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FOREWORD 

Packaging is an integral part of food products which besides increasing the shelf life of the 

food, it also facilitates its storage and distribution. Synthetic packaging materials based on 

fossil hydrocarbons have been used extensively due to their low cost and good mechanical 

properties; recently concerns related to their sustainability are increasing. There is therefore 

an opportunity for development of biodegradable or reusable packaging materials based on 

natural resources (starch, vegetable oils, cellulose) and their waste (shrimp shells and squid 

pen for example), with intelligent or bioactive properties. Radiation technology offers a clean 

and environmental-friendly way for the development of such new packaging materials from 

synthesis of new to modification of existing materials. In addition, for food that is intended to 

be irradiated pre-packaged, radiation resistant materials are needed. To tackle such a complex 

research, development and application, a coordinated research project (CRP) seemed to be 

ideal. 
 

The CRP proposal was formulated based on the conclusions and recommendations of the 

Consultants Meeting on “Applications of Radiation Techniques in Development of Advanced 

Packaging Materials for Food Products” held at IAEA Headquarters, Vienna, Austria, 14-18 

May 2012; organized jointly with the Food and Environmental Protection (FEP) 

Subprogramme of the Joint FAO/IAEA Programme for Nuclear Techniques in Food and 

Agriculture (NAFA). The objective of this CRP is twofold: on one hand it is to assess the 

effects of ionizing radiations (gamma, electrons, and X-rays) on commercial and emerging 

food packaging materials, while on the other hand, to develop new functional packaging 

materials based on natural polymers with improved stability, sealability, biodegradability, 

and recyclability by using radiation techniques. The focus of the CRP is on pre-packaged 

foods intended for irradiation with the aim of improving food safety, enhancing shelf life and 

promoting international trade.  

The CRP was constituted with 14 participants. The achievements are presented in this final 

report, giving first the background information and the list of publication by participants, 

followed by individual full reports.  

The IAEA wishes to thank all participants of the CRP for their valuable contributions. The 

IAEA officer responsible for this CRP was Agnes Safrany of the Division of Physical and 

Chemical Sciences. 
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Chapter 1 

INTRODUCTION 

 

1.1. BACKGROUND 

The world’s food supplies need to be increased and protected to meet the demands of the 

growing global population. The World Summit on Food Security in 2009 reported that by 

2050, food production need would have to increase by as much as 70 % in order to feed the 

anticipated 9 billion people. However, improving crop yield is only just one aspect of 

meeting this increased food supply needs. It is equally important to expand arable lands and 

protect what is produced. A significant quantity of harvests around the world does not make it 

to the consumer. It is estimated that the loss between the point of production and 

consumption constitutes as much as 30-40% of the total amount of food that is produced. 

Where the food is wasted differs in different parts of the world.  In the developing countries 

majority of the food is wasted at the farm and during shipping and transportation, while in the 

developed parts of the world such as the US and UK, majority of food waste occurs at shops 

and at home. 

Plant and animal products are also at risk of microbial pathogen contamination during their 

journey from the producer to the consumer. Also, processing and prolonged storage can 

potentially increase food safety risks especially when the food is not adequately packaged 

and protected from fungal infestation and toxin contamination. The US Center for Disease 

Control reported 48 million cases of food borne illnesses and 3000 deaths in 2011, while 

Agriculture Canada reported 13 million cases of food borne illnesses per year. The 

Foodborne Diseases Active Surveillance Network (Food Net) of the USA states that in 2007 

incidence of infections caused by Campylobacter, Listeria monocytogenes, Salmonella, 

Shigella, Vibrio, and Yersinia did not decline significantly compared to 2004-2006 data and 

estimated incidence of Cryptosporidium infections increased by 44%. The most recent 

FoodNet data point out that Salmonella and Campylobacter contamination of foods continue 

to be the leading cause of bacterial food borne illnesses. Foodborne illnesses cause immense 

economic burden due to food recalls and medical treatment costs. According to recent 

estimates, foodborne illnesses linked to domestic and imported fresh fruits and vegetables 

cost the US economy over $150 billion per year. The post-process contamination caused by 

product mishandling and faulty packaging is reported to be responsible for approximately two 

thirds of all microbiologically related recalls in the USA. Therefore, post-processing 

protection and suitable packaging is of utmost importance to minimize or prevent the growth 

of pathogenic microorganisms on food items. 

Considerable research and development is being conducted in different Member States to 

improve and develop new packaging materials and coatings for use in the food sector. These 

research activities include developing recyclable, biodegradable, bioactive and smart 

packaging material and food coatings. Ionizing irradiation plays a major role in the 

development and improvement of packaging polymers as well as in sterilizing packaging 
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material used in aseptic packaging. The use of ionizing radiation for pre-packaged foods is a 

major technology applied worldwide to combat foodborne pathogens. However, the 

behaviour of packaging materials (especially those directly in contact with food) under 

ionizing radiation needs to be evaluated and quantified in order to obtain regulatory approval 

prior to their commercial use.  

Innovative packaging based on natural polymers in conjunction with other technological 

advanced material modifications (e.g. in nanotechnology) have considerable promise for the 

future in this field. The effect of ionizing radiation on these newly developed materials and 

their components such as adjuvants, antioxidants, plasticizers, coatings, release agents, 

stabilizers, sensing agents, and bioactive components also need to be evaluated at the 

radiation doses recommended for phytosanitary treatment and food safety applications. The 

effect of ionizing radiation doses around 10 kGy on packaging materials, and the packaged 

food in contact with these materials, needs to be evaluated for ensuring the wholesomeness 

(safety and quality) of food. Likewise, the suitability of packaging materials when used in 

conjunction with lower doses (≤ 1000 Gy) when used for extending the shelf life, reducing 

post-harvest losses, and for quarantine applications for trade in agricultural commodities, also 

needs to be evaluated.  

The successful commercialization of new materials for food packaging has to overcome 

many multidisciplinary barriers (science and technology, safety regulation, standardization, 

training and technology transfer). The issue of developing and recommending packaging 

materials for radiation processing of pre-packaged foods therefore needs to be addressed 

through research networks and coordinated interactions of multidisciplinary expertise. 

Therefore, this topic was uniquely suited for a CRP. The CRP proposal was formulated based 

on the conclusions and recommendations of the Consultants Meeting on “Applications of 

Radiation Techniques in Development of Advanced Packaging Materials for Food Products” 

held at IAEA Headquarters, Vienna, Austria, 14-18 May 2012; organized jointly with the 

Food and Environmental Protection (FEP) Subprogramme of the Joint FAO/IAEA 

Programme for Nuclear Techniques in Food and Agriculture (NAFA). 

In a similar approach and for developing sustainable food packaging, a network of 35 

countries and more than 80 research and industrial institutions was established under the EU 

7th Framework Project Cost Action FA0904 entitled “Eco-sustainable food packaging based 

on polymer nanomaterials” (www.costfa0904.eu ). This project has not involved the use of 

radiation technologies, and so was a natural partner to complement the CRP: collaboration 

and joint events have taken place. 

 

1.2. CRP OVERALL OBJECTIVE 

The objective of this CRP was to develop new packaging materials based on natural and 

synthetic polymers using radiation techniques, and to assess the effects of ionizing radiations 

(gamma, electrons, and X-rays) on commercial and emerging food packaging materials, in 

particular for their use in pre-packaged foods intended for radiation processing. 

http://www.costfa0904.eu/
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1.2.1. Specific Research Objectives 

 to assess the effects of ionizing radiations on selected commercially relevant polymers 

used in contact with food (polyolefin and derivatives, polyamides, polyesters, ethylene vinyl 

alcohol, ethylene vinyl acetate, and polystyrenes); 

 to assess the relationship between radiation processing and the structural and 

functional properties of emerging advanced food packaging materials and coatings in contact 

with food, including nano-filled polymers, polymer films and coatings with 

advanced/active/smart functions, natural and synthetic biodegradable polymer-based 

materials;  

 to develop new functional packaging materials based on natural polymers with 

improved stability, sealability, biodegradability, and recyclability by using radiation 

techniques; 

 to harmonize protocols and methodologies for measurements and testing of packaging 

materials. 

 

1.2.2. Expected Research Outputs 

 Advanced and improved packaging materials and their components using radiation 

technology. 

 Recommendation for packaging materials for pre-packaged irradiated foods suitable 

for extending shelf-life and providing environment sustainability advantages like 

recyclability, disposability, degradability, and life cycle improvement. 

 Internationally harmonized protocols and methodologies for measurement and testing 

of packaging materials. 

 Data on the influence of radiation processing on functionality of packaging materials 

in relation to bioactive, antioxidant, antimicrobial, insect repellent functions, and effect on 

overall food quality. 

 Data on the effects of irradiation on physicochemical, structural and mechanical, and 

functional properties of materials leading to their commercial exploitation with respect to 

irradiation of pre-packaged foods. 

 Data in the detection limits of at least 15 ppb in polymers on migrating chemical 

species using food simulating solvents/ for irradiated pre-packaged foods targeted for 

regulatory approvals. 

 

1.2.3. RCMs 

The 1st RCM was organized on 22-26 April 2013, in Vienna, Austria, and was attended by 

all 14 chief scientific investigators and one observer from Brazil. The Meeting Report is 

available at http://www-naweb.iaea.org/napc/iachem/working_materials/F2-22063-CR-1-

report.pdf.  

Following the recommendations of the 1st RCM, the second RCM was organized on 08-12 

September 2014 in Bejaia, Algeria. The report from this meeting is available at http://www-

naweb.iaea.org/napc/iachem/working_materials/TR-RCM2-Oct14.pdf 

http://www-naweb.iaea.org/napc/iachem/working_materials/F2-22063-CR-1-report.pdf
http://www-naweb.iaea.org/napc/iachem/working_materials/F2-22063-CR-1-report.pdf
http://www-naweb.iaea.org/napc/iachem/working_materials/TR-RCM2-Oct14.pdf
http://www-naweb.iaea.org/napc/iachem/working_materials/TR-RCM2-Oct14.pdf
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The 3
rd

 and final RCM was organized in Vienna from July 11
th

 through 15
th

, 2016 at the 

IAEA headquarters. Except for the participant from the UK, all other CRP members attended 

the meeting, together with one observer from Romania. The participants reported their 

research and achievements from the past 3 years. This is summarized in Table 1.  

 

1.3. ACHIEVEMENTS 

TABLE 1. RESEARCH ACTIVITIES REPORTED BY PARTICIPANTS TOWARDS THE 

EXPECTED OUTPUTS  

Expected Outputs Actual Accomplishments 

Advanced and improved 

packaging materials and 

their components using 

radiation 

technology 

 Blends of natural biopolymers and synthetic 

treated by irradiation in the solid state (UK) 

 Biodegradable films from polycaprolactone (PCL) 

and cellulose acetate using clay, chitin whiskers and 

chitosan (Egypt) 

 Sodium alginate-polyethylene oxide (SA-PEO) 

blend film and methacrylate (MA) treated SA-PEO 

(Bangladesh) 

 Starch-PVA blend incorporated with chitosan 

(Bangladesh) 

 MMA treated Gelatin-PVA blend films and MMA 

treated gelatin films (Bangladesh) 

 Antimicrobial (sorbic acid, cinnamaldehyde, and 

blackseed oil) grafted polyethylene (PE) active packaging 

film (Malaysia) 

 Functionalized alginate  and chitosan active beads 

and films (Canada) 

 Functionalization of nanocrystal cellulose to 

produce active beads (Canada) 

 Development of active packaging for sensitization 

and microbial decontamination to assure food safety 

(Canada) 

 PE-g-PAAc/Natamycin and limonene antifungal 

and antibacterial films (Turkey) 

 Cross-linked PLA for high temperature 

applications (Thailand) 

 Surface functionalization and grafting of bioactive 

compounds onto cold plasma or gamma irradiation 

activated surfaces of LDPE, PLA, and cellulosic materials 

(Romania) 

 Stratified composites, nanocomposites and bio-

nanocomposites based on PLA, PHB, and chitosan and 

natural extracts (Romania) 

 EVA, EVOH, PBAT/Starch and PBAT/PLA 

reinforced with micro and nanofillers, from smectic clay, 

nanowhiskers ,Bio-CaCO3, green silica and rice husk 

(Brazil) 
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 PVA, starch-PVA, starch-PVA-NCC 

(nanocrystalline cellulose) films (Poland) 

 PLA and polypropylene reinforced with 

montmorillonite clay and zinc oxide (Italy) 

 Grafting of anthocyanin on PE films (USA) 

Recommendation for 

packaging materials for 

pre-packaged irradiated 

foods suitable 

for extending shelf-life 

and providing 

environmental 

sustainability, as well as 

advantages like 

recyclability, 

disposability, 

degradability, and life 

cycle improvement. 

 For extended shelf-life, nanocrystal cellulose in 

films and beads based on alginate; radiation grafted LDPE 

film with antimicrobial (AM) additives (sorbic acid) 

 For enhanced biodegradability, starch-PVA -

nanocellulose and aliphatic-aromatic copolyester: 

polylactic acid reinforced with nanofiller containing pre-

irradiated PLA;  PLA and polypropylene reinforced with 

montmorillonite clay 

 The use of recycled PLA, PHBV and their blends 

and starch-PVA -nanocellulse have value in film 

(multilayered, non food-contact) packaging 

 

Internationally 

harmonized protocols 

and methodologies for 

measurement and 

testing of packaging 

materials. 

 GPC-MALLS of biopolymers and solution 

properties 

 Biotoxicity studies to evaluate potential leaching 

of toxic byproducts of blending and grafting  

Data on the influence of 

radiation processing on 

functionality of 

packaging materials 

in relation to bioactive, 

antioxidant, 

antimicrobial, insect 

repellent functions, and 

effect on overall food 

quality. 

 Food quality studies with clay amended and other 

biopolymers (USA) 

 Gamma irradiation in air and at RT to control MW 

and MW distribution of cellulose acetate and chitosan 

(Egypt) 

 Relationship between irradiation and the 

functional properties of active beads based on nanocrystal 

cellulose (Canada) 

 

Data on the effects of 

irradiation on 

physicochemical, 

structural and 

mechanical, and 

functional properties of 

materials leading to 

their commercial 

exploitation with 

respect to irradiation of 

pre-packaged foods. 

 Mechanical and thermal properties of some 

commercial packaging materials and their detectable 

leachates by GPC (Philippines) 

  eBeam dosing studies on PLA + clay and PPR + 

clay and functionality and structural studies completed 

(USA) 

 Effects of irradiation on gum arabic, alginate, and 

xanthan including the effects of dose rate and irradiation 

condition (UK) 

 Effect of gamma radiation at higher doses on 

morphology and functional properties of blends based on 

PHBVand PLA biomaterials (Algeria) 

 Mechanical properties and functionality 

(emulsification and encapsulation) following irradiation 

(UK) 
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 Gamma and e-beam effect on starch, PVA, starch-

PVA, starch-PVA-nanocellulose films (Poland)  

Data in the detection 

limits of at least 15 ppb 

in polymers on 

migrating chemical 

species using food 

simulating solvents/ for 

irradiated pre-packaged 

foods targeted for 

regulatory approvals. 

 Data using stable isotope technique (Philippines) 

 

While most of the activities are still at the research stage, there are several products ready for 

commercialization (Table 2). 

 

TABLE 2. PRODUCTS THAT HAVE PROGRESSED BEYOND THE RESEARCH 

STAGE 

Products that have been developed  Remaining Issues / 

Challenges 

Encapsulated antimicrobial compounds involving 

nanocrystal cellulose-containing films, edible coating 

and beads based on chitosan, methylcellulose, and 

alginate for the bioactivity protection during irradiation 

treatment and storage to assure food safety (Canada).  

Funding, industrial 

investments and regulations  

Radiation grafted LDPE film with antimicrobial (AM) 

additives (cinnamaldehyde, sorbic acid, black seed oil) 

for inhibiting mold growth on breads. Technology 

patented (Malaysia, Patent No.PI 2015704656) 

 

 

Upscaling to evaluate 

continuous grafting of AM 

onto polymer film e.g. using 

CVD line and inline 

irradiation process of the 

film (Malaysia) 

 

Biodegradable flexible film based on aliphatic-aromatic 

copolyester: polylactic acid reinforced with nanofiller 

containing pre-irradiated PLA for dried food packaging 

(Brazil) 

Funding, industrial 

investments and regulations 

Biodegradable PLA and polypropylene reinforced with 

montmorillonite clay for fruits and vegetable packaging 

for food quality and safety (Italy) 

Commercialization/industrial 

licensing 

PLA and PHBV based bionanocomposites (Algeria) Commercialization/need 

pilot scale and large scale 

evaluations 

Bionanocomposite-based PLA and PHB (Romania) Commercialization /need 

pilot scale and large scale 

evaluations 
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1.3. 1. Collaborations:  

Participants have pursued collaborations and student exchanges as listed in Table 3. 

 

TABLE 3. COLLABORATIONS BETWEEN CRP PARTICIPANTS  

Country Representative Collaborating 

Countries 

Description 

Algeria M. Kaci Italy Elaboration of PHBV/ZnO 

bionanocomposites: (1) A study of 

structure-properties relationships of 

PHBV/ZnO bionanocomposites (2) PhD 

student mobility 

Algeria M. Kaci USA E-beam irradiation effect on PHBV / 

PLA / Cloisite 30B bionanocomposite 

films: (1) E-Beam irradiation test at 

target doses of 1 and 10 kGy (2) 

Ecotoxicity test 

Canada M. Lacroix Italy Antimicrobial properties of films: In situ 

evaluation of antimicrobial properties of 

films based on PLA/ ZnO. 

Canada M. Lacroix Thailand Problems related to food irradiation 

service: Technical consultation / 1-week 

visit to Thai Irradiation Center (TIC) 

Italy C. Silvestre Algeria Compatibilization of PHBV-g-MA for 

PHBV/ZnO composite: Preparation of 

samples and determination of the 

relationships between morphology and 

properties. 

Italy C. Silvestre Canada Antimicrobial properties of films: In situ 

evaluation of antimicrobial properties of 

films based on PLA/ ZnO. 

Italy C. Silvestre Romania Intensive transfer knowledge of 

application of ionizing radiation in food 

packaging processing for young 

researchers all over Europe: Training 

young researchers  over Europe through 

an Erasmus mechanism and provide them 

with the basis for  finding innovative 

routes to enhancing efficiency, reduce 

energy consumption and waste ,and to 

provide safe food to everyone through the 

convergence of different technical 

approaches, in particular  combining 

emerging food packaging technology 

with food irradiation. 

Italy C. Silvestre USA Radiation of PLA/clay composite: 

Radiation of PLA and PLA/clay films 

with eBeam. 

Philippines L. Abad Canada Staff sent for IAEA fellowship to train on 
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modification of nanocrystalline cellulose 

Poland K. Ciesla Italy / 

Romania / 

Turkey 

Co-operation in the frame of ERASMUS 

2 Action: Joint innovative training and 

teaching/learning program in enhancing 

development and transfer knowledge of 

application of ionizing radiation in 

materials processing. Preparation of new 

course module, lecturing and exam for 

students.  

Poland K. Ciesla Turkey Co-operation in the frame of ERASMUS 

+ Action: The stages and visits were 

arranged in Turkey (3 months Polish PhD 

student, research visit (1 week) and 

teaching visit (K. Cieśla 8 h of lectures)  

Poland K. Ciesla Italy Water Vapor permeability tests  made in 

Italy on the films prepared in Poland 

Romania C. Vasile Italy/ 

Poland/ 

Turkey 

Co-operation in the frame of  ERASMUS 

K+ program on ionizing radiation used 

for material processing: Training of 

students’ courses and writing books 

Romania C. Vasile Poland/ 

Turkey/  

Italy 

Co-operation in the frame of COST 

Action FP1405: Active and intelligent 

fibre-based packaging –innovation and 

market introduction (ActInPak) 

Romania C. Vasile Italy Detailed characterization of irradiated 

and bioactive cellulose-based and LDPE 

food packaging materials containing 

vegetable oils: X-Ray, DSC. 

Thailand K. Hemvichian Canada Problems related to food irradiation 

service: Technical consultation / 1-week 

visit to Thai Irradiation Center (TIC) 

Turkey D. Solpan Poland Co-operation in the frame of ERASMUS 

2 Action: Joint innovative training and 

teaching/learning program in enhancing 

development and transfer knowledge of 

application of ionizing radiation in 

materials processing. Delivering of 20 h 

lectures by Prof. Dilek Solpan in the first 

module (Poland) and 10 h in the second 

module (France) 

Turkey D. Solpan Poland Co-operation in the frame of ERASMUS 

+ Action: Hosting of  Polish PhD student 

(3 months), a lecturer (1 week) and 

research visit (1 week) 

Turkey D. Solpan Italy In the frame of CRP: 6-month fellowship 

at ENEA, Rome, Italy (To be continued 

for 1 year) 

USA S.D. Pillai Algeria 1. Exposing biopolymers and biopolymer 

blends to specific eBeam doses 

2. Performing biotoxicity assays for 
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biopolymers and biopolymer blends that 

have been irradiated at specific eBeam 

doses 

USA S.D. Pillai Italy Exposing clay amended polymers to 

specific eBeam doses 

 

1.3.2. Joint activities of IAEA and EU COST Actions 

In continuation of the collaboration between IAEA and EU COST Action FA0904 Eco-

sustainable Food Packaging Based on Polymer Nanomaterials, the project officer of this CRP 

was invited to attend the final meeting of this action held 26-28 February 2014 in Rome, 

Italy, and deliver a talk entitled “Preparation of New Food Packaging Materials by Radiation-

Initiated Reactions and Relevant IAEA Support to Member States Institutions”. A group of 

participants, with Italy as the originator and leader, have prepared and submitted a proposal 

entitled “Worldwide preservation of food through advanced packaging materials obtained by 

synergic exploitation of new technologies”, for funding by the EU. The proposal was not 

funded. On the other hand, Poland participates in COST project FP1205 entitled “Innovative 

application of regenerated wood cellulose fibres”. Ms. Agnes Safrany presented an invited 

lecture,” Development of new food packaging materials by radiation-initiated reactions and 

relevant IAEA support to Member States institutions”  during the international symposium, 

"Contents and Containers: frontiers of food packaging” held during EXPO 2015 in Milano, 

Italy. Her presentation discussed the results of the CRP. There were collaborations (scientific 

exchanges, material transfers, etc) within the framework of COST Action FP1405: Active 

and intelligent fibre-based packaging –innovation and market introduction between Romania, 

Italy, Poland and Turkey. 

 

1.4.CONCLUSIONS 

 

Overall, the CRP was successful in realizing the objectives. It was able to achieve the 

following:  

a) Development of new packaging materials such as starch-PVA blends, starch-PVA-

nanocellulose blends, PLA blends, bio-nanocomposites, polypropylene-clay film, 

polypropylene/biomass composites, LDPE/chitosan/Vitamin E, sorbic acid grafted 

polyethylene film, cellulose acetate-clay blend, cellulosc materials (cellulose/chitin or 

Kraft paper)/phenolic antioxidants and/or essential cold-press oils, poly aniline blended 

PCL film, natamycin and limonene-grafted polyethylene film, anthocyanin-grafted 

polyethylene film, methyl cellulose-chitosan-alginate blends, PLA-Carboxy methyl 

cellulose blends, PLA/chitosan, PLA nanoclays, PLA/lactoferrin, plasticized 

PLA/chitosan/cold-pressed oils, PLA/cold-pressed oil/Closite 30B; 

 

b) Assessing the radiation sensitivity of commercial packaging materials such as PLA, 

PET, PE, PHBV, nylon, PPP/biomass composites. Likewise the CRP was able to test 
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the radiation sensitivity of novel packaging materials such as starch-PVA, starch-PVA-

nanocellulose, PE-clay nanocomposites and PLA-PHBV C30B bio-nanocomposites; 

 

c) Development of a new protocol for detecting leachates from polymers by stable isotope 

technique (
18

O and 
2
H). 

 

d) Development of protocols to functionalize crystalline nanocellulose in order to 

formulate active beads, films, and coatings;  

 

e) Publication of research in peer-reviewed literature as well as presentation in 

international and regional meetings;  
 

f) Network of collaborating institutions  and scientific exchanges among CRP participants  

 

g) The IAEA’s Publications Department provided a detailed and comprehensive 

explanation of copyright, licensing and distribution of IAEA publications. Since a 

number of peer-reviewed publications have already occurred from this CRP, attempting 

to publish the results from this CRP as an official IAEA publication was not possible. 

Therefore it was decided that the CRP report will be maintained as a “working 

document” by the RPRT section.  

 

Specifically, the CRP provided new information about  

 the resistance of specific biopolymers to high energy electron radiation, gamma radiation 

and X-ray  radiation,   

 the mechanical properties of PBAT/PLA/irradiated PLA blends with bio-CaCO3 and its 

similarity to commercially available packaging material 

 the use of irradiation technologies to develop active beads, coatings, and films  

 the use of irradiation technology for generating functional groups in nanocrystal cellulose 

for improved films, beads, and coatings 

 the use of irradiation technology in combination with active beads, coatings, and films to 

sensitize pathogens in packaged foods 

 biotoxicity of eBeam-irradiated polymers and bio-nanocomposite blends 

 the incorporation of Graphene Oxide nanosheets in EVOH matrix leading to the 

development of transparent EVOH/GO flexible films with enhanced oxygen barrier and 

mechanical properties.  

 the effects of ionizing radiation, extent of exfoliation and dispersion state of graphene 

oxide nanosheets in EVOH matrix for producing high-performance composite films.  

 the ability of bioactive stratified composites and nanocomposites in packaging to protect 

foods from environmental factors as well as to enhance the stability and quality of foods 

 bioactives as antimicrobial additives (grafting of sorbic acid, natamycin, limonene) and 

pH indicators (poly aniline conjugation and anthocyanin grafting) for active packaging 

with antifungal and antibacterial properties as well as to indicate pH changes in foods 

 grafting of limonene on PE film using a novel emulsion medium 

 the use of irradiation technology for improving the composition of polymer blends such 

as starch –PVA for food packaging that is suitable for food irradiation 
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 the applicability of irradiated starch-PVA nanocomposites incorporating nanocrystalline 

cellulose  for packaging materials 

 the encapsulation efficiency and controlled release of active compounds by the addition 

of nanocrystal cellulose in polymers 

 the value of polymer blends that incorporate chitosan such as starch –PVA to improve 

shelf life of fruits 

 the usefulness of radiation techniques to improve the properties of biodegradable 

polymers such as PLA, PBS and PHBV and polymer blends to expand their use for high 

temperature applications. 
 

1.5.RECOMMENDATIONS 

 

The number of possible obtainable polymers for food packaging is enormous. The demand 

for active and intelligent packaging materials especially for foods intended to be irradiated 

could expand. Based on the collective expertise of the CRP membership and the experience 

over the past 3 years, the CRP participants recommend the following:  

 Economic and technical feasibility analyses of the newly developed packaging 

materials need to be performed. The commercialization of the newly developed 

products should be pursued  

 The durability of the newly developed packaging materials under varying 

environmental conditions (eg., high temperature, humidity, and UV flux) and physical 

aging need further investigation 

 The resistance and stability of the newly developed polymers against varying ionizing 

radiation sources (gamma, EB, X-ray) needs to be benchmarked  

 Additional studies are needed to evaluate the differences in the efficacy of eBeam 

versus gamma versus x-ray irradiation for grafting. 

 Further research into development and testing of active and intelligent packaging for 

monitoring food quality and safety is needed. The response of foodborne viruses to 

antimicrobial packaging needs further investigation 

 3D printing technology has opened up a number of research and development 

opportunities. The incorporation of complementary technologies such as eBeam 

technology should be explored 

 Significant advancements in packaging materials and related technologies can be 

achieved if transdisciplinary teams are formed to facilitate specific and directed 

collaboration. This approach will also support commercialization of these 

technologies. Therefore CRP solicitations in the future should encourage the 

submission of consortium proposals formed from teams of member states. 

Networking and interactions among member states prior to submission of their 

respective proposals could aid in this approach.  

 

Suggested CRP Ideas: 

In order to best tackle some of the follow-up research and development needs, the 

participants have suggested the following topics for a new CRP: 
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 Research on comparing the radiation sensitivity of newly developed polymers 

including natural active polymers to the 3 (gamma, EB, X-rays) irradiation sources.  

 Research on active packaging or intelligent packaging (eg., customized for slowing 

down ripening of fruits during transboundary shipment of mangoes, papayas) to be 

combined with irradiation to meet microbial safety, quality, and sensory attributes  

 Development of packaging materials (by functionalization using irradiation and non-

irradiation methods) from natural and biodegradable polymers for food packaging 

(including grafting, etc) 
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http://www.icmpp.ro/sustainableplastics/files/Web%20Page_IAEA.pdf 

 

http://www.ipcbcnr.com/index.php/it/27-progetti/progetti-in-corso/284-fp7-erasmus
http://www.ipcbcnr.com/index.php/it/27-progetti/progetti-in-corso/284-fp7-erasmus
http://www.ipcbcnr.com/index.php/it/27-progetti/progetti-in-corso/284-fp7-erasmus
http://www.ipcbcnr.com/index.php/it/27-progetti/progetti-in-corso/284-fp7-erasmus
http://www.ipcbcnr.com/index.php/it/27-progetti/progetti-in-corso/284-fp7-erasmus
http://www.ipcbcnr.com/index.php/it/27-progetti/progetti-in-corso/284-fp7-erasmus
http://www.costfa0904.eu/erasmus-/
http://www.costfa0904.eu/erasmus-/
http://www.costfa0904.eu/erasmus-/
http://www.costfa0904.eu/erasmus-/
http://www.costfa0904.eu/erasmus-/
http://www.costfa0904.eu/erasmus-/
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Abstract 

 
The paper reports some experimental data on the effectiveness of poly(3-hydroxybutyrate-co-3-

hydroxyvalerate) grafted maleic anhydride (PHBV-g-MA) as a compatibilizer for PHBV/ZnO 

nanocomposites prepared by melt compounding. Morphology, thermal and mechanical properties 

were investigated at different nanofiller contents, i.e. 1, 2 and 3 wt. %, whereas the amount of 

compatibilizer was fixed to 5 wt. % based up on the total amount of PHBV/ZnO. The study showed 

through scanning electron microscopy that the addition of PHBV-g-MA results in a finer dispersion of 

the ZnO nanoparticles in the PHBV matrix compared to the uncompatibilized one which shows 

heterogeneous morphology and aggregates. Consequently, improved thermal stability and tensile 

properties are observed.  Furthermore, the crystalline index (Xc) of the compatibilized nanocomposite 

is slightly increased. The above results suggest that PHBV-g-MA is a promising to be used as 

compatibilizer for PHBV/ZnO nanocomposites. 

 

2.1. INTRODUCTION 

Ecological concerns over the sustainability and biodegradability of materials have raised 

renewed interests in natural and biodegradable polymers because of their desired properties 

of biocompatibility, biodegradability and natural abundance [1]. Nevertheless, the 

biodegradable polymers offer an interesting alternative route to the conventional polymers for 

short-life range applications involving mainly packaging, agriculture and biomedical [2]. In 

this regard, many recent studies have been reported on the polyhydroxyalcanoates (PHAs), 

which are aliphatic and semicristalline thermoplastic biopolyesters produced by controlled 

bacterial fermentation [3,4]. Further, PHAs are biodegradable and biocompatible. Compared 

mailto:kacimu@yahoo.fr
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to the other PHAs, poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) is more useful 

because its melting point can be lowered and its mechanical properties can be greatly 

improved by increasing the ratio of hydroxyvalerate to hydroxybutyrate repeating units [5]. 

However, PHBV has serious disadvantages when compared to conventional thermoplastics; 

the major drawbacks of using PHBV are high production cost, slow crystallization rate, high 

degree of crystallinity, brittleness and poor thermal stability [5]. To overcome these issues, 

several approaches have been reported in the literature such as blending PHBV with other 

polymers including POE [6], PLA [7], PCL [8], PBS [9] and PBAT [10] to reduce its 

brittleness. Another approach consists of incorporating a small amount of nanofillers either 

mineral or vegetal ones in PHBV matrix such as clays [11,12] carbon nanotubes [13] 

graphene oxide [14] and cellulose nanowhiskers [15] to improve the mechanical properties, 

thermal stability and barrier properties. In addition to these nanofillers, the literature [16,17] 

reported also the use of metallic oxides nanoparticles due mainly to their antimicrobial 

activity. As one of such metallic oxide, zinc oxide is attractive, especially in food packaging 

industry because of its potent and broad spectrum of antimicrobial property [18,19]. ZnO 

nanoparticles are found to have a large surface to volume ratio, a large crystalline structure, 

good mechanical properties, a high thermal conductivity and a strong absorption to 

ultraviolet. Furthermore, they are generally recorded as safe (GRAS) substance approved by 

Food and Drug Administration (FDA, 2011) [18]. However, the incorporation of ZnO in 

polymer matrices generally implies relevant problems in terms of dispersion due to the 

hydrophilic nature of the nanofiller resulting in substantial differences in terms of surface 

energy with the polymers leading to phase separation [17]. Moreover, the high surface-to-

volume ratio of nanoparticles typically results in small inter-particle distances, which makes 

Van der Waals and electrostatic forces of major importance resulting in the formation of 

aggregates [18]. Therefore, the addition of a suitable compatibilizer is necessary to disperse 

uniformly the nanofiller in the polymer matrix and to increase the interfacial adhesion 

between the two base components. Recently, the literature reported the use of PHBV grafted 

maleic anhydride (PHBV-g-MA) as a compatibilizer for PHBV/wood composites [4,20] and 

PHBV/PLA/Cloisite 30B nanocomposites [11]. The studies showed the ability of PHBV-g-

MA to increase the compatibility among the composite components. To the best of our 

knowledge, no work has been published yet on the use of PHBV-g-MA as a compatibilizer 

for PHBV/ZnO nanocomposites. So far, the data reported in the literature [21] focused on the 

methods of surface modification of ZnO nanoparticles by silane coupling agents. 

Therefore, the paper aims to investigate the effects of PHBV-g-MA used as a compatibilizer 

on the morphology, thermal and mechanical properties of PHBV/ZnO nanocomposite films 

prepared by melt compounding. Scanning electron microscopy (SEM), differential scanning 

calorimetry (DSC), thermogravimetric analysis (TGA) and tensile measurements were used 

to evaluate the effectiveness of the compatibilizer in PHBV/ZnO nanocomposites.  
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2.2. EXPERIMENTAL PART 

2.2.1. Materials used 

PHBV in the form of brown pellets was manufactured by Tianan Biological Materials under 

the trade name ENMAT Y1000P. According to the manufacturer, the polymer has the 

following characteristics: density = 1.25 g/cm
3
, Tg = 8°C and Tm = 165°C. This grade of 

PHBV contains some additives, which are probably nucleating agents as shown in Figure 1. 

ZnO was supplied by Biochem Chemopharma Company (France) and it is an odourless white 

powder having the following properties: molar mass = 81.38 g mol
-1

 and Tm = 1975°C. 

Maleic anhydride (MA) and dicumyl peroxide (DCP) were purchased from Sigma-Aldrich. 

 

  

FIG. 1. Optical micrograph of neat PHBV at 185°C. 

2.2.2.   Sample preparation 

PHBV and ZnO were first dried under vacuum at 60°C for 24 hours to minimize hydrolytic 

degradation during melt extrusion process. PHBV/ZnO nanocomposites with and without the 

compatibilizer were prepared by melt compounding in a twin screw extruder type 5 & 15 

Micro Compounder DSM Xplore. The processing conditions were set as follows: T = 180°C, 

screw speed = 50 rpm and residence time = 5 min. The content ratio of ZnO was 1, 2 and 3 

wt. %, while the amount of compatibilizer was fixed to 5 wt. % on the basis of the total 

amount of PHBV/ZnO mixture. The grafting of maleic anhydride to PHBV was carried out 

according to the experimental procedure reported by Zembouai et al. [11]. 

2.2.3. Techniques 

2.2.3.1. Scanning electron microscopy (SEM) 

Morphology of different nanocomposite samples with and without the compatibilizer was 

observed by a FEI Quanta 200 FEG scanning electron microscope to examine the dispersion 

of ZnO nanoparticles in the PHBV matrix. An acceleration voltage of 5KV was applied. The 

specimens were fractured in liquid nitrogen and the fractured surface was sputtered with an 

Nucleating 

agents 
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Au-Pd thin layer mixture under vacuum to avoid charge accumulation during electron 

irradiation using an EMITECH K575X apparatus. 

2.2.3.2. Differential scanning calorimetry (DSC) 

DSC analysis was carried out by METTLER TOLEDO apparatus; model DSC 822 on 

samples of almost 5mg of weight. The samples were subjected to two steps of heating and a 

cooling starting from -40 to 200°C at a heating rate of 10°C/min under an inert atmosphere. 

In the first heating, the samples were heated from -40 to 200°C at a heating rate of 10° C/min. 

After keeping the temperature at 200°C for 2 min, the samples were rapidly cooled to -40°C 

where they remained at this temperature for 5 min. In the second heating, they were heated 

from -40 to 200°C at a heating rate of 10°C/min. Melting temperature (Tm) and melting 

enthalpy (ΔHm) were determined from the second heating scan. The crystallization 

temperature (Tc) was obtained during cooling. The degree of crystallinity was calculated from 

the normalized peak enthalpies according to Eq.(1): 

                       Xc (%) = [ΔHm/(WPHBV x ΔHmRef.)] x 100                                    (1) 

 

where ΔHm is the melting enthalpy of sample, WPHBV is the weight fraction of PHBV in the 

sample and ΔHmRef is the melting enthalpy of 100% crystallized PHBV taken as 146 J.g [12]. 

2.2.3.3.   Thermogravimetric analysis (TGA) 

Thermal stability of the neat PHBV and various PHBV/ZnO nanocomposites with and 

without the compatibilizer was tested using a Perkin Elmer instrument, model Pyris Diamond 

TG/DTG thermogravimetric analyzer. The samples of about 5 mg were taken in standard 

aluminum cup and heated from 30 to 600°C at a heating rate of 10°C/min under a nitrogen 

atmosphere.  

2.2.3.4. Tensile Measurements 

Tensile tests were performed on dumbbell shape samples using an INSTRON machine Model 

4505 testing system at 22°C and a relative humidity of 50% according to ISO 527. The 

crosshead speed was 1mm/min. An average of 10 tensile tests was performed for each 

specimen. 

2.2.3.5. Optical Microscopy 

Optical microscopy was used to observe the presence of additives in the melted PHBV. A 

Zeiss polarizing microscope was used. It is equipped with Linkam TMHS 600 hot stage, an 

image- Pro plus7.0 software and Scion Corporation CFW-1312C Digital Camera.  
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2.3 RESULTS AND DISCUSSION 

 

2.3.1. Morphological analysis by SEM 

Fig. 2a and b shows SEM micrographs of the fractured surface of neat PHBV and PHBV 

with 5 wt. % of compatibilizer, respectively. As illustrated in Fig. 2a, the neat PHBV exhibits 

an irregular fractured surface due to its crystal structure [7].  Furthermore, it is observed the 

presence of white spots of different shape and size, dispersed in the matrix, which can be 

attributed to the nucleating agents incorporated during the processing step of the polymer. 

Adding 5 wt. % of PHBV-g-MA to the matrix results in a relatively smooth and 

homogeneous surface than the neat polymer, as clearly shown in Fig. 2b. Although a few 

aggregates are still observable on the surface, their size is however, considerably reduced. 

The fractured surface morphology of PHBV filled with 3 wt. % of ZnO is presented in Fig. 

3a. As expected, the incorporation of ZnO nanoparticles to PHBV matrix leads to an irregular 

surface with the formation of aggregates of different sizes even though, it is difficult to 

identify the ZnO particles from the nucleating agents; both of them appear as white particles 

in the matrix. As well known, the ZnO particles tend to form aggregates because they are 

strongly hydrophilic due to the presence of hydroxyl groups on the surface, while the 

polymer matrix is naturally hydrophobic. Fig. 3b shows the fractured surface of PHBV/ZnO 

in the presence of PHBV-g-MA compatibilizer. It is noticed that the surface morphology of 

the compatibilized system is relatively smooth and homogeneous with fewer defects 

compared with the non compatibilized one. Moreover, the addition of PHBV-g-MA results in 

a finer dispersion of the ZnO particles in the polymer matrix due to the improved interfacial 

adhesion between the filler and the matrix. Therefore it can be argued that the maleic 

anhydride group of the compatibilizer reacts likely with the hydroxyl groups of the ZnO, 

whereas the PHBV part is miscible with the polymer matrix.  

 

 

FIG. 2. SEM micrographs of fractured surface of neat PHBV (a) and PHBV/PHBV-g-MA (5 

wt. %) (b). 

(b) (a) 
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FIG. 3. SEM micrographs of fractured surface of PHBV/ZnO (3 wt. %) (a) and PHBV/ZnO (3 

wt. %)/PHBV-g-MA (5 wt. %) (b). 

 

2.3.2. Thermal characteristics  

The influence of both ZnO nanoparticles and PHBV-g-MA on the thermal characteristics of 

PHBV was investigated by DSC and the results are presented in Table 1. Accordingly, the 

addition of ZnO nanoparticles to the PHBV matrix seems to have a negligible effect on 

melting temperature (Tm) whatever the filler content, which indicates that the basic crystal 

structure of the polymer through the lamella thickness is not affected. The addition of PHBV-

g-MA to PHBV/ZnO results in any noticeable change in Tm. Indeed, the value of Tm for neat 

PHBV is around 171.2°C and this value decreases only by 2°C in the compatibilized 

PHBV/ZnO nanocomposites. Similar trend is also observed for the crystallization 

temperature (Tc) of neat PHBV which remains almost unchanged after adding ZnO 

nanoparticles and the compatibilizer. The same effect has already been reported in the 

literature for electrospun PHBV/ZnO fibers [5]. It is further observed the decrease in 

crystallinity of PHBV after adding ZnO nanoparticles. Indeed, the Xc value of neat PHBV is 

about 53.3%, this value decreases with increasing the ZnO content as reported in Table 1. 

This indicates that ZnO nanoparticles delay the PHBV crystallization process, which is 

contradictory to the literature data [22], to which the incorporation of nanofillers to the 

polymer matrix yields generally to an increase in the crystallinity due to the nucleating effect. 

However our result is different from the general case. It may be explained by a decrease in 

the arrangement of PHBV polymer chains as the ZnO content increases. This is rather 

consistent with the data obtained by Yu et al. [5] who have attributed this phenomenon to the 

special crystalline structure of PHBV on one hand, and to the interaction between the two 

components, on the other hand.   

(a) (b) 



 

41 
 

Moreover, from the data provided in Table 2, the addition of PHBV-g-MA compatibilizer 

results in a slight increase in the crystallinity of PHBV/ZnO nanocomposites compared to the 

uncompatibilized ones due to better dispersion of ZnO nanoparticles in the polymer matrix 

and the reduction of aggregates as shown in Fig. 3b. It is well know that nanofiller aggregates 

hinder the crystallization process in the polymer matrix.  

 

TABLE 1. VALUES OF MELTING TEMPERATURE (Tm), CRYSTALLIZATION 

TEMEPRATURE (Tc), MELTING ENTHALPY (ΔHm) AND PERCENT 

CRYSTALLINITY (Xc)  

Samples                                      Tm (°C)            Tc (°C)          ΔHm (J/g)           Xc (%) 

PHBV                                          171.2                121.6               77.8                  53.3 

PHBV/C
1
                                     170.1                119.6               73.2                  52.7 

PHBV/ZnO (1 wt. %)                  170.1                119.7               75.4                  52.2 

PHBV/ZnO (2 wt. %)                  170.1                119.6               71.2                  49.8 

PHBV/ZnO (3 wt. %)                  169.9                120.6               69.5                  49.1 

PHBV/ZnO (1 wt. %)/C              169.1                120.6               73.2                  53.3 

PHBV/ZnO (2 wt. %)/C              170.0                120.7               70.2                  51.7 

PHBV/ZnO (3 wt. %)/C              169.1                120.6               68.8                  51.2 

 

2.3.3. Thermal stability 

Thermal stability is a typical property for which the nanocomposite morphology plays an 

important role. In general, the incorporation of mineral fillers into the polymer matrix was 

found to enhance the thermal stability by acting as a heat barrier and also as an assistant for 

the formation of char after thermal degradation [11].The significant data for the 

characterization of thermal stability are the onset temperature which is measured both by the 

temperature at which 5% and 10% degradation occurs, the mid-point of the degradation 

(Tdegradation 50%), the temperature at maximum rate of degradation (Tmrd) and the fraction which 

is not volatile at 600°C, denoted as char. In this respect, the TGA thermograms of neat PHBV 

and PHBV/ZnO nanocomposites at various filler contents with and without the 

compatibilizer are shown in Fig.4 and the data are reported in Table 2. As shown in Fig.4, no 

weight changes are observed before 250°C for all samples indicating the absence of any 

moisture. Furthermore, the samples degrade in one step in N2 atmosphere following almost 

the same degradation rate. According to the literature [22], the mechanism of thermal 

degradation of PHBV follows random chain scission at ester groups involving α,β-hydrogen 

elimination process (six membered ring ester decomposition process) to form substituted 

olefins and oligomers.  
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Table 2 indicates the values of T5% and T10% of neat PHBV, which are 256 and 260°C, 

respectively. These values are comparable to those reported in the literature [23].  Moreover, 

from the data reported in Table 2, one can see the influence of the addition of ZnO 

nanoparticles and PHBV-g-MA compatibilizer on the thermal degradation of PHBV. It is 

observed an increase of both T5% and T10% of PHBV by 4°C with adding 5 wt. % of PHBV-g-

MA due probably to their good affinity and also to the occurrence of some interactions 

between the two components. On the contrary, the incorporation of ZnO nanoparticles to 

PHBV results in a very slight decrease of both T5% and T10% by 1 to 2°C whatever the filler 

content compared to those of neat polymer. Similar trend is also observed for T50%. 

According to Kim et al. [21], the decrease in thermal stability of PHBV/ZnO nanocomposites 

can be attributed to the lower thermal stability of ZnO nanoparticles. On the other hand, 

PHBV/ZnO nanocomposites in presence of PHBV-g-MA exhibit higher values of 

degradation temperature (~4°C increase) than the uncompatibilized ones whatever the filler 

content. The increase in degradation temperature at onset is due probably to the 

compatibilizer effectiveness which interacts with both filler and polymer matrix.  Another 

important feature is the significant decrease of Tmrd for PHBV/ZnO nanocomposites, 

especially at filler content above 2 wt. % meaning that the ZnO nanoparticles promote the 

thermal degradation rate of PHBV in agreement with the data reported by Kim et al. [21]. 

This result is however contradictory to the one found by Kanmani and Rhim [18] to which 

ZnO nanoparticles act as stabilizer against thermal degradation of some biopolymers. 

Moreover, Table 2 clearly shows that the addition of compatibilizer at higher stage of 

degradation has a negligible effect on the thermal stability of PHBV/ZnO nanocomposites, as 

reported by Avella et al. [20].  

 

1 
Compatibilizer

 

TABLE 2. TGA DATA OF NEAT PHBV AND PHBV/ZnO NANOCOMPOSITES WITH 

AND WITHOUT THE COMPATIBILIZER RECORDED UNDER N2 ATMOSPHERE. 

Samples                    T5% (°C)   T10% (°C)  T50% (°C)   Tmrd (°C)   Charyard(%) 

PHBV                              256           260             272          271             1.38    

PHBV/C
1
                         260           264            273           275             1.45          

PHBV/ZnO (1 wt. %)       254           259            271           272             2.44                  

PHBV/ZnO (2 wt. %)       255           260            272           266             3.27 

PHBV/ZnO (3 wt. %)       254           258            270           266             6.91           

PHBV/ZnO (1 wt. %)/C    258           261            272           271             1.73             

PHBV/ZnO (2 wt. %)/C    258           261            270           268             2.99  

PHBV/ZnO (3 wt. %)/C    258           261            272           267             4.17                     
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2.3.4. Tensile measurements 

It is well known that the addition of nanofillers into the polymer matrix affects the 

mechanical properties of the resulting composites [24,25].  Nevertheless, a high 

reinforcement effect is well expected when the nanoparticles are finely dispersed in the 

polymer matrix. This is important particularly for food packaging materials, which should 

have enough stiffness and strength to be self-supporting and to resist handling damage [25]. 

Table 3 gives the values of Young’s modulus (E), stress at break (σb) and elongation at break 

(εb) of various PHBV/ZnO nanocomposites with and without the compatibilizer in 

comparison with the neat PHBV. From the data given in Table 3, it is indicated that the E 

value of neat PHBV, which is around 1920 MPa increases slightly with the ZnO content to 

reach the value of 2217 MPa at 3 wt. %, representing an increase by 15% compared to that of 

neat PHBV. This is well expected regarding the high stiffness character of ZnO. The addition 

of compatibilizer to PHBV/ZnO nanocomposites results in almost no change in E taking into 

consideration the experimental errors. Also, no noticeable change is observed for εb of neat 

PHBV, which is very low after addition of ZnO particles and PHBV-g-MA. In contrast, a 

slight increase in the σb value is noted for the compatibilized nanocomposite samples in 

comparison with both uncompatibilized ones and neat PHBV, which could be related to an 

increase in the interfacial adhesion between PHBV and ZnO. 
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FIG.4. TGA curves of neat PHBV and various PHBV/ZnO nanocomposites with and without 

PHBV-g-MA compatibilizer. 
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TABLE 3. STRESS-STRAIN PARAMETERS, I.E. YOUNG’S MODULS (E), STRESS AT 

BREAK (σb) AND ELONGATION AT BREAK (εb) FOR NEAT PHBV AND PHBV/ZnO 

NANOCOMPOSITES WITH AND WITHOUT THE COMPATILIZER  

Samples                                        E (MPa)                σb (MPa)     εb (%) 

PHBV                                           1920±203              27±2           2.3±0.1 

PHBV/C
1
                                      2169±209              28±1          1.9±0.1  

PHBV/ZnO (1 wt. %)                   2112±218              27±2          2.0±0.3 

PHBV/ZnO (2 wt. %)                   2022±152              26±1          2.0±0.2 

PHBV/ZnO (3 wt. %)                   2217±208              25±1          1.8±0.2 

PHBV/ZnO (1 wt. %)/C               2138±229               27±1         2.0±0.2 

PHBV/ZnO (2 wt. %)/C               2256±229               29±1         2.0±0.1 

PHBV/ZnO (3 wt. %)/C               2362±229               31±2         2.1±0.2 

 

2.4. CONCLUSIONS 

 In this work, the compatibilization effects of PHBV-g-MA on the morphology as well as the 

thermal and mechanical properties of PHBV/ZnO nanocomposites prepared by melt 

compounding, were investigated at various nanofiller contents, i.e. 1, 2 and 3 wt. %. The 

amount of compatibilizer was fixed to 5 wt. % based on the total mass of PHBV/ZnO. The 

morphology as observed by SEM reveals a better dispersion of the ZnO nanoparticles in the 

PHBV matrix whatever the nanofiller content. As a consequence, thermal stability shows 

enhancement in the degradation temperature, in particular at onset temperature of degradation 

at 5 and 10 % of weight loss compared to the neat polymer and the uncompatibilized 

nanocomposites. Moreover, a reinforcement effect is also observed. The improved thermal 

and mechanical properties are attributed to the occurrence of interactions between the 

hydroxyl groups of the ZnO and the  

1
Compatibilizer 

maleic anhydride group of the compatibilizer. Finally, the DSC measurements indicate that 

the addition of PHBV-g-MA induces an increase in the crystalline index and promotes the 

crystallization process of PHBV/ZnO as a result of a better morphology. This leads to the 

conclusion that PHBV-g-MA is a promising compatibilizer for the PHBV/ZnO 

nanocomposites prepared by melt compounding.   
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Abstract  
Biodegradable films were prepared from the blend of starch/PVA by casting method. The effect of 

starch/PVA composition (starch/PVA= 30/70, 40/60, 50/50, 60/40) on tensile properties was 

investigated. It was found that both tensile strength and elongation at break decreased with increased 

amount of starch in the starch/PVA blend. Similar decreasing trend of tensile strength and elongation 

at break with increased amount of starch in the starch/PVA blend was observed for radiation modified 

film. The starch/PVA composition, starch/PVA = 40/60 was optimized with respect to tensile 

strength. The effect of radiation dose (0-50 kGy) on tensile properties was studied. Tensile strength 

increased while elongation at break decreased with increase in radiation dose. The highest tensile 

strength of ~30 MPa was obtained for 25 kGy radiation dose which is 68% higher than non irradiated 

starch/PVA blend film. The thermal property of the non-irradiated and irradiated film was 

investigated using thermo gravimetric analyzer and dynamic mechanical analyzer. The structural 

feature of blend film was investigated using FTIR. The application of blend film as wrapping material 

on guava showed that the weight loss of wrapped guava was lower than that of control guava. 

 

3.1. INTRODUCTION 

Synthetic polymers like polyethylene, polypropylene, polyvinyl chloride are used as 

packaging materials due to their excellent thermo-mechanical and barrier properties. 

Moreover, these synthetic polymer based packaging materials are very cheap. But these 

materials are not biodegradable and causing a threat to the environment. In recent years, there 

has been marked increase in interest in the use of biodegradable materials world-wide for 

packaging applications. A number of blends using bio-polymers can be the alternative of 

currently used synthetic polymeric materials. The most common and potential biopolymers 

are starch, chitosan, alginate, getatin, shellac etc. It is expected that these biodegradable 

polymeric materials will reduce the use of synthetic non-biodegradable polymeric materials 

and thus reduce the environmental pollution. But poor mechanical properties and hydrophilic 

nature are the major drawbacks of these films. For these reason, numerous studies are in 

progress to overcome these limitations to advance physico-chemical characteristics 

comparable to those of synthetic polymer-based materials [1-5].    

Starch based materials has received great attention in the food packaging sector owing to its 

biodegradability and low cost. Starch or amylum is a carbohydrate consisting of a large 

number of glucose units joined by glycosidic bonds. This polysaccharide is produced by most 

green plants as an energy store. It is the most common carbohydrate in human diets and is 

contained in large amounts in staple foods such as potatoes, wheat, maize (corn), rice, 

and cassava. Pure starch is a white, tasteless and odorless powder that is insoluble in cold 

https://en.wikipedia.org/wiki/Carbohydrate
https://en.wikipedia.org/wiki/Glucose
https://en.wikipedia.org/wiki/Glycosidic_bond
https://en.wikipedia.org/wiki/Polysaccharide
https://en.wikipedia.org/wiki/Plant
https://en.wikipedia.org/wiki/Staple_food
https://en.wikipedia.org/wiki/Potato
https://en.wikipedia.org/wiki/Wheat
https://en.wikipedia.org/wiki/Maize
https://en.wikipedia.org/wiki/Rice
https://en.wikipedia.org/wiki/Cassava
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water or alcohol. Dissolving starch in warm water gives wheatpaste, which can be used as a 

thickening, stiffening or gluing agent. It is reported that starch/clay nanocomposite films with 

improved mechanical properties can be applied in food packaging sector owing to their low 

over-all migration limit [6].   

 

Poly(vinyl alcohol) (PVA) is a hydrolysis product of poly(vinyl acetate) (PVAc) and is a 

polar, water-soluble, synthetic polymer. Besides, it is recognized as one of the few synthetic 

polymers truly biodegradable under both aerobic and anaerobic conditions [7]. Gelatin-PVA 

blends modified with gamma radiation has been shown good potential in improving the 

mechanical and thermal properties of gelatin films to develop new materials combining the 

desirable properties of both natural and synthetic polymer [8]. 

 

Chitosan is a high molecular weight polysaccharide composed of primarily of β-(1, 4)-linked 

2-deoxy-2-amino-D-Glucopyranose units and partially of β-(1, 4)-linked 2-deoxy-2-

acetamido-D-glucopyranose. It is a partially deacetylated form of chitin [6-10]. This chitin is 

the most abundant natural polymer next to cellulose [9]. Chitin is not easily soluble in any 

solvent. Nevertheless, unlike chitin, chitosan is soluble in acid solutions and becomes 

cationic polymer because of protonation of amino groups on the C-2 position of the pyranose 

ring. Chitosan consists of a large number of amino groups and hydroxyl groups. These two 

functional groups provide several possibilities for grafting of desirable bioactive groups [10-

12]. Since chitosan is non-toxic and biocompatible with the human physiological system, it 

has been investigated as biomaterials in the fields such as Biomedicine, Pharmacology and 

Biotechnology. Chitin and chitosan have already been used in agricultural, food, industrial 

and medical fields [13-14]. It also acts as flocculent for the treatment of wastewater [15]. 

Chitosan is found to be very satisfactory agent in biodegradable starch chitosan film [16] and 

a very good reinforcing agent in poly(caprolacton) based biodegradable composite films for 

packaging applications [17].  

 

To improve the mechanical properties of natural polymer films various routes were followed. 

Such a route to accomplish the objective is graft copolymerization using electromagnetic 

radiation such as gamma ray, ultraviolet light and free radical initiators. Some approaches for 

the graft copolymerization of monomer on polymer films to improve mechanical properties 

keeping its inherent biodegradable properties were reported [18-20]. In the present study, 

modification of starch-PVA blend film incorporation with chitosan is carried out using γ 

radiation to improve the properties of blend film. Over the previous decades, the application 

of γ radiation has been widespread in the development and application of radiation 

techniques. The use of γ radiation offers many advantages like continuous operation, 

minimum time requirement, less atmospheric pollution, design flexibility through process 

control [21]. 

 

The aim of this study was to develop biodegradable films from starch/PVA blends 

incorporation with chitosan and improve their properties by the application of gamma 

radiation. The irradiation dose and starch/PVA composition were optimized on the basis of 

tensile properties. The FTIR spectra, dynamic mechanical analysis (DMA) and 

thermogravimetric analysis (TGA) were used to investigate molecular interaction and thermal 

stability of blend film, respectively. The blend film was applied on guava as a wrapping 

material for improvement of shelf life of guava.   

 

 

 

https://en.wikipedia.org/wiki/Wheatpaste
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3.2. EXPERIMENTAL 

 

3.2.1. Materials 

Potato starch (Sigma Aldrich, India) was used as received. Polyvinyl alcohol (PVA) was 

supplied by BDH, England, average moleculer weight 72,000. Chitosan was synthesis from 

prawn shell in our laboratory. Acetic acid was purchased from Merck, Germany. 

  

3.2.2. Preparation of starch-PVA blend films 

A 5% (w/v) solution of potato starch was prepared in distilled water with stirring a glass rod 

in a water bath at 90ºC temperature for one hour. A 5% (w/v) PVA solution was prepared in 

distilled water using an autoclave. A 1% (w/v) chitosan solution was prepared in 2% (v/v) 

acetic acid by stirring with a mechanical stirrer for one hour. Starch-PVA blend solution was 

prepared by mixing starch and PVA solutions in different composition with 4% (w/w) 

chitosan of total polymers (starch and PVA) and stirred using magnetic stirrer until 

homogenous solution. Then starch-PVA blend films were prepared from starch-PVA blend 

solution with chitosan solution by casting at room temperature (27ºC).    

 

3.2.3. Modification of starch-PVA blend films by radiation  

Starch-PVA blend films incorporated with chitosan were irradiated from Co-60 gamma 

source at the dose rate 3 kGy/h. The dose rate was determined with the help of the Fricke 

dosimeter. The blend films were kept in polyethylene bag and then irradiated by gamma 

radiation. The radiation dose was varied from 0 to 50 kGy. 

 

3.2.4. Tensile properties 

Tensile properties of blend films were measured by using Universal Testing Machine 

(Testometric, model M 500-100CT, UK) with a cross-head speed of 5 mm/min. The load 

range 250N and the gauze length 20 mm were used throughout the experiment. 

 

3.2.5. Thermogravimetric analysis (TGA) 

The TGA of blend films was conducted on Perkin-Elmer TGA 7-thermal analyzer from 30 to 

500°C with a heating rate of 10°C/min under nitrogen atmosphere with a flow rate of 20 

mL/min. 

 

3.2.6. Dynamic mechanical analysis (DMA) 

The storage modulus of blend films were studied from 22 to 160°C at a rate 4°C/min and 

oscillating frequency of 1 Hz using a dynamic mechanical analyzer, Triton Technology 

TTDMA, UK. 

 

3.2.7. Fourier transform infrared (FTIR) Analysis 

The FTIR analysis of blend films was performed by FTIR spectrophotometer, IRPrestige–21 

model, Schimadzu Co., Japan, equipped with an attenuated total reflectance (ATR) device in 

the wave number range 500–4000 cm
–1

 with 20 scanning rate and resolution 4 cm
–1

. The 

FTIR spectra were taken in a transmittance mode. 

 

3.2.8 Application of starch-PVA blend film 

 

The experiment was conducted on guava. Guava was collected from local market. After 

collection, it was wrapped with starch-PVA blend film. Guava wrapped with and without 
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blend film (control) was kept on laboratory bench up to 11 days at 27ºC. Guava was weighed 

at different time interval and weight loss was calculated as follow: 

 

Weight loss [%] = (W1 ̶ Wt)/ W1 x 100 

   

Where W1 is the initial weight of guava and Wt is the weight of guava at ‘t’ time.  

 

 

3.2. RESULST AND DISCUSSION  

 

Starch-PVA blend films at different composition incorporated with chitosan were prepared 

by casting. The tensile properties of blend films are shown in Table-1. The tensile strength of 

starch:PVA = 30:70 and starch:PVA = 40:60  was nearly same and it were 17.98 MPa and 

17.89 MPa, respectively. After these compositions a decreasing trend of tensile were found. 

The elongation at break of starch-PVA blend film decreased with increased starch content in 

starch-PVA blend.  

 

Table 1: TENSILE PROPERTIES OF NON-IRRADIATED STARCH/PVA BLEND FILMS 

INCOPORATED WITH 4% CHOISAN ON TOTAL POLYMERS (STARCH AND PVA) 

 

 

Starch/PVA composition Tensile Strength (MPa) Elongation at break (%) 

30/70 17.98 100.75 

40/60 17.89 71.25 

50/50 16.89 50.00 

60/40 17.05 40.75 

 

The tensile properties of starch-PVA blend films with different composition irradiated at 25 

kGy absorbed dose are shown in Fig. 1. Tensile strength was also found to depend on the 

composition of starch-PVA in the blend film. The tensile strength of starch:PVA = 30:70 and 

starch:PVA = 40:60 was found to be 29.93 MPa and 29.88 MPa, respectively. From this 

investigation, it was found that the tensile strength of blend film was improved by the action 

of radiation. The elongation at break of blend films decreased with increased starch content in 

starch-PVA blend film. On the basis of tensile strength, the composition of starch:PVA = 

40:60 can be considered as optimum composition for preparation blend film. So, the rest 

work was done with starch-PVA blend at composition 40:60.  
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Fig. 1. Effect of starch/PVA composition on tensile properties of blend 
film [Radiation dose = 25 kGy; 4% chitosan of total polymers].
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The effect of radiation dose on tensile properties of starch-PVA blend at the composition 

40:60 is shown in Fig. 2. The tensile strength of starch-PVA blend films increased with 

increase in radiation dose and attained a maximum value at 25 kGy absorbed dose. After this 

absorbed radiation dose, the variation of tensile strength was not so significant. This result 

can be explained as by the action of ionization radiation polymer molecules are excited. The 

excited molecules turned to free radicals through energy transfer and lead to cross-linking 

reactions between polymer molecules [22]. It is also well-known that tensile strength 

increases with an increase in cross-linked density of a polymer and it is attained a maximum 

value at an optimum cross-linked density obtained at a certain irradiation dose [23]. The 

maximum value of tensile strength of irradiated blend film was obtained 29.88 MPa and 

which was ~67.87% higher than that of non-irradiated starch-PVA blend film (17.89 MPa).  
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Fig. 2.  Effect of radiation dose on tensile properties of starch/PVA 

blend film
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The elongation is related to elastic and brittle character of the films. It was found that 

elongation at break of starch-PVA blend decreased with increase in absorbed radiation doses. 

This result may be the cause of cross-linking of polymer chain by the action of radiation. 

 

Fig. 3 shows the TGA thermograms for irradiated starch-PVA blend film and non-irradiated 

starch-PVA blend film. It was found that the thermal stability of irradiated starch-PVA film 

was better than that of non-irradiated starch-PVA film. The weight losses of both films 

increased with increased temperature. The total weight loss can be explained by three 

regions: 30-200, 200-300 and 300-400ºC. The total weight losses of non-irradiated starch-

PVA blend film and irradiated starch-PVA blend film from 30 to 200ºC were 10.86% and 

10.38% respectively. This weight loss may be due to evaporation of moisture from films. The 

second-stage weight losses of non-irradiated starch-PVA blend film and irradiated starch-

PVA blend film from 200-300ºC was 34.07% and 27.97% respectively. This result may be 

referred to as pyrolysis step.  The major weight loss occurred in the temperature range 300-

400ºC. In this temperature range, the weight loss was 66.10% for non-irradiated starch-PVA 

blends film, whereas the weight loss of irradiated starch-PVA blends film was 63.99%. This 

result may be due to carbonization of polymers. The TGA result clearly indicated that 

thermal stability of starch-PVA blend film was improved by the action of radiation.  
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 Fig. 3. TGA thermograms of starch/PVA blend film
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Fig. 4 shows the effect of temperature on storage modulus of non-irradiated and irradiated 

starch-PVA blend films incorporated with chitosan. The storage modulus of non-irradiated 

starch-PVA film was lower than that of irradiated starch-PVA film. The curves showed two 

distinct peaks; one at lower temperature (22-65°C) and other at higher temperature (65-

100°C). It was found that storage modulus decreased with increased temperature from 22°C 

to 65°C. It was also found that after 65°C the modulus showed an increasing trend up to 

100°C and then showed downhill trend. This transition is called α-transition and is defined as 

glassy region. After glassy region, the behavior of blend films moved to leathery state plateau 

region known as non-crystalline region caused by the micro-Brownian motion. Observation 

indicated that irradiation of blend film made more glassy. This result was again suggested to 

be due to cross-linking effect of irradiated film. 
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Fig. 4. Storage modulus of non-irradiated and irradiated starch-PVA 
blend films

Temperatue [
0
C]

0 20 40 60 80 100 120 140 160 180

M
o
d

u
lu

s 
[P

a]

0.0

2.0e+8

4.0e+8

6.0e+8

8.0e+8

1.0e+9

1.2e+9

1.4e+9

1.6e+9

Non-irradiated starch-PVA film

Irradiated starch-PVA film

 
 

The FTIR spectra of chitosan, starch, PVA and blend films are shown in Fig. 5. For chitosan, 

the main characteristic bands are assigned to saccharide structure at about 893, 1018 and 

1149 cm
-1

 and amino characteristic bands at about 1653 and 1545 cm
-1

 assigned to amide I 

and amide II, respectively. For starch, the band at about 1342 cm
-1

 is assigned to the angular 

deformation of C-H. The C-O ether band shows stretching at about 1150 cm
-1

, while the C-O 

alcohol band shows stretching at about 1000 cm
-1

. For PVA, the band at about 3282 cm
-1

 is 

assigned to –OH stretching. The band corresponding to methylene group (CH2) asymmetric 

stretching vibration occurs at about 2939 cm
-1

. The band at about 1740 cm
-1

 corresponds to 

C=O stretching of acetyl group and that at about 1091 cm
-1

 corresponds to C-O stretching. 

The band at about 1448 cm
-1

 corresponds to OH bending vibration of hydroxyl group. The 

band at about 1330 cm
-1

 corresponds to CH3 group of PVA.  
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FIG. 5. FTIR spectra for chitosan, starch, PVA and starch-PVA blend film 

 

The spectrum of blend film showed the typical absorption peaks of the functional groups of 

chitosan, starch and PVA: CH2 asymmetric stretching (2941 cm
-1

), amide I  (1656 cm
-1

), 

amide II (1546 cm
-1

), OH bending vibration of hydroxyl group (1421 cm
-1

), CH3 group (1323 
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cm
-1

) and C-O band stretching (1141 cm
-1

). The slight shift of the characteristic peaks of the 

blend film spectrum than that of the pure chitosan, starch and PVA spectrum may be due to 

the interaction among chitosan, starch and PVA.   

 

Starch-PVA blend film incorporated with chitosan was applied as wrapping material to 

increase shelf life of guava. For this purpose, blend film was wrapped on guava. Wrapped 

guava and control guava was kept on the laboratory bench up to 11 days at room temperature 

(27ºC). Weight loss of wrapped guava and control guava was measured at different time 

interval. Fig. 6 shows the weight loss of wrapped guava and control guava at different time 

interval. It was found that weight loss of guava increased with increase in storage period. The 

weight loss of control guava was higher than that of wrapped guava. The lower weight loss of 

wrapped guava may be the lower rate of evaporation, transpiration or respiration. It has been 

reported [24] that weight loss of guava depends on storage temperature. The lower weight 

loss of guava has found at low temperature (5ºC) than that of guava at high temperature 

(20ºC). From the photograph shown in Fig. 7 it was found that the physical appearance of 

wrapped guava was better than that of control guava during the storage period. It was also 

found that control guava started rotten after 11 days storage period.  

Fig. 6. Weight loss of guava wrapped with starch-PVA blend film
and control.
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0 day of wrapped guava  

 

 
11th day of wrapped guava  

 

 
0 day of control guava  

 

 
11th day of control guava  

.    

 FIG.7. Physical appearance of wrapped guava and control guava during storage 

period 

 

 

3.4. CONCLUSION 

 

Starch-PVA blend films incorporation with chitosan were prepared by solution casting 

method. Tensile properties of blend films were studied and found that maximum value of 

tensile strength was obtained from starch/PVA = 40/60. The blend films were modified by 

the application of gamma radiation. The maximum value of tensile strength was obtained at 

25 kGy absorbed radiation dose. The thermal properties of blend films characterized by TGA 

and DMA results exhibited that the thermal stability of blend film was improved due to 

modification by gamma radiation. The shelf life of guava wrapped with starch-PVA blend 

film was improved than that of control guava.     
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Abstract 

 

Nowadays the use of plastics in food packaging has increased worldwide. The packaging 

industry is the largest user of plastics; more than 90 % of flexible packaging is made of 

plastics and only 17 % of rigid packaging. Flexible plastics are widely used instead of rigid 

and semi-rigid packaging because of its flexible characteristics, such as low weight, 

durability, cost effectiveness, attractiveness and its easiness to be shaped. This study aims to 

develop flexible films based on ethylene–vinyl alcohol copolymer (EVOH) reinforced with 

graphene oxide, as gas-barrier materials, for food packaging in pre-packaged irradiated foods 

and, also, flexible film composites based on biodegradable PBAT/PLA blends, reinforced 

with micro and nanoparticle for application as dry food packaging. EVOH/GO with addition 

of 0.1 to 0.5 wt. % of GO nanosheets, prepared from conventional flake graphite, was 

processed by twin-screw extrusion and extrusion blown film. Part of EVOH/GO was 

submitted to electron-beam irradiation at 150 and 200 kGy, using a 1.5 MeV electron beam 

accelerator, at room temperature in presence of air. Flexible film composites based on 

PBAT/PLA blends content, part of irradiated PLA as compatibility agents, and reinforced 

with micro or nanoparticle, such as bio-CaCO3, were, also, prepared by melt extrusion, using 

a twin screw extruder machine and blown extrusion process. The flexible films were 

characterized by tensile tests, XRD, TG, DSC, FE-SEM and OTR analysis. The penetration 

resistance, surface tension and MVTR tests were, also, carried out for films based on 

PBAT/PLA/iPLA. The EVOH/GO presented better oxygen barrier properties. After 

irradiation treatment, both, mechanical and oxygen barrier properties of films based on 

EVOH/GO were drastically improved. The PBAT/PLA/iPLA/bio-CaCO3 flexible film 
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showed gain in tensile properties and penetration resistance, close to the commercial PE/PP 

used for dry food packaging application. The addition of 5 % (wt. %) of pre-irradiated PLA 

enhanced the adhesion of the filler in the polymeric matrix resulting in better property gains. 

The flexible film based on PBAT/PLA blend reinforced with bio-CaCO3 compatibilized by 

electron-beam radiation meets requirements to dry food packaging applications. 

 

4.1 INTRODUCTION 

Nowadays, the use of plastic in food packaging has increased worldwide. The packaging 

industry is the largest user of plastics; more than 90 % of flexible packaging is made of 

plastics and only 17 % of rigid packaging. Flexible plastics are a category of plastics that are 

thin, light, and easily stretchable. Flexible plastics are widely used instead of rigid and semi-

rigid packaging because of its flexible characteristics, such as low weight, durability, cost 

effectiveness, attractiveness and its easiness to be shaped.  They are also chemically inert 

and, due to the smaller amount of resin required for its manufacturing, presents cost 

effectiveness in comparison with rigid packaging. Therefore, flexible food packaging should 

have high gases and vapours barrier properties to protect the food from external environment 

preventing the deterioration of food by oxidation of the components, discoloration, loose 

texture and nutrient loss. In addition to the good barrier properties, good mechanical strength, 

heat resistance, puncture resistance, chemical resistance, transparency, gloss, and printability 

are also required [1-3].  

Ethylene-vinyl alcohol (EVOH) copolymers are widely used in food packaging industry as 

gas-barrier materials due to their high gas barrier properties for oxygen and organic 

compounds. However, EVOH is very sensitive to moisture and, in high relative humidity 

conditions, its gas barrier ability deteriorates and its thermal and mechanical properties are 

also affected by water absorption [4-6]. In order to overcome the water absorption and 

improve the physical properties of EVOH, the addition of nanofiller with high aspect ratio 

has been suggested by some authors. According to them, the incorporation of nanofillers, 

such as clay and graphene, with sufficient aspect ratio, in EVOH may lead, significantly, to 

gas diffusing molecules follow longer and more tortuous pathways to pass through the EVOH 

nanocomposite film and, consequently, enhance its gas barrier properties [7-9]. 

Flexible packaging is, in general, not recyclable, practically non-degradable, consequently 

not selectively collected and as such, it ends up in the main stream of municipal household 

waste to be dumped into a landfill, representing a serious global environmental problem. 

Therefore, the use of bio-based materials to develop biodegradable films may be an important 

alternative to minimize the quantities of plastic waste material disposed of in landfills 

throughout the world. The recent concerns with environment makes the use of biodegradable 

materials, instead of commons polymers, in the production of flexible and other packaging 

for food or agro products, a sustainable perfect choice. Its renewable nature and natural origin 

are capable to transform the packaging industry and society habits [2, 3].   

Poly(lactic acid) (PLA), a crystalline biodegradable polyester thermoplastic and poly 

(butylene adipate-co-terepthalate) (PBAT), a biodegradable aliphatic-aromatic copolyester 

environmentally friendly are among the most promising commercial biodegradable plastic 

materials with high performance.  PLA presents good biocompatibility and physical 

properties, such as high mechanical strength and high modulus. PLA is a brittle material with 

low toughness and needs to be plasticized in order to produce flexible packaging films [10-

11]. PBAT is considered a good candidate for the toughening of PLA due to its high 

toughness and biodegradability, good processability in LDPE extrusion lines and no 

indication of environmental risk, when introduced into composting processes [12, 13]. 
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Blending PLA with PBAT presents a practical and economic choice to enhance PLA ductility 

and obtain biodegradable materials with improved properties. However, PLA/PBAT blend is 

immiscible and compatibility of blend should be performed to increase the interfacial 

adhesion between PLA and PBAT. Unfortunately, compatible PBAT/PLA blends still have 

poor properties for application in flexible food packaging field, related to performance, such 

as its limited mechanical properties and cost. Several composites have been developed by 

adding reinforcing compounds to polymers, enhancing the thermal, mechanical and barrier 

properties [13, 14].  

Graphene, a monolayer carbon atoms arranged in a hexagonal lattice, is a material consisting 

of an extremely thin layer of graphite with high aspect ratio and two-dimensional structures 

and stable under ambient conditions. Graphene has more and more attracted attention because 

exhibits remarkable and unusual gas impermeable characteristic, high optical transmittance, 

thermal conductivity, chemical stability, excellent mechanical and electrical properties. The 

chemical modification of graphene oxide (GO), exfoliated from graphite oxide, contains a 

range of reactive oxygen functional groups [15-17]. One of the most promising applications 

of GO is in nanocomposites based on polar polymer matrix. Due to the increased interfacial 

adhesion between GO and polar polymer matrix, a highly exfoliated structure and 

homogeneous dispersion may be easily achieved [17, 18]. Due to its gas barrier performance, 

as well as thermal and mechanical properties, GO has been incorporated into various 

thermoplastic polymers, such as polyurethane, poly(methyl methacrylate), polyethylene, 

polystyrene, poly(vinyl alcohol), polyethylene terephthalate, poly (ethylene vinyl alcohol), 

poly (lactic acid) [18-20].  

Most of the agro-industrial residues are commonly left in nature or disposed of in landfills 

and, ultimately, create serious environmental problems. However, such residues are a source 

of micro and nanofillers, with potential for application as reinforcement in polymers: besides 

improving the   properties of polymers, they waste that, otherwise, would have been 

discarded.  Several recent reports describe the addition of calcium carbonate (CaCO3) from 

eggshell as a micro or nano biofiller reinforcement material in polymer matrices, for different 

applications. Eggshell contains 95 wt. % of CaCO3, in the form of calcite, and 5 wt. % of 

other inorganic materials. Eggshell waste is available in high quantities worldwide, 

approximately 250,000 tons of eggshell waste is produced, annually, in the world [21, 22]. 

The incorporation of nanoparticles as a filler in a polymeric matrix may produce a composite 

with better properties than a compound made with micro particles, instead. The great 

differential of nanoparticles are their higher surface/volume ratio; the smaller the particle, the 

greater the ratio. This technology may even change the visual properties of some materials, 

like the colour of gold. The use of fillers from natural resources at nanoscale and microscale 

level, as reinforcement to biodegradable polymer and polymer blends, may open new 

possibilities for improving, not only, the properties but, also, the cost-price-efficiency [23, 

24]. 

This study aims to develop flexible films based on ethylene–vinyl alcohol copolymer 

(EVOH) reinforced with graphene oxide, as gas-barrier materials for food packaging in pre-

packaged irradiated foods and, also, flexible film composites based on biodegradable 

PBAT/PLA blends reinforced with micro and nanoparticle, for application as dry food 

packaging. 
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4.2. EXPERIMENTAL 

 

4.2.1.Development of flexible films based on EVOH/Graphene Oxide (EVOH/GO) 

Materials 

In this work, these materials were used: graphite flakes from Quimesp Química Ltda (Sao 

Paulo, Brazil); sulfuric acid (H2SO4, 98 %); phosphoric acid (H3PO4, 85 %); potassium 

permanganate (KMnO4, 99.9 %); hydrogen chloride (HCl, 37 %); hydrogen peroxide (H2O2, 

30 %); ethylene vinyl alcohol copolymer (EVOH) with 32% mol/ethylene (EVAL™ 

manufactured by Kuraray Co. Ltd.). 

Preparation of graphene oxide (go) nanosheets 

Graphene oxide (GO) was prepared from purified conventional flake graphite employing the 

method used by Huang et al. (simplified Hummer’s method) [21]. Synthesis of GO was 

carried out by mixing H2SO4:H3PO4 (320:80 mL), graphite flakes and KmnO4 (18 g) in a 

magnetic stirrer. After this process, the synthesis product was poured into a H2O2 solution 

(400 ml of distilled water and 20 ml of H2O2). Then, GO obtained was washed with a 1 M 

HCl aqueous solution and, repeatedly, with deionized water until a Ph of 4–5 was achieved. 

After that, GO (in water solution) was irradiated with a high intensity ultrasonic (20 kHz, and 

450W/cm2), for 10 minutes, and centrifuged at 3900 rpm, for 5 minutes, so that highly 

exfoliated GO nanosheets are achieved. The GO gel was dried at 90 C for 24 h, in air 

atmosphere. Finally, the product was ground and sieved using a sieve with 90 µm mesh size. 

The detailed GO nanosheets preparation method may be seen in Ruiz, et al. [22].  

Preparation of EVOH/GO flexible films 

EVOH/GO films were processed by twin-screw extrusion and extrusion blown film 

processing. The incorporation of  0.1 to 0.5 wt. % of GO nanosheets in EVOH resin was 

carried out by melting extrusion process, using a twin-screw extruder Haake Rheomex P332 

with 16 mm and L/D = 25 rate, from Thermo Scientific. The temperature profile was of 182/ 

192/ 197/197/ 205/ 205C ºC and a screw speed of 30 rpm. The extrudates coming out of the 

extruder were cooled down for a better dimensional stability, pelletized by a pelletizer, dried 

again and fed into extrusion blown film, single screw machine with 25 mm diameter, 

Carnevalli, then flexible film test samples were obtained. The temperature profile used in the 

blow extrusion process of the EVOH films was 190/ 195/ 210/ 215/ 215/ 220 ºC and the 

screw speed was 30 rpm.  

Characterization of GO nanosheets and EVOH/GO flexible films 

X Rays Diffraction (XRD): XRD patterns of graphite, GO nanosheet and EVOH/GO flexible 

films were recorded on a Simens - D5000 diffractometer operated at 40 kV and 40 mA, with 

CuKα radiation (λ= 15.4 Å). 

Mechanical tests: Tensile tests were determined using an INSTRON Testing Machine model 

5564, according to ASTM D 882-91, in order to evaluate the mechanical behavior of the 

materials studied. Each value obtained represented the average of five samples. 

Differential scanning calorimetry (DSC): analyses were carried out using a Mettler Toledo 

DSC 822e from 25 to 250°C, at a heating rate of 10 °C/min, under nitrogen atmosphere (50 
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ml/min).  DSC analyses of the materials were performed on four samples of the materials. 

DSC was carried out to obtain melt temperature (Tm) and melting enthalpy (ΔHm), and 

crystallinity percentage variation XC (%) of neat EVOH and EVOH/GO flexible films. The 

XC is directly related to melting enthalpy (ΔHm) and was determined from the following 

equation: 

 

XC = (Hm/Hm
0
 (1 - Wf)) x 100 %                                            [1] 

 

Where: 

ΔHm = melting enthalpy of sample 

ΔHm
0 

= melting enthalpy of EVOH assuming 100 % crystallinity = 169.2 J/g 

Wf = mass fraction of the GO in the flexible films 

 

Thermogravimetric analysis (TG): In this study, the TG analyses were made in a Mettler 

Toledo TGA module “TGA/SDTA851e” from 25 to 500°C, at a heating rate of 10 °C/min, 

under nitrogen atmosphere (50 ml/min).  

Oxygen transmission rate (OTR): was carried out based on ASTM D 3985 – 81, using an 

OX-TRAN 2/20 (Mocon Inc.) at test conditions of 23°C, 0 and 90 % relative humidity. 

UV/VIS: UV/VIS spectra were obtained using a Shimadzu UV1601PC spectrophotometer. 

Field Emission Scanning Electron Microscopy (FE-SEM): FE-SEM of cryofractured samples 

under liquid nitrogen was carried out using a JEOL-JSM-6701 F, microscope with an 

accelerating voltage of 1-30 kV, using EDS Thermo-Scientific mod. Noran System Six 

software, in carbon sputtered samples.  

 

4.2.2.Development of flexible films based on biodegradable PBAT/PLA blends 

reinforced with micro and nanoparticle for application as dry food packaging 

 

Material 

The materials used in this study to prepare the polymeric matrix were Poly Lactic Acid 

(PLA), Poly Butylene Adipate Terephtalate (PBAT), micro and nano-Bio-CaCO3 from 

eggshell.  

Preparation of bio-CaCO3 

The bio-CaCO3 used in this study is from farm fresh white chicken eggshells. White chicken 

eggshells were subjected to the following cleaning and size reduction processes: washing 

with water, soaking in sodium hypochlorite Solution, 2.5 % (w/w) for 20 min, washing with 

water, soaking in acetone for 2 hours, drying at 100 ± 2 ºC for 2 h, in an air-circulating oven. 

Eggshells were ball milled in (PPG) for 10 h using SPEX SamplePrep 8000D Mixer/Mill. 

The resulting materials were washed repeatedly with ethanol, then, dried by heating at 100 ± 

2 ºC for 24 hours in an air-circulating oven to reduce its moisture content to less than 2 %. 

The particles were, then, separated using a set of sieves (125 μm) and a Retsch sieve shaker 

for 6 hours. Bio-CaCO3 microparticles were irradiated with high intensity ultrasonic horn 

(Ti-horn, 20 kHz, 100 W/cm
2
) and nanoparticles were obtained. The micro and nanoparticles 

of bio-CaCO3 were characterized by XRD, scanning electron microscopy (SEM) and surface 

areas using Brunauer- Emmett-Teller (BET) surface area analyzer. 



 

65 
 

Preparation of flexible films based on PBAT/PLA blend reinforced with micro and nanofiller 

PLA and PBAT pellets were dried at 60 ± 2 ºC for 4 h to reduce its moisture content to less 

than 2 %. The PBAT/PLA containing 5 wt. % PLA electron-beam irradiated at 150 kGy 

(iPLA), as compatibilizer agent, reinforced with micro and nanoparticle of bio-CaCO3 was 

processed by extrusion, using a twin screw extruder Haake Rheomix with 16 mm and L/D = 

25 rate, from Thermo Scientific. The temperature profile was 95/118/125/135/135/135 ºC. 

Screw speed was 50 rpm. The extrudates coming out of the extruder were cooled down for a 

better dimensional stability, pelletized by a pelletizer, dried again at 60 ± 2 ºC for 4 h and fed 

into extrusion blown film, single screw machine with 25 mm diameter, from Carnevalli, and 

specimen test samples were obtained. The formulation of composite films prepared is 

presented in Table 1.  

 

TABLE 1 - FORMULATION OF FLEXIBLE FILM COMPOSITES 

Blend 
bio-CaCO3 nano

 

(wt. %) 

bio-CaCO3 micro
 (
**

) 

 (wt. %)  

PBAT/PLA/iPLA
(
*

) 

65/30/5 (wt. %) 
2-3

 
30

 

(
*

)
PLA (5 wt. %) electron-beam irradiated at 150 kGy; 

(
**

)
 particle size ≤ 25 μm. 

 

 

Characterization of flexible films based on PBAT/PLA/iPLA reinforced with bio-CaCO3  

X Rays Diffraction (XRD): XRD patterns of bio-CaCO3 were recorded on a Siemens - D5000 

diffractometer operated at 40 kV and 40 mA, with CuKα radiation (λ= 15.4 Å). 

Differential scanning calorimetry (DSC): analyses were carried out using a Mettler Toledo 

DSC 822e from 25 to 250°C, at a heating rate of 10 °C/min, under nitrogen atmosphere (50 

ml/min).  DSC analyses of the materials were performed in four samples of the materials. 

DSC was carried out to obtain melt temperature (Tm) and melting enthalpy (ΔHm). 

Thermogravimetric analysis (TG): In this study, the TG analyses were made in a Mettler 

Toledo TGA module “TGA/SDTA851e”, from 25 to 500°C, at a heating rate of 10 °C/min, 

under nitrogen atmosphere (50 ml/min).  

Mechanical tests: Tensile tests were determined using an INSTRON Testing Machine model 

5564, according to ASTM D 882-91; penetration resistance based on ASTM F 1306-90, 

using a tip drill with one millimeter of diameter; surface tension based on ASTM D 1331-14. 

Oxygen transmission rate (OTR): was carried out based on ASTM D 3985 – 81, using an 

OX-TRAN 2/20 (Mocon Inc.), at test conditions of 23°C, 0 and 90 % relative humidity. 

Vapor transmission rate (MVTR): was carried out based on ASTM F 1249-13, using a 

Modulated Infrared Sensor (Mocon Inc.), at test conditions of 23°C and 85 % relative 

humidity. 

UV/VIS: UV/VIS spectra were obtained using a Shimadzu UV1601PC spectrophotometer. 
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4.3. RESULTS AND DISCUSSION 

4.3.1. Flexible films based on EVOH/Graphene Oxide (EVOH/GO) 

X rays diffraction (XRD) analysis results:  

XRD analysis results of graphite and graphene oxide nanoosheets: the XRD patterns of 

graphite and graphene oxide nanosheets (GO) are presented in Figure 1.  

 

 
FIG. 1. XRD diffraction patterns for the graphite and graphene oxide nanosheets (GO). 

 

XRD spectra of graphite show a sharp reflection peak at 2θ = 26.5°, while in XRD spectra of 

GO this graphite peak has been greatly reduced and new distinct diffraction peaks at 2θ = 10; 

18.4 and 18.9 °, corresponds to graphene oxide appeared (Fig. 1).  The large reduced of a 

peak at 2θ = 26.5° observed suggests that graphite was almost completely converted into 

graphene oxide. The interlayer spacing “d” values for graphite powder and GO, calculated 

according to the Bragg law (1) was about 0.34 nm for graphite powder and around 0.47 (2θ = 

18.9 °), 0.48  (2θ = 18.4 °)  and 0.88 nm (2θ = 10 °) for GO nanosheets. The presence of 

interlayer basal spacing “d” 0.47 and 0.48 nm may be due to the presence of residual oxygen 

and hydrogen and may indicate that the graphene oxide was not completely reduced [23]. 

Nevertheless, the results suggest that the interlayer spacing of graphite flakes was increased 

for GO due to the introduction of oxide functional groups to the basal plane, via chemical 

oxidation reaction.  

XRD analysis results of neat EVOH and EVOH/GO films: Figure 2 shows the XRD patterns 

in the 2θ range of 5 ° to 30 ° for neat EVOH and EVOH/GO flexible films. As it can be seen 

in this Fig., for XRD patterns of neat EVOH and EVOH/GO, the EVOH characteristic peak 

at 20.3 ° [14, 24] was observed. In the case of the EVOH/GO, the GO characteristic peaks at 

10.6 º - 10.9 º were, also, observed for films with 0.1; 0.3 and 0.5 wt. % of GO nanosheets 

addition, but with weak intensity, increasing in intensity with greater GO nanosheets content. 
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FIG.2. XRD diffraction patterns for the neat EVOH and EVOH/GO flexible films 

 

These XRD diffraction patterns results provide clear evidence that for films with 0.1; 0.3 and 

0.5 wt. % of GO nanosheets content some GO, with stacked layers, remained, but, a large 

part of GO nanosheets are intercalated or exfoliated by EVOH chain molecules.  

 

Oxygen transmission rate (OTR) analysis results of neat EVOH and EVOH/GO films 

Table 2 presents the oxygen transmission rate (OTR) of neat EVOH and EVOH/GO flexible 

films results measured at 23 °C and two different relative humidity test conditions (0 and 90 

%). As it can be seen in Table 2, with an incorporation of 0.1 to 0.4 wt. % of GO nanosheets 

in EVOH, the oxygen barrier properties of the EVOH/GO nanocomposite films, at 0 % 

relative humidity test conditions, were drastically improved, up to five orders of relative 

magnitude, when compared with neat EVOH flexible films.   

For EVOH/GO flexible film with 0.1; 0.2 and 0.5 wt. % of GO nanosheets content, the factor 

of increase of the OTR, in the relative humidity test conditions of 90 %, was smaller than for 

neat EVOH film. On the other hand, EVOH/GO flexible films with 0.1 wt. % of GO 

nanosheets incorporation presented better oxygen barrier properties in both, 0 and 90 % 

relative humidity test conditions.  
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TABLE 2 - OXYGEN TRANSMISSION RATE (OTR) RESULTS OF NEAT EVOH 

AND EVOH/GO FLEXIBLE FILMS 

Material 
Thickness 

(m) 

OTR 23 °C  Relative Humidity 

(RH) Conditions 

OTR 

Factor of  

Increase 

(%) 

0 

(%) 

 90  

(%) 

Neat EVOH  
40  2 

0.52 

cc/m
2
.dia 

2.44 

cc/m
2
.dia 

4.7 

EVOH/GO (0.1 wt. % 

GO) 
40  1.5 

0.10 

cc/m
2
.dia 

0.14 

cc/m
2
.dia 

1.4 

EVOH/GO (0.2 wt. % 

GO) 
30  1.7 

0.48 

cc/m
2
.dia 

1.8 cc/m
2
.dia 3.8 

EVOH/GO (0.3 wt. % 

GO) 
35  1.3 

0.38 

cc/m
2
.dia 

2.06 

cc/m
2
.dia 

5.4 

EVOH/GO (0.4 wt. % 

GO) 
35  1.6 

0.38 

cc/m
2
.dia 

3.0 cc/m
2
.dia 7.9 

EVOH/GO (0.5 wt. % 

GO) 
30  1.8 

0.62 

cc/m
2
.dia 

2.58 

cc/m
2
.dia 

4.2 

 

UV/VIS analysis results of neat EVOH and EVOH/GO films 

Figure 3 shows the UV-VIS transmittance spectra for the neat EVOH and EVOH/GO flexible 

films. It is possible to see that the addition of 0.1 – 0.4 wt. % GO nanosheets led to a decrease 

in % transmittance, at low wavelengths (195-350 nm), and to a very slight decrease, at higher 

wavelengths (350 - 750 nm). It is clear that, at wavelengths within the UV range, there is a 

reduction in light transmission with increase of GO nanosheets addition that is very marked 

in the spectral region between 195 and 350 nm, for 0.4 wt. % of GO nanosheets; 

interestingly, this suggests that the UV barrier has improved due to GO nanosheets 

incorporation.  
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FIG. 3. UV-VIS transmittance spectra for the neat EVOH and EVOH/GO flexible films 

 

The high optical transparency is a significant requirement for the application of food 

packaging film, since it can allow the visual identification of the condition of foods inside the 

film, such as freshness or spoilage. In this study, therefore, the effect of graphene nanosheets 

incorporation on the variation of optical transparency of the EVOH/GO flexible films was 

examined in view of the possibility of their application as an oxygen barrier layer in 

multilayer food packaging structure. It may be seen in Fig. 3 that only the 0.2 wt. % of GO 

nanosheets led to a slight reduction in the UV-VIS light transmittance in all the wavelength 

range.  The neat EVOH and EVOH/GO flexible films, except for 0.2 % of GO nanosheets 

incorporation, presented a transparency with light transmittance of around 87 % in the entire 

visible light region. With the incorporation of 0.2 wt. % of GO nanosheets in the EVOH 

matrix, the light transmittance reduced slightly, ranging from 84% to 86 % in the visible light 

region. This result suggests that the incorporation of a small number of graphene nanosheets 

up to 0.5 wt. % can yield nanocomposite film with good transparency to be utilized as food 

packaging films.  

Mechanical test results of neat EVOH and EVOH/GO flexible films  

Table 3 presents the mechanical test results of neat EVOH and EVOH/GO flexible films. The 

results presented in Table 3 show the average values calculated from the data obtained in 

tests for five test specimens, crosshead speed at 500 mm/min, with standard deviations less 

than 10 % for all tests. From table 1, it is possible to observe gain in the tensile strength at 

break due to GO addition. The addition of only 0.1 wt. % of Go nanosheets caused a 

significant and important increase in the original tensile strength at break of EVOH flexible 

film. In addition, the elongation was not significantly affected by GO nanosheets 

incorporation. The addition of 0.2 wt. % of Go nanosheets led to an increase of about 160 % 

in the tensile strength at break of neat EVOH and ca. of 40 % in elongation at break.  
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TABLE 3 - MECHANICAL TEST RESULTS FOR NEAT EVOH AND EVOH/GO 

FLEXIBLE FILMS 

Material 
Thickness 

(m) 

Tensile 

strength  at 

break (MPa) 

Elongation at break 

(%) 

Neat EVOH 40  2 6.4  0.3 117  12 

EVOH/GO (0.1 wt. % GO) 40  1.5 16.0  0.7 120  13 

EVOH/GO (0.2 wt. % GO) 30  1.7 16.9  1.5 170.8  14 

EVOH/GO (0.3 wt. % GO) 35  1.3 14.1  1.3 109.8  8.1 

EVOH/GO (0.4 wt. % GO) 35  1.6 14.6  1.1 130  12 

EVOH/GO (0.5 wt. % GO) 30  1.8 13.8 1.2 106.5  14 

 

DSC analysis results of neat EVOH and EVOH/GO flexible films  

The values of melting temperature (Tm), melting enthalpy (Hm) and crystallinity 

percentage of neat EVOH and EVOH/GO flexible films are given in Table 4. It is clear, from 

Table 2, that there were changes in the melting temperature and enthalpy of EVOH, due to 

GO nanosheets addition. The incorporation of 0.1 and 0.5 wt. % of GO nanosheets increased 

the melting enthalpy and, consequently, crystallinity % of EVOH, which means more energy 

needed to start the fusion process for EVOH/GO flexible films. On the other hand, the 

addition of 0.2 to 0.4 wt. % of GO nanosheets led to a significant reduction of melting 

enthalpy and crystallinity percentage of original EVOH flexible films.  

The reduction of melting enthalpy and, consequently, crystallinity percentage caused by the 

incorporation of GO nanosheets has also been observed and reported by various other authors 

[4, 26, 27].  According to Kim and Choi, the reason of the reduction of Xc of EVOH with the 

incorporation of GO nanosheets is due to the strong interaction between the GO and EVOH 

that confines the mobility of the EVOH chains close to the GO surface, hindering the regular 

packing of the EVOH chains into crystal lattices [4].  

The variation in Xc of EVOH observed in this work by GO nanosheets addition are very 

important for EVOH/GO packaging applications, since in the semicrystalline polymers, like 

EVOH, the degree of crystallinity (Xc) and the crystalline structure induced from the 

crystallization process, generally, affect the gas barrier performance, as well as the physical 

and mechanical properties. 
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TABLE 4 - DSC ANALYSIS RESULTS FOR NEAT EVOH AND EVOH/GO FLEXIBLE 

FILMS 

Material 
Melting 

Temperature 

(Tm, ºC) 

Melting 

Enthalpy  

(Hm, Jg-1) 

Crystallinity 

(Xc, %) 

Neat EVOH 180.06 70.92 41.9 

EVOH/GO (0.1 wt. % 

GO) 
180.11 76.08 45.0 

EVOH/GO (0.2 wt. % 

GO) 
180.54 51.64 30.6 

EVOH/GO (0.3 wt. % 

GO) 
181.46 53.0 31.4 

EVOH/GO (0.4 wt. % 

GO) 
181.48 51.0 30.3 

EVOH/GO (0.5 wt. % 

GO) 
182.42 74.38 44.2 

 

 

Figure 4 shows the DSC analysis results for neat EVOH and EVOH/GO flexible films. It can 

be seen, in this Fig., that the melting temperature (Tm) of EVOH/GO flexible films shows a 

slight increase, when compared with Tm of neat EVOH flexible films.  

 

 
FIG. 4. DSC analysis results for neat EVOH and EVOH/GO flexible films 

 

TG analysis results of neat EVOH and EVOH/GO flexible films:  

 

The decomposition temperature and weight loss of neat EVOH and EVOH/GO flexible films 

are given in Table 5. 
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TABLE 5. DECOMPOSITION TEMPERATURE, WEIGHT LOSS OF NEAT EVOH 

AND EVOH/GO FLEXIBLE FILMS 

Flexible Films Tonset 

(ºC) 

Tmax 

(ºC) 

TWL (50 %)
(f) 

(ºC) 

Total Weight Loss 

(%) 

Neat EVOH 356.5 501.1 396.5 97.4 

EVOH/GO (0.1)
 (a)

 363.3 599.2 397.6 94.2 

EVOH/ GO (0.2)
 (b) 

367.4 599 400.1 97 

EVOH/ GO (0.3)
 (c) 

365.9 599.4 403.8 94.8 

EVOH/ GO (0.4)
 (d) 

360.7 599.6 393.7 94.9 

EVOH/ GO (0.5)
 (e)

 355.2 501 397.4 97.1 
  (a) 

EVOH/Graphene Oxide (99.9/0.1 wt.  %); 
  (b) 

EVOH/Graphene Oxide (99. 8/0.2 wt. 

%); 
 (c) 

EVOH/Graphene Oxide (99.7/0.3 wt. %);
 (d)

 EVOH/Graphene Oxide (99.6/0.4 wt.  

%);  
(e) 

EVOH/Graphene Oxide (99.5/0.5 wt %); 
(f)

 Temperature for 50 % of weight loss. 
  

 

From Table 5, it is clear that the onset degradation temperatures of EVO/GO flexible films 

increase compared to neat EVOH with Go nanosheets addition, except for 0.5 wt. % of GO 

addition. For all samples, the weight loss in the temperature range between 100 and 200 °C is 

attributed to the absorbed water and, also, the pyrolysis of oxygen-containing functional 

groups, such as −OH and −COOH.  The degradation temperature, for 50 % of weight loss of 

EVOH, presented an important increase with addition of GO, except for EVOH/GO content 

0.4 wt. % of GO incorporation. As it may be seen in Table 5, the maximum weight loss for 

EVOH/GO flexible films content 0.1 - 0.4 wt. % GO nanosheets takes place at 599 ºC, that is, 

ca.100 ºC higher than neat EVOH. This result confirms that the incorporation of GO in 

EVOH led to a significant improvement of the thermal oxidation stability of EVOH. 

Figure 5 shows the TG thermograms of neat EVOH and EVOH/GO flexible films. TG of the 

composites showed a great difference in the weight loss and in the onset degradation 

temperature, when compared with the neat EVOH. A more important change was observed 

for EVOH/GO with 0.2 wt. % GO content that presented an increase of the onset degradation 

temperature.  
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FIG. 5. TG thermograms of neat EVOH and EVOH/GO flexible films 

 

 

FE-SEM analysis results of neat EVOH and EVOH/GO films 

FE-SEM analysis results of neat EVOH and EVOH/GO films are showed in Figure 6. FE-

SEM micrographs of cryofractured surfaces of the neat EVOH and EVOH/GO flexible films 

were studied to understand the failure mechanisms and, also, to survey a possible interaction 

between GO nanosheets and EVOH resin. FE-SEM micrographs of neat EVOH and 

EVOH/GO flexible films in 1000 X, 5000 X and 10000X of magnifications are showed in 

Figure 6. Figure (6a) presents micrographs of neat EVOH; (6b) shows micrographs 

EVOH/GO with 0.1 wt. % GO; (6c) shows micrographs EVOH/GO with 0.2 wt. % GO; (6d) 

shows micrographs EVOH/GO with 0.3 wt. % and (4e) shows micrographs EVOH/GO, with 

0.4 wt. % GO. As seen in Fig. (6b), GO nanosheets were homogeneously dispersed without 

any aggregation in the EVOH matrix. Nevertheless, with the addition of 0.2 wt. % of GO 

nanosheets to EVOH matrix, Fig. (6c), the arrangement of GO in EVOH became increasingly 

irregular and there was some GO agglomeration. It is clear, from Fig. (6c), that, in such a 

case, GO consists of multilayered structures of many single layers of graphite; in Fig. (6d), a 

homogeneous distribution of GO nanosheets may be seen and, in Fig. (6e), some large 

aggregates of GO and holes are visible in the surface of EVOH matrix.  
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FIG. 6. FE-SEM micrographs of cryofractured surfaces of neat EVOH and EVOH/GO 

flexible films: (6a) neat EVOH in 1000 X, 5000 X and 10000 X  magnifications respectively;  

(6b) EVOH/GO (0.1 % GO) in 1000 X, 5000 X and 10000 X  magnifications respectively; 

(6c) EVOH/GO (0.2 t.% GO) in 1000 X, 5000 X and 10000 X  magnifications respectively; 

(6d) EVOH/GO (0.3 .%) in 1000 X, 5000 X and 10000 X  magnifications respectively and 

(6e) EVOH/GO (0.4 % GO) in 1000 X, 5000 X and 10000 X  magnifications respectively. 
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4.3.2. Flexible films based on PBAT/PLA/iPLA reinforced with bio-CaCO3 

X rays diffraction (XRD) analysis results:  

XRD analysis results of bio-CaCO3: the XRD patterns of bio-CaCO3 are presented in Figure 

7. It can be seen in this figure a high intensity peak in 29.62°, characteristic of 

crystallographic plane (104) of CaCO3 calcite.  

 
FIG.7. XRD diffraction patterns for the bio-CaCO3  

 

Surface areas determination using the Brunauer-Emmett-Teller (BET) surface area analyzer 

of bio-CaCO3 nanoparticle analysis results:  

The surface area determined for the bio-CaCO3 nanoparticle was  44m
2
/g, which was much 

higher than that of microparticles (average particles size 25 μm) that was 16m
2
/g.  

 

DSC analysis results of flexible films based on PBAT/PLA/iPLA reinforced with bio-CaCO3 

In Table 6 is shown thermal behavior of PLA, PBAT, iPLA and its composites, from the 

second heating cycle and corresponding crystallization cycle. Crystallinity assessments were 

accomplished based on Hermans and Weidinger equation [28]. Individually, both PLA and 

PBAT have a very low crystallinity; nevertheless, its blend proved to achieve a workable 

crystallinity value for going on with further experiments.  
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TABLE 6 - THERMAL PROPERTIES AND CRYSTALLINITY EVOLUTION FOR 

COMPOSITE FILM BASED ON PBAT/PLA/iPLA REINFORCED WITH BIO-CaCO3 

 

Properties PLA PBAT iPLA 
PBAT/PLA/iPL

A 
PBAT/PLA/iPLA/CaCO3 

Tc
(1) 

(ºC) 33.5 51.2 39.8 71.7 69.8 

Hc
(2)  

(J.g
-

1
) 

36.8 20.5 43.5 7.2 7.3 

Tm
(3) 

(ºC) 87.8 120.0 86.9 86.9 87.8 

Hm
(4) 

(j.g
-

1
) 

43.5 16.8 41.6 22.5 17.2 

Xc
(5) 

(%) 7.2 3.2 2.1 33.0 33.0 
1
crystallization temperature; 

2
crystallization enthalpy; 

3
melt temperature; 

4
melt enthalpy; 

5
crystallinity. 

 

Thermogravimetric analyses (TG) results of composite films based on PBAT/PLA/iPLA 

reinforced with bio-CACO3   

Values obtained for thermogravimetric analyses are presented in Table 7. TG of the 

composite film showed a smaller initial and final degradation temperature when compared 

with the PBAT/PLA/iPLA blend. 

 

TABLE 7 - THERMOGRAVIMETRIC ANALYSES RESULTS FOR COMPOSITE 

FILM BASED ON PBAT/PLA/iPLA REINFORCED WITH BIO-CaCO3  

 

 PLA PBAT iPLA PBAT/PLA/iPLA 
PBAT/PLA/iPLA/CaC

O3  

Tonset
(1) 

(ºC) 
377.3 376.7 366.2 370.7 360.4 

Tendset 
(2)

 

(ºC) 
410.1 412.1 410.1 418.1 410.1 

1
initial degradation temperature; 

2
final degradation temperature 

 

Tensile tests results of composite films based on PBAT/PLA/IPLA reinforced with BIO-

CACO3 micro and BIO-CACO3 nano. 

The tensile tests results of PBAT/PLA/iPLA blend and its composites are presented in Table 

8. The results presented shows the average values calculated from the data obtained in tests 

for five test specimens. As can be seen in Table 8 the addition of CaCO3 increased the tensile 

strength at break, elongation at break and Young modulus properties of blend. The gain in 

tensile properties were nearly the same for addition of 30 % of CaCO3 micro than CaCO3 

nano. Considering there isn`t large difference between effects of addition of about 30 % wt. 

of CaCO3 micro or 2-3 % wt. CaCO3 nanoparticle on tensile properties of blend, and that the 

cost to produce microparticles are much smaller than for the production of nanoparticles, it 

was decided to continue the study only on the effects of CaCO3 micro addition on the 

properties of the PBAT/PLA/iPLA blend.  
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TABLE 8 – TENSILE TEST RESULTS FOR PBAT/PLA/iPLA REINFORCED WITH 

BIO-CaCO3 

 

Material 

Compositio

n 

(% wt.) 

Direction 

Tensile strength at 

break 

(MPa) 

Elongation 

at break 

(%) 

Young's  

modulus 

(MPa) 

PBAT/PLA/iPLA
(*)

 

Thickness = 60 m 
65/30/5 

(MD)
(
**

) 

(TD)
(
***

) 

7.6 ± 0.4 

6. 6 ± 0.4 

210 ± 12 

75.7 ± 2.5 

35.3 ± 1.2 

31.6 ± 1.2 

PBAT/PLA/iPLA 

+CaCO3-micro 

Thickness = 60 m 

65/30/5+ 30 

(MD)
(
**

) 

(TD)
(
***

)
 

11.9 ± 0.6 

9.5± 2.5 

199.9 ±13 

88.3± 1.7 

47 ± 1.8 

45 ±1.7 

PBAT/PLA/iPLA 

+CaCO3-nano 

Thickness = 60 m 

65/30/5 + 2 

(MD)
(
**

) 

(TD)
(
***

)
 

12.1 ± 0.3 

10.6 ± 0.5 

199.5 ± 12 

91.3± 1.5 

44 ± 1.2 

42± 1.2 

PBAT/PLA/iPLA 

+CaCO3-nano 

Thickness = 60 m 

65/30/5 + 3 

(MD)
(
**

) 

(TD)
(
***

)
 

12.4 ± 0.2 

11.0 ± 0.2 

199.8 ± 13 

82.6± 2.5 

48 ± 1.3 

47.2 ± 1.2 

(
*

)
PLA (5 wt. %) electron-beam irradiated at 150 kGy;

 (
**

)
 Machine direction; 

(
***

)
 

transversal direction. 

 

Effects of the addition of bio-CaCO3 micro on penetration resistance, surface tension, vapor 

transmission rate (MVTR) and oxygen transmission rate (OTR) of composite films based on 

PBAT/PLA/iPLA. 

 

Table 9 present the results of effects of CaCO3 micro addition on the following properties of 

PBAT/PLA/iPLA blend: penetration resistance, surface tension, vapor transmission rate 

(MVTR) and oxygen transmission rate (OTR). The penetration resistance of 

PBAT/PLA/iPLA reinforced with 30 % wt. of CaCO3 micro presented in Table IV is close to 

the penetration resistance of commercial PE/PP flexible film, with the same thickness, used 

for dry food packaging application. The surface tension of the 51.3 mN/m presented by film 

is compared with surface tension of high quality film for dry food packaging application. On 

the other hand, the vapor transmission rate is much higher than the MVTR of polyethylene 

film with the same thickness and conditions.  The results presented in Table IV shows a high 

oxygen transmission rate. This result indicate that PBAT/PLA/iPLA reinforced with 30 % wt. 

of CaCO3 micro has poor oxygen barrier.  
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TABLE 9 – RESULTS OF CaCO3 MICRO ADDITION ON PENETRATION 

RESISTANCE, SURFACE TENSION, MVTR AND OTR OF PBAT/PLA/iPLA 

BLEND. 

 

Material 

Penetration 

resistance 

(N) 

Penetration 

Distance 

(mm) 

Surface 

tension 

(mN/m)) 

MVTR
(b) 

(g/m
2
day ) 

(23 °C;85 % rh) 

OTR
(c) 

(cc/m
2
.day) 

(23 ° C) 

PBAT/PLA/iPLA
(d) 

+ CaCO3-micro 

(60 m)
(a) 

5.0 7.4 51.3 123 

962
(e)

               

1059
(f)

                 

1107
(g) 

(a) 
thickness;  

(b) 
Vapor transmission rate; 

 (c) 
Oxygen transmission rate;  

(d)
iPLA (5 wt. %) 

electron-beam irradiated at            150 kGy; 
(e)

0 % Relative Humidity; 
(f) 

50 % Relative 

Humidity; 
(g 

90 % Relative Humidity 

4.4. CONCLUSIONS 

Results showed that the incorporation of graphene oxide nanosheets in EVOH matrix led to 

development of transparent EVOH/GO flexible films with enhanced oxygen barrier and 

mechanical properties. The effects of ionizing radiation, extent of exfoliation and dispersion 

state of the graphene oxide nanosheets in the EVOH matrix producing high-performance 

composite film for food packaging application including for pre-packaged irradiated foods. 

The PBAT/PLA/irradiated PLA blend reinforced with bio-CaCO3 presented tensile properties 

and penetration resistance close to the commercial structure PE/PP used for dry food 

packaging application. The addition of 5 % (wt. %) of pre-irradiated PLA enhanced the 

adhesion of the filler in the polymeric matrix resulting in better property gains. The 

BAT/PLA blend reinforced with bio-CaCO3 compatibilized by electron-beam radiation meets 

requirements to dry food packaging applications. 
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Chapter 5  

 

COMBINED TREATMENTS OF Ɣ-IRRADIATION AND BIOPOLYMERIC 

SUPPORTS CONTAINING ESSENTIAL OILS EMULSIONS TO CONTROL 

PATHOGENS IN FOOD PRODUCTS 

 

APPLICATIONS OF FILMS, EDIBLE COATINGS AND MICROBEADS TO CONTROL 

THE PATHOGEN GROWTH IN CEREALS GRAINS, GROUND BEEF AND 

BROCCOLI FLORETS 
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Part 2 – Active edible coating and gamma-irradiation as cold combined treatments to assure 

the safety of broccoli florets (Brassica oleracea L.) 

Part 3A – Controlled release of thyme essential oil from cellulose nanocrystals-alginate 

beads for antimicrobial purposes against Listeria innocua in ground beef 

Part 3B- Functionalisation of cellulose nanocrystal (CNC) by gamma irradiation for the 

production of CNC with antioxidant properties. 

Part 4 – Synergistic effect of gamma-irradiation and microencapsulated antimicrobials 

against Listeria monocytogenes on ready-to-eat (RTE) meat 
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Abstract 

Stored products may be contaminated by pathogenic fungi such as Fusarium, Aspergillus, Penicillum 

during transportation and distribution. Bioactive packaging containing essential oil (EO) 

nanoemulsion and irradiation treatment can be used to reduce or eliminate pathogen populations while 

increasing food quality and safety. The possible application of a combined treatment of gamma 

radiation and biopolymeric diffusion devices encapsulated with plant derived EO emulsions were 

evaluated against two fungal species Aspergillus niger and Penicillium chrysogenum on rice grain. 

The results showed that an enhanced antifungal effect can be achieved by combining a treatment of 

bioactive films and gamma radiation against A. niger and P. chrysogenum. The control samples 

reached up to app. 5-6 log CFU/g during 8 weeks of storage period. The films alone cause app. 1.80-

2.80 log CFU/g of reduction depending on mold or polymeric matrices. Gamma radiation alone 

caused 2-2.40 log CFU/g of fungal reduction, whereas combined treatment caused more than 3-4 log 

CFU/g of fungal reduction in all cases regardless of polymer matrices and mold species. Thus, 

combining γ-radiation and EO-loaded bioactive films can offer a better approach in controlling fungal 

growth in rice during storage. 

 

5.1. INTRODUCTION 

Protection of food crops against damage from storage insect pests and pathogen is a major 

concern for the food industry, farmers, public health organizations, and environmental 

agencies [1]. The search for new strategies and tools to prevent infestation is crucial to 

circumvent this problem and preserve food commodities, thereby reducing economic losses 

and ensuring food security. Food packaging represents a critical step in the food production 

line to preserve food quality. The use of cost effective and efficient packaging technologies 

can effectively contribute to reduce food losses and wastes during postharvest handling by 

extending their shelf-life [2]. The impregnation of essential oils (EOs) in active packaging 

through encapsulation in polymeric matrices have been shown to be effective in preserving 

food items by allowing a controlled release of bioactive components from the packaging 

mailto:monique.lacroix@iaf.inrs.ca
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materials to the food product [3]. On the other hand, irradiation has also been shown to 

display potent capacity for quarantine control of stored products pests[4] . In the current 

study, our aim is to explore the possible application of a combined treatment of gamma 

radiation and biopolymeric diffusion devices with encapsulated plant derived-essential oil 

emulsions to protect bagged cereal grains during storage against two fungal species 

Aspergillus niger and Penicillium chrysogenum. 

 

5.2. MATERIAL AND METHODS 

5.2.1. Preparation of bioactