for each composition. 

2.3.17 Oxygen permeability (OP)  

Oxygen gas transmission rate (OTR) measurements of PLA and PLA/CSN 

bionanocomposite films were made using a Perme® OX2/231 oxygen permeability tester 

(Labthink International Inc., Medford, Massachusetts, U.S.A). OTR measurements were 

carried out at 23 ± 0.1 °C, maintained by temperature controller (Labthink, model TC-01), 

on circular films having an area 50 cm2 according to ASTM D3985 standard at 0% relative 

humidity using oxygen gas of high purity (>99.95%). The samples were conditioned in 

diffusion cell by purging with nitrogen gas (~99.9995% purity) for a minimum of 24 h 

under equilibrium humidity. During test, pure oxygen at pressure 0.5 bar and a flow rate of 

20 ml/min was introduced into the upper half of the sample chamber while nitrogen gas 

was injected into the lower half of the chamber. Analysis was performed for at least 6 h 

until steady state value was achieved and OTR (cm3/m2.day) values were recorded. The 

oxygen permeability (OP) coefficient was calculated by Eq. 2.8: 

𝑂𝑂𝑂𝑂 =  𝑂𝑂𝑂𝑂𝑂𝑂
∆𝑝𝑝

× 𝑙𝑙 (2.8) 

where Δp is the difference in partial pressure of the oxygen gas in the test chamber and l is 

the average film thickness measured with digital coating thickness meter (6156, Indi, 

India). The thickness of each sample was determined at 10 different locations and the 

average value was considered.  

2.3.18 Water vapor permeability (WVP)  

Water vapor transmission rates (WVTR) of nanocomposite films was recorded using a 

water vapor permeability tester (Permatran-W® 1/50G, Mocon, U.S.A.) as per ASTM 

E398-03. Prior to the analysis, the samples were conditioned at 25 ± 5 °C and 50% RH for 

48 h. Three samples each of 50 cm2 were examined at 37.8 ± 0.1 °C and 90% RH. Pure 

nitrogen (~99.9%) at a pressure of 30-35 psig was used for purging. Tests were carried out 

in continuous mode and continued until ten successive readings showed only a 5% 

deviation from the average value for each sample, which was considered its WVTR value. 
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Moisture permeability through the electrospun bionanocomposite scaffolds was measured 

as per ASTM standard E-96 where specimen was sealed over an open mouth of a vessel 

containing water and the assembly was placed in a controlled atmosphere (35 °C and 65% 

RH). The test unit was weighed periodically and the weight was plotted as a function of 

time for a period of 24 h. Further, water vapor transmission was measured as the slope of 

the curve (in the linear region) divided by the area of the vessel mouth. The water vapor 

permeability (WVP) coefficient was determined using Eq. 2.9: 

𝑊𝑊𝑊𝑊𝑊𝑊 =  𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊
∆𝑝𝑝

× 𝑙𝑙                                                                                                           (2.9) 

2.3.19 Wettability studies: Contact angle measurement (CA) 

The contact angle is defined as the angle between materials’ surface and tangent to the 

point of contact with the test droplet. It is used for estimation of surface properties, i.e. 

hydrophilic or hydrophobic nature. It is also used to measure the interfacial tension 

between solid and liquid. Contact angle measurements for PLA and PLA/CSN were 

carried out on goniometer (DSA 25, Kruss, Germany). Two different liquids namely water 

(Milli-Q) and diiodomethane were used for contact angle measurements. A sessile drop of 

the liquid (~2 μl) was released on the sample surface and geometry of the droplet was 

evaluated with a CCD camera operating at a recording speed of 50 frames per second (fps). 

Measurements at temperature of 25 °C were taken after 1 min in order for the contact angle 

to stabilize. Averages of three values along with standard deviation were reported. The 

surface free energy (SFE) for the samples was calculated by the method of Owens, Wendt, 

Rabel and Kaelble (OWRK). The surface tension γ
L
 of the reference liquids along with 

disperse γD
L
 and polar fractions γP

L
 were taken from the literature and are summarized in 

Table 2.3.  
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Table 2.3: Surface tension values of the test liquids used in this study. 

 Surface Tension (γ
L
) 

(mN/m) 

Disperse (γD
L
) 

(mN/m) 

Polar (γP
L
)

 

(mN/m) 

Water 72.8 21.8 51.0 

Diiodomethane 50.8 50.8 0.0 

 

The contact angles (θ) of the reference liquids on bionanocomposites was used to plot a 

straight line as per Eq. 2.10, from which polar and disperse contributions of the SFE were 

determined as slope and intercept. 

1
2

(1 + 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃) 𝛾𝛾𝐿𝐿

�𝛾𝛾𝐿𝐿
𝐷𝐷

= �𝛾𝛾𝑆𝑆𝑃𝑃�
𝛾𝛾𝐿𝐿
𝑃𝑃

𝛾𝛾𝐿𝐿
𝐷𝐷 + �𝛾𝛾𝑆𝑆𝐷𝐷                                                                            (2.10) 

where, γs is the surface free energy of a solid. The surface wettability of the electrospun 

scaffolds was determined using Milli-Q water with drop size of 2 μl. The measurements 

were taken in triplicates and results were reported as average values. 

2.3.20 Gel permeation chromatography (GPC) 

GPC, also known as size exclusion chromatography, is a type of high performance liquid 

chromatography (HPLC). The weight average molecular weight (Mw), number average 

molecular weight (Mn) and polydispersity index (PDI) for PLA and PLA/CSN 

bionanocomposite films and electrospun scaffolds were determined using GPC. The 

molecular weight is determined on the basis of the hydrodynamic volume of the molecule. 

The molecular weights of the prepared samples were measured using the gel permeation 

chromatography (GPC) system (auto sampler SIL-20A HT; liquid chromatograph, LC-

20AD; degassing unit, DGU-20A3R; refractive index detector, RID-10A; Agilent two PL 

gel 5 μm MIXED-D column in series with column oven, CTO-20A) (Shimadzu, Japan) at 

40 °C. HPLC grade chloroform was used as an eluent with a flow rate of 1.0 ml/min. 

Narrow molecular weight standard of polystyrene samples from ~144-400 kDa were used 

for calibration. Prepared bionanocomposites (30 mg) were dissolved in 1.5 ml HPLC 

chloroform and filtered through 0.2 μm PTFE syringe filters before analysis.  
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2.3.21 Melt flow Index (MFI) 

Melt flow index (MFI) was calculated by Melt Flow Indexer (at 210 °C, load 2.16 kg) 

(International Equipment Company, India) according to the ASTM standard D1238 using 

Eq. 2.11: 

𝑀𝑀𝑀𝑀𝑀𝑀 = 600 𝑊𝑊
𝑡𝑡

 (2.11) 

where W is the extruded weight (g) and t is the test time (s). 

2.3.22 Color and Haze measurements 

Psychometric chroma co-ordinates such as L* (0: black; 100: white), a* (+ve: redness,-ve: 

greenness), and b* (+ve: yellowness, -ve: blueness) of PLA and PLA/CSN film samples 

were measured using a Chromameter (Datacolor® 550, Datacolor Technology Suzhou Co. 

Ltd., China) based on ISO 9001:2008 standard. The chromameter was calibrated on the 

CIE L*, a*, and b* scale before each measurement using a white ceramic (serial no. 

8812351; L*= 89.35, a*= -0.22, and b*= +4.79) at 23.8 °C and 46% RH. The illuminated 

area of film samples was lesser than the exposed area to avoid edge effects. Three 

specimens of each film sample were used for analysis and average values are reported. The 

total color difference (ΔE*) between control PLA and PLA/CSN bionanocomposite films 

was calculated as per the Eq. 2.12: 

∆𝐸𝐸∗ = �(∆𝐿𝐿∗)2+(∆𝑎𝑎∗)2 + (∆𝑏𝑏∗)2 (2.12) 

where ΔL*, Δa*
 and Δb* are the change is lightness, redness/greenness and 

yellowness/blueness, respectively.  

The Chroma (C*) value is defined as relative purity or saturation of a color and is 

determined by using Eq. 2.13 (Rotabakk et al., 2006): 

𝐶𝐶∗ = �(∆𝑎𝑎∗)2 + (∆𝑏𝑏∗)2 (2.13) 

Haze in conformance with ASTM D1003. Haze measurements require two readings. One 

reading is taken with the calibrated white tile at the reflectance port and next one is taken 

with the black trap at the reflectance port. Prior to analysis of samples, instrument is 

calibrated with white tile and black light trap individually without any samples. Haze 

values are reported in percentage. 
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2.3.23 Vibrating sample magnetometer (VSM) 

The magnetic properties of the fabricated CSN, MGCSN were analyzed at room 

temperature with a vibrating sample magnetometer (VSM) (Lakeshore, 7410 series). The 

powdered samples (~10 mg) were wrapped in Teflon tape prior to analysis. 

2.3.24 Amino acid analysis (AAA) 

Amino acid composition of isolated CSN and Muga silk was determined using an amino 

acid analyzer (AminoQuant II, Hewlett Packard, USA) equipped with auto-sampler for 

automated sample handling, derivatization and injection into the liquid chromatograph 

column. The samples were hydrolyzed with 6N hydrochloric acid (HCl) at 110 °C for 24 h.  

2.3.25 Elemental/Ultimate (CHN) analysis  

Carbon, hydrogen and nitrogen content of isolated CSN were measured using CHNS 

Elemental analyzer (Eurovector, EA3000). The sample was heated at 600 °C for 1 h and 

the residual weight was calculated to find out the quantity of inorganic materials. 

2.3.26 Real-time particle size analysis  

The particle size distribution of isolated CSN was recorded using real time dynamic light 

scattering instrument (Malvern, Nano-Sight NS300). The data was analyzed using 

nanoparticle tracking analysis software.  

2.3.27 Zeta potential (ZP) 

Zeta Potential (ZP) measurements were carried out using a dynamic light scattering (DLS) 

instrument (Delsa™ Nano C, Beckman Coulter, Germany) following Smoluchowski’s 

theory. Extracted CSNs were suspended in Mili-Q water at 0.1 wt% and sonicated for 2 

min at ambient temperature.  

2.3.28 Surface area measurements 

The Brunauer-Emmett-Teller (BET) surface area of the samples was assessed from N2 

isotherms at 77 K using a surface area analyzer (Beckman Coulter SA 3100, USA). Prior 

to nitrogen physisorption, samples were degassed at 393 K for 2 h. 

2.3.29 Optical polarity measurements 

The specific rotations of the PLA and PLA/CSN bionanocomposite with different CSN 

loadings were determined with self-calibrated Autopol® II polarimeter (Rudolph 

Laboratory, USA) at a wavelength of 589 nm where ~200 mg sample was dissolved in 20 

ml chloroform and filtered to remove the interference of CSNs during analysis. 
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2.3.30 Acid value measurements 

Titration measurements were carried out to calculate the acid value (acid end groups –

COOH) of neat PLA and PLA/CSN bionanocomposites. Solutions were prepared by 

dissolving ~1 g of samples in 20 ml of chloroform. The solution was titrated against 

potassium hydroxide solutions prepared in methanol of 0.0208 mol/L strength. Acid value 

is calculated using Eq. 2.14: 

𝐴𝐴𝐴𝐴 =  𝑉𝑉𝑒𝑒×𝐶𝐶×𝑀𝑀
𝑚𝑚

       (2.14) 

where Ve (ml) is the volume of KOH used to achieve corresponding equilibrium pH, C 

(mol/L) is the concentration of KOH, M is molecular weight of KOH and m (g) is weight 

of sample dissolved in chloroform. 

2.3.31 Intrinsic viscosity measurements 

Intrinsic viscosity investigations were performed on temperature controlled Ubbelholde-

type viscometer. PLA and PLA/CSN bionanocomposite samples were prepared in different 

concentrations such as 2.25, 3.33, 5.0 and 6.67 mg/ml by dissolving in chloroform. The 

biofiller was filtered using 0.2 μm syringe filters. The intrinsic viscosity ([η]) was 

determined by extrapolation of reduced viscosities to zero concentration. Specific viscosity 

(ηsp) and relative viscosity (ηrel) of the samples were calculated using Eq. 2.15 and 2.16: 

𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟 =  𝜂𝜂𝑠𝑠𝑠𝑠
𝐶𝐶

= 1
𝐶𝐶
�𝑡𝑡−𝑡𝑡0

𝑡𝑡0
� = [𝜂𝜂] + 𝐾𝐾´[𝜂𝜂]2𝐶𝐶 (2.15) 

𝜂𝜂𝑖𝑖𝑖𝑖ℎ =  𝑙𝑙𝑙𝑙(𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟)
𝐶𝐶

= 1
𝐶𝐶
�𝑙𝑙𝑙𝑙 𝑡𝑡

𝑡𝑡0
� = [𝜂𝜂] + 𝐾𝐾´´[𝜂𝜂]2𝐶𝐶 (2.16) 

where ηred and ηinh are reduced and inherent viscosities, respectively. t and t0 are the flow 

times of solution and pure solvent, respectively, and K´ and K´´ are the Huggins and 

Kramer constants, respectively. Intrinsic viscosity can be related to Mark-Houwink-

Sakurada equation which relates viscosity and average molecular weight (𝑀𝑀𝑣𝑣����) through Eq. 

2.17: 

[𝜂𝜂] = 𝐵𝐵(𝑀𝑀𝑣𝑣����)𝜈𝜈 (2.17) 

where B and ν for PLA are 0.005 and 0.73, respectively. To evaluate degradation through 

reduction in molecular weight, degradation constant (K) is calculated from reciprocal of 

intrinsic viscosity (Zhou and Xanthos, 2009). 
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Chapter 3 

Isolation of Crystalline Silk Nano-discs 
(CSNs) from Muga Silk, Preparation of 

Magnetic CSNs (MGCSNs) and Their 
Detailed Characterization 

This chapter focuses on isolation and characterization of crystalline silk nano-discs (CSNs) 

from Muga silk through novel hydrolysis-cum-sonication route, and the physico-chemical, 

structural and morphological properties of the CSNs obtained. Utilization of waste silk for 

production of discotic CSNs provides a strategy for upconversion of ‘waste to wealth’. The 

extracted CSNs from Muga silk have a yield of ~13 wt%. Analytical techniques such as Field 

emission scanning electron microscope (FESEM), Atomic force microscopy (AFM), 

Transmission electron microscopy (TEM) and dynamic light scattering (DLS) were employed 

to calculate the CSN diameter and the values obtained were 48.15±12.7, 49.1±12 nm, 49.4 ± 

17.6 nm and 89±37 nm, respectively. The thickness of CSNs as determined by AFM and TEM 

was found to be around 3.1±0.9 nm and 3.38±0.5 nm, respectively. The extracted CSNs show 

higher percentage crystallinity and superior thermal stability of ~93.7% and 310 °C, 

respectively. Furthermore, surface of CSNs was modified using iron-oxide nanoparticles to 

fabricate MGCSNs. Through one-step reduction reaction, monodisperse spherical iron-oxide 

nanoparticles (~5 nm) were adhered onto the entire CSN surface. Amine groups on CSN 

remain anionic at close to neutral pH, and the addition of positively charged iron salt (Fe3+) 

led to strong electrostatic interaction with negatively charged amine groups of CSNs forming a 

uniformly dispersed iron salt-CSN solution.TEM analysis revealed that MGCSNs have 

diameter and thickness of 58.2 ± 4.6 nm and 16.0 ± 2.6 nm, respectively.  

The work in this chapter is accepted as: 

• R. Patwa, N. Soundararajan., N. Mulchandani, S. M. Bhasney, M. Shah, S. Kumar, A. Kumar and V. 

Katiyar, “Silk nano-discs: A natural material for cancer therapy,” Biopolymers, DOI: 

10.1002/bip.23231. (Accepted). 
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3.1 Introduction 

Silk is a fibrous protein known for its excellent mechanical properties such as combined 

tensile strength and stretchability, which makes it one of the toughest materials known to 

mankind (Keten et al., 2010). The term silk refers to the wide range of continuous 

filaments spun by several species of Lepidoptera and Arthropoda such as silkworms and 

spiders. Its role is to protect the pupa during metamorphosis by forming a protective outer 

layer known as cocoon. Spiders use it for various functions such as preying, building their 

web, building egg sac, etc. (Babu, 2016). However, despite years of research, it is still 

impossible to mimic silk’s unique properties which are a result of controlled self-assembly 

of the domains at nanoscale precision (Keten et al., 2010). Silk fibers mainly consist of 

proteins which amount to 95% of its content while other impurities namely waxes, mineral 

salts such as calcium oxalate crystals and ash constitute about 4–5%. Silk spun by 

silkworms contains two major proteins namely fibroin and sericin whose amount ranges 

from 80–86 wt% and 12–16 wt%, respectively (Basu, 2015). Presence of gummy layer of 

sericin needs to be removed by a process known as degumming (Gulrajani, 1992). 

Chemically fibroin is composed mainly of three major amino acids namely alanine, glycine 

and serine. These three simple amino acids occur as long sequences of glycylalanine 

repeats in mulberry silks whereas they occur as polyalanine in non-mulberry species 

(Acharya et al., 2009). The combined composition of alanine and glycine is ~80% in both 

mulberry as well as non-mulberry silk but wild silks have high alanine content while 

domesticated silks have high glycine content (Kumar and Kundapur, 2015). Moreover, 

silk possesses environmental stability, ease of functionalization, favorable oxygen/water 

permeability, minimal antigenic response, biocompatibility, morphologic flexibility and 

better mechanical properties in comparison to globular proteins (Altman et al., 2003; 

Babb et al., 2017; Jo et al., 2017; Rockwood et al., 2011; Shimanovich et al., 2017). 

These properties make silk a viable entity in various fields of biomedical applications such 

as for developing sutures, controlled drug delivery, cancer therapeutics, wound healing, 

etc. (Darshan et al., 2017; Jo et al., 2017; Min et al., 2017; Yan et al., 2016). Although a 

major confusion lies regarding its degradable nature, various reports suggest that silk can 

be degraded by proteolytic enzymes in vivo which over the time gets absorbed slowly (Cao 

and Wang, 2009). To utilize the superior properties of silk stored in its molecular 

structure, nano-level formulations of silk can be exploited using various routes (Nova et 

al., 2010). Nanoparticles of silk fibroin can be obtained through emulsion-solvent 
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evaporation, phase separation, self-assembly, rapid expansion of supercritical solution, 

spray drying, electro-gelation, and salting out proteins (Rockwood et al., 2011). The above 

procedures utilize reconstituted silk having random coil structures which need to be 

reconverted to pleated structures; hence material properties are compromised (Rousseau et 

al., 2004). Interestingly, silk’s original properties can be retained through direct utilization 

of silk post-degumming using mechanical attrition. Silk principally consists of antiparallel 

β-sheets that are stacked together to create highly ordered β-sheet nanocrystals which are 

embedded in semi-amorphous matrix consisting of less ordered β-structures, 310 helices 

and β-turns (Keten et al., 2010). Additionally, β-sheet nanocrystals reinforce the 

macromolecular chains by forming interlocks between the chains which allows the 

amorphous domains to extend significantly upon stretching (Nova et al., 2010). Silk 

nanocrystals are thermally stable due to high crystallinity, hydrophobic nature and 

extensive hydrogen bonding (Altman et al., 2003; Buehler, 2010; Hu et al., 2006). 

Crystalline portion of silk can be isolated by partial acid hydrolysis, enzymatic digestion, 

oxidative degradation and alkali treatment (Numata et al., 2010; Shaw, 1964; Tao et al., 

2012). Silk nanocrystals have been isolated from Bombyx mori as nanofilaments of 2 nm 

diameter and 160 nm length by digestion with enzymes (Numata et al., 2010; Tao et al., 

2012). Similarly, treatment of mulberry silk with acids yielded silk nanocrystals which are 

irregularly shaped with few spheres (Numata et al., 2010; Tao et al., 2012). To improve 

the case for use of silk nano-discs for drug delivery and cancer therapeutics, magnetic 

functionalization is desired. Iron oxide nanoparticles can be prepared by various methods 

such as co-precipitation, non-aqueous and aqueous sol-gel, hydrothermal/solvothermal, 

micro-emulsion, and precipitation using reducing agents like NaBH4 (Yathindranath et 

al., 2011). There are few reports on magnetizing nanoparticles obtained from naturally 

occurring fibers. Recently, magnetite nanoparticles supported on cellulose nanocrystals 

were prepared for high performance applications (Dhar et al., 2016). Further, silk 

microspheres/fibers-supported Fe3O4 composite materials have been explored for anti-

cancer drug delivery (Singh et al., 2015; Zhang et al., 2014).  

The novelty of the present work is preparation of discotic silk nanoparticles which are 

highly crystalline, hydrophobic and can readily be functionalized through amine, carboxyl 

and hydroxyl functionality. These nanoparticles are isolated from waste pierced cocoons 

which are low-cost and easily available natural source of silk and are abundantly available 

in the north eastern region of India. The present investigation outlines the formation of 
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nano-discs, their functionalization, and detailed characterization. To the best of our 

knowledge, there is no study available in literature on the isolation of crystalline silk nano-

discs by acid hydrolysis of Muga silk fibroin (Antheraea assama) and fabrication of 

magnetic nano-discs by adhering magnetite nanoparticles on the disc surface.  

3.2 Results and discussion 

3.2.1 Degumming of Muga cocoons 

The Muga fibers were observed to be around ~40 μm in diameter as seen in Figure 3.1(a). 

The fiber is made up of two brins which are sealed together by sericin and has a uniform 

distribution of calcium oxalate crystals. Fibroin has a high refractive index, due to which it 

gives a shimmer when illuminated under optical microscope, as seen in Figure 3.1(b) 

where the sericin outer layer appears as dark shadow. The silk brins (see Figure 3.1(c)), are 

approximately 20μm in diameter each. The uniform sericin layer on the fiber is clearly 

visible in Figure 3.1(d) where sericin layer (depicted in gray dotted lines) can be seen at 

the edge due to the angle at which the fiber was cut. Degumming was done to remove the 

sericin from the fibers. Improper degumming temperature, low amount of base, excess 

amount of silk can all lead to improper degumming, as seen in Figure 3.1(e) where the 

sericin coating can be observed in patches (shown in white arrows) even after degumming. 

After degumming, the degummed fibers were subjected to high speed grinder which 

resulted is the fibers breaking up into microfibrils (Figure 3.1(f)) and nanofibrils (inset of 

Figure 3.1(f)). 

 
Figure 3.1: Muga silk (a) SEM micrograph showing uniform distribution of calcium 

(a) (b) (c) 

(d) (e) (f) 
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oxalate crystals, (b) optical micrograph, (c) fibers made up of two brins, (d) uniform 

sericin coating (edge shown in dotted lines), (e) improperly degummed fiber (sericin 

shown with arrows) and (f) silk microfibrils (inset: silk nanofibrils).  

The waste pierced cocoons were cleaned by removing twigs, eggs and other plant debris, 

cut into dime-shaped pieces and dried. The amount of dried cocoon pieces was found to be 

~95% of initial weight. After degumming, the amount of dried Muga silk fibroin was ~ 

76% of initial weight, which shows that the sericin content of Muga silk was ~24 wt%. 

Sericin is a hydrophilic protein which readily dissolves in hot water; sodium carbonate 

makes sericin swell, then emulsifies it in degumming bath resulting in its removal from the 

filaments. Sonwalkar (1993) has suggested that the sericin content of Muga silk is ~25 

wt%, which confirms that the degumming process was quite efficient, which can be seen 

by sericin-free silk fiber as shown in Figure 3.2. 

 

Figure 3.2: Silk fiber without sericin coating after efficient degumming process. 

3.2.2 Fabrication of crystalline silk nano-discs (CSNs) from degummed Muga silk 

Crystalline silk nano-discs (CSNs) were fabricated from degummed waste Muga silk. After 

degumming of the waste pierced Muga, the amount of degummed fibroin obtained was 

~80 wt%, indicating the sericin content of Muga silk to be ~20 wt%, which matches with 
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the findings of Sonwalkar (1993) and is found to be lower than the ~20–30% sericin 

content of mulberry silk (Yukseloglu and Canoglu, 2016). This weight loss can be 

attributed to the removal of not only sericin, but also inorganic minerals such as calcium 

oxalate crystals on the fiber surface, waxes and other water soluble impurities which are 

found in trace amounts. The degummed silk can be stored at room temperature (Rockwood 

et al., 2011). 

 

Figure 3.3: Step-wise representation of isolation of crystalline silk nano-discs (CSNs) 

from Muga silk. 

After removal of sericin, the degummed silk was subjected to acid hydrolysis in the 

presence of ultrasonication and overhead mechanical stirring. The yield of CSNs was 

~15% of the weight of degummed silk; the remaining amorphous and loosely packed 

crystalline domains were selectively dissolved, as the reaction progressed. The overall 

procedure of fabrication of CSNs is depicted in Figure 3.3. The freeze-dried powder was 

used for characterization, except for techniques which required aqueous suspensions in 

water. 

3.2.3 Physico-chemical and structural properties of fabricated CSNs 

3.2.3.1 Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-

FTIR) 

FTIR analysis was carried out to understand the structural differences arising out of the 

fibroin chain rearrangements during alkali and acid-based treatments. Absorption bands 

which are conformationally sensitive can be detected in silk proteins at spectral regions 
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like amide I, II, III and V (Freddi et al., 1994). For untreated raw Muga silk, absorption 

bands at 1660 cm-1 shows the vibration of amide I band (C = O stretching) which confirms 

the presence of random coil conformation or α-helix as shown in Figure 3.4. The other 

absorption bands observed at 1260 cm-1 and 669 cm-1 in untreated silk are characteristic 

signature peaks for amide III and amide V, respectively. These peaks also show that raw 

silk is not entirely in β-form (Freddi et al., 1997). After acid hydrolysis, the above-

mentioned peaks disappear and shift to new positions. The amide spectral bands appear at 

714 cm-1 (amide V), 1221 cm-1 (amide III) and 1630 cm-1 (amide I). The reason for shift in 

peak positions is that major portion of silk attains β-sheet conformation in the CSNs 

obtained after acid hydrolysis. This result is consistent with similar distinct peaks at 700 

cm-1, 1230 cm-1 and 1630 cm-1, respectively reported by Tsukada et al. (1995) for β-sheet 

structure of Tussah silk. The effectiveness of degumming process can be confirmed by 

observing the IR bands at 1069 cm-1 (broad peak) and 1316 cm-1 (sharp peak), which 

denote the presence of sericin and calcium oxalate crystals in untreated samples, 

respectively. These peaks do not show up in CSN spectrum confirming that fibroin has 

been properly degummed (Teramoto and Miyazawa, 2003; 2005; Teshome et al., 2014; 

Zhang and Wyeth, 2010). As observed by previous researchers, the crystalline portion of 

non-mulberry silk is essentially composed of alanine and glycine (Kumar and Kundapur, 

2015). Peaks at 965 cm-1 and 1047 cm-1 in Figure 3.4 have become significantly sharp for 

CSNs which indicates that alanine and glycine are major amino acids present in CSNs 

(Fang et al., 2017).  
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Figure 3.4: FTIR analysis of untreated Muga silk and crystalline silk nano-discs (CSNs) in 

the range of 600 to 1800 cm-1. 

3.2.3.2 X-ray diffractometry (XRD) 

The XRD diffraction patterns of untreated Muga silk, degummed fiber and acid-

hydrolyzed silk nano-discs (CSNs) were captured to identify type of conformation and 

crystallinity. The crystallinity index (CI), d-spacings and diffraction planes were 

calculated, and are shown in Figure 3.5 and summarized in Table 3.1. It can be observed 

that peak intensity and sharpness increases with each treatment step which means that the 

crystallinity has increased, without significant shift in peak position. Untreated Muga silk 

shows well-resolved peaks but with low intensity, which indicates the semicrystalline 

nature of Muga silk. 
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Figure 3.5: XRD analysis of untreated Muga silk, degummed silk and fabricated CSNs 

from Muga silk. 

The crystallinity index (CI) of raw Muga was found to be ~57.4% which matches well with 

reported values of 60% (Babu, 2013; Bhat et al., 1980; Devi et al., 2011). Muga silk has 

β-form of crystal fraction predominantly. However, three small peaks of low intensity at 

11.8°, 21.9° and 28.1° are present in raw Muga silk diffractogram, which are absent in 

CSNs, indicate the presence of the α-form. This implies that Muga silk consists of both α- 

and β-form of crystalline secondary structures (Kweon and Park, 2001). The degumming 

process resulted in removal of sericin outer protective coating which is mainly amorphous 

(Rocha et al., 2017). Devoid of sericin, the degummed silk showed enhanced crystallinity 

with increased peak intensities. It can also be noticed that the peaks for α-form are either 

missing or reduced in intensity. The reported values of crystallinity index (CI) for 
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degummed silk is ~73.6% as compared to 63.8% for the degummed silk in our study (Devi 

et al., 2011). Upon acid hydrolysis, CSNs displayed several sharp peaks at 16.7°, 20.2°, 

23.8°, 30.7°, 34.0 and 48.5° which are characteristic peaks for β-sheet structure of silk. The 

lattice planes viz. (002), (201), (003), (300), (004) and (400), respectively. 

Table 3.1: Crystallographic information derived from XRD diffractogram of CSNs. 

 

 The diffraction peaks were observed to be in line with reports in the literature (Bhat et al., 

1980; Siddaraju et al., 2012). The crystallinity index (CI) for isolated nano-discs 

increased from 57.4% for raw Muga silk to 93.7%, which indicates that CSNs are highly 

crystalline in nature. Acid hydrolysis leads to the removal of unordered amorphous 

domains resulting in closer packing of crystalline domains, and strain-free and less 

distorted crystallites.  

3.2.3.3 13C-solid-state nuclear magnetic resonance (13C-ss-NMR) spectroscopy 

The 13C-NMR chemical shifts of carbon atoms in proteins are sensitive to the secondary 

structure (Mielke and Krishnan, 2009), and this makes 13C-NMR an effective tool for 

analyzing the secondary structure of isolated CSN. The 13C chemical shifts of the alpha 

(-Cα), beta (-Cβ) and carbonyl (-C=O) carbon give us information about the conformation 

of isolated CSN, are shown in Figure 3.6. 

2θ (degrees) d-spacing (Å) 
Lattice Plane 

FWHM 
H k l 

16.7 5.28 0 0 2 0.799 

20.2 4.39 2 0 1 1.107 

23.9 3.72 0 0 3 0.931 

30.7 2.90 3 0 0 - 

34.02 2.63 0 0 4 - 

48.49 1.87 4 0 0 - 
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Figure 3.6: 13C-ss-NMR spectra of fabricated silk nano-discs (CSNs), SSB stands for the 

spinning side bands. 

The chemical shifts for alanine (Cα, Cβ and C=O) and glycine Cα, are observed at 46.9, 

18.5, 170.4 and 41.3 ppm, respectively owing to β-sheet conformation of CSN. The 

chemical shifts for β-sheet conformation for alanine (Cα, Cβ and C=O carbon) and glycine 

Cα reported in literature are at 48.8, 20, 171.9 and 42 ppm, respectively (Addison et al., 

2013; Asakura et al., 2006; Nakazawa and Asakura, 2002). The chemical shifts found 

in the region 80 to 140 ppm are for the spinning side bands. It can be seen that very low 

intensity chemical shifts for serine are observed at 61.7, 63.8 (Cβ) and 58.1 (Cα) ppm which 

indicates that serine residues occur as both α-helix and β-sheet conformation. The 

comparison of chemical shifts of CSN and model polypeptides is shown in Table 3.2. 
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Table 3.2: Comparison of 13C chemical shifts observed from CSNs and from model 

polypeptides with known secondary structures (Nakazawa and Asakura, 2002). 

Residue 
Random coil 

(ppm) 

α-helix 

(ppm) 

β-sheet 

(ppm) 

CSN 

(ppm) 
Conformation 

Ala C=O 175.5 176.4 171.9 170.4 β-sheet 

Ser Cβ 61.3 60.7 63.4 61.7, 63.8 α-helix, β-sheet 

Ser Cα 56.6 59.2 55.2 58.1 α-helix 

Ala Cα 50 52 48.8 46.9 β-sheet 

Gly Cα 43.4 46 42 41.3 β-sheet 

Ala Cβ 16.6 15.8 20 18.5 β-sheet 

 

3.2.3.4 Raman spectroscopy 

To identify the conformation of CSN, Raman spectra was recorded. The comparative 

Raman spectra (800–1700 cm-1) for untreated raw Muga silk and CSNs is shown in Figure 

3.7. As confirmed by diffraction studies, untreated Muga silk consists of both α- and β-

crystalline forms. The fibroin is coated with a gummy sericin coating, which leads to very 

low signals. After acid hydrolysis, the CSNs acquire a predominant β-sheet conformation. 

Muga silk has a small portion of crystalline domain which exists in the form of α-helix, as 

discussed in XRD in section 3.2.3.2. Therefore, Raman shifts around 1657 cm-1 

characteristic of amide I (C=O stretching) can be observed. The peak has a very low 

intensity and are difficult to differentiate from the noise. Upon fabrication of CSNs, the β-

form becomes predominant and shows strong peaks at 1667 cm-1 (amide I), 1242 cm-1 

(amide III), 1093 cm-1 (amide IV) and 908 cm-1 (amide IV) regions which correspond to 

C=O stretching, N-H in-plane bending, CH3 rocking and Cα-C stretching, respectively 

(Rousseau et al., 2009; Rousseau et al., 2004). These peaks appeared as low intensity 

peaks in the spectrum for raw Muga silk. 

71 
 



 

 

Figure 3.7: Raman analysis of untreated Muga silk and crystalline silk nano-discs (CSNs) 

in the range of 800 to 1700 cm-1. 

3.2.4 Morphological analysis of fabricated CSNs 

3.2.4.1 Polarized optical microscopy (POM) 

After fabrication, the CSNs were initially observed under polarized light in optical 

microscope before investigating using sophisticated imaging techniques such as atomic 

force microscopy (AFM), transmission electron microscopy (TEM) and field emission 

scanning electron microscopy (FE-SEM). Polarized light can effectively allow to observe 

the crystalline portion in the sample. Therefore it can easily depict if there is any 

modification in the crystalline part of silk. Crystalline parts get illuminated and show 

birefringence. Polarized image of silk fibers are shown in Figure 3.8(a) where crystalline 

regions, which are entrapped within the amorphous part, reflect the incident polarized light 

72 
 



 

and are indicated with black arrows. In contrast, the fabricated silk nano-discs appear to 

completely reflect the incident polarized light, as shown in Figure 3.8(b) where the sample 

shows bright clusters which are fully illuminated as compared to silk fibers, indicating that 

acid-hydrolysis has effectively dissolved away the amorphous regions, leaving behind only 

the crystalline regions. 

