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ABSTRACT 
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The main purpose of this study is to produce smart and active packages with 

curcumin using biodegradable polymers. To fulfill this aim, two different film 

making methods namely electrospinning and casting were used. Firstly, to take 

benefit of the halochromic  properties of curcumin, it was encapsulated into 

chitosan/PEO based nanofibers to monitor food freshness. The average diameter of 

the fibers was found to be between 283 ± 27 nm and 338 ± 35 nm. It was concluded 

that increasing the chitosan amount in nanofibers decreased the diameter of the 

fibers. Throughout the storage period, the color change of intelligent packaging film 

was correlated with the chemical (TVB-N) and microbial deterioration (total 

mesophilic aerobic bacterial count) of the chicken breast. Curcumin loaded nanofiber 

satisfied the expectation and  enabled to visualize real time monitoring of chicken 

spoilage. For active food packaging, curcumin was encapsulated into chickpea 

flour/polyethylene oxide (PEO) nanofibers. The effect of heat treatment (microwave 

or conventional) on electrospun solution and film characteristics was investigated. 
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Although microwave treated active films showed an antimicrobial effect against 

E.coli with an inhibition area of 1.62±0.36 cm2, they did not exhibit any effect 

towards S.aureus. Then, curcumin incorporated chitosan/faba bean flour films were 

produced by a solvent casting technique. To eliminate the potential drawbacks of 

biopolymer, different crosslinking agents (glutaraldehyde and citric acid) were 

incorporated into the film forming matrix at different ratios. Citric acid and 

gluteraldehyde reduced swelling degree by 75% and 13% compared to the films 

without cross-linker, respectively. Increasing both crosslinking ratios decreased the 

water vapor permeability drastically which was more than 110%. At the end of the 

analysis, it was concluded that citric acid cross-linked films had a more feasible 

character in terms of swelling degree, water solubility and mechanical properties 

with respect to the other films containing glutaraldehyde. Moreover, citric acid was 

utilized as a crosslinking agent to improve the packaging performances of chickpea 

flour/chitosan/curcumin film. Elongation at break (EAB) value increased from 

1.64% ± 0.13%, to 11.1%± 1.21% whereas tensile strength (TS) value decreased 

from 7.83± 0.08 MPa to 3.58± 0.20 MPa. The film with the highest citric acid 

concentration showed an inhibitory effect on both E.coli (inhibition zone area 

5.88 ± 0.49 cm2) cm and S. aureus (inhibition zone area 1.59 ± 0.27 cm2). Further, it 

enhanced the shelf life of chicken breast samples up to 9-day. As a result, citric acid 

crosslinked chickpea flour/chitosan active film can be recommmended to be used in 

active packaging to extend the shelflives of microbiologically susceptible perishable 

meat foods.. 

 

Keywords: Curcumin, Electrospinning, Casting, Intelligent Packaging, Active 

Packaging  
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Bu çalışmanın temel amacı, biyolojik olarak parçalanabilen polimerler kullanılarak 

kurkumin içeren akıllı ve aktif ambalajların üretilmesidir. Bu amacı gerçekleştirmek 

için elektroeğirme ve döküm olmak üzere iki farklı film yapım yöntemi 

kullanılmıştır. İlk olarak, kurkuminin halokromik özelliklerinden faydalanmak için, 

gıda tazeliğini izlemek üzere kitosan/PEO bazlı nanoliflere kapsüllendi. Liflerin 

ortalama çapı 283±27 nm ile 338±35 nm arasında bulunmuştur. Nanoliflerde kitosan 

miktarının artmasının lif çapını azalttığı sonucuna varılmıştır. Depolama süresi 

boyunca, akıllı ambalaj filminin renk değişimi, tavuk göğsünün kimyasal (TVB-N) 

ve mikrobiyal bozulması (toplam mezofilik aerobik bakteri sayısı) ile ilişkili 

bulunmuştur. Kurkumin yüklü nanolifler beklentiyi karşılamış ve tavuk 

bozulmalarının gerçek zamanlı görsel olarak izlenmesini sağlamıştır. Aktif gıda 

paketlemesi için kurkumin, nohut unu/polietilen oksit (PEO) nano liflerine 

kapsüllenmiştir. Isıl işlemin (mikrodalga veya konvansiyonel) elektroeğirme 

işleminde kullanılan çözelti ve film özellikleri üzerindeki etkileri araştırılmıştır. 

Mikrodalga ile işlenmiş aktif filmler, 1.62±0.36 cm2'lik bir inhibisyon alanı ile 

E.coli'ye karşı antimikrobiyal etki göstermesine rağmen, S.aureus'a karşı herhangi 
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bir etki göstermemiştir. Daha sonra, kurkumin katkılı kitosan/bakla unu filmleri, 

döküm tekniği ile üretilmiştir. Biyopolimerin potansiyel dezavantajlarını ortadan 

kaldırmak için, film oluşturucu matrikse farklı oranlarda farklı çapraz bağlayıcı 

maddeler (gluteraldehit ve sitrik asit) eklenmiştir. Sitrik asit ve gluteraldehit, şişme 

derecesini çapraz bağlayıcı içermeyen filmlere kıyasla sırasıyla %75 ve %13 

oranında azaltmıştır. Her iki çapraz bağlama oranının arttırılması, %110'dan fazla 

olan su buharı geçirgenliğinı büyük ölçüde sınırlandırmıştır. Analizler sonucunda 

sitrik asit çapraz bağlı filmlerin glutaraldehit içeren diğer filmlere göre daha uygun 

bir karaktere sahip olduğu sonucuna varılmıştır. Analizler sonucunda sitrik asit 

çapraz bağlı filmlerin glutaraldehit içeren diğer filmlere göre daha uygun bir 

karaktere sahip olduğu sonucuna varılmıştır. Ayrıca, nohut unu/kitosan/kurkumin 

filminin ambalaj performansını iyileştirmek için çapraz bağlama maddesi olarak 

sitrik asit kullanılmıştır. Kopmada uzama (EAB) değeri %1,64 ± %0,13'ten %11,1± 

%1,21'e yükselirken, çekme mukavemeti (TS) değeri 7,83± 0,08 MPa'dan 3,58± 0,20 

MPa'ya düşmüştür. En yüksek sitrik asit konsantrasyonuna sahip film hem E.coli 

(inhibisyon bölgesi alanı 5,88 ± 0,49 cm2) cm hem de S. aureus (inhibisyon bölgesi 

alanı 1,59 ± 0,27 cm2) üzerinde inhibitör etki göstermiştir. Ayrıca, tavuk göğsü 

örneklerinin raf ömrünü 9 güne kadar uzatmıştır. Sonuç olarak, sitrik asit çapraz 

bağlı nohut unu/kitosan aktif filminin mikrobiyolojik açıdan hassas bozulabilir et 

gıdalarının raf ömürlerini uzatmak için aktif paketlemede kullanılması önerilebilir. 

Anahtar Kelimeler: Kurkumin, Elektroeğirme, Döküm, Akıllı Paketleme, Aktif 

Paketleme 
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CHAPTER 1  

1 INTRODUCTION  

1.1 Active and Intelligent Food Packaging  

Traditional food packaging is defined as a passive barrier to prevent adverse 

influences of the environment on food. On the other hand, modern food packages 

have different roles, such as retaining the safety and quality of the food. Although 

traditional food packages are designed to lower the interaction between food and 

package-environment as much as possible, innovative food packages aim to increase 

this interaction. Intelligent and active packages are the two main concepts that bring 

a new meaning to food packaging (Figure 1.1) (Mohammadian et al., 2020). The 

main difference between these two concepts is that intelligent packaging can help to 

monitor the condition of the food, whereas active packages change the surrounding 

environmental conditions of food inside the package to increase the shelf life (Drago 

et al., 2020) 
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Figure 1.1. Brief categorization of active and intelligent packaging systems  

According to European regulation (EC) No 450/2009, active packages are systems 

based on “deliberately incorporating compounds that can release or absorb 

components into or from inside the package.” Active packaging systems are divided 

into two sub main categories: active scavenging systems, called absorbers, and active 

releasing systems, emitters. The active scavenging systems can remove/hold 

undesirable components from either food or the environment, whereas active 

releasing systems can introduce compounds to food or headspace (Yildirim et al., 

2018).  

There are numerous examples of moisture controllers, ethylene scavengers, CO2 

emitters, and oxygen scavengers which are the examples of absorber-based active 

packages as shown in Table 1.1. Releasing system based packages and their possible 

alternatives with antioxidant, anti-fungi, and antimicrobial characteristics are also 

illustrated in Table 1.1. 
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Table 1.1 Examples of active packaging studies. 

 Purpose Active 

component 

Results References 

Oxygen 

scavengers 

To detect 

leakage in 

modified 

atmosphere 

package  

Leuco dyes 

(leuco indigo 

and leuco 

thioindigo) 

An 

irreversible 

color change 

is observed 

(from pale 

yellow to deep 

blue) 

(Wilhelm & 

Wolfbeis, 

2011) 

Carbon 

dioxide 

absorbers and 

emitters 

To detect the 

excess amount 

of  

CO2 

concentration 

which is higher 

than critical 

threshold. CO2 

inside the 

package causes 

physiological 

injuries of the 

products like 

banana, 

cauliflower, 

and mushroom. 

Sodium 

carbonate 

Sodium 

glycinate 

The firmnesss 

values of 

mushrooms in 

active 

packages was 

closer to its 

initial value 

after 5 day 

storage.  

 

 

(Hurley et 

al., 2013a) 
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Table 1.1 (cont’d)  

Moisture 

controllers 

High humidity 

in the packages 

promotes 

moisture 

condensation 

which resulted 

in microbial 

growth. To 

control 

humidity, 

moisture 

absorbers are 

preferred.  

silica gel, 

xylitol, CaCl2, 

sorbitol, KCl, 

CaO and 

bentonite 

After 5 day 

storage, the 

mushrooms 

packed with 

moisture 

controllers 

were still 

marketable.  

(Mahajan 

et al., 

2008) 

Ethylene 

scavengers 

Ethylene is a 

hormone that 

controls 

ripening, 

senescence, 

dormancy. To 

increase the 

shelf life of the 

fresh produce 

ethylene 

scavenger is 

utilized.  

Granular-

activated 

carbon (GAC) 

alone or 

impregnated 

with 

palladium as a 

catalyst 

(GAC−Pd). 

Tomatoes 

treated with 

ethylene 

scavengers 

had lower 

weight loss, 

and less 

softening. 

This treatment 

also prevented 

decaying.   

 

(Bailén et 

al., 2006)  
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Table 1.1 (Cont’d)  

Antioxidant 

release 

To delay lipid 

oxidation and 

decrease 

protein 

denaturation 

on a fatty fish 

species. The 

maintenance of 

quality and the 

extension of 

the shelf life of 

frozen fish by 

packaging 

systems 

BHT Fish fillets 

packed in 

active films 

had lower 

TBA and 

peroxide 

value which 

were the 

products of 

oxidation..  

(Torres-

Arreola et al., 

2007)  

Antioxidant 

release 

To decrease 

oxidation of 

soy bean oil 

α-Tocopherol Oxidation 

products such 

as proxide 

value in soy 

bean oil 

packed with 

α-tocopherol 

film was 

lower than 

control.  

(Manzanarez-

López et al., 

2011) 
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Table 1.1 (Cont’d)  

Anti-fungi 

effect 

To delay the 

fungi 

contamination 

of tomato 

Oregano 

essential oil 

The active 

film showed 

anti fungi 

effect on 

tomatoes 

without any 

negative 

sensorial 

effect. 

 

(Rodriguez-

Garcia et 

al., 2016) 

 

Perishable foods lose their quality during harvesting, transport, and storage or on the 

market shelves. As can be understood from Table 1, the main reasons for food 

deterioration are oxidation, spoilage and metabolism of the food. These factors 

decrease nutritional value and cause rancidity, and color change in the food. Indeed, 

they affect food quality, safety, consumer decision, consumer health, and the most 

importantly economy. Furthermore, pathogenic microorganisms threaten human 

health such that nearly 76 million people in the US are affected by food-borne 

diseases. This results in increased medical cost, the number of deaths and finally the 

economic burden (Han et al., 2018). Therefore, all these outcomes emphasize the 

necessity and importance of active food packages.  

To hinder the deterioration of food, either synthetic or bioactive compounds were 

incorporated into the food packaging matrix. Butylated hydroxyanisole (BHA), 

ethylenediaminetetraacetic acid (EDTA), butylated hydroxytoluene (BHT) are the 

most commonly utilized synthetic active compounds. Their antioxidant and 

antimicrobial activities have been studied many times. For example, the 

antimicrobial activity of EDTA incorporated zein films was examined on Listeria 
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monocytogenes, Escherichia coli O157:H7, and Salmonella typhimurium and the 

packaging performance of the films was tested on ground beef. Active films had 

antimicrobial activity on all tested microorganisms and they extended the shelf life 

of foods by inhibiting both microbial growth and retarding lipid oxidation (Ünalan 

et al., 2011). Different amounts of BHA were encapsulated into the gelatin nanofiber 

by electrospinning technique. The activity of the fibers was evaluated by the 

preservation of strawberries. Films showed an antibacterial effect on S. aureus and 

slowed down the growth rate. Furthermore, the films retarded the decay of 

strawberries by inhibiting four mold genera. The results also highlighted anti fungi 

effect of the BHA (L. Li et al., 2018). In another study, BHT (0, 8, and 14 mg/g) was 

added to the LDPE films, and the effects of active films on cheese shelf life were 

determined at 5ºC during the storage. Although active film containing 8mg/g BHT 

extended the shelf life of cheese from 20 days to 100 days by retarding lipid 

oxidation, the amount of BHT diffusing into the cheese exceeded the legal limits for 

the film containing 14 mg/g BHT (Soto-Cantú et al., 2008). As illustrated in this 

example, the usage of synthetic compounds is strictly regulated because of their 

potential toxicity. The researchers are suspicious that these compounds might cause 

liver damage. The analysis carried out on laboratory animals proved this hypothesis 

since higher carcinogenic compounds are measured in the blood of these animals 

(BHA and BHT). Furthermore, these compounds have great potential to make 

molecular complexes with DNA and damage the helical structure of nucleic acids 

(Shahidi & Ambigaipalan, 2015).  

Because of the potential toxicity of synthetic compounds, natural phenolics extracted 

from roots, leaves, seeds of fruit and vegetables have attracted attentions. Naturally 

occurring phenolic compounds can be classified under six groups, namely, phenolic 

acids, flavanoids, stilbenes, courmarines, lignans and finally tannins (Shahidi & 

Ambigaipalan, 2015). 

Phenolic acids are divided into two main subcategories hydroxycinnamic acid and 

hydroxybenzoic acid, which possess both antioxidant and antimicrobial 

characteristics. These compounds have at least one aromatic ring in their structure 
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and in the aromatic ring, at least one hydrogen is exchanged with a hydroxyl group 

(Heleno et al., 2015). P- hydroxybenzoic acid, protocatechuic acid, vanilic acid, 

syringic acid, gallic acid, p-coumaric acid, caffeic acid, ferulic acid, sinapic acid are 

the most common examples of hydroxycinnamic acid and hydroxybenzoic acid 

(Shahidi & Ambigaipalan, 2015). Their antioxidant and antimicrobial activities have 

already been studied many times by researchers. For example, synthesized p-

hydroxybenzoic acid-grafted chitosan conjugates showed antimicrobial activity 

against G (+) (B. subtilis. S. aureus) and G (-) (E. coli, P. aeruginosa) bacteria. The 

antioxidant activity of the samples also was proved by the DPPH and ABTS methods 

(J. Wang & Jiang, 2022). Gallic acid was encapsulated into the lentil flour/PEO 

nanofibers and walnuts were packaged with these active nanofibers. Accelerated 

shelf life testing results showed that active nanofibers reduced the oxidation of food 

samples (Aydogdu, Yildiz, Aydogdu et al., 2019a), grafted chitosan derivatives of 

vanilic acid and courmaric acid (Chatterjee et al., 2015), cellulose nanofibrils with 

vanillic and syringic acids (Lakshmi Balasubramaniam et al., 2022), protocatechuic 

acid grafted chitosan films (Jun Liu et al., 2017) are the other examples of phenolic 

acid utilization in food packaging area. 

Flavonoids, the secondary metabolites of plants, are known as the most dominant 

part of the phenolic compounds since they comprise nearly two/thirds of phenols. 

There are more than 6000 types of flavonoids and flavonoids can be classified into 

the subcategories namely, flavonol, flavanones, flavones, isoflavones, flavanol, 

flavanonol, and anthocyanidin. The chemical structures of flavonoid subgroups 

differ from each other due to the variation around the heterocyclic oxygen ring. 

However, they have the common C3-C6-C3 carbon skeleton (Shahidi & 

Ambigaipalan, 2015). The metal chelating ability, hydrogen-electron donating 

potential and finally the delocalization of the unpaired electron with stable phenoxyl 

radical are three potential mechanisms of flavonoids for antioxidant activity 

(Musialik et al., 2009; Shahidi & Ambigaipalan, 2015). Because of these promising 

features, the effects of the flavonoids on the functionality of the food package have 

been examined. The natural flavonoids, quercetin and catechin, were added into the 

https://tureng.com/tr/turkce-ingilizce/packaged
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ethylene vinyl alcohol film to investigate the effect of active film on lipid oxidation 

of peanut and sunflower oil. The oxidation results showed that the active films were 

effective especially at the initiation stage. It was hypothesized that the flavonoids 

quenched the hydroxyl radicals present in the vapor phase inside the peanut packet. 

In sunflower packaging case, the results were not as promising as in the previous 

case due to the limited solubility of flavonoids in oil. However, in any case, 

flavonoids reduced the oxidation reactions (Hurley et al., 2013b). Rutin incorporated 

pullulan/chitosan active films exhibited antimicrobial activity against L. 

monocytogenes and E. coli (Roy & Rhim, 2021). To develop an antioxidant food 

package, flavonol-rich Spondias purpurea L. pulp was added to the cellulose acetate 

film matrix (Vasconcelos et al., 2021). Nanoemulsion of luteolin, one of the 

flavones, was added into the chitosan and the potential effect of active agent on the 

functionality of the films was investigated. As expected, lureolin significantly 

enhanced the antioxidant activity of the films and authors asserted that films could 

maintain this activity for up to 10 days in a 95% ethanol stimulant. Furthermore, 

antimicrobial activity of the films was reported for the tested microorganisms; G (-) 

(E. coli, S. typhimurium) and G(+) (S. aureus,  L. monocytogenes) (Bi et al., 2021). 

Stilbenes, trans-resveratrol and its glucoside, are known for their antitumor, 

antioxidative and anticarcinogenic features (Shahidi & Ambigaipalan, 2015). 

Resveratrol is most commonly present in fruits such as mulberries and grapes, edible 

leaves of plants and peanuts. The antioxidant activity of resveratrol was examined 

by Gülçin, (2010) and compared with trolox, BHT, α-tocopherol and BHA. The 

results showed that at the same concentration, resveratrol had a much better 

performance in inhibiting lipid peroxidation of linoleic acid. Grapevine cane, rich in 

stilbenes, the agro waste of viticulture, was utilized in thermoplastic starch food 

packaging.  In the study, antifungal and antimicrobial activity were proved and the 

films were suggested as a potential food package (Díaz-Galindo et al., 2020). 

Another natural phenolic compound, lignin, is also known for its antioxidant and 

antimicrobial activity since it has an aliphatic hydroxyl group, low molecular weight, 

phenolic hydroxyl group. The aromatic ring and highly cross-linked structure make 
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lignin more reactive. In fact, lignin has a similar reaction mechanism with BHT and 

BHA (Zadeh et al., 2018). Although a study indicated that both antioxidant and 

antimicrobial activity of the lignin depended on the origin and extracted solvent type, 

lignin/chitosan films had an antimicrobial effect on P. fluorescens and B. 

thermosphacta (Alzagameem et al., 2019). Although lignin extracted from corn 

stover showed an inhibitory effect on G (+) (S. aureus and L. monocytogenes) 

bacteria, no effect was observed for G (-)(S. Enteritidis and E.coli O157:H7) (Dong 

et al., 2011).  

Tannins are natural polyphenols that are extracted from many different plant parts 

and are well known for their antioxidant feature because of phenolic hydroxyl groups 

in the structure (X. Huang et al., 2022). Further, they are distinguished by their UV-

blocking characteristic (Ji et al., 2020). Similar to the other phenols, tannins are 

recognized as GRAS by FDA so it is safe in direct contact with food (H. Li et al., 

2022). In the study of tannic acid incorporated into chitosan/methylcellulose/ gelatin 

matrix and tested as an active package for the preservation of cherry tomatoes and 

grapes. The results showed that tannic acid substantially contributed to the 

antioxidant feature of the film and inhibited the growth of E. coli and S. aureus. 

Furthermore, active films preserved the food quality for two- weeks (Halim et al., 

2018). Similarly, it was observed that the addition of tannic acid and cellulose nano 

crystals into the gelatin film, showed microbial inhibition on the same 

microorganisms (Leite et al., 2021). As seen, natural phenolic compounds had 

antioxidant and antimicrobial features as much as synthetic ones as illustrated by the 

examples.  

Due to increasing concerns and demands about the natural compounds, one of the 

polyphenols, curcumin, is utilized in this study as an antioxidant and antimicrobial 

agent. The features of curcumin will be discussed in upcoming sections.  

Food companies conduct mandatory microbial and chemical tests during production 

to comply with the regulations. However, in most cases food freshness cannot be 

tracked after delivery to the market as traditional food packaging is designed simply 
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to provide external protection. In recent years, packaging has evolved from being 

simple to functional by integrating food safety monitoring systems. Nowadays, 

packages might monitor food freshness or even extend the shelf life while keeping 

food safe against adverse effects of ambient conditions (Balbinot-Alfaro et al., 2019). 

Intelligent packaging systems might also provide great alternatives to the expiration 

date labels on traditional food packaging to protect consumers against potential 

foodborne diseases (Ezati et al., 2019). Intelligent packaging is the new generation 

packaging system, it might provide information regarding the quality/safety status of 

food through the help of its sensing and communication capabilities. 

Time-temperature indicators (TTI) indicate whether the threshold temperature has 

been exceeded during storage or transportation; if exceeded, TTI estimate 

approximately how much time has been spent above the critical value (Biji et al., 

2015). The most commonly preferred TTI is thermochromic ink which shows the 

storage conditions of the product. Examples of commercial TTIs can be listed as 

MonitorMark™, Timestrip®, Fresh-Check®, CheckPoint®  and their manufacturers 

are 3M™, Timestrip Plc, LifeLines, Vitsab, respectively (Kuswandi et al., 2011).  

Radio frequency identification systems, RFID, have a critical role in the industry 

controlling the food supply chain. RFID is mainly composed of chips that store data, 

readers, and computer systems (Kuswandi et al., 2011).  An antenna plays a role in 

transmitting information between the tag and the reader. The reader is a platform 

utilized to receive and process information. According to battery requirements, there 

are two types of RFID: active and passive. In active RFID, a battery is used as a 

power source; in the passive type, power is generated from the received signals. In 

RFID systems, low-frequency systems work in the range of 125 kHz–134 kHz, and 

high-frequency systems operate at approximately 13.56 MHz (Kalpana et al., 2019). 

Another intelligent packaging example is the integrity indicator. They are preferred 

to detect possible leakage that disrupts the package's unity. These indicators might 

be the oxygen indicators which are redox dyes. Their colors change when oxygen 

concentration fluctuates in the package. Ageless Eye®(Mitsubishi Gas Chemical 
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company) is a commercial example of an oxygen indicator whose color changes from 

pink to blue when the oxygen level exceeds 0.05% or more (Biji et al., 2015).  

Although all these intelligent packaging systems are very useful, these indicators are 

found in the market very rarely. The main reason for this consequence is the high 

manufacturing cost.  Generally, in the industry, the packaging accounts for 10% of 

the product cost. However, intelligent packages cost almost 50%- 100% of the 

product. Therefore, it is not financially sustainable (Müller & Schmid, 2019). 

Furthermore, power source (battery) and communication with the reader are other 

handicaps of these systems. 

One of the perishable food, meat, has a very short shelf life since it is susceptible to 

the growth of microorganisms and enzymes. Spoilage detection cannot be possible 

by the human eye and nose (Cao et al., 2019). Therefore, it is necessary to carry on 

chemical analysis i.e. gas chromatography (GC) or other analytical techniques such 

as electronic tongue, and nose (F. Kong & Singh, 2011). These are known as 

destructive test methods and similar to the FRID technique, it requires high 

instrumentalization and professional operators. Therefore, it is not feasible for 

consumers. A low-cost, non-destructive, rapid and real time sensing systems become 

a necessity.  At this point, colorimetric intelligent packages have gained the attention 

of both researchers and consumers (Cao et al., 2019). Meat products being protein 

rich are highly perishable. Food freshness decreases over time due to microbial and 

biochemical spoilage of foods. Proteins can be broken down into amino acids as a 

result of proteolytic activity of microorganism (Balamatsia et al., 2007). Free amino 

acids can be involved in oxidative deamination, decarborboxylation 

and desulfurization reactions leading to the formation of metabolic gases such as 

total volatile basic nitrogen (TVB-N) compounds and carbon dioxide (Rukchon et 

al., 2014). Thus, high levels of TVB-N content, including mainly of 

ammonia, dimethylamine and trimethylamine, can be used as a microbiological 

spoilage indicator of protein rich foods indirectly by monitoring pH change in the 

package headspace. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/protein-catabolism
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/oxidative-deamination
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/desulfurization
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dimethylamine
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The synthetic dyes utilized in intelligent packaging systems such as bromophenol 

blue, bromocrosol green, boromocrosol purple, cresol red threaten consumer health 

and are regarded as carcinogenic because of their potential toxicity (Balbinot-Alfaro 

et al., 2019).  

Similar to the active packaging, there is a trend in the use of natural coloring agents 

in these packages due to their low cost, non-toxicity, biodegradability, pollution-free, 

renewable and available characteristics (Mohammadian et al., 2020). Anthocyanins, 

chlorophyls, curcuminoids and betanins are the main coloring agents are utilized in 

intelligent packaging applications (X. Luo et al., 2022).  

Betalains are the water-soluble pigments that can be extracted from cactus pear, 

purple pitaya and amaranth flower. The main subgroups of betalains are (i) red- 

purple betacyanins and (ii) yellow orange betaxanthins. The color of betacyanins is 

pink-red at acidic to neutral pH however it turns yellow at alkaline conditions. This 

feature makes betacyanins one of the coloring agents for intelligent packaging (X. 

Luo et al., 2022). Betacyanins extracted from dragon fruit were used to produce 

PVA- glucomannan based intelligent package to monitor fish freshness. TVB-N 

results of the sample showed parallel results with the color response of the films and 

the films were suggested as a promising indicator (Ardiyansyah et al., 2018). 

Moreover, different concentrations of red pitaya peel extract were added in the 

polyvinyl alcohol/ starch films and the sensitivity of the film to ammonia was 

measured. Depending on the response, the most appropriate one was selected for the 

freshness monitoring of shrimp. At 20 °C storage conditions, the sample spoiled at 

the end of 2-days and the color of the films changed from pink to yellow (Y. Qin et 

al., 2020). Another study compared the impact of betacyanin source on the color 

change of starch/PVA films. The results showed that the red pitaya flesh extract had 

a more distinguishable color change compared to globe amaranth flower extract, red 

beetroot extract and prickly pear fruit extract when monitoring shrimp spoilage (X. 

Yao et al., 2021). Finally, starch based film with extract of paper flower betalains 

was also successful in detecting fish spoilage (Naghdi et al., 2021). 

https://tureng.com/tr/turkce-ingilizce/threaten
https://tureng.com/tr/turkce-ingilizce/have%20parallels%20with
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The key component photosynthesis, chlorophylls, one of the most widely distributed 

in the environment (Echegaray et al., 2022). In the study of X. W. Huang et al., 

(2014) the color change performances of different pigments were compared. The 

order of the materials from the most successful one to the least was as follows black 

rice (anthocyanins,) red radish (anthocyanins,) winter jasmine (carotenoids) and 

spinach (chlorophyll). This difference was attributed to the different chemical 

structures of the components. Although anthocyanins have carbonyl and hydroxyl 

groups which make interactions with amines, the presence of alkyl group rather than 

hydroxyl and carbonyl groups makes carotenoid and chlorophyll less sensitive (X. 

W. Huang et al., 2014). In another study, different than the meat spoilage studies, 

lipid oxidation of sesame oil was detected by the chlorophyll/wheat gluten film 

(Chavoshizadeh et al., 2020).  

The most widely utilized natural coloring agent, anthocyanins, is a water-soluble 

pigment and one of the sub group of flavonoids (Becerril et al., 2021). Structurally, 

anthocyanins are the glucoside form of anthocyanidins and have a typical C6–C3–

C6 skeleton. This skeleton is composed of two aromatic rings named A and B (Figure 

1.2). These two aromatics rings are separated from each other by six-membered 

heterocyclic (C) ring containing oxygen (Yong & Liu, 2020).  

 

 

Figure 1.2. Structure of the anthocyanins  

Anthocyanins are a large family and have approximately 500 members. The 

differences between members come from hydroxylated group, number/ nature of 
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bonded sugars and finally the position of aliphatic or aromatic carboxylates linked 

to sugar moieties (Becerril et al., 2021). Further, they have a wide range of colors 

from red, blue and orange to violet, and  are present in many plants (Becerril et al., 

2021). Bayberry (Yun et al., 2019), red cabbage, black bean seed coat (Prietto et al., 

2017), blackberry (Nogueira et al., 2019), black carrot (Moazami Goodarzi et al., 

2020), black chokeberry (S. Kim et al., 2018), black plum (Xin Zhang et al., 2019), 

blood orange (Jridi et al., 2019), grape pomace (Stoll et al., 2016) purple carrot 

(Akhtar et al., 2012) are only few examples of anthocyanin sources.  

The color changes of anthocyanins depend on the source and composition. In 

general, the color of anthocyanins changes from red to blue/ purple, and finally 

colorless/ yellow (Yong & Liu, 2020). At low pH (pH<3), flavylium in the structure 

of anthocyanins become protonated and flavylium cations are formed. Between pH 

3-5, flavylium cation is converted to neutral quinonoids. Until pH 7, quinonoids 

become predominant in the structure. Further increasing pH until 9, quinonoids are 

deprotonated and form anionic quinonoids (L. T. Wu et al., 2021). Therefore, they 

are very suitable components for intelligent packaging systems and were utilized to 

test the deterioration of different food products such as milk (Pereira et al., 2015), 

pork meat (Choi et al., 2017), shrimp (Merz et al., 2020), fish (H. zhi Chen et al., 

2020). 