 

Figure 3.8: Comparative polarized optical micrographs for (a) Muga silk (crystalline 

domains shown with black arrows) and (b) CSNs (bright clusters shown in white). 

3.2.4.2 Atomic force microscopy (AFM) 

The morphology and topology of CSN is investigated by using AFM. In the AFM 

micrograph (XY-axes) of a 500 × 500 nm2 area, shown in Figure 3.9(a), CSNs appear to 

have a circular cross-section and a narrow size distribution with an average diameter of 

49.1±12 nm. CSNs appear to have a uniform and homogeneous dispersion without any 

sign of agglomeration. To estimate the thickness and overall shape of the nanoparticles, the 

height profile was studied. The height profile (Z-axis) of AFM micrograph is shown in 

Figure 3.9(b), which indicates that the thickness of the fabricated nanoparticles is <2 nm, 

much less than the diameter of CSNs. This proves that the CSNs have a discotic 

morphology. The 3-D elevated AFM image of the selected area is shown in Figure 3.9(c). 

It shows that the thickness varies from 0–4.4 nm. Using this information, the thickness 

distribution of CSNs is determined as shown in Figure 3.9(d) and the average thickness 

was calculated to be approximately 3.1±0.9 nm. 

3.2.4.3 Field emission scanning electron microscopy (FE-SEM) 

The morphology and average size distribution of CSNs was confirmed using FESEM. The 

silk nano-discs shown in Figure 3.9(e) appear to be spherical nanoparticles with narrow 

(a) (b) 
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particle size distribution, having an average particle size of 48.15±12.7 nm. It is 

noteworthy to mention that the CSNs have a dimension of ~50 nm diameter and ~3.1 nm 

thickness. At low magnifications of ~75000x the CSNs cannot be resolved properly and 

appear to be more like spherical nanoparticles rather than disc. For better understanding of 

the shape of CSNs, higher magnifications should be used such as ~200,000x as shown in 

Figure 3.9(f) where CSNs can be seen embedded at different angles.  
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Figure 3.9: Morphological studies on laboratory fabricated CSNs, (a-d) AFM analysis (a) 

AFM micrograph (500 × 500 nm2) showing diameter of fabricated CSNs, (b) height profile 

(along green line) to assess the thickness of fabricated CSNs, (c) 3D-elevated height profile 

and (d) particle thickness distribution and (e-f) FESEM micrographs at magnification, (e) 

~75,000 x (scale: 300 nm) and (f) ~200,000x (scale: 100nm).  

(e) 

(f) 
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3.2.4.3.1 Elemental composition by energy dispersive X-ray (EDX) spectroscopy and 

ultimate (CHN) analysis  

To investigate the elemental composition, energy dispersive x-ray spectroscopy (EDX) 

was performed. The energy spectra of CSN shown in Figure 3.10 shows the presence of 

carbon (49.9 wt%), oxygen (21wt%) and nitrogen (19.6 wt%). Remaining amount is 

expected to be hydrogen that cannot be detected by EDX. It was interesting to find that 

elemental percentages matched closely with the assumption that major component of the 

crystalline part of Muga silk is alanine (see Table 3.3). To estimate the amount of 

hydrogen, ultimate analysis was carried out which showed the presence of hydrogen along 

with carbon and nitrogen. Elemental analysis was used to measure the elemental 

composition (C, H and N wt%) of untreated Muga, degummed silk and fabricated CSNs. 

The average weight percentages (wt%) of N, H and C for untreated Muga silk were found 

to be 13.3, 5.07 and 38.4 wt%, respectively and for degummed silk to be 16.3, 5.7 and 42.6 

wt%, respectively. The average weight percentage of N, H and C for CSNs was 14.3, 5.4 

and 38.2 wt%, respectively. Thus, the elemental composition of the three materials did not 

show much difference. A comparison of the elemental compositions obtained from CSN 

analysis, EDX analysis and theoretical considerations (assuming CSNs to be composed of 

alanine only) is shown in Table 3.3. The nitrogen and carbon percentage values of silk 

cocoon membrane of Antheraea mylitta reported by Tulachan et al. (2014) were 13.4 and 

42.6 wt%, respectively, which matched closely with our obtained values. 

Table 3.3: Elemental composition (wt%) of silk-nanodiscs, calculated by CHN analysis, 

EDX analysis and from theoretical considerations. 

apolyalanine repeats (ala=12) for non-mulberry silks. 

Elements Ultimate (CHN)  EDX  Theoreticala 

Carbon (C) 38.2 49.9  49.7 

Nitrogen (N) 14.3  19.6 19.3 

Oxygen (O) - 21  23.9 

Hydrogen (H) 5.4 - 7.1 
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Figure 3.10: Elemental composition analysis of CSN by EDX spectroscopy. 

3.2.4.4 Transmission electron microscopy (TEM) 

TEM micrographs provided clear insight into the CSN morphology, as can be seen in 

Figure 3.11. The images reveal that silk nano-discs have a discotic morphology (Figure 

3.11(a)) with average diameter of 49.4 ± 17.6 nm, as obtained by analysis using ImageJ® 

image processing tool, and a narrow size distribution (Figure 3.11(a) inset). The average 

size obtained was consistent with the observations made by AFM (49.1±12 nm) and 

FESEM (48.15±12.7 nm). Upon closer examination, it was observed that the underlying 

nanocrystals could be seen through nanocrystal situated over them (see Figure 3.11(b)), 

which is a clear indication that the thickness of these particles is much less compared to 

their diameter, thus suggesting a disc-like shape of fabricated CSN . In another view 

(Figure 3.11(c)), transverse view of CSNs could be seen in which CSNs are dispersed 

uniformly in various orientations. The average disc thickness (inset of Figure 3.11(c)) was 

calculated to be around 3.38 ± 0.5 nm, which was very similar to the thickness estimated 

using AFM. 
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Figure 3.11: TEM micrograph of fabricated CSNs (a) low magnification, scale: 200nm, 

(inset: particle size distribution), (b) higher magnification, scale: 20 nm and (c) evidence of 

disc-like morphology of CSNs (inset: particle thickness distribution). 

3.2.4.4.1 Selected area electron diffraction (SAED) pattern 

To determine the ordering within the fabricated CSNs, diffraction patterns were obtained. 

The crystalline components of CSNs produce diffraction spots of high intensity and 

brightness which are well-spaced and well-oriented, whereas the amorphous regions 

produce halos (Li et al., 2013). As shown in Figure 3.12(a), the CSNs dispersed in water 

(TEM image shown in Figure 3.12(b)) exhibit diffraction pattern in the form of sharp 

discontinuous spots, which indicates strong alignment of β-sheet crystallites. The better the 

alignment among β-sheets, higher will be the crystallinity and hence, the number of rings 

with the shape of the rings being sharper and well defined. The reason for such rigid β-

sheet assembly could be almost complete degradation of amorphous regions in the wild 

silk fibroin which allowed more mobility to the polypeptide chain.  

(c) 
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Figure 3.12: (a) SAED pattern of fabricated CSNs and (b) corresponding TEM 

micrograph for which SAED pattern has been recorded. 

3.2.4.4.2 Corroboration of electronic and X-ray diffraction pattern of isolated CSNs  

This corroboration was done to confirm that peaks from XRD and bright spots from SAED 

are of the same material, i.e. CSNs. Initially, d-spacings of XRD peaks (Figure 3.13(a)) are 

calculated. Subsequently, the scale bar of the SAED pattern (Figure 3.13(b)) was measured 

using ImageJ® and multiplication factor was obtained which was then multiplied with 

reciprocal of d-spacings. Finally, the product of the two gives the distance from the center 

on electronic diffractogram where the bright spots should be located. We observed that all 

the XRD peaks have their imprint on the SAED pattern, the calculations for which are 

shown in Table 3.4.  

 

Figure 3.13: (a) Calculations for XRD diffraction peaks and (b) Calculations for SAED 

bright spots. 

(a) (b) 

37.3° 

48.5° 

34.0° 

30.7° 

39.8° 

16.7° 
d = 5.2 
(002) 

 

23.8° 
d = 3.7 
(003) 

20.2° 
d = 4.3 
(201) 

(b) (a) 
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Table 3.4: Calculations for corroboration of XRD peak positions and SAED bright spots 
for fabricated CSNs. 

 
X-ray diffraction(XRD) 

 

 
Selected area electronic diffraction (SAED)

 
Peak 

position       
(2θ°) 

Peak       
d-spacing   

(nm) 

Peak        
[1/(d-spacing)]              

(nm-1) 

Multiplication factor* 
[Scale= 1.3cm/2 nm-1] 

(cm.nm) 

Spot distance 
from centre*          

(cm) 
16.79 0.53 1.89 

0.65 

1.23 
20.22 0.44 2.28 1.48 
23.88 0.37 2.68 1.74 
30.70 0.29 3.44 2.23 
34.02 0.26 3.80 2.47 
37.34 0.24 4.16 2.70 
39.81 0.23 4.40 2.86 
42.93 0.21 4.75 3.09 
48.49 0.19 5.33 3.47 

*Image dimensions on print: 263 × 241 pixels 

3.2.4.5 Dynamic light scattering (DLS) 

The average particle size was also calculated by dynamic light scattering with real time 

nanoparticle tracking (Figure 3.14(a)). The average particle size of 89±37 nm was 

significantly higher than those obtained from previous analyses. The probable reason for 

increased average size could be agglomeration of the particles. Real time nanoparticle 

tracking was done and particle size distribution for a frame taken at a random time is 

shown in Figure 3.14(b). 

 

Figure 3.14: (a) Real time nanoparticle tracking 0–9 s, and (b) particle size distribution for 

a frame taken at a random time 

. 

(a) 
(b) 
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3.2.4.6 Thermogravimetric analysis (TGA) 

Thermal stability of CSNs is important for their application in different fields such as melt-

processing of polymer nanocomposites. As shown in Figure 3.15(a) the CSNs have a 

higher thermal stability than Muga silk upto 333 °C and lose only 19% of the mass till this 

temperature. Beyond this temperature it is observed that the CSNs have a lower thermal 

stability compared to Muga silk. The loss of 50% mass is seen in the first degradation stage 

from 260–406 °C with the remaining mass loss occurring in the second degradation stage 

from 406–605 °C, as shown in Figure 3.15(b). It was observed that CSNs were more 

thermally stable than Muga silk upto 333 °C due to increased crystallinity and removal of 

amorphous portion. It should be noted that it is imperative for a filler to have a comparable 

thermal stability to PLA. CSNs can be easily used as a biofiller along with PLA for various 

PLA-based applications as PLA can be processed at ~200 °C and the serviceable 

temperature of PLA-based applications lies below 100 °C. Therefore, lower thermal 

stability of CSN as compared to Muga silk above 330 °C is not much of a concern as 

processing and targeted applications are at temperatures below 330 °C. 
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Figure 3.15: (a) TGA thermograph of fabricated CSNs and (b) DTG profile of CSNs. 

3.2.4.7 Amino acid analysis (AAA) 

Amino acid analysis of CSN and Muga (see Table 3.5) was carried out to know the effect 

of acid hydrolysis. Alanine, glycine and serine content in Muga silk was found to be 33.3, 

30.4 and 13.2%, respectively which matched closely with previously reported values of 

28.4, 34.7 and 9.11%, respectively (Sen and Babu, 2004). Upon acid hydrolysis, 

hydrophobic amino acids which are not labile to dissolution by acids form the crystalline 

domains while the amount of other amino acids is significantly reduced (Keten et al., 

(a) 

(b) 
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2010). CSNs were found to consist of alanine, glycine and serine as major constituents 

with 83.8% alanine, 6.1% glycine and 6.8% serine, respectively, which make up the β-

sheet crystallites. This data closely matches with the crystalline repeat sequence of another 

wild silk, Antheraea pernyi which shows alanine content as high as ~84% (Sezutsu and 

Yukuhiro, 2000). This data is also corroborated by the FTIR data which shows sharp 

alanine peak at 965 cm-1. 

Table 3.5: Comparison of amino acid composition of Muga silk and CSN. 
 

Amino Acids Muga silk CSN 

Aspartic acid 6.1% 1.2% 

Glutamic acid 2.1% 0.1% 

Serine 13.2% 6.8% 

Glycine 30.4% 6.1% 

Alanine 33.3% 83.8% 

Histamine 1.4% 0.2% 

Threonine 1.6% 0.0% 

Arginine 3.1% 1.5% 

Tyrosine 5.7% 0.1% 

Valine 0.7% 0.0% 

Methionine 0.0% 0.0% 

Phenylalanine 0.4% 0.0% 

Isoleucine 0.3% 0.0% 

Leucine 0.4% 0.0% 

Lysine 0.3% 0.0% 

Proline 0.7% 0.1% 

Total 100% 100% 

3.2.4.8 Zeta potential (ZP) 

It is important to mention that it is not just the shape and size of the nanoparticles that 

influence its resultant properties; the surrounding environment also plays an important role. 

The average zeta potential (ζ-potential) value of silk nano-discs dispersed in water at 25 °C 

was found to be ~ -34 mV. Intense charges on the nanoparticle surface leads to repulsive 

forces among them allowing for stable dispersions. It is known that an absolute value of 30 
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mV shows solution stability, which suggests that CSNs should have a good dispersion 

ability (Lizundia et al., 2017). 

3.2.5 Fabrication of magnetic crystalline silk nano-discs (MGCSNs) 

The iron-oxide (Fe3O4) nanoparticles were adsorbed onto the CSN surface by chemical 

reduction method using sodium borohydride (NaBH4) as the reducing agent (Figure 3.16). 

CSN (70 mg) was uniformly dispersed in 50 ml deionized water followed by probe 

ultrasonication for 2 min (amplitude ~30%). Subsequently, FeCl3 (30 mg) was added to the 

CSN suspension and pH was adjusted to ~5 using 0.1N NaOH under inert atmosphere (by 

continuously purging with argon gas). The contents were vigorously stirred at ~1000 rpm. 

For the fabrication of Fe3O4 nanoparticle-adsorbed CSNs (MGCSNs), 500 mg NaBH4 in 

10 ml solution was added drop-wise into the iron salt-CSN solution at 65 °C and 

suspension turned black immediately with evolution of hydrogen gas bubbles. After 

stirring for 2 h, the MGCSNs were separated from the solution using permanent magnets 

and washed three times with water and ethanol to remove impurities. Finally, the MGCSNs 

were centrifuged out, dried at 50 °C and crushed into fine powder using mortar. 

 

Figure 3.16: Overall scheme of preparation of magnetic crystalline silk nano-discs 

(MGCSNs) from Muga silk. 

3.2.6 Morphological studies on fabricated MGCSNs  

3.2.6.1 Field emission scanning electron microscopy (FE-SEM) 

Monodisperse Fe3O4 nanoparticles were adsorbed onto surface of CSNs through one-step 

chemical reduction method. After the reduction reaction, spherical iron oxide nanoparticles 

with average size of ~5 nm were adhered on the CSN surface, covering the whole surface 

of CSNs, as seen in the high-resolution scanning electron micrographs in Figures 3.17(a) 
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and (b), forming a densely packed structure with ‘nonpareil cookie’ like morphology 

where the white arrows mark the edge of the silk nano-discs. Homogeneous ~5nm particles 

are formed because rapid stirring results in anomalous diffusion of particles resulting in 

slow growth kinetics leading to smaller particles. 

3.2.6.1.1 Elemental composition of fabricated MGCSNs  

Mapping of MGCSNs (Figure 3.17(c), (d)) shows that magnetite nanoparticles are 

homogeneously dispersed on CSN surface with the presence of iron, carbon, oxygen and 

chlorine. Traces of chlorine could be due to incomplete removal upon washing of 

fabricated MGCSNs. Oxygen and iron were mapped, and it was found that iron oxide 

nanoparticles are homogeneously dispersed on CSN surface as seen in Figure 3.17(e). 

Elemental composition is shown in Figure 3.17(f), where Fe content of ~38 wt%, 

corresponds to the Fe3O4 nanoparticles adsorbed onto CSNs. Higher loadings (~ 51 wt%) 

of magnetite onto cellulose nanocrystals have been reported due to –OH clusters by (Dhar 

et al., 2016). 

 

(a) 
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Figure 3.17: FESEM micrographs of fabricated MGCSNs: (a) 130,000x magnification, (b) 

250,000x magnification, (a, b) white arrows mark the edge of the silk nano-discs, (c) 

(e) (f) 

(d) (c) 

(b) 

Cl 

Fe 
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micrograph used for elemental analysis, (d) original mapped area, (e) mapped oxygen and 

iron, and (f) elemental composition. 

3.2.6.2 Transmission electron microscopy (TEM) 

The TEM images (Figure 3.18(a)) show that MGCSNs have diameter of 58.2 ± 4.6 nm and 

thickness of 16.0 ± 2.6 nm. The amine groups act as site for precipitation of magnetite 

nanoparticles during reduction, which possibly increased the dimensions of MGCSNs as 

compared to CSNs. Absence of nascent Fe3O4 nanoparticles indicates that they strongly 

interact with CSN surface and could not be separated even after sonication process which 

was done prior to microscopic analysis. SAED pattern (inset of Figure 3.18(a)) displays a 

second ring indexed to (002) plane of CSN; all other rings matched with cubic Fe3O4 while 

HRTEM lattice spacings of 0.48 nm (Figure 3.18(b)) corresponds to (111) spacing of cubic 

Fe3O4 (Fu et al., 2015). 

 

56 nm 

51 nm 
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Figure 3.18: (a) TEM micrographs of fabricated MGCSNs, scale bar: 20 nm, (inset: SAED 

pattern for the MGCSNs) and (b) HRTEM image of the fabricated MGCSNs. 

3.2.7 Physico-chemical and structural properties of fabricated CSNs 

3.2.7.1 Fourier transform infrared spectroscopy (FTIR) 

The FTIR spectrum (Figure 3.19) of CSN showed representative peaks at 3268, 1629, 

1535, 1224, 1160, 695 and 701 cm-1 corresponding to -NH stretching, -C=O stretching, -

NH deformation or -CN stretching, -CH stretching or -NH in-plane bending, -OH bending, 

-NH rocking, and N-C=O in-plane bending respectively, which are characteristic 2° 

(secondary) amine signature peaks of silk. MGCSNs showed all these characteristic peaks, 

albeit with subdued intensities because of the immobilization of Fe3O4 nanoparticles onto 

the CSN surface. Furthermore, MGCSNs show new peak and shoulder at ~685 and 620 

(0.48 nm 

111) 

4 nm 

4.1 nm 

4 nm 

(b) 

90 
 



 

cm-1 respresenting bending and stretching vibrations of Fe-O, respectively, which can be 

attributed to the formation of iron oxide nanoparticles (Dhar et al., 2016). 

 

Figure 3.19: FTIR spectra for MGCSNs and CSNs. 

3.2.7.2 X-ray diffractometry (XRD) 

The XRD pattern for MGCSNs (Figure 3.20) shows new diffraction peaks at 2θ values of 

30.4° (220), 35.6° (311), 43.4° (400), 53.6° (422), 57.4° (511) and 63.5° (440) 

corresponding to reflections of Fe3O4 nanoparticles (Dhar et al., 2016). The peaks at 16.7° 

(002), 20.2° (201) and 23.8° (003) confirmed the presence of CSNs (inset of Figure 3.20). 

The average crystallite size of Fe3O4 nanoparticles adhered onto the CSN surface, 

calculated by Scherrer’s formula, was found to be ~4.14 nm which corresponds to the peak 

at 2θ = 35.5° (311) and matches with the size range ~4–5 nm measured from 
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TEM/FESEM. Therefore, crystallographic studies confirmed that MGCSNs retained CSN 

crystal structure and magnetic nanoparticles anchored onto the CSN surface.  

 

Figure 3.20: XRD diffractogram for MGCSNs, inset: XRD diffractogram of CSNs. 

3.2.7.3 Raman spectroscopy 

The CSNs show characteristic Raman peaks (see Figure 3.21) at 905, 965, 1093, 1224 and 

1669 cm-1 corresponding to the –CN stretching, -CH3 rocking, -Cα-Cβ stretching, -NH in-

plane bending and C=O stretching, respectively (Freddi et al., 1997). The sharp peaks at 

219, 283 and 670 cm-1 for MGCSNs confirm the presence of iron oxide nanoparticles 

(Dhar et al., 2016). The precipitation of Fe3O4 nanoparticles onto the CSNs led to the 

disappeareance of absorption bands at 1242 and 1667 cm-1 due to –NH bending and –C=O 

stretching, respectively. MGCSNs show the presence of few peaks, albeit with reduced 

intensity, such as 905, 1095 and 1224 cm-1 and new peaks at 376, 1106, 1265 and 1545 cm-
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1 corresponding to amine signatures of CSN which act as nucleation sites for iron oxide 

nanoparticles. 

 

Figure 3.21: Raman spectra for MGCSNs and CSNs. 

3.2.7.4 Vibrating sample magnetometer (VSM) 

The magneto-responsive behavior of dried CSN and MGCSN powdered samples was 

evaluated using VSM. Figure 3.22 shows that CSNs display diamagnetic behavior with 

very low magnetization value whereas MSCSNs exhibit low coercivity without hysteresis 

and remanence, confirming the presence of superparamagnetic Fe3O4 nanoparticles with a 

magnetization value of ~33 emu/g. The low values of magnetization can be attributed to 

low iron content in MGCSNs (Dhar et al., 2016). 
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Figure 3.22: Magnetization values for MGCSNs compared with iron-oxide nanoparticles 

and CSNs. 

3.2.7.5 Thermogravimetric analysis (TGA) 

As can be seen in Figure 3.23, the thermal stability of magnetic discs is lower than CSNs 

in the range of 120-330 °C. It should be noted that at PLA processing temperature i.e. 210 

°C ca. the magnetic discs show only ~7% weight loss, which is not a major issue. 

Furthermore, MGCSN are used for biomedical applications which do not require high 

temperature exposure upon fabrication. At ~600 °C, the percentage weight loss difference 

for both the materials was estimated to be ~65 wt% due to the amount of Fe3O4 on the CSN 

surface, which was consistent with the EDX results (~35% Fe content in MGCSNs). 

94 
 



 

 

Figure 3.23: Thermal degradation profile for MGCSNs compared with CSNs. 

3.2.7.6 Surface area analysis by Brunauer Emmett Teller (BET) analysis 

As summarized in Table 3.6, CSNs posses a low BET surface area of ~ 3.9 m2/g as they 

are hard, non-porous material, whereas their functionalized form, i.e. MGCSN, exhibits 

~20 fold increase to 83.2 m2/g, suggesting the adsorption of iron nanoparticles onto the 

surface of CSN.  
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Table 3.6: Surface area analysis of fabricated nanoparticles. 

 

3.2.7.7 Dye adsorption properties of MGCSNs: A sustainable adsorbent for waste-

water remediation 

 

Figure 3.24: Dye adsorption using MGCSNs. 

Magnetic nanoparticle-adsorbed CSNs have potential application in the bioremediation of 

wastewater. Here we report the use of magnetic CSNs as efficient material for dye 

removal, with the overall process illustrated in Figure 3.24. Aniline blue (AB), 

C37H27N3Na2O9S3 (Figure 3.25(a) inset) is a high molecular weight (~799.8 g/mol), water 

soluble dye which belongs to triphenylmethane class of dyes. It is highly soluble in water, 

which is the reason for its long residence time in water. To measure the effectiveness of 

these silk-based magnetic nanoparticles in wastewater remediation, adsorption of AB was 

carried out in the presence of MGCSNs. The adsorption of AB was visually examined as a 

blue-colored solution turned transparent and spectroscopically monitored through the 

continuous decline of the peak intensity at 598 nm in the UV-vis spectrum (Pare et al., 

2008). With the addition of a small amount (10 mg) of MGCSNs, the dye got adsorbed 

immediately, indicating that the fabricated MGCSNs were highly effective in AB 

Material 
BET surface Area 

(m2/g) 

Average pore 

size (nm) 
Pore volume (cc/g) 

CSN 3.977 1.872 0.014 

Iron-oxide 77.731 3.808 0.420 

MGCSNs 83.155 3.773 0.212 
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adsorption. Figure 3.25(a) shows the degradation profiles of 100 ppm dye with respect to 

time, where a gradual reduction in the intensity of the 598 nm peak of the UV-visible 

spectra can be observed. The gradual decolorization of AB solution with time was also 

observed visually (inset of Figure 3.25(b)). This decolorization was possibly due to the 

high surface area of iron nanoparticles resulting in effective adsorption of the dye. The AB 

adsorption is an instantaneous and fast process and a comparative plot of At/A0 against 

time for MGCSNs and magnetic nanoparticles is shown in Figure 3.25(b), indicating that 

MGCSNs takes almost similar time to achieve the final adsorption levels as achieved by 

pure magnetic nanoparticles. At and A0 are the absorbance at time ‘t’ and at initial time t = 

t0.  

 

(a) 
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Figure 3.25: (a) UV-visible spectra of AB solution (100 ppm) containing MGCSNs at 

different times, (inset: chemical structure of aniline blue), and (b) plots of At/A0 against 

time for MGCSNs and magnetic nanoparticles (inset: visual decolorization of AB with 

MGCSNs after 5 min). 

3.3 Summary 

The renewable waste such as Muga silk cocoons can be effectively converted into 

crystalline silk nano-discs (CSNs) and their derivatives through strategic pretreatment and 

acid hydrolysis route. The CSNs fabricated from Muga silk show distinct discotic 

morphology confirmed by TEM, SEM and AFM. The average size of the CSNs as 

analyzed from AFM was found to be 49.1±12 nm (in diameter) and 3.1±0.9 nm (in height). 

CSNs are found to consist of crystallites having β-sheet conformation, which was 

established by FTIR and ss-NMR. The amino acid analysis confirmed the presence of 

alanine (~80%), glycine (~6%) and serine (~6%) by weight in the CSNs, indicating their 

hydrophobic nature. The X-ray diffractograms and SAED patterns show that the CSNs are 

highly crystalline (crystalline index ~90%). Magnetic CSNs (MGSCNs) are fabricated 

using borohydride reduction method and are characterized by XRD, FTIR, TEM and SEM 

analysis. The TEM images show that MGCSNs have diameter of 58.2 ± 4.6 nm and 

thickness of 16.0 ± 2.6 nm. The MGCSNs are found to have good dye adsorption ability. 

(b) 
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Moreover, CSNs with functional groups show tunable surface behavior, as demonstrated 

by the fabrication of superparamagnetic nano-crystalline discs (i.e., MGCSNs) having non-

toxic characteristics, which are quite promising for applications in biomedical sciences as 

novel bioferrofluids for drug delivery vehicles (studied in detail in Chapter 7 and as MRI 

agents. 
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Chapter 4 
 Studies on Poly(lactic acid)/Crystalline Silk 

Nano-discs Based ‘Green’ Bionanocomposite for 
Food Packaging Applications 

 

In this chapter, crystalline silk nano-discs (CSNs) which was isolated successfully from waste 

Muga silk via acid hydrolysis, are used as reinforcement material in the poly(lactic acid) 

(PLA) matrix to investigate the influence of CSNs on the structural, morphological, thermal, 

optical, mechanical and barrier properties of PLA bionanocomposites. Melt extrusion, a facile, 

solvent-free approach is employed for the fabrication of biopolymeric/ crystalline silk nano-

discs (CSNs)-based “green” bionanocomposite films utilizing the bio-based poly(lactic acid) 

(PLA) for potential high temperature engineering and food packaging applications. At 

optimum loadings of 1 wt%, the CSNs are well dispersed covering the entire matrix, 

corroborated through morphological analysis, leads to significant improvement in intrinsic 

characteristics such as thermal, mechanical, barrier and processing capabilities. Due to 

enhanced crystal nucleation density, water vapor and oxygen permeability reduced by ~30 and 

~70%, respectively. Enhancement in toughness, percentage elongation and tensile strength by 

up to ~65%, ~40% and ~10%, respectively is obtained. Onset of thermal decomposition for the 

PLA/CSN improved up to ~10 °C, confirming the role of CSN in enhancing melt stability. 

These favorable properties along with their non-toxicity, sustainability and complete 

biodegradability make the PLA/CSN bionanocomposites promising candidates to replace non-

degradable fossil fuel-based plastics in packaging applications. 

The work in this chapter is accepted as: 

• R. Patwa, A. Kumar, and V. Katiyar, Effect of silk nano-disc dispersion on mechanical, thermal 

and barrier properties of poly(lactic acid) based bionanocomposites,” J. Appl. Polym. Sci. ., DOI: 

10.1002/app.20180102 
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4.1 Introduction 

Rising apprehensions regarding the ecosystem, carbon footprint and human health have 

resulted in increased interest in bio-based materials, such as green and sustainable 

biodegradable polymers, as alternatives to fossil fuel-based plastics for various 

applications. Among the diverse synthetic biodegradable polymers available in the current 

scenario, only a few such as poly(ε-caprolactone) (PCL), poly(lactic acid) (PLA) and 

polyhydrohybutyrate (PHB) are suitable for melt processing for manufacture of commodity 

articles. However, these biopolymers are yet to prove themselves in terms of 

processability, durability, recyclability, etc. They suffer from inferior gas barrier 

properties, poor melt strength, slow crystallization rate and somewhat lower glass 

transition temperature in comparison to conventional plastics, which limit their utilization 

for engineering applications to their full potential. In pursuance of enhancing their 

properties, various strategies such as blending two or more polymers, stereocomplexation, 

inclusion of micro or nanofillers, plasticizers etc. have been adopted by research fraternity 

across the world.  

Poly(lactic acid) has comparable gas barrier, optical and thermomechanical 

properties along with enough durability to maintain these properties, is regarded as the 

worthy candidate to substitute petroleum- based plastics. PLA is an aliphatic bio-based 

polyester synthesized from lactic acid as monomer, which can be derived from 

fermentation of glucose-rich sources such as beet, corn, etc. PLA can be processed through 

several methods such as solution-casting, melt processing, electrospinning, etc. (Hao et al., 

2016; Valapa et al., 2015a; Xiang et al., 2009). Melt processing of PLA severely affects 

the molecular weight due to high shear and temperature conditions, resulting in poor melt 

strength and mechanical properties inadequate for commodity applications (Tesfaye et al., 

2017). PLA-based nanocomposites, obtained by incorporation of nano-sized fillers in the 

PLA matrix, have been reported to show enhanced properties for wide range of potential 

applications such as biodegradable packaging, biocompatible scaffolds in tissue 

engineering and theranostics (Lasprilla et al., 2012; Muller et al., 2017). Incorporation of 

small amounts of nanofillers can lead to significant improvement of the desired properties, 

which are substandard in PLA. 

Researchers have carried out a large number of studies on PLA composites with 

enhanced properties. Addition of inorganic fillers with high aspect ratio such as graphene 

platelets (Gao et al., 2017), carbon nanotubes (Wang et al., 2016a), layered silicate 
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(Krikorian and Pochan, 2003) and silica nanoparticles (Hao et al., 2016) have showed 

superior mechanical properties. Wang and coworkers reported improved tensile strength 

from ~51 MPa to ~68 MPa due to high aspect ratio and uniform dispersion of CNT with 3 

wt% loading (Wang et al., 2016a). Addition of silica nanoparticles provided improved 

thermal stability (8000 s, ~60% improvement) and viscoelastic properties of PLA with 

~2.8 vol% addition (Hao et al., 2016). Addition of ~15 wt% Cloisite 30B clay results in 

~60% enhancement in storage modulus and optically transparent composites (Krikorian 

and Pochan, 2003). In another study using Cloisite 30B clay, it was found that low 

amount of layered silicates (~0.8 wt%) results in ~20% reduction in oxygen permeability 

(Koh et al., 2008). Such significant improvement in material properties make the 

composites ideal for high performance applications; however, in regard to food packaging, 

greater emphasis is needed on understanding the interaction of the polymer composites 

with food upon contact. Accordingly, in the search for ideal fillers, non-toxicity and human 

compatibility becomes top priority. In contrast to inorganic fillers, reports on fabrication of 

PLA-based composites using bio-based fillers are relatively recent. However, the interest 

in these materials is growing as they have the potential to be fully bio-based, 

biodegradable, non-toxic alternative to conventional plastics. The influence of different 

bio-fillers such as cellulose (Gupta and Katiyar, 2017), starch (Muller et al., 2017), 

cellulose nanocrystals (Dhar et al., 2015b), chitosan (Pal and Katiyar, 2016), gum 

(Tripathi and Katiyar, 2016) and sucrose palmitate (Valapa et al., 2015b) on the 

thermomechanical and permeation properties of PLA have been examined. 

Silk is a fibrous protein spun by silkworms and spiders. Silk fiber is composed of a 

fibrous protein core known as fibroin and protective coat protein termed sericin which 

binds everything to form cocoons. To obtain continuous silk fibers, sericin needs to be 

removed by a process called degumming (Rockwood et al., 2011). The remarkable 

strength, biocompatibility, prolonged biodegradability and ease of modification makes silk 

stand out from other available animal fibers. Silks’ excellent mechanical properties are by 

virtue of well-ordered structures called β-nanocrystals, made up of highly crystalline 

hydrophobic domains (Keten et al., 2010). Lately, truncated silk fibres have been utilized 

as reinforcing material for polymer matrix of poly(lactic acid) (PLA) , polypropylene (PP) 

and poly(butylene succinate) (PBS) (Alam et al., 2011; Chen et al., 2017; Hinchcliffe et 

al., 2016). Owing to their biocompatibility and biodegradability, silk nanoparticles have 

been an ideal choice for biomedical applications such as controlled drug delivery and 
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tissue engineering applications (Maitz et al., 2017; Mottaghitalab et al., 2017; Ping et 

al., 2017). Silk nanoparticles have not been explored fully as polymer matrix 

reinforcements. Therefore, the work presented in this chapter mainly focuses on enhancing 

the morphological, thermal, mechanical, barrier and optical characteristics of a new fully 

biodegradable and sustainable bionanocomposite fabricated by dispersing laboratory-

fabricated hydrophobic crystalline silk nano-discs (CSNs) from waste Muga silk fibroin 

into hydrophobic PLA matrix via melt extrusion. The present chapter also reports on the 

influence of this eco-friendly biofiller on PLA bionanocomposites for potential application 

in food packaging. 

4.2 Results and discussion 

4.2.1 Poly(lactic acid)/crystalline silk nano-discs bionanocomposites: Morphological 

investigations 

PLA/CSN bionanocomposites were prepared by melt extrusion at various CSN loadings 

(0.5–5 wt%) in the PLA matrix. Fracture morphology of PLA and PLA/CSN 

bionanocomposites was examined using FESEM to understand the dispersion and 

interaction of hydrophobic filler and matrix. PLA micrographs obtained from FESEM, 

shown in Figure 4.1(a), reveal smooth polymer matrix with no distinct structures. 

PLA/CSN bionanocomposites are shown in Figure 4.1(b–f), which shows homogeneous 

dispersion of CSN (at ~1 wt% loading) on a smooth polymer matrix surface, where a large 

fraction of bio-filler is embedded in the polymer, thus providing more contact surface area. 

The addition of CSN leads to some structural features which are not observed in the 

micrographs of pure PLA. These are probably because of the physico-chemical interaction 

between CSN and PLA matrix which is able to reinforce the bionanocomposite upon 

mechanical load. Figure 4.1(d) shows the PLA/CSN bionanocomposite at 1 wt% loading at 

higher magnification (75,000x) which clearly shows small polymer chains (~50 nm 

diameter) can be observed (shown with white arrows). This could be due to the proper 

dispersion of CSNs in the matrix which results in reinforcing effect. This signifies strong 

attractive interaction between hydrophobic CSNs and hydrophobic PLA matrix. However, 

at higher loadings (>2 wt%), CSNs start to agglomerate in the form of clusters on the 

polymer surface, the particle-particle interaction overcomes the polymer-particle 

interaction. Therefore, dispersion is affected resulting into CSNs forming aggregates. This 

results in reduced interfacial area of contact between polymer and biofillers at higher 
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concentrations. The average cross-sections of voids calculated were 223±39 nm and 

517±143 nm, for loadings of 2 and 5 wt% CSNs respectively.  

 
Figure 4.1: FESEM micrographs of pure PLA and PLA/CSN bionanocomposite films: (a) 

pure PLA, (b) PLACSN0.5, (c) PLACSN1 (30,000x), (d) PLACSN1 (75,000x) (polymer 

fibrils shown with white arrows), (e) PLACSN2 and (f) PLACSN5. 

AFM micrographs Figure 4.2(a–e) show the well dispersed CSN into the PLA matrix. Neat 

PLA (Figure 4.2(a–b)) appear smoother as compared to PLA/CSN (1 wt%) 

bionanocomposites. The AFM micrographs of PLACSN1 (Figure 4.2(c–d)) show CSNs 

(a) (b) 

(c) (d) 

(e) (f) 
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embedded in between the polymer chains; a pictorial representation is also shown in Figure 

4.2(e). TEM micrograph (Figure 4.2(f)) shows the CSNs well-dispersed in the PLA matrix. 

  
Figure 4.2: AFM micrographs of the PLA and PLACSN1 bionanocomposite films: (a) 

neat PLA (5 × 5 μm), (b) 3-D micrograph of neat PLA, (c) PLACSN1 (CSNs shown in 

(a) (b) 

(c) (d) 

(e) (f) 
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black arrows), (d) 3-D micrograph of PLACSN1, (e) cartoon depicting the dispersed CSN 

in polymer matrix, and (f) TEM micrograph of PLACSN1. 

4.2.2 Dispersion of CSNs in PLA matrix: A mechanistic understanding 

The interaction between CSNs and PLA matrix (at low CSN loading ~1 wt%) is 

understood through XRD and FTIR studies. X-ray diffraction patterns along with 

characteristic lattice planes for fabricated CSNs, PLA and PLA/CSN bionanocomposites 

with different CSN loadings are shown in Figure 4.3. CSNs show the presence of three 

distinct peaks at 16.8°, 20.2° and 23.9° representing the orthorhombic β-sheet crystal 

structure with (002), (201) and (003) lattice planes respectively (Bhat and Nadiger, 1980). 

The diffraction patterns for the acid-derivatized CSNs show the presence of β-sheet 

structure similar to initial fibroin precursor used (degummed Muga fibers) as shown in 

Figure 3.5, suggesting that hydrolysis using acids did not alter the inherent silk structure. 

The CSN showed higher crystallinity value of ~93% with the crystallite size dimension of 

8.2 nm corresponding to the peak at 16.8° (002). 

 

 Figure 4.3: XRD diffractograms for PLA, CSN and PLA/CSN bionanocomposites at 

various CSN loadings. 

106 
 



 

Lattice reflection peak of PLA can be clearly seen in the diffraction spectra with peaks at 

14.9°, 16.8° and 19.9° (Gupta and Katiyar, 2017; Pal and Katiyar, 2016). It can be 

observed that upon 0.5 wt% CSN loading a slight peak shift is observed. For all other 

concentrations there is no peak shifting which shows that upon incorporation of CSN no 

change takes place in the crystal structure. The percentage crystallinity for PLA/CSN 

bionanocomposites is higher as compared to PLA i.e. ~45% for PLACSN1. It is 

noteworthy to mention that PLA and CSN show an intense peak in the XRD diffraction 

pattern at 2θPLA=16.5° and 2θCSN=16.8°, respectively. For PLA/CSN bionanocomposites it 

results in overlapping of PLA and CSN peaks thus resulting into one single peak. Due to 

lower concentration of CSN in bionanocomposites, other less intense peaks of CSN are not 

observed. Since the CSN peak is broader than PLA peak which is narrow, we observe that 

as the CSN concentration is increased, the peak around 16.5 gets broader and lower in 

intensity due to increasing content of CSN (Dhar et al., 2015a). 

 The FTIR spectra along with characteristic absorption bands for fabricated CSNs, 

PLA and PLA/CSN bionanocomposites with different CSN loadings are shown in Figure 

4.4. Absorption bands at 754 cm-1 corresponds to the –CH- bending of the PLA molecule 

which represents the crystalline phase of PLA. The peak at 870 cm-1 can be seen in all the 

samples except CSN which depicts –C-C- stretching representing the amorphous phase of 

PLA, denoting the semi-crystalline nature of PLA and bionanocomposites. The bands at 

1082 and 1182 cm-1 are characteristic bands for –C-O- stretch of PLA molecules and 

biocomposites. 

The intense and sharp absorption band of –C=O (carbonyl stretching) valence 

vibration at 1752 cm-1 can be noticed for all the samples except CSN where these peaks are 

missing. In addition, amino-acids present in silk show strong absorption bands of amide I 

and II which depict –C=O stretching and -N-H bending, respectively are observed at 1630 

and 1530 cm-1 in CSN and bionanocomposites. These bands are missing completely in 

PLA. Nonetheless, these bands appear with low intensities in bionanocomposite films due 

to low CSN content, i.e. 0.5, 1, 2 and 5 wt% in PLA/CSN bionanocomposites. Hence, the 

presence of CSN is confirmed in bionanocomposite films. The band at 1630 cm-1 for CSN 

has shifted to 1668 cm-1 and appears as a shoulder for bionanocomposite films, which is a 

clear indication that PLA matrix and CSN molecularly interact with each other. It can be 

presumed that intermolecular hydrogen bond formation can occur by interaction possibly 
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between hydroxyls of amino acids (serine, aspartic acid and glutamic acid) present in CSN 

and the carbonyls on the PLA chain. 

 

Figure 4.4: FTIR spectrograms for PLA, CSN and PLA/CSN bionanocomposites at 

various CSN loadings. 

4.2.3 Thermal characteristics of PLA/CSN bionanocomposites 

Differential scanning calorimetry (DSC) studies were conducted to understand the change 

in crystallization and melting behavior of PLA upon incorporation of silk nano-discs. DSC 

second heating thermograms for PLA and PLA/CSN bionanocomposites at a heating rate 

of 10 °C/min are shown in Figure 4.5. Three thermal events namely glass transition (Tg), 

cold crystallization (Tcc) and melting (Tm) temperature were observed upon analysis. The 

melting region for all bionanocomposites show a unimodal endothermic peak (Tm = 152.2 

°C) which is identified as the α-crystalline form of PLA, and which matches with the XRD 

results discussed in section 4.2.2. It can be seen that PLA shows a Tg around 60 °C, as also 

listed in Table 4.1. Single Tg for all bionanocomposites confirms the uniform dispersion of 
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CSN in PLA matrix with no phase separation. Upon incorporation of 1 wt% CSN, all 

transition temperatures (Tcc and Tm) decreased. The heat of fusion (ΔHm) is higher in the 

case of PLA/CSN bionanocomposites as compared to neat PLA which can be attributed to 

the increment in nucleating sites and possible attractive interaction between PLA and CSN 

resulting in enhanced percentage crystallinity (%Xc). Higher Tcc values for other loadings 

suggest that presence of CSNs suppress the diffusion rate leading to slower migration of 

the polymer chains to the surface of the nucleus (Katiyar et al., 2010).  

 

Figure 4.5: Various thermal phase transitions of PLA and PLA/CSN bionanocomposites 

films during DSC analysis. 

Thermogravimetric analysis (TGA) is an effective way for evaluation of the thermal 

stability of bionanocomposites. Figure 4.6(a) shows the TGA thermographs (30 °C to 600 

°C) of CSN and PLA bionanocomposites with different CSN loadings obtained at a heating 

rate of 10 °C/min. All the bionanocomposites were thermally stable in the region between 

30 to 310 °C. The major weight loss for PLA and bionanocomposites occurs in the range 

of 310 – 390 °C which is related to the backbiting or the transesterification reaction of PLA 
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(Garlotta, 2001; Monika et al., 2017). The CSN started to lose mass when the 

temperature exceeded 310 °C. CSN shows two-step degradation, with two stages of 

decomposition evident at 350 and 534 °C. The first mass loss region reflects the thermal 

degradation of highly oriented β-sheet configuration (Cho et al., 2015). This region 

experiences ~45% of mass loss. The second region is a sluggish degradation step from 421 

°C right down to 600 °C which corresponds to carbonization of the protein. The Tonset 

values of PLA, PLACSN0.5, PLACSN1, PLACSN2 and PLACSN5 were seen to be 308, 

316, 318, 312 and 311 °C, respectively whereas the Tmax values as obtained from Figure 

4.6(b) for PLA, PLACSN0.5, PLACSN1, PLACSN2 and PLACSN5 are 380, 382, 381, 

378 and 369 °C, respectively. It can be seen that incorporation of 1 wt% CSN into PLA 

matrix enhances the Tonset by 10 °C, whereas the temperature of maximum degradation, 

Tmax is slightly higher than PLA. 

Table 4.1: Thermal analysis (DSC and TGA) of the pure PLA and PLA/CSN 
bionanocomposites.  

CSN 

loading 

(wt%) 

Tg 

(°C) 

Tcc 

(°C) 

ΔHcc 

(J/g) 

Tm 

(°C) 

ΔHm 

(J/g) 

Xc 

(%) 

Tonset 

(°C) 

Tend 

(°C) 

Tmax 

(°C) 

Wt 

Loss 

at 

Tmax 

(%) 

WR
400 

(%) 

0 60.7 122.6 17 152.2 21 22.4 307.7 398.7 379.9 62.0 1.7 

0.5 61.4 122.9 16.9 152.5 19.3 20.7 315.7 401.0 381.8 66.0 1.7 

1.0 60.3 122.1 18.4 151.7 25.2 25.2 317.8 404.7 380.5 67.0 2 

2.0 60.8 123.9 14.2 152.4 19.3 21.1 312.0 397.6 378.0 65.0 2.3 

5.0 60.4 123.6 23 152.7 26.8 30.1 310.6 394.6 369.0 52.0 4.3 

Tg, Tcc and Tm are glass transition, cold crystallization and melting temperatures, 
respectively and ΔHcc and ΔHm are enthalpies of cold crystallization and fusion, 
respectively. Tonset: onset degradation temperature, Tend: end temperature of degradation 
peak, Tmax: maximum temperature of the DTG curves, WR

400
: residual weight at 400 °C. 

As mentioned in Table 4.1, the weight loss % at Tmax was found to be ~62%, ~66%, 

~67%, ~65% and ~52% for PLA, 0.5, 1, 2 and 5 wt% CSN loadings, respectively. Based 

on the Tmax and Tonset information for PLA bionanocomposites, one can conclude that 

PLACSN0.5 and PLACSN1 has improved thermal stability as can be seen from the higher 

temperature for onset of thermal degradation as compared to bionanocomposites with 

higher loadings. Although incorporation of biofillers usually leads to reduction in thermal 
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stability (Zhao et al., 2010), in the present case, addition of CSN nanofiller into the PLA 

matrix improved the thermal stability. This can be attributed to the attractive interaction of 

CSNs with the PLA chains that leads to their arrangement in micro-chains resulting in a 

“labyrinth”-like structure due to better strong favorable interaction between CSN and PLA, 

thereby restricting the thermal motion of polymer domains. Similar findings are reported 

by Leszczyńska et al. (2007) where MMT clay nanoparticles dispersed in polymer 

matrices such as polypropylene (PP), polyamide (PA) and poly (methyl methacrylate) 

(PMMA) showed restricted diffusion of oxygen molecules into polymer matrix which 

causes pyrolytic conditions inside nanocomposites. However, at high loadings the CSNs 

form agglomerates resulting in poor thermal stability (Corcione and Frigione, 2012). As 

the biofiller content increases, the number of acidic sites generated during the degradation 

of CSN in the PLA matrix also increases which reduces the thermal stability at high CSN 

loadings (Pal and Katiyar, 2016). The residual weight percent values at 400 °C for 

PLACSN0.5, PLACSN1, PLACSN2 and PLACSN5 were 1.7, 2.0, 2.3, 4.3% respectively 

compared to 1.7% for neat PLA.  

 

 
 

 

(a) 
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Figure 4.6: (a) TGA, inset: enlarged view of the temperature range 345-400 °C and (b) 

DTG thermograms of CSN, PLA, PLA/CSN bionanocomposites at heating rate of 10 

°C/min.  

4.2.4 Molecular weight studies 

The number average molecular weight (Mn) and weight average molecular weight (Mw) of 

virgin PLA granules was ~183 000 Da and ~335 000 Da, respectively. The effect of 

various loadings of CSN on the values of Mn, Mw and polydispersity index (PDI) of PLA 

during melt extrusion technique are shown in Figure 4.7. It can be seen that incorporation 

of CSN leads to reduction of molecular weight and increasing in polydispersity index, 

which is especially pronounced at higher CSN loadings (> 1%). Interestingly, the 

molecular weight at 1% loading showed the lowest reduction (~10%) in number average 

molecular weight. This is possibly due to proper dispersion of CSNs into the PLA matrix, 

which delay the molecular chain movement during melt processing. At higher loadings (5 

wt%), the values of Mn and Mw showed a reduction of ~55%, which can be attributed to 

CSN acid groups along with lactic acid which catalyze polymer degradation causing 

reduction in polymer chain lengths. The formation of agglomerates at high CSN loadings 

(b) 
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further lowers polymer-filler interaction, resulting in increased thermal degradation during 

processing and consequent reduction of molecular weight. Similar results have been 

observed by Pluta et al. (2002) for PLA/montmorillonite-based nanocomposites prepared 

by melt compounding. 

 

Figure 4.7: Molecular weight distribution in melt-extruded PLA and PLA/CSN 

bionanocomposites with (0.5–5 wt%) CSN loadings. 

4.2.5 Mechanical analysis of PLA/CSN bionanocomposites 

The effect of biofiller content on mechanical properties of PLA/CSN was investigated 

using universal testing machine (UTM) and dynamic mechanical analysis (DMA). The 

ultimate tensile strength (UTS) (MPa), percentage elongation at break (%), Young’s 

Modulus (GPa), toughness (kJm-3) and shore hardness values of the samples are presented 

in Table 4.2. The UTS of PLA without filler was 56.3 MPa which was increased to 62.2 

MPa (enhancement ~10%) in case of PLACSN0.5. Increment in the tensile strength can be 

ascribed to the interaction of PLA chains with the CSN which hinder the movement of the 

chains, which ultimately increases the resistance to the mechanical pull. As observed from 

the stress-strain curves illustrated in Figure 4.8(a), a plateau region joining strain at peak 
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stress and break strain is formed. This plateau is much smaller in case of PLA as compared 

to bionanocomposites. It shows that silk nano-discs can prolong the fracture process in 

bionanocomposites by initiating interlock mechanism inside the PLA matrix, thus 

contributing to the toughness.  

Table 4.2: Mechanical properties of pure PLA and PLA/CSN bionanocomposites with % 

improvement (over pure PLA) shown in parenthesis. 

CSN 
(wt%) 

Yield strength 

(MPa) 

Percentage 

elongation at 

break (%) 

UTS  

(MPa) 

Young's 

Modulus (GPa) 

Toughness  

(kJm-3) 

Shore D 

Hardness 

0.0 41.8 ± 2.2 9.5± 2.5 56.3± 2.3 1.67 ± 0.19 4.2 ± 0.11 83.5±2.7 

0.5 43.5 ± 5.0 (4.1) 13.2± 1.9 (38.6) 62.2± 2.0 (10.5) 1.78 ± 0.02 (6.5) 6.9 ± 0.06 (64.2) 85.2±1.6 (2.0) 

1.0 43.9 ± 5.0 (4.9) 13.7± 1.8 (43.4) 59.7± 1.8 (6.0) 1.78 ± 0.09 (6.4) 6.3 ± 0.08 (50.0) 85.5±1.0 (2.3) 

2.0 42.9 ± 3.1 (2.5) 12.3± 2.5 (29.3) 58.0± 1.1 (2.9) 1.82 ± 0.05 (8.8) 5.3 ± 0.11 (26.2) 82.5±2.2 (-1.3) 

5.0 40.2 ± 4.3 (-3.9) 12.0± 1.4 (25.8) 54.9± 1.5 (-2.6) 1.82 ± 0.05 (8.9) 4.9 ± 0.06 (16.7) 82.3±1.4 (-2.3) 

 
Toughness and percentage elongation at break for PLACSN0.5 showed increment of ~64% 

and ~39%, respectively as seen in Figure 4.8(b). The percentage elongation at break and 

Young's modulus of elasticity for PLACSN1 showed ~43% and ~6% improvement 

respectively, showing increment in ductility with not a drastic increase in stiffness of the 

bionanocomposite, which is essential for flexible packaging. The mean hardness value of 

melt blended PLA is measured as ~83.5±2.7 which is close to values reported previously 

(Bhasney et al., 2017). Upon addition of ≤ 1 wt% CSN the hardness value shows 

improvement of 2.3%. Uniformly dispersed CSNs in the polymer matrix contribute 

towards the improvement in the above-mentioned mechanical properties.  
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Figure 4.8: (a) Stress-strain curves and (b) mechanical properties of PLA and PLA/CSN 

bionanocomposites. 

(a) 

(b) 
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Presence of filler exerts a substantial impact on thermo-mechanical properties of PLA 

bionanocomposites. For practical purposes, it is imperative to determine the dynamic 

properties of polymeric bionanocomposites over a range of temperatures and frequencies. 

The dynamic storage modulus (E´) provides information about the load-bearing capability 

of the bionanocomposites. Generally, E´ decreases gradually upon heating and shows a 

sharp drop around the glass transition region. DMA of the bionanocomposites suggests 

improvement in the thermo-mechanical properties. The storage modulus thermograph is 

shown in Figure 4.9(a). It was found that the E´ at ambient temperatures improved by more 

than 500 MPa (~11%) in case of PLACSN1 compared to pure PLA indicating mechanical 

reinforcement introduced by the silk nano-discs thus allowing transfer of load to both filler 

and matrix (Zhao et al., 2010). However, reinforcement by CSN cannot suppress 

molecular chain mobility at elevated temperatures; hence, the difference in modulus values 

at elevated temperatures is much less compared to room temperature. Thus, PLA/CSN 

biocomposites display enhanced overall mechanical characteristics which were confirmed 

by the tensile and thermomechanical tests. This can be explained by the proper dispersion 

of CSN nanoparticles in the PLA matrix.  

The tan δ value, also known as the mechanical loss factor or damping factor, is calculated 

as the ratio of viscous modulus to elastic modulus. The maxima at a particular temperature 

corresponds to the glass transition temperature of polymer. The values of temperatures 

corresponding to maxima in tan δ denote the glass transition temperatures of particular 

polymer samples, which are close to those obtained from DSC analysis. The peaks of tan δ 

curves for PLA, PLACSN0.5, PLACSN1, PLACSN2 and PLACSN5 are observed at 70.8, 

69.7, 71.1, 70.8 and 70.5 °C, respectively as depicted in Figure 4.9(b). It can be observed 

that Tg values show slight increment at 1 wt% at which the CSN are well-dispersed in the 

matrix which created hindrance for polymer chain mobility. Whereas as the CSN content is 

increased it results in formation of agglomerates resulting in easy movement of polymer 

chains therefore, the Tg is lowered. 
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Figure 4.9: (a) Storage modulus (E´) and (b) damping factor (tan δ) curves against 

temperature for PLA and PLA/CSN bionanocomposites. 

(a) 

(b) 
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4.2.6 Gas barrier properties of PLA/CSN bionanocomposites  

One of the indispensable requirements of a bio-based food packaging film is to prevent 

moisture and oxygen from outside into the packaged food item. In view of this, the water 

vapor and oxygen permeability should be as low as possible. Measurements of the water 

vapor permeability (WVP) and oxygen permeability (OP) of the films formed from 

different samples were carried out to determine the effect of CSN loading on the 

permeability properties of PLA/CSN bionanocomposites as shown in Figure 4.10. The 

WVP values of the neat PLA film is in agreement with the reported values in the literature 

(Jamshidian et al., 2012). Decrease in WVP was observed when silk nanodiscs were 

incorporated into the polymer matrix. The reduction in water vapor permeability for 

PLACSN0.5 and PLACSN1 was observed to be around ~33% and ~28% respectively. At 

higher loadings of CSN, the reduction in permeability was less pronounced due to increase 

in agglomeration of filler particles. Therefore, the hydrophobic nature of both PLA and 

CSN, their physico-chemical interactions and proper dispersion, may be responsible for 

improved water vapor barrier properties  

A significant decrease in oxygen gas transmission was observed upon addition of 

silk nano-discs to PLA. The PLA/CSN bionanocomposites showed improved barrier effect 

due to their good dispersion in PLA matrix, confirmed through the electron micrographs 

shown in Figure 4.1(d). OP values for pure PLA closely matched with the reported values 

(Narayanan et al., 2017). PLA/CSN films with 0.5, 1, 2 and 5 wt.% showed ~53%, ~72%, 

~57% and ~70%, reduction in oxygen gas permeability values with respect to the pure 

PLA films. Due to strong PLA/CSN, the PLA/CSN nanocomposites provide labyrinth-like 

pathways for permeating oxygen molecules. Further, the presence of well- dispersed, non-

porous CSN and physico-chemical interaction between CSN and PLA reduced the number 

of active sites for sorption of oxygen molecules into the PLA matrix (Dhar et al., 2015a). 

Hence, the decrease in oxygen permeability in the presence of CSN can be attributed to 

increased tortuosity of diffusion pathways. However, for 5wt%, slight decrease in oxygen 

permeability is observed which is possibly due to improvement (increase) in the degree of 

crystallinity upon higher loading of CSNs which is discussed in XRD in Section 4.2.2. It is 

known that the crystalline regions are inaccessible to permeating gas molecules. 
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Figure 4.10: Water vapor and oxygen permeability values for PLA and PLA/CSN 

bionanocomposites. 

4.2.7 Optical properties of PLA/CSN bionanocomposites 

CSNs are uniformly dispersed throughout the PLA matrix at various loadings and melt 

extruded. PLA/CSN bionanocomposites having CSN content above 1 wt% displayed 

agglomeration due to poor dispersion. Furthermore, optical transparency of 

bionanocomposite films measured in the visible range (see Figure 4.11(a)), were found to 

have reduced transparency from 2.95 mm-1 for PLA to 3.18 mm-1 at 1 wt% CSN loading. 

Nonetheless, at higher loadings, film transparency is drastically affected as a result of 

strong agglomeration of CSNs. Haze value for PLA was around 8.8%, similar to haze 

value of 6.71% reported in literature (Hughes et al., 2012). Low haze value of PLA is due 

to the clarity, or in other words lack of impurities in the matrix. It can be observed that as 

the CSN content increases, the haze values increase due to reduced transparency of films. 

The transparency and Haze values of PLA and PLA/CSN bionanocomposites are listed in 

Table 4.3.  
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Figure 4.11: (a) Transparency, haze and color parameters, inset: greeness values and (b) 

visual photographs for PLA and PLA/CSN bionanocomposites. 

(a) 

PLACSN2 

PLACSN1 

PLACSN5 

PLACSN0.5 

PLA 

(b) 
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The films’ color CIE values (L*, a*, and b* color values) and total color difference (ΔEab) 

are shown in Figure 4.11(a) and summarized in Table 4.3. The incorporation of CSNs at 

low loadings slightly decreased L* and at higher loadings (> 2 wt%) decreased L* values 

considerably which indicates an increase in film darkness. The L* values for PLA is 

measured as 89.83±0.2 whereas on incorporation of filler at 0.5, 1, 2 and 5 wt%, the L* 

values decreased to 88.61±0.7, 88.84±1.0, 85.52±1.3and 80.94±2, respectively. The 

brownish color of the bio-filler imparts color to the films leading to reduction in whiteness. 

Bionanocomposite films showed a greenness increment initially which decreases again at 

higher loadings. PLA/CSN bionanocomposites showed a yellowness intensification by a 

significant increase in b* values when compared to PLA films. The values of a* increase at 

higher loadings and are measured to be more than PLA indicating that the films show 

increase in redness. The yellowness (b*) values increased from ~4.6 to ~16.5. In general, 

PLA bionanocomposites appeared darker, greener, and yellower as compared to PLA, and 

these changes were directly dependent on CSN loading. The higher yellowness values for 

bionanocomposites are in agreement with visual observations, as shown in Figure 4.11(b).  

ΔE* values showed that incorporation of CSNs affected total color differences. 

Similar changes in film CIE values have been reported previously (Molinaro et al., 2013). 

The color difference may be due to the degree of dispersion of the filler in the PLA matrix 

which depends on surface hydrophobicity. Higher ΔE* values were due to incomplete 

dispersion of CSN which bring about significant change in color between PLA and 

PLA/CSN bionanocomposite films. The C* increases from 4.62±0.2 to 16.49±3.08 with 

increase in CSN loading indicating the increase in saturation of colors.  

Table 4.3: Various optical parameters such as transparency, haze and color measurements 

for PLA and PLA/CSN bionanocomposites. 

CSN   
(wt%) 

Film 

Thick-

ness 

(μm) 

Trans-

parency 

(mm-1) 

Haze           

(%) 

Lightness                    

(L*) 

Greenness   

(a*) 

Yellow-

ness (b*) 

Color 

difference    

(E*) 

Chroma      

(C*) 

0 93.15 2.95 8.76±0.63 89.83±0.2 -0.22±0.01 4.61±0.20 - 4.62±0.20 

0.5 106.86 2.99 8.22±0.89 88.61±0.7 -0.37±0.04 6.52±0.38 2.32±0.52 6.53±0.39 

1 100.79 3.18 10.11±0.49 88.84±1.0 0.39±0.04 6.85±0.50 2.49±0.80 6.86±0.50 

2 101.97 4.51 10.53±0.89 85.52±1.3 0.29±0.08 11.51±1.23 8.19±1.49 11.51±1.23 

5 98.35 8.82 12.89±0.50 80.94±2.1 0.04±0.15 16.49±3.08 14.90±3.42 16.49±3.08 
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4.2.8 Surface wetting properties of PLA/CSN bionanocomposites 

Wetting behavior of the biocomposites, such as contact angle and total surface free energy, 

was analyzed using water and diiodomethane as polar and non-polar liquids, focusing on 

the effect of filler loading. The hydrophobicity of the films becomes more prominent upon 

addition of fillers. The increase in contact angle with water and decrease with 

diiodomethane shows an increasing hydrophobic character of the bionanocomposites. The 

hydrophobicity as well as the dispersion of fillers influence the contact angle of the 

bionanocomposites. The contact angles (see Figure 4.12(a)) increase initially and are 

highest for PLACSN1 but decrease upon futher increase in CSN loading, which indicates 

agglomeration (Palakattukunnel et al., 2011). Surface energy is related to the interface 

between two phases. Variation of surface free energy of the PLA and PLA/CSN films can 

be seen from the Figure 4.12(b). Surface free energies for all filled bionanocomposites are 

lower than that of PLA with the lowest value observed for PLACSN1, indicating that less 

wetting of liquids is experienced compared to neat PLA specimens. For 

bionanocomposites, total energy first decreases then increases which shows that the nature 

of forces acting on the composite surface is different (Palakattukunnel et al., 2011). 

Hydrophobicity is indicated by higher contact angle and smaller surface energy (Adamson 

and Gast, 1997). As a result of increase in hydrophobicity, the dispersive component 

decreases and polar component increases. As the contact angle increases, the surface free 

energy shows a decreasing trend and vice-versa (Neumann et al., 1974).  
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Figure 4.12: (a) Contact angles with water and diiodomethane and (b) surface free energy 

(SFE) and contact angles for PLA and PLA/CSN bionanocomposites used in this study. 

4.2.9 Melt flow index (MFI) for PLA/CSN bionanocomposites 

The melt flow index (MFI) value for PLA obtained was ~6, which is close to the values 

reported in literature (Zhou and Xanthos, 2009). The melt flow characteristics 

summarized in Table 4.4 shows that the bionanocomposites have a reduced viscosity 

which improves the flow properties due to slippage of molecular chains over the filler 

(a) 

(b) 
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materials. The increase in MFI can also be attributed to similar reduction in intrinsic 

viscosity values. The increased MFI values show reduction in viscosity resulting from 

degradation due to shear stresses during melt processing. 

Table 4.4: Melt flow, intrinsic viscosity, acid value and specific rotation values for PLA 

and PLA/CSN bionanocomposites. 

Material 

Melt 

flow 

index 

Intrinsic 

Viscosity 

(ml/g) 

Molecular 

Weight (Mv) 

Acid value (mg 

KOH/g 

polymer) 

Specific 

rotation (°) 

PLA 6.0 172.20 70030 1.60 -156.13 

PLACSN0.5 9.0 171.74 69775 0.82 -152.37 

PLACSN1 12.7 174.87 71521 1.61 -156.89 

PLACSN2 16.1 171.18 69464 1.76 -151.49 

PLACSN5 20.9 157.86 62166 2.22 -138.71 

 

4.2.10 Intrinsic viscosity measurements for PLA/CSN bionanocomposites 

Intrinsic viscosity measurements were carried out to understand the structural changes 

taking place due to incorporation of CSNs in PLA matrix. Measurements were performed 

for sample dissolved in chloroform using a temperature controlled Ubbelholde-type 

capillary viscometer. The concentration range was between 2.25 to 6.67 mg/ml, and 

temperature was maintained at 25 °C. The biofiller was filtered using 0.2 μm syringe 

filters. As can be seen from Figure 4.13(a–b) the correlation (R2) values for Kraemer and 

Huggins plots for PLA and PLA/CSN bionanocomposites are close to 0.95. Intrinsic 

viscosity values summarized in Table 4.4 show reduction, as the CSN loadings increase. 

The calculated intrinsic viscosity and viscosity average molecular weight values for PLA 

were 172.2 g/ml and 70030 Da, respectively. Similar values have been previously reported 

in literature (Zhou and Xanthos, 2009). After addition of CSN, the nanocomposites 

showed lower values, except at 1 wt% CSN loading, which shows improvement in intrinsic 

viscosity and molecular weight (174.87 g/ml and 71521 Da, respectively). Interestingly, 

PLACSN1 shows increase in intrinsic viscosity, which is due to the improved attractive 

interaction between filler and matrix resulting in reinforcement effect.  
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Figure 4.13: Intrinsic viscosity plots (Huggins and Kraemer plots) for (a) PLA and (b) 

PLACSN1 bionanocomposite. 

(a) 

(b) 
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4.2.11 Acid value (AV) investigations 

Acid value is a measurement of the carboxyl and hydroxyl end groups, which increase due 

to various degradation reactions such as β-scission, hydrolysis, and trans-esterification 

reactions. As seen from values in Table 4.4, the acid values increase with increase in CSN 

loading. Interestingly, the acid value is lower or similar to pure PLA up to 1 wt% CSN 

addition which shows that lower loadings of CSN do not affect the thermal stability of the 

bionanocomposite. 

4.2.12 Specific rotation analysis 

The specific rotation of PLA is observed at -156.13°, as presented in Table 4.4. Similar 

results are reported for PLA by Katiyar and Nanavati (2011). The specific rotation values 

of PLA remain unaltered upon addition of CSN up to 2 wt%, which means that optical 

purity of PLA (98.6% L form) remains unaltered even after addition of CSN. 

4.3 Summary 

Silk nano-discs (CSNs) have been extracted from waste Muga silk through a facile one-

step acid hydrolysis process and melt processed with PLA in various ratios at laboratory 

scale using co-rotating mini twin-screw extruder. Melt processing has been adopted as a 

solvent free approach to disperse CSN into the PLA. Various analytical techniques relating 

to structural, thermal, surface, mechanical and barrier properties of bionanocomposites 

were employed. XRD confirms increase in crystallinity from 30 to 45% and CSN 

intercalation in the PLA matrix while FTIR studies showed amide peak shift confirming 

the physico-chemical interaction between CSN and PLA. CSN due to its hydrophobic 

nature, is well dispersed in the PLA system. This improved dispersion of filler has a 

positive influence on the thermal properties; DSC analysis shows that at optimum loading 

of 1 wt% CSN, Tcc and Tm are decreased and the heat of fusion ΔHm is higher as compared 

to neat PLA suggesting increment in nucleating sites and possible physico-chemical 

interaction between PLA and CSN. The thermal stability of PLA/CSN bionanocomposites, 

studied using TGA, was improved by ~10 °C. For 1 wt% filler loading, the film showed 

improvement in toughness, percentage elongation and improved storage modulus by 

~70%, ~ 40% and ~12% respectively (over neat PLA) as a result of effective reinforcement 

of PLA by CSN biofiller. By the uniform dispersion of CSNs in PLA matrix, the gas 

barrier properties viz. oxygen and water vapor permeability values were reduced by ~70% 

and ~28%, respectively. It is observed that presence of nanofiller at low loadings lowers 
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the transparency marginally (~8%). To conclude, significant property enhancements are 

observed upon addition of small amounts of CSN in the PLA matrix. Moreover, both CSN 

and PLA are obtained from renewable natural resources that are abundant, non-toxic and in 

true sense, fit well in the class of ‘green’ bioplastics for food packaging applications. 
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Chapter 5 

 Influence of Crystalline Silk Nano-discs 
(CSNs) on the Crystallization Behavior of 

Melt-extruded PLA Films 
 

This chapter demonstrates the influence of novel biofiller crystalline silk nano-discs (CSNs) 

on crystallization behavior of melt-extruded PLA to measure the thermodynamic parameters 

which are essential during processing of polymers. The study of crystallization behavior is 

also equally important for improvement in properties of nanocomposite to be suitable for 

various value added products. The crystallization behavior is studied using non-isothermal 

cold crystallization and isothermal melt crystallization using differential calorimetry. Both 

the phenomena are also studied through spherulite morphology and growth rate using 

polarizing microscopy. Avrami equation was used to calculate nucleation parameter and 

crystallization rate constant. Crystallization data is analyzed by Jezioney, Liu-Mo and Tobin 

models to determine useful crystallization information. Incorporation of CSNs facilitates the 

crystallization process. Addition of CSNs in PLA matrix results in lower cold crystallization 

temperatures and shorter crystallization half-time with enhanced growth rates. It is found 

that CSNs act as heterogeneous nucleating agents, hence improve non-isothermal 

crystallization kinetics of PLA. Spherulitic morphology and growth rates were examined 

over a wide range of crystallization temperatures (90-120 °C). Improvement in crystal 

nucleation density is observed as CSNs contribute towards new nano-nucleation sites. With 

incorporation of CSN, the crystallization kinetics were modified, the overall isothermal melt 

crystallization rates of PLA/CSN increased, however the crystallization mechanism 

remained unaltered. The apparent activation energy and surface energy barrier for 

crystallization process are decreased upon addition of silk nano-discs. At lower isothermal 

crystallization temperatures (Tc) viz. (90-100 °C), reduced growth rates of PLA spherulites 

is observed. Both PLA and PLA/CSN exhibited highest crystallization rates ~107 °C. 

The work in this chapter is published as: 

• R. Patwa, A. Kumar and V. Katiyar, “Isothermal crystallization kinetics and hydrolytic degradation 

studies of poly (lactic acid)/crystalline silk nano-discs based bionanocomposites,” J. Appl. Polym. 

Sci., vol. 135, pp. 46590-46618, May 2018, DOI: 10.1002/app.46590.  

• R. Patwa, Monika, A. Kumar and V. Katiyar, “Thermal stability and non-isothermal crystallization 

kinetics of silk nano-discs reinforced poly (lactic acid) bionanocomposites,” Polym. Bull. (Under 

review).
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5.1 Introduction 

PLA suffers from various natural drawbacks like low glass transition temperatures, 

poor thermal stability, high costs, slow crystallization rate and brittle nature have obviated 

its widespread commercial usage. The crystallization of polymer affects the material 

properties and also process control which is indispensable part of polymer processing. 

Physical characteristics of PLA decides the product performance which largely depend on 

crystallization behavior. Kinetic analysis can provide information on energy barriers and 

mechanisms of crystallization. Crystallization phenomenon occurs during manufacturing 

process mainly extrusion and injection molding, a faster crystallization rate would reduce 

fabrication time leading to reduced cost of final product. Non-isothermal crystallization 

studies can be more meaningful than isothermal ones as they can help mimic the 

conventional industrial processing (Pivsa-Art et al., 2016). 

Consequently, different strategies have been employed to enhance the 

crystallization rate by incorporation of nucleating agents such as fillers, polymer blending 

and stereocomplexation, etc. Among these, the use of micro or nano-fillers as nucleating 

agents has been considered the most venerable approach. Most routine examples include 

clay, talc, carbon black, etc. (Lee et al., 2008; Pivsa-Art et al., 2016; Su et al., 2009b; 

Tesfaye et al., 2017). Of late, the culpability of inorganic fillers in polluting ecosystem 

from their production till end-use has been established (Albrecht et al., 2006). An ideal 

filler material should essentially be non-toxic as well as biodegradable, if the 

biocomposites is intended for sustainable food packaging applications because of their 

direct contact with the food items (Tan et al., 2015). In view of this, much scientific 

research is being carried out towards exploring non-toxic fillers for PLA based 

nanocomposites (Claramunt et al., 2016; Thakur et al., 2016). Green fillers such as 

cellulose nanocrystals, chitosan, sucrose palmitate, etc. (Dhar et al., 2017; Pal and 

Katiyar, 2016; Valapa et al., 2016) are low cost, abundant, light-weight, biodegradable 

and biocompostable, etc.  

The use of silk based organic fillers for PLA generates a new class of complete 

biodegradable composites making it a suitable reinforcement for PLA due to its superior 

mechanical properties, biocompatibility and biodegradability. Silk has a morphologic 

flexibility which has opened new avenues for applications like high engineering materials, 

tissue engineering, food packaging, biomedical engineering etc. Silk can be used as a PLA 

reinforcement in form of fibers, blends and nanoparticles, etc. Very few have reported the 
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impact of silk or silk derivatives on crystallization properties of PLA (Qiao et al., 2009). 

Tesfaye et al. (2017) have performed investigations on the isothermal crystallization 

kinetics and thermal degradation of PLA/silk nanocrystals nanocomposites under repetitive 

extrusion process. Another modification of silk is the crystalline silk nano-discs (CSNs), 

which are highly crystalline nanoparticles having a well-defined disc--type morphology. 

Such materials have not been reported so far to the best of our knowledge. In this 

investigation, the influence of silk nano-discs (CSNs) loading on crystallization behavior, 

kinetics of PLA/CSN bionanocomposites has been investigated using various techniques. 

The crystallization behavior is studied using non-isothermal cold crystallization and 

isothermal melt crystallization using differential calorimetry. Both the phenomenon are 

also studied through spherulite morphology and growth rate using polarizing microscopy. 

It is expected that the research reported herein can allow for enhancing the crystallization 

behavior of the system to decide for potential applications. 

5.2 Theoretical considerations for non-isothermal crystallization kinetic computations 

5.2.1 Relative degree of crystallinity 

The relative crystallinity for PLA and PLA bionanocomposites can provide useful 

information about the influence of additives/fillers on non-isothermal crystallization 

behavior. From the DSC thermograms, the temperature (T) dependent relative crystallinity 

(XT) for different heating rates is obtained as per Eq. (5.1):  

𝑋𝑋𝑇𝑇 =  
∫ �𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑�
𝑇𝑇𝑐𝑐
𝑇𝑇0

𝑑𝑑𝑑𝑑

∫ �𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑�
𝑇𝑇𝑒𝑒
𝑇𝑇0

𝑑𝑑𝑑𝑑
                   (5.1) 

Where, Tc, T0 and Te are the instantaneous, onset and end point of crystallization 

temperatures, respectively. dH /dT denotes the heat flow rate. Temperature dependent 

values X(T) can be changed to time scale (Xt) by the following Eq. (5.2): 

𝑡𝑡 =  (𝑇𝑇−𝑇𝑇𝑜𝑜)
𝛽𝛽

                          (5.2) 

Where, T is the crystallization temperature at time t, and β is the heating rate. Relative 

crystallinity (Xt) is the most important measurement for analyzing the crystallization 

behavior, it can also be expressed as a function of time (t) by Eq.(5.3) (Ding et al., 2015): 

𝑋𝑋𝑡𝑡 =  
∫ �𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 �
𝑡𝑡𝑐𝑐
𝑡𝑡0

𝑑𝑑𝑑𝑑

∫ �𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 �
𝑡𝑡𝑒𝑒
𝑡𝑡0

𝑑𝑑𝑡𝑡
                        (5.3) 
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The experimental data from DSC analysis were further analyzed using several 

mathematical models which are described below in detail.  

5.2.2 Modified Avrami analysis or Jeziorny’s model 

Avrami equation (Avrami, 1940) is generally applied to understand isothermal 

crystallization phenomenon, the changes in relative crystallinity can be related with time as 

per the following relation Eq. (5.4): 

1 − 𝑋𝑋(𝑡𝑡) = 𝑒𝑒𝑒𝑒𝑒𝑒(−𝑍𝑍𝐴𝐴𝑡𝑡𝑛𝑛𝐴𝐴)           (5.4) 

 Where, Xt is the relative crystallinity at crystallization time t, nA is the Avrami exponent 

which gives information about nucleation behavior and geometry of crystals and ZA is the 

crystallization rate constant which involves both nucleation and growth rate parameters. To 

apply for the non-isothermal crystallization behavior, Jeziorny (1978) incorporated the 

heating rate β into the crystallization rate parameter. 

ln𝑍𝑍𝑐𝑐 =  ln𝑍𝑍𝐴𝐴 𝛽𝛽⁄   (5.5) 

Where, Zc is the modified Avrami rate constant. Taking double natural logarithm of the Eq. 

(5.4), the obtained expression Eq. (5.6) can be used to analyze experimental data. 

ln(− ln(1 − 𝑋𝑋𝑡𝑡)) = 𝑛𝑛𝐴𝐴 ln 𝑡𝑡 + 𝑙𝑙𝑙𝑙  𝑍𝑍𝑐𝑐  (5.6) 

Where, straight line plots can be obtained between ln(− ln(1 − 𝑋𝑋𝑡𝑡)) 𝑣𝑣𝑣𝑣.  ln 𝑡𝑡, nA values 

decrease as the heating rate is increased. Furthermore, half-time of crystallization can be 

measured from kinetic parameter using Eq. (5.7): 

𝑡𝑡0.5 =  �ln2
𝑍𝑍𝐴𝐴
�
�1 𝑛𝑛𝐴𝐴� �

  (5.7) 

5.2.3 Liu & Mo analysis 

Liu et al. (1997) developed a new method to describe non-isothermal crystallization which 

is combination of Avrami and Ozawa equation. The various physical variables involved 

are heating rate β, relative degree of crystallinity (Xt), temperature of crystallization T. 

log(𝑍𝑍𝑡𝑡) − 𝑛𝑛 log 𝑡𝑡 = log𝐾𝐾(𝑇𝑇) −𝑚𝑚 log 𝑡𝑡      (5.8) 

Rearranging, Eq. 5.8 into the following form: 

log𝛽𝛽 = log𝐹𝐹(𝑇𝑇) − 𝛼𝛼 log 𝑡𝑡     (5.9) 
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The expression Eq. (5.9), gives straight lines whose slopes and intercept provides useful 

kinetic parameters such as [𝐹𝐹(𝑇𝑇) = [𝐾𝐾(𝑇𝑇) 𝑘𝑘𝐴𝐴⁄ ]1 𝑚𝑚⁄ ] defined as heating rate to reach a 

defined degree of crystallinity at unit crystallization time, α = n/m which is ratio of Avrami 

to Ozawa exponent. This method can be used to plot log𝛽𝛽 𝑣𝑣𝑣𝑣. log 𝑡𝑡 , for a certain degree of 

crystallinity. The values of F(T), increases with increasing relative crystallinity. 

5.2.4 Tobin analysis 

Avrami theory ignores the effects of growth site impingement and secondary 

crystallization to ensure simplicity. Tobin (1974) proposed a theory for phase 

transformation kinetics which consider effects of growth site impingement, relative 

crystallinity/time relation is expressed as Eq. (5.10): 

𝑋𝑋(𝑡𝑡) = (𝑘𝑘𝑇𝑇𝑡𝑡)𝑛𝑛𝑇𝑇

1+(𝑘𝑘𝑇𝑇𝑡𝑡)𝑛𝑛𝑇𝑇
   (5.10) 

The above expression can be modified, to obtain Eq. (5.11): 

log � 𝑋𝑋𝑡𝑡
1−𝑋𝑋𝑡𝑡

� = log 𝑘𝑘𝑇𝑇 − 𝑛𝑛𝑇𝑇 log 𝑡𝑡   (5.11) 

Where, Xt is relative crystallinity at time t, nT and kT are Tobin exponent and Tobin 

crystallization rate constant, respectively. The value of nT need not necessarily be an 

integer and depends on nucleation and growth mechanisms, its value deceases with 

increasing heating rate. The values of nT are larger than nA, though both have similar 

physical meanings. 

5.2.5 Crystallization activation energy 

5.2.5.1 Kissinger method 

The non-isothermal crystallization is greatly influenced by heating rates. To evaluate the 

overall effective energy barrier (ΔE), Kissinger (1956), proposed a method based on 

variation of crystallization peak temperature (Tp) with heating rate (β). 

𝑑𝑑�𝑙𝑙𝑙𝑙�𝛽𝛽/𝑇𝑇𝑝𝑝2��
𝑑𝑑��1/𝑇𝑇𝑝𝑝��

= −∆𝐸𝐸
𝑅𝑅

 (5.12) 

Where, β is the heating rate, R is the universal gas constant and Tp is peak crystallization 

temperature and ΔE is the effective energy barrier (kJ/mol).  
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Plots of �𝑙𝑙𝑙𝑙�𝛽𝛽/𝑇𝑇𝑝𝑝2�� 𝑣𝑣𝑣𝑣. ��1/𝑇𝑇𝑝𝑝�� will generate straight line plots. The negative slope 

values suggest that crystallization rate increases with increasing temperature. 

5.2.5.2 Takhor method 

Similarly, Takhor (1971) suggested another model: 

𝑑𝑑�𝑙𝑙𝑙𝑙�𝛽𝛽/𝑇𝑇𝑝𝑝��
𝑑𝑑��1/𝑇𝑇𝑝𝑝��

= −∆𝐸𝐸
𝑅𝑅

   (5.13) 

Where, β is the heating rate, R is the universal gas constant and Tp is peak crystallization 

temperature and ΔE is the effective energy barrier (kJ/mol). 

5.2.6 Nucleation activity 

Dobreva and Gutzow (1993) calculated nucleating activity. For homogeneous nucleation 

as well as heterogeneous cooling rate can be expressed using Eqns. (5.14 & 5.15): 

ln𝛽𝛽 = 𝐴𝐴 −  � 𝐵𝐵
2.303 ∆𝑇𝑇𝑝𝑝2

�   (5.14) 

ln𝛽𝛽 = 𝐴𝐴 −  � 𝐵𝐵∗

2.303 ∆𝑇𝑇𝑝𝑝2
�   (5.15) 

Where, β is the heating rate, A, B and B* are constants and ΔTp = Tm–Tp, ψ is the 

nucleation activity defined by: 

ψ =  𝐵𝐵
∗

𝐵𝐵
      (5.16) 

As per above expression, if filler is an active nucleating agent ψ value is close to 0, if it is 

inert, values approach to 1. The plots of ln𝛽𝛽 𝑣𝑣𝑣𝑣. �1 ∆𝑇𝑇𝑝𝑝2⁄ � gives straight lines. 

5.3 Theoretical considerations for isothermal crystallization kinetic computations 

5.3.1 Relative degree of crystallinity 

The relative crystallinity (Xt) of PLA and PLA based bionanocomposite film provides 

understanding about the effect of CSN on nucleation phenomenon during isothermal melt 

crystallization. The relative crystallinity in terms of heat flow per gram of the sample (dH) 

as a function of crystallization time (Xt) can be expressed as Eq. (5.17): 

𝑋𝑋𝑡𝑡 =
∫ (𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑⁄ ).𝑑𝑑𝑑𝑑𝑡𝑡
𝑡𝑡0

∫ (𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑⁄ )𝑡𝑡∞
𝑡𝑡0

.𝑑𝑑𝑑𝑑
    (5.17) 
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Where, dH/dt is the heat evolution rate, t0 and t∞ are the initial and ending crystallization 

times. The relative crystallinity (Xt) is calculated by integrating the area under the 

exothermic peak during the isothermal crystallization period during the DSC experiments. 

The induction times of isothermal crystallization at each crystallization temperatures were 

considered. The crystallization process occurs in two steps viz. primary and secondary 

crystallization. The primary crystallization refers to the linear portion whereas the 

secondary crystallization refers to the impingement crystallization which occurs in later 

stages and appears as non-linear portion. To, obtain kinetic parameters, relative 

crystallinity data in the primary crystallization region were used. 

 5.3.2 Avrami theory 

To evaluate relevant parameters for characterizing isothermal melt crystallization kinetics, 

Avrami analysis is the most convenient methodology. It assumes that Xt increases with t as 

per Eq. (5.18) (Avrami, 1941): 

1 − 𝑋𝑋𝑡𝑡 = 𝑒𝑒𝑒𝑒𝑒𝑒(−𝐾𝐾𝐾𝐾𝑛𝑛) (5.18) 

Where, Xt, n, K, and t stands for the relative crystallinity of polymer as a function of 

fractional crystallinity at time ‘t’, Avrami exponent, crystallization rate constant and period 

of crystallization process, respectively. The Avrami exponent (n) which gives information 

about the crystallization mechanism and K takes into account the nucleation as well as 

crystal growth phenomenon. Usually n values are non-integer due to constant growth of 

crystals. Avrami equation is based on the assumption that the growth takes place radially at 

a constant rate, phase change does not encounter any change in volume and secondary 

crystallization is not considered. As per Eq. (5.19), the slope and intercept of the plot of log 

[-log (1-Xt)] against log (t) allows for estimation of n and K values, respectively. Other 

important parameters that can be derived from Avrami theory are the crystallization half 

time (t0.5) and growth rate (G) that can be calculated from the Eqns. (5.20 & 5.21). The 

crystallization half-time (t0.5) refers to the time consumed by the sample to reach 50% 

relative crystallinity. The values of (t0.5) can effectively give the initial viewpoint about the 

crystallization rate. The calculated theoretical values from Avrami theory can be compared 

to experimental half-time values from DSC data. 

𝑙𝑙𝑙𝑙𝑙𝑙[− 𝑙𝑙𝑙𝑙𝑙𝑙 (1 − 𝑋𝑋𝑡𝑡)] = 𝑛𝑛 log 𝑡𝑡 + log𝐾𝐾 (5.19) 
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𝑡𝑡0.5 = �ln2
𝐾𝐾
�
1 𝑛𝑛�

 (5.20) 

𝐺𝐺 = � 1
𝑡𝑡0.5
� (5.21) 

The isothermal crystallization behavior of PLA and PLA/CSN bionanocomposites can be 

estimated by calculating the apparent activation energy (ΔEa) which can be estimated from 

the Arrhenius Eq. (5.22) (Arrhenius, 1889): 

�1
𝑛𝑛
� ln𝐾𝐾 = ln𝐾𝐾0 +  �∆𝐸𝐸𝑎𝑎

𝑅𝑅𝑇𝑇𝑐𝑐
� (5.22) 

Where, K0 denotes the pre-exponential factor which is temperature independent, K stands 

for crystallization rate constant, Tc is the crystallization temperature, R is universal gas 

constant. ΔEa can be estimated from the slope straight lines obtained from plots of (1/n) ln 

K versus 1/Tc. 

5.3.3 Hoffman-Lauritzen nucleation theory 

The Hoffman-Lauritzen theory is based on nucleation and growth phenomenon which 

occurs during crystallization. Crystal growth theory of is applied to determine the 

thermodynamic parameters pertaining to crystallization process. Growth rate (G) of 

spherulite was estimated from the slope of the straight line plots of spherulitic radius (R) 

versus time of crystallization (t) as per Equation (5.23). Nucleation density was obtained 

by counting the number of crystals in a particular area. 

𝐺𝐺 = 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 (5.23) 

Temperature dependence on the growth rate (G) of a linear polymer crystal with fold 

chains can be expressed as Eq. (5.24) (Hoffman et al., 1976):  

𝐺𝐺 = 𝐺𝐺0𝑒𝑒𝑒𝑒𝑒𝑒 �
−𝑈𝑈∗

𝑅𝑅(𝑇𝑇𝑐𝑐−𝑇𝑇∞)� 𝑒𝑒𝑒𝑒𝑒𝑒 �
−𝐾𝐾𝑔𝑔
𝑓𝑓𝑇𝑇𝑐𝑐∆𝑇𝑇

� (5.24) 

Where, G0 denotes a pre-exponential term, the first exponential part representing the 

growth while second exponential part representing the nucleation. ‘U*’is the diffusion 

activation energy required for mobility of crystallizable segment at interface, U*= 1500 

cal/mol for PLA, T∞ is the imaginary temperature at which chains are motionless i.e. T∞= 

Tg - 30K, 𝑓𝑓 = 2𝑇𝑇𝑐𝑐(𝑇𝑇𝑚𝑚0 +  𝑇𝑇𝑐𝑐) is the correction factor, Tc is the crystallization temperature, 

ΔT is the degree of super-cooling (ΔT=𝑇𝑇𝑚𝑚0 - Tc), 𝑇𝑇𝑚𝑚0  is the equilibrium melting temperature, 
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calculated from the intersection of the lines Tm = Tc and extrapolated lines of plots of Tm 

against Tc for PLA and PLA/CSN bionanocomposites obtained from DSC data analysis. 

The Eq. (5.23) can be rearranged to get the following expression Eq. (5.25): 

ln𝐺𝐺 +  𝑈𝑈∗

𝑅𝑅(𝑇𝑇𝑐𝑐−𝑇𝑇∞) = 𝑙𝑙𝑙𝑙𝐺𝐺0 − � 𝐾𝐾𝑔𝑔
𝑓𝑓𝑇𝑇𝑐𝑐∆𝑇𝑇

� (5.25) 

The nucleation constant (Kg) can be calculated from slope of plots of ��ln𝐺𝐺 +

 (𝑈𝑈∗ 𝑅𝑅(𝑇𝑇𝑐𝑐 − 𝑇𝑇∞)⁄ )�� against (1 𝑓𝑓𝑇𝑇𝑐𝑐∆𝑇𝑇⁄ ). The Kg is dependent on surface free energies and 

expressed as Eq. (5.26) (Zhang et al., 2002): 

𝐾𝐾𝑔𝑔 = 𝑚𝑚𝑏𝑏0𝜎𝜎𝜎𝜎𝑒𝑒𝑇𝑇𝑚𝑚0

𝑘𝑘𝐵𝐵∆𝐻𝐻𝑓𝑓
0  (5.26) 

Where, b0 is space between two neighboring fold planes, σe and σ are the binding (basal) 

and lateral (interfacial) free energies of the lamellae per unit area, kB stands for the 

Boltzmann constant, m is a crystallization regime dependent factor. The value of m for 

regime I (low temperatures) and regime III (high temperature) should be 4 and for regime 

II (intermediate temperatures) it should be taken as 2. The lateral surface energy (σ), can be 

determined using Thomas-Stavaly Eq. (5.27) (Thomas and Staveley, 1951): 

𝜎𝜎 = 𝛼𝛼∆𝐻𝐻𝑓𝑓0�𝑎𝑎0𝑏𝑏0 (5.27) 

Where, α=0.25, a constant for high melting polyesters, ‘a0.b0’ are chain cross-sections of 

PLA crystal the dimensions of PLA crystal i.e. 5.17 and 5.97 Å, respectively. ∆𝐻𝐻𝑓𝑓0 is the 

equilibrium enthalpy of fusion, 1.11 x 108 J/m3, i.e. product of equilibrium melting 

enthalpy (∆𝐻𝐻𝑚𝑚0 = 93.7 𝐽𝐽/𝑔𝑔) and density (ρc= 1.25 g/cm3). Using Eq. (5.26), the lateral 

surface free energy was calculated and came out to be 15.4 J/m2. Same σ values were used 

for PLA as well as PLA/CSN bionanocomposites as incorporation of CSN do not alter the 

crystalline structure of PLA. Work of chain folding (q) was determined from the following 

relation Eq. (5.28): 

𝑞𝑞 = 2𝑎𝑎0𝑏𝑏0𝜎𝜎𝑒𝑒  (5.28) 

Where, q is the work for chain folding. The crystallization half-time estimated from 

Avrami theory (by DSC experiments) can also be used to replace the spherulite growth rate 

(G). Therefore, Eq. (5.25) can be modified Using Eq. (5.29), as follows:  

𝑙𝑙𝑙𝑙 1
𝑡𝑡0.5

+  𝑈𝑈∗

𝑅𝑅(𝑇𝑇𝑐𝑐−𝑇𝑇∞) = 𝑙𝑙𝑙𝑙 � 1
𝑡𝑡0.5
�
0
− � 𝐾𝐾𝑔𝑔

𝑓𝑓𝑇𝑇𝑐𝑐∆𝑇𝑇
� (5.29) 
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5.4 Results and discussion 

5.4.1 Influence of crystalline silk nano-discs (CSNs) on the non-isothermal cold 

crystallization kinetics of PLA 

5.4.1.1  DSC analysis 

Figure 5.1 shows the total DSC thermogram for PLACSN1 which shows no significant 

exothermic/endothermic events during the cooling cycle other than Tg (glass transition 

temperature). This indicates that it is hard to melt crystallize during the non-isothermal 

quenching process, thus amorphous PLA matrix is obtained. Hence, a second heating cycle 

was performed and all three thermal events Tg, Tcc and Tm (glass transition temperature, 

cold crystallization and melting points) were obtained from the second scanning. The non-

isothermal crystallization and melting behavior studies of neat PLA and PLA/CSN 

biocomposites was investigated by scanning at various heating rates of 5.0, 7.5, 10.0 and 

12.5 °C/min. To remove any thermo-mechanical histories, the samples were heated from 

ambient temperature and held isothermally at 190 °C for 3 min. Subsequently, the samples 

were cooled back to room temperature and again heated to 190 °C at the predetermined 

rates. The experimental data were analyzed through Proteus™ Thermal Analysis Software 

(version 6.0).  

 

Figure 5.1: DSC thermogram of PLACSN1 at 10 °Cmin-1. 
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5.4.1.2 Influence of CSN on thermal properties of PLA  

The glass transition (Tg), cold crystallization (Tcc) and melting temperatures (Tm) of PLA 

and PLA/CSN bionanocomposites are determined using differential scanning calorimetry 

(DSC) are mentioned in Table 5.1. 

Table 5.1: Thermal proprties of PLA and PLA/CSN bionanocomposites recorded at 

second heating cycle at varying heating rates. 

As predicted, cold crystallization temperature (Tcc) shows shifting to elevated temperatures 

with increasing heating rates, this can be due to the smaller supercooling phenomenon at 

higher heating rates as PLA has a lower heat conductivity (Ravari et al., 2013). Second 

heating scans of neat PLA and PLA/CSN bionanocomposites obtained at various heating 

rates (5, 7.5, 10 and 12.5) are shown in Figure 5.2. It can be noted that for each heating 

rate, Tcc and crystallization exotherm broadness of PLACSN1 are lower and narrower, 

respectively in comparison to PLA. This implies that crystallization rate at 1 wt. % CSN 

loadings is faster than PLA suggesting that CSN act as nucleating sites for PLA 

crystallization. On the contrary, reverse phenomenon is observed at higher loadings, the 

possible reason for this could be CSN agglomerates acting as obstacles for polymer chain 

diffusion to nucleus surface resulting in slower motion (Katiyar et al., 2010). The melting 

endotherm for PLA and PLA/CSN bionanocomposites show a unimodal peak ~150 °C 

exhibits the α-crystalline form of PLA (Pal and Katiyar, 2016). A trend similar to the cold 

crystallization is observed for the Tm upon incorporation of 1 wt. % CSN, which validates 

 

CSN 

(%) 

Tg 

(°C) 

Tcc 

(°C) 

Tm 

(°C) 

ΔHm 

(J/g) 

Xc 

(%)  

CSN 

(%) 

Tg 

(°C) 

Tcc 

(°C) 

Tm 

(°C) 

ΔHm 

(J/g) 

Xc 

(%) 

5 
°C

/m
in

 

      

10
 °C

/m
in

 

      0 58.7 111.7 149.4 28.6 30.6 0 60.7 122.6 152.2 21.0 22.4 

0.5 59.9 111.5 149.5 25.8 27.7 0.5 61.4 122.9 152.5 19.3 20.7 

1 58.7 110.8 149.2 31.2 33.7 1 60.3 122.1 151.7 23.4 25.3 

2 58.8 112.6 149.9 25.8 28.1 2 60.8 123.9 152.4 19.3 21.0 

5 58.4 112 149.8 36.8 41.4 5 60.4 123.6 152.7 26.8 30.1 

7.
5 

°C
/m

in
 

0 59.8 117.9 151.1 26.0 27.8 

12
.5

 °C
/m

in
 

0 61.5 126.9 152.9 14.7 15.7 

0.5 59.9 118 151.1 24.0 25.8 0.5 62.6 126.2 153.4 14.3 15.4 

1 58.3 116.8 150.6 27.6 29.8 1 61.1 126.4 152.5 17.2 18.6 

2 59.9 118.7 151.5 24.4 26.6 2 61.6 127 153.4 13.3 14.5 

5 59.4 118.5 151.3 33.1 37.2 5 61.2 127.1 153.5 18.8 21.1 
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its nucleating ability. It can be seen that the Tg (PLA, 60.7 °C) remains unchanged for 

PLA/CSN bionanocomposites suggesting that the incorporation of CSN did not lead to the 

formation of shorter chain (Lv et al., 2017). 

 

Figure 5.2: DSC thermographs at different heating rates of 5, 7.5, 10 and 12.5 °C/min for 

PLA and PLA/CSN bionanocomposites (second heating cycle). 

5.4.1.3 Relative crystallinity  

The plots of Xt versus t for PLA and PLA/CSN bionanocomposites at different heating 

rates are shown in Figure 5.3. It can be observed that all curves have an identical sigmoidal 

form, these curves progress becomes stagnant due to impingement offered by the already 

grown spherulites. With increasing heating rates, the sigmoidal curves shift progressively 

towards shorter times with higher temperatures. The crystallization half times (t0.5) can be 

obtained when the Xt equals 50% and the values are tabulated as Table 5.2. The values of 

t0.5 can be a direct indication for crystallization rates, a lower half-time means a faster 

crystallization rate. The crystallization half-times invariably decrease for PLA and 

PLA/CSN bionanocomposites as the heating rates increase. In addition, XC values for 

PLA/CSN bionanocomposites are higher than those of PLA at each heating rate, 
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suggesting a higher overall crystallization rate than PLA. Accordingly, lower t0.5 and 

higher 1/t0.5 values indicate that CSN acts as a nucleating agent and facilitate the 

crystallization process. 

 

Figure 5.3: Relative crystallinity (Xt) curves of PLA, PLA/CSN bionanocomposites at 

heating rate of 5, 7.5, 10 and 12.5 °Cmin-1.  

5.4.1.4 Modified Avrami or Jeziorny’s model  

Modified Avrami or Jeziorny’s plots for PLA and PLA/CSN bionanocomposites are shown 

in Figure 5.4. It can be noticed that the all plots display good linearity suggesting 

suitability of the theory for investigation of non-crystallization of PLA based 

bionanocomposites systems. The average values of Avrami exponent (n) for poly(lactic 

acid) is 2.9 while that for PLA/CSN bionanocomposites was found to be ~2.6 suggesting 

that the spherulite growth in bionanocomposites was imperfect or faster due to 

heterogeneous nucleation phenomenon occurring because of uniformly dispersed CSN.  
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Figure 5.4: Avrami plots for non-isothermal cold crystallization of (a) PLA, (b) 

PLACSN0.5, (c) PLACSN1, (d) PLACSN2, (e) PLACSN5 and (f) half-time (t0.5) for PLA 

and PLA/CSN bionanocomposites. 

The values of k and Zc for both PLA and PLA/CSN increases as the heating rate is 

increased but interestingly, Zc values are higher for PLA/CSN bionanocomposites as 

compared to neat PLA which corresponds to faster crystallization rate. The crystallization 

half-time (t0.5) and crystallization growth rate (1/ t0.5) values are summarized in Table 

5.2.The crystallization half-time values are less for PLA/CSN bionanocomposites as 

compared to PLA. 

(a) (b) 

(c) 

(d) 

(e) (f) 

141 
 



 

Table 5.2: Parameters from Avrami, Jeziorny, Mo and Tobin analysis. 

CSN 

(%) 

β, 

Kmin-1 
𝒕𝒕𝟎𝟎.𝟓𝟓
𝐞𝐞𝐞𝐞𝐞𝐞. 

(min) 

𝒕𝒕𝟎𝟎.𝟓𝟓
𝐭𝐭𝐭𝐭.  

(min) 

𝟏𝟏 𝒕𝒕𝟎𝟎.𝟓𝟓⁄ , 

min-1 

n k × 

102 

Zc × 

103 

nT KT Xt  

% 

α F(T) 

0 

5 2.92 2.91 0.34 3.3 2.0 4.1 4.4 0.009 20 1.09 11.5 

7.5 2.24 2.27 0.44 3.0 5.9 7.9 4.1 0.031 40 1.21 17.0 

10 1.76 1.77 0.56 2.7 14.6 14.6 3.8 0.107 60 1.27 22.4 

12.5 1.4 1.40 0.71 2.6 28.9 23.2 3.7 0.266 80 1.32 30.2 

0.5 

5 2.81 2.94 0.34 3.4 1.8 3.6 4.3 0.011 20 1.15 12.0 

7.5 2.29 2.28 0.44 3.1 5.3 7.1 4.3 0.026 40 1.26 17.8 

10 1.81 1.83 0.55 2.8 12.7 12.7 3.9 0.086 60 1.35 25.1 

12.5 1.45 1.45 0.69 2.7 25.7 20.6 3.8 0.223 80 1.38 33.1 

1 

5 1.99 1.99 0.50 2.4 13.0 25.9 3.5 0.088 20 1.12 10.5 

7.5 2.11 2.08 0.48 2.9 8.3 11.1 4.2 0.042 40 1.23 15.5 

10 1.62 1.61 0.62 2.6 19.7 19.7 3.7 0.158 60 1.33 21.9 

12.5 1.34 1.34 0.75 2.6 32.2 25.8 3.7 0.315 80 1.26 27.5 

2 

5 2.4 2.51 0.40 3.0 4.36 8.7 4.0 0.028 20 1.1 9.3 

7.5 1.99 1.99 0.50 2.6 11.36 15.1 3.8 0.069 40 1.22 14.1 

10 1.57 1.57 0.64 2.5 22.6 22.6 3.6 0.185 60 1.29 19.5 

12.5 1.2 1.20 0.83 2.4 44.5 35.6 3.4 0.493 80 1.33 26.3 

5 

5 2.51 2.49 0.40 3.1 4.16 8.3 4.4 0.018 20 1.52 12.0 

7.5 2.06 2.06 0.49 2.8 9.2 12.3 4.0 0.048 40 1.68 20.4 

10 1.82 1.81 0.55 2.8 13.2 13.2 4.0 0.087 60 1.75 30.9 

12.5 1.45 1.45 0.69 2.7 25.9 20.7 3.8 0.235 80 1.77 43.7 

5.4.1.5 Mo and Liu method 

For better physical and practical understanding of the overall process of non-isothermal 

crystallization of PLA and PLA/CSN bionanocomposites, Mo and Liu method Eq. (5.9) 

has been employed (Liu et al., 1997). The kinetic parameter F(T) correlates 

cooling/heating rate to both temperature and time, depicting about the ease/difficulty of 

crystallization process. In precise terms, it is the value of cooling/heating required to 

achieve a certain degree of crystallinity in unit crystallization time (Saengsuwan et al., 

2011). The smaller F(T) value infers to faster crystallization rate. At a given relative 
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crystallinity (Xt), plots of log β against log t gives a straight line whose intercept and slope 

are log F(T) and α, respectively the values for which are listed in Table 5.2. 

 

Figure 5.5: Mo and Liu plots for non-isothermal cold crystallization of (a) PLA, (b) 

PLACSN0.5, (c) PLACSN1, (d) PLACSN2 and (e) PLACSN5 bionanocomposites. 

As seen from Figure 5.5, plots of PLA, PLA/CSN bionanocomposites show sound linearity 

verifying that Mo theory can be applied to the PLA and PLA/CSN system. The values of α 

varies from ~1.1 to ~1.4 for PLA and PLA/CSN bionanocomposites which indicate that 

secondary crystallization growth occurs along with the primary crystallization during the 

(a) (b) 

(c) (d) 

(e) 
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non-isothermal crystallization. Also, PLA/CSN bionanocomposites have a higher α values 

as compared to PLA which shows that CSN can effectively act as nucleating agent (Su et 

al., 2009a). The results obtained by Mo theory were found in accordance with Jezioney 

methods. 

5.4.1.6 Tobin theory 

Now, since we have an idea about nucleation effect of CSN, perhaps now Tobin theory 

(Eq. (5.11)) can be applied to the system which takes into account the effects of hindrance 

of crystallization by spherulites and secondary crystallization processes which were earlier 

neglected by modified Avrami theory.  

 
Figure 5.6: Tobin plots for non-isothermal cold crystallization of (a) PLA, (b) 

PLACSN0.5, (c) PLACSN1, (d) PLACSN2 and (e) PLACSN5 bionanocomposites. 

(c) (d) 

(a) (b) 

(e) 
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The Tobin plots (Figure 5.6) are log [Xt / (1-Xt)] against log t which gives parameters nT 

(slope) and KT (intercept) known as Tobin exponent and Tobin crystallization rate constant, 

respectively. These values are presented in Table 5.2. It can be noticed that 𝑛𝑛𝑇𝑇���� values for 

PLA (~4.0) are higher than PLA/CSN bionanocomposites (~3.7) which indicate towards 

faster completion of crystallization or incomplete spherulitic growth. These values 

decrease with increase in heating rates, similar findings are reported (Valapa et al., 2016). 

Also, the 𝐾𝐾𝑇𝑇���� values are higher for bionanocomposites, these two parameters suggest that 

incorporation of CSN to PLA matrix results in augmentation of crystallization rate due to 

the heterogeneous nucleating effect. The findings of Tobin model are consistent with the 

Avrami and Mo models.  

5.4.1.7 Activation energy of crystallization 

For estimation of the effective energy barrier (ΔE) for non-isothermal crystallization 

process, various mathematical models like Kissinger and Takhor models were applied. For 

Kissinger method, the activation energy (ΔE) required for manoeuvre of polymer chain 

segments to growing crystal surface is evaluated as per Eq. (5.12). The crystallization 

activation energy can be deduced from the slope of the plots of 𝑙𝑙𝑙𝑙�𝛽𝛽 𝑇𝑇𝑝𝑝2⁄ � against �1 𝑇𝑇𝑝𝑝⁄ �, 

which are shown in Figure 5.7(a). The values for activation energies are shown in Table 

5.3. The values of ΔE for PLA, PLACSN0.5, PLACSN1, PLACSN2 and PLACSN5 are 

found to be 71.1, 72.4, 68.2, 73.8 and 70.6 kJ mol-1, respectively. The PLA crystallization 

activation energy values matched with the values available in literature (Wu et al., 2007). 

The PLACSN2 bionanocomposites pose hindrance to the transport of PLA chain segments 

towards the growing surface to a certain level during cold crystallization of PLA. This can 

be attributed to presence of filler. The CSN plays two roles in cold crystallization process, 

firstly, it behaves like heterogeneous nucleating agent to facilitate crystallization and 

secondly, it poses hindrance to crystallization chain movement retarding crystallization. 

The positive values of ΔE suggests that the rate of crystallization enhanced with increasing 

temperature i.e. it is the energy required for molecular chain segments for transport to the 

crystallizing surface. Either of the two can become dominant based on the clay content. 

The activation energies required for overall crystallization for PLACSN2 are higher than 

PLA. On the other hand, activation energy for PLACSN1 bionanocomposites is lower 

suggesting that CSN influence the PLA chains to crystallize easier and thus accelerating 

the crystallization process. This result are in agreement with modified Avrami, Mo and 

Tobin methods.  
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Figure 5.7: Activation energy plots for PLA and PLA/CSN bionanocomposite using (a) 

Kissinger and (b) Takhor model. 

(a) 

(b) 
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Takhor model (Eq. (5.13)) also showed straight lines with negative slope (Figure 5.7(b)), 

where CSN loading can affect the non-isothermal crystallization kinetics. Based on the 

above results CSN can promote crystallization phenomenon. The values of ΔE for PLA, 

PLACSN0.5, PLACSN1, PLACSN2 and PLACSN5 are found to be 77.6, 78.9, 74.7, 80.3 

and 77.2 kJ mol-1, respectively.  

Table 5.3: Parameters from Kissinger and Takhor analysis. 

 
5.4.1.8 Nucleation activity 

To establish the nucleation activity of CSN, a simple estimation was applied to PLA/CSN 

crystallization as suggested by Dobreva and Gutzow (1993). The nucleation activity (ϕ) is 

the factor by which the work of nucleation is reduced by the inclusion of fillers. If the filler 

material has a high nucleating effect its value approaches towards 0, but if it is inert the ϕ 

approaches to 1. Figure 5.8(a) shows nucleation activity plots for PLA and PLA/CSN 

bionanocomposites. The values of β and β* for PLA and PLACSN1 calculated from the 

plots are 1.11 x 106 and 1.05 x 106 K2, respectively. The nucleation factor (ɸ) was found to 

be 0.94, which shows that CSN has a very low nucleating effect. 

5.4.1.9 Polarized optical microscopy (POM) studies 

The final spherulite morphology of PLA and PLACSN1 bionanocomposite heated from 

room temperature to 120 °C, at a heating rate of 2.5 °C/min are shown in Figure 5.8(b-c), 

respectively. It is abstruse to observe the effect of CSN on the spherulite growth of PLA 

matrix because both materials display small-sized spherulites after non-isothermal 

crystallization, which is beyond the ambit for kinetic analysis. Henceforth, the non-

isothermal crystallization kinetics was studied using differential scanning calorimetry 

(DSC) experiments. 

 

Samples 
Average Activation Energy 𝑬𝑬𝒂𝒂���� (kJmol-1) 

Kissinger method Takhor method 

PLA 71.1 77.6 

PLACSN0.5 72.4 78.9 

PLACSN1 68.2 74.7 

PLACSN2 73.8 80.3 

PLACSN5 70.6 77.2 
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Figure 5.8: (a) Nucleation activity plots for PLA and PLA/CSN bionanocomposite, (b-c) 

Polarized optical micrographs of (b) PLA and (c) PLACSN1 samples after non-isothermal 

cold crystallization at 2.5 °Cmin-1 at the magnification of 500x. 

5.4.2 Isothermal melt crystallization kinetics of PLA and PLA/CSN 

bionanocomposites  

5.4.2.1 DSC analysis 

The heat flow data as a function of time during isothermal crystallization exotherms of 

PLA and its bionanocomposites for temperatures (90–120 °C) recorded using DSC, are 

(b) (c) 

(a) 
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shown in Figure 5.9(a-g). It can be seen that time needed to acquire the maximum 

crystallization depends strongly on the crystallization temperature for all samples. It is 

known that nucleation is better observed at lower temperatures while crystal growth can be 

seen better at higher temperatures, hence at 105 °C both phenomenon can be observed at 

optimum. This can also be supported by crystallization kinetic studies which will be 

conducted subsequently. As the temperature of crystallization approaches to 105 °C, The 

increased amplitude and sharpness indicate towards improved nucleation or crystal growth 

of PLA or both. While left shift shows decrease in crystallization time and increase in 

crystallization rate and similar observations have been reported by Xu et al. (2015). These 

phenomena are more evident at temperatures when PLA crystallization rate is slow. This 

shows that crystallization performance of PLA is strongly dependent on addition of CSN 

which greatly reduce the required time for finishing crystallization under all crystallization 

temperature conditions as compared to pure PLA. Moreover, it can be seen that PLA 

nucleated with 5 wt. % loading showed more obvious increase of crystallization than other 

proportions. The progression of relative crystallinity conversion (Xt) with respect to time 

(t) for PLA and PLA/CSN bionanocomposites was evaluated to develop more 

understanding about the isothermal crystallization kinetics.  

 

(a) (b) 

(c) (d) 
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Figure 5.9: DSC isotherm for PLA and PLA/CSN bionanocomposites at various 

crystallization (Tc) temperatures (a) 90 °C, (b) 95 °C, (c) 100 °C, (d) 105 °C, (e) 110 °C, 

(f) 115 °C and (g) 120 °C. 

5.4.2.2 Relative crystallinity 

Calculation for relative crystallinity are based on the understanding that crystallization is 

an exothermic phenomenon, hence the rate of crystallization is considered to be 

proportional to the heat released during isothermal crystallization. Relative crystallinity of 

PLA and PLA/CSN bionanocomposites at different times isothermally crystallized at a 

certain temperature are shown in Figure 5.10(a-g), it can be noticed that the relative 

crystallinity plots for PLA and PLA/CSN are typically sigmoidal (S-shaped) in form and 

progressively shift towards lower time as the CSN content is increased. Crystallization 

half-time (t0.5) can be evaluated from the relative crystallinity curves. The t0.5 values for 

PLA/CSN bionanocomposites is lower as compared to PLA, for instance the t0.5 for 

PLACSN5 at 120 °C, is almost halved (41.2 min) as compared to PLA (82.6 min).This 

shows that the crystallization rate is enhanced i.e. crystallite forming ability of PLA/CSN 

bionanocomposites is superior to PLA.  

(e) (f) 

(g)
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Figure 5.10: Relative crystallinity plots for PLA and PLA/CSN bionanocomposites at 

various crystallization (Tc) temperatures (a) 90 °C, (b) 95 °C, (c) 100 °C, (d) 105 °C, (e) 

110 °C, (f) 115 °C and (g) 120 °C. 

(a) (b) 

(c) (d) 

(e) (f) 

(g) 
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5.4.2.3 Avrami plots 

The nucleation and crystallization rate are important parameters for polymer processing on 

industrial scale. These parameters directly or indirectly affect the properties of polymer. 

Out of available methods for characterization of the crystallization behavior, Avrami 

theory is the best-suited to analyze experimental crystallization data. In the present study, 

Avrami theory is applied and the plots of log [-ln (1-Xt)] versus log t for PLA and 

PLA/CSN bionanocomposites, as shown in Figure 5.11(a-g). The values determined from 

Avrami model for ‘K’ and ‘n’, for different isothermal temperatures are presented in Table 

5.4. For simplification of calculations, secondary crystallization (spherulite impingement) 

is ignored and the region of primary crystallization (outward growth of lamellar stacks) i.e. 

30-70% of relative crystallinity is considered, which gives linear straight line pattern (Pal 

and Katiyar, 2016). The calculated ‘n’ values are non-integral ~2, denoting the non-three 

dimensional structures which are a result of instantaneous nucleation regulated by 

diffusion. It can be noted that ‘n’ values of PLA are in the range of 1.7 to 2.3. This 

indicates that ‘n’ do not depend much on crystallization temperature. These values closely 

matched with values reported Zhang et al. (Zhang et al., 2013), i.e. 2.0–2.3 at Tc = 114–

126 °C. The average n values for PLA, PLACSN0.5, PLACSN1, PLACSN2 and 

PLACSN5 are about 2.0, 2.1, 2.3, 2.2 and 2.1, respectively, which means that adding CSN 

does not alter the mechanism of PLA crystallization in the temperature range of 90–120 

°C. The k values show an evident variation with temperature. The overall crystallization 

rate constant (K) of PLA show a reduction with increasing isothermal crystallization 

temperature (Tc) and similar effect is noticed for PLA/CSN bionanocomposites. The K x 

10-3 values at 105 °C for PLA, PLACSN0.5, PLACSN1, PLACSN2 and PLACSN5 are 

about 3.06, 2.15, 1.93, 4.03 and 11.56 min-n, respectively. For the same crystallization 

temperature, the crystallization rate co-efficient values (K) for samples with CSN are larger 

than PLA at >1 wt. % loadings suggesting that PLA/CSN bionanocomposites have faster 

crystallization kinetics compared to PLA. This implies that biocomposites crystallize faster 

than PLA and CSN act as active nucleating agents for augmenting the overall 

crystallization process. The other important parameters, t0.5 and G values are calculated 

using n and K values. As seen from Table 5.4, the crystallization half-time (t0.5) show a 

decreasing trend initially then starts increasing again with minima at 105 °C. This means 

that crystallization is hindered at higher temperatures. The reverse trend is observed for 

crystallization growth rate G. 

152 
 



 

Table 5.4: Kinetic parameters of PLA & PLA/CSN isothermally crystallized at 90–120 °C. 

 
Tc    

(°C) 

ΔHc 

(J/g) 

𝝌𝝌𝒄𝒄 

(%) 
n 

K × 103 

(min–n) 

t0.5 * 

(min) 

t0.5  

(min) 

G × 10-2     

(min-1) 

ΔEa     

(kJmol-1) 

PL
A

 

90 23.2 24.7 1.8 5.4 14.2 14.1 7.1 

219.6 

95 23.8 25.5 1.7 6.5 16.7 16.6 6.0 
100 25.3 27.1 2.1 1.6 17.9 17.8 5.6 
105 26.6 28.4 2.1 3.1 14.0 13.9 7.2 
110 28.5 30.4 2.1 2.5 14.1 14.0 7.1 
115 30.3 32.4 2.3 0.9 18.3 18.2 5.5 
120 27.0 28.9 2.2 0.04 82.6 82.0 1.2 

PL
A

C
SN

0.
5 

90 22.4 24.1 1.9 2.5 19.2 19.2 5.2 

203.4 

95 22.9 24.6 2.0 2.0 19.3 19.2 5.2 
100 26.4 28.3 2.2 1.5 16.5 16.6 6.0 
105 27.1 29.1 2.2 2.1 14.1 14.2 7.1 
110 28.6 30.7 2.2 2.5 12.7 12.7 7.9 
115 30.9 33.2 2.3 0.8 18.1 18.0 5.5 
120 29.3 31.4 2.1 0.1 59.0 64.2 1.6 

PL
A

C
SN

1 

90 28.3 30.6 2.1 1.1 20.5 20.4 4.9 

209.5 

95 26.5 28.6 2.2 0.7 22.7 22.7 4.4 
100 27.7 29.9 2.2 1.4 17.1 17.1 5.9 
105 28.2 30.4 2.3 1.9 13.4 13.4 7.5 
110 30.0 32.4 2.3 1.9 13.2 13.2 7.6 
115 31.8 34.3 2.5 0.3 21.6 21.5 4.7 
120 32.3 34.8 2.4 0.02 70.4 71.2 1.4 

PL
A

C
SN

2 

90 23.5 25.6 2.1 1.3 20.8 20.8 4.8 

206.6 

95 24.2 26.4 2.2 1.2 19.6 19.5 5.1 
100 26.3 28.7 2.1 2.3 14.7 14.7 6.8 
105 27.9 30.4 2.1 4.0 11.6 11.4 8.8 
110 28.9 31.5 2.1 3.9 11.5 11.4 8.8 
115 30.0 32.7 2.3 1.1 16.3 16.4 6.1 
120 27.7 30.2 2.3 0.1 60.4 60.2 1.7 

PL
A

C
SN

5 

90 23.3 26.2 2.1 1.3 18.9 18.9 5.3 

199.0 

95 26.1 29.3 2.1 2.8 14.3 14.4 7.0 
100 27.1 30.4 2.0 6.5 9.9 9.9 10.1 
105 28.7 32.3 2.0 11.6 7.9 7.9 12.7 
110 29.2 32.8 2.1 8.9 8.2 8.2 12.2 
115 32.9 37.0 2.2 2.5 12.6 12.4 8.1 
120 37.7 42.4 2.4 0.1 41.2 41.1 2.4 
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Figure 5.11: Avrami plots of log [-ln(1-Xt)] vs. log t for PLA and PLA bionanocomposites 

at various crystallization (Tc) temperatures (a) 90 °C, (b) 95 °C, (c) 100 °C, (d) 105 °C, (e) 

110 °C, (f) 115 °C and (g) 120 °C. 

(a) (b) 

(c) (d) 

(e) (f) 

(g) 
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5.4.2.4 Growth rate 

Crystal growth rate (G) is the reciprocal of crystallization half-time (t0.5). Figure 5.12 

shows the crystallization temperature (Tc) vs. crystallization growth rate (G) of PLA and 

PLA/CSN bionanocomposites during isothermal crystallization, which proves the same 

conclusion derived earlier in section 5.5.2. A significant change in the growth rate of PLA 

crystals is observed upon addition of CSN, it indicates that PLA/CSN bionanocomposites 

had an improved growth rate under the same crystallization temperature. In addition, 1/t0.5 

was highest for PLACSN5, depicting that higher loadings accelerated the crystallization 

process of PLA. The ‘G’ for PLACSN5 at 105 °C was 12.7×10-2 min-1 as compared to 

7.2×10-2 min-1 for PLA. Increment in growth rate confirms the contribution of CSN in 

enhancing the nucleation in PLA (Cai et al., 2011). The isothermal melt crystallization 

process of PLA and PLA/CSN bionanocomposites is thermally activated in the range of 

110–120 °C. 

 

Figure 5.12: Plot of growth rate versus isothermal crystallization temperature ranging 

from 90–120 °C.  
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5.4.2.5 Apparent activation energy (ΔEa) 

The apparent activation energy (ΔEa) for melt crystallization can be calculated from the 

slope of plots of (1/n) ln K versus 1/Tc, as shown in Figure 5.13. The values of ΔEa for 

PLA, PLACSN0.5, PLACSN1, PLACSN2 and PLACSN5 are 219.6, 203.4, 209.5, 206.6 

and 199.0 kJ/mol, respectively. The value of ΔEa for PLA matched closely with the values 

reported in literature (Chu and Wu, 2007). The apparent activation energy required for 

crystallization decreases as the CSN content increases. However, all the samples show 

poor correlation (coefficient value much below 1) which are still comparable. Therefore, 

Arrhenius analysis was used to estimate the activation energies for PLA and PLA/CSN 

bionanocomposites. This demonstrates the increased heterogeneous nucleation and 

crystallization ability of CSN and also that crystallization is heterogeneous in nature and 

dominated the overall crystallization rate.  

 

Figure 5.13: Slope of plots of (1/n)ln K against 1/Tc for estimation of apparent activation 

energy (ΔEa). 
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5.4.2.6 Effects of CSN on crystallization morphologies of PLA 

Nucleating agents can not only alter the crystallization rate but also the morphology of 

PLA spherulites, which had been confirmed by POM. Figure 5.14(a-g) shows POM 

micrographs for pure PLA and PLA nucleated with different CSN content during 

isothermal crystallization taken at different time intervals for a total duration of 30 min. 

PLA as well as PLA/CSN bionanocomposites form typical α-spherulite (Maltese cross) 

morphology, which implies that the three dimensional growth of PLA crystals is 

unchanged by the presence of CSNs (Bhasney et al., 2017). Furthermore, pure PLA 

formed larger spherulites ~10 μm, while the size of spherulites decreased remarkably and 

crystallization sites have increased with the loading of CSN. The spherulite size decreased 

remarkably with the addition of CSN.  

 

(a) 

(b) 
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(c) 

(d) 

(e) 
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Figure 5.14: POM micrographs of PLA and PLA/CSN bionanocomposites taken at 

various time intervals crystallized isothermally at (a) 90 °C, (b) 95 °C, (c) 100 °C, (d) 105 

°C, (e) 110 °C, (f) 115 °C and (g) 120 °C (scale bar: 10 μm).  

5.4.2.7 Crystal growth rate 

Nucleation rate as well as crystal growth rate both determine the crystallization behavior of 

a material. After CSN addition number of nucleation sites are increased, resulting into 

accelerated spherulite growth, as shown in Figure 5.15(a-f). The crystallization growth rate 

(G) of PLA spherulites increased a little by 0.5 and 1 wt. % CSN loading but considerably 

boosted with the addition of 2 and 5 wt. % CSN (bio-filler).  

(f) 

(g) 
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Figure 5.15: Spherulite growth rate of PLA and PLA/CSN bionanocomposites crystallized 

isothermally at (a) 95 °C, (b) 100 °C, (c) 105 °C, (d) 110 °C, (e) 115 °C and (f) 120 °C.  

5.4.2.8 Nucleation density  

It is known that addition of nucleating agents results in initiation of PLA chain folding 

which results in increased growth of crystals (Tesfaye et al., 2017). Nucleating agents are 

generally 3-dimensional nano- or microparticles which act as hindrance to the freely 

(c) (d) 

(e) 
(f) 

(a) (b) 
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moving polymer chains and can allow polymer chains to come in contact with itself and 

result in chain folding. Similarly, PLA/CSN bionanocomposites show higher number of 

crystals (nucleation density) and lower crystal size as compared to PLA. This means that 

after certain period of time, the area covered by crystals in PLA/CSN bionanocomposites 

will be more than that of PLA, albeit the adjoining CSNs also act as nucleation site, thus 

promoting more crystals to grow thus stunting the crystal size. It can be noticed that due to 

the presence of numerous inclusions, size of spherulites is much smaller as compared to 

those in PLA which results in improvement in spherulite density as seen in Figure 5.16. 

This indicates that the overall crystallization rate is faster in the presence of CSN which is 

also corroborated by DSC experiments.  

 

Figure 5.16: Nucleation density as a function of temperature for PLA and PLA/CSN 

bionanocomposites. 

5.4.2.9 Hoffman-Lauritzen crystal growth theory  

Eq. (5.25) is applied to investigate about the thermodynamic parameters related to the 

overall crystallization process. The equilibrium melting temperature for PLA was 
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calculated to be 172.3 °C which is very similar to the value obtained by Wang et al. (2013) 

who have reported 𝑇𝑇𝑚𝑚0  of ~165 °C. However, such long extrapolation may result in some 

inaccuracy in evaluation. The equilibrium melting temperature (𝑇𝑇𝑚𝑚0 ) for PLA is 172.3 °C, 

the 𝑇𝑇𝑚𝑚0  decreases upon incorporation of CSN (see Table 5.5). The 𝑇𝑇𝑚𝑚0  values for 

PLACSN0.5, PLACSN1, PLACSN2 and PLACSN5 are 175.1, 172.2, 168.1 and 169.6 °C, 

respectively. This results into imperfect crystals in PLA/CSN bio-nanocomposites.  

 

Figure 5.17: The plots for calculation of equilibrium melting point 𝑇𝑇𝑚𝑚0 . 

As shown in Figure 5.18(a), plots of ��ln𝐺𝐺 + (𝑈𝑈∗ 𝑅𝑅(𝑇𝑇𝑐𝑐 − 𝑇𝑇∞)⁄ )�� against (1 𝑓𝑓𝑇𝑇𝑐𝑐∆𝑇𝑇⁄ ) can 

be used to get nucleation constant (Kg) values from the slope and calculated values are 

summarized in Table 5.5. The nucleation constant (Kg) values obtained for PLA (1.42×105 

K2) are higher than PLA/CSN bionanocomposites, 1.04×105 K2 in case of PLACSN5. This 

indicates that presence of CSN can reduce the chain mobility of PLA segment thus CSN 

loading may accelerate the crystallization process. The ‘Kg’ is dependent of The Kg values 

obtained in this study 1.0–1.42 × 105 K2 are in agreement with the reported Kg values, 1.70 

× 105 K2 (Cai et al., 2011). Using the theoretical methodology that G is proportional to 

1/t0.5 and based on the Hoffman-Lauritzen theory, 1/t0.5 can be used to replace 
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crystallization spherulite growth rate (G). Figure 5.18(b) shows the [𝑙𝑙𝑙𝑙 (1 𝑡𝑡0.5⁄ ) +

(𝑈𝑈∗ 𝑅𝑅(𝑇𝑇𝑐𝑐 − 𝑇𝑇∞)⁄ )] of the PLA and PLA/CSN bionanocomposites as a function 

of [1 (𝑓𝑓𝑇𝑇𝑐𝑐𝛥𝛥𝛥𝛥)⁄ ]. Same values of U*, T∞ are used which were used for POM experiments. 

For sake of comparison, the 1/t0.5 values from 110–120 °C were considered. Data shown in 

plots exists as straight lines having different slopes. Since the temperature ranges belong to 

regime 2, the Z values equal to 2 have been taken into calculations. The ‘Kg’, ‘σe’ and ‘q’ 

values for PLA are 4.4 × 105 K2, 9.41 x 10-2 J/m2 and 35 kJ/mol, respectively, similar 

values i.e. 5.7 × 105 K2, 11.7 × 10-2 J/m2 and 43.5 kJ/mol, elsewhere (Miyata and 

Masuko, 1998). 
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Figure 5.18: Hoffmann-Lauritzen crystal growth plots for PLA and PLA/CSN 

bionanocomposites using (a) DSC and (b) POM.  

The ‘Kg’, ‘σe’ and ‘q’ values were calculated and are presented in Table 5.5. The values of 

Kg were higher than POM, but from both the analysis it can be inferred that incorporation 

of CSN reduces the folding free surface energies. The lesser values of the σe for PLACSN2 

(a) 

(b) 
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and PLACSN5 clearly indicate more regular folding of the polymer chains as compared to 

the other specimens. Presence of CSN reduces size of nucleus needed for the crystal 

growth promoting growth of the spherulite on the surface of CSN. In other words, 

formation of interface between filler surface and polymer chain is preferred than individual 

polymer crystals. This can be attributed to the CSN heterogeneous nucleation effect which 

reduces the energy barrier for PLA crystallization. 

Table 5.5: The parameters calculated from DSC and POM. 

Materials 
Tm

0 

(K) 

Estimated from G values Estimated from (1/t0.5) values 
Kg x 105 

(K2) 

σe x 10-2 

(J/m2) 

q 

(KJ/mol) 

Kg x 105 

(K2) 

σe x 10-2   

(J/m2) 

q 

(KJ/mol) 

PLA 445.4 1.42 3.07 11.4 4.36 9.41 35.0 

PLACSN0.5 448.3 1.36 2.94 10.9 4.48 9.68 36.0 

PLACSN1 445.4 1.00 2.14 7.97 4.16 9.00 33.4 

PLACSN2 441.2 1.15 2.48 9.22 3.54 7.65 28.4 

PLACSN5 442.8 1.04 3.26 8.39 3.68 7.96 29.6 
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5.5 Summary 

CSN plays a dual role in crystallization process, firstly, it acts as a heterogeneous 

nucleating agent facilitating crystallization, and secondly, it obstructs the polymer chain 

movement. Either of the two roles, which process is dominating is decided by the filler 

loading. Non-isothermal crystallization showed that, Tc and t0.5 were lower for 

bionanocomposite films at small loadings (~1 wt. %) as compared to PLA at all heating 

rates. This suggests that CSN can augment the overall crystallization rates. CSNs are also 

found to act as heterogeneous nucleation sites in PLA matrix. To analyze non-isothermal 

crystallization kinetics of samples, three kinetic models viz. modified Avrami, Mo and 

Tobin models were applied. The smaller exponent (n and nT) values suggested that CSN 

inclusions thrust PLA spherulite formation towards unsophisticated geometries thereby, 

improving crystallization rates. Increased (Zc and KT) and smaller F(T) values, for 

PLA/CSN bionanocomposites compared to PLA advocate towards faster crystallization 

processes. The crystallization activation energy based on Kissinger and Takhor methods 

showed smaller values for PLACSN1 bionanocomposites, indicating easier motion of PLA 

molecular chains in PLA/CSN system as a result of which crystallization occurs at a faster 

rate. Furthermore, the calculated nucleation activity of bionanocomposites show agreement 

between lower t0.5, F(T) and crystallization activation energy in the bionanocomposite. The 

crystallization rate of PLA/CSN bionanocomposites were increased because of the high 

surface area of CSN. The isothermal melt crystallization behavior of PLA and PLA/CSN 

bionanocomposites was studied in the range of Tc between 90 and 120 °C. The sigmoidal 

relative crystallinity isotherms shifted towards lesser crystallization time, indicating fast 

crystallization behavior of PLA/CSN bionanocomposites. The crystallization kinetics of 

PLA and PLA/CSN bionanocomposites was studied and it was found that CSNs act as 

nucleating agent, thus increasing the crystallization rate and decreases the ΔE and surface 

energy barrier for PLA crystallization.  
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Chapter 6 
 Influence of Crystalline Silk Nano-discs (CSNs) 

on the Thermal and Hydrolytic Degradation 
Behavior of Melt-extruded PLA Films 

 

This study investigates the effect of CSNs on the thermal stability of PLA/CSN 

bionanocomposites for its suitability towards food packaging applications. Samples were melt 

compounded with different loading of CSNs using a twin-screw extruder. The TG data revealed 

that incorporation of 1 wt% CSNs in PLA matrix could enhance the onset temperature (Tonset) 

upto ~10 °C in comparison to neat PLA which confirms the improvement in thermal stability due 

to formation of network like structures. At higher loading of 5 wt%, onset temperature Tonset and 

peak temperature (Tmax) shifted to lower temperatures ~310 °C and ~369 °C, respectively. This 

can be attributed to increase in acidic sites which are responsible for acceleration of degradation 

rate. The apparent activation energies (Ea) of bionanocomposites, determined from Flynn-Wall-

Ozawa, Kissinger-Akahira-Sunose and Coats-Redfern method, increased in comparison to PLA 

which confirms that CSNs impress the thermal degradation process. A possible mechanism is 

proposed for the thermal degradation process of PLA/CSN bionanocomposites using Criado 

method. Hyphenated TGA-FTIR analysis is utilized to identify the evolved gaseous products of 

Muga, CSNs, PLA and PLA/CSN bionanocomposites. For Muga and fabricated CSNs various 

volatile species were released such as different amide containing products, CO2, CO. In case of 

PLA and PLA/CSN bionanocomposites similar type of major products such as CO2, CO, cyclic 

oligomers, lactide, hydrocarbons and aldehydes were detected. The hydrolytic degradation rates 

calculated from molecular weight reduction shows that PLA/CSN nanocomposites’ degradation 

rates are lower as compared to PLA in acidic, neutral and alkaline media, respectively, due to 

hydrophobic nature of CSN which are well-dispersed into the hydrophobic PLA matrix without 

the formation of interface to act as site for seepage of water. Strong particle-particle interaction 

results into formation of aggregate structures which may also reduce hydrolytic degradation 

activity. The crystallization fraction is increased during the hydrolytic degradation process and the 

degradation was suspended in presence of CSN and pH. This work provides valuable insight for 

the application and reclamation of PLA/CSN bionanocomposites under elevated temperature and 

wet working environments. 
The work in this chapter is published as: 
• R. Patwa, A. Kumar and V. Katiyar, “Isothermal crystallization kinetics and hydrolyticdegradation 

studies of poly (lactic acid)/crystalline silk nano-discs based bionanocomposites,” J. Appl. Polym. Sci., 
vol. 135, pp. 46590-46618, May 2018, DOI: 10.1002/app.46590. 

• R. Patwa, Monika, A. Kumar and V. Katiyar, “Thermal stability and non-isothermal crystallization 
kinetics of silk nano-discs reinforced poly (lactic acid) bionanocomposites,” Polym. Bull. (Under review).
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6.1 Introduction 

From the perspectives of green origin of polymers and environment, impact of bio-based 

and biodegradable polymers have been on the focal point to provide alternatives against 

after service life utilization of conventional polymers like polyethylene (PE), polyethylene 

terepthalate (PET), polypropylene (PP), etc. (Pal and Katiyar, 2016). Among 

biopolymers, poly(lactic acid) (PLA) has gained special attention because of its convenient 

biodegradability and analogous mechanical properties and melting temperature to many 

conventionally used polymers (Gupta and Katiyar, 2017). It requires nearly half energy 

input and has low greenhouse gas emission as compared to conventional plastics. PLA 

possess good melt strength, transparency, UV absorption, high temperature processability 

and biocompatibility which makes it fit for medical, packaging and other applications 

(Rasal et al., 2010). But inherent drawbacks like high glass transition temperatures, poor 

thermal stability, high costs, slow crystallization rate and brittle nature have obviated its 

widespread commercial usage. The aliphatic ester group present in the repeat unit is prone 

to thermal degradation when processed above melting point of PLA. PLA undergoes a 

complex degradation mechanism with a myriad of simultaneous reactions occurring during 

the molten state which includes random chain scission, transesterification, hydrolysis, and 

depolymerization, etc. (Monika et al., 2017). Consequently, different strategies have been 

employed to enhance the thermal stability and crystallization rate by incorporation of 

nucleating agents such as fillers, polymer blending and stereocomplexation, etc. Among 

these, the use of inorganic/organic fillers such as carbon black, talc, graphene, nano-clay, 

etc. have been extensively studied though, these may pose health hazard at some point 

from manufacturing process to final disposal (Gao et al., 2017; Molinaro et al., 2013; 

Pivsa-Art et al., 2016; Su et al., 2009). An ideal filler material should essentially be non-

toxic as well as biodegradable, if the biocomposites is intended for sustainable food 

packaging applications because of their direct contact with the food items (Tan et al., 

2015). Green fillers such as cellulose, starch, chitosan, silk, etc. are low cost, abundant, 

light weight, biodegradable and biocompostable, etc. In view of this, much scientific 

research is being carried out towards exploring non-toxic fillers for PLA based 

bionanocomposites (Claramunt et al., 2016; Thakur et al., 2016). The use of silk based 

organic fillers for PLA generates a new class of complete biodegradable 

bionanocomposites.  
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Thermo-mechanical characteristics of PLA decide the product performance which 

largely depend on thermal stability and crystallization behavior. Kinetic analysis can 

provide information on kinetic triplets (Ea, n, An) for the degradation of PLA and 

PLA/CSN bionanocomposite and their mechanisms of degradation. PLA thermal 

degradation kinetics have been studied by many researchers. Aoyagi et al. (2002) have 

calculated the PLA activation energy (Ea) values in the range of 80-160 kJ mol-1 which 

increases with conversion and suggested degradation of PLA follows a complex 

mechanism. In another study hydroxyapatite filled PLA showed improvement in thermal 

stability. The Flynn-Wall-Ozawa and Invariant kinetic parameter (IKP) methods were used 

to study the degradation kinetics, both methods obtained similar values. The activation 

energy (Ea) of PLA/g-HA (139.3 kJ mol-1) was decreased as compared to neat PLA (174.7 

kJ mol-1). To develop a better understanding about thermal degradation behavior, apart 

from thermal degradation kinetic analysis, degradation mechanism and evolved gaseous 

product analysis are equally important. Major degradation products of PLA are cyclic 

oligomers, lactide, acetaldehyde, carbon monoxide, carbon di-oxide, etc. (Liu et al., 2010). 

PLA is susceptible to hydrolytic degradation, which limits its scope of application 

(Ma and Zhou, 2015). Hydrolytic degradation of PLA depends upon various factors like 

crystallinity of matrix, temperature, degradation time and pH of the medium (Pitt et al., 

1981; Reed and Gilding, 1981). Efforts are being made to enhance the hydrolytic 

resistance of PLA to avoid deterioration of mechanical properties of PLA (Khakbaz et al., 

2015; Ma and Zhou, 2015; Stloukal et al., 2016). This can be done by limiting the water 

diffusion by incorporation of hydrophobic fillers in matrix (Benali et al., 2015; Huang et 

al., 2017). Upon hydrolytic degradation, PLA degrades by breaking of the ester bond into 

monomers. In acidic or neutral media, the degradation occurs by protonation followed by 

formation of water molecules which eventually cleaves the ester linkage. In alkaline 

conditions, hydroxyl ions get attached to the carbonyl carbons leading to breaking of ester 

linkages (Elsawy et al., 2017). Improving hydrolytic resistance of PLA for applications in 

wet environments motivates research on CSN loaded PLA/CSN bionanocomposite. 

Recently, silk has become a suitable reinforcement for PLA due to its superior 

mechanical properties, biocompatibility and biodegradability. Silk has a morphologic 

flexibility which has opened new avenues for applications such as food packaging, tissue 

engineering and other biomedical engineering purposes. Silk can be used as a PLA 

reinforcement in form of fibers, blends and nanoparticles, etc. Tesfaye et al. (2017) have 

169 
 



 

performed investigations on the isothermal crystallization kinetics and thermal degradation 

of PLA/silk nanocrystals nanocomposites under repetitive extrusion process. Silk 

nanocrystals are ~100 nm spherical crystals obtained by acid hydrolysis. Another 

modification of silk is the crystalline silk nano-discs (CSNs), which highly crystalline 

nanoparticles having a well-defined discotic morphology with dimensions of ~50 nm 

diameter and ~2-4 nm thickness. Such materials have not been reported so far to the best of 

our knowledge. 

In the present investigation reported here, disc like silk nano-discs, a novel bio-

filler synthesis in previous section (~50 nm in diameter and ~2-4 nm in height) is used for 

fabrication of PLA bionanocomposites by melt extrusion. The effects of variation in silk 

nano-disc content on thermal stability and hydrolytic degradation of PLA/CSN 

bionanocomposites is investigated in detail. We have investigated thermal degradation 

behaviors using TGA and DSC experimental data recorded at different heating rates. To 

the best of our knowledge, analysis of effect of loading of silk nano-discs on kinetics of 

thermal degradation of PLA has not been reported. Non-isothermal degradation kinetics is 

carried out using different model fitting and model free methods to determine kinetic 

parameters such as activation energy (Ea) and regression coefficient, thus this work to 

understand the effect of CSN loading on PLA thermal stability is greatly needed. It is 

expected that the research reported herein can allow for enhancing the thermal stability and 

hydrolytic degradation behavior of the system to decide for potential applications. The 

calculated kinetic parameters using different methods are compared and discussed. 

6.1.1 Theoretical considerations for thermal degradation kinetic computations 

The general expression for decomposition rate may be given as Eq. (6.1): 

dα
dt

= k(T). f(α) (6.1) 

Where, 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 is conversion rate, k(T) is degradation rate constant, α is the degree of 

conversion (0.1 ≤ α ≤ 0.9) with respect to temperature (𝛼𝛼 = (𝑤𝑤𝑜𝑜 − 𝑤𝑤𝑡𝑡)/(𝑤𝑤𝑜𝑜 − 𝑤𝑤𝑓𝑓)), wo, 

wt and wf are the initial, at time (t) and final weight of the sample in the TGA curves, 

respectively, t is the reaction time (s) and f(α) is differential form of kinetic model function 

which depends on degradation mechanism. The degradation rate constant can be related to 

Arrhenius equation: 
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k(T) = 𝐴𝐴 exp �−𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅
�   (6.2) 

where, ‘A’ stands for pre-exponential factor (s−1), ‘Ea’ is the activation energy (kJ mol-1), 

‘R’ represents the gas constant (8.314 J mol-1K-1) and ‘T’ denotes the absolute temperature 

(K). The above two equations can be combined as: 

dα
dt

= 𝐴𝐴 exp �−𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅
� . f(α) (6.3) 

The heating rate, �𝛽𝛽 = 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
� can be incorporated in Eq. 6.3 for the following expression: 

dα
dT

= 𝐴𝐴 1
𝛽𝛽

exp �−𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅
� . f(α) (6.4) 

Where, dα
dt

 is the rate of non-isothermal reactions. Generally polymer degradation is a 

complex degradation reaction which does not remain constant for the entire reaction 

duration. To address this complicated reaction mechanism it is assumed that degradation 

reaction follows a simple nth order reaction. f(α) is written as (1-α)n, where n denotes the 

order of reaction. Polymer degradation can be considered as a classical example of solid 

state reaction, where a minimum amount of energy is needed for the atoms/molecule to 

vibrate and rupture the chemical bonds, this energy is known as apparent activation energy 

(Yuzay et al., 2010). To determine the degradation kinetic parameters and degradation 

mechanism, thermogravimetric analysis (TGA) is considered to be the most suitable 

analysis technique (Mallakpour and Taghavi, 2009). The kinetic parameters can be 

obtained by solving the above mentioned equations by integration, differentiation and 

approximation. Based on these approaches the models can be majorly divided into two 

broad categories i.e. model free or isoconversional methods and model fitting methods 

(Yuzay et al., 2010). 

6.1.1.1 Iso-conversional or model free methods 

These methods are based on the principle that at a particular conversion, the rate of 

reaction is a function of temperature. The knowledge of exact thermal decomposition 

mechanism is not a prerequisite for the isoconversional methods. Such methods can be 

used to determine the activation energies corresponding to conversion values (α) without 

any model approximations. These methods use multiple heating rate TGA data (Das and 

Tiwari, 2017). 
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6.1.1.1.1 Kissinger-Akahira-Sunose (K-A-S) model 

This integral isoconversional model based on Murray and White (1955) temperature 

integral approximation, is also known as generalized Kissinger method and is given as: 

dα
f(α) = A 1

β
exp �−Ea

RT
� . dT    (6.5) 

Integrating the above expression with the initial conditions α=0 and T=T0, to obtain the 

relation: 

g(α) =  ∫ dα
f(α)

α
0 = A 1

β ∫ exp �−Ea
RT
�T

T0
. dT ≡  AEa

βR
p �Ea

RT
�       (6.6)      

p �Ea
RT
� ≅

exp�−EaRT �

�EaRT�
2          (6.7) 

The crucial assumption of this approach is that ‘A’, ‘Ea’ and ‘f(α)’ are temperature 

independent, besides this, ‘A’ and ‘Ea’ are also independent of α. The term g(α) is the 

integral form of the model. Upon integration of Eq. (6.6) natural logarithm is taken on both 

sides to obtain the following relation:  

ln g(α) =  ln �AEa
R
� − ln β + ln p �Ea

RT
�   (6.8)     

The final expression is of the following form (Akahira and Sunose, 1971):    

ln � β
T2
�  = − � E

RT
� + ln � AR

Eag(α)�  (6.9) 

The activation energy corresponding to each degree of conversion (α) is obtained from 

slope of linear plots of ln � β
T2
�  vs. �− 1

T
�, pre-exponential factor (A) can be determined 

from the intercept (Aboulkas and El Harfi, 2008). 

6.1.1.1.2 Flynn-Wall-Ozawa (F-W-O) model 

Flynn-Wall-Ozawa (F-W-O) method is another integral isoconversional model where 

temperature measurements at different conversion values (α) at different heating rate (β) 

are considered for calculations (Zou et al., 2009). It is assumed that conversion function 

f(α) does not change with the heating rate (β) for all values of the degree of conversion (α). 

Integrate Eq. (6.5) with condition of conversion (α) from α0 to αp, the following expression 

is obtained: 
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g(α) =  ∫ dα
f(α)

𝛼𝛼𝑝𝑝
𝛼𝛼0

= A 1
β ∫ exp �−Ea

RT
�𝛼𝛼𝑝𝑝

α0
. dT            (6.10)   

Replacing, x = Ea
RT

, integrating the R.H.S. of Eq. (6.10) we get: 

g(α) =  ∫ dα
f(α)

αp
α0

= AEa
βR

p(x)      (6.11) 

Taking logarithms on both sides, the above expression becomes: 

logβ =  log AEa
g(α)R

+ log p(x)      (6.12) 

Applying Doyle’s approximation (Doyle, 1958): 

log p(x) =  −2.315 − 0.4567x      (6.13) 

Substituting Eq. (6.13) into Eq. (6.12) to obtain final form of F-W-O model (Flynn and 

Wall, 1966): 

log𝛽𝛽 =  �log AEa
g(α)R

− 2.315� − 0.4567 Ea
RT

    (6.14) 

The activation energy is obtained from slope of linear curves of (lnβ)  vs. �− 1
T
�, at 

constant value of fractional conversion, pre-exponential factor (A) can be determined from 

the intercept (Valapa et al., 2014). This model is generally applied to those systems where 

activation energy changes with time due to multiple reactions, whereas it cannot be applied 

when different reactions occur simultaneously (Venkatesh et al., 2013). 

6.1.1.2 Model fitting methods 

6.1.1.2.1 Coats-Redfern (C-R) Model 

Model fitting approach requires fitting the conversion versus temperature (for single 

heating rate). Subsequently, ‘Ea’ and ‘n’ are determined. The drawback with this approach 

is that if a system follows a complex thermal degradation mechanism then it gives drastic 

variations in Arrhenius parameters (Othman et al., 2016). Coats and Redfern (1964) 

method is based on the model-fitting approach, which involves fitting various models to 

conversion versus temperature curves. It is an integral method that uses the asymptotic 

series expansion to solve the Eq. (6.6), which can be applied to TG data. The correct 

reaction order (n) is expected to lead the best linear fit (R2 approach to 1), from which ‘Ea’ 

and ‘A’ are determined. The final form of the equation which is used for the analysis the 
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kinetic parameters described by the following equations (Baloch et al., 2011; Hu et al., 

2015): 

Y =  ln �1− �1− α�
1−n

T2 (1−n)
� = ln AR

βE
�1 − 2RT

Ea
� −  �Ea

RT
� ; n ≠  1                               (6.15) 

Y =  ln �−ln�1− α�
1−n

T2 � = ln AR
βE
�1 − 2RT

Ea
� −  �Ea

RT
� ; n = 1                      (6.16) 

Thus a plot of (Y) vs. (1 𝑇𝑇⁄ ) should result in a straight line of slope that equals to (Ea/R) for 

the chosen value of ‘n’. The value of ‘A’ is calculated from intercept of the straight line, by 

considering the expression [1-(2RT/Ea)] equal to unity (Valapa et al., 2015b). Ramukutty 

and Ramachandran (2014) reported that the positive value of ‘Ea’ confirmed there is no 

phase transition in the selected temperature range. 

6.1.1.3 Prediction of degradation mechanism by Criado method  

Kinetic parameters determined using the model fitting approach i.e., C-R method which 

takes into account single heating rate are used in Criado method (Criado et al., 1989). The 

reaction mechanism is determined with the help of activation energy, pre-exponential 

factor and the apparent order of the reaction calculated using C-R method. Criado equation 

is given by: 

Z(α) =
dα
dt
β

 π(x)T  (6.17) 

Where x is (Ea /RT), π(x) can be related to P(x) by expression (6.18): 

π(x) = xexP(x)                       (6.18) 

In this method reaction mechanism is predicted by comparing experimental values with 

various theoretical solid state reaction mechanisms. To determine the experimental values 

as a function of conversion (α) following Eq.(6.19) is used by combining Eqns. (6.17) and 

(6.18):  

Z(α)exp = Ea
R 

 dα
dT

 eEa/RT p(x)                (6.19) 

The term p(x), which is temperature dependent can be expressed in a rational form, Eq. 

(6.20), having a low error of 10-5% (x>20) (Senum and Yang, 1977): 

p(x) = e−x

x
 x3+18x2+86x+96
x4+20x3+120x2+240x+120

                    (6.20) 
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Using Eqns. (6.17, 6.18 and 6.20), we get: 

𝑍𝑍(𝛼𝛼) = 𝑓𝑓(𝛼𝛼).𝑔𝑔(𝛼𝛼)   (6.21) 

The theoretical master plots (Z(α) versus α) for various reaction mechanisms were plotted 

according to Eq. (6.22) by combining Eqns. (6.4) and (6.21). Here, g(α) values (see Table 

6.1) are used into the below mentioned expression: 

Z(α)theortical = β
A 

 g(α) dα
dT

 e
Ea
RT             (6.22) 

Thereafter, the experimental plots (Z(α)exp versus α) using Eq. (6.19) is compared with 

master plots, Eq. (6.22) to determine the accurate thermal degradation process of all 

samples. As seen in Table 6.1, the algebraic expressions that represent the reaction 

mechanism for solid state process are divided into four broad categories nuclei formation 

and growth (An), phase boundary controlled reaction mechanism (Rn), diffusion related to 

heat transfer (Dn) and random nuclei degradation (Fn) for thermal degradation process 

(Khawam and Flanagan, 2006a; b; Tiptipakorn et al., 2007). 

Table 6.1: Algebraic expressions for integral form g (α) for the most frequently used 

mechanisms in solid state degradation process. 

Solid State 
Degradation 
Mechanism 

Significance Sy. g(α) 

Nuclei formation 
and growth 

Avrami 2-D 
nucleation A2 [-ln(1-α)]1/2 

Avrami 3-D 
nucleation 

A3 [-ln(1-α)]1/3] 

Avrami 4-D 
nucleation A4 [-ln(1-α)]1/4 

Phase boundary 
controlled reaction 
mechanisms 

contracting cylinder R2 [1-ln(1-α)1/2] 

contracting sphere R3 [1-ln(1-α)1/3] 

Diffusion related to 
heat transfer 

1-D D1 α2 
2-D D2 [[(1-α)ln(1-α)]+α] 
3-D, Jander Eq. D3 [1-(1-α)1/3 ]2 

3-D, Ginstlinge–
Brounshetein eq. 

D4 
 
[(1-(2/3)α)]-(1-α)2/3 
 

Random nuclei 
Mampel First order F1 [-ln(1-α)] 
Second order F2 1/(1-α) 
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6.1.1.4 Theoretical considerations for hydrolytic degradation kinetic computations 

Prior to immersion, weight of the initial sample (dried under vacuum at 37 °C) was 

carefully weighed. After being placed into the solution for defined time-period, the sample 

was taken out, washed with fresh water and dried at 37 °C for 24 h to ensure complete 

removal of water. Subsequently, the residual weight of the hydrolyzed sample was 

carefully weighed to know the weight loss of the sample during the hydrolytic degradation 

process. The residual weight fraction was determined using the following expression 

(Girdthep et al., 2016): 

 ɸ =  𝑊𝑊𝑡𝑡
𝑊𝑊𝑜𝑜

 × 100 (6.23) 

Where, ‘Wo’ and ‘Wt’ refer to the dry weight (g) of the sample, prior to and after certain 

time (t) of, the hydrolytic degradation process, respectively.  

6.1.1.4.1 Hydrolytic degradation rate 

The hydrolytic degradation rate (R, %/day) was defined according to the following relation 

(Fernández and Fernández, 2017): 

𝑅𝑅 =  �𝜙𝜙𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 − 𝜙𝜙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎�
𝑡𝑡�      (6.24) 

Where, ‘ɸbefore’ and ‘ɸafter’ are the residual weight fraction of sample before and after being 

hydrolyzed for a certain time (t).  

6.1.1.4.2 Molecular weight degradation kinetics  

The molecular weight kinetics can be studied from the relation where (ln Mw) as a function 

of immersion time (t), and also ‘Mn’ and ‘Mw’ are proportional to each other (Li et al., 

2017; Zhou and Xanthos, 2008): 

ln Mw = A − k. t             (6.25) 

The plots of (Ln Mw) against (t) yields straight line whose slope gives value of ‘k’ which is 

degradation rate while the intercept yields a constant.  
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6.2 Results and discussion 

6.2.1 Thermal degradation behavior of PLA/CSN bionanocomposites 

To understand the influence of CSN on thermal degradation behavior of PLA, a detailed 

investigation was carried using Kissinger-Akahira-Sunose (K-A-S), Flynn-Wall-Ozawa (F-

W-O), Coats-Redfern (C-R) and Criado’s method, to gain more insight on thermal 

degradation kinetics of PLA and PLA/CSN bionanocomposites. The temperature 

dependent weight loss curve with its derivative obtained at a heating rate of 20 °C/min for 

PLA and PLA/CSN bionanocomposite are shown in Figure 6.1. This one step degradation 

from 322 to 396 °C is mainly due to hydrolysis by water present in trace amounts in PLA, 

fragmentation generating acetaldehyde, CO2, cis-elimination producing acrylic acid and 

intra transesterification which forms cyclic oligomers (Xu et al., 2016). The temperature, 

(Tmax)  at the maximum rate of mass loss is considered as point of comparison which 

is also a significant thermal parameter to understand the thermal degradation 

of polymer bionanocomposites. From the DTG profiles (Figure 6.1), the maximum 

decomposition temperatures for extruded PLA, 0.5, 1, 2, and 5 wt% PLA/CSN 

bionanocomposites are 394, 396.5, 396.5, 394 and 387.3 °C respectively. The Tmax of 

PLA/CSNs samples upto 2 wt% CSN loading remain almost unchanged. It is known that 

polar gaseous compounds are released during degradation which cleave the PLA chains 

while eluting out (Petinakis et al., 2010). Formation of structure among PLA/CSN leads to 

slow elution of degradation products resulting into thermally stable bionanocomposites, it 

indicated that PLACSN5 decomposes more quickly than PLA. This observation can be 

ascribed to presence of more acidic sites on the CSN surface which catalyze the 

decomposition of the bionanocomposite at a faster rate leading to short polymer chains 

(Dhar et al., 2014; Valapa et al., 2014). At low concentrations, CSN are well-dispersed in 

the PLA matrix. Such well-ordered β-sheet structures when dispersed properly in the PLA 

matrix give rise to a labyrinth kind of network formation which provide a tortuous path. As 

it can be seen from TGA data at 20 °C/min, the addition of 0.5 wt% CSNs does not much 

alter the thermal stability of PLA matrix which might be due to hydrophobic nature of 

CSNs. While the presence of 1 wt% CSNs shows highest thermal stability, increasing the 

Tonset (~332 ºC) of the bionanocomposite suggesting a close interaction between the CSNs 

and PLA matrix. The TG result indicates that the PLACSN1 exhibits around 10 °C 

improvement in onset degradation temperature than extruded PLA. With further increase in 

loading to 2 and 5 wt%, Tonset shows decrease to 330 °C and 326 °C, respectively which 
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could be possibly due to the agglomeration of CSN nanoparticles leading to poor 

dispersion which upon degradation creates increased acidic sites, hence is less thermally 

stable. Hence, it can be inferred that there is no degradation occurring in either CSN or 

bionanocomposites in the temperature range 25 to 220 °C i.e. the PLA processing range.  

 

Figure 6.1: TGA and DTG thermograms of PLA and PLA/CSN bionanocomposites at rate 

of 20 °Cmin-1. 

6.2.2 Thermal degradation kinetics 

The TGA and DTG thermograms for PLA and PLA/CSN bionanocomposites are obtained 

at heating rates of 10, 20 and 30 °C/min. It is observed that Tonset, Toffset and Tmax show 

progressive increment with increasing heating rates. The values of Tonset, Toffset and Tmax at 

different heating rates are listed in Table 6.2. With increased heating rates there is a faster 

release of gaseous products, thus resulting in elevated peak temperatures and rate curves 

(Kan et al., 2016). 
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Table 6.2: TGA parameters of PLA and PLA/CSN bionanocomposites at 10, 20 and 30 

°Cmin-1. 

 10 °C/min 20 °C/min 30 °C/min 

Samples Tonset Toffset  Tmax  Tonset Toffset  Tmax Tonset Toffset  Tmax 

PLA 307.7 398.7 379.9 322.3 412.2 394.0 341.4 427.6 407.2 

PLACSN0.5 315.7 401.0 381.8 326.2 417.1 396.5 345.6 429.1 409.5 

PLACSN1 317.8 404.7 380.5 331.5 425.1 396.5 346.7 428.7 405.1 

PLACSN2 312.0 397.6 378 330.1 417.3 394.0 342.6 424.5 403.5 

PLACSN5 310.6 394.6 369 326.2 409.5 387.3 338.6 420.9 399.4 

The thermogravimetric (TGA) and differential (DTG) thermal profiles for PLA and 

PLA/CSN bionanocomposites at different heating rates of 10, 20 and 30 °C/min are shown 

in Figure 6.2. For all samples, shift in thermal profiles are observed due to the influence of 

heating rates and filler concentration. This shift is due to the fact that at higher heating rate, 

the sample gets a shorter time to reach a given temperature (Aboulkas and El Harfi, 

2008). The aim of conducting this analysis at different heating rates is to estimate the 

apparent activation energies (Ea) and thermal degradation behavior of PLA and PLA/CSN 

bionanocomposites. The Ea and R2 have been calculated by using isoconversional (K-A-S 

and F-W-O) and model fitting (C-R) methods.  

 

(a) 
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Figure 6.2: TGA and DTG curves of (a) PLA, (b) PLACSN0.5, (c) PLACSN1, (d) 

PLACSN2 and (e) PLACSN5 at the heating rates of 10, 20 and 30 °Cmin-1. 

(e) 

(d) 
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6.2.2.1 Flynn-Wall-Ozawa model (F-W-O) 

Figure 6.3(a-e) displays the F-W-O plots according to Eq. (6.14), log (β) versus -1000/T, at 

different conversion (α) (0.1 to 0.9) for PLA, PLCSN0.5, PLCSN1, PLCSN2 and 

PLACSN5. The points fall on nearly straight lines which are parallel for different heating 

rates, thus proving the applicability of the F-W-O method to the investigated system. The 

Ea for thermal degradation of PLA varies with α throughout the degradation process, 

indicative of a complex reaction of degradation (Chen and Wu, 2007; Li et al., 2009; 

Yang et al., 2002). It can be observed that the activation energy for PLACSN1 has greatly 

improved in comparison to PLA which is consistent with the TGA (see Figure 6.1). The Ea 

shows increment almost linearly in the range 0.1 to 0.4 but then remained constant until 

complete decomposition for extruded PLA. A similar behavior was obtained by Yuzay et 

al. (2010) and the Ea value (128.1 kJ/mol) obtained for PLA in the present study is in line 

with the literature (Yuzay et al., 2010). The addition of CSN at low concentrations i.e. 0.5 

and 1 wt% causes a decrease in degradation rate for PLA bionanocomposites. This can be 

accounted for the network like formations between the PLA chains and CSN particles 

shown in previous sections. As evident from Table 6.3, apparent ‘Ea’ value of PLACSN0.5 

(117-138 kJ/mol-1) and PLACSN1 (120-147 kJ/mol-1) is higher than PLA, which could 

signify slight improvement in the thermal stability. However, it is quite possible that it is 

not the thermal stability that is improved, but it is the nanoparticles interacting with the 

degradation volatiles that are delaying their diffusion out of the molten polymer 

bionanocomposite (McNeill and Leiper, 1985; Nanda et al., 2011). Further loading of 

CSNs (2 and 5 wt%) in PLA matrix, there is decrement in activation energy. We observed 

that the calculated Ea for thermal decomposition of the PLACSN5 is lower than neat PLA. 

This means that less energy is required in the thermal decomposition of PLACSN5 in 

comparison with neat PLA. PLACSN5 bionanocomposite provides more actual acidic 

sites, this is probable reason to earlier degradation in comparison of neat PLA, because of 

more active end groups which have catalytic effect on PLA matrix and finally accelerate 

the degradation rate of PLA bionanocomposites. Another reason could possibly be the 

agglomerated nanoparticles fail to interact with polymer chains thus no structure formation 

takes place at higher concentrations. 
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Figure 6.3: F-W-O plots of (a) PLA, (b) PLACSN0.5, (c) PLACSN1, (d) PLACSN2 and 

(e) PLACSN5. 

6.2.2.2 Kissinger-Akahira-Sunose model (K-A-S) 

In case of K-A-S method as per Eq. (6.9), plots of [Ln (β T2⁄ )] vs. [−1000 T]⁄  in form of 

straight lines can be seen Figure 6.4(a-e). Slopes of straight lines obtained at different 

heating rates can be used to determine the apparent activation energies (Table 6.3). As can 

be observed, the parallel existence of the fitted straight lines shows the feasibility of K-A-S 

model. The Ea values obtained from both the methods were found to follow similar trend 

with respect to increase in CSN loadings. The close match between Ea values obtained 

from the K-A-S and F-W-O method shows that both isoconversional models are best suited 

models for this polymeric system. However value of Ea in K-A-S is slightly lower than 

those of F-W-O method. The difference in the Ea value calculated by the two methods due 

to different approximation is used to solve the analytical equation. It is well known that the 

F-W-O method based on Doyle’s linear approximation while for K-A-S, Murray and 

White approximation is used (Das and Tiwari, 2017). The correlation coefficients (R2) 

values for both methods were in the range of 0.9-0.999 which implies their applicability for 

prediction of thermal degradation kinetic parameters of PLA and PLA/CSN 

bionanocomposites (Valapa et al., 2014). 
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Figure 6.4: K-A-S plots of (a) PLA, (b) PLACSN0.5, (c) PLACSN1, (d) PLACSN2 and 

(e) PLACSN5. 

6.2.2.3 Apparent activation energy vs. conversion 

Activation energy (Ea) versus conversion plots have been drawn using the Ea values 

obtained at different conversions through F-W-O and K-A-S models as shown in Figure 

6.5(a-b). Both the models show similar trends which indicates that activation energies 

values at each conversion values are suitable for the thermal degradation kinetics of PLA 

and PLA/CSN bionanocomposites. The activation energy increases almost linearly at low 

conversion values till α=0.3. After this conversion point, the activation energy remains 

almost constant. Unlike PLA, addition of biofiller, CSN shows almost linear improvement 

in activation energy values throughout complete degradation. Increasing the filler 

concentration beyond 2 wt%, again shows reduction in Ea, values lower than PLA. This 

can be attributed to increased acidic groups contributed by CSN, and agglomerated CSNs 

fail to form network like structures with PLA chains which block the eluted decomposition 

products leading to reduced stability. The average activation energy plots shown in inset 

(e) 
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reveal that PLACSN1 has requires highest activation energy for degradation as per F-W-O 

and K-A-S models.  

 
Figure 6.5: Apparent activation energy vs. conversion plots for PLA and PLA/CSN 

bionanocomposites by (a) F-W-O model (inset: average activation energy plot) and (b) K-

A-S model (inset: average activation energy plot). 
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6.2.2.4 Coats-Redfern (C-R) method 

In Coats Redfern (C-R) method, we obtain a single value of Ea, which is different from F-

W-O and K-A-S methods where ‘Ea’ values dependent on conversion are required for 

analysis. It is well known that F-W-O and K-A-S methods are reliable to evaluate the Ea 

without prior knowledge of reaction model but they have some difficulties to determine 

‘A’ and ‘n’. Figure 6.6(a-o) displays the plotted graphs for neat PLA and PLA/CSN 

bionanocomposites for different value of n at 10, 20 and 30 ºC/min. The selection of 

reaction order (n) is confirmed for best fit plot (regression coefficient (R2) ~1) (Pilawka et 

al., 2014). According to Eqns. (6.15 and 6.16), in the present work, various reaction orders 

(n) are assumed from n = 0.1 to 2.0 for which correlation coefficient (R2) values are above 

0.9. The activation energies for PLACSN1 is highest amongst all samples whereas, 

PLACSN5 is the least. The activation energy Ea values obtained by C-R method are clearly 

higher than the Ea values obtained from F-W-O and K-A-S method but it can be seen that 

the C-R method follows the similar trends like F-W-O and K-A-S methods. The reason for 

such difference is that in the model fitting approach, various models are fitted to 

conversion versus temperature curve (obtained at any heating rate) and activation energy 

and pre-exponential factor are determined. The drawback with this approach is that if a 

system follows a complex thermal degradation mechanism then it gives drastic variations 

in Arrhenius parameters (Aboyade et al., 2012). The apparent activation energies and 

correlation coefficients calculated for the three models i.e. F-W-O, K-A-S and C-R models 

are listed in Table 6.3. 

Table 6.3: Activation energy (0.1 ≤ α ≤ 0.9), average activation energies, regression 

coefficient for PLA and PLA/CSN bionanocomposites obtained by Flynn-Wall-Ozawa, 

Kissinger-Akahira-Sunose and Coats-Redfern models. 

CSN  

(wt%) 

F-W-O method K-A-S method C-R method 

Ea 

(0.1-0.9) 
𝑬𝑬𝒂𝒂���� R2 

Ea 

(0.1-0.9) 
𝑬𝑬𝒂𝒂���� R2 

10 °C/min 

(n) 

20 °C/min 

(n) 

30 °C/min 

(n) 
𝑬𝑬𝒂𝒂���� 

0 114-133 128.1 0.994 110-129 123.7 0.987 287(0.85) 321(0.99) 355(1.1) 321 

0.5 117-138 132.2 0.994 112-134 128.0 0.987 290(0.9) 326(1.1) 362(1.1) 326 

1.0 120-147 139.4 0.998 115-143 135.4 0.999 294(1.0) 331(1.1) 366(1.1) 330 

2.0 119-143 133.0 0.997 114-139 131.0 0.992 290(1.0) 326(1.1) 363(1.1) 326 

5.0 113-132 125.6 0.999 108-128 120.9 0.999 288(0.9) 320(1.0) 348(0.9) 318 
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Figure 6.6: C-R plots at 10, 20 and 30 °Cmin-1for (a-c) PLA, (d-f) PLACSN0.5, (g-i) PLACSN1, (j-l) PLACSN2 and (m-o) PLACSN5. 

(j) (k) (l) 

(m) (n) (o) 
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6.2.2.5 Reaction mechanism for degradation of PLA/CSN bionanocomposites 

Z(α)exp vs. α plots obtained using TGA data are depicted in Figure 6.7(a-e). Moreover, this 

experimental plot when compared with the master plots, provides an easy and precise 

determination of the degradation mechanism. It can clearly be seen that the experimental 

data of Z(α) vs. α for PLA are in accordance with the F1 master curve (Figure 6.7(a)) as 

reported earlier (Valapa et al., 2015a). PLA/CSN bionanocomposites (see Figure 6.7(b-e)) 

exhibit degradation mechanism which is overlapped with F1 (random nucleation with one 

nucleus on the individual particle) mechanism, it indicates that random nucleation occur in 

single step. In this type of mechanism, nuclei are formed at imperfection sites due to 

impurities and edges, dislocation. It confirms that F1 is the rate controlling step for PLA 

and PLA/CSN bionanocomposites throughout the decomposition process.  
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Figure 6.7: Reaction mechanism plots using Criado method for (a) PLA, (b) PLACSN0.5, 

(c) PLACSN1, (d) PLACSN2 and (e) PLACSN5. 
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6.2.3 Characterization of gaseous degradation products using TGA-FTIR 

Hyphenated TGA-FTIR is a reliable technique for understanding the thermal degradation 

behavior of polymer and its bionanocomposite. In order to obtain information about the 

composition of the volatile species evolved from the TGA furnace during TGA analysis 

are captured in FTIR cell and continuously recorded during the dynamic heating regime 

with a heating rate of 10 °C/min for Muga silk, CSNs, PLA and PLA/CSN 

bionanocomposites, respectively. The intensity of FTIR spectra attained maximum values 

at temperature near to DTG peaks. The small differences that have appeared are 

determined by the start time difference between FTIR and TG due to the time required for 

nitrogen flow to fill the cell volume of spectrometer or the transport delay of volatile 

species through the transfer line. It is noticed that TG-FTIR technique is very sensitive tool 

to determine the volatile species generated during the thermal degradation of CSNs and 

confirm the presence of different amide peaks such as 1230–1248 cm-1, skeletal modes, 

confirmation of polypeptide chain sequences and intensity of absorption band can well 

examine the type of bonds cleaved during decomposition. 

6.2.3.1 Analysis of evolved gas products from degradation of Muga silk  

The thermal decomposition of Muga silk is analyzed under nitrogen atmosphere. Figure 

6.8(a) displays Gram-Schmidt (GS) curve, which shows a shoulder at 327 °C and two 

peaks at 378 °C and 624 °C. Hence 3-D and 2-D FTIR spectra of volatile species at 

temperatures 378 °C and 624 °C are captured as shown in Figure 6.8(b-c). 
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Figure 6.8: (a) Gram-Schmidt curves, (b) temperature-dependent 3-D FTIR spectra of the 

thermal degradation and (c) characteristic spectra recorded at maximum weight loss rates 

for Muga silk. 
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At 378 °C i.e. the temperature of maximum evolution of volatile products, FT-IR spectra 

with assigned peaks for the Muga silk show characteristic bands at 1,625 cm−1 (amide I) 

and 812 cm−1 (amide V) which are due to the breaking of peptide backbones in the 

crystalline part of β-phase (Figure 6.8(c)) (Gogoi et al., 2011). The other characteristics 

band appears at 1048 cm-1, 1010 cm-1, 992 cm-1 and 964 cm−1 (amide IV) which signify the 

peptide chain of Muga silk, Gly-Gly linkage, Aly-Gly sequences and Ala-Ala linkages in 

the crystalline region of β-phase, respectively. Moreover, absorption bands located at 1,158 

cm−1 is caused by the N-H stretching (hydrogen bonded). The presence of bands at 688 

cm−1 (N-C=O in-plane bending, amide IV) and 540 cm−1 (N-C=O, out-plane bending 

amide VI) confirms the cleavage of alpha-form sequential alanine polymer (Gogoi et al., 

2012). Absorption bands at 3333 and 3272 cm-1 attributed to N-H stretching for amide II, 

peak at 1765 and 1734 cm-1 (C=O) is assigned to carbonyl compound, bands at 1119 and 

1083 cm-1 for C-O stretching and C-N stretching (Zhang et al., 2002). Absorption band at 

923 cm-1 indicate the aromatic ring vibration. Carbon dioxide (CO2) is identified by the 

presence of bands located at 2358, 2310 and 664 cm-1, respectively. CO2 is the main 

decomposition product in comparison with other volatile species which can be observed 

beyond 300 °C in nitrogen atmosphere and its band still exists when reaction further 

progressed during the residue decomposition stage. The evolution of CO2 might be caused 

by secondary cracking of volatile species at 652 °C.  

6.2.3.2 Analysis of evolved gas products from degradation of lab synthesized 

crystalline silk nano-discs (CSNs) 

Figure 6.9(a) exhibits the GS curves of the degradation process indicates the two-step 

degradation of CSNs at 371 and 625 °C, respectively. Decomposition of main-chain 

occurred above 300 ºC, and finished at about 450 ºC. Figure 6.9(b) displayed the 3-D FT-

IR spectra of CSNs and on-line evolution of volatile species with continuous mode. Figure 

6.9(c) represents the characteristic spectra recorded at 371 °C with the enlarged views 

around (1500–1200 cm-1), (1250–970 cm-1), respectively. Results show that there are small 

differences between the Muga silk and CSNs volatile species with the major absorbance at 

around 3000–2900, 1800–1250, and 1200–800 cm−1 regions. In case of CSNs, peak 

intensity against various volatile components is higher than Muga silk, which confirms the 

higher release of volatile component. Another difference is that CSNs are more thermally 

stable than Muga silk and decompose later in the temperature range of 30–300 °C.  

 

198 
 



 

 

(b) 

(a) 

199 
 



 

Figure 6.9: (a) Gram-Schmidt curves, (b) temperature-dependent 3-D FTIR spectra of the 

thermal degradation and (c) characteristic spectra recorded at maximum weight loss rates 

for CSNs.  

The spectrum recorded at maximum evolution of volatile products (371 °C) can be 

assigned to the main decomposition of peptide chains, presence of Gly-Ala, Aly-Gly, Ala-

Ala linkages, amide A, alkyl N-H stretching, C-O stretching, C-N stretching, ring structure 

related species, release of CO2 and water as, discussed in previous section 6.2.9 for Muga 

silk. Additionally, β-sheet confirmation around 1230 cm-1-1248 cm-1(amide III) is due to 

C-H stretching, (Ling et al., 2011) absorption bands at 2982 cm-1, 2940 cm-1 are related to 

C-H stretching and asymmetric stretching of CH2 group. As seen from Figure 6.9(c), 

absorption band at 1070 cm-1 for sericin, were absent which are indicative of effective 

degumming in CSN whereas was present in Muga silk at 1074cm-1 which is submerged 

with band at 1083 cm-1. The bands at 1486 cm-1-1375 cm−1 are assigned to C-H bending of 

aliphatic groups formed by the cleaving of the main chain, band at 1375 cm-1 (amide III) is 

also assigned to amino acid group superimposed with C-H bending. The bands at 2359, 

2310, 669 cm-1 and 2114 cm-1 imply the formation of CO2 and CO respectively; the band 

at 1771 cm-1, 1749 cm-1, 1733 cm−1 confirmes the release of different type of carbonyl 
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compounds. The absorption band located at 1509 cm-1 confirms the formation of aromatic 

structures. When the temperature is above 371 °C, intensity of absorption band decrease 

with further increase of temperature during the main mass loss stage. During the second 

mass loss stage, when the temperature is above 622 °C, the strongest absorbance bands for 

CO2 and weak bands for CO are observed, it revealed CO2 is released in large amount due 

to secondary cracking of volatile species (Liu et al., 2013). 

6.2.3.3 Analysis of evolved gas products from degradation of Poly(lactic acid)  

Conventional thermal degradation process of PLA is very complex and it usually proceeds 

by various reaction pathways. These degradation pathways include, transesterification 

(dominant degradation mechanism) of PLA at temperatures above 200 °C (see Figure 

6.10(a)); cyclization, leading to the formation of cyclic oligomers, cis-elimination reactions 

also occur at high temperature range (300–500 °C), random main chain scission at 

temperatures above 180 °C, hydrolysis at a temperature between 150–215 °C (Xu et al., 

2016). The 3D-FTIR spectra of volatile products from the neat PLA are presented 

in Figure 6.10(b), as can be seen, no release of volatile components is observed up to 

330 °C. Heating above 330 °C produced weak absorptions at around 2358–2310 cm−1, 

which are related to the breakdown of PLA chains and the release of CO2. The spectra 

measured at 381 °C (Figure 6.10(c)) shows significant changes, (Tudorachi et al., 2012; 

Vogel and Siesler, 2008) with strongest absorbance peaks at 1786 cm−1 and 1765 cm-1 

corresponding to asymmetric and symmetric stretching of C=O group. Doublet of peaks at 

2350–2310 cm−1 and 2178–2116 cm−1 are assigned to CO2 and CO, and band at around 

3568 cm-1 (O-H stretching) for water, bands at 2738 cm−1 stretching of CHO group, 1375 

cm−1 for C-H bending of CH3 group, 1765 cm−1 (C=O) are related to aliphatic aldehyde 

group, 3002 cm−1 (C-H stretching) – 2950 cm−1 (asymmetric stretching of CH3 group), 

1786 cm−1 (C=O), 1456 cm−1 (C-H bending for CH3), band at 1244–1108 cm−1 ascribed to 

stretching of C-O-C and lower intensity peaks at 933 cm−1is related to ring skeleton, these 

peaks are detected to lactide or cyclic oligomer. These observations supporting the data 

analysis of Zou et al. (2009) who found that thermal decomposition of PLA produces 

similar type of volatile species. It confirmed that the thermal decomposition of PLA is 

dominated by chain homolysis route and hydroxyl end-initiated ester interchange process 

is also involved which attribute to the formation of CO.  
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Figure 6.10: (a) Gram-Schmidt curves, (b) temperature-dependent 3-D FTIR spectra of the 

thermal degradation and (c) spectra recorded at maximum weight loss rates for PLA. 

6.2.3.4 Analysis of evolved gas products from degradation of PLA/CSN 

bionanocomposites 

The identification of the volatile species whose evolution is minimized or eliminated under 

the dynamic heating regime, is vital to elucidate the role of this bionanocomposite on the 

environment. The influence of lab synthesized CSNs on the thermal decomposition of PLA 

are shown in Figure 6.11(a-c). It is observed that the thermal degradation of the PLACSN5 

is quite similar to the neat PLA. These results correspond with the GS curve (see Figure 

6.11(a)) and can be used to explain the effect of this hydrophobic filler on the thermal 

decomposition of PLA. In comparison to pathway which involves bond rupturing and 

formation of new bond. This reaction will continue until degradation is completed and give 

higher yield of lactide monomer released (Chiang et al., 2011; Mofokeng and Luyt, 

2015). It is suggested that this typical reaction mechanism is more favoured by 

depolymerization than chain scission mechanism (Mofokeng and Luyt, 2015).  
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Figure 6.11: (a) Gram-Schmidt curves, (b) temperature-dependent 3-D FTIR spectra of the 

thermal degradation and (c) spectra recorded at maximum weight loss rates for PLACSN5. 

6.2.4 Hydrolytic degradation of PLA and PLA/CSN bionanocomposites 

It is indispensable to have an understanding about the hydrolytic degradation of PLA and 

PLA bionanocomposites. Hydrolytic degradation of non-treated amorphous PLA and 

PLACSN5 specimens were performed in pH solutions of 2, 7 and 12 at 37 and 60 °C. Two 

incubation temperatures were selected viz. 37 and 60 °C. Lower temperature (37 °C) was 

to simulate the process of degradation of PLA and PLACSN5 in the human body for 

possible uses in biomedical devices whereas, elevated temperature (60 °C) was selected as 

per various ASTM and ISO standards (Fukushima et al., 2011; Gorrasi and Pantani, 

2013). Figure 6.12 displays the plots of residual weight fraction (ɸ) of PLA and PLACSN5 

bionanocomposite as a function of hydrolytic degradation duration which gives 

information about fraction of water soluble oligomer and monomer formed due to 

hydrolytic degradation which diffuse into the surrounding solution. It can be seen that the 

residual weight fraction (for all pH and temperature conditions studied) varies in a non-

linear fashion with increasing hydrolytic degradation time.  
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Figure 6.12: Plots of residual weight fraction (ɸ) versus hydrolytic degradation time (t) for 

PLA and PLACSN5 at 37 and 60 °C immersed in (a) acidic (pH=2), (b) neutral (pH=7) 

and (c) alkaline (pH=12) solutions. 

Hydrolytic degradation can be divided into three stages, a fast initial stage, a steady mid-

stage and a slower third stage, irrespective of pH and temperature conditions (Valapa et 

al., 2016; Wang et al., 2016b). Hence, the study was conducted till 120 h only as the third 

stage is almost achieved for all samples investigated for hydrolytic degradation studies. It 

was found that the degradation rate was higher at elevated temperatures i.e. 60 °C (~Tg,PLA) 

as compared to 37 °C, this can be attributed to increased chain mobility which reduced the 

activation energy required for breaking of chains.(Elsawy et al., 2017). It could be noted 

that weight loss was much faster in basic conditions (pH ~12) followed by acidic 

conditions (pH ~2). The neutral pH conditions showed least activity towards hydrolytic 

degradation. The –OH groups present in alkaline mediums act on the ester linkages 

resulting into such faster degradation rates as compared to other pH media. It can be seen 

that PLACSN5 impedes the hydrolytic degradation process of PLA, due to hydrophobic 

nature of CSN, which suppresses water absorption (Paul et al., 2005). Surprisingly, 
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PLACSN showed accelerated degradation under basic conditions which was unexpected. 

This can be attributed to proper dispersion of CSN throughout the matrix, which provides 

additional sites for –OH groups to attack the matrix backbone.  

6.2.4.1 Hydrolytic degradation rate 

Figure 6.13 and Table 6.4 shows variation of hydrolytic degradation rates as calculated 

with Eq. (6.24). PLA degradation values are slightly lower with respect to values in 

literature (Fernández and Fernández, 2017). It was found that unfilled PLA degrading 

rate was more as compared to PLACSN5 under acidic and neutral conditions. Contrary to 

the expected results, PLACSN5 degradation rate is higher than PLA in alkaline medium. It 

is known that in alkaline pH, degradation takes place through the surface whereas in 

acidic/neutral pH, degradation occurs at the bulk, which makes hydrolytic degradation 

phenomenon more observable in alkaline solutions which is aggravated by the availability 

of interfaces on the surface created due to the homogeneously dispersed CSN in the PLA 

matrix.(Duan et al., 2016). The process is further amplified due to well-dispersed CSNs in 

the PLA matrix which creates high amount of PLA/CSN interfaces acting as additional 

sites for hydrolytic degradation to occur, thus eclipsing the hydrophobic nature of CSNs. 

To access the CSN dispersion and understand the mechanism of alkaline degradation 

(showing highest hydrolytic degradation rate), surface and cross-sectional morphology and 

other related studies such as XRD, transparency, TGA, etc is studied to support our 

findings, which is discussed in subsequent sections. 

 
Figure 6.13: Hydrolytic degradation rate calculated from percentage mass loss. 
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6.2.4.2 Variation in pH 

To learn about the byproducts during hydrolytic degradation, variation in pH with respect 

to immersion time was conducted. It can be seen from Figure 6.14 that for all the three pH 

solutions exhibit a decrease in pH as the time proceeds. Process of degradation proceeds by 

chain scission of ester bonds generating carboxylic acid end groups which further 

autocatalysis hydrolysis process. As the degradation proceeds, shorter PLA segments and 

oligomers, escape from the matrix into the surrounding media resulting in this decrease in 

pH (De Jong et al., 2001). The main degradation product of PLA by hydrolytic 

degradation process is lactic acid, which has a pKa value of 3.84. As a result of which the 

pH of all media tends to reach this acidic pH (Elsawy et al., 2017). The lactic acid released 

in alkaline solution is in dissociated form which accelerates hydrolysis, whereas in acidic 

solutions, it is in associated form which carries out hydrolysis process through auto-

acceleration (Lyu and Untereker, 2009). 

 

Figure 6.14: Variation in pH values recorded from 0–120 h of immersion time-period. 
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6.2.4.3 Morphological investigations 

To develop deeper insight about the hydrolytic degradation mechanism of PLA and 

PLACSN5 bionanocomposites, the surface and cross-sectional morphologies for alkaline 

pH were examined using FESEM. Figure 6.15(a-b) shows the surface morphologies of 

PLA and PLACSN5 before degradation. The SEM micrographs show that the PLA surface 

appears to be very smooth whereas PLACSN5 surface shows rough morphology with 

nano-sized CSNs (shown with black arrows) homogeneously dispersed in the PLA matrix. 

Figure 6.15(c-d) shows surface morphologies of PLA and PLACSN5 after being immersed 

for 120 h in alkaline solution at 37 °C. Interestingly, the roughness of PLACSN5 is higher 

in comparison to PLA, this is due to the fact that homogeneously dispersed CSNs create 

numerous PLA-CSN interfaces which act as sites for the action of –OH ions. As already 

discussed, alkaline degradation is a surface phenomenon, thus the etching of polymer 

amorphous chains of PLA into solutions are more prone to surface erosion than crystalline 

regions (Dai and Qiu, 2017; Duan et al., 2016). These events are more severe at higher 

incubation temperatures as shown in Figure 6.15(e-f). The PLACSN5 at 60 °C shows even 

higher surface roughness and deeper erosions as compared to PLA. Obviously, the 

variations of surface morphologies of samples agree well with their mass loss profiles 

(Figure 6.15(c)). This increased mass loss does not render increased hydrolytic degradation 

rate for PLACSN5 in alkaline solutions as it is the molecular weight loss and not the mass 

loss which is the real indication of the rate of hydrolytic degradation. This was verified by 

examining the cross-sectional morphologies of PLA and PLACSN5 after hydrolytic 

degradation at 60 °C in alkaline media. The cross-sectional morphology displayed in 

Figure 6.15(g-h) is quite different from the surface morphology (Figure 6.15(e-f)). The 

cross-sectional morphologies correspond to the bulk morphology of the specimens. It can 

be observed that cross-sectional morphologies appear much less eroded as compared to 

surface which ratifies the fact that alkaline pH is a surface phenomenon. Both samples 

appear smooth with appearance of small holes (Valapa et al., 2016). Moreover, FESEM 

micrographs of PLACSN5 after being hydrolyzed shows more number of expelled CSNs 

(highlighted with black arrows) as compared to non-degraded sample. This clearly 

indicates that PLA degradation in alkaline solutions occurs at PLA-CSN interface and also 

PLACSN5 shows increased surface erosion and not the overall hydrolytic degradation 

(Lizundia et al., 2017).  
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Figure 6.15: FESEM micrographs for comparison between (a, c, e, and g) PLA and (b, d, f 

and h) PLACSN5 bionanocomposite surface (a, b) prior to immersion and (c-h) after 120 h 

at pH=12 (c, d) 37 °C, (e, f) 60 °C, (g, h) cross-sectional view at 60 °C. 
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6.2.4.4 Changes in molecular weight during hydrolytic degradation study 

In order to shed some light on the impact of hydrolytic degradation on the 

bionanocomposite properties, the reduction of the molecular weight (high-MW part) of 

PLA chains extracted from PLA and PLACSN5 samples was analyzed using GPC at 

different pre-determined time points after their recovery from incubation solutions. This 

time-period is chosen, as during this period the molecular weight loss is most prominent 

which attains a constant later irrespective of the time period (Zhang et al., 2008). It can be 

seen that alkaline pH (Figure 6.16(c)) showed a higher percentage reduction in molecular 

weight compared to acidic (Figure 6.16(a)) and neutral (Figure 6.16(b)) pH respectively. 

Two inferences can be drawn from the loss of molecular weight investigations, firstly, 

higher incubation temperature affected the molecular weight severely and secondly the loss 

of molecular weights for PLA was higher in comparison to PLACSN5 owing to 

hydrophobic nature of CSN as seen in Figure 6.16(a-c). These findings are in line with the 

residual weight loss experiments. Furthermore, it can be noticed that the weight loss was 

much lower as compared to molecular weight reduction which was expected as upon 

hydrolytic degradation, shorter PLA chains and oligomers are not taken up by the pH 

media. It is only the dimers/trimers of lactic acid that are solubilized in pH media (Paul et 

al., 2005). It is known that hydrolytic degradation is heterogeneous phenomenon i.e. it 

occurs faster inside than at the surface, because inside autocatalysis by carboxylic end 

groups is more prominent (De Jong et al., 2001).  
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Figure 6.16: (a-c) Percentage-wise MW reduction vs. hydrolysis time for PLA and 

PLACSN5 bionanocomposite with at different incubation temperature immersed in 

different pH solutions (a) acidic, (b) neutral and (c) alkaline. 

(b) 

(c) 

213 
 



 

6.2.4.5 Degradation kinetics of PLA and PLACSN bionanocomposites 

PLA follows first order degradation during initial exposure to hydrolytic degradation (Li et 

al., 2017). The relationship between logarithmic (Ln Mw) of PLA and degradation time is 

shown in Figure 6.17(a-b). It is observed that PLA follows first-order degradation in the 

pre-determined exposure time. From the slope of Ln Mw-t plots, the rate parameter k are 

obtained, which are presented in Table 6.4. It can be seen that degradation parameter “k” 

were higher for PLA in comparison to PLACSN5, which shows the hydrolytic resistance 

of PLA/CSN bionanocomposites. The k × 103 values for alkaline degradation (37 and 60 

°C) conditions for PLA and PLACSN5 are 4.6, 23.4 and 3.9, 20.9 g/mol.day, respectively. 

The k values are a little larger than the results from the study by Li et al. (2017).  

 

  

(a) 
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Figure 6.17: Degradation rate kinetic plots for Ln Mw vs. degradation time (t) (a) 37 °C 

and (b) 60 °C. 

6.2.4.6 Changes in thermal stability upon hydrolytic degradation 

The thermal stability of PLA and PLACSN5 was recorded by thermogravimetric analysis 

(TGA). The TGA traces for PLA/CSN post 120 h during hydrolytic degradation under 

different pH conditions and temperatures is shown in Figure 6.18(a-b). The TGA traces 

reveal that the thermo-degradation of submerged samples proceeds at lower temperatures 

as the degradation temperature increases and level of chain-cleavage. It is understood that 

upon hydrolytic degradation, the polymer macromolecule chains are cleaved into 

numerous shorter chain segments. In view of this, sample with smaller chain segments 

requires less energy to degrade which means it has an early onset of degradation (T10). For 

instance the T10 for PLACSN5 is lowered from 280.1 to 269.1 °C when exposed to alkaline 

environment at elevated temperatures. (see Table 6.4 for the T10 values). It should be noted 

that all samples, irrespective of pH environment or incubation temperature display one-step 

degradation which ratifies that thermo-degradation occurs via intramolecular 

transesterification reactions (Lizundia et al., 2017). Moreover, PLA shows an enhanced 

stability in regard to bionanocomposite film, inferring that breaking of polylactide 

(b) 
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backbone which occurs through random scission of ester bonds, is more pronounced in 

samples containing CSN, suggesting that it plays role as a trigger on hydrolytic 

degradation of PLA. 

 

Figure 6.18: TGA thermograms of (a) PLA and (b) PLACSN5 before and after hydrolytic 

degradation carried for 120 h. 

(a) 

(b
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6.2.4.7 Changes in thermal properties upon hydrolytic degradation  

Figure 6.19(a-b) shows the heating DSC traces of hydrolytically degraded PLA and 

PLACSN5 under different pH and temperature conditions.  

 

Figure 6.19: DSC thermograms of (a) PLA and (b) PLACSN5 before and after hydrolytic 

degradation carried for 120 h.  

(a) 

(b) 
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As presented in Table 6.4, as the degradation proceeds, the crystallization and melting 

point shifts to higher temperatures. The reverse trend is observed for glass transition 

temperature which shifts to lower temperatures due to decrease in molecular weights of the 

degraded samples (Rapacz-Kmita et al., 2015). The crystalline fraction also improves for 

both materials, due to utilization of amorphous regions. These effects are more evident in 

PLA as compared to PLACSN5 which suggest better degradability of PLA. It could be 

observed that, for all studied temperature and pH conditions, PLA and PLACSN5 present 

thermograms characteristic to semi-crystalline polyesters having a sharp crystallization 

peak at ~115 °C respectively. Overall, as degradation proceeds, Tm displays a shift to 

higher temperatures. These changes occur at initial stages, where molecular mobility of 

PLA chains in increased due to hydrolytic degradation chain cleavage, allowing formation 

of more ordered structures (Zhang et al., 2008). Hence, shorter the PLA chains become, 

higher Tm values are obtained combined with gradual increase in relative crystallinity. 

Table 6.4: Thermal and structural properties before and after hydrolytic degradation. 

Sample 
R×102 k×102 T10 T50 Tg ΔHm 𝝌𝝌𝒄𝒄∗ Tc Tm CI** 
(%/d) a (g/mol.d)b (°C) (°C) (°C) (J/g) (%) (°C) (°C) (%) 

PLA - - 293.7 356.7 52.3 22.2 23.7 116.5 148.7 12.0 
PLA_A_37 4.4 3.6 290.3 362.7 47.9 22.9 24.5 114.0 148.0 - 

PLA_N_37 3.5 2.5 275.6 357.9 48.1 34.5 36.8 117.9 148.9 - 

PLA_B_37 6.6 4.6 287.5 361.1 48.5 23.1 24.6 114.9 148.9 44.5 

PLA_A_60 13.9 21 275.6 358.1 48.7 31.0 33.1 117.6 148.4 - 

PLA_N_60 13.5 24.4 288.6 358.7 47.9 22.5 24.1 114.0 148.4 - 

PLA_B_60 24.4 23.4 270.6 358.7 48.1 32.7 34.9 120.7 149.3 52.5 

PLACSN - - 280.1 361.9 48.0 23.7 24.0 115.0 148.4 19.5 

PLACSN_A_37 1.4 1.2 277.7 353.9 47.5 22.9 23.2 114.9 148.4 - 

PLACSN_N_37 1.6 0.2 280.7 355.2 49.7 32.6 33.1 115.8 148.4 - 

PLACSN_B_37 11.2 3.9 281.9 355.2 46.8 23.6 24.0 116.2 149.3 50.8 

PLACSN_A_60 10.3 19.8 279.5 355.0 49.1 31.5 32.0 114.0 147.1 - 

PLACSN_N_60 8.8 20.4 278.2 354.4 50.2 25.1 25.4 114.9 148.4 - 

PLACSN_B_60 51.5 20.9 269.1 358.6 50.0 27.8 28.2 117.6 148.4 55.3 
arate calculated from residual weight fraction (ɸ); bcalculated from weight average 

molecular weight (Mw); *calculated from DSC **calculated from XRD profiles. 
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6.2.4.8 Structural changes upon hydrolytic degradation  

XRD profiles of PLA and PLACSN5 films during hydrolytic degradation are shown in 

Figure 6.20(a-b).  

 
Figure 6.20: Comparison between (a) PLA and (b) PLACSN5 before and after hydrolytic 

degradation carried for 120 h through XRD diffractograms.  

(b) 

(a) 
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Initially, PLA appeared completely amorphous without any recognizable peaks. After 36 h, 

diffraction peaks appear at 2θ = 14.5, 16.6, 19 and 22.2°. The major peak at 16.6° (110) 

corresponds to the α-crystalline structure of PLA (Zhang et al., 2008). After 120 h, the 

intensity of these diffraction peaks increased. Therefore, the X-ray diffraction spectra 

confirmed the formation of stable crystal structure during the degradation of PLA. It is 

well known that amorphous regions are attacked during hydrolytic degradation. This leads 

to increase in crystalline character of semi-crystalline polyesters. The mobile shorter chain 

formed during hydrolytic degradation allows for reorientation of crystalline phase which 

results in increment in crystallinity (Höglund et al., 2010). 

6.2.4.9 Physical alterations and transmittance 

The impact of hydrolytic degradation can be easily judged by visual inspection. Figure 

6.21 shows the specimens exposed to hydrolytic degradation under different pH and 

temperature environments. From visual inspection it can be seen that the degradation was 

more pronounced at higher temperatures 60 °C as compared to 37 °C. At elevated 

temperatures, considerable opacity (milky white) and extreme brittleness was achieved at 

shorter time period for both materials. As time proceeds samples became fragile and even 

lost integrity at the later stages of experiment. This opacity can be attributed to various 

reasons, light scattering due to water molecules present inside the films, presence of 

degradation products entrapped inside the films, formation of holes in the bulk as a result 

of hydrolytic degradation and due to development of crystallinity of the PLA matrix. As 

explained in previous section 6.2.20, that amorphous domains are more susceptible to 

hydrolytic degradation hence, increment in crystallinity seems to be the most plausible 

cause (Fukushima et al., 2011). The light scattering ability was decreased upon hydrolytic 

degradation due to higher opacity in residual sample. It was observed that percentage 

reduction in transmittance values was higher in PLA compared to PLACSN5 which means 

that degradation process occurred at a faster rate in PLA. With passage of time, hydrolysis 

resulted in increase in relative opacity of all materials which was measured using UV-vis 

spectrophotometer and presented in Table 6.5. 
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Figure 6.21: Visual appearance of PLA and PLACSN5 bionanocomposites before and after hydrolytic degradation at different time intervals. 
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Table 6.5: Light transmittance values with their respective reduction percentages in PLA 

and PLACSN5 samples. 

Sample % 

Transmittance 

% 

Reduction 

Sample % 

Transmittance 

% 

Reduction 

PLA 56.32 

 

PLACSN 12.99 

 PLA_A_37 36.00 36.08 PLACSN_A_37 9.89 23.86 

PLA_N_37 42.72 24.15 PLACSN_N_37 10.37 20.17 

PLA_B_37 8.72 84.52 PLACSN_B_37 6.45 50.35 

PLA_A_60 0.70 98.76 PLACSN_A_60 0.58 95.54 

PLA_N_60 0.88 98.44 PLACSN_N_60 0.71 94.53 

PLA_B_60 0.61 98.92 PLACSN_B_60 0.20 98.46 
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6.3 Summary 

In this study, thermal and hydrolytic degradation of PLA and PLA/CSN 

bionanocomposites with varying CSNs loadings were investigated. The presence of CSNs 

had a pronounced influence over thermal and hydrolytic stability of PLA. TGA studies 

showed improvement in thermal stability at small loadings (~1 wt%) along with higher 

degradation activation energy, Ea than that of PLA. The network structures act as labyrinth 

for degraded polar molecules to escape hence slows down interaction with PLA chains, 

thus imparting more stability. Thermal stability was lost at higher concentration of CSN 

(~5 wt%) due to CSN agglomeration which lower the possibility of network formation. 

Thermal degradation kinetics was analyzed using two isoconversional, Flynn-Wall-Ozawa 

and Kissinger-Akahira-Sunose models and one model fitting model i.e. Coats-Redfern 

model. The models predicted higher decomposition activation energy requirement for 

degradation to occur in case of PLACSN bionanocomposite unlike in PLA. It was found 

that isoconversional models gave more realistic values for Ea, whereas model fitting C-R 

model gave higher values of activation energies albeit similar trend like the 

isoconversional methods was observed. The PLA and PLA/CSN bionanocomposites 

follow the F1 type degradation mechanism. The major evolved volatile products detected 

during TG-IR, are CO2, CO, aldehydes, lactide and cyclic oligomers for PLA and 

PLA/CSNs. These results suggest that incorporation of CSNs into PLA matric enhanced 

thermal stability of bionanocomposite which could extend the range of applications like 

automobile industry and high engineering applications. The effect of in vitro hydrolytic 

degradation has been investigated by common analysis techniques. It has been observed 

that degradation rate is slower for PLA/CSN bionanocomposites due to hydrophobic 

character of CSN. The study elucidates that basic pH and higher temperature, both favour 

hydrolytic degradation process for PLA and PLACSN5 bionanocomposite samples. We 

describe, here the possibility of use of PLA/CSN bionanocomposites in moist 

environments. The results described here can find applications to control the degradation 

rate of PLA. Morphological investigations provide direct evidence on CSN-initiated PLA 

degradation, which is expected to occur via H2O dissociation onto silk nano-discs, thereby 

breaking ester bonds of adjacent PLA chains. XRD and DSC analysis shows that 

crystallinity increases with due course of degradation process. GPC analysis shows 

reduction in molecular weight of samples as the degradation proceeds. 
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Chapter 7 
 Preparation and Characterization of PLA/CSN and 
PLA/MGCSN Bionanocomposites with and without 

Anticancer Drug (Curcumin) by Electrospinning 
and Evaluation for Cytotoxicity and Anti-cancer 

Activity 
 

This chapter discusses the utilization of prepared crystalline silk nano-discs (CSNs) and 

magnetic silk nano-discs (MGCSNs) for preparation of biocompatible nanofiber based 

scaffolds by melt blending with poly(lactic acid) (PLA) along with silk followed by 

electrospinning. The prepared scaffolds are characterized for morphological, thermo-

mechanical and structural properties. We assessed release behavior of curcumin from these 

scaffolds. Curcumin, a naturally occurring anticancer drug and found effective towards 

sustained release over 25 days which also shows effective cytotoxicity against human 

cervical cancer cells. Interestingly, alignment of CSN derived magnetic nanoparticles due 

to effective fiber drawing process during electrospinning could improve cytocompatibility 

against BHK-21 cells. In vitro cell cytocompatibility studies show improved cell adhesion 

and proliferation on the surface of bionanocomposites scaffolds which support its 

biocompatible nature. Combined effect of curcumin and hyperthermia reduced the growth 

to ~63%.  
The work in this chapter is accepted as: 

• R. Patwa, N. Soundararajan., N. Mulchandani, S. M. Bhasney, M. Shah, S. Kumar, A. Kumar and V. 

Katiyar, “Silk nano-discs: A natural material for cancer therapy,” Biopolymers, DOI: 

10.1002/bip.23231. (Accepted). 
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7.1 Introduction 

Silk is a fibrous protein known for its combined strength and stretchability, which places it 

amongst the toughest biomaterials known to mankind. However, despite years of research, 

it is still impossible to mimic silk’s unique properties which are due to self-assembly of the 

domains at nanoscale precision (Keten et al., 2010). Moreover, silk possesses 

environmental stability (Jo et al., 2017), ease of functionalization, favorable oxygen/water 

permeability, minimal antigenic response (Babb et al., 2017), biocompatibility 

(Shimanovich et al., 2017), morphologic flexibility (Rockwood et al., 2011) and better 

mechanical properties in comparison to globular proteins (Altman et al., 2003), making it 

a viable entity in various fields of biomedical applications such as for developing sutures 

(Jo et al., 2017), controlled drug delivery (Min et al., 2017), cancer therapeutics (Yan et 

al., 2016), wound healing (Darshan et al., 2017), etc. Although a major confusion lies 

regarding its degradable nature, various reports suggest that silk can be degraded by 

proteolytic enzymes in vivo which over the time gets absorbed slowly (Cao and Wang, 

2009). 

To utilize the superior properties of silk due to its unique molecular structure (Nova et al., 

2010), nano-level formulations of silk with polymers such as PLA, PCL, etc., can be 

exploited using various routes. Nanoparticles of silk fibroin can be obtained through 

emulsion-solvent evaporation, self-assembly, phase separation, spray drying rapid 

expansion of supercritical solution, electro-gelation, and salting out (Rockwood et al., 

2011). The above procedures utilize reconstituted silk having random coil structures which 

needs to be reconverted to pleated structures, hence material properties are compromised 

(Rousseau et al., 2004). Interestingly, silk’s original properties can be retained through 

direct utilization of silk post-degumming using mechanical attrition. Reduced morphologic 

flexibility, partial degradation of non-crystalline part, metal contamination and high costs 

are still some significant hurdles (Wang et al., 2017). To improve mechanical compliance 

and retain morphologic flexibility, silk-based composites have been used for bone 

regeneration (Shi et al., 2016), rope for replacement of anterior cruciate ligament (Altman 

et al., 2002), protective gauzes for skin burn treatment (Schiefer et al., 2017), silk cast 

films for growth of mural fibroblast and other human cells, etc. (Wang et al., 2016c). 

Silk-based scaffolds have detailed nano/micro internal architecture enabling them to 

supplement the extracellular matrix (ECM). The most commonly used techniques are 

solvent casting, particulate leaching, laser sintering, electrospinning, etc. (Rockwood et 
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al., 2011). Electrospinning essentially operates at high voltages, which allows the electric 

field to surpass the surface tension of polymeric solutions thus generating nanofibers. It 

can produce porous nanofibrous mats with large surface area that can withstand under 

continuous shear and vascular wall stretches (resembling extracellular matrix of skin 

tissue) and promote cell adhesion and proliferation, which are essential requirements for a 

material to be used as scaffold (Wang et al., 2016d). To improve the case for use of silk 

nanoparticles for drug delivery and cancer therapeutics, magnetic functionalization is 

desired. Moreover, magnetic field has been found to have a positive effect on wound 

healing and tissue regeneration (Meng et al., 2010). The mechanisms regulating wound 

healing can also promote cancer growth, hence a scaffold should also possess drug release 

abilities (Sokolsky-Papkov et al., 2007). To address this, various anti-cancer drugs, both 

natural and synthetic, have been used. Owing to their side -effects, naturally occurring 

curcumin, principal bioactive component in turmeric (curcumina longa) is gaining interest. 

Curcumin was electrospun with silk fibroin for sustained release wound dressing material 

(Kasoju and Bora, 2012). Based on the above discussion, the present chapter outlines the 

preparation of electrospun, poly(lactic acid)-crystalline silk nanodiscs/magnetic silk nano-

discs (PLA-CSN/MGCSN) scaffolds and their evaluation for wound healing applications, 

cell-cytocompatibility of these scaffolds, as well as curcumin release as a model drug. 

Further, the developed scaffolds are also explored for potential synergistic effect of 

hyperthermia and drug release on cancer cells. To our understanding, there is no study 

available based on the isolation of crystalline silk nano-discs by acid hydrolysis of Muga 

silk fibroin (Antheraea assama) and fabrication of magnetic nano-discs by adhering 

magnetite nanoparticles on the disc surface.  

7.1.1 Fabrication of electrospun bionanocomposite scaffolds 

7.1.1.1 Normal Electrospinning 

The melt extruded strips were dissolved in a binary solvent of chloroform: 

dimethylformamide (Merck) (9:1) to obtain 10% (w/v) solution. The solutions were stirred 

overnight and were subsequently used for production of nanofibers via electrospinning 

using a standard electrospinning setup (E-spin, Nanotech, India). The polymer solution was 

taken into a 5 ml plastic syringe with a 20G SS needle. The solution was pumped with a 

flow rate of 0.8 ml/h with a positive voltage of 6 kV to the needle. The collector to needle 

distance was maintained at 15 cm. A flat plate collector was used to collect the scaffold of 

randomly oriented fibers at 23 °C under 35% relative humidity and the electrospinning 
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setup is shown in Figure 7.1(a). Curcumin (5 wt%) electrospun scaffolds were also 

fabricated in similar fashion. Visual image of electrospun samples is shown in Figure 

7.1(b).  

 

 Figure 7.1: (a) Normal electrospinning setup and (b) PLA based electrospun scaffolds 

with and without curcumin. 

Based on the above explanation, the PLA based bionanocomposites filled with 

CSNs/MGCSNs were prepared via electrospinning. The conventional electrospinning was 

used to prepare scaffolds which were labelled as PLA, PLACSN (PLACSN 5 wt%) and 

PLAN (PLA/MGCSN 5 wt%). Curcumin (5% w/v) loaded PLA, PLACSN, PLAN were 

also prepared separately under identical conditions. 

7.1.1.2 Magnetic field-assisted electrospinning 

Apart from standard procedure, magnetic field-assisted electrospinning was carried out 

with a small modification in the setup to prepare PLA based bionanocomposites filled with 

MGCSNs (see Figure 7.2(a)). Three tubular neodymium magnets (10 mm × 5 mm) 

attached back to back (Figure 7.2(b)) with central opening of around 5 mm were used. The 

electrospinning needle was passed through these magnets without touching them with 10 

mm of needle tip protruding outside from the magnets (Figure 7.2(c)). The applied voltage 

was 12 kV, all other parameters were maintained the same as that in the absence of 

(a) 

(b) 

PLA PLA(WD) PLACSN PLACSN(WD) PLAN PLAN (WD) 
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magnetic field. Curcumin (5% w/v) loaded PLA, PLACSN, PLA/MGCSN were also 

prepared separately under identical conditions (Figure 7.2(d)). 

The as-formed PLA-CSN/MGCSN bionanocomposite scaffolds were oven dried for 24 

h at 50 °C before using for further analysis.  

 

Figure 7.2: (a) Magnetic field assisted electrospinning setup, (b) magnetic field diagram of 

the magnetic assembly, (c) visual appearance of magnetic field-assisted electrospinning 

setup and (d) PLA based electrospun scaffolds under the influence of magnetic field with 

and without curcumin. 

7.2 Results and discussion 

7.2.1 Characterization of PLA/CSN and PLA/MGCSN electrospun nanofibrous 

scaffolds 

7.2.1.1 Scanning electron microscopy (SEM) 

The morphology electrospun scaffolds and the effect of external magnetic field during 

electrospinning was confirmed from FESEM micrographs (Figure 7.3). PLA nanofibers 

(b) 

(a) 

(b) 

PLAA 

PLAA(WD) 

(d) 

N S 

(c) 
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were successfully fabricated without beads into porous nanofibers in the range of 1.3 ± 0.2 

μm (Figure 7.3(a)). 

 

 Figure 7.3: Scanning electron micrographs for (a) PLA, (b) PLA/CSN, (c) PLAN and (d) 

PLAA electrospun mats at 2000x, 25000x and their fiber size distribution.  

The PLACSN nanofibers (Figure 7.3(b)) show increment in roughness of the fiber surface. 

This could possibly be due to increased porosity achieved by the incorporation of CSN into 

the PLA matrix. The average fiber diameter is 1.3 ± 0.3 μm, which is comparable to neat 

PLA nanofiber dimensions. Morphology of PLAN nanofibers was very similar to 

PLACSN but the average fiber diameter increased to 2.0 ± 0.3 μm (Figure 7.3(c)). The 

fiber diameter reduced to average 1.6 ± 0.4 μm when electrospinning of the same 

combination was done in the presence of external magnetic field (PLAA), the fiber 
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morphology changed drastically (Figure 7.3(d)). The fiber porosity reduced considerably 

giving it a smoother appearance. This could be attributed to the pulling effect of external 

magnetic field which aligns the MGCSNs to the nanofiber surface thus clogging the pores 

and also reducing the fiber diameter. The effect of magnetic field was applicable till 

solution left the needle, after that it is expected that shear-based viscous forces will become 

dominant on the MGCSNs as the polymer solution viscosity increases as the solvent 

evaporates. However, MGCSNs continued to be arranged at the surface of the nanofibers 

which means that the magnetic field based alignment of MGCSNs is dominant than the 

polymer matrix viscous forces.  

7.2.1.2 Transmission electron microscopy (TEM) 

Transmission electron microscopy was conducted on MGCSNs containing PLA nanofibers 

to confirm the alignment of MGCSNs during the magnetic field assisted electrospinning 

process. When electrospun without magnetic field, MGCSNs were homogeneously 

dispersed in the PLA matrix. As seen from Figure 7.4(a), the PLAN nanofibers is ~800 

nm, which is smaller as compared to FESEM findings. When PLA/MGCSN solution was 

electrospun under the influence of magnetic field the MGCSNs were pulled onto the 

surface of the PLA nanofibers as shown in Figure 7.4(b-c). The nanofiber dimensions is 

approximately 400 nm, which is lower than what was measured using FESEM. It is 

noteworthy to mention that PLAA nanofibers have smaller diameter than PLAN. Similar 

observations were made using field emission scanning electron microscope (FESEM). The 

size of the nanoparticles present of the surface (Figure 7.4(c)) is in line with the average 

particle size of the MGCSNs. The nanoparticles can be seen at the outer periphery of the 

nanofibers which indicates that magnetic field creates a pulling effect which forces the 

MGCSNs to come onto the surface during the electrospinning process.  
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 Figure 7.4: Transmission electron micrographs of (a) PLAN and (b-c) PLAA.  

(a) (b) 

(c) 
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7.2.1.3 X-ray diffraction studies (XRD) 

The effect of CSN/MGCSNs on the crystalline properties of PLA was studied using XRD 

analysis as shown in Figure 7.5. PLA is a semicrystalline polymer, which is evident from 

the amorphous hump along with the presence of small crystalline peaks at 16.7°, 19.1° and 

22.3°, corresponding to α-PLLA crystallites with (110/200), (203) and (015) planes. A 

small peak at 15.1° (010) confirms β-form of PLA (Gupta et al., 2017; Pal and Katiyar, 

2016). Incorporation of CSNs into PLA led to slight increase in the intensity at 2θ =16.7°, 

along with the presence of amorphous hump. Characteristic peaks for crystalline silk can 

also be seen at 16.8° and 20.2° respectively. However, on incorporation of MGCSNs in 

PLA, MGCSNs which are homogeneously dispersed in the PLA matrix, act as nucleation 

sites for small PLA chains to assemble and form crystallites. This results in improved 

crystallinity PLAN as compared to neat PLA. Furthermore, there is no improvement in 

crystallinity when compared to PLACSN since both the fillers i.e. CSNs and MGCSNs are 

similar in dimensions. However, when PLA/MGCSNs were electrospun under the 

influence of external magnetic field, it results in movement of MGCSNs to the polymer 

surface which were now no longer dispersed in the matrix, resulting in reduced number of 

nucleation sites thus reducing the crystallinity. This can be noticed by the hump-like 

diffraction pattern of PLAA which is similar to PLA. A small peak at 16.8° (002), 

corresponding to the silk crystal structure can be observed.  

 

Figure 7.5: XRD diffraction pattern of PLA based electrospun scaffolds. 
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7.2.1.4 Molecular weight distribution by gel permeation chromatography (GPC) 

The electrospun scaffolds were also checked for molecular weight by gel permeation 

chromatography. The number averaged molecular weight (Mn), weight averaged molecular 

weight (Mw) and polydispersity index (PDI) are summarized in Table 7.1.  

Table 7.1: Molecular weight analysis of PLA based electrospun nanofibrous scaffolds. 

Material Mn (kDa) Mw (kDa) PDI 

PLA (pellets) 96.1 206.9 2.15 

PLA 80.4 166.2 2.06 

PLACSN 111.3 201.1 1.8 

PLAA 88.7 168.3 1.89 

PLAN 88.9 167 1.87 

 
As shown in Figure 7.6, the number-averaged molecular weight of PLA, PLACSN, PLAN 

and PLAA were 80.4, 111.3, 88.7 and 88.9 kDa, respectively. Incorporation of 

CSNs/MGCSNs into polymer matrix slightly improves the molecular weight which is 

possibly due to increase in chain length under the influence of fillers which is due to the 

strong attraction interaction between filler and PLA. The molecular weight of 

PLA/MGCSN is slightly higher when electrospun under the influence of external magnetic 

field. 

 

Figure 7.6: Molecular weight analysis of PLA based electrospun mats. 
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7.2.1.5 Mechanical properties of electrospun scaffolds 

To determine the mechanical behavior of the fabricated electrospun mats were subjected to 

micro-tensile testing. The stress-strain curves of PLA based nanofibrous scaffolds are 

shown in Figure 7.7.  

 

Figure 7.7: Stress-strain curves of PLA based electrospun scaffolds. 

The nascent PLA mats show a Young’s modulus of ~77 MPa, tensile strength of ~1.2 

MPa, and stretches to ~66% elongation before failure, which is in line with the earlier 

reported studies (Wang et al., 2009). Incorporation of CSNs (low loadings < 2 wt%) into 

PLA matrix improves overall mechanical properties, but at higher loadings of 5 wt%, 

mechanical properties were reduced obtained because of CSNs agglomeration. However, 

incorporation of MGCSNs, Young’s modulus, strain at break (%) and percentage 

elongation (%E) were 122.6 MPa, 88.9% and 102.9% respectively, which was higher than 

PLA, as summarized in Table 7.2. Under the influence of magnetic field the electrospun 

mats of PLA/MGCSN showed improvement in toughness and tensile strength by 30% (1.3 

MPa) and 16% (64.5 J.m-3), respectively. Superior mechanical properties attributes to 

externally applied magnetic field which enhances crystallinity. 
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Table 7.2: Mechanical properties of PLA based electrospun scaffolds. 

 

Young’s 

Modulus 

(YM) 

(MPa) 

Tensile 

Strength 

(TS) 

(MPa) 

Strain at 

Break (%) 
% Elongation 

Toughness 

(J.m-3) 

PLA 76.9 ± 2.2 1.2 ±0.5 65.7 ±15.9 65.5 ±15.9 63.4 ± 10.2 

PLACSN 55.6 ± 12.1 0.8 ±0.1 50.4 ±5.2 53.9 ±6.9 33.7 ± 6.5 

PLAN 122.6 ± 13.6 1.0 ±0.0 88.9 ±14.6 102.9 ±25.1 55.3 ± 8.7 

PLAA 120.9 ± 24.1 1.3 ±0.0 75.3 ±5.1 78.6 ±3.3 64.5 ± 6.9 

 

7.2.1.6 Thermal properties of PLA based electrospun scaffolds 

Thermal properties are determined using DSC and TGA to know the effect of addition of 

CSN/MGCSN into PLA matrix (shown in Figure 7.8(a-b)). The first heating scans were 

obtained for all the nanofibrous scaffolds and it was observed that addition of fillers 

improved the crystallinity in all the bionanocomposites, which is observed in XRD 

analysis as well. The %Xc (Figure 7.8(a)) for PLA, PLACSN, PLAA and PLAN are 

evaluated to be 5.89, 8.5, 8.5 and 9.7%, respectively. As it was observed in diffraction 

studies, the PLAN were more crystalline as compared to PLAA. As compared to CSNs, 

MGCSNs have poor nucleating effect which can be attributed to the tendency of MGCSNs 

to agglomerate which results in higher crystallization temperatures (Tc) of PLAN and 

PLAA as compared to PLACSN. As it has been discussed in previous chapter, that CSN 

contributes to thermal stability of PLA. As observed from Figure 7.8(b), it is found that 

PLACSN (Tmax= 373.64 °C) has a higher degradation temperature than PLA (Tmax= 362.05 

°C). Addition of MGCSNs result in reduced stability due to increased agglomeration. It is 

found that PLAA degrade faster (Tmax= 325.29 °C) as compared to PLAN (Tmax= 333.83 

°C) because of the amorphous nature of PLAA. These results match with the DSC and 

XRD data. 
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Figure 7.8: (a) DSC first heating scans and (b) TGA thermograms at a heating rate of 10 

°Cmin-1 (inset: DTG thermograms) for PLA based nanofibrous scaffolds. 

(a) 

(b) 
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7.2.1.7 Contact angle analysis 

To determine surface hydrophobicity, contact angle analysis was performed (Figure 7.9). 

The contact angle for neat PLA scaffolds was found to be 139.6°, which was in line with 

the values reported previously (Tuancharoensri et al., 2017). After CSNs was added into 

the PLA matrix, the contact angle increased slightly to 140.2°, which can be attributed to 

the high porosity of PLACSN scaffolds and hydrophobic nature of CSNs. Upon 

incorporation of MGCSNs, contact angle increased even more (144.6°) when no magnetic 

field was applied which produced rough fibres with high porosity as can be seen from 

scanning electron micrographs shown in Figure 7.3. When external magnetic field was 

applied, smoother nanofibers (PLAA) were produced hence the contact angle was lesser 

(140.6°) as compared to PLAN scaffolds. 

 
Figure 7.9: Contact angles images for PLA based scaffolds (a) PLA, (b) PLA/CSN, (c) 

PLAA and (d) PLAN. 

7.2.1.8 Swelling characteristics 

Swelling characteristics of the electrospun mats were determined (Figure 7.10) to know 

their ability to absorb exudates during wound healing. It was found that after a time period 

of 24 h, PLA/CSN showed highest swelling of ~524% in 24 h, due to increased porosity 

(a) (b) 

(d) (c) 

PLA PLACSN
 

PLAN PLAA 
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compared to PLA (~431%). This value matched with the values reported earlier 

(Suwantong et al., 2012). PLAN scaffolds have lower porosity and hence, showed 

lowered swelling percentage (~421%), comparable to PLA mats. For PLAA, swelling 

percentage reduced to ~58 % as its pores are clogged by MGCSN on nanofiber surface due 

to externally applied magnetic field. 

 
Figure 7.10: Contact angle and swelling percentage for PLA based nanofibrous scaffolds. 

7.2.1.9 Moisture permeability 

The moisture permeation is an important characteristic for wound dressing. Human skin 

has a WVTR of 204 g/m2.day whereas water permeation of an injured skin area with a first 

degree burn can be around 279 g/m2.day. For a healing (granulating) wound, water vapor 

permeation can be as high as 5,138 g/m2.day. Ideally, it is observed that noted that a 

WVTR of 2,500 g/m2.day should be maintained from an injury site to promote fast healing 

(Queen et al., 1987). Such a mid-range dressing would maintain optimum evaporative 

water loss and also prevent the buildup of cell exudates around injury. When a wound 

lacks moisture it dries and forms a hard layer thus preventing the keratinocytes from 

necessary viable tissue. This results in more energy consumption and increases the time for 

wound healing. The WVTR values of PLA, PLACSN, PLAA and PLAN were found to be 

1792.8, 1777.7, 1756.6 and 1813.3 g/m2.day, respectively as shown in Figure 7.11. All the 

bionanocomposites have comparable permeation values and could possibly be used for as 
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wound dressing material in combination with some other suitable wound dressing material 

due to its added properties. 

 
Figure 7.11: Water vapor transmission rate for PLA based nanofibrous scaffolds. 

7.2.1.10 Drug release studies 

Sustained drug release plays a vital role by preventing the cancer cells to developing drug 

resistance during cancer therapy. The in vitro release profiles of curcumin from 

electrospun mats in pH 7.4 PBS/Tween80 media at 37 °C are shown in Figure 7.12. The 

burst release mainly occurred for the first 12 h and could reach 10.96%, 15.84%, 18.62% 

and 23.62% for PLA, PLACSN, PLAA and PLAN respectively. The initial burst release 

owed to the loosely bound curcumin adsorbed on the nanofiber surface, this curcumin 

starts diffusing immediately through the pores present on nanofibers as soon as the water 

uptake is initiated in the scaffolds. At later stages, sustained release of curcumin is 

observed which can be ascribed to the release of curcumin entrapped inside the nanofibers 

through diffusion path filled by PBS. The hydrophobic nature of electrospun fibers is 

responsible for the retarded release and short burst effect. The MGCSN containing 
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electrospun mats showed improved release as compared to nascent PLA and PLACSN 

scaffolds making it as suitable candidate to be used as a novel carrier for curcumin. 

 

Figure 7.12: Drug release profiles of PLA based nanofibrous scaffolds (inset: burst release 

from 0–12 h). 

7.2.1.11 Cytotcompatibility to (BHK-21) fibroblasts 

The growth of cells in control (Figure 7.13) confirmed cell viability. For PLACSN 

scaffolds, cell growth was better than PLA owing to its higher porosity and 

biocompatibility. PLAA (~4%) and PLAN (~8%) scaffolds exhibited higher proliferation 

rate than PLA mats after 72 h period indicating that paramagnetic nanoparticles attributed 

to the growth of fibroblasts (Wu et al., 2010). Under static magnetic field, the fibroblast 

proliferation rate on PLAA (~23%) and PLAN (~42%) increased markedly suggesting that 

applied static magnetic field augments cells’ proliferation (Meng et al., 2010). This gives 

the ability to control cell growth by tuning nanofiber characteristics, viz. type of 

nanoparticle, applying external magnetic field during electrospinning or applying static 

magnetic field during growth.  
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Figure 7.13: MTT assay for cell growth from 8–96 h period using BHK-21 fibroblast for 

group I–VI. 

7.2.1.12 Cell proliferation investigations for BHK-21 fibroblasts using fluorescence 

microscopy 

Fibroblasts nuclei can be seen as typical globular round structures which attach to the 

nanofibers (Figure 7.14). PLA has a non-uniform cell growth which is undesirable for fast 

wound healing as shown in Figure 7.14(a), whereas PLACSN provides a better 

environment for cells to adhere as they demonstrate uniform growth over the entire 

scaffold surface as can be seen in Figure 7.14(b). As discussed above, MGCSNs results in 

slightly stunted growth for both PLAA and PLAN conformations shown in Figure 7.14(c 

and d) where cells seem to grow in a concentrated area (shown in white circles). It can be 

seen that PLAN nanofibers are more cytocompatible due to its porous structure. Upon 

application of external magnetic field the cell growth is augmented as shown in Figure 

7.14(e and f). However, PLAN nanofibers display dense globules of cells due to its porous 

structure which promotes uniform cell growth.  
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Figure 7.14: BHK-21 fibroblast cell proliferation fluorescence microscopy images (blue 

channel) for 96 h growth period (a) PLA, (b) PLA/CSN, (c,d) concentrated growth shown 

in white circles (c) PLAA, (d) PLAN, (e) PLAA (under static magnetic field) and (f) 

PLAN (under static magnetic field). 

7.2.1.13 Cytotoxicity against cancerous (HeLa) cells  

All drug-loaded scaffolds possess anti-cancer efficiency whereas PLA scaffolds without 

drug showed maximum cell proliferation depicting its poor anti-cancer properties (Figure 

7.15(a)). Cell proliferation for PLACSN scaffolds reduced by ~14% upon 96 h incubation 

due to increased crystallinity. Similar phenomenon could be seen upon addition of anti-

cancer drug, where PLACSN showed even lesser cell proliferation (~41% reduction) 

owing to higher porosity which enable it to elute higher drug dosage at a sustained rate. 

Out of all magnetic samples without drug (Figure 7.15(b)), group III, i.e. PLAA, showed 

the slowest cell growth (~11% less compared to PLAN), which could be due to nanofibers’ 

reduced porosity of nanofibers. Interestingly, by modification of electrospinning process 

(applying magnetic field in this case), growth of cancerous cells can be mitigated. 

Scaffolds under magnetic field, i.e. group V and VI, exhibited higher proliferation rate 

compared to other samples suggesting that static magnetic field plays a stimulating role on 

cells’ proliferation (Meng et al., 2010). It is established that curcumin acts as a successful 

chemotherapeutic drug, but there is a scope for further reduction. In this regard, we tried an 

approach to combine the chemotherapeutic effect of curcumin with hyperthermia to be able 

to address concomitant chemo-radiation cancer therapy.  

(c) (b) (a) 

(d) (e) (f) 
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We found that post hyperthermia treatment, the cancer cells, succumb to high 

temperatures, which resulted in reduced cell counts, irrespective of presence of drug or not.  

  

(b) 

(a) 

243 
 



 

 

Figure 7.15: MTT assay for cell growth from 8–96 h period for HeLa cells for (a) PLA 

and PLA/CSN (group I–II), (b) for PLAA and PLAN((group III-VI)) and (c) post 

hyperthermia treatment and 24 h incubation for PLAA (group III), (WD: with drug). 

By this approach magnetic nanofibers, despite their weak chemotherapeutic influence, can 

display remarkable improvement in cancer mitigation ability post hyperthermia treatment. 

In a typical example, post hyperthermia treatment (Figure 7.15(c)), PLAA nanofiber 

without drug showed ~25% reduction whereas drug-loaded PLAA showed ~63% reduction 

as opposed to ~40% decrease in cell viability when no hyperthermia treatment was done on 

drug-loaded PLAA. Sasikala et al. (2016) found a ~30% reduction in cell viability upon 

synergistic treatment procedure. 

7.2.1.14 Cell proliferation studies for HeLa cells using fluorescence microscopy 

Morphology of Hela cells on electrospun mats of group I-II (Figure 7.16(a)), III-IV (Figure 

7.16(b)) and V-VI (Figure 7.16(c)) is observed for 8 and 96 h incubation period to 

investigate effect of fillers along with drug. Efficacy of curcumin against cancerous cells 

was proven by the reduction of cell counts. PLA nanofibers displayed growth of cancerous 

(c) 
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cells as dense clusters, whereas growth lowered upon addition of CSN which was in line 

with MTT assay results. Upon loading of drug to PLACSN mats, the growth started 

depleting and by 96 h no identifiable clusters of HeLa cells were noticed. 

 

Figure 7.16: HeLa cancerous cell proliferation fluorescence microscopy images (blue 

channel) for 8 and 96 h growth period with or without curcumin (a) PLA and PLA/CSN, 

(b) PLAA and PLAN and (c) PLAA(mf) and PLAN(mf), (WD: with drug). 
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7.3 Summary 

The electrospun bionanocomposite scaffold of poly(lactic-acid) (PLA)-CSNs/MGCSNs 

exhibit enhanced fibroblast proliferation due to improved nanofiber porosity with sustained 

drug release making it cytotoxic against cancerous cells. The aligning of magnetic nano-

discs onto the nanofiber surface using magnetic field-assisted electrospinning technique 

can suppress the cell proliferation due to reduced porosity. Moreover, the CSN-adsorbed 

iron oxide nanoparticles showed unique behavior of superior cytocompatibility under 

magnetic field and are capable of damaging cancer cells due to hyperthermia effects. To 

conclude, novel cytocompatible paramagnetic CSNs synthesized from renewable resources 

exhibit sustained anticancer drug release with hyperthermia, which can potentially be 

utilized for concomitant chemo-radiation cancer therapy, tissue engineering and wound 

healing. 
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Chapter 8 
Conclusions and Future Directions 

 
This chapter elucidates the key findings and inferences drawn from the doctoral work and 

provides an outlook for future studies on crystalline silk nano-discs (CSNs). 

 

8.1 Conclusions 

The major conclusions drawn on the basis of overall study and major findings of this 

research work can be broadly classified into five subsections: 

 

The first part focused on the extraction of silk nano-discs from Muga silk fibroin and its 

functionalization. 

 The renewable waste such as Muga silk cocoons can be effectively converted into 

crystalline silk nano-discs (CSNs) and its derivatives, through strategic 

pretreatment and acid hydrolysis routes. CSNs fabricated from Muga silk shows 

distinct disc-like morphology confirmed by TEM, SEM and AFM. The average 

size ranging from 48.15±12.7 nm and thickness 3.1±0.9 nm. CSNs are found to 

have β-sheet conformation which was checked by FTIR and ss-NMR.  

 Aminoacid analysis confirmed the presence of alanine (~80%), glycine (~6%) and 

serine (~6%) making them hydrophobic in nature. X-ray diffractograms and SAED 

patterns show that CSNs are highly crystalline (~94%). Thermal analysis reveal 

that CSNs are highly stable till 310 °C. 

 Magnetic CSNs (MGSCNs) are fabricated by modification of CSN surface, where 

monodisperse spherical iron-oxide nanoparticles (~5 nm) were adhered onto CSNs 

through one-step borohydride reduction reaction. TEM images show that MGCSNs 

have diameter of 58.2 ± 4.6 nm and thickness of 16.0 ± 2.6 nm. MGCSN are found 

to have dye adsorption ability.  

 

The second part focuses on using CSNs as reinforcement material in the poly(lactic acid) 

(PLA) matrix to investigate the influence of ‘CSNs’ on the structural, morphological, 

thermal, optical, mechanical and barrier properties of PLA bionanocomposites in order to 

investigate the feasibility towards food packaging applications 
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 XRD confirms increase in crystallinity from 30 to 45% and CSN intercalation in 

the PLA matrix. FTIR studies showed amide peak shift confirming the attractive 

interaction between CSNs and PLA.  

 CSNs due to their hydrophobic nature, are well dispersed in the PLA system  

covering the entire matrix, corroborated through morphological analysis such as 

AFM and FESEM.  

 This improved dispersion of filler has a positive influence on the thermal 

properties. DSC analysis shows that biofiller provides additional nucleation sites 

for the spherulitic growth of PLA crystals while thermal stability of PLA/CSN was 

improved ~10 °C, confirming the role of CSNs in enhancing the melt stability of 

PLA. 

 For 1 wt% filler loading the film observed the high toughness, percentage 

elongation and improved storage modulus by ~70%, ~ 40% and ~12% respectively 

as a result of effective reinforcement of PLA by CSN biofiller. By the uniform 

dispersion of CSN which results in enhanced crystal nucleation density, the gas 

barrier properties viz. oxygen gas and water vapor permeability values were 

reduced to ~70% and ~28%, respectively.  

 To conclude, significant property enhancements are observed upon addition of 

small amounts of CSN in the PLA matrix, in addition to this both CSN and PLA 

are derived from renewable natural resources that are abundant, non-toxic and in 

true sense, fit well in the class of ‘green’ bioplastics to replace fossil-based plastic 

packaging. 

 

The third part focuses on influence of CSNs content on crystallization behavior of PLA 

which is studied by non-isothermal cold crystallization and isothermal melt crystallization. 

 Addition of CSN significantly enhance the crystallizability of polymer matrix, 

which in return promotes formation of crystals. CSN plays a dual role in 

crystallization process, firstly, it acts as a heterogeneous nucleating agent 

facilitating crystallization, and secondly, it obstructs the polymer chain movement. 

Either of the two roles, which process is dominating is decided by the filler loading. 

 Non-isothermal crystallization showed that, cold-crystallization peak temperature 

(Tcc) and crystallization half-time (t0.5) were lower for bionanocomposite films at 

small loadings (~1 wt%) as compared to PLA at all heating rates. This suggests that 
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CSN can augment the overall crystallization rates. CSN were also found to act as 

heterogeneous nucleation sites in PLA matrix.  

 To analyze non-isothermal crystallization kinetics of samples, three kinetic models 

viz. modified Avrami, Mo and Tobin models were applied. The smaller exponent 

(n and nT) values suggested that CSN inclusions lead to PLA spherulite formation 

towards unsophisticated geometries thereby, improving crystallization rates. 

Increased (Zc and KT) and smaller F(T) values, for PLA/CSN bionanocomposites 

compared to PLA advocate towards faster crystallization processes. 

  The crystallization activation energy based on Kissinger and Takhor methods 

showed smaller values for PLACSN1 bionanocomposites, indicating easier motion 

of PLA molecular chains in PLA/CSN system as a result of which crystallization 

occurs at a faster rate. Furthermore, the calculated nucleation activity of 

bionanocomposites show agreement between lower t0.5, F(T) and crystallization 

activation energy in the bionanocomposite. The crystallization rate of PLA/CSN 

bionanocomposites were increased because of the high surface area of CSN.  

 The isothermal melt crystallization behavior of PLA and PLA/CSN 

bionanocomposites was studied in the range of Tc between 90 to 120 °C. The 

sigmoidal relative crystallinity isotherms shifted towards lesser crystallization time, 

indicating fast crystallization behavior of PLA/CSN nanobiocomposites. The 

crystallization kinetics of PLA and PLA/CSN bionanocomposites was studied and 

it was found that the addition of CSN into PLA induced heterogeneous nucleation, 

thus increasing the crystallization rate and decreases the ΔE and surface energy 

barrier for PLA crystallization.  

The fourth part focuses on influence of CSNs content on thermal and hydrolytic 

degradation behavior of PLA. 

 TGA studies showed improvement in thermal stability at small loadings (~1 wt%) 

along with higher decomposition activation energy, Ea than that of PLA. The 

network structures act as labyrinth for degraded polar molecules to escape hence 

slows down interaction with PLA chains, thus imparting more stability.  

 Thermal degradation kinetics was analyzed using two isoconversional, Flynn-Wall-

Ozawa and Kissinger-Akahira-Sunose models and one model fitting method i.e. 

Coats-Redfern model. The models predicted higher decomposition activation 

energy requirement for degradation to occur unlike in PLA.  
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 The PLA and PLA/CSN bionanocomposites follow the F1 type degradation 

mechanism which is found using Criado’s method. 

 The major evolved volatile products detected during TG-IR, are CO2, CO, 

aldehydes, lactide and cyclic oligomers for PLA and PLA/CSNs.  

 These results suggest that incorporation of CSNs into PLA matrix enhanced 

thermal stability of bionanocomposite which could extend the range of applications 

like automobile industry and high engineering applications.  

 The in vitro hydrolytic degradation rate is slower for PLA/CSN bionanocomposites 

due to hydrophobic character of CSNs. The study elucidates that basic pH and 

higher temperature, both favor hydrolytic degradation process for PLA and 

PLACSN5 bionanocomposite samples. We describe, here the possibility of use of 

PLA/CSN bionanocomposites in moist environments. The results described here 

can find applications to control the degradation rate of PLA.  

The last part focuses on utilization of CSNs and MGCSNs for the fabrication of PLA based 

electrospun bionanocomposite scaffolds for wound healing and concomitant cancer 

therapy 

 PLA/CSN and PLA/MGCSN scaffolds show enhanced fibroblast proliferation due 

to improved nanofiber porosity with sustained drug release making it cytotoxic 

against cancerous cells.  

 The aligning of MGCSNs onto the nanofiber surface using magnetic field-assisted 

electrospinning technique can suppress the cell proliferation due to reduced 

porosity.  

 Moreover, the MGCSNs showed unique behavior of superior cytocompatibility 

under magnetic field and are capable of damaging cancer cells due to hyperthermia 

effects.  

 To conclude, novel cytocompatible paramagnetic CSNs synthesized from 

renewable resources exhibit sustained anticancer drug release with hyperthermia, 

which can potentially be used for concomitant chemo-radiation cancer therapy, 

tissue engineering and wound healing. 
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8.2 Scope for future work 

Based on the outcome of this work, few recommendations for future research work are 

presented as follows 

 PLA/CSN bionanocomposite films can be fabricated by using melt extrusion 

technique at pilot scale, to evaluate their commercial use. 

 The effect of compatibilizers and plasticizers can be explored in order to further 

improve the mechanical properties of PLA/CSN bionanocomposites such that it can 

be processed into blown film for packaging application. 

 Molecular dynamic simulation study to understand the interaction of CSNs with 

polymer chains and validation of thermal, barrier and mechanical properties of 

PLA/CSN bionanocomposites using appropriate force field. 

 Detailed toxicological studies, nanoparticle migration from the matrix into food 

material, shelf-life prediction of stored food products, anti-bacterial properties and 

composting of PLA/CSN bionanocomposite films can be undertaken.  

 Other biopolymers such as PCL, PBS, etc. can be explored in order to produce 

CSN based bionanocomposites as alternate value added packaging. 

 In order to further improve the properties of PLA/CSN bionanocomposites, the 

dispersion of CSNs in the PLA matrix need to be improved. This can be done by 

in-situ polymerization of lactic acid on CSNs followed by melt compounding can 

be done. 

 Fabricated superparamagnetic nano-crystalline discs having non-toxic 

characteristics, can have huge applications in biomedical sciences as novel 

bioferrofluids for drug delivery vehicles and as MRI agents. 

 Moreover, CSNs can be functionalized with metallic Pt and Pd nanoparticles and 

their application as catalyst in fuel cells can be explored. 
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