Since anthocyanins have a wide range of applications, they have been incorporated 

in many different polymer matrixes PVA/chitosan (Pereira et al., 2015), bacterial 

cellulose (Kuswandi et al., 2020), κ-carrageenan (Jingrong Liu et al., 2019), agar 

potato starch (Choi et al., 2017), gelatin/PVA (Zeng et al., 2019). 

As can be understood from these examples, due to the wide color change spectrum, 

extensive source, and water soluble characteristic and non-toxic features, 

anthocyanins have been extensively studied.  

In this thesis, curcumin was utilized as a coloring agent.  
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1.1.1 Film making methods 

1.1.1.1 Electrospinning Method 

Electrospinning is a simple film-forming method that provides nanofibers from 

either polymer solutions or melts. It comprises three main components: voltage 

source, nozzle, and collector (De Vrieze et al., 2009). 

A voltage source charges the polymer solution during the electrospinning process, 

and a pump controls the volumetric flow rate. When the electrical field achieves a 

critical value, where electrical force overcomes the surface tension, the polymer 

solution starts to elongate through the plate at the same time solvent starts to 

evaporate. Finally, nanofibers are collected the surface of the plate (De Vrieze et al., 

2009, Park, 2010).  

The morphology and diameter of electrospun nanofibers are affected by many 

parameters, which can be divided into three main categories; solution properties 

(conductivity, viscosity, concentration and surface tension), processing parameters 

(distance between needle and collector, applied voltage, volumetric flow rate) and 

environmental factors (temperature and relative humidity).  

The sample's viscosity, which is generally determined by the molecular weight of 

the polymer and concentration, should be high enough to obtain smooth, uniform 

nanofibers but low enough to get continuous jet formation. Low viscosity causes the 

formation of beads on the nanofibers, while high viscosity obstructs the ejection of 

solution from the tip and causes the formation of larger fiber size. Surface tension 

and conductivity are the two main counteracting forces on the solution. To start the 

electrospinning, electrostatic forces should overcome the surface tension. A solution 

with a lower surface tension generally favors the beadless nanofiber formation, but 

it does not mean that low-surface tension solutions are always spinnable. 

Electrical conductivity is correlated to the charge density of the solution. Higher 

electrical conductivity generally supports the formation of thinner fiber, but after a 
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certain level, it can cause bending instability and non-smooth fiber formation. The 

distance between the needle and the collector is another crucial parameter for fiber 

morphology. This distance should be in balance with the conductivity, flow rate, and 

voltage of the system to provide enough time for the evaporation of the solvent. 

Temperature modifies the solvent evaporation rate and jet solidification. Since the 

solvent evaporates quickly and the polymer mixture does not elongate high enough, 

thicker fiber formation is more commonly observed in the high-temperature process. 

Finally, relative humidity should be well adjusted to get homogenous fiber 

formation. In highly humid environments, solvent evaporation cannot occur, and 

bead formation on the fibers can be observed (Rahmati et al., 2021) (Rostamabadi et 

al., 2020).  

The electrospinning method is widely used in numerous areas such as air filtration 

(Thavasi et al., 2008), wound dressing (Powell et al., 2008), drug delivery carrier 

(Xie & Wang, 2006), cosmetics (Camerlo et al., 2013) and immobilization of enzyme 

(Fazel et al., 2016). In addition to all these areas, due to high encapsulation efficiency 

and high surface-to volume ratio (Castro Coelho et al., 2021), electrospinning 

methods is commonly preferred in food systems to encapsulate active agents. Since 

electrospinning is a non-thermal process, the thermally sensitive compound can 

easily be encapsulated with this method, also. The electrospinning process is based 

on the evaporation of the solvent, therefore it decreases the possibility of solvent 

residue in the film. All these favored properties make electrospinning one of the most 

desired techniques for developing food packaging. For example, in the study of 

Aydogdu, Yildiz, Aydogdu, et al., (2019b), gallic acid was encapsulated into PEO, 

lentil flour nanofibers. In the study, to increase the solubility of lentil flour proteins, 

the solution was prepared at pH 1 and pH 10. This variation affected both solution 

properties such as viscosity, conductivity, and fiber characteristics including 

morphology and thermal properties. At the end of the research, it was reported that 

gallic acid loaded lentil flour/PEO nanofibers extended the shelf life of walnuts by 

reducing the lipid oxidation. In another study, tea polyphenol was encapsulated into 

the poly(vinyl alcohol)/ethyl cellulose nanofibers. The results showed that the 



 

 

18 

conductivity and viscosity of the solutions were dependent on the tea polyphenol 

concentration in the solution and different concentrations of active compounds also 

decreased the water contact angle of the nanofiber films and increased the radical 

scavenging activity. Furthermore, films having antimicrobial activity against E.coli 

and S. aureus also extended the shelf life of pork by 3 days (Y. Yang et al., 2021). 

Yet in another study, carvacrol was encapsulated in to soluble potato starch and at 

different concentrations. The average fiber size of nanofilms was between 73 to 

95 nm. Thermogravimetric analysis (TGA) showed that the encapsulation process 

increased the thermal stability of the carvacrol. The active films had an antimicrobial 

activity on Listeria monocytogenes, Salmonella Typhimurium and this activity of the 

films was maintained for approximately 1 month against S. aureus. In the end films 

were suggested as a potential antimicrobial and antioxidant food package (Fonseca 

et al., 2019). In the study of  Sun et al., (2021), blueberry-extracted anthocyanins was 

incorporated into the poly-l-lactic acid (PLLA) to monitor freshness of mutton.  The 

color of the films changed from pink to light pink and finally the colorless when the 

concentration of ammonia increased. Finally, the freshness of the mutton and the 

color of the films showed parallel changes and the film was suggested to be used in 

intelligent packaging applications. Yet another research, zein nanofibers with 

alizarin was produced as an alternative intelligent packaging. The freshness of the 

fish fillets was observed with the alizarin-zein nanofibers. The total bacterial load, 

pH, and TVB-N of the fillets were measured during the storage period at 4°C.  Color 

changes of the nanofibers and biochemical changes showed a parallel pattern 

(Aghaei et al., 2020). Black carrot anthocyanin was encapsulated in bacterial 

cellulose nanofibers and these nano films were utilized as an intelligent package to 

monitor fish freshness. Films showed distinct color changes between pH 2 and 11. 

Finally, the results proved the positive correlation between the microbial load of the 

sample and the color changes of the films (Moradi et al., 2019). 

Despite all these great potentials, the low productivity of electrospinning restricts the 

wide range of application.  Furthermore, the utilization of natural polymers i.e. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/listeria-monocytogenes
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polysaccharides and proteins is in trend though the high rigidity of these polymers 

results in difficulty in processing (C. Zhang et al., 2020).  

1.1.1.2 Casting Method 

The solvent casting method is one of the most common techniques in laboratory-

scale film formation. It can be basically described as spreading polymeric solution 

to the surface and then air-drying sample at a suitable time and temperature. The 

final film characteristic is mainly affected by the composition of the solution and 

drying conditions (temperature, humidity, time) (Ribeiro et al., 2021). Drying is the 

challenging stage of the casting process since inaccurate drying conditions can 

introduce some defects such as cracks and blisters, which significantly lower the 

quality of the film. The drying process mainly assists in molecular assembly, 

interaction, and crystallization. The solvent evaporation efficiency is mainly 

influenced by temperature, which affects film characteristics such as mechanical 

properties. For example, increasing the processing temperature from 30°C to 50°C 

increased tensile strength and decreased water vapor permeability. This result was 

due to the more compact network formation at higher temperatures (C. Li et al., 

2019). 

In addition to the main constituents forming the polymeric film matrix, another 

critical factor affecting film properties is the plasticizer, which is generally 

responsible for the integrity of the film (Thakur et al., 2019). Extensive interaction 

between biopolymer units which causes rigid and brittle structure, can be eliminated 

by introducing plasticizers in the formulation. The plasticizers, small molecules with 

low volatility, have a position between polymer units to decrease interaction between 

chains and increase their mobility. The effect of plasticizers on film characteristics 

is most commonly observed on solubility, permeability, and mechanical properties. 

Introducing plasticizers generally increased these parameters. Furthermore, releasing 

of active agents becomes more accelerated because of more flexible chain 
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movements (Ribeiro et al., 2021). In the literature, glycerol and sorbitol are one of 

the most commonly used plasticizers. 

Similar to the electrospinning methods, there have been various studies on active 

film production by casting method. In a recent study by Chen & Chi, (2021), 

different concentrations of tea polyphenol were encapsulated into the carboxylated 

cellulose nanocrystal/pullulan film-forming matrix. The incorporation of tea 

polyphenols enhanced the barrier, mechanical and thermal properties of the film. 

Furthermore, tea polyphenol addition enhanced antioxidant activity and films with 

the appropriate amount of tea polyphenol had an antimicrobial activity on E.coli and 

S. aureus (F. Chen & Chi, 2021). In another study, different active agents namely, 

curry, kesum, thymol oils were incorporated into the PLA matrix and their effects 

were compared. Kesum oil added films had higher thermal stability compared to the 

other active films and regardless of the oil type, the permeability values of films 

improved with the addition of oil. Although films had antimicrobial activity on S. 

aureus, they did not show any effect on E.coli. Finally, to simulate a real food 

package, chicken fillets packed with active films, which extended the shelf life of 

the food sample three more days (Mohamad et al., 2020). Coconut shell extract and 

sepiolite clay were incorporated into the corn starch-polyvinyl alcohol film matrix 

to modify film characteristics and improve the antioxidant capacity of the films. The 

results showed that the elasticity of the films improved with the addition of sepiolite 

clay and the incorporation of extract negatively affected permeability values. The 

antioxidant activity of the films significantly increased, in fact, the oxidative stability 

of soy bean oil increased when packed with the active film (Tanwar et al., 2021). In 

an edible active film study, germinated fenugreek seeds were utilized as an active 

agent in semi-refined κ-carrageenan film matrix. As expected, the antioxidant and 

antimicrobial activity of the film enhanced depending on the active compound. 

Furthermore, films caused microbial reduction in chicken breast during 7- day 

storage period compared to the control sample (Farhan & Hani, 2020). Finally, 

despite the easy processing and simplicity, high economic cost because of low 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/thymol
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production capacity and difficulties in the scaling of the industry is the most 

important drawback of the solvent casting method (Ochoa-Yepes et al., 2019).  

Considering all the positive and negative aspects of these two film making methods, 

in the literature, some studies compared the film performance of these two. For 

example, in the study of S. Wu, Qin, & Li, (2014), cellulose acetate nanofibers had 

higher thermal stability, in other words, decomposition temperature, compared to 

casting cellulose acetate film. Furthermore, electrospun nanofiber had higher contact 

angle (127.2°) than casting film (74.4°). This result pointed out that electrospun 

nanofibers were more hydrophobic surfaces than the casting film, which was 

explained by the orientation of the hydrophobic groups to the air/solid interface. 

Furthermore, the other reason for this consequence was higher crystallinity of the 

electrospun nanofibers.  

Similar to the previous example, gelatin/zein nanofibers had more hydrophobic 

surfaces than gelatin/zein casting film showing a lower contact angle. A higher single 

melting point of gelatin/zein nanofibers suggested newly formed hydrogen bonding 

between components more successfully stabilized nanofibers than casting the film. 

Finally, nanofiber film showed higher solvent resistance than casting film due to 

heterogeneous dispersion of components (Deng, Kang, et al., 2018).  

Antibacterial test of PVA/chitosan electrospun and casting films exhibited that due 

to higher surface roughness and nanofiber structure, electrospun films were more 

effective on S.aureus and E.coli (Nokhasteh et al., 2019).  

Despite all these positive attributes,  Wang et al., (2020) investigated that casted 

gelatin films had significantly higher elastic modulus and tensile strength than 

electrospun fiber.  

1.1.2 Film Modification Methods (Crosslinking) 

Nowadays, biodegradable and eco-friendly components have drawn attention 

because of increasing environmental concerns about petroleum-based packaging 
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materials. To replace traditional packaging, natural biopolymers such as 

polysaccharides, proteins, and lipids have been regarded as possible alternatives(Lin 

et al., 2019). Although films made from polysaccharides show good oxygen and 

carbon dioxide barrier properties due to their tightly packed network structure, they 

are generally permeable to water vapor due to their hydrophilic nature  (Mohamed 

et al., 2020).  

On the other hand, proteins provide better mechanical features to the produced films 

compared to polysaccharides. However, the hydrophilic nature of proteins also leads 

to poor water vapor barrier characteristics with the films  (Rajeswari et al., 2020). 

Crosslinking these compounds to modify film structure is one of the promising 

solutions to eliminate the potential drawbacks of these biopolymer films. 

For example, sodium trimetaphosphate (STMP) (Aydogdu et al., 2020) and sodium 

sulphate crosslinking agents (Kalaycıoğlu et al., 2017) were used in guar gum/orange 

oil emulsion and chitosan antimicrobial film, respectively. Further, the effect of 

graphene oxide (Grande et al., 2017) on crosslinking chitosan films and UV-induced 

crosslinking (J. Zhou et al., 2008) on corn starch films were also analyzed. 

Rather than these crosslinking agents, citric acid (CA) is a bio-based tricarboxylic 

acid and is commonly used due to its low-cost, non-toxic nature. The carboxyl group 

of citric acid might react with the hydroxyl and amino groups of different 

biopolymers (Nataraj, Sakkara, Meghwal, & Reddy, 2018; Yang, Peng, Wang, & 

Liu, 2010). Thus, CA was utilized to modify film characteristics in the studies. For 

example, different concentrations of CA were utilized as a crosslinking agent in the 

potato starch-chitosan film matrix. Increasing CA concentration in the film matrix 

caused a reduction in water solubility while increasing hydrophobicity, and 

decreasing permeabilities.  Finally, CA improved the antimicrobial activity of the 

films against both G(+) and G(-) bacteria (H. Wu et al., 2019a). In the cassava starch 

film study, CA was incorporated into the film forming solution and this solution was 

heated at different temperatures (75°C and 85°C). The results showed that the 

permeability and moisture content of the films significantly reduced. Films became 

nearly insoluble in dimethyl sulfoxide (DMSO). Although crosslinking slowed down 
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the degradation of the films, they were still biodegradable (Seligra et al., 2016). 

Similarly, the characteristics of the polyvinyl(alcohol)/starch/graphene 

nanocomposites were improved by the addition of CA as a crosslinking agent. The 

incorporation of CA led to increasing thermal stability, tensile stress and elasticity 

of the film. Finally, FTIR results supported the enhanced interaction between 

hydroxyl group of PVA and starch due to crosslinking (Jose & Al-Harthi, 2017). In 

another study, the effect of heat treatment and catalyst on CA crosslinked wheat 

straw hemicellulose films were analyzed. The results revealed that crosslinking 

reaction decreased the permeability of the film and enhanced water resistance. The 

heat treatment and the catalyst did not affect significantly the film properties 

(Azeredo et al., 2015).  

On the other hand, glutaraldehyde is one of the most commonly preferred 

crosslinking agents for proteins and polyhydroxyl compounds. Because it has a rigid 

chemical structure without any hydrophilic group, the addition of glutaraldehyde 

decreases the water sensitivity of the material. The carbonyl group of glutaraldehyde 

reacts with the amino group (chitosan) and the hydroxyl group of polysaccharide 

molecules (Gonenc & Us, 2019). 

1.1.3 Utilization of polymers and biocomposites in food packaging 

Although most of the packaging materials in the marketplace are petroleum-based 

due to their relatively low price and desirable properties, their non-biodegradable 

and non-renewable properties stand out as the biggest challenge. Only in the US, 

more than 30 million tons of these materials are wasted annually. Furthermore, less 

than 3% of these petroleum-based polymers are recycled due to technical and 

economic difficulties (Mohamed et al., 2020).  

Therefore, nowadays, biodegradable and eco-friendly components have drawn 

attention. In this sense, to replace traditional package material, in addition to 

natural biopolymers including polysaccharides, proteins, and lipids, synthetic 
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biodegradable polymers such as PEO have been regarded as possible alternatives 

(Lin et al., 2019). Therefore, the utilized materials in this study will be discussed 

further in upcoming sections.  

1.1.3.1 PEO (polyethylene oxide) 

PEO, a synthetic polymer, is produced by the polymerization of ethylene oxide with 

the help of a metallic catalyst. PEO is composed of flexible linear macro chains and 

repeating units of carbon, hydrogen, and oxygen (–CH2–CH2–O–). Since it is a semi-

crystalline polymer, the melting point ranges between 63 °C and 67 °C, and the glass 

transition temperature is between −50 and −57°C. In its natural state, PEO is 

generally in the form of a regular helix structure, whereas in an aqueous solution, 

PEO modifies its structure as a random coil (Hassouna, Morlat-Thérias, Mailhot, & 

Gardette, 2007; Ma, Deng, & Chen, 2014).  

PEO is a biocompatible, hydrophilic, non-toxic polymer, and it also has good 

compatibility and mechanical properties such as high elongation and good 

orientation ability (Grkovic et al., 2017). In the literature, studies mainly reported the 

difficulties of electrospinning natural polymers such as alginate and chitosan due to 

their failure in jet instability. To overcome these handicaps, natural polymers are 

commonly mixed with PEO as a carrier polymer. The alginate electrospinning 

exemplified this situation. A tightly overlapped form of rigid and extended 

conformation of alginate caused ineffective chain entanglement in the 

electrospinning process. Due to this insufficiency, mechanical strength, which 

endured electrical force, lowered and prevented stable jet formation (Cui et al., 

2016).  

The first positive effect of PEO is a charge-counteracting effect on these 

polyelectrolyte polymers. The second one is related to the chain entanglement of 

PEO and biopolymers. It was hypothesized that the molecular weight of PEO should 

be high enough to promote electrospinning (Vega-Lugo & Lim, 2012).  
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Due to these benefits, PEO is utilized in different areas such as solar cell production 

(Md Shariful Islam et al., 2019), and metal ion adsorption (Shariful et al., 2018). It 

is also frequently preferred in food packaging applications i.e. HPMC, PEO, gallic 

acid active nanofilm (Aydogdu, Sumnu, et al., 2019), rutin encapsulated cellulose 

acetate/PEO nanowebs (B. Li & Yang, 2020) aloe vera agrowaste incorporated PEO 

nanofibers (Solaberrieta et al., 2020).  

1.1.3.2 Chitosan   

Chitosan, (1-4)-2-amino-2-deoxy-β-D- glucan, (CS) is a cationic polysaccharide 

with a typical acetylation degree of 20%. It was commercially produced from the 

fishery by-products. It is one of the most widely used biodegradable, biocompatible, 

and antimicrobial polymers. These characteristics make it a frontrunner compound 

for biomedical practices, tissue engineering, and food packaging (Grkovic et al., 

2017).  

Protonation of amino groups makes chitosan soluble in an acidic solution and 

positively charged. An increasing number of hydrogen bonding at high 

concentrations results in sharply increasing viscosity of the solution. Because of that, 

during electrospinning, the CS concentration becomes a vital parameter in moving 

the solution from the tip of the needle to the plate (Tsai et al., 2015).  

Furthermore, electrospinning of pure CS solution is very difficult because of high 

repulsive forces between ionic groups. Cationic characteristics and high charge 

density cause a homogeneous splitting of jets. To improve the spinnability of CS, it 

is blended with other natural or synthetic polymers (Ahmed et al., 2020). 

Incorporation of CS into the electrospun solution caused drastic changes in both 

solution properties, film morphology and film characteristics. For example, in the 

study of Koosha & Mirzadeh, (2015) chitosan was blended with poly(vinyl alcohol) 

(PVA)  at different ratios. In addition to the solution properties, the effect of blend 

ratio on fiber morphology and mechanical properties was examined. The research 
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showed that the highest blending ratio of CS:PVA (100:0) solution was not suitable 

for electrospinning. This was the consequence of the high viscosity of chitosan 

solution which prevented stable jet formation. Furthermore, SEM results supported 

that increasing CS ratio in the polymer mixture decreased average fiber size of 

nanofibers due to increasing conductivity values. Finally, incorporation of CS with 

the PVA lowered the ductility of nanofibers compared to pure PVA nanofibers 

(Koosha & Mirzadeh, 2015). In another study, chitosan was blended with pullulan 

at different ratios to obtain fast dissolving oral nanofibers.  The viscosity of the 

solution increased with an increased chitosan ratio in the solution, similar to the 

conductivity values. SEM images proved that the average fiber size of nanofibers 

strongly depended on the CS ratio of the polymer mixture, and the average fiber size 

of nanofibers was measured between 134±77nm (CS/Pullulan 0/100) and 

(CS/Pullulan 60/40) 51±12nm. The thermal stability of the nanofibers increased with 

increasing CS which indicated hydrogen bonding between chitosan and pullulan (Z. 

yu Qin et al., 2019). In the food packaging area, chitosan is frequently utilized 

because of its natural antimicrobial and antioxidant activities. The antimicrobial 

activity of chitosan is related to the three main elements (i) microorganism (cell age, 

species), (ii) characteristics of chitosan (molecular weight, concentration, and 

deacetylation degree) and (iii) environment (temperature, pH, ions) (Confederat et 

al., 2021). The effect of chitosan molecular weight on antimicrobial activity has been 

studied and results revealed that chitosan with lower molecular weight is more 

effective on G (-) bacteria, and the reverse case is valid for G (+) bacteria. The main 

suggestion about this outcome was that lower molecular chitosan could more easily 

attach on G (-) cell wall whereas higher molecular weight of chitosan acted as a 

barrier around the G(+) bacteria by hindering nutrient absorption (Fernandes et al., 

2008). Another factor, deacetylation degree, is related to the positively charged 

density of the chitosan. Therefore, more positively charge density means stronger 

electrostatic interaction and better antimicrobial activity (Confederat et al., 2021). 

Since chitosan has a pKa value around pH 6.5, it becomes positively charged at pH 

values lower than pKa. Therefore, chitosan has a better inhibitory effect when it is 
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cationic (Younes & Rinaudo, 2015). Because of this unique feature, chitosan has 

been utilized in food packaging. For example, different concentrations of chitosan 

(1%, 3%, 5%) were incorporated into the low density poly ethylene (LDPE) to 

develop antimicrobial food packages and the effect of these packages on the shelf 

life of  Tilapia steaks was investigated. Films with 3% and 5% concentrations of 

chitosan caused a 100% reduction of E.coli after 96 h and these films extended the 

shelf life of fish up to 15 days (Reesha et al., 2015). In another study, the 

chitosan/guar gum active film results showed that films containing 85% chitosan had 

antimicrobial effects on both E.coli and S.aureus (Rao et al., 2010). On the other 

hand, the inhibitory effect of gelatin-chitosan edible films was reported only for E. 

coli, clear zone was not observed for L. monocytogenes (Pereda et al., 2011). To 

improve the antimicrobial effect of chitosan, it was also blended with other 

antimicrobial compounds. For example, Sonneratia caseolaris (L.) Engl. leaf extract 

was incorporated into the chitosan film matrix at different concentrations and the 

films were effective on G (+) (S.aureus) and G(-) (Pseudomonas aerugino) bacteria 

(Nguyen et al., 2020). Moreover, the incorporation of rosemary essential oil (0.5, 1.0 

and 1.5% v/v) into chitosan film increased antimicrobial efficiency against S. 

agalactiae, E. coli, L. monocytogenes (Abdollahi et al., 2012).   

Although the antioxidant activity of the chitosan was attributed to the amino and 

hydroxyl groups on the structure, the studies suggested that the antioxidant activity 

of the chitosan depended on the molecular weight. Chitosan can interact with free 

radicals and metal ions by donating a hydrogen atom or lone pair of electrons 

(Oladzadabbasabadi et al., 2022). The results of kefiran-chitosan films proved the 

antioxidant feature of chitosan since the highest DPPH scavenging activity was 

observed for the films with the highest amount of chitosan (Sabaghi et al., 2015). 

However, it should be noticed that chitosan is more commonly utilized for its 

antimicrobial activity rather than its antioxidant feature.  

In addition to these inherent characteristics of chitosan, it is also relatively 

hydrophobic and has better barrier properties than other natural macromolecules 

such as starch (Luchese et al., 2018). However, the practical application is still 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/tilapia
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limited because of susceptibility to moisture, and mechanical properties should be 

improved  (Oladzadabbasabadi et al., 2022). 

1.1.3.3 Flour 

As mentioned, over the last decade, natural and renewable polymers have attracted 

the attention of both researchers and the industry. These materials are not only 

considered potential food package materials but are also preferred in different fields 

such as scaffold tissue engineering (Malafaya et al., 2007).  

In food science, to obtain environmentally friendly films, researchers generally either 

extract or purify biopolymers such as starch and protein, then mix these biopolymers 

to achieve desirable film structure, and eliminate some undesirable characteristics of 

these biopolymers. For example, films made from polysaccharides show good 

oxygen and carbon dioxide barrier properties due to their tightly packed network 

structure. However, they are generally permeable to water vapor due to their 

hydrophilic nature. In addition, proteins provide better mechanical features to the 

produced films than polysaccharides. However, the hydrophilic nature of proteins 

also leads to poor water vapor barrier characteristics with the films (Mohamed et al., 

2020).  

To eliminate extraction and purification processes and to handle possible 

disadvantages of each biopolymer, flour, a bio-composite material, and the natural 

mixture of protein, starch, and lipids can be considered an attractive solution 

(Valderrama Solano & Rojas de Gante, 2014). 

For that purpose, for example, Yildiz, Bayram, et al., (2021) developed pea flour-

based gallic added active films and analyzed the effect of film on lipid oxidation; 

Riveros, Martin, Aguirre, & Grosso, (2018) studied the effects of peanut flour 

package efficiency on the preservation of sunflower oil quality while Tapia-Blácido, 

Sobral, & Menegalli, (2005) characterized the film-making ability of amaranth flour.  
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Among different flour types, faba bean, also known as the broad bean, filed bean, 

and horse bean (Multari et al., 2015) is a good source of proteins and carbohydrates. 

The protein content of faba bean is higher than other high protein flours such as pea 

flour (Yildiz, Bayram, et al., 2021) and lentil flour (Aydogdu, Yildiz, Aydogdu, et 

al., 2019b). In addition, faba bean contains high amounts of secondary metabolites, 

that is, phenols and flavonoids which enrich their antioxidant activity (Millar et al., 

2019). Up to now, faba bean flour has been mostly utilized in gluten-free pasta 

(Rosa-Sibakov et al., 2016) and protein enriched gluten free bread (Sozer et al., 

2019). No study has investigated so far in the film formation performance of faba 

bean flour.  

Like faba bean, chickpea is a good carbohydrate source, including dietary fiber and 

protein. Chickpea proteins are mainly composed of globulins, albumin, glutelin, and 

prolamin, whose isoelectric point is between pH 4-6. Starch is the primary 

carbohydrate source, and 30-35% of starch is amylose. The gelatinization 

temperature of the amylose is approximately 64–73 °C. In addition to its good 

emulsifying, pasting, and foaming properties, as an antioxidant, bioactive compound 

in chickpea was also reported (Olga et al., 2019). 

The effect of pH (7-10) and plasticizer concentration (1% or 3% w/v) on the film-

forming performance of chickpea flour was investigated. For this purpose, the 

permeability, solubility, and mechanical and thermal characteristic of the films were 

analyzed. WVP of the films significantly increased with increasing plasticizer 

concentration due to enhanced free volume and less dense film structure. Tensile 

strength and elastic modulus of the films declined, whereas elongation at break value 

increased with increasing plasticizer concentration. This result was explained by the 

limitation of cohesive forces between polymer chains caused by the plasticizer and 

higher moisture content of the films (Olga et al., 2019).  

Another study aimed to produce gallic acid-loaded chickpea flour films and similarly 

analyzed the influence of pH (9 and 11) and plasticizer (1 and 3% w/v) concentration. 

The results suggested that films produced at pH 11 had higher antioxidant activity. 
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Higher plasticizer concentration resulted in a more flexible and hydrophilic film. 

Furthermore, gallic acid incorporation had a decreasing effect on the WVP of the 

films (Kocakulak et al., 2019). 

However, there is no research in the literature examining chickpea flour-based 

nanofibers as an active food package.  

1.1.4 Active Agent-Curcumin 

Curcumin (Figure 1.3), 1,7-bis (4-hydroxy-3-methoxyphenyl)-1,6-hepadiene-3,5-

dione, is a natural compound having a molecular weight of 368.385 g/mol, extracted 

from Curcuma longa and it is in solid form at room temperature (Roy et al., 2022). 

Although curcumin is poorly soluble in water which limits application and 

bioavailability, it is highly soluble in polar solvents such as ethanol. Furthermore, 

analysis has shown that higher processing temperatures speed up the degradation rate 

of curcumin (Aliabbasi et al., 2021).  

Since the bioactive characteristics of curcumin are well known, it is widely used in 

numerous areas such as wound healing (Alven et al., 2020), prevention of 

antimutagenicity (Fernández-Bedmar & Alonso-Moraga, 2016) and cancer (Duvoix 

et al., 2005).  

The utilization of curcumin is not limited to these areas. Since curcumin is accepted 

as GRAS (generally recognized as safe) by FDA (Food and Drug Administration) 

(X. Luo & Lim, 2020) it is widely preferred by researchers to alter food packaging 

characteristics. 

Curcumin is incorporated into film formulations to take advantage of its hydrophobic 

characteristics. In the study of curcumin-added carbohydrate-based films, the water 

solubility of agar films significantly decreased from 41.7 ± 3.9 % to 33.9 ± 3.8% 

(Roy & Rhim, 2020d). The water contact angle of guar gum-based film increased 

from 38.83 ± 0.29 º to 40.89 ± 0.37º (Aydogdu et al., 2020). Finally, the WVP of 

carboxyl methyl cellulose films reduced from 2.12 ± 0.1 to 1.82 ± 0.1 ×10−9 
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g.m/m2.Pa.s with the incorporation of curcumin (Roy & Rhim, 2020a). In addition 

to these, another reason for researchers to prefer curcumin in food packaging is its 

antimicrobial activity. The antimicrobial activity of curcumin is based on the 

deactivation of FtsZ protein, which is critical to initiate cell division. Although the 

mechanism and the interaction of FtsZ - curcumin is not clear yet, the methoxy 

group, phenolic group and two carbonyl groups of curcumin potentially interact with 

the active site of FtsZ by hydrogen and/or hydrophobic bonds. When the 

polymerization of FtsZ and formation of Z- ring are interrupted by curcumin, the 

viability of the bacteria becomes compromised (Roy & Rhim, 2020b).  

 

Figure 1.3. Structure of curcumin  
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Because of this feature, the antimicrobial activity of curcumin has been tested by 

different studies with different polymer matrices.  For example, curcumin was 

incorporated into the carrageenan, chitosan and agar films and their antimicrobial 

activities were tested on E.coli and L. monocytogenes. As expected, except for 

chitosan film, neat carrageenan and agar film did not show any bactericidal activity. 

Although the addition of curcumin brought all films antimicrobial features, the 

presence of chitosan accelerated bacterial destruction (Roy & Rhim, 2020d). 

Although the antimicrobial activity of curcumin is a well-known fact, its 

concentration is a determiner factor for the bactericidal effect. Increasing curcumin 

concentration from 1% to 5% in the cellulose based film resulted in the increase of 

inhibition zone from 0.7 cm to 2.3 cm for E.coli (N. Luo et al., 2012). The result of 

PLA/curcumin film also showed that there was a positive correlation between the 

increasing antimicrobial activity of the films and curcumin concentration (Roy & 

Rhim, 2020c). The gelatin- curcumin study pointed out that antimicrobial films were 

more effective on G(-) (E.coli) than G(+) L. monocytogenes bacteria. The films 

significantly inhibited the growth of E.coli whereas slightly reduced the growth rate 

of L. monocytogenes (Roy & Rhim, 2020b). Contrary to these results, the activity of 

curcumin was tested on 100 pathogen strains coming from 19 species and the results 

indicated that curcumin was more effective on G(+) bacteria than G(-) bacteria 

(Adamczak et al., 2020). Therefore, the antimicrobial activity of curcumin was also 

dependent on the type of test bacteria and the strain. As an example of food 

packaging application, curcumin functionalized chitin and glucan complexes were 

tested on chicken breast samples. The quality of food sample both packed with cling 

film and film with the highest amount of curcumin was assessed by total viable 

bacteria count technique. The results showed that the active film extended the shelf 

life of the chicken breast meat up to 10 days (Kaya et al., 2022). The phenolic 

hydroxyl and single methylene groups of curcumin contribute to the antioxidant 

activity which is measured by various methods such as DPPH (Roy & Rhim, 2020b) 

reducing power assay, ABTS radical scavenging (Taghavi Kevij et al., 2020).  
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Similar to the antimicrobial activity, the nature of the film forming material has also 

an influence on the antioxidant activity of the curcumin. The same amount of 

curcumin was added into the films made by the different molecular weights of 

chitosan (15 kDa, 50 kDa, 500 kDa, 850 kDa, 1700 kDa, 4150 kDa) and the bacterial 

cellulose. The results of both ABTS and DPPH scavenging rates of the films 

suggested that the molecular weight of chitosan might influence the antioxidant 

activity. The films made from 500 kDa and 850 kDa molecular weight of chitosan 

had slightly higher antioxidant activity compared to the other films (Xu et al., 2021). 

In addition, curcumin was encapsulated into the glucomannan and zein matrix by 

electrospinning technique. Films had higher antioxidant capacity when zein 

concentration was higher in the spinning solution (L. Wang et al., 2019a). Curcumin 

(0% - 5%) was also incorporated into the tara gum/ polyvinyl alcohol film matrix. 

As expected, the antioxidant activity of the films increased with increased curcumin 

concentration.  The study also investigated the temperature (25ºC, 35ºC and 45ºC) 

dependency of the releasing behavior. Since chain mobility increased and film 

compactness was modified at higher temperatures, curcumin exhibited a higher 

release rate (Q. Ma, Ren, et al., 2017).  

Actually, the antioxidant activity of curcumin is also related to the releasing 

environment. Among the different mediums (0%, 25%, 50%, 75% and 95% ethanol), 

curcumin release increased with increasing ethanol concentration (Xu et al., 2021). 

Since 95% ethanol illustrates fatty food systems, curcumin containing active films 

might be more effective on lipid oxidation and in high-fat content foods. Curcumin 

added thermoplastic starch/poly(butylene adipate-co-terephthalate) films were 

produced by extrusion technique and the antioxidant efficiency of  films was tested 

on packaging of chia oil. Authors reported a decrease in concentration of oxidation 

products when oil was packaged with active film. However, they also emphasized 

that the color of the oil turned to yellowish during the release of curcumin into the 

oil (Mücke et al., 2021). Since the solubility of curcumin is very low in hydrophilic 

environments, to make it more functional and to increase bioavailability, curcumin 

was encapsulated in the inclusion of complexes. For this reason, β-
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cyclodextrin/curcumin complexes were incorporated into the gelatin film forming 

matrix.  To delay the oxidative browning, apple juice was packed with the gelatin- 

cyclodextrin/curcumin film. The results revealed that the polyphenol content of all 

samples decreased during storage. However, the lowest change was reported for the 

samples packed with the highest curcumin content (J. Wu et al., 2021). As in this 

case, curcumin became soluble in a hydrophilic environment and bioavailable when 

encapsulated in the inclusion complex.  

Besides its antioxidant and antimicrobial characteristics, curcumin is also favorite as 

a dye due to its chromogenicity. As mentioned before, some dyes used in producing 

pH indicators are synthetic, toxic, and unsuitable for food packaging applications 

(Prietto et al., 2018). Due to their low toxicity, pollution-free, renewable features and 

easy preparation characteristics, natural dyes are good candidates for substitution of 

chemical reagents (Xiahong Zhang et al., 2014). It is well known that under alkaline 

conditions, diketone groups of curcumin are shifted to keto-enol form, which is 

responsible for color change from yellow to orange/red (X. Luo & Lim, 2020) 

and this property makes curcumin an excellent pH indicator candidate. 

In intelligent film applications, casting technique was the most commonly preferred 

method rather than electrospinning. Although electrospinning has an increasing 

popularity for both active and intelligent packaging because of its superior 

characteristics which were discussed previously, there are still limited studies on 

nanofiber intelligent packaging.  Although there are some examples of 

electrospinning intelligent packaging, polymers that completely change film 

characteristics and applications are different. The application of intelligent 

packaging films was mostly focused on the storage of sea foods such as shrimp. For 

example, in the study of  Wu et al., (2019), chitosan curcumin casting film was 

designed to be used for shrimp, at the end of day 5, TVB-N value of the samples was 

measured as 54.25 mg/100 g and TVB-N value exceeded the limits. The color change 

of pectin based curcumin films was observed for the shrimp at the end of 36h, at 

25ºC storage conditions (Ezati & Rhim, 2020). Similarly, the freshness of the shrimp 
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was detected by κ-carrageenan / curcumin casting film. The other seafood freshness 

monitoring examples were also listed in Table 1.2.  

The articles studied on chicken storage were different from this thesis by both the 

packaging method and the dye, for example, PVA/ gelatin/amaranthus leaf extract 

(Kanatt, 2020), cassia gum /cellulose fiber /bromothymol blue (Cao et al., 2019), 

bacterial cellulose/ methyl red (Hurley et al., 2014),  methylcellulose and 

hydroxypropyl methyl- cellulose/ bromothymol blue/ methyl red/bromocresol green/ 

phenol red (Rukchon et al., 2014). 

Table 1.2 Examples of curcumin based intelligent packaging. 

Material Packaging 

Method 

Application References  

Tara gum/polyvinyl 

alcohol / curcumin  

Casting  Shrimp   (Q. Ma, Du, 

et al., 2017) 

bacterial 

cellulose/cotton fiber/ 

curcumin  

Casting Soaked in the 

different pH solution 

(X. Ma et al., 

2020)  

Low density 

polyethylene (LDPE) / 

curcumin  

Extrusion   Meat  (Zhai et al., 

2020)  

Pectin / curcumin  Casting  Shrimp  (Ezati & 

Rhim, 2020)  

Gelatin/ curcumin  Casting Soaked in the 

different pH solution 

(Musso et al., 

2017) 

κ-carrageenan / 

curcumin  

Casting Shrimp  (Jingrong Liu 

et al., 2018)  

Ethylcellulose, PVP, 

PEO / curcumin  

Electrospinning  Exposed on 

ammonium vapor 

and suggested to be 

used as intelligent 

packaging  

(X. Luo & 

Lim, 2020) 

Polyvinyl 

alcohol/cellulose / 

curcumin  

Casting  shrimp (Ding et al., 

2020)  

Chitosan/ curcumin  Casting  Shrimp  (C. Wu et al., 

2019) 

Agar and polyvinyl 

alcohol / curcumin   

Casting  Shrimp  (J. Zhang et 

al., 2021)  

Bacterial Cellulose / 

curcumin  

Casting Shrimp  (Kuswandi et 

al., 2012)  
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1.2 Objectives of the study 

Packaging is not only necessary to ensure food integrity but also critical for product 

advertising. Besides keeping food safe from ambient conditions and preserving 

quality during transportation and storage, nowadays, packages have an essential role 

in providing innovative solutions for increasing shelf life and guiding consumers 

about the freshness of food. 

Intelligent packaging is the next-generation packaging system capable of sensing, 

detecting, recording, communicating, and providing information about the state of 

food through the supply chain. Although traditional packages give info about food 

origin, theoretical expiration date, and composition, intelligent packages 

significantly reduce food waste and upgrade traceability. Because of this reason, 

these packages have a great potential to reduce food waste. Active packages, on the 

other hand, are another innovative trend in the industry that include a variety of 

agents that retard the deterioration of food.  

Solvent casting is one of the most commonly used techniques in film fabrication due 

to its simplicity and cost-effectiveness. On the other hand, electrospinning offers the 

fabrication of polymeric nanofibers with superior flexibility, porosity, surface area, 

and surface functionality characteristics. 

Due to increasing environmental concerns about the disposal of plastics, studies have 

started to focus on new materials such as natural combinations of protein, lipids, 

carbohydrates, and fibers to obtain biodegradable, bio-based food packages from 

natural sources. Chitosan, a natural polysaccharide obtained from chitin, is one of 

the most commonly used biopolymers for food packaging applications owing to its 

non-toxicity, biodegradability, biocompatibility, and antioxidant and antimicrobial 

activities. PEO (polyethylene oxide) is one of the most common co-spinning agents 

to facilitate the electrospinnability of natural biopolymers due to its biocompatibility 

and high elongation ability. Flours contain carbohydrates, lipids, and proteins 

together. Therefore, they have been an excellent source for producing food packages. 
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Since faba bean and chickpea flour have a high amount of protein compared to the 

other flours, they might be considered a promising bio-composite as a food 

packaging material. Curcumin is one of the most valuable ingredients in turmeric 

and has been long used in different fields due to its anticancer, antioxidant, 

antimicrobial, and anti-arthritic character. Furthermore, it can be utilized as a halo-

chromic dye, a natural pH-responsive agent. Therefore, curcumin is one of the best 

candidates for utilizing intelligent packages. 

The risk of food contamination by packaging materials becomes the most significant 

challenge against the commercialization of intelligent packaging films. Although 

chemical compounds were utilized in intelligent packaging, there is a literature gap 

on producing natural dye-containing biopolymer-based electrospun nanofibers to be 

used as intelligent packaging. Furthermore, most of these sensors were tested on 

seafood samples and there are limited number studies on the application of intelligent 

packages on chicken packaging. Moreover, in the literature, there is no study about 

the application of legume flour based and curcumin containing active films produced 

by electrospinning. Apart from these, in general, to eliminate the drawbacks of 

biopolymers, different crosslinking agents such as glutaraldehyde, a well-known 

toxic chemical, have been frequently used. From this perspective, no study is aimed 

at comparing the performance of different crosslinking agents in the production of a 

curcumin-added active films. Furthermore, this study compares the performances of 

faba bean and chickpea flour based active films.  

The main aim of this study was to obtain biopolymer-based (chitosan, faba bean and 

chickpea flour) and curcumin incorporated intelligent and active packaging materials 

by using electrospinning and casting methods. In the intelligent packaging part, 

chitosan/PEO was used as an external support matrix for halochromic curcumin. 

First, the conductivity and viscosity of film-forming solutions were studied. 

Additionally, nanofiber films were characterized in terms of morphology (SEM), 

thermal analysis, water vapor permeability and sensitivity to volatile ammonia. 

Then, the relationship between the concentration of volatile compounds and the color 

change of intelligent packaging was systematically analyzed. In the second part of 
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the study, chickpea flour and PEO were preferred as support matrix materials due to 

their nontoxic and biodegradable characteristics. The effects of curcumin and heating 

methods (conventional and microwave) on solution and film properties were 

investigated. The antioxidant and antimicrobial activity of the active films were also 

analyzed. In the third part of the study, the possibility of replacing glutaraldehyde 

(GLU) with citric acid (CA), a nontoxic compound, was questioned in film 

formation. In addition to film characteristics, antioxidant, antimicrobial analysis, and 

biodegradation behavior of the film were also carried out. Based on the results of the 

previous part, CA cross-linked chickpea flour/chitosan films were obtained and 

antimicrobial activity was tested on chicken breast storage.  
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CHAPTER 2  

2 MATERIALS AND METHODS  

2.1 Materials  

PEO (M.W. 900 kDa) was obtained from Sigma- Aldrich (St. Louis, MO). Curcumin 

(1,7-bis (4-hydroxy-3-methoxyphenyl)-1,6-hepadiene- 3,5-dione), 

mediummolecular weight (75–85% deacetylated) chitosan and ethanol were 

purchased from Merck (Darmstadt, Germany). MgO (magnesium oxide), boric acid, 

bromocresol green-methyl red mixed indicator solution, hydrochloric acid solution 

(32–36%), sodium hydroxide pellets, DPPH, Polyoxyethylene sorbitan monooleate 

(Tween 80) (density: 1.064 g/cm3, viscosity: 400–620 cps at 25 °C) were obtained 

from Merck (Darmstadt, Germany). Chickpea flour was obtained from 

Değirmencibaşı Gıda (Turkey). Faba bean flour was purchased from Havancızade 

Gıda (İstanbul, Turkey). For antimicrobial analyses, nutrient broth, and plate count 

agar were purchased from Condalab.  

2.2 Methods  

2.2.1 Preparation of film forming solutions 

2.2.1.1 Preparation of curcumin/CS/PEO electrospun solution 

A homogeneous PEO stock solution (4% (w/v)) was prepared using a magnetic 

stirrer (MaxTir 500, Daihan Scientific, Seoul, Korea). Similarly, chitosan (CS) 

solution (1%, w/v) was prepared by dissolving 1 g of CS powder in 100 mL of acetic 
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acid (80%, v/v). Then, PEO stock solution and CS solution were mixed at different 

weight ratios (PEO: CS (w/w); 8.5: 1.5, 8:2, 7.5:2.5). In the meantime, 0.05 g 

curcumin was dissolved in 10 mL ethanol to prepare curcumin stock solution. Later, 

5 mL of curcumin stock solution was mixed with the polymer solutions (10 mL) of 

PEO and CS to prepare the electrospun solutions. The solubility of curcumin in 

ethanol was taken directly as the value on the specification sheet provided by the 

Sigma Aldrich. Herein, all the mixture was stirred at 1500 rpm for 10 min at 25 °C 

and no precipitation was observed after mixing. 

2.2.1.2 Preparation of curcumin/PEO/chickpea flour electrospun solution 

PEO (2.5% w/v) was prepared by using a magnetic stirrer at 750 rpm (Daihan 

Scientific Co, KR) at room temperature for 24 h. Chickpea flour (3% w/v) (CF) was 

added to PEO solution and homogenized by high speed homogenizer (IKA T25 

Digital Ultra-Turrax, Staufen, Germany) at 10200 rpm for 2.5 min. Then, the pH of 

the solution was adjusted to 10.2 ±0.2 by adding 0.6 M NaOH. It was heated in the 

water bath (GFL, Type 1086, Germany) to prepare a conventionally-heated solution 

until its temperature reached 80 °C. Subsequently, after the solution was transferred 

to the magnetic stirrer at 750 rpm to keep it at 80 °C for 2 h, it was cooled down to 

room temperature.  Tween 80 was added (2 % w/v) as a surfactant and it was stirred 

again at 750 rpm for 30 min. To prepare microwave-heated sample, the 

PEO/chickpea flour mixture, whose pH was adjusted in advance, was directly heated 

by a microwave oven (Kenwood, New Jersey, USA) for 2.5 min at 416 W until the 

solution temperature reached 80 °C. The power level was determined by IMPI 2-L 

test. Then, the procedures of cooling and addition of Tween 80 were conducted in 

the same way as conventional heating. Curcumin (0.05 ± 0.005 g) was dissolved in 

5 mL ethanol to prepare a curcumin stock solution. It was subsequently added to 10 

mL of chickpea flour/PEO solution. All solutions were stirred at 1500 rpm for 10 

min at 25 °C to ensure homogeneity before electrospinning. The films were labeled 

as C/CON, CUR/CON, C/MW, CUR/MW. In labeling, the curcumin added films 
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were symbolized by an abbreviation of CUR while the control films without 

curcumin were represented as C. The latter part of the labels referred to the heating 

treatments of polymer mixtures, that is, CON for conventional heating and MW for 

microwave heating.  

2.2.1.3 Preparation of curcumin/faba bean/chitosan casting film 

Chitosan (2 % w/v) (CS) was dissolved in acetic acid solution (2% v/v) overnight at 

45 °C by using a magnetic stirrer at 750 rpm (MaxTir 500, Daihan Scientific, Seoul, 

Korea).  A slurry of faba bean flour (4%, w/v) was prepared by stirring at 750 rpm 

and at 80 °C for 45 min to complete starch gelatinization and protein denaturation. 

After cooling down the slurry to 45 °C, chitosan and flour slurry were mixed in equal 

volumes. Then, 0.4 % (w/v) glycerol was added to the solution as a 

plasticizer.  Curcumin (0.05 g) was dissolved in 10 mL ethanol and added into film-

forming solution (FFS) was obtained. Films without any crosslinking agent were 

regarded as a control (FC-C). To prepare citric acid (CA) cross-linked films (FC-

0.5C, FC-1C, FC-1.5C), CA was added to the FFS in different ratios (0.5 %w/v, 1% 

w/v, 1.5% w/v). To obtain glutaraldehyde (GLU) (FC-30GLU, FC-60GLU, FC-

120GLU) cross-linked films, GLU were included in the FFS in different ratios 

(0.03% v/v, 0.06 v/v, %0.12 v/v). Films were symbolized according to the presence 

of crosslinking agents and ratio.  The nomenclature was given in Table 2.1.  FFS was 

stirred at 1200 rpm for 45 min and then degassed using an ultrasonic bath (Lab 

Companion, Jeiotech, Seoul, Korea) at 37 kHz for 25 min.  
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Table 2.1 Nomenclature of the faba bean flour-chitosan- curcumin films (FC) 

Nomenclature Citric acid 

(CA) % (w/v) 

Glutaraldehyde 

(GLU) % (v/v) 

FC-C - - 

FC-0.5C 0.5 - 

FC-1C 1.0 - 

FC-1.5C 1.5 - 

FC-30GLU - 0.03 

FC-60GLU - 0.06 

FC-120GLU - 0.12 

2.2.1.4 Preparation of citric acid cross-linked curcumin/ chickpea flour/ 

chitosan casting films 

The solvent casting method was employed to produce CA cross-linked CUR/CF/CS 

active films. Chitosan (2 % w/v) was dispersed in acetic acid solution (2% v/v) 

overnight, at 45°C by using a magnetic stirrer at 750 rpm (MaxTir 500, Daihan 

Scientific, Seoul, Korea).   A solution of chickpea flour (4% w/v) was prepared in 

DI water, and stirred at 80 °C for 45 min to obtain a chickpea flour slurry as a result 

of protein denaturation and starch gelatinization. When the chickpea flour slurry was 

cooled down to room temperature, chitosan solution and flour slurry were mixed in 

equal volumes.  Next, glycerol (0.4% w/v) was introduced into the solution as a 

plasticizer. Curcumin (0.05 g) was dissolved in 10 mL ethanol and added in to film 

forming solution (0-CUR/CF/CS). Eventually, CA was added at different 

concentrations 0.5%w/v (0.5-CUR/CF/CS), 1% w/v (1-CUR/CF/CS), 1.5% w/v 

(1.5-CUR/CF/CS) to film forming solution and the final mixture was mixed once 
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more for 45 min at 1200 rpm to make it homogenous. This procedure was followed 

by degasification at 37 kHz for 25 min by using an ultrasonic bath (Lab Companion, 

Jeiotech, Seoul, Korea).  

2.2.2 Characterization of solution properties  

2.2.2.1 Spectral characteristics of curcumin solution for intelligent 

packaging 

The color and spectral changes in curcumin solution at different pH values were 

measured by colorimeter (KonicaMinolta CR-5 Osaka, Japan) and UV/VIS spectro- 

photometer (UV 2450, Shimadzu, Columbia, USA), respectively. In this experiment, 

curcumin solution was added to different pH solutions varying from 2 to 13 and 

scanned in the range of 300–600 nm. To calculate ΔE⁎ values (Equation 1) initial 

values L⁎,a⁎,b⁎ of curcumin were used. 

 𝐿0
∗ , 𝑎0

∗ , 𝑏0
∗ are the color values of standard curcumin solution. 

𝐸∗= √(𝐿0
∗ − 𝐿0)2 + (𝑎0

2 − 𝑎0)2 + (𝑏0
∗ − 𝑏0)2                     (Equation 1)  

2.2.2.2 Rheological properties 

The rheological behavior of the solution was measured using a controlled strain 

rheometer (Kinexus dynamic rheometer, Malvern, UK) with a cone (4° cone angle) 

and plate (40 mm diameter) geometry at 25 ± 1 °C. After placing the solution, the 

edges were trimmed. For flow measurement, shear stress values of the sample were 

recorded between 0.1 s−1–100 s−1 shear rates. Then, obtained data were fitted to 

the Power Law Model equation (Equation 2).  

𝜏 = 𝐾(𝛾)̇𝑛        (Equation 2) 
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where τ is the shear stress (Pa), 𝛾 ̇ is the shear rate (s−1), k is the consistency index 

(Pa.s) and n is the flow behavior index. 

2.2.2.3 Solution conductivity 

The electrical conductivity of samples was measured using a conductometer 

(WTW LF95, Germany) at 25 °C. 

2.2.3 Electrospinning of solutions 

The electrospinning process was carried out using Nano-Web 103 (Mersin, Turkey). 

Polymer solutions were placed in 5 mL syringes having 21gauge steel needle with 

11.58 mm inner diameter. After placing the syringe horizontally in front of the 

aluminum foil covered stationary collector, electrodes were connected to the 

collector plate. The collector is a square (Each size is 16 cm). The distance between 

the syringe and collector was 30 cm. Relative humidity is 30–40% in the 

electrospinning cabinet. The flow rate and voltage were 0.6 mL/h -12 kV and 0.6 

mL/h- 15kV for CS/PEO and chickpea flour/PEO solutions, respectively. 

2.2.4 Casting Film production  

Solutions of 15 g were poured into LDPE Petri plates and dried in a 55ºC oven 

(Binder ED 115, Tuttlingen, Germany) for 6.5 h. Films were stored in a climate 

chamber (52% RH, at 20 ºC) at least for 48 h before analysis. 
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2.2.5 Film characterization  

2.2.5.1 Morphological analysis of nanofibers 

Morphological characterization of curcumin loaded nanofibers was carried out with 

Field Emission Scanning Electron Microscopy (FESEM) (JEOL, Japan). After 

samples were stuck on metal stubs and coated with gold palladium (10 nm), surface 

images were obtained. Diameters of randomly selected 100 fibers were measured 

using Image J software (Maryland, USA).  

2.2.5.2 Ammonia sensitivity of curcumin/CS/PEO nanofilms 

To demonstrate the response of curcumin loaded films toward a real food system, 

nano films were exposed to ammonia vapor (Ezati & Rhim, 2020). Flask was filled 

with 80 mL of 0.8 M ammonia solution, and the top (4.90 cm2) was covered with a 

colorimetric film. The distance between the solution and the nanofiber film was 

adjusted to 1cm. Color changes of films were recorded by colorimeter (PCE-CSM 

3) in terms of L*, a*, b*, then it was converted to RGB color scale by MATLAB 9.0 

(R 2016a).  Data were taken every 3 minutes for 30 minutes. The sensitivity of the 

indicator was calculated using equation (3) (Zhang et al., 2019)  

𝑆𝑅𝐺𝐵 =
(𝑅𝑎−𝑅𝑏)+(𝐺𝑎−𝐺𝑏)+( 𝐵𝑎−𝐵𝑏) 

𝑅𝑎+𝐺𝑎+𝐵𝑎
× 100                       (Equation 3) 

𝑆𝑅𝐺𝐵 refers to sensitivity value, subscript ‘a’ shows initial values, and ‘b’ indicates 

colors after exposing ammonia. 

2.2.5.3 DPPH radical-scavenging activity of films 

DPPH activity of the films was measured by the method described by Prietto et al., 

(2018) and Aydogdu, Yildiz, Ayhan, et al., (2019a). Some amount of nanofibers 

(0.05 g) was dissolved in ethanol solution and centrifuged at 10000 rpm for 3 min. 
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A diluted sample was mixed with DPPH (50 ppm) solution and the absorbance value 

(UV 2450, Shamadzu, Columbia, USA) was measured at 517 nm after 30 min. Then 

DPPH scavenging activity, and antioxidant activities were calculated by using 

equation (4) and (5); 

DPPH scavenging activity (%)= 
𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙 −𝐴𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙 
× 100          (Equation 4)              

Acontrol and Asample are the absorbance of the DPPH solution with and without sample.  

DPPH Activity (mg  DPPH/ g dry weight of sample)= 
𝐶1−𝐶2

𝑊𝑠𝑎𝑚𝑝𝑙𝑒
× 𝑉       (Equation 5)         

2.2.5.4 ABTS radical scavenging activity of the films 

To prepare the ABTS analysis, potassium persulfate (2.6mM) and ABTS (7mM) 

were mixed and stored at room temperature in the dark. The diluted sample was 

mixed with ABTS solution and incubated at room temperature for 30 min. The 

absorbance of the solution was measured by a spectrophotometer at 734 nm. (Roy & 

Rhim, 2020e). ABTS scavenging activity of the samples was calculated according 

to the equation (6) below,   

ABTS scavenging activity (%)= 
𝑨𝒄𝒐𝒏𝒕𝒓𝒐𝒍 −𝑨𝒔𝒂𝒎𝒑𝒍𝒆

𝑨𝒄𝒐𝒏𝒕𝒓𝒐𝒍 
× 100                  (Equation 6) 

Acontrol and Asample are the absorbances of the ABTS solution with and without the 

sample.  

2.2.5.5 Differential scanning calorimeter of the films 

Thermal analysis of films was performed by using a differential scanning calorimeter 

(Pyris 6 DSC, PerkinElmer, Massachusetts, USA). A sample of 5 mg was placed in 

an aluminum pan and heated with a heating rate of 10 ºC/min from 25 °C to 350 ºC. 

For each measurement, an empty pan was used as a reference. The experiment was 

replicated twice for each sample. 
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2.2.5.6 Thermogravimetric Analysis (TGA) of the films  

Thermogravimetric analysis of the samples was carried out using a thermo-

gravimetric analyzer (Perkin Elmer Pyris 1). A sample of 5 mg was heated from 30 

°C to 600 °C at a rate of 10 °C/min and a nitrogen flow rate of 30 mL/min. 

2.2.5.7 Mechanical Properties of the films 

Tensile strength and percentage elongation at break were measured by a texture 

analyzer (Brookfield, Ametek CT3, Middleboro, MA, USA, TA- DGA tension 

probe). The test was carried out using 0.4 N load cell at a test speed of 0.40 mm/s.  

2.2.5.8 Water vapor permeability of the films 

The thickness of the films was measured from six different random points with a 

handheld digital micrometer (LYK 5202, Loyka,).  Cups with 40 mm internal 

diameter were filled with 35 mL water to adjust internal relative humidity to 100%. 

Then, the film was placed on top of the cup and fixed by using rubber joints. Cups 

were placed in the desiccator which was filled with silica gels. During the 

experiment, relative humidity and temperature were recorded by 

humidity/temperature logger (EBI20-TH1, EBRO, Ingolstadt, Germany). Weight 

changes of the cups were recorded over 12-hour period at 1 h intervals. WVP of the 

cups was calculated using the equation below (7) 

WVP=
𝑊𝑉𝑇𝑅×(∆𝑥)

(
𝑅1−𝑅2

100
)×𝑃𝑠𝑎𝑡

                   (Equation 7) 

Water vapor transmission rate (WVTR) can be calculated from weight changes 

versus time graph (g m−2 s−1), Δx is the thickness of the nano films (m), relative 

humidity inside and outer side of the cups were represented by R1 and R2 

respectively. Finally, the Psat (Pa) is the saturated water vapor pressure at room 

temperature. 
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2.2.5.9 XRD analysis of the films 

Crystalline properties of the films were analyzed by X-ray diffractometer (Rigaku 

Ultima-IV, USA) using copper (Cu) irradiation with 30 mA current and 40 kV 

energy. Samples were scanned at an angular range of 5° and 70° scanning range with 

a 2°/min scanning rate.  

The crystallinity degree of the samples was determined by using Equation (8), based 

on the method described by Demirkesen, Campanella, Sumnu, Sahin, & Hamaker, 

(2014). 

𝑇𝑜𝑡𝑎𝑙 𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦 (𝑇𝐶) =
𝐼𝑐

𝐼𝑐+𝐼𝑎
             (Equation 8) 

Where 𝐼𝑐 is integrated intensity of crystalline phase and 𝐼𝑎 is the integrated intensity 

of amorphous phase. 

2.2.5.10 Antimicrobial activity of the active films 

The bacterial cultures of Gram (-) Escherichia coli (ATCC 11229) and Gram (+) 

Staphylococcus aureus (ATCC 43300) were provided by Public Health Institution of 

Turkey, from culture collection and preserved at the Department of Food 

Engineering, METU. The antimicrobial activity of films was tested according to the 

method described by Janani, Zare, Salimi, & Makvandi, (2020). Lyophilized each 

bacterial culture was revived by incubating one bead in 9 mL nutrient broth for 24h, 

37 °C. At the end of the period, E.coli and S.aureus microbial suspensions were 

transferred to the selective media agar namely Chromogenic E.Coli,  Baird Parker 

Agar and incubated at 24h, 37 °C. Then, colonies from each microbial strain were 

incubated in the nutrient broth at 37 °C overnight. The optical density of each 

medium was read at 625 nm, and absorbance was set at nearly 0.1 with a final cell 

density of approximately 1.5 × 108 CFU/mL. Bacterial suspensions (100 μL each) 

were transferred into the corresponding agar medium. The films were cut into a disc 

shape of 0.8 mm diameter and placed on previously inoculated Petri plates. After 
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diffusion of the active compound (at 37 °C for 24 h) into the medium, the diameter 

of inhibition zones was measured.  

2.2.6 Chicken Analysis 

2.2.6.1 pH measurement of the chicken breast  

After placing 10 ± 0.1 g of chicken breast in the petri dish, it was sealed with PVC 

film. Petri dishes were stored in the refrigerator at 4 ºC for 8 days. pH of the chicken 

breast was measured every 24 h interval with pH probe (Hanna Lab, FC2022, USA).  

2.2.6.2 TVB-N measurement 

Chicken of 10 g was homogenized by with 100 mL of water using a sterile blender 

(Waring Commercial, USA). The homogenized chicken sample was centrifuged at 

10000 rpm for 10 min. The corresponding supernatant was made alkaline by adding 

an equal volume of MgO solution (1 % w/v). Steam distillation method was 

performed. The distillate was collected in a flask containing 25 mL of (20 g/L) boric 

acid and a few drops of methyl red/ bromocrosol green indicator. Finally, the 

obtained solution was titrated with 0.1 M HCl solution until a color change from 

green to pink was observed (J. Hu et al., 2019). The TVB-N content of the samples 

was calculated with the following equation (9);   

TVB-N (mg/100g)= 
(𝑉1−𝑉2)×𝑐×14

𝑚×10/100
× 100                      (Equation 9)

  

where V1 and V2 are the titration volumes (mL) of the sample and the blank, c is the 

concentration of HCl, (mol/L) and m represents the weight of the sample (g). 
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2.2.6.3 Application of colorimetric films on the food package and 

microbiological analysis 

Chicken samples were prepared by cutting the into the pieces with 1 g and placed 

into the sterile petri dish and sealed with PVC film. Colorimetric nano fibers were 

placed near the meat. Samples were stored at 4 ºC. Color changes of films were 

recorded by colorimeter (PCE-CSM 3) in terms of L*, a*, b*.  Data were taken every 

24 h.  

The microbial experiment was carried out according to the method described by 

Mohammadalinejhad, Almasi, & Moradi, (2020) with some modifications. Daily, 10 

g of chicken breast was transferred to the stomacher bag containing 90 mL of 0.1% 

peptone water and homogenized for 2 min to obtain a stock solution. Serial dilutions 

were carried out and 100 µL of each was spread onto the plate count agar (PCA) 

plates. The aerobic mesophilic microbial count was carried out by counting the 

number of colonies after 24h incubation at 37 °C and results were shown in terms of 

log10CFU/g.   

2.2.6.4 Application of citric acid cross-linked curcumin/ chickpea 

flour/chitosan films on chicken breast 

The chicken breast meat was bought from a local market in Ankara, Turkey and 

aseptically cut into 10 g- pieces. Chicken samples were completely wrapped by 0-

CUR/CF/CS and 1.5-CUR/CF/CS active films and stored at 4ºC. The 

microbiological quality of the samples was evaluated 0, 1, 3, 5, 7 and 9 days of 

storage.  

To carry out the analysis, chicken samples (10 g) were transferred aseptically to a 

stomacher bag containing 90 mL of 0.1% peptone water and blended in a Stomacher 

(WiseMix, WES- 400, DAIHAN) for 2.5 min.  
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Samples were diluted serially using 0.1% peptone water. Total aerobic mesophilic 

counts were determined using the plate count agar technique. The microbiological 

analysis was carried out in duplicate and the results were expressed based on log 

(CFU/g) (Konuk Takma & Korel, 2019). 

2.2.7 Statistical analysis 

All experiments were performed in duplicate. All statistical analysis was performed 

using MINITAB (version 16). Analysis of variance (ANOVA) with Tukey’s 

multiple comparison test was used for the statistical evaluation of experimental data 

(p < 0.05).  
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CHAPTER 3  

3 RESULTS AND DISCUSSION 

3.1 Fabrication of curcumin loaded CS/PEO nanofibers    

To find the optimum concentration and to decide electrospinning parameters of 

curcumin CS/PEO nanofibers, preliminary experiments were carried out. Increasing 

concentration of chitosan resulted in increasing conductivity which obstructed 

smooth fiber formation. Although homogenous fibers were obtained at different 

concentrations of PEO (4%, 5%, and 6% (w/v)), the lowest concentration was 

chosen. 

3.1.1 Conductivity of the electrospun solutions     

The conductivity of electrospun solution plays a crucial role in the production of 

bead-free uniform fibers. For this reason, the solution conductivity at different 

CS/PEO ratios was investigated. In this study, CS was dissolved in aqueous acetic 

acid (80%, v/v) before mixing with PEO and curcumin. CS has amino groups on its 

backbone with the pKa value of 6.3 (Silva-Weiss, Bifani, Ihl, Sobral, & Gómez-

Guillén, 2013) and thus, at a pH below its pKa value, CS becomes readily soluble as 

a result of the electrostatic repulsion between protonated backbone amino groups 

(Kriegel et al., 2009a). These positively charged amino groups on the backbone 

would also be held responsible for the observed trend that the conductivity of the 

resulting electrospun solutions increased with the amount of CS added in Table 3.1. 

In another words, when the ratio of charged CS to the uncharged PEO was increased 

in the electrospun solution, the conductivity increased as expected. 
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3.1.2 Rheological behavior of the electrospun solutions 

Rheological behavior of the polymer solution is the main indicator for intermolecular 

interaction between polymer chains. Molecule interactions play a major role in both 

the solution spinnability and the fiber morphology (Dilamian et al., 2013). As seen 

in Table 3.1, the flow behavior index (n) and the consistency index (k) of the 

electrospun solutions with different chitosan and PEO ratios followed the power law 

with a high coefficient of determination values (r2=0.996). The flow behavior indices 

of all the investigated electrospun solutions were less than unity with a non-

Newtonian shear-thinning flow profile and showed no significant difference among 

the samples. Shear thinning polymer mixtures were also used previously to produce 

nanofibers of alginate/PEO (Rošic et al., 2012), HPMC/ PEO (Aydogdu, Sumnu, et 

al., 2018), maltodextrin/soy protein isolate, maltodextrin/ whey protein (Kutzli et al., 

2019), in the literature.  

There was no significant change in the consistency index values of polymer mixtures 

prepared at different CS/PEO ratios (Table 3.1). When the rheological properties of 

sole CS/PEO blends were investigated previously in the literature, increasing CS 

ratio was reported to cause a more viscous polymer blend with greater consistency 

index values (Surendhiran et al., 2020). The increase in the solution viscosity was 

attributed to higher repulsive forces between protonated amine groups of the CS 

molecules leading to an expansion of hydrodynamic volume (Pakravan et al., 2011). 

On the other hand, when CS is dissolved in acetic acid concentrations greater than 

50-wt%, the viscosity of CS stays constant as amine groups exist entirely in the fully 

protonated form at this concentration and above (Pakravan et al., 2011). In this study, 

CS before blending with PEO was dissolved in 80% (v/v) leading to the complete 

protonation of backbone amine groups. This explains no difference in the solution 

viscosity and, thereby the consistency index values at different CS/PEO ratios. 

Besides, curcumin stock solution in ethanol was directly introduced to the polymer 

mixture just after blending of CS and PEO to prepare the final electrospun solutions. 

Ethanol in this case might act as a diluent by loosening the interaction between 
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chitosan and PEO, which might provide more free space for polymer motion. CS-

PEO hydrogen bonding might be replaced by CS-ethanol and PEO-ethanol hydrogen 

bonding. For this reason, molecules might have become more freely orientated in the 

movement direction during constant shear rheology measurement. Therefore, the 

increase in consistency index behavior with chitosan concentration might not be 

observed in our study as expected. 

Table 3.1 Conductivity, flow behavior index (n) and consistency index (k) and 

average fiber size of the electrospun solutions;  

Columns having different letters are significantly different (p ≤ 0.05).  

3.1.3 Nanofiber morphology 

FESEM images of nanofibers were shown in Figure 3.1. Continuous and smooth 

high quality beadless nanofibers are hard to produce due to strong intramolecular 

and intermolecular hydrogen bonds between hydroxyl and amino groups of CS when 

CS is used as a bare polymer in the electrospun solution (Deng, Taxipalati, et al., 

2018). In this respect, copolymers such as PEO can be used to improve the 

spinnability of chitosan. The addition of PEO might interfere with the self-

association of CS chains and induce the hydrogen bond formation between hydroxyl 

and amino groups of CS molecules and ether groups of PEO (Surendhiran et al., 

2020). In the present study, chitosan and PEO were blended at different ratios to 

ensure homogenous and reproducible fiber formation.   

Viscosity and conductivity of the electrospun solution control the fiber morphology 

significantly. Solutions with high viscosity undergo a longer relaxation time after 

ejection from the needle tip and consequently cause an increase in fiber diameter. On 

Chitosan

/PEO 

Conductivity 

(μs/cm) 

k (Pa sn) n Fiber 

diameter 

(nm) 

1.5/8.5 283±2.64c 1.265±0.01a 0.891±0.04a 338±35a 

2.0/8.0 296±4.58b 1.177±0.03a 0.918±0.01a 304±28b 

2.5/7.5 311± 1.0a 1.188±0.04a 0.913±0.01a 283±27c 
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the other hand, the solution with higher conductivity values may lead to electrospun 

fibers with smaller diameters due to higher elongation of the solution jet through the 

collector (Erdem & Akalın, 2015). As shown in Table 3.1, diameters of electrospun 

fibers decreased significantly with increasing chitosan concentration in the solution. 

As solutions showed similar rheological behaviors, the differences in fiber diameters 

might be attributed to the increase in solution conductivity with chitosan 

concentration. In other words, solutions with higher conductivities might elongate 

more that even a small change in chitosan concentration in solution might result in 

completely distinct fiber sizes.  For instance, changing chitosan/PEO ratio from 

1.5/8.5 to 2.5/7.5 resulted in a significant decrease in average fiber diameter from 

338.66 ± 35.57 to 283.18 ± 27.83 nm, respectively. 

 

 

 

 

 

Figure 3.1. SEM images of curcumin loaded electrospun fibers (A) chitosan/PEO 

ratio: 1.5/8.5, (B) chitosan/PEO ratio: 2/8, (C) chitosan/PEO ratio: 2.5/7.5 

3.1.4 pH response of the solutions 

UV-Vis spectra of the solutions at different pH values were represented in Figure 

3.2a. The absorption maximum of curcumin solution was observed at 432 nm 

between pH 6 and 10 and the intensity of this peak decreased upon the increase in 

the solution pH. When the solution became more alkaline (pH>10), the absorption 

peak at 432 nm was shifted to 470 nm. Such a red shift of the absorption spectrum 

could be related to pH-induced changes in the chemical structure of curcumin.  

A B C 
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Curcumin has a structure of bis-α,β- unsaturated β-diketone, which can be at the 

equilibrium with its enol tautomeric form (R. A. Sharma et al., 2005). 

 

Figure 3.2. (a) UV-vis spectra and (b) picture of color variations of curcumin 

solution at different pH 

Under acidic pH (between 3 and 7), curcumin acts as a hydrogen atom donor because 

of its dominant bis-keto structure. The peak at the acidic environment, therefore, is 

attributed to the electron excitation from the π-π* transition of curcumin. On the 

other hand, its enolate structure becomes predominant, and curcumin stands out as 

an electron donor under alkaline conditions. The peak at the alkaline environment is 

ascribed to the fully deprotonated structure of curcumin (L. Kong & Ziegler, 2014). 

Further, the color change of curcumin solutions was analyzed in terms of 

CIELAB color scale. The color of curcumin solution changed from bright yellow to 

dark-red orange from acidic to basic pH (Figure 3.2b). Drastic value change was 

observed at ‘a*’ scale of the samples with increase in pH value (Figure 3.3). ΔE* 
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results were mostly shaped under the effect of ‘a*’ value, and followed a very similar 

trend. Therefore, color change of the curcumin solution might be easily distinguished 

after pH 10. Thus, curcumin might serve as a promising visual indicator in CS/PEO 

nanofibers to monitor the freshness of chicken breast samples. 

 

Figure 3.3. Change in a* and ΔE* values of curcumin solutions with respect to pH,  

●: ΔE*, ■: a* 

3.1.5 Ammonium response of the fibers 

CUR/CS/PEO nanofiber films were subjected to 0.8 M ammonium vapor to monitor 

the color change. Herein, ammonium vapor was selected to mimic volatile nitrogen 

compounds i.e., TVB-N, which are produced during spoilage of protein-rich foods 

and used as a freshness indicator. In this respect, sensitivity of the films to 

ammonium vapor for 30 min was monitored using the changes in the RGB values 

(Figure 3.4). Air humidity promotes the reaction between ammonia and water to 

form ammonium and hydroxide ions. The phenolic hydroxyl group of curcumin 

might give an acid-base reaction with hydroxyl groups of ammonia to form phenolic 

oxygen anion in the curcumin structure (Q. Ma, Du, et al., 2017) which was mainly 

responsible for the color change of the films.  
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Figure 3.4. Sensitivity of curcumin loaded chitosan/PEO films to ammonia vapor. 

■:1.5/8.5, ●: 2.0/8.0, ▲: 2.5/7.5. 

Curcumin content and average fiber size diameter might be considered as two 

important factors affecting the ammonium gas response of the films. Gas molecules 

diffuse faster through nanofibers with smaller diameters (Avossa et al., 2019). Thus, 

thinner nanofibers are expected to show better gas sensing performance with their 

higher specific surface areas (Zhang et al., 2018). However, fiber diameter by itself 

would not be a good indicator of sensitivity when recognition molecules are doped 

into nanofibers. In that sense, antioxidant activity was used here to determine the 

active amount of curcumin embedded into the nanofibers indirectly. When 

ammonium response of the films (Figure 3.4) was analyzed, the sensitivity of all 

films at time 3 min (initially) and 30 min (at the end) was not markedly different. On 

the other hand, films with CS/PEO ratio of 1.5/8.5 had a higher antioxidant activity 

with the highest fiber size diameter while the films with chitosan/PEO ratio of 2.5/7.5 

showed the lowest fiber size diameter and the lower antioxidant capacity. Thus, an 

inverse relationship between fiber size diameter and antioxidant activity was found. 

In short, none of the films gained an advantage over the other films in terms of 

sensitivity due to this inverse relationship between two variables.  
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3.1.6 Differential scanning calorimetry (DSC) analysis and 

Thermogravimetric analysis (TGA) of the nanofibers 

In DSC measurements of the fibers, pure chitosan, curcumin, PEO were used as 

controls (Table 3.2). Despite of its crystalline structure, crystalline melting 

temperature (Tm) of CS cannot be extracted from DSC analysis. This behavior is 

attributed to the rigid polymer backbone of CS with strong interchain or intrachain 

hydrogen bonding (Lee et al., 2000). However, there was a peak located at 150.14°C 

in DSC thermograms of CS. A similar endothermic peak has been reported to occur 

and associated with the dissociation of interchain hydrogen bonding of CS (Chuang 

et al., 1999). Further, Tm of pure PEO was measured to be 71.6°C. On the other hand, 

the presence of CS depressed the Tm of the system at all ratios of CS/PEO. The 

melting point depression is a good indicator of polymer miscibility and thereby, 

pointing out the miscibility of CS/PEO blends and curcumin in this study.  

The melting temperature depression might be related to the disruption of PEO 

crystallinity due to its interaction with CS. Similar findings were also reported for 

nanofibers of PEO/HPMC (Aydogdu, Sumnu, et al., 2018) and PEO/CS (Kriegel et 

al., 2009a) fibers. The Tm values of PEO/HPMC nanofibers were also found to be 

lower than that of pure PEO (Aydogdu, Sumnu, et al., 2018). At higher PEO ratios, 

PEO crystals extended and hold each other tightly. However, increasing chitosan 

ratios in polymer blending disrupted PEO-PEO interactions and destabilized PEO 

crystallinity and lowers the temperature (Erdem & Akalın, 2015). As can be seen in 

Table 3.2, samples with a higher chitosan amount had a lower melting point than the 

pure PEO. This might be evidence of disruption of PEO crystallinity by the chitosan 

through hydrogen bonding between chitosan (-NH2) and PEO (etheric oxygen).  
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Table 3.2 DSC and WVP results 

 Tm (°C) ΔHm (J/g) Td (°C) ΔHd (J/g) WVP 

(× 10−11) 

(g m-1 s-1 

Pa-1) 

PEO 71.6 163.27 - -  

Chitosan  - - 150.14 140.37  

Curcumin  178.38 115.54    

1.5/8.5 63.47 95.14 - - 14.27±0.05a 

2.0/8.0 62.91 106.76 - - 13.03±0.01a 

2.5/7.5 61.67 95.29 - - 7.30±0.06b 

Columns having different letters are significantly different (p ≤ 0.05). Curcumin 

loaded chitosan/PEO films: 1.5/8.5, 2.0/8.0, 2.5/7.5. Tm- melting temperature, ΔHm 

(J/g)- melting enthalpy, Td- denaturation temperature, ΔHd (J/g)- denaturation 

enthalpy of  

Another reason of this melting point depression might be the working principle of 

electrospinning. During electrospinning, polymer chains are stretched by electrical 

force and remain in noncrystalline state mostly upon rapid solidification (Md 

Shahidul Islam & Karim, 2010). This change in the highly crystalline structure of 

PEO as a result of electrospinning might also contribute to the observed melting 

point depression. Similar to the decreasing trend of Tm in Table 3.2, the melting 

enthalpy of nanofibers shifted gradually to the lower values as the CS content in the 

electrospun solution was raised, possibly due to the same reasons listed above. 

Furthermore, Tm of crystal curcumin was found to be 178 °C. However, DSC curves 

of nanofibers did not show any endothermic peaks associated to the Tm of curcumin. 

The absence of the peaks shows that curcumin crystals are amorphized as a result of 
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the molecular interaction with polymeric chains (Nascimento da Silva et al., 2019)  

that might be an evidence of the successful incorporation of coloring agent curcumin 

into CS/PEO matrix.  

TGA is a measurement of weight change of materials as a function of temperature, 

which indicates the thermal stability. The weight loss versus temperature curve of 

polymers and fibers was shown in Figure 3.5. Chitosan showed two stage 

degradation. The first step of weight loss was observed just after heating of samples 

initiated that might be due to loss of absorbed moisture. Similar behavior was also 

observed in studies by Deng, Taxipalati, et al., (2018). The second stage of chitosan 

degradation started approximately at 255°C. A similar decomposition temperature 

of chitosan was reported in a previous study of CS/PEO nanofibers (Surendhiran et 

al., 2020). On the other hand, PEO has one degradation step with an onset 

temperature of around 350°C and almost 4% of sample weight remained at the end 

of the experiment. Compared to CS and curcumin, curcumin loaded CS/PEO 

nanofibers achieved higher thermal stability with a degradation temperature shifted 

by nearly 25°C (to 280 °C). One of the reasons might be relatively higher PEO 

content of the films as compared to chitosan and curcumin. Furthermore, strong 

intermolecular forces between PEO, CS and curcumin might also improve the 

thermal stability of the fibers. Comparable outcomes were also observed with the 

study on gallic acid loaded lentil flour based nanofiber (Aydogdu, Yildiz, Aydogdu, 

et al., 2019b). Finally, this improvement might also be linked to the presence of 

curcumin with a radical scavenger ability. Radicals generated during the thermal 

degradation might also be captured by curcumin. The onset degradation temperature 

of composite films with low-density polyethylene and curcumin had higher than that 

of pure LDPE. The difference was attributed to the presence of curcumin in the study 

(Zia et al., 2019). The second degradation of nanofiber films started and accelerated 

faster at around 360°C.  Even though the degradation of the nanofiber films was a 

little faster than pure PEO, it was slower than pure chitosan and curcumin.   
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Figure 3.5. (A)Thermo-gravimetric curves and (B) DTG curve of pure components 

and nanofiber films 
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3.1.7 Water vapor permeability of the films 

High permeability values of hydrophilic polymer films pose a great challenge to their 

use in practical packaging applications. One of the problems related to hydrophilic 

polymer films is their high water vapor permeability (WVP). In this study, although 

both CS and PEO can be categorized as hydrophilic polymers, permeability values 

of nanofibers (Table 3.2) were relatively lower than those with similar compositions. 

To illustrate, permeability values of the curcumin loaded CS/PEO nanofibers were 

in the range of 7.3 ± 0.06 and 14.27 ± 0.05×10-11 g m−1 s−1 Pa−1. However, the 

results of CS and sodium caseinate films made by casting method were between 12.8 

± 0.22 and 101.3 ± 1.10 × 10-11  g m−1 s−1 Pa−1 (Z. Yang et al., 2008). The main 

reason behind this difference might be closed packaging of curcumin loaded 

chitosan/PEO films with nano size and three dimensional fiber networks. 

Furthermore, the presence of curcumin in the intelligent package formulation might 

have an impact on lower WVP values. Hydrophobic nature of benzene rings, and 

long carbon chain of curcumin hindered the transfer of water vapor from one side of 

the film to another by creating torturous pathways ( Wu et al., 2019). Bulky benzene 

ring group might also interfere with chain mobility and thereby, decrease the rate of 

water vapor transfer. Similar results were also revealed by tara gum/polyvinyl 

alcohol based nanofibers.  The outcomes were justified with hydrophobic character 

of curcumin (Ma, Du, et al., 2017). Besides, strong intermolecular interactions 

between all compounds might decrease available hydrogen for hydrogen bonding 

with water molecules. By this way, low affinity of nano fiber films towards water 

vapor might result in lower permeability (Siripatrawan & Harte, 2010). Further, there 

might be a relationship between fiber size and WVP. Increasing fiber size diameter 

brought about an increase in the permeability of the films with a correlation 

coefficient 0.892 (p<0.05).   The decrease in fiber size diameters might cause tightly 

packed fibers with a compact network that might retard the migration of water vapor 

through a resulting torturous pathway. 
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3.1.8 Mechanical properties of curcumin loaded CS/PEO nanofibers 

Tensile strength (TS), and elongation at break (%EAB) values of the 

CS/PEO/curcumin films are shown in Table 3.3. The highest TS value was recorded 

as 4.69±0.48 MPa for 2.5/7.5 chitosan/PEO sample whereas the lowest TS was 

measured as 2.42±0.08 MPa for 1.5/8.5 chitosan/PEO nanofiber. TS of the films 

enhanced with increasing chitosan concentration which was attributed to the rigid 

and stiff structure of chitosan (Surendhiran et al., 2020). These structural attributes 

of chitosan were expected to decrease EAB values of the films as stated in the study 

of Surendhiran et al., (2020). Although films with CS/PEO ratio of 2.5/7.5 had the 

lowest EAB (%) value, nanofiber formulated with 2/8 CS/PEO ratio showed the 

highest EAB (%).  Therefore, it might be concluded that there was an optimum 

blending ratio for samples. The results of another chitosan/PEO blending nanofiber 

study supported that idea since the elasticity of the films did not significantly change 

until PEO ratio reached 75% (J. Li et al., 2010).   

Table 3.3 Mechanical properties of CS/PEO nanofilm 

Chitosan/PEO Tensile strength (TS) 

(MPa) 

Elongation at break 

(EAB) (%) 

1.5/8.5 2.42±0.47b 17.88±1.37ab 

2.0/8.0 4.16±0.03a 27.95±5.07a 

2.5/7.5 4.69±0.08a 14.86 ±0.99b 

Columns having different letters are significantly different (p ≤ 0.05). 

3.1.9 Changes in TVB-N and surface pH of the chicken breast during 

storage period 

Highly perishable chicken can deteriorate easily even under refrigeration conditions. 

The reason behind this deterioration seems to be different types of microorganisms 
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such as Shewanella putrefaciens, Pseudomonas spp. and yeasts, the initial microbial 

load of carcasses is another important factor (Hurley et al., 2014). In this study, 

surface pH of chicken breast samples was measured in 24 hours intervals (Figure 

3.7). Sample pH was nearly stable in the first 3-day period around 6.2. In the 

literature, pH value of 6.3 and 6.5 was reported as the onset of deterioration for 

chicken breast (D. Kim et al., 2017). Thus, starting from day 5, pH value of sample 

was at the edge of the unacceptable level. At the end of 8 days of storage, pH values 

started to increase and reached a value of 6.75 ± 0.06.  

 

Figure 3.6. pH and TVB-N changes in the chicken breast and nanofiber film during 

storage time.  ○: TVB-N, ■: pH 

The amount of TVB-N in perishable food was commonly used to determine 

freshness, spoilage, in other words, shelf life of food. Since biogenic amines, 

including trimethylamine (TMA) and total volatile basic nitrogen (TVB-N), are the 

markers of growth of decarboxylase-positive microorganisms such as 

Enterobacteriaceae, and certain lactobacilli, enterococci and staphylococci (Hurley 

et al., 2014). The changes in TVB-N concentration of chicken breast samples were 

shown in Figure 3.6.  In the beginning, TVB-N values of samples were recorded as 

7.01 (mg/100g). In the literature, acceptable TVB-N value was generally accepted 
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as 20 - 30 mg/ 100 g for chicken meat which was supported by sensorial experiments 

(Hurley et al., 2014).  As illustrated in the Figure 3.6, TVB- N concentration values 

remained nearly the same during 4 days of storage. After day 4, TVB-N 

concentration started to increase gradually until the end of the storage time.  Samples 

exceeded the specified limit values at the end of day 6 (36.85 ± 3.35 mg N/ 100 g). 

TVB-N and pH increase showed a parallel increase and therefore both two analyses 

pointed out the unacceptable consumer level in a comparable timeline.  

3.1.10 Changes in total aerobic mesophilic bacteria in chicken breast 

during storage 

The change in aerobic mesophilic microbial count (log cfu/g) in chicken breast was 

observed during 8 days of storage, at 4°C and the results were shown in Figure 8. 

The number of colonies started to increase from the first day gradually until end of 

day 3 from 1.97 to 2.85 log CFU/g. Similar to pH change pattern (Figure 3.7), drastic 

population growth was seen on day 4, reaching 4.97 log CFU/g. Samples reached 

the spoilage threshold (6.7 log CFU/g) (Soysal et al., 2015) at the end of day 7. This 

meant that samples were no longer suitable for consumption. TVB-N content in the 

headspace was correlated to microbial population in the sample. Although chicken 

breast reached microbiological unacceptable limits at end of the day 7, TVB-N 

amount in samples achieved the threshold value earlier (day 6) than microbial 

limitations. 
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Figure 3.7. Total aerobic mesophilic bacteria (log cfu/g) through storage  

3.1.11 Application of nanofiber films on chicken breast 

Films formulated with 2.5/7.5 CS/PEO ratio showing the lowest fiber size and water 

vapor permeability, with the acceptable color response to ammonium treatment were 

chosen to demonstrate the potential food application. Even though nanofibers had an 

intense yellow color initially, the color changed as a result of the physicochemical 

changes in chicken breast over time (Figure 3.8). The CIE a* and b* results of the 

samples remained nearly constant at the first 3 day of the experiment. Starting from 

day 4, a* values followed an increasing trend which was opposite to the trend of b* 

values.  In other words, yellowness of the films decreased while the redness of the 

indicator increased and became dominant over time. Observed trends of a*and b* 

values were ascribed to a strong alkaline environment as a result of an increase in 

TVB-N concentration at the headspace.   
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Figure 3.8. CIE a* and b* values of the films through the storage period, ●: a*, ♦: 

b* 

In general, the overall color change of the solution might be evaluated by ΔE* values. 

When ΔE* is below 1, the observer cannot differentiate the color change visually. 

When ΔE* is between 1 and 2, only the trained observers can detect the change. 

When it comes to the values between 2 and 3, inexperienced observers start to 

differentiate the color variation. As soon as ΔE* reaches a value between 3-5, color 

variation becomes evident. Finally, any observer can certainly differentiate two 

different colors when ΔE* is higher than 5 (Silva et al., 2019).  In this study, color 

change of curcumin loaded chitosan/ PEO nanofibers in parallel to the deterioration 

could be detected by the observer easily (Table 3.4).  Even though a very low amount 

of curcumin was used in the nanofiber preparation, the reason behind achieving 

strong and intense change might be the film preparation method, electrospinning. 

The high surface area, and porous structure of nanofiber film might enhance the color 

change.  The result of red cabbage extract loaded polyvinyl alcohol nanofilm sensors 

correlates well with this hypothesis (Maftoonazad & Ramaswamy, 2019). Taking 

TVB-N and pH levels, and the color change of the nanofiber films into consideration, 

the shelf life of the chicken breast stored at refrigerator temperature was estimated 

to be 5 days. In short, the color response of pH and TVB-N responsive nanofiber 
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correlated well with food deterioration and thereby, proved its validation as a 

promising intelligent packaging application 

Table 3.4 Variation in in CIE ΔE* values and color of the film with respect to time 

Day ΔE* Color 

1 0 
 

2 3.09±0.74 
 

3 3.50±0.45 
               

4 11.83±1.19 
 

5 13.95±0.34 
 

6 14.49±0.18 
 

7 18.60±2.26 
 

8 17.33±0.98 
 

3.2 Fabrication of curcumin loaded chickpea flour /PEO nanofibers 

To find the homogenous nano fibers, firstly, different concentrations of chickpea 

flour (3%, 4% (w/v)) and PEO (2%, 2.5% and 3% (w/v)) were mixed and 

electrospunned. At 2%(w/v) PEO concentration, homogenous nanofibers were not 

obtained. In addition, increasing chickpea flour concentration resulted in increasing 

the addition of NaOH amount to the solution which affected conductivity adversely. 

Therefore, 3% (w/v) chickpea flour and 2.5% (w/v) PEO concentration were utilized 

to produce electrospun nanofibers 
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3.2.1 Conductivity of electrospun solution 

Conductivity charges the out layer surface of the droplet and provides an essential 

driving force to initiate the movement of solution from the tip of the nozzle to the 

collector. By the way, it affects jet behavior (Aydogdu, Yildiz, Ayhan, et al., 2019b).  

In the literature, it was reported that electrospinning of proteins extremely difficult 

due to their compact secondary and tertiary structure. It limits the physical 

interaction between carrier polymer and protein. To make them spinnable, different 

denaturation methods including heating, pH adjustment, were applied. Protein 

unfolding provides an opportunity to allow protein–carrier polymer chain 

entanglement (Vega-Lugo & Lim, 2012). Alkali treatment, the addition of NaOH, is 

generally responsible for the conductivity of the solutions. Furthermore, proteins 

have an electrical charge when they are far away from their isoelectric point. 

Therefore, charged proteins also had an impact on the conductivity of the solutions.   

Conductivity should be high enough to overcome surface tension and to provide 

stretching ability to the polymer mixture. However, there is a critical value after 

which increasing further the solution conductivity leads to bending instability during 

electrospinning as a result of the overwhelming effect of repulsive forces.  (Aydogdu 

Emir et al., 2021). Furthermore, the amount of electrolyte, mobility of ions, and 

conductivity of solvents might affect the charge density of electrospun solution 

(Aydogdu, Yildiz, Ayhan, et al., 2019b). As illustrated in Table 3.5, the electrical 

conductivity of polymer solutions decreased almost two times after adding curcumin. 

The conductivity of C/CON was measured as 684 ±4.24 µs/cm whereas that of 

CUR/CON was 323.5±6.36 µs/cm. Since NaOH treatment was applied to all 

samples, this deviation was probably due to significantly different conductivity of 

ethanol (nearly zero) and water (10.28 ± 1.1 µs/cm). Therefore, the addition of 

curcumin-ethanol mixture to the solution drastically decreased the conductivity of 

the solution. Further, a declining trend was also observed between the samples 

processed with different heat treatments (C/MW< C/CON and CUR/CON< 

CUR/MW). This decreasing trend might be coming from the mobility of ions. 
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Polymer mixtures with higher viscosity are expected to restrict the mobility of the 

ions and thereby, in our case, restricted mobility might result in the reduction of 

solution conductivity.  

3.2.2 Rheological behavior of the electrospun solution 

The rheological behavior of the polymer solution affects electrospinnability, fiber 

size and even morphology.  Table 3.5 showed that flow behavior indices (n) of all 

chickpea flour solutions were less than 1.0, indicating a non-Newtonian, shear-

thinning behavior.  A decrease in n value generally pointed out the polymer 

entanglement, which was regarded as a pre-condition of obtaining nanofibers with 

electrospinning (Kriegel et al., 2009b). Although the heating method and amount of 

curcumin were different between the polymer solutions, n values only varied from 

0.84±0.01 to 0.89±0.02, which did not cause any significant changes. On the other 

hand, heat treatment and curcumin addition significantly changed the consistency 

index (K) of polymer mixtures which generally gives an idea about the degree of 

solution thickening which is in correlation with the apparent viscosity. The highest 

K value corresponded to the highest entanglement and could be attributed to the 

strongest interaction between components (Aydogdu, Yildiz, Ayhan, et al., 2019b).  

As can be seen, K of C/CON and C/MW was 0.6±0.00 (Pa sn) and 0.91±0.02 (Pa 

sn), respectively. Similarly, in curcumin incorporated samples microwave treatment 

increased the consistency index. This difference in K values between different 

heating methods might originate from the different working principles of microwave 

and conventional heating. Although conventional heating promoted the surface 

gelatinization of the starch granules present in the chickpea flour, the microwave 

could destroy them completely by affecting water molecules in the crystalline region 

of starch and intensifying the rupturing effect (Xie et al., 2013). The study 

investigating the physicochemical changes of starch under microwave heating 

showed that even 10 s microwave treatment caused loss of birefringence of half of 

the starch molecules. Furthermore, under the consequence of vibrational motions of 
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polar molecules, starch might gradually break down into smaller fragments of low 

molecular weights. Therefore, rupturing the crystalline region in a short time period 

and relatively smaller fragments might increase the number of available bonding 

sides for other molecules, in particular for water and thereby, leading to a higher 

water holding capacity (Xie et al., 2013). Increased possibility of entanglement and 

reinforcing interactions with water would be the explanation for the highest K value 

of C/MW among all electrospun solutions. Similar results were also observed in the 

study of  Uygun et al., (2020). The viscosity of MW treated carob bean 

flour/starch/PEO polymer mixture was 0.239 ± 0.005 (Pa.s) while that of 

conventionally operated ones was 0.146 ± 0.001 (Pa.s). 

Curcumin-added samples had a lower K as compared to their control groups. 

Curcumin was dissolved in ethanol completely before the addition of it to the 

polymer solution. This might have resulted in dilution of curcumin added samples 

with a reduction in the interaction between polymer chains and in turn, caused a 

decrease in K values.  As can be seen, the K value of C/MW was 0.91±0.02 (Pa sn); 

however, that of CUR/MW was only 0.63±0.04. A similar trend was also observed 

between C/CON and CUR/CON samples. The study outcomes related to gallic acid 

encapsulated lentil flour/PEO nanofibers were also very consistent with these results. 

In that study, adding gallic acid to the solution decreased K value from 2.12 ± 0.05 

to 1.03 ± 0.03(Pa sn)  (Aydogdu, Yildiz, Aydogdu, et al., 2019b). 

 

 

 

 

 

   



 

 

74 

Table 3.5 Consistency index (K), flow behavior index (n), conductivity of the 

electrospun solutions and average fiber size the nanofiber film 

 K (Pa sn) n Conductivity  Average fiber 

size (nm) 

C/CON 0.60±0.00b 0.89±0.02a 684.00±4.24a 273.80±65.85bc 

CUR/CON 0.46±0.01c 0.84±0.01a 323.50±6.36c 332.10±65.67a 

C/MW 0.91±0.02a 0.86±0.01a 636.00±2.82b 258.71±54.28c 

CUR/MW 0.63±0.04b 0.89±0.02a 294.50±3.53d 285.30±53.39b 

Columns having different letters are significantly different (p ≤ 0.05).  

3.2.3 Nanofiber morphology 

SEM images (Figure 3.9) showed that chickpea flour/PEO nanofibers with/without 

curcumin had a smooth and bead-free morphology, so curcumin was successfully 

incorporated into the fibers. The average fiber size of the samples were shown in 

Table  3.5. The fiber size changed due to the conductivity and apparent viscosity of 

the solutions. The addition of curcumin to the electrospinning solution changed the 

average fiber size of the nanofibers significantly. The consistency indices of 

curcumin solutions (CUR/MW, CUR/CON) were lower than their control groups 

(C/MW, C/CON) which promoted the thinner fiber formation. However, the 

conductivities of CUR/MW and CUR/CON were lower than their control groups 

which paved the way for thicker fibers. Under these contradictory circumstances, it 

seemed that average fiber size was affected predominantly by conductivity. 

CUR/MW fibers had an average fiber size of 332.1±65.67 nm, while C/MW 

achieved that of 258.7± 54.28 nm. Similarly, the electrospinning of curcumin added 

conventionally treated samples (CUR/CON) resulted in much thicker fibers 

compared to control samples (C/CON) due to significantly low conductivity value. 

Furthermore, the polyphenols have been classified as natural cross linkers for 
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proteins due to the possibility of hydrophobic interactions and hydrogen bonding 

(Alehosseini et al., 2019). As reported, chickpea flour contains a high amount of 

protein, so in the presence of curcumin, they might be cross-linked and increased the 

average fiber size. 

 

Figure 3.9. SEM images and fiber size distribution (FSD) of nanofibers. (A) 

C/CON, (B) CUR/CON, (C)C/MW, (D)CUR/MW 

3.2.4 Water vapor permeability of the films 

WVP is one of the key parameters for food package applications which is correlated 

with the ability of the material to manage moisture transfer between food and the 

environment. As expected, packages with the lowest WVP are preferred during the 

application process, but it is hard to achieve it with the biopolymer films. Although 

some common strategies were applied to enhance film WVP attributes, i.e. using 

hydrophobic compound, crosslinking (Aydogdu et al., 2020), film preparation 

method (casting or electrospinning) has also strongly influenced the properties of the 

films. In this manner,  electrospinning might be one of the possible alternatives to 

decrease WVP (Aydogdu, Sumnu, et al., 2018).  
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However, not only the processing methods but also the polymer mixture are effective 

in final product characteristics. For example, in the study of Hajikhani, Emam-

Djomeh, & Askari, (2020), PLA was electrospun on gluten casting film to improve 

barrier properties. WVP of these samples was approximately between 9.5 and 7.5 

×10-6 g/Pa×s×m. On the other hand, WVP of chickpea flour/PEO electrospun 

nanofibers ranged between 1.89± 0.05 and 1.28 ±0.37 10 -10 g/Pa×s×m (Table 3.6). 

Therefore, lower WVP of chickpea flour/PEO nano fibers suggested that utilization 

of natural biopolymers without purification might be a better option to obtain better 

barrier properties. Similarly, instead of the combination of two techniques, a single 

technique, electrospinning, might provide better film performance with a proper 

polymer combination.  

It has been reported that the permeability of nanofiber film depends on the porosity 

of the fiber (Aydogdu, Sumnu, et al., 2018) and hydrophobic/hydrophilic ratio of the 

nanofiber components (Zhou et al., 2020). For the first reason, the films with larger 

fiber diameters (curcumin incorporated ones) might form larger junction zones while 

films with smaller fiber diameters (control samples) might have a more torturous 

path for water vapor diffusion. In both cases, WVP is expected to decrease, however, 

there was no significant difference among WVP values of the samples (Table 3.6).  

For the second hypothesis, the polymers used in the electrospinning process are 

hydrophilic in nature while curcumin is highly hydrophobic. Therefore, there might 

be an expectation related to decreasing trend on WVP with adding a hydrophobic 

compound, curcumin. As expected, a decreasing trend in WVP of films was observed 

upon the addition of the curcumin after both heating treatments. Overall, it did not 

cause a significant difference among samples. Therefore, it seemed that the amount 

of curcumin in the electrospun solution might not be sufficient to alter the 

hydrophilic/hydrophobic ratio in the nanofiber films.  
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Table 3.6 WVP, Mechanical property (TS, EAB) of nanofiber films 

 WVP× 10−10 

(g m−1 s−1 Pa−1) 

TS 

(MPa) 

EAB  (%) 

C/CON  1.54±0.27a 0.88±0.08b 39.53±0.43a 

CUR/CON 1.28±0.37a 0.38±0.00c 33.63±4.25a 

C/MW 1.89±0.05a 2.02±0.11a 47.02±4.53a 

CUR/MW 1.47±0.41a 0.53±0.07c 32.94±1.03a 

Columns having different letters are significantly different (p ≤ 0.05).  

3.2.5 Mechanical properties 

Tensile strength (TS) and elongation at break (E%) of both control and curcumin-

loaded nanofibers have been investigated and the results were summarized in Table 

3.6. As can be seen, TS of control nanofibers is significantly affected by the type of 

heat treatment. Tensile strength (TS) term has been associated with binding force 

between molecular chains (Lan et al., 2019).  TS of C/MW nanofibers was 2.02 ±0.11 

(MPa) while that of C/CON nanowebs was 0.88±0.08 (MPa). This result indicates 

that microwave caused stronger bond formation between polymer chains than 

conventional heating during polymer preparation. The consistency index of the 

solutions has already been proved this outcome. As mentioned earlier, C/MW 

reached the highest K value (Table 3.5) which was interpreted as the highest 

entanglement and the strongest interaction between molecules. Since fibers with 

smaller fiber size diameter (C/MW) had larger contact areas and denser structures 

the tensile strength of the film increased  (Yao et al., 2022).  

On the other hand, TS of CUR/MW and CUR/CON samples were 0.53±0.07 (MPa) 

and 0.38 ±0.00 (MPa), respectively. As can be seen, the addition of curcumin to the 

formulation drastically declined tensile properties regardless of the heat treatment. 

Curcumin might interrupt the interaction between polymer chains and might weaken 

their interactions (Suriyatem et al., 2018). It reduced the toleration toward applied 
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stress during tension and resulted in lower TS (Subtaweesin et al., 2018).  Elongation 

has been correlated with molecular chain movement (Lan et al., 2019). Unlike TS, 

neither heat treatment type nor curcumin in the formulation affected stretching 

ability of fibers underdrawing force, so EAB values were not statistically different 

for the samples.    

In the literature, the tensile strength of the PEO nanofibers varied between 0.2 MPa 

and (Bianco et al., 2013), 1.2 MPa (Lu et al., 2006). Furthermore, TS of starch based 

nanofibers was approximately 0.10 MPa (Fonseca et al., 2019). According to 

conventional standards, TS of food package should be higher than 3.5MPa. The 

reason for lower mechanical properties is the high probably natures of the polymers 

(PEO and chickpea flour including mainly starch, protein), nanofiber density, 

average fiber size, and fiber defects (Mutlu et al., 2018). Although the mechanical 

properties of chickpea flour/PEO nanofibers were not satisfactory, these nanofibers 

had relatively better performance than their single electrospinning mat. This outcome 

suggested that combining these materials caused more stable bond formation 

between chains than their native forms.     

Apart from these, in the literature, generally, it has been observed that nanofibers 

have relatively lower mechanical properties compared to films made by casting 

method or extrusion. One of the mean reasons for this consequence might be 

difference between processing conditions. For example, in electrospinning, the 

solidification time of polymer equals the time required for solution to the ejection of 

the tip of the needle to collect on the metal plate which is much less than drying time 

of casting (Aydogdu, Kirtil, et al., 2018). In addition to that, operation temperature 

of electrospinning and /or other film methods such as extrusion is significantly 

different. Electrospinning process is most commonly carried out at room temperature 

whereas the process temperatures of extrusion are between 90º and 120ºC (Mücke et 

al., 2021). Therefore, these two main differences might be responsible for the higher 

mechanical characteristic of casting and extrusion film compared to nanofiber.  
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3.2.6 Differential scanning calorimetry (DSC) analysis and 

Thermogravimetric analysis (TGA) of the nanofibers 

TGA and DTG curves of chickpea flour, PEO, curcumin, control (C/MW, C/CON) 

and curcumin-loaded samples (CUR/MW and CUR/CON) were shown in Figure 

3.10. The first stage degradation peak of all samples was around 100°C, which was 

due to moisture evaporation (Yao et al., 2022).  

The main thermal degradation of chickpea flour and PEO occurred in another step, 

and their temperature peaks were located at approximately 300°C and 400°C, 

respectively (Figure 3.10). Curcumin had a wide range of mass loss diagram from 

200 °C to 500 °C. 

The nanofibers followed both chickpea flour and PEO degradation patterns and their 

second and third stage degradation peaks were also observed at similar temperatures.  

DTG graph of samples was also an indication of the successful incorporation of 

curcumin into the polymer matrix. As in the first stage of degradation, the weight 

loss of CUR/CON samples was approximately 0.29% while that of C/CON was 

nearly 2.76% at 100°C. Both weight losses were attributed to moisture loss. This 

result was linked with the replacement of water molecules by curcumin between 

hydrophilic polymer network formed by PEO and different constituents of chickpea 

flour. The successful embedding of curcumin into the structure resulted in reduced 

water content of fibers and the indicator of interaction between curcumin and 

polymer network (Celebioglu & Uyar, 2020).  

Although the presence of curcumin did not affect the degradation pattern other than 

adding an extra peak, it influenced the degradation rate and thermal stability of 

samples. As seen in DTG curves, the lower weight loss rate was observed for 

CUR/MW samples as compared to C/MW and it became distinct at the third 

degradation peak. A similar conclusion can be drawn from the conventionally treated 

samples (CUR/CON and C/CON). Furthermore, in DTG curves, regardless form the 

curcumin and heat treatment type, the third degradation peak temperatures of 
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nanofibers shifted by approximately 15°C, compared to PEO (~400°C) diagram 

which was the indicator of higher thermal stability of nanofibers and stronger 

intermolecular interactions.  

 

Figure 3.10. (A)Thermo-gravimetric curves and (B) DTG curve of pure 

components and nanofiber films 

To understand the effect of different heat treatments on thermal stability of fibers, 

the onset degradation temperatures of the samples (T5%) were compared (Sánchez-
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Safont et al., 2021). Temperatures at which 5% weight loss occurred for C/MW and 

C/CON were recorded approximately at 261.7 °C and at 256.83°C, respectively. 

Although microwave-treated samples required slightly higher temperatures to 

achieve the same weight loss, their thermal stability seemed comparable. Similarly, 

the onset degradation temperatures of CUR/MW and CUR/CON were also reported 

at nearly 280.3 °C and 276.27°C, respectively. Thermal stability of curcumin 

incorporated samples was also not significantly different from each other. However, 

as seen, the curcumin incorporated samples had higher thermal stability due to 

successful incorporation of polymer matrix and strong intermolecular interaction 

between polymer matrix and curcumin.   

DSC results of the fibers, chickpea flour, PEO and curcumin were listed in Table 

3.7. Curcumin demonstrated an endothermic peak around 178°C, which was 

corresponding to the melting of crystal form. The melting peak temperature of PEO 

was around 70 °C whereas that of nanofibers was between 58 and 61 °C. One reason 

for the decreasing trend in Tm was correlated to disruption of the crystalline structure 

of PEO with interaction between other components. Similar results were also 

reported in the study of PEO-HPMC electrospun nanofiber (Aydogdu, Sumnu, et al., 

2018). Tm of CUR/MW and CUR/CON samples was 59.87±0.01°C and 

58.95±0.07°C however, that of C/MW and C/CON was measured as 61.51±0.45°C 

and 61.04±0.30°C. The addition of curcumin into the formulation caused a further 

reduction in Tm, which was considered an indication of curcumin embedding into the 

structure. During the electrospinning process, polymer chains are stretched under the 

effect of electrical force and remain in a non-crystalline state, mostly due to the rapid 

solidification process. This might be another reason for melting point depression. 

For the same reasons, the melting enthalpy of CUR/MW and CUR/CON shifted 

gradually to lower values than that of C/MW and C/CON (Table 3.7). Furthermore, 

heat treat treatment type did not significantly affect the melting enthalpy and melting 

temperature of samples.  
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Table 3.7 Thermal property of nanofibers 

 Tm (°C) 

 

ΔHm (J/g) 

C/CON  61.04±0.30a 53.03±1.87a 

CUR/CON 58.95±0.07b 46.43±1.88bc 

C/MW 61.51±0.45a 51.42±1.12ab 

CUR/MW 59.87±0.01ab 40.76±0.49c 

Columns having different letters are significantly different (p ≤ 0.05). Tm (ºC), and 

ΔHm (J/g)) of nanofiber films, Tm- melting temperature, ΔHm (J/g)- melting enthalpy 

3.2.7 XRD 

PEO is a semi-crystalline polymer and showed sharp diffraction peaks at 19.2° and 

23.4° (Figure 3.11). Although the intensity of these characteristic peaks declined, 

they were still observed in the diffraction patterns of all samples. The reduction in 

the melting enthalpy of pure PEO (163.27 J/g) compared to nanofibers (between 

53.03 ±1.87 and 40.76±0.49 J/g) supported disruption of PEO crystallinity. 

Stretching and rapid solidification during electrospinning and intermolecular 

interaction between compounds were mainly responsible for this result. Curcumin is 

a crystalline solid and its diffraction peaks are positioned at 8.89°, 12.96°, 14.61°, 

17.49°, 18.26°, 19.61°, 21.28°, 23.39°, 24.74°, 25.83°, 27.56°, 29.10 ° (Figure 3.11). 

Almost none of the characteristics peak of curcumin, except 17.49° and 23.39°, was 

found in curcumin loaded nanofibers (CUR/MW, CUR/C), probably because of the 

transition of the crystal structure of curcumin to amorphous and encapsulation of 

curcumin with the polymer matrix. However, the small diffraction peaks indicated 

the existence of non-entrapped curcumin molecules of the crystalline form 

(Celebioglu & Uyar, 2020).  The contribution of these curcumin crystallinity peaks 
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(17.49° and 23.39°) to the total crystallinity was higher for CUR/CON 

(%54.79±0.57%) than for CUR/MW (%44.45 ±0.35) samples, which pointed out 

that curcumin more successfully encapsulated in microwave treated sample 

(CUR/MW) (Table 3.8). The results of both DPPH and ABTS activities of 

CUR/CON and CUR/MW samples also proved this hypothesis, which will be 

discussed in the upcoming section.  

 

Figure 3.11. X-Ray Diffraction (XRD) Pattern of spins pure components and 

nanofiber films 

3.2.8 Antioxidant activity (DPPH& ABTS) 

To analyze the antioxidant activity of the chickpea flour/PEO based nanofibers, 

ABTS and DPPH radical scavenging activity methods were preferred. Table 3.8 

shows the antioxidant activity of nanofibers. ABTS scavenging activity of control 

fibers lied between 4.86±0.15% (C/MW) and 10.85±0.07% (C/CON) whereas 
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DPPH actives were between 5.93±0.39% (C/MW) and 2.42±0.15% (C/CON).  

Phenolic acids including protocatechuic acid, vanillic acid, caffeic acid, and ferullic 

acid were mainly responsible for the antioxidant activity of control nanofiber 

samples (Sreerama et al., 2010). Although the control nanofibers (C/CON and 

C/MW) exhibited very low antioxidant activity, after curcumin incorporation, as 

expected, both ABTS and DDPH activity of the films enhanced significantly. 

Although the hydrogen atom donation ability of phenolic hydroxyl group (Roy & 

Rhim, 2020a) was mainly responsible for the antioxidant ability, methylene group of 

β-diketone moiety also contributes to the antioxidant activity of curcumin.  ABTS 

and DPPH scavenging activities of CUR/CON were reported as 49.78±3.51% and 

20.08±0.78%, whereas these of CUR/MW were measured as 87.47±1.98% and 

45.50±1.56%, respectively. Different heat treatments caused significant differences 

in the antioxidant activity of the films. Microwave treatment influenced both the 

physical and chemical structure of the starch granules. As described previously, the 

pressure inside the granule caused rapid expansion; however, granule hydration 

might not be as quick as granule expansion which resulted in stress induced collapse 

and rupture of granules. The general term for this process is gelatinization. After this 

process, cooling of starch starts and disordered chains undergo re-association 

through hydrogen and hydrophobic interactions (Zhao et al., 2019; Siriamornpun et 

al., 2016). A more disordered structure of starch in microwave heating might 

increase the interaction between starch and curcumin molecules, called a non-

inclusion complex, so, curcumin might be entrapped into the polymer network more 

(Remanan & Zhu, 2021). This resulted in higher antioxidant activity of the 

microwave treated (CUR/MW) sample than conventionally treated one (CUR/CON). 

The findings of XRD and TGA also confirmed the result of more successful 

incorporation of curcumin into the microwave treated sample (CUR/MW) by a 

relatively lower crystalline contribution of curcumin and slightly higher thermal 

onset degradation (T5%), respectively (Table 3.8, Figure 3.11).  
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Table 3.8 Crystallinity and antioxidant scavenging activity (DPPH, ABTS) results 

of nanofibers 

 DPPH 

(scavenging 

activity %) 

ABTS 

(scavenging 

activity %) 

RDC 

(%) 

CUR-RDC 

C/CON  2.42±0.15c 10.85±0.07c 9.92±0.52c - 

CUR/CON 20.08±0.78b 49.78±3.51b 16.69±0.47a 54.79±0.57a 

C/MW 5.93±0.39c 4.86±0.15c 7.61±0.21d - 

CUR/MW 45.50±1.56a 87.47±1.98a 14.95±0.30b 44.45±0.35b 

RDC: relative degree of crystallinity, CUR-RDC: Curcumin crystallinity 

contribution to RDC 

3.2.9 Antimicrobial activity of nano fibers 

CUR/MW film was selected for measurement of antimicrobial activity of film due 

to its higher antioxidant activity than other films.  C/MW film was also applied as 

control of CUR/MW. Antibacterial activity of CUR/MW and C/MW film was 

measured by disc diffusion methods by measuring the clear zone diameter. To test 

that activity of the film, S. aureus (Gram positive) and E.coli (Gram negative), the 

most common foodborne pathogens, were selected. As shown in Figure 13 (A2- B2) 

and C/MW did not show any inhibitory zone for neither E.coli nor S.aureus which 

proved that control films had no effects on growth inhibition. However, curcumin 

incorporation into the formulation influenced the antimicrobial activity of the film 

against E.coli significantly. As seen Figure 13 (A1), released curcumin from the 

nanofiber diffused into the agar, suppressed activity of E.coli and inhibition zone 

diameter were recorded as 1.62±0.36 cm2. As supported by the previous analysis, 

crystal structure of the curcumin changed from crystal to amorphous form. 

Amorphous solids had higher solubility and dissolution rates than crystalline 
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counterparts which was observed in Figure 13 (A1). A similar result was also 

reported in the study of curcumin encapsulation in gelatin (Gómez-Estaca et al., 

2017). Apart from E.coli result, no inhibition zone was observed for S. aureus sample 

(Figure 13 (B1)). The first reason for the different zone sizes might be due to the 

differences in the diffusion rates (Suppakul et al., 2003) of curcumin into selective 

media (Baird Parker Agar, Chromogenic E.Coli). The second reason might be the 

difference between the cell wall structures of E.coli (outer phospholipidic 

membrane) and S. aureus (outer peptidoglycan layer) and their possible interactions 

with curcumin (Bhawana et al., 2011). Although some studies showed that curcumin 

has better antimicrobial activity against S. Aurues as compared to E.coli (H. Wang 

et al., 2017), some other researchers showed the opposite case (L. Wang et al., 

2019b). The different strains in each experiment and their resistance to curcumin 

might be responsible for these contradicting results in the literature.  

 

Figure 3.12. Images of bacterial culture plates incubated with (A1) CUR/MW, (B1) 

C/MW against E.coli, and (A2) CUR/MW, (B2)C/MW against S.aureus. 
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3.3 Fabrication of curcumin faba bean flour/chitosan (FC) crosslinked 

casting films 

Although glutaraldehyde (GLU) has been frequently preferred to improve some 

characteristics of bio-degradable food packages, it is regarded as a hazardous 

chemical. Therefore, in this study, the possibility of replacing GLU with citric acid 

(CA) a non-toxic compound was questioned in a film formation. Different ratios of 

GLU and CA on faba bean flour, chitosan and curcumin film were examined. 

3.3.1 Physical properties of FC films 

The main aim of the crosslinking in biopolymer films was to decrease solubility and 

swelling to improve water resistance and applicability. The solubility of the FC films 

was significantly lower than the films with similar compositions (Table 3.9). For 

example, the solubility of lentil flour (Aydogdu, Kirtil, et al., 2018), pea flour 

(Yildiz, Bayram, et al., 2021) and rice flour (Vargas et al., 2017) based films were 

between 25% and 42%. The main reason for this result might be the bond formation 

between the hydroxyl group of starch, amino groups of chitosan. This might decrease 

the water affinity, which resulted in even a further decrease in water solubility of the 

FC films without any cross linker (Bajer et al., 2020).  While the amide group of 

chitosan might function as a proton acceptor, the hydroxyl group of starch might 

behave as a weak proton donor. Therefore, the formation of hydrogen bonding 

became more favorable (Sudhakar et al., 2012). Furthermore, the presence of 

curcumin might have a decreasing effect on water solubility due to its hydrophobic 

nature (Roy & Rhim, 2020d).  

The addition of both crosslinking agents caused a decreasing trend in water solubility 

(Table 3.9).  The hydrophobic ester bond formation between CA and polysaccharides 

lowered the number of available hydrophilic hydroxyl groups and, in turn, decreased 

the solubility of the films (Wu et al., 2019b). Similarly, the less available amino 

group of chitosan caused less soluble films. However, only CF-1.5C films had 
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significantly lower solubility than the control films. The main reason for that might 

be the higher crosslinking density of the CF-1.5C films. 

Although chitosan is a polysaccharide, unlike many other biopolymers, it is insoluble 

in water. It dissolves in weakly acidic solutions and forms hydrogels. Since the 

hydrogels can absorb a high amount of water, this feature makes application 

chitosan-based films practically useless (Murray & Dutcher, 2006). Therefore, to 

prevent such an outcome, crosslinking of chitosan films becomes more critical. The 

main idea behind the crosslinking is to reduce the free volume by increasing the 

number of junctions and thereby restrict the possible hydrogen bond formation 

between chitosan and water molecules (Wu et al., 2019b). 

The swelling degree of all the films decreased drastically with increasing the ratio of 

the crosslinking agents (Table 3.9). GLU has three hydroxyl groups, while CA has 3 

carboxyls and 1 hydroxyl group in the structure. This means that CA has a higher 

chance to make covalent bonds as compared to glutaraldehyde. Therefore, the lowest 

amount of CA reduced swelling degree more than the highest amount of 

glutaraldehyde (Yoon, Chough, & Park, 2006).  

Moisture content was expected to decrease in the crosslinked films; however, it had 

an increasing trend with the addition of the crosslinkers. Although GLU and CA 

reduced the starch and chitosan hydrophilic sides, both crosslinking agents might 

have unreacted hydroxyl or carbonyl groups. Since all the crosslinked molecules 

were bulky, steric hindrance might be the restrictive factor and the reason for 

unreacted groups. Therefore, water molecules might have attached to these available 

groups through hydrogen bonding and increased the moisture content of the 

crosslinked resulting films. 
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Table 3.9 WS, SD, MC and WVP of faba bean–chitosan curcumin cross-linked 

films  

 WS (%) SD (%) MC(%) WVP (10-11) 

(g m−1 s−1 

Pa−1) 

FC-C 22.98±0.39a 136.58±3.83a 9.52±0.56d 42.55±9.01a 

FC-0.5C 21.16±1.04ab 69.74±4.84c 10.37±0.38cd 0.34±0.02c 

FC-1C 21.93±0.23ab 46.77±2.10d 12.25±0.24bc 0.47±0.02b 

FC-1.5C 17.35±1.20b 33.63±4.37d 12.20±0.68bc 0.29±0.00c 

FC-30GLU 22.40±1.14ab 126.11±3.56ab 15.52±0.40a 27.44±0.72a 

FC-60GLU 20.51±2.20ab 128.47±1.36ab 12.21±1.02bc 0.32±0.02c 

FC-120GLU 18.42±2.022ab 117.05±3.44b 12.99±0.92b 0.30±0.00c 

Columns having different letters are significantly different (p ≤ 0.05). 

3.3.2 Water Vapor Permeability (WVP)   

WVP of the films were shown in Table 3.9. WVP of FC films was dependent on 

many factors such as crystalline-amorphous ratio, hydrophilic-hydrophobic ratio, the 

integrity of the film, polymer chain mobility (Balasubramanian et al., 2018), 

solubility in water and moisture content. Therefore, the permeability was shaped 

under multiple effects, not based on a single parameter. For example, moisture 

affected the intermolecular forces between polymer chains by increasing free volume 

and enhancing chain mobility (Yeamsuksawat & Liang, 2019). Thus, films with 

higher moisture content were expected to have higher permeability. Since molecule 

alignments were more compact and regular in the crystalline region compared to the 



 

 

90 

amorphous part, transferring rate of water molecules from one side to the other 

became relatively slow (Uygun et al., 2020).  

As seen in Table 3.9, the addition of crosslinking agents to the films decreased WVP. 

However, WVP of FC-30GLU was not significantly different than that of FC-C. At 

that point, it should be noted that FC-30GLU achieved the highest moisture content, 

and this might be effective on their WVP. It might be concluded that during WVP 

measurement, exposing films to 100% RH might lead to the modification of film 

matrix and thereby increased the permeability. Although the solubility values of FC-

1C were not different than control films (Table 3.9), it had relatively low swelling 

degrees. Under these effects, WVP of FC-1C received the highest permeability after 

FC-C and FC-30GLU. Finally, as expected crosslinking agents formed a more 

compact network by the increasing compatibility. This resulted in not only a 

reduction in the polarity of all components, but also a decrease in permeability. 

3.3.3 Mechanical properties 

Enhancement in TS was generally expected with introduction of cross-linking agents 

due to increasing and tightening molecular interactions. As shown in Table 3.10, 

although GLU addition resulted in increasing TS of the film, incorporation of CA 

decreased TS. Increasing TS might be interpreted as more resistance to mechanical 

stress. On the other hand, increasing EAB was the indicator of higher stretchability 

and more deformable films. High TS and low EAB were the indicators of brittle 

materials as in the example of GLU incorporated films. This showed that the motion 

of FC film matrices was more restricted after the incorporation of GLU. Similar 

findings were also reported in the study of gelatin films cross-linked with GLU 

(Martucci et al., 2012).  

On the other hand, FC-1C and FC-1.5C films showed a yield-like deformation 

similar to the thermoplastic films with lower TS and high EAB. Although in this 

study, CA was preferred as a crosslinking agent, some studies also reported 
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plasticizer character of unreacted CA at high ratios by reducing the interaction 

between components ( Wu et al., 2019b). 

The present research showed that both effects might coexist, although these impacts 

seemed to be inconsistent with each other.  TS of FC-1C and FC-1.5C films tended 

to decrease more than 30% compared to FC-C. EAB of FC-1C (4.23±0.66 %) and 

FC-1.5C (12.93±1.06 %) films were also significantly different than the FC-C 

(1.67±0.30 %). Therefore, it might be concluded that CA played a role as a 

plasticizer for the mechanical properties of the films. On the other hand, especially 

for the FC-1.5C films, WS, SD, and WVP significantly decreased, reflecting the 

behavior of the crosslinking agent. Similar outcomes were also reported in the study 

of Azeredo et al., (2015) and  Sebti, Delves-Broughton, & Coma, (2003).  

These controversial outcomes were also explained by the higher heterogeneity of the 

spacing between cross-links (Sebti et al., 2003). This heterogeneity might distribute 

the stress on the chains, which were not stabilized by H-bonding. After non H- 

bonding chains had been broken, they transferred the stress to the other chains by 

forcing them to either break or slip to release the stress. 

Although high TS was desirable for the packaging films, stretchability was another 

important characteristics for the film application. Therefore, GLU incorporated films 

with high TS, but low elongation and rigid structure restrict their application as a 

packaging material.  On the other hand, lower TS and higher EAB of CA cross-

linked films were more feasible in practice 
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Table 3.10 Mechanical and thermal properties of faba bean chitosan crosslinked 

films 

 TS 

(MPa) 

EAB 

(%) 

FC-C 12.67± 0.08c 1.67±0.30c 

FC-0.5C 9.04±1.01d 1.25±0.57c 

FC-1C 8.62±0.21d 4.23±0.66b 

FC-1.5C 7.15±0.30d 12.93±1.06a 

FC-30GLU 14.61±0.31c 2.61±0.48bc 

FC-60GLU 21.96±0.73a 2.43±0.17bc 

FC-120GLU 19.28±0.06b 1.71±0.11c 

Columns having different letters are significantly different (p ≤ 0.05). 

3.3.4 Thermal analysis (TGA &DSC) of FC films 

The weight loss versus temperature curve of films, chitosan, faba bean flour and 

curcumin was shown in Figure 3.13. In general, the thermal decomposition of FC 

films followed multistep decomposition. The first step centered at 100°C was due to 

the evaporation of water and other volatile compounds. The second stage of 

degradation appeared around 200°C because of evaporation of glycerol (Bagheri et 

al., 2019). Furthermore, for CA cross-linked films, evaporation of CA derivatives 

also overlapped at these values (190- 200 °C) (Qiao et al., 2021) This was followed 

by a decomposition process which was the highest weight loss observed for all 

samples. This step corresponded to the depolymerization and decomposition of 

acetylated and deacetylated units of the polymer (Wu et al., 2019b), in other words, 

cleavage of covalent bonds formed during crosslinking between starch, protein and 

chitosan (Sharma et al., 2018). Although the peak temperature of this stage generally 

was positioned around 300°C, this stage shifted gradually to higher temperatures 

(nearly 315°C) with the increasing CA ratio in films which was the indicator of the 

strong intermolecular interactions between components. However, the degradation 
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temperature of GLU incorporated films had a similar decomposition peak 

temperature to FC-C, which was located approximately at 290°C.  

 

Figure 3.13. TGA curves of FC films 

DSC results of all films were shown in Table 3.11. All films exhibited an 

endothermic peak between 170°C and 180°C. XRD analysis showed that 

crosslinking agents had a decreasing impact on the crystallinity of the films (Table 

12). Therefore, it was expected a reduction in Tm and melting enthalpy (ΔHm) (Jose 

& Al-Harthi, 2017). On the other hand, it was reported that introducing cross linker 

slightly increased melting temperature by stabilizing bonds between all components  

(L. Sharma et al., 2018). In addition to that, crosslinking agents increased the 

molecular weight of the polymeric matrix through intermolecular interactions (L. 

Sharma et al., 2018). Therefore, under two counteracting effects, reduction of 

crystallinity and stabilizing bond strength, Tm did not change significantly. Although 

the melting enthalpy of GLU cross-linked films was nearly the same as FC-C, CA 

introduced films exhibited a noticeable increase in the melting enthalpy with an 

increasing CA ratio. In addition to bond stabilizing effect, melting of CA in the films 
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might also have an effect on increasing enthalpy because the melting temperature of 

CA (~190°C ) overlapped the Tm of the films  (Shafie et al., 2019).  

Table 3.11 Thermal properties of faba bean chitosan crosslinked films 

 Melting 

Onset 

(ºC) 

Melting 

Peak 

(ºC) 

Melting End 

(ºC) 

Melting 

Elthalpy 

(J/g) 

FC-C 169.46±0.77a 173.67±1.58a 187.43±1.23bc 104.43±2.05c 

FC-0.5C 173.56±1.0a 177.81±1.40a 191.64±0.69b 112.71±1.28b 

FC-1C 171.22±1.6a 176.23±1.79a 193.54±1.03b 167.10±1.52a 

FC-1.5C 173.05±1.46a 178.92±1.54a 200.10±2.65a 201.87±1.69a 

FC-30GLU 169.1±0.42a 172.83±1.2a 185.17±1.20c 102.81±1.34c 

FC-60GLU 173.22±1.66a 178.05±2.83a 193.24±1.72b 92.87±2.19d 

FC-

120GLU 174.95±2.87a 179.23±1.14a 192.26±1.76b 102.54±1.97c 

Columns having different letters are significantly different (p ≤ 0.05). 

3.3.5 XRD 

The relative degree of crystallinity (RDC) was measured by the ratio between area 

of crystallinity and total area under the XRD diffraction pattern (Liu et al., 2019). 

RDC and XRD pattern of all films were shown in Table 3.12, and Figure 15. There 

might be two main reasons behind the crystallinity of the FC films. The first one was 

the retrogradation of starch (Seligra et al., 2016) and the second one was the presence 

of NH2 (amine) group in chitosan which promotes the formation of hydrogen bonds 

between polymer chains (Pavoni et al., 2021). Introducing crosslinking agent showed 

a decreasing tendency on the crystallinity of the films because the carboxyl group of 

CA and GLU reacted with the hydroxyl and amine groups. Therefore, this interaction 

restricted the formation of crystal structure in starch and chitosan molecules. As seen, 

CA added samples had a significantly lower degree of crystallinity compared to FC-
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C. As mentioned before, CA has more sides to make crosslinking than GLU. 

Therefore, CA might limit the chain segment movements and thereby interfere with 

crystallization (Ren et al., 2017).  

The characteristic peaks of chitosan were observed around 10º, and 20 º (2θ). The 

first peak was the indicator of hydrated crystalline structure because of water 

molecules attached to the crystal lattice. The peak around 20º (2θ) was attributed to 

the amorphous part of chitosan (Giannakas et al., 2014). The diffraction peaks 

around 15.42º, 17º and 20º (2θ) corresponded to the B-type starch diffraction pattern 

in faba bean flour (H. Liu et al., 2013). As seen diffraction pattern of FC films, the 

intensity of peaks decreased and even some disappeared (15.42º), which was 

supported by the degree of crystallinity. This result showed that interaction between 

components (starch- chitosan and crosslinking agents) restrained the intramolecular 

interactions. However, the peak at 17.54º was observed in FC films for all 

formulations. This peak indicates the formation of a double helical B- type 

crystalline structure and is most sensitive to hydration (Zhong et al., 2011). These 

results were consistent with the previous research findings related to the amylose and 

amylopectin films (Myllärinen et al., 2002). It should be noted that although cross-

linking decreased the solubility or water sensitivity of the films, the main 

components of these films were very hydrophilic (chitosan and faba bean). 

Therefore, a little amount of water interaction or water present in these films (MC) 

might have an ongoing impact on their structures. 
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Figure 3.14. X-ray diffraction patterns of the FC films 

3.3.6 Antioxidant Activity (DPPH& ABTS) 

FC-C films showed the highest DPPH and ABTS activity because of curcumin and 

the active antioxidant biopolymer, chitosan. The hydroxyl and amino groups of 

chitosan interacted with free radicals and exhibited radical scavenging activity (Roy 

et al., 2021). In addition to this, antioxidant activity of curcumin originated from 

phenolic hydroxyl group and methylene group of β-diketone moiety (Priyadarsini et 

al., 2003)  

As can be seen in Table 12, the addition of cross-linking agent decreased the 

antioxidant activity of the films by nearly 50%.  Firstly, the cross-linking reaction 

might be responsible for this result. Carboxyl group of CA and GLU might have 

reacted with the hydroxyl and amino group of chitosan and active sides of curcumin 

during cross-linking reaction causing a decrease in the number of active sides 
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required for the antioxidant activity. In addition to that, releasing of the active agent, 

curcumin was inversely correlated with the cross-linking degree. Since the release 

rate was expected to be lower in the cross-linked polymer matrix, cross-linked films 

achieved relatively lower antioxidant activity (Valizadeh et al., 2019).  

In parallel with this finding, releasing of active components was also linked to the 

swelling degree of polymer matrix (López de Dicastillo et al., 2016). As shown in 

Table 12, the highest swelling degree was observed for FC-C, as well as the highest 

DPPH and ABTS activity.  

Although CA incorporated films achieved a relatively lower swelling degree, they 

showed higher antioxidant activity than GLU. This result was probably due to the 

antioxidant activity contribution of CA (Priyadarshi et al., 2018).  

Table 3.12 DPPH and ABTS activity (%) and RDC of faba bean-chitosan 

crosslinked films 

 RDC DPPH activity 

(% scavenging 

activity) 

ABTS activity 

(% scavenging 

activity) 

FC-C 11.83±1.49a 20.74±1.27a 86.54± 1.15a 

FC-0.5C 5.15±0.28b 9.40±1.82c 33.01± 0.38c 

FC-1C 5.85±0.74b 15.20±0.91b 60.80± 3.55b 

FC-1.5C 4.96±0.51b 11.73±0.01bc 34.57± 0.28c 

FC-30GLU 13.31±0.41a 10.89±0.16c 27.66± 2.87c 

FC-60GLU 6.38±0.62b 8.56±0.25c 25.86± 1.01c 

FC-120GLU 10.38±0.98a 10.29±1.18c 28.20± 3.64c 

Columns having different letters are significantly different (p ≤ 0.05). 
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3.3.7 Antimicrobial activity of FC films 

Antimicrobial effects of FC-1.5C films on E.coli and S.aureus were shown in Figure 

15.  The inhibition zone of FC-1.5C films for E.coli and S.aureus was very similar 

and measured as 1.40±0.27 cm2 and 1.39±0.22 cm2, respectively. The antimicrobial 

effect of films was due to the presence of CA, curcumin and chitosan. CA, an organic 

carboxylic acid, has a local pH reduction effect which might disturb the cell pH and 

change the permeability of cell membrane by altering its substrate transport (Su et 

al., 2014). Furthermore, it has an also ability to bind the metal ions necessary for 

microbial growth. The effect of CA on growth of G (+) and G (-) might be different. 

This difference was attributed to the outer lipopolysaccharides membrane of G (-) 

which have a highly chelating charge surface compared to G (+) having 

peptidoglycan layer. Therefore, CA might be more effective on G (-) than G(+) 

bacteria (Ounkaew et al., 2018). In addition, the possible antimicrobial effect of 

chitosan is explained by two mechanisms. Firstly, chitosan might surround the cell 

and form a polymeric membrane which significantly hinders the entrance of nutrients 

to cell. Secondly, chitosan might enter or diffuse through the cell, adsorb the 

negatively charged substances, form an aggregate and finally terminate intracellular 

activity. The dominant antibacterial activity was reported as the first one for G (+) 

(S.aureus) whereas the second one was mostly valid for G(-) (E.coli). All these 

activities were displayed by SEM images (Zheng & Zhu, 2003). Although curcumin 

loaded chickpea flour/PEO nanofibers showed antimicrobial effects on only E.coli,  

the presence of other agents namely chitosan and citric acid increased antimicrobial 

effects and inhibited the growth of both microorganisms.  



 

 

99 

 

Figure 3.15. Antimicrobial activity of FC-1.5C against E.coli (A) and S. auresus 

(B) 

3.4 Fabrication of citric acid cross-linked curcumin/chickpea 

flour/chitosan (CF/CS) 

Up on previous research, citric acid crosslinked films had better performances than 

gluteraldehyde added ones. Therefore, in this study, the effect of citric acid (CA) on 

chickpea flour(CF), chitosan(CS) and curcumin(CUR) film were examined. 

3.4.1 Physical properties of CF/CS films  

The main aim of the chemical crosslinking with CA was to improve the physical 

properties of the biopolymer composite films. The thickness, MC, WS, SD and 

opacity of the CUR/CF/CS films were shown in Table 3.13.  

MC values decreased significantly with the addition of CA to the films. The reason 

for the reduction could be a decrease in free hydrophilic groups in the film due to 

crosslinking. However, 0.5-CUR/CF/CS possessed the lowest moisture content 

(9.74±0.12%) compared to 1-CUR/CF/CS (12.25±0.15%) and 1.5/CUR/CF/CS 

(11.66±0.07%) which was associated with hydrophilic carboxyl groups of excess CA 

in the film matrix. Similar findings were also reported in the study of CA cross-

linked mung bean starch films (Yao et al., 2022).  
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Although the expected result was the reduction of WS of the active films, WS of CA 

cross-linked films was higher than that of the control sample CUR/CF/CS. Other 

researchers studied with CA cross-linked biopolymers also revealed similar findings 

and explained this phenomenon by free residual CA behaving like a plasticizing 

agent (Das et al., 2019) (Wu et al., 2019) However, the solubility of any CUR/CF/CS 

films was still lower than guar gum/orange oil/sodium trimetaphosphate cross-linked 

film (32.01 ± 1.53%) (Aydogdu et al., 2020) and carboxymethyl CS/polyvinyl 

alcohol CA cross-linked film (~40-80%) (Wen et al., 2021). CS is soluble in a weakly 

acidic solution and forms hydrogels that can absorb high amounts of water by 

swelling. To impede this behavior, it is necessary to limit possible hydrogen bond 

formation between CS and water molecules. CA has three carboxyl groups and one 

hydroxyl group per monomer. These carboxyl groups can react with either amino 

group of CS by forming amide linkages (Guerrero et al., 2019) or facilitate covalent 

di-ester linkages with hydroxyl groups of polysaccharides (Wu et al., 2019b). SD of 

CUR/CF/CS films was compared in Table 3.13. Control film (0- CUR/CF/CS) 

showed SD of 133.60±11.84% while incorporating CA markedly reduced that of 

cross-linked films up to 30.72±0.62% (1.5-CUR/CF/CS). SD decreased by 

increasing CA amount due to an increment in reactive carboxyl and hydroxyl groups 

and thereby, the crosslinking density of the films. 

Table 3.13 MC WS, SD of chickpea flour–chitosan curcumin cross-linked films  

 MC(%) WS (%) SD (%) 

0- CUR/CF/CS 16.68±0.56a 19.58±0.01b 133.60±11.84a 

0.5- CUR/CF/CS 9.74±0.12c 22.24±0.25a 66.78±1.97b 

1- CUR/CF/CS 12.25±0.15b 24.01±1.22a 41.29±7.07bc 

1.5- CUR/CF/CS 11.66±0.07b 22.38±0.14a 30.72±0.62c 

Different letters in the same column show the significant difference between 

samples by Tukey’s test (p ≤ 0.05) 
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3.4.2 Water Vapor Permeability (WVP)   

For practical applications, the WVP value of the developed packaging materials 

should be as low as possible. As seen in Table 3.14, WVP of the control sample (0-

CUR/CF/CS) was 9.11±0.34 ×10-12 gm−1s−1Pa−1 while  WVP values of CA cross-

linked films were between 5.70±0.13×10-12 gm−1s−1Pa−1 and 7.23±0.003×10-12 

gm−1s−1Pa−1. However, the films with similar compositions had higher permeabilities 

than the ones stated in the literature. For example, WVP of CA cross-linked cassava 

starch films was found to be between 1.8±0.2×10-10 gm−1s−1Pa−1 and 2.9±0.2×10-10 

gm−1s−1Pa−1  (Seligra et al., 2016), that of CA cross-linked potato starch/CS films 

ranged from 2.05×10−10 gm−1s−1Pa−1 to 2.81×10−10gm−1s−1Pa−1. The following 

reasons might explain this result: (i) the hydrophobic nature of CUR: (Roy & Rhim, 

2020a) and high-temperature treatment of (80°C, 45 min) CF leading to an increase 

in hydrophobic interactions (Aydogdu, Kirtil, et al., 2018). Overall, it was concluded 

that using CUR/CF/CS films was more advantageous in controlling the moisture 

transfer within the film matrix.  

As mentioned before, the incorporation of CA caused a reduction in MC and SD 

which could be interpreted as a declining interaction between water molecules and 

film structure. As a result of this consequence, increasing CA concentration in 

formulation caused a gradual reduction in WVP of the films such that 1.5-

CUR/CF/CS was 62.6% more resistant to the permeability of water vapor than 0-

CUR/CF/CS. Therefore, CA addition significantly reduced WVP values and 

confirmed the cross-linked network formation in the film structure. This reduction 

might be attributed to the hydrophobic ester bond formation between starch in CF 

and CA, which decreased the number of available hydroxyl groups (Yildiz et al., 

2021). Furthermore, crosslinking caused a reduction in polymer chain mobility 

which might be another factor impeding the diffusion of water vapor molecules 

(Azeredo et al., 2015). 
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Table 3.14 WVP and mechanical properties of the films 

 WVP (10-12) 

(gm−1s−1Pa−1) 

TS 

(MPa) 

EAB (%) 

0- CUR/CF/CS 9.11±0.34a 7.83±0.08a 1.64±0.13b 

0.5- CUR/CF/CS 7.23±0.003b 7.16±0.74a 2.35±0.37b 

1- CUR/CF/CS 7.04±0.50b 4.37±0.63b 8.88±1.06a 

1.5- CUR/CF/CS 5.70±0.13c 3.58±0.20b 11.1±1.21a 

Different letters in the same column show the significant difference between 

samples by Tukey’s test (p ≤ 0.05). 

3.4.3 Mechanical properties (TS, EAB) 

Food packaging material should have good mechanical properties to provide 

mechanical protection and structural integrity to foods during shipping, handling, 

and storage. Poor mechanical properties restrict the commercial application of 

biopolymer-based films, so the characterization of the mechanical properties of films 

is crucial. The most common parameters used to describe the mechanical properties 

of films are TS and EAB, which were given in Table 3.14. TS is the maximum stress 

that material can resist during stretching before breakage. EAB is the percent 

elongation of the film relative to its initial length (Aydogdu et al., 2020).  While CA 

addition decreased TS of films, it significantly increased EAB of films. In general, 

an improvement in TS of films with crosslinking was expected due to higher inter-

molecular interactions between molecules. However, in this study, CA addition at a 

concentration of more than 0.5% (w/v) reduced TS and increased EAB. It is known 

that the crosslinking agents and the plasticizers show opposite effects on the tensile 

properties. 

Unlike crosslinking agents, plasticizers lower TS and increase EAB values. CA 

having one hydroxyl and three carboxyl groups in its chemical structure offer 

different functionalities by acting both as cross-linkers and plasticizers (Guerrero et 

al , 2019). Especially at high concentrations of CA, it decreases the interactions 

between the macromolecules and enhances the film flexibility (Wu et al., 2019). In 



 

 

103 

this study, although the crosslinking effect of CA addition was shown in other 

characterization experiments, the plasticizing effect of CA became clear when CA 

was added to the film solution at a concentration of more than 0.5% (w/v). In a 

similar study, CA addition of up to 10%  increased the tensile strength of starch-

based films, but CA concentration of more than 15% decreased TS due to the 

governing plasticizing effect (Ghanbarzadeh et al., 2011). In the study of Reddy and 

Yang, (2010), after  CA concentration of  6%, lower TS was observed due to excess 

crosslinking that limited the mobility of the starch molecules.  

Although it was aimed to produce films with mechanical properties close to 

commercial food packages with the help of crosslinking, the desired results could 

not be obtained. Increasing CA concentration in film formulation caused a reduction 

in TS from 7.83±0.08 MPa to 3.58±0.20 MPa as explained before. However, the 

tensile strength of commercial food packages like low-density polyethylene (LDPE), 

high-density polyethylene and (HDPE) and polylactic acid (PLA) was reported as 

9.92 MPa (Thakore et al., 2001), 27 MPa (Sarkhel et al., 2006) and 32 MPa (J. 

Ahmed & Varshney, 2011), respectively. EAB values of CUR/CF/CS were between 

1.64±0.13 % and 11.1±1.21 % whereas that of LDPE, PLA was 92.5% (Thakore et 

al., 2001) and 5% (Ahmed & Varshney, 2011). Although EAB of CUR/CF/CS films 

was comparable to PLA, LDPE showed much better flexibility under stress.  

3.4.4 Thermal analysis (TGA &DSC) of CF/CS films 

Active films exhibited mixed decomposition characteristics of film-forming 

components (Figure 3.16) with a different number of degradation stages. The film 

without CA (0- CUR/CF/CS) showed two stages of degradation (I: between 50-100 

°C; II between 250- 450 °C), whereas the addition of CA increased the number of 

degradation stages. Sample 0.5-CUR/CF/CS (I: between 50-160°C, II: between 227- 

289°C, III: between 295-420°C) exhibited three degradation steps. However, 1-

CUR/CF/CS and 1.5-CUR/CF/CS (I: between 65-150, II between 160-230°C, III 

between 232-298°C, and IV between 300-532 °C) had four stages of degradation 
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(Figure 3B). For all films, the first degradation step belonged to the removal of 

moisture (Istiqomah et al., 2022). Loss of moisture was observed at higher 

temperatures for CA cross-linked films, indicating more thermally stable hydrogen 

bonding between water molecules and film-forming components. The gradual 

increase of onset degradation temperatures (T5%) of the films at which 5% weight 

loss occurred (Sánchez-Safont et al., 2021) supported this idea. T5% of 0-

CUR/CF/CS, 0.5-CUR/CF/CS, 1-CUR/CF/CS and 1.5-CUR/CF/CS were 101.34°C, 

133.5°C, 155.7°C and 151.67°C, respectively.  

CA has two decomposition temperatures located around 170°C and 260°C (Sadik et 

al., 2018), and glycerol decomposes between 160–225 °C ( Zhang et al., 2019). 

Therefore, the second step changes in 0.5-CUR/CF/CS were attributed to the 

presence of glycerol. However, the second and the third step changes of 1-

CUR/CF/CS and 1.5-CUR/CF/CS were ascribed to the presence of CA and glycerol.  

The distinct CA curves were not observed in 0.5-CUR/CF/CS since nearly all the 

CA was used up for cross-linking. 

The main degradation steps of the films which were the last degradation stages 

(between 340°C and 380°C) corresponded to both CS and CF decompositions. The 

degradation and decomposition of CS could be attributed to the depolymerization 

and degradation of CS D-Glucosamine and N-Acetyl-d-glucosamine units (Tavares 

et al., 2020). This stage was also associated with the decomposition of backbone 

protein and carbohydrate components (Díaz,  et al., 2019).  
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Figure 3.16. TGA and (B) DTG curves of pure components and films. 

Table 3.15 shows the melting temperature end enthalpies of the films. In all of the 

films, melting onset, peak, and end temperatures showed no significant changes. In 

contrast, the enthalpy of the films showed an increasing trend with the addition of 

CA. Especially, enthalpy values of 1.0-CUR/CF/CS and 1.5-CUR/CF/CS films had 

markedly higher than that of 0.5-CUR/CF/CS and 0-CUR/CF/CS. Although higher 
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melting enthalpy was attributed to a higher degree of crystallinity (Majzoobi et al., 

2014), XRD analysis showed the mostly amorphous structure of the films. However, 

increasing CA resulted in a higher crosslinking degree with more stable bond 

strength which required higher energy to break (Sholichah et al., 2017). 

Table 3.15 DSC results of the films  

 melting onset 

temperature  

(ºC) 

melting peak  

temperature  

(ºC) 

melting end 

temperature  

(ºC) 

melting 

enthalpy 

ΔH (J/g) 

 

0- 

CUR/CF/CS 

166.91±2.03a 170.25±1.78a 181.06±0.41a 81.17±5.77b 

0.5- 

CUR/CF/CS 

165.69±1.93a 176.30±1.90a 176.30±1.71a 99.98±6.97b 

1- 

CUR/CF/CS 

166.92±4.32a 179.58±3.98a 179.58±2.23a 144.32±6.06a 

1.5- 

CUR/CF/CS 

165.27±6.97a 178.44±6.48a 178.44±4.08a 149.17±1.54a 

Different letters in the same column show the significant difference between 

samples by Tukey’s test (p ≤ 0.05). 

3.4.5 XRD 

The diffraction pattern of CF showed a more amorphous character rather than 

crystalline (Figure 3.18). This is different from other flours studied in literature such 

as faba bean flour (Yildiz et al., 2021), plantain flour (Gutiérrez et al., 2016), cassava 

starch (Medina Jaramillo,  et al., 2016). The crystallinity of the starch-based films 

was related more to amylose content (almost linear structure) than amylopectin 

content (almost branched structure) (Gutiérrez et al., 2016). Therefore, the 

amylopectin content of CF might be higher than the amylose content, which could 

hinder the intensity of possible crystalline peaks.  

The CS has characteristic crystalline peaks around 10° and 20° due to the presence 

of NH2 (amine) and –OH (hydroxyl) groups (Javaid et al., 2018).  
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The disappearance of the first peak and the transformation of the second peak to the 

broad halo form in active films corresponded to the change in CS structure from 

crystalline to amorphous form (Marín-Silva et al., 2019). Further, the films did not 

exhibit any characteristic peaks of any components, which was a strong evidence of 

good interaction and compatibility between components (Figure 3.17). Another 

reason for the lack of sharp diffraction peaks in films might be the slower water 

evaporation from the film matrix, which prevents re-crystallization (Soo & Sarbon, 

2018). As a crosslinking agent, CA prevents the possible inter and intra-hydrogen 

bonds, thereby repackaging CS and starch (Ávila-Martín et al., 2020).  

Further, CUR has a highly crystal structure, and many sharp diffraction peaks are 

observed in XRD spectra. However, any of CUR/CF/CS exhibited these 

characteristic patterns. Dissolving CUR in ethanol and incorporation into the film-

forming solution promoted the hydrogen bonding between them, thereby causing the 

modification of the state of CUR from crystalline to amorphous. 

 

 

Figure 3.17. X-ray diffraction patterns of the CF/CS films 
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3.4.6 Antioxidant Activity (DPPH& ABTS) 

The antioxidant activity values of films determined by DPPH and ABTS methods 

were represented in Table 3.16. In both methods, when the antioxidant radicals react 

with DPPH and ABTS reagents, discoloration occurs, and it is expressed as % 

scavenging activity. Antioxidant activity of the film was mainly attributed to the 

presence of CUR, CS, and CA. Antioxidant activity of the CUR has been extensively 

studied. The phenolic hydroxyl group and methylene group of β-diketone moiety in 

CUR structure are responsible for this activity (Yildiz et al., 2021).  Further, the free 

amino groups in CS react with free radicals so CS exhibits radical scavenging 

activity (Wu et al., 2019). Among the films, 0.5-CUR/CF/CS showed the highest 

antioxidant activity. The potential antioxidant activity of CA was indicated in the 

study of Priyadarshi et al., (2018) and CA addition increased the antioxidant activity 

of CS films from 12.4% to 29.8%. However, in this study, contrary to expectation, 

the increase in CA amount in films did not contribute to the antioxidant activity of 

films. In other words, increasing CA concentration caused a reduction in antioxidant 

activity (Table 3.16). This result was due to the increased number of hydrogen bonds 

between CA and CS with increasing CA concentration. As the availability of free 

amino and hydroxyl groups decreases, the radical scavenging activity decreases as 

well (Zhang et al., 2022).  

Table 3.16 DPPH and ABTS activity (%) of chickpea flour-chitosan crosslinked 

films  

 DPPH 

(% scavenging 

activity) 

ABTS 

(% scavenging 

activity) 

0- CUR/CF/CS 32.65±1.70b 33.00±3.40b 

0.5- CUR/CF/CS 52.12±1.00a 42.84±0.90a 
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Table 3.16 (Cont’d) 

1- CUR/CF/CS 23.09±3.00c 5.38±0.80c 

1.5- CUR/CF/CS 19.05±0.30c 3.68±0.200c 

Different letters in the same column show the significant difference between 

samples by Tukey’s test (p ≤ 0.05). 

3.4.7 Antimicrobial activity of CF/CS films 

Figure 3.18 shows the antimicrobial activity and inhibition zones of CUR/CF/CS 

composite films against Gram-positive (S. aureus) and G-negative (E. coli) bacteria. 

The antimicrobial activity of CUR is based mainly on the inhibition of bacterial 

growth due to disruption of membrane and DNA damage (Tambawala et al., 2022). 

On the other hand, the chelating ability by binding essential metals and nutrients for 

the growth and polycationic structure eases interaction with the negatively charged 

cell surface and brings CS to antimicrobial ability (Hu et al., 2020). Although it is 

well-known that all film-forming components, except CF, have antimicrobial 

activity, 0-CUR/CF/CS and 0.5-CUR/CF/CS films did not exhibit any inhibition 

zone for either E.coli or S.aureus. The hydrophobic nature of CUR and insolubility 

in a hydrophilic environment might limit its efficiency. Similarly, due to the tight 

film structure, an insoluble form of CS might restrain its antimicrobial activity by 

limiting diffusion through the agar and inhibitory effect (Hafsa et al., 2016).  As 

discussed before, CA had improved various physical properties of films. Its effect is 

not only on the physical properties of films but also on functional properties. 

Increasing CA concentration seemed to boost the antimicrobial effect of other 

components and also contributed to microbial inhibition by acidulation capability. In 

this sense, the injuries in the cellular membrane and damage to intracellular enzymes 

occur when the cell is exposed to an acidic environment. Moreover, due to the 

chelating effect, CA could interact with essential metal ions for growth (Ounkaew et 

al., 2018). Although 1-CUR/CF/CS film was effective on only E.coli (inhibition zone 
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area 3.89±0.91 cm2), 1.5-CUR/CF/CS film showed an inhibitory effect on both 

E.coli (inhibition zone area 5.88±0.49 cm2) cm and S. aureus (inhibition zone area 

1.59±0.27 cm2). The different efficiencies on different bacteria were attributed to 

the outer lipopolysaccharides membrane of G (-) which has a highly chelating charge 

surface compared to G (+) having peptidoglycan layer (Ounkaew et al., 2018).  

 

Figure 3.18. The inhibition zone of CUR/CF/CS films on E.coli and S.aureus 

Compared to the CA crosslinked FC films, CA crosslinked CF/CS films had better 

antimicrobial activity on both tested microorganisms. Therefore, the activity of 

CF/CS films was tested on chicken breast packaging during the storage period.  

3.4.8 Packaging application of active films on chicken breast 

Chicken breast meat is a suitable substrate for promoting the growth of 

microorganisms due to its high moisture and protein content. To control spoilage and 

to maintain the microbial quality of susceptible products, antibacterial packaging 

films might be an excellent solution. Since 1.5-CUR/CF/CS  film had an 

antimicrobial effect on Gram (+) and Gram (-) bacteria, it seemed to be the most 

promising food package. Therefore, the antimicrobial activity of 1.5-CUR/CF/CS 

films on chicken breast meat was tested at refrigeration temperature (4°C). Since 0-
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CUR/CF/CS did not have antimicrobial activity on tested microorganisms, it was 

selected as a control package. Figure 3.19 showed the total bacterial count (TBC) of 

chicken breast meat in two different packages during 9 days of storage. The initial 

bacterial load of the sample was approximately 2 log CFU/g, yet it increased for all 

samples throughout the storage period. According to Turkish Standard (TS 

24019:2014) and European legislation (EC Regulation 1441/2007, 2007) (Kilic et 

al., 2022), the acceptable threshold value of TBC was determined to be 6.7 log cfu/g. 

TBC of the sample packed with 0-CUR/CF/CS was recorded as 5.57±0.08 log cfu/g 

and 7.18±0.02 log cfu/g at the end of day 5 and 7, respectively. Therefore, the sample 

exceeded the limit approximately at end of the day 6. However, TBC of 1.5-

CUR/CF/CS samples was still lower than this threshold (7.73±0.11 log cfu/g). Thus, 

1.5-CUR/CF/CS caused a substantial reduction in the growth of microorganisms and 

extended the shelf life of chicken breast meat.  

 

 

Figure 3.19. Total  bacterial count  (TBC) of  chicken breast packaged with 0-

CUR/CF/CS and 1.5- CUR/CF/CS  during 9 days storage at 4 °C. 
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CHAPTER 4  

4 CONCLUSION  

In this study, it is aimed to produce intelligent and active food packages by taking 

the advantage of curcumin with electrospinning and casting methods. Since there has 

been an increasing interest in natural, non-toxic, and biodegradable food packages 

instead of plastic ones, as a film forming matrix, biodegredable polymers (chitosan, 

PEO) and flours (faba bean flour and chickpea flour) were utilized. In the 

electrospining method, solution properties had a great impact on nanofiber 

formation. For that purpose, rheological properties and conductivities of the 

electrospun solution were measured. Encapsulation of curcumin into PEO/chitosan 

matrix was successfully carried out for the purpose of intelligent film production. 

Results revealed that increasing chitosan amount in nanofibers decreased the 

diameter of the fibers. Color changes of curcumin loaded chitosan/PEO nanofiber 

film were evaluated on chicken breast package at 4 °C. The color of nanofiber film 

changed from bright yellow to reddish color which provided an opportunity to detect 

color changes by even the naked eyes of the consumer. As a result, curcumin loaded 

nanofiber allowed visualizing the real time monitoring of chicken spoilage and can 

be suggested as an intelligent food packaging. Curcumin was also encapsulated into 

the chickpea flour/PEO matrix to investigate its efficiency in active food package. 

Further, the effects of heating methods (conventional and microwave) on solution 

and film properties were also investigated. SEM images showed that the fiber 

morphology of the microwave-treated samples was as smooth as those of 

conventionally-treated ones. Neither the addition of curcumin nor the different heat 

treatments had any significant impact on the water vapor permeability of the 

samples.  Both the DPPH and ABTS scavenging activities of the curcumin-

containing and microwave-treated (CUR/MW) samples were higher than those of 

the conventionally-treated (CUR/CON) samples. Moreover, CUR/MW film had an 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/abts
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antimicrobial effect on E.coli. To eliminate the potential drawbacks of the bio-

degradable food packages, different crosslinking agent performances were compared 

to faba bean flour–chitosan-curcumin films. The films with the highest citric acid 

concentration showed better swelling degree and permeability characteristics than 

the rest of the films. Although citric acid added samples had less mechanical strength 

and high elongation, the films containing gluteraldehyde exhibited high tensile 

strength and low elongation. In addition, the film with the highest citric acid content 

had a very similar antimicrobial effect on E.coli, and S.aureus. Therefore, citric acid 

can be suggested as a crosslinking agent instead of gluteraldehyde. Finally, citric 

acid was utilized as a crosslinker for the films produced by chitosan, chickpea flour, 

and active agent curcumin by a solvent casting technique. Chicken breast packed 

with the mentioned films remained below unacceptable microbial threshold limits 

even at the end of the 9th-day of storage compared to samples packaged with the 

film with no antibacterial activity. Chickpea flour and faba bean flour based films 

produced by casting methods had comparable moisture content, swelling degree and 

water solubility. Compared to citric acid crosslinked faba bean flour–chitosan-

curcumin films, citric acid crosslinked chickpea flour-chitosan-curcumin films had 

better water vapor permeability and antimicrobial activity. Therefore, citric acid 

crosslinked chickpea flour/chitosan active film can be suggested for all other 

microbiologically susceptible perishable foods such as beef, fish and turkey.  

For future studies, the improvement of mechanical properties and water sensitivity 

of electrospun film by crosslinlinking should be considered. The releasing behavior 

of the curcumin from the film matrix might also be analyzed and the antioxidant 

activity of the films might also be tested on lipid oxidation. Since production rate of 

single nozzle electrospinning is low, other methods like multi nozzle or centrifugal 

spinning can be suggested as an alternative nano/microfiber production methods. 

Since  solubility and mechanical properties of nanofiber films did not satisfy with 

the expectations, nanofiber film can be utilzed by layer by layer technique to improve 

these properties. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/citric-acid
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/citric-acid
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APPENDICES 

A. ANOVA TABLES 

Table 3.1 One way Analysis of Variance (ANOVA) and Tukey’s comparison test 

for conductivity values of chitosan/PEO solutions 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 

Factor Information 

Factor Levels Values 

sample 3 1.5/8.5; 2.0/8.0; 2.5/7.5 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

sample 2 1178,00 589,000 60,93 0,000 

Error 6 58,00 9,667     

Total 8 1236,00       

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

3,10913 95,31% 93,74% 89,44% 

Means 

sample N Mean StDev 95% CI 

1.5/8.5 3 283,00 2,65 (278,61; 287,39) 

2.0/8.0 3 296,00 4,58 (291,61; 300,39) 

2.5/7.5 3 311,000 1,000 (306,608; 315,392) 

Pooled StDev = 3,10913 

Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

sample N Mean Grouping 

2.5/7.5 3 311,000 A     

2.0/8.0 3 296,00   B   

1.5/8.5 3 283,00     C 

Means that do not share a letter are significantly different. 
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Table 3.1 One way Analysis of Variance (ANOVA) and Tukey’s comparison 

test for consistency index values of chitosan/PEO solutions 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 

Factor Information 

Factor Levels Values 

samples 3 1.5-8.5; 2.0-8.0; 2.5-7.5 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

samples 2 0,009248 0,004624 3,83 0,149 

Error 3 0,003622 0,001207     

Total 5 0,012869       

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

0,0347444 71,86% 53,10% 0,00% 

Means 

samples N Mean StDev 95% CI 

1.5-8.5 2 1,2656 0,0229 (1,1874; 1,3438) 

2.0-8.0 2 1,1774 0,0363 (1,0992; 1,2556) 

2.5-7.5 2 1,1883 0,0422 (1,1101; 1,2665) 

Pooled StDev = 0,0347444 

Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

samples N Mean Grouping 

1.5-8.5 2 1,2656 A 

2.5-7.5 2 1,1883 A 

2.0-8.0 2 1,1774 A 

Means that do not share a letter are significantly different. 

Table 3.1 One way Analysis of Variance (ANOVA) and Tukey’s comparison 

test for flow behavior index values of chitosan/PEO solutions 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 
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Factor Information 

Factor Levels Values 

samples 3 1.5-8.5; 2.0-8.0; 2.5-7.5 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

samples 2 0,000796 0,000398 0,59 0,608 

Error 3 0,002025 0,000675     

Total 5 0,002821       

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

0,0259782 28,22% 0,00% 0,00% 

Means 

samples N Mean StDev 95% CI 

1.5-8.5 2 0,8919 0,0392 (0,8334; 0,9504) 

2.0-8.0 2 0,91850 0,00976 (0,86004; 0,97696) 

2.5-7.5 2 0,9133 0,0199 (0,8549; 0,9718) 

Pooled StDev = 0,0259782 

Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

samples N Mean Grouping 

2.0-8.0 2 0,91850 A 

2.5-7.5 2 0,9133 A 

1.5-8.5 2 0,8919 A 

Means that do not share a letter are significantly different. 

Table 3.1 One way Analysis of Variance (ANOVA) and Tukey’s comparison 

test for fiber sizes chitosan/PEO fibers 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 

Factor Information 

Factor Levels Values 

samples 3 7.5-2.5; 8.0-2.0; 8.5-1.5 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

samples 2 155123 77561,5 80,38 0,000 

Error 295 284660 964,9     

Total 297 439783       



 

 

162 

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

31,0636 35,27% 34,83% 33,95% 

Means 

samples N Mean StDev 95% CI 

7.5-2.5 99 283,18 27,98 (277,04; 289,33) 

8.0-2.0 100 304,44 28,90 (298,33; 310,55) 

8.5-1.5 99 338,66 35,75 (332,51; 344,80) 

Pooled StDev = 31,0636 

Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

samples N Mean Grouping 

8.5-1.5 99 338,66 A     

8.0-2.0 100 304,44   B   

7.5-2.5 99 283,18     C 

Means that do not share a letter are significantly different. 

Table 3.2 One way Analysis of Variance (ANOVA) and Tukey’s comparison 

test for WVP of chitosan/PEO fibers 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 

Factor Information 

Factor Levels Values 

samples 3 1.5-8.5; 2.0-8.0; 2.5-7.5 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

samples 2 55,2519 27,6259 109,99 0,002 

Error 3 0,7535 0,2512     

Total 5 56,0054       

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

0,501166 98,65% 97,76% 94,62% 
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Means 

samples N Mean StDev 95% CI 

1.5-8.5 2 14,280 0,581 (13,152; 15,408) 

2.0-8.0 2 13,0326 0,1298 (11,9048; 14,1603) 

2.5-7.5 2 7,310 0,632 (6,182; 8,438) 

Pooled StDev = 0,501166 

Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

samples N Mean Grouping 

1.5-8.5 2 14,280 A   

2.0-8.0 2 13,0326 A   

2.5-7.5 2 7,310   B 

Means that do not share a letter are significantly different. 

Table 3.3 One way Analysis of Variance (ANOVA) and Tukey’s comparison 

test for tensile strength of chitosan/PEO fibers 

 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 

Factor Information 

Factor Levels Values 

samples 3 1.5-8.5; 2.0-8.0; 2.5-7.5 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

samples 2 5,6297 2,81484 35,53 0,008 

Error 3 0,2376 0,07921     

Total 5 5,8673       

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

0,281451 95,95% 93,25% 83,80% 
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Means 

samples N Mean StDev 95% CI 

1.5-8.5 2 2,426 0,480 (1,793; 3,059) 

2.0-8.0 2 4,1658 0,0342 (3,5325; 4,7992) 

2.5-7.5 2 4,6932 0,0804 (4,0598; 5,3265) 

Pooled StDev = 0,281451 

Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

samples N Mean Grouping 

2.5-7.5 2 4,6932 A   

2.0-8.0 2 4,1658 A   

1.5-8.5 2 2,426   B 

Means that do not share a letter are significantly different. 

Table 3.3 One way Analysis of Variance (ANOVA) and Tukey’s comparison 

test for tensile strength of chitosan/PEO fibers 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 

Factor Information 

Factor Levels Values 

samples 3 1.5-8.5; 2.0-8.0; 2.5-7.5 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

samples 2 187,83 93,916 9,85 0,048 

Error 3 28,60 9,533     

Total 5 216,43       

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

3,08758 86,79% 77,98% 47,14% 
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Means 

samples N Mean StDev 95% CI 

1.5-8.5 2 17,881 1,370 (10,933; 24,829) 

2.0-8.0 2 27,95 5,07 (21,00; 34,90) 

2.5-7.5 2 14,863 0,991 (7,915; 21,811) 

Pooled StDev = 3,08758 

Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

samples N Mean Grouping 

2.0-8.0 2 27,95 A   

1.5-8.5 2 17,881 A B 

2.5-7.5 2 14,863   B 

Means that do not share a letter are significantly different. 

Table 3.5 One way Analysis of Variance (ANOVA) and Tukey’s comparison test 

for consistency index values of chickpea flour/PEO solutions 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 

Factor Information 

Factor Levels Values 

samples 4 C/CON; C/MW; CUR/CON; CUR/MW 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

samples 3 0,214925 0,071642 139,86 0,000 

Error 4 0,002049 0,000512     

Total 7 0,216974       

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

0,0226329 99,06% 98,35% 96,22% 
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Means 

samples N Mean StDev 95% CI 

C/CON 2 0,60000 0,00141 (0,55557; 0,64443) 

C/MW 2 0,9100 0,0212 (0,8656; 0,9544) 

CUR/CON 2 0,45750 0,00919 (0,41307; 0,50193) 

CUR/MW 2 0,6325 0,0389 (0,5881; 0,6769) 

Pooled StDev = 0,0226329 

Grouping Information Using the Tukey Method and 95% Confidence 

samples N Mean Grouping 

C/MW 2 0,9100 A     

CUR/MW 2 0,6325   B   

C/CON 2 0,60000   B   

CUR/CON 2 0,45750     C 

Means that do not share a letter are significantly different. 

Table 3.5 One way Analysis of Variance (ANOVA) and Tukey’s comparison test 

for flow behavior index values of chickpea flour/PEO solutions 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 

Factor Information 

Factor Levels Values 

samples 4 C/CON; C/MW; CUR/CON; CUR/MW 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

samples 3 0,004605 0,001535 6,37 0,053 

Error 4 0,000964 0,000241     

Total 7 0,005570       

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

0,0155265 82,69% 69,70% 30,75% 
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Means 

samples N Mean StDev 95% CI 

C/CON 2 0,8943 0,0228 (0,8638; 0,9248) 

C/MW 2 0,85775 0,00629 (0,82727; 0,88823) 

CUR/CON 2 0,83690 0,01315 (0,80642; 0,86738) 

CUR/MW 2 0,8916 0,0153 (0,8611; 0,9221) 

Pooled StDev = 0,0155265 

Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

samples N Mean Grouping 

C/CON 2 0,8943 A 

CUR/MW 2 0,8916 A 

C/MW 2 0,85775 A 

CUR/CON 2 0,83690 A 

Means that do not share a letter are significantly different. 

Table 3.5 One way Analysis of Variance (ANOVA) and Tukey’s comparison test 

for conductivity values of chickpea flour/PEO solutions 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 

Factor Information 

Factor Levels Values 

samples 4 C/CON; CUR/CON; C/MW; CUR/MW 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

samples 3 249547 83182,3 4211,76 0,000 

Error 4 79 19,8     

Total 7 249626       

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

4,44410 99,97% 99,94% 99,87% 
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Means 

samples N Mean StDev 95% CI 

C/MW 2 636,00 2,83 (627,28; 644,72) 

CUR/MW 2 294,50 3,54 (285,78; 303,22) 

CUR/CON 2 323,50 6,36 (314,78; 332,22) 

C/CON 2 684,00 4,24 (675,28; 692,72) 

Pooled StDev = 4,44410 

Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

samples N Mean Grouping 

C/CON 2 684,00 A       

C/MW 2 636,00   B     

CUR/CON 2 323,50     C   

CUR/MW 2 294,50       D 

Means that do not share a letter are significantly different. 

Table 3.5 One way Analysis of Variance (ANOVA) and Tukey’s comparison test 

for average fiber size of chickpea flour/PEO fibers 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Rows unused 105 

Equal variances were assumed for the analysis. 

Factor Information 

Factor Levels Values 

sample 4 C/CON; CUR/CON; C/MW; CUR/MW 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

sample 3 330297 110099 30,24 0,000 

Error 421 1532674 3641     

Total 424 1862972       

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

60,3370 17,73% 17,14% 16,16% 
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Means 

sample N Mean StDev 95% CI 

C/CON 98 273,81 66,20 (261,83; 285,79) 

CUR/CON 113 332,11 65,97 (320,95; 343,26) 

C/MW 105 258,71 54,55 (247,14; 270,29) 

CUR/MW 109 285,30 53,64 (273,94; 296,66) 

Pooled StDev = 60,3370 

Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

sample N Mean Grouping 

CUR/CON 113 332,11 A     

CUR/MW 109 285,30   B   

C/CON 98 273,81   B C 

C/MW 105 258,71     C 

Means that do not share a letter are significantly different. 

 

Table 3.6 One way Analysis of Variance (ANOVA) and Tukey’s comparison test 

for WVP of chickpea flour/PEO fibers 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 

Factor Information 

Factor Levels Values 

samples 4 C/CON; C/MW; CUR/CON; CUR/MW 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

samples 3 0,5939 0,19798 2,07 0,247 

Error 4 0,3823 0,09558     

Total 7 0,9763       

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

0,309162 60,84% 31,47% 0,00% 
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Means 

samples N Mean StDev 95% CI 

C/CON 2 1,543 0,271 (0,936; 2,150) 

C/MW 2 1,8959 0,0573 (1,2890; 2,5029) 

CUR/CON 2 1,128 0,370 (0,521; 1,735) 

CUR/MW 2 1,477 0,410 (0,870; 2,083) 

Pooled StDev = 0,309162 

Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

samples N Mean Grouping 

C/MW 2 1,8959 A 

C/CON 2 1,543 A 

CUR/MW 2 1,477 A 

CUR/CON 2 1,128 A 

Means that do not share a letter are significantly different. 

Table 3.6 One way Analysis of Variance (ANOVA) and Tukey’s comparison test 

for tensile strength of chickpea flour/PEO fibers 

Factor Information 

Factor Levels Values 

sample 4 C/CON; C/MW; CUR/CON; CUR/MW 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

sample 3 3,29258 1,09753 176,55 0,000 

Error 4 0,02487 0,00622     

Total 7 3,31744       

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

0,0788456 99,25% 98,69% 97,00% 

 

Means 

sample N Mean StDev 95% CI 

C/CON 2 0,8865 0,0870 (0,7317; 1,0413) 

C/MW 2 2,0250 0,1061 (1,8702; 2,1798) 

CUR/CON 2 0,38900 0,00141 (0,23421; 0,54379) 

CUR/MW 2 0,5350 0,0778 (0,3802; 0,6898) 

Pooled StDev = 0,0788456 
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Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

sample N Mean Grouping 

C/MW 2 2,0250 A     

C/CON 2 0,8865   B   

CUR/MW 2 0,5350     C 

CUR/CON 2 0,38900     C 

Means that do not share a letter are significantly different. 

Table 3.6 One way Analysis of Variance (ANOVA) and Tukey’s comparison test 

for EAB values of chickpea flour/PEO fibers 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 

Factor Information 

Factor Levels Values 

sample 4 C/CON; C/MW; CUR/CON; CUR/MW 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

sample 3 256,30 85,434 8,57 0,032 

Error 4 39,87 9,967     

Total 7 296,17       

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

3,15706 86,54% 76,44% 46,16% 

Means 

sample N Mean StDev 95% CI 

C/CON 2 39,531 0,433 (33,333; 45,729) 

C/MW 2 47,02 4,53 (40,83; 53,22) 

CUR/CON 2 33,63 4,25 (27,43; 39,83) 

CUR/MW 2 32,942 1,030 (26,743; 39,140) 

Pooled StDev = 3,15706 
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Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

sample N Mean Grouping 

C/MW 2 47,02 A   

C/CON 2 39,531 A B 

CUR/CON 2 33,63   B 

CUR/MW 2 32,942   B 

Means that do not share a letter are significantly different. 

Table 3.7 One way Analysis of Variance (ANOVA) and Tukey’s comparison test 

for Tm values of chickpea flour/PEO fibers 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 

Factor Information 

Factor Levels Values 

samples 4 C/CON; C/MW; CUR/CON; CUR/MW 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

samples 3 8,0332 2,6777 11,93 0,018 

Error 4 0,8978 0,2244     

Total 7 8,9310       

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

0,473748 89,95% 82,41% 59,79% 

 

Means 

samples N Mean StDev 95% CI 

C/CON 2 61,045 0,304 (60,115; 61,975) 

C/MW 2 61,515 0,460 (60,585; 62,445) 

CUR/CON 2 58,955 0,771 (58,025; 59,885) 

CUR/MW 2 59,87 0,00 (58,94; 60,80) 

Pooled StDev = 0,473748 
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Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

samples N Mean Grouping 

C/MW 2 61,515 A   

C/CON 2 61,045 A   

CUR/MW 2 59,87 A B 

CUR/CON 2 58,955   B 

Means that do not share a letter are significantly different. 

Table 3.7 One way Analysis of Variance (ANOVA) and Tukey’s comparison test 

for melting enthalpy values of chickpea flour/PEO fibers 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 

Factor Information 

Factor Levels Values 

samples 4 C/CON; C/MW; CUR/CON; CUR/MW 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

samples 3 183,624 61,208 28,49 0,004 

Error 4 8,594 2,148     

Total 7 192,218       

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

1,46574 95,53% 92,18% 82,12% 

 

Means 

samples N Mean StDev 95% CI 

C/CON 2 53,03 1,88 (50,15; 55,91) 

C/MW 2 51,428 1,129 (48,550; 54,305) 

CUR/CON 2 46,43 1,89 (43,56; 49,31) 

CUR/MW 2 40,766 0,490 (37,888; 43,643) 

Pooled StDev = 1,46574 
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Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

samples N Mean Grouping 

C/CON 2 53,03 A     

C/MW 2 51,428 A B   

CUR/CON 2 46,43   B C 

CUR/MW 2 40,766     C 

Means that do not share a letter are significantly different. 

Table 3.8 One way Analysis of Variance (ANOVA) and Tukey’s comparison test 

for DPPH scavenging activity of chickpea flour/PEO fibers 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 

Factor Information 

Factor Levels Values 

samples 4 C/CON; C/MW; CUR/CON; CUR/MW 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

samples 3 2294,94 764,980 939,15 0,000 

Error 4 3,26 0,815     

Total 7 2298,20       

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

0,902523 99,86% 99,75% 99,43% 

 

Means 

samples N Mean StDev 95% CI 

C/CON 2 2,442 0,157 (0,670; 4,214) 

C/MW 2 5,938 0,392 (4,166; 7,710) 

CUR/CON 2 20,089 0,785 (18,317; 21,861) 

CUR/MW 2 45,50 1,57 (43,73; 47,28) 

Pooled StDev = 0,902523 
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Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

samples N Mean Grouping 

CUR/MW 2 45,50 A     

CUR/CON 2 20,089   B   

C/MW 2 5,938     C 

C/CON 2 2,442     C 

Means that do not share a letter are significantly different. 

Table 3.8 One way Analysis of Variance (ANOVA) and Tukey’s comparison test 

for ABTS scavenging activity of chickpea flour/PEO fibers 

Factor Information 

Factor Levels Values 

samples 4 C/CON; C/MW; CUR/CON; CUR/MW 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

samples 3 8842,89 2947,63 722,92 0,000 

Error 4 16,31 4,08     

Total 7 8859,20       

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

2,01925 99,82% 99,68% 99,26% 

 

Means 

samples N Mean StDev 95% CI 

C/CON 2 10,8531 0,0764 (6,8889; 14,8174) 

C/MW 2 4,860 0,153 (0,895; 8,824) 

CUR/CON 2 49,78 3,51 (45,82; 53,75) 

CUR/MW 2 87,47 1,99 (83,51; 91,44) 

Pooled StDev = 2,01925 

Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

samples N Mean Grouping 

CUR/MW 2 87,47 A     

CUR/CON 2 49,78   B   

C/CON 2 10,8531     C 

C/MW 2 4,860     C 

Means that do not share a letter are significantly different. 
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Table 3.8 One way Analysis of Variance (ANOVA) and Tukey’s comparison test 

for  XRD crystallinity of chickpea flour/PEO fibers 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0.05 

Equal variances were assumed for the analysis. 

Factor Information 

Factor Levels Values 

C1 4 C/CON; C/MW; CUR/CON; CUR/MW 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

C1 3 107.851 35.9503 227.26 0.000 

Error 4 0.633 0.1582     

Total 7 108.484       

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

0.397728 99.42% 98.98% 97.67% 

 

Means 

C1 N Mean StDev 95% CI 

C/CON 2 9.920 0.523 (9.139; 10.701) 

C/MW 2 7.615 0.205 (6.834; 8.396) 

CUR/CON 2 16.695 0.474 (15.914; 17.476) 

CUR/MW 2 14.945 0.304 (14.164; 15.726) 

Pooled StDev = 0.397728 

Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

C1 N Mean Grouping 

CUR/CON 2 16.695 A       

CUR/MW 2 14.945   B     

C/CON 2 9.920     C   

C/MW 2 7.615       D 

Means that do not share a letter are significantly different. 
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Table 3.8 One way Analysis of Variance (ANOVA) and Tukey’s comparison test 

for  curcumin crystallinity contribution to RDC 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0.05 

Equal variances were assumed for the analysis. 

Factor Information 

Factor Levels Values 

C5 2 CUR/CON; CUR/MW 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

C5 1 106.916 106.916 463.64 0.002 

Error 2 0.461 0.231     

Total 3 107.377       

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

0.480208 99.57% 99.36% 98.28% 

 

Means 

C5 N Mean StDev 95% CI 

CUR/CON 2 54.790 0.580 (53.329; 56.251) 

CUR/MW 2 44.450 0.354 (42.989; 45.911) 

Pooled StDev = 0.480208 

Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

C5 N Mean Grouping 

CUR/CON 2 54.790 A   

CUR/MW 2 44.450   B 

Means that do not share a letter are significantly different. 
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Table 3.9 One way Analysis of Variance (ANOVA) and Tukey’s comparison test 

for MC of faba bean–chitosan curcumin cross-linked films 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 

Factor Information 

Factor Levels Values 

samples 7 FC-0.5C; FC-1.5C; FC-120GLU; FC-1C; FC-30GLU; FC-60GLU; FC-

C 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

samples 6 47,244 7,8739 19,58 0,000 

Error 8 3,217 0,4021     

Total 14 50,460       

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

0,634114 93,63% 88,84% 75,51% 

 

Means 

samples N Mean StDev 95% CI 

FC-0.5C 3 10,378 0,382 (9,534; 11,222) 

FC-1.5C 2 12,202 0,687 (11,168; 13,236) 

FC-120GLU 2 12,997 0,926 (11,963; 14,031) 

FC-1C 2 12,258 0,244 (11,224; 13,292) 

FC-30GLU 2 15,524 0,405 (14,490; 16,558) 

FC-60GLU 2 12,220 1,026 (11,186; 13,254) 

FC-C 2 9,527 0,565 (8,493; 10,561) 

Pooled StDev = 0,634114 
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Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

samples N Mean Grouping 

FC-30GLU 2 15,524 A       

FC-120GLU 2 12,997   B     

FC-1C 2 12,258   B C   

FC-60GLU 2 12,220   B C   

FC-1.5C 2 12,202   B C   

FC-0.5C 3 10,378     C D 

FC-C 2 9,527       D 

Means that do not share a letter are significantly different. 

Table 3.9 One way Analysis of Variance (ANOVA) and Tukey’s comparison test 

for SD of faba bean–chitosan curcumin cross-linked films 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 

Factor Information 

Factor Levels Values 

samples 7 FC-0.5C; FC-1.5C; FC-120GLU; FC-1C; FC-30GLU; FC-60GLU; FC-

C 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

samples 6 22607,6 3767,93 269,81 0,000 

Error 8 111,7 13,96     

Total 14 22719,3       

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

3,73697 99,51% 99,14% 98,40% 
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Means 

samples N Mean StDev 95% CI 

FC-0.5C 3 69,75 4,85 (64,77; 74,72) 

FC-1.5C 2 33,64 4,37 (27,54; 39,73) 

FC-120GLU 2 117,06 3,44 (110,97; 123,15) 

FC-1C 2 46,77 2,11 (40,68; 52,87) 

FC-30GLU 2 126,12 3,57 (120,02; 132,21) 

FC-60GLU 2 128,473 1,363 (122,380; 134,567) 

FC-C 2 136,59 3,84 (130,50; 142,68) 

Pooled StDev = 3,73697 

Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

samples N Mean Grouping 

FC-C 2 136,59 A       

FC-60GLU 2 128,473 A B     

FC-30GLU 2 126,12 A B     

FC-120GLU 2 117,06   B     

FC-0.5C 3 69,75     C   

FC-1C 2 46,77       D 

FC-1.5C 2 33,64       D 

Means that do not share a letter are significantly different. 

Table 3.9 One way Analysis of Variance (ANOVA) and Tukey’s comparison test 

for WS of faba bean–chitosan curcumin cross-linked films 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 

Factor Information 

Factor Levels Values 

samples 7 FC-0.5C; FC-1.5C; FC-120GLU; FC-1C; FC-30GLU; FC-60GLU; FC-

C 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

samples 6 52,77 8,794 4,98 0,021 

Error 8 14,13 1,766     

Total 14 66,89       
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Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

1,32887 78,88% 63,04% 21,24% 

 

Means 

samples N Mean StDev 95% CI 

FC-0.5C 3 21,168 1,045 (19,399; 22,937) 

FC-1.5C 2 17,356 1,207 (15,189; 19,523) 

FC-120GLU 2 18,43 2,02 (16,26; 20,59) 

FC-1C 2 21,934 0,237 (19,768; 24,101) 

FC-30GLU 2 22,409 1,149 (20,242; 24,575) 

FC-60GLU 2 20,52 2,21 (18,35; 22,69) 

FC-C 2 22,986 0,394 (20,820; 25,153) 

Pooled StDev = 1,32887 

Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

samples N Mean Grouping 

FC-C 2 22,986 A   

FC-30GLU 2 22,409 A B 

FC-1C 2 21,934 A B 

FC-0.5C 3 21,168 A B 

FC-60GLU 2 20,52 A B 

FC-120GLU 2 18,43 A B 

FC-1.5C 2 17,356   B 

Means that do not share a letter are significantly different. 

Table 3.10 One way Analysis of Variance (ANOVA) and Tukey’s comparison test 

for TS of faba bean–chitosan curcumin cross-linked films 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 

Factor Information 

Factor Levels Values 

samples 7 FC-0.5C; FC-1.5C; FC-120GLU; FC-1C; FC-30GLU; FC-60GLU; FC-

C 
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Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

samples 6 6,36956 1,06159 213,36 0,000 

Error 7 0,03483 0,00498     

Total 13 6,40439       

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

0,0705376 99,46% 98,99% 97,82% 

 

Means 

samples N Mean StDev 95% CI 

FC-0.5C 2 1,7755 0,0710 (1,6576; 1,8935) 

FC-1.5C 2 1,5725 0,1333 (1,4546; 1,6904) 

FC-120GLU 2 1,6381 0,0685 (1,5201; 1,7560) 

FC-1C 2 1,4528 0,0318 (1,3348; 1,5707) 

FC-30GLU 2 0,17489 0,00231 (0,05694; 0,29283) 

FC-60GLU 2 1,7637 0,0777 (1,6458; 1,8817) 

FC-C 2 0,1546 0,0165 (0,0367; 0,2725) 

Pooled StDev = 0,0705376 

Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

samples N Mean Grouping 

FC-0.5C 2 1,7755 A     

FC-60GLU 2 1,7637 A     

FC-120GLU 2 1,6381 A B   

FC-1.5C 2 1,5725 A B   

FC-1C 2 1,4528   B   

FC-30GLU 2 0,17489     C 

FC-C 2 0,1546     C 

Means that do not share a letter are significantly different. 

Table 3.10 One way Analysis of Variance (ANOVA) and Tukey’s comparison test 

for EAB of faba bean–chitosan curcumin cross-linked films 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 
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Factor Information 

Factor Levels Values 

samples 7 FC-0.5C; FC-1.5C; FC-120GLU; FC-1C; FC-30GLU; FC-60GLU; FC-

C 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

samples 6 204,531 34,0884 105,41 0,000 

Error 7 2,264 0,3234     

Total 13 206,794       

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

0,568667 98,91% 97,97% 95,62% 

 

Means 

samples N Mean StDev 95% CI 

FC-0.5C 2 1,256 0,575 (0,305; 2,207) 

FC-1.5C 2 12,938 1,061 (11,987; 13,888) 

FC-120GLU 2 1,7125 0,1061 (0,7617; 2,6633) 

FC-1C 2 4,231 0,663 (3,280; 5,182) 

FC-30GLU 2 2,619 0,486 (1,668; 3,570) 

FC-60GLU 2 2,438 0,177 (1,487; 3,388) 

FC-C 2 1,675 0,301 (0,724; 2,626) 

Pooled StDev = 0,568667 

Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

samples N Mean Grouping 

FC-1.5C 2 12,938 A     

FC-1C 2 4,231   B   

FC-30GLU 2 2,619   B C 

FC-60GLU 2 2,438   B C 

FC-120GLU 2 1,7125     C 

FC-C 2 1,675     C 

FC-0.5C 2 1,256     C 

Means that do not share a letter are significantly different. 

 

Table 3.11 One way Analysis of Variance (ANOVA) and Tukey’s comparison test 

for onset melting temperature of faba bean chitosan crosslinked films 
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Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 

Factor Information 

Factor Levels Values 

samples 7 FC-0.5C; FC-1.5C; FC-120GLU; FC-1C; FC-30GLU; FC-60GLU; FC-

C 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

samples 6 58,42 9,737 3,88 0,050 

Error 7 17,56 2,508     

Total 13 75,98       

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

1,58366 76,89% 57,09% 7,57% 

 

Means 

samples N Mean StDev 95% CI 

FC-0.5C 2 173,560 1,004 (170,912; 176,208) 

FC-1.5C 2 173,06 1,46 (170,41; 175,70) 

FC-120GLU 2 174,95 2,88 (172,31; 177,60) 

FC-1C 2 171,22 1,61 (168,57; 173,86) 

FC-30GLU 2 169,100 0,424 (166,452; 171,748) 

FC-60GLU 2 173,23 1,66 (170,58; 175,87) 

FC-C 2 169,460 0,778 (166,812; 172,108) 

Pooled StDev = 1,58366 

Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

samples N Mean Grouping 

FC-120GLU 2 174,95 A 

FC-0.5C 2 173,560 A 

FC-60GLU 2 173,23 A 

FC-1.5C 2 173,06 A 

FC-1C 2 171,22 A 

FC-C 2 169,460 A 

FC-30GLU 2 169,100 A 

Means that do not share a letter are significantly different. 
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Table 3.11 One way Analysis of Variance (ANOVA) and Tukey’s comparison test 

for peak temperature of faba bean chitosan crosslinked films 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 

Factor Information 

Factor Levels Values 

samples 7 FC-0.5C; FC-1.5C; FC-120GLU; FC-1C; FC-30GLU; FC-60GLU; FC-

C 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

samples 6 77,54 12,924 4,33 0,038 

Error 7 20,91 2,987     

Total 13 98,45       

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

1,72819 78,76% 60,56% 15,06% 

 

Means 

samples N Mean StDev 95% CI 

FC-0.5C 2 177,815 1,407 (174,925; 180,705) 

FC-1.5C 2 178,93 1,55 (176,04; 181,81) 

FC-120GLU 2 179,230 1,146 (176,340; 182,120) 

FC-1C 2 176,23 1,80 (173,34; 179,12) 

FC-30GLU 2 172,831 1,201 (169,941; 175,721) 

FC-60GLU 2 178,05 2,84 (175,16; 180,93) 

FC-C 2 173,67 1,58 (170,78; 176,56) 

Pooled StDev = 1,72819 
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Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

samples N Mean Grouping 

FC-120GLU 2 179,230 A 

FC-1.5C 2 178,93 A 

FC-60GLU 2 178,05 A 

FC-0.5C 2 177,815 A 

FC-1C 2 176,23 A 

FC-C 2 173,67 A 

FC-30GLU 2 172,831 A 

Means that do not share a letter are significantly different. 

Table 3.11 One way Analysis of Variance (ANOVA) and Tukey’s comparison test 

for end temperature of faba bean chitosan crosslinked films 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 

Factor Information 

Factor Levels Values 

samples 7 FC-0.5C; FC-1.5C; FC-120GLU; FC-1C; FC-30GLU; FC-60GLU; FC-

C 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

samples 6 274,40 45,733 18,14 0,001 

Error 7 17,65 2,521     

Total 13 292,05       

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

1,58792 93,96% 88,78% 75,83% 
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Means 

samples N Mean StDev 95% CI 

FC-0.5C 2 191,640 0,693 (188,985; 194,295) 

FC-1.5C 2 200,10 2,66 (197,44; 202,76) 

FC-120GLU 2 192,26 1,76 (189,61; 194,92) 

FC-1C 2 193,540 1,032 (190,885; 196,195) 

FC-30GLU 2 185,170 1,202 (182,515; 187,825) 

FC-60GLU 2 193,24 1,73 (190,58; 195,90) 

FC-C 2 187,430 1,230 (184,775; 190,085) 

Pooled StDev = 1,58792 

Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

samples N Mean Grouping 

FC-1.5C 2 200,10 A     

FC-1C 2 193,540   B   

FC-60GLU 2 193,24   B   

FC-120GLU 2 192,26   B   

FC-0.5C 2 191,640   B   

FC-C 2 187,430   B C 

FC-30GLU 2 185,170     C 

Means that do not share a letter are significantly different. 

Table 3.11 One way Analysis of Variance (ANOVA) and Tukey’s comparison test 

for melting enthalpy of faba bean chitosan crosslinked films (transformed) 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0.05 

Equal variances were assumed for the analysis. 

Factor Information 

Factor Levels Values 

sample 7 FC-0.5C; FC-1.5C; FC-120GLU; FC-1C; FC-

30GLU; FC-60GLU; FC-C 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

sample 6 0.000000 0.000000 240.04 0.000 

Error 7 0.000000 0.000000     

Total 13 0.000000       
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Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

0.0000031 99.52% 99.10% 98.07% 

 

Means 

sample N Mean StDev 95% CI 

FC-0.5C 2 0.000079 0.000002 (0.000074; 0.000084) 

FC-1.5C 2 0.000025 0.000000 (0.000019; 0.000030) 

FC-

120GLU 

2 0.000095 0.000004 (0.000090; 0.000100) 

FC-1C 2 0.000036 0.000001 (0.000031; 0.000041) 

FC-30GLU 2 0.000095 0.000002 (0.000089; 0.000100) 

FC-60GLU 2 0.000116 0.000005 (0.000111; 0.000121) 

FC-C 2 0.000092 0.000004 (0.000087; 0.000097) 

Pooled StDev = 3.080241E-06 

Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

sample N Mean Grouping 

FC-

60GLU 

2 0.000116 A       

FC-

120GLU 

2 0.000095   B     

FC-

30GLU 

2 0.000095   B     

FC-C 2 0.000092   B     

FC-0.5C 2 0.000079     C   

FC-1C 2 0.000036       D 

FC-1.5C 2 0.000025       D 

Means that do not share a letter are significantly different. 

Table 3.12 One way Analysis of Variance (ANOVA) and Tukey’s  

comparison test for DPPH of faba bean chitosan crosslinked films 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 

Factor Information 

Factor Levels Values 

samples 7 FC-0.5C; FC-1.5C; FC-120GLU; FC-1C; FC-30GLU; FC-60GLU; FC-

C 
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Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

samples 6 216,710 36,118 34,74 0,000 

Error 7 7,278 1,040     

Total 13 223,988       

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

1,01965 96,75% 93,97% 87,00% 

 

 

Means 

samples N Mean StDev 95% CI 

FC-0.5C 2 9,41 1,82 (7,70; 11,11) 

FC-1.5C 2 11,73 0,00 (10,02; 13,43) 

FC-120GLU 2 10,299 1,186 (8,594; 12,004) 

FC-1C 2 15,206 0,911 (13,501; 16,911) 

FC-30GLU 2 10,898 0,169 (9,193; 12,603) 

FC-60GLU 2 8,563 0,254 (6,858; 10,268) 

FC-C 2 20,747 1,276 (19,043; 22,452) 

Pooled StDev = 1,01965 

Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

samples N Mean Grouping 

FC-C 2 20,747 A     

FC-1C 2 15,206   B   

FC-1.5C 2 11,73   B C 

FC-30GLU 2 10,898     C 

FC-120GLU 2 10,299     C 

FC-0.5C 2 9,41     C 

FC-60GLU 2 8,563     C 

Means that do not share a letter are significantly different. 

Table 3.12 One way Analysis of Variance (ANOVA) and Tukey’s  

comparison test for ABTS of faba bean chitosan crosslinked films 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 
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Factor Information 

Factor Levels Values 

samples 7 FC-0.5C; FC-1.5C; FC-120GLU; FC-1C; FC-30GLU; FC-60GLU; FC-

C 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

samples 6 6257,87 1042,98 198,51 0,000 

Error 7 36,78 5,25     

Total 13 6294,65       

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

2,29218 99,42% 98,91% 97,66% 

 

Means 

samples N Mean StDev 95% CI 

FC-0.5C 2 33,016 0,384 (29,184; 36,849) 

FC-1.5C 2 34,579 0,288 (30,746; 38,411) 

FC-120GLU 2 28,20 3,64 (24,37; 32,04) 

FC-1C 2 60,80 3,55 (56,97; 64,63) 

FC-30GLU 2 27,66 2,88 (23,83; 31,50) 

FC-60GLU 2 25,868 1,016 (22,036; 29,701) 

FC-C 2 86,549 1,153 (82,716; 90,382) 

Pooled StDev = 2,29218 

Grouping Information Using the Tukey Method and 95% Confidence 

samples N Mean Grouping 

FC-C 2 86,549 A     

FC-1C 2 60,80   B   

FC-1.5C 2 34,579     C 

FC-0.5C 2 33,016     C 

FC-120GLU 2 28,20     C 

FC-30GLU 2 27,66     C 

FC-60GLU 2 25,868     C 

Means that do not share a letter are significantly different. 

Table 3.13 One way Analysis of Variance (ANOVA) and Tukey’s  

comparison test for MC of chickpea flour–chitosan curcumin cross-linked 

films 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 
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Factor Information 

Factor Levels Values 

samples 4 0- CUR/CF/CS; 0.5- CUR/CF/CS; 1- CUR/CF/CS; 1.5- CUR/CF/CS 

 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

samples 3 51,6260 17,2087 187,93 0,000 

Error 4 0,3663 0,0916     

Total 7 51,9923       

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

0,302605 99,30% 98,77% 97,18% 

 

Means 

samples N Mean StDev 95% CI 

0- CUR/CF/CS 2 16,686 0,566 (16,092; 17,280) 

0.5- CUR/CF/CS 2 9,7483 0,1241 (9,1542; 10,3424) 

1- CUR/CF/CS 2 12,257 0,156 (11,663; 12,851) 

1.5- CUR/CF/CS 2 11,6693 0,0752 (11,0752; 12,2634) 

Pooled StDev = 0,302605 

Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

samples N Mean Grouping 

0- CUR/CF/CS 2 16,686 A     

1- CUR/CF/CS 2 12,257   B   

1.5- CUR/CF/CS 2 11,6693   B   

0.5- CUR/CF/CS 2 9,7483     C 

Means that do not share a letter are significantly different. 

Table 3.13 One way Analysis of Variance (ANOVA) and Tukey’s  

comparison test for WS of chickpea flour–chitosan curcumin cross-linked 

films 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 
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Factor Information 

Factor Levels Values 

samples 4 0- CUR/CF/CS; 0.5- CUR/CF/CS; 1- CUR/CF/CS; 1.5- CUR/CF/CS 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

samples 3 20,150 6,7166 16,98 0,010 

Error 4 1,582 0,3955     

Total 7 21,732       

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

0,628891 92,72% 87,26% 70,88% 

 

Means 

samples N Mean StDev 95% CI 

0- CUR/CF/CS 2 19,5896 0,0071 (18,3549; 20,8242) 

0.5- CUR/CF/CS 2 22,248 0,250 (21,013; 23,482) 

1- CUR/CF/CS 2 24,017 1,224 (22,782; 25,251) 

1.5- CUR/CF/CS 2 22,389 0,147 (21,155; 23,624) 

Pooled StDev = 0,628891 

Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

samples N Mean Grouping 

1- CUR/CF/CS 2 24,017 A   

1.5- CUR/CF/CS 2 22,389 A   

0.5- CUR/CF/CS 2 22,248 A   

0- CUR/CF/CS 2 19,5896   B 

Means that do not share a letter are significantly different. 

Table 3.13 One way Analysis of Variance (ANOVA) and Tukey’s  

comparison test for SD of chickpea flour–chitosan curcumin cross-linked 

films 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 
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Factor Information 

Factor Levels Values 

samples 4 0- CUR/CF/CS; 0.5- CUR/CF/CS; 1- CUR/CF/CS; 1.5- CUR/CF/CS 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

samples 3 12814,8 4271,60 87,72 0,000 

Error 4 194,8 48,70     

Total 7 13009,6       

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

6,97831 98,50% 97,38% 94,01% 

 

Means 

samples N Mean StDev 95% CI 

0- CUR/CF/CS 2 133,60 11,85 (119,90; 147,30) 

0.5- CUR/CF/CS 2 66,79 1,97 (53,09; 80,49) 

1- CUR/CF/CS 2 41,30 7,08 (27,60; 55,00) 

1.5- CUR/CF/CS 2 30,726 0,622 (17,025; 44,426) 

Pooled StDev = 6,97831 

Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

samples N Mean Grouping 

0- CUR/CF/CS 2 133,60 A     

0.5- CUR/CF/CS 2 66,79   B   

1- CUR/CF/CS 2 41,30   B C 

1.5- CUR/CF/CS 2 30,726     C 

Means that do not share a letter are significantly different. 

Table 3.14 One way Analysis of Variance (ANOVA) and Tukey’s  comparison test 

for WVP of chickpea flour–chitosan curcumin cross-linked films 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 
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Factor Information 

Factor Levels Values 

samples 4 0- CUR/CF/CS; 0.5- CUR/CF/CS; 1- CUR/CF/CS; 1.5- CUR/CF/CS 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

samples 3 11,7975 3,93248 40,41 0,002 

Error 4 0,3893 0,09733     

Total 7 12,1868       

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

0,311972 96,81% 94,41% 87,22% 

 

Means 

samples N Mean StDev 95% CI 

0- CUR/CF/CS 2 5,7024 0,1330 (5,0899; 6,3148) 

0.5- CUR/CF/CS 2 7,048 0,505 (6,436; 7,661) 

1- CUR/CF/CS 2 7,23936 0,00324 (6,62688; 7,85184) 

1.5- CUR/CF/CS 2 9,112 0,341 (8,499; 9,724) 

Pooled StDev = 0,311972 

Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

samples N Mean Grouping 

1.5- CUR/CF/CS 2 9,112 A     

1- CUR/CF/CS 2 7,23936   B   

0.5- CUR/CF/CS 2 7,048   B   

0- CUR/CF/CS 2 5,7024     C 

Means that do not share a letter are significantly different. 

Table 3.14 One way Analysis of Variance (ANOVA) and Tukey’s  comparison test 

for TS of chickpea flour–chitosan curcumin cross-linked films 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 
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Factor Information 

Factor Levels Values 

samples 4 0- CUR/CF/CS; 0.5- CUR/CF/CS; 1- CUR/CF/CS; 1.5- CUR/CF/CS 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

samples 3 25,842 8,6141 34,43 0,003 

Error 4 1,001 0,2502     

Total 7 26,843       

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

0,500199 96,27% 93,48% 85,09% 

Means 

samples N Mean StDev 95% CI 

0- CUR/CF/CS 2 7,8320 0,0806 (6,8500; 8,8140) 

0.5- CUR/CF/CS 2 7,169 0,745 (6,187; 8,151) 

1- CUR/CF/CS 2 4,378 0,631 (3,396; 5,361) 

1.5- CUR/CF/CS 2 3,584 0,201 (2,602; 4,566) 

Pooled StDev = 0,500199 

Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

samples N Mean Grouping 

0- CUR/CF/CS 2 7,8320 A   

0.5- CUR/CF/CS 2 7,169 A   

1- CUR/CF/CS 2 4,378   B 

1.5- CUR/CF/CS 2 3,584   B 

Means that do not share a letter are significantly different. 

Table 3.14 One way Analysis of Variance (ANOVA) and Tukey’s  comparison test 

for EAB of chickpea flour–chitosan curcumin cross-linked films 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 

Factor Information 

Factor Levels Values 

samples 4 0- CUR/CF/CS; 0.5- CUR/CF/CS; 1- CUR/CF/CS; 1.5- CUR/CF/CS 
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Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

samples 3 133,222 44,4072 63,73 0,001 

Error 4 2,787 0,6968     

Total 7 136,009       

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

0,834720 97,95% 96,41% 91,80% 

 

Means 

samples N Mean StDev 95% CI 

0- CUR/CF/CS 2 1,6438 0,1326 (0,0050; 3,2825) 

0.5- CUR/CF/CS 2 2,350 0,371 (0,711; 3,989) 

1- CUR/CF/CS 2 8,881 1,069 (7,242; 10,520) 

1.5- CUR/CF/CS 2 11,100 1,220 (9,461; 12,739) 

Pooled StDev = 0,834720 

Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

samples N Mean Grouping 

1.5- CUR/CF/CS 2 11,100 A   

1- CUR/CF/CS 2 8,881 A   

0.5- CUR/CF/CS 2 2,350   B 

0- CUR/CF/CS 2 1,6438   B 

Means that do not share a letter are significantly different. 

Table 3.15 One way Analysis of Variance (ANOVA) and Tukey’s  comparison test 

for onset melting temperature of chickpea flour–chitosan curcumin cross-linked 

films 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 

 

Factor Information 

Factor Levels Values 

samples 4 0- CUR/CF/CS; 0.5- CUR/CF/CS; 1- CUR/CF/CS; 1.5- CUR/CF/CS 
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Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

samples 3 3,741 1,247 0,07 0,975 

Error 4 75,247 18,812     

Total 7 78,988       

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

4,33724 4,74% 0,00% 0,00% 

 

Means 

samples N Mean StDev 95% CI 

0- CUR/CF/CS 2 166,70 2,03 (158,19; 175,22) 

0.5- CUR/CF/CS 2 165,69 1,94 (157,17; 174,21) 

1- CUR/CF/CS 2 166,92 4,32 (158,40; 175,43) 

1.5- CUR/CF/CS 2 165,28 6,98 (156,76; 173,79) 

Pooled StDev = 4,33724 

Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

samples N Mean Grouping 

1- CUR/CF/CS 2 166,92 A 

0- CUR/CF/CS 2 166,70 A 

0.5- CUR/CF/CS 2 165,69 A 

1.5- CUR/CF/CS 2 165,28 A 

Means that do not share a letter are significantly different. 

 

Table 3.15 One way Analysis of Variance (ANOVA) and Tukey’s  comparison test 

for peak melting temperature of chickpea flour–chitosan curcumin cross-linked 

films 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 
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Factor Information 

Factor Levels Values 

samples 4 0- CUR/CF/CS; 0.5- CUR/CF/CS; 1- CUR/CF/CS; 1.5- CUR/CF/CS 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

samples 3 7,319 2,440 0,15 0,924 

Error 4 64,768 16,192     

Total 7 72,087       

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

4,02392 10,15% 0,00% 0,00% 

 

Means 

samples N Mean StDev 95% CI 

0- CUR/CF/CS 2 170,25 1,79 (162,36; 178,15) 

0.5- CUR/CF/CS 2 168,06 1,90 (160,17; 175,96) 

1- CUR/CF/CS 2 169,58 3,99 (161,68; 177,48) 

1.5- CUR/CF/CS 2 168,06 6,48 (160,17; 175,96) 

Pooled StDev = 4,02392 

Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

samples N Mean Grouping 

0- CUR/CF/CS 2 170,25 A 

1- CUR/CF/CS 2 169,58 A 

1.5- CUR/CF/CS 2 168,06 A 

0.5- CUR/CF/CS 2 168,06 A 

Means that do not share a letter are significantly different. 

 

Table 3.15 One way Analysis of Variance (ANOVA) and Tukey’s  comparison test 

for end melting temperature of chickpea flour–chitosan curcumin cross-linked 

films 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 
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Factor Information 

Factor Levels Values 

samples 4 0- CUR/CF/CS; 0.5- CUR/CF/CS; 1- CUR/CF/CS; 1.5- CUR/CF/CS 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

samples 3 24,26 8,087 1,31 0,388 

Error 4 24,77 6,191     

Total 7 49,03       

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

2,48826 49,49% 11,60% 0,00% 

 

Means 

samples N Mean StDev 95% CI 

0- CUR/CF/CS 2 181,065 0,417 (176,180; 185,950) 

0.5- CUR/CF/CS 2 176,30 1,72 (171,41; 181,18) 

1- CUR/CF/CS 2 179,58 2,23 (174,69; 184,47) 

1.5- CUR/CF/CS 2 178,44 4,08 (173,56; 183,33) 

Pooled StDev = 2,48826 

Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

samples N Mean Grouping 

0- CUR/CF/CS 2 181,065 A 

1- CUR/CF/CS 2 179,58 A 

1.5- CUR/CF/CS 2 178,44 A 

0.5- CUR/CF/CS 2 176,30 A 

Means that do not share a letter are significantly different. 

 

Table 3.15 One way Analysis of Variance (ANOVA) and Tukey’s  comparison test 

for melting enthalpy of chickpea flour–chitosan curcumin cross-linked films 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 
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Factor Information 

Factor Levels Values 

samples 4 0- CUR/CF/CS; 0.5- CUR/CF/CS; 1- CUR/CF/CS; 1.5- CUR/CF/CS 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

samples 3 6686,2 2228,75 73,57 0,001 

Error 4 121,2 30,30     

Total 7 6807,4       

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

5,50419 98,22% 96,88% 92,88% 

 

Means 

samples N Mean StDev 95% CI 

0- CUR/CF/CS 2 81,18 5,78 (70,37; 91,99) 

0.5- CUR/CF/CS 2 99,98 6,98 (89,17; 110,79) 

1- CUR/CF/CS 2 144,33 6,06 (133,52; 155,13) 

1.5- CUR/CF/CS 2 149,17 1,55 (138,36; 159,97) 

Pooled StDev = 5,50419 

Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

samples N Mean Grouping 

1.5- CUR/CF/CS 2 149,17 A   

1- CUR/CF/CS 2 144,33 A   

0.5- CUR/CF/CS 2 99,98   B 

0- CUR/CF/CS 2 81,18   B 

Means that do not share a letter are significantly different. 

 

Table 3.16 One way Analysis of Variance (ANOVA) and Tukey’s  comparison test 

for DPPH scavenging activity of chickpea flour–chitosan curcumin cross-linked 

films 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 
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Factor Information 

Factor Levels Values 

samples 4 0- CUR/CF/CS; 0.5- CUR/CF/CS; 1- CUR/CF/CS; 1.5- CUR/CF/CS 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

samples 3 0,130462 0,043487 133,63 0,000 

Error 4 0,001302 0,000325     

Total 7 0,131764       

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

0,0180399 99,01% 98,27% 96,05% 

 

Means 

samples N Mean StDev 95% CI 

0- CUR/CF/CS 2 0,3265 0,0170 (0,2910; 0,3619) 

0.5- CUR/CF/CS 2 0,52125 0,00997 (0,48583; 0,55667) 

1- CUR/CF/CS 2 0,2308 0,0301 (0,1954; 0,2663) 

1.5- CUR/CF/CS 2 0,19050 0,00297 (0,15508; 0,22592) 

Pooled StDev = 0,0180399 

Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

samples N Mean Grouping 

0.5- CUR/CF/CS 2 0,52125 A     

0- CUR/CF/CS 2 0,3265   B   

1- CUR/CF/CS 2 0,2308     C 

1.5- CUR/CF/CS 2 0,19050     C 

Means that do not share a letter are significantly different. 

 

Table 3.16 One way Analysis of Variance (ANOVA) and Tukey’s  comparison test 

for ABTS scavenging activity of chickpea flour–chitosan curcumin cross-linked 

films 

Method 

Null hypothesis All means are equal 

Alternative hypothesis Not all means are equal 

Significance level α = 0,05 

Equal variances were assumed for the analysis. 
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Factor Information 

Factor Levels Values 

samples 4 0- CUR/CF/CS; 0.5- CUR/CF/CS; 1- CUR/CF/CS; 1.5- CUR/CF/CS 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

samples 3 0,232962 0,077654 237,11 0,000 

Error 4 0,001310 0,000328     

Total 7 0,234272       

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

0,0180972 99,44% 99,02% 97,76% 

 

Means 

samples N Mean StDev 95% CI 

0- CUR/CF/CS 2 0,3300 0,0341 (0,2945; 0,3655) 

0.5- CUR/CF/CS 2 0,42845 0,00898 (0,39292; 0,46398) 

1- CUR/CF/CS 2 0,05385 0,00799 (0,01832; 0,08938) 

1.5- CUR/CF/CS 2 0,03680 0,00198 (0,00127; 0,07233) 

Pooled StDev = 0,0180972 

Tukey Pairwise Comparisons 

Grouping Information Using the Tukey Method and 95% Confidence 

samples N Mean Grouping 

0.5- CUR/CF/CS 2 0,42845 A     

0- CUR/CF/CS 2 0,3300   B   

1- CUR/CF/CS 2 0,05385     C 

1.5- CUR/CF/CS 2 0,03680     C 

Means that do not share a letter are significantly different. 
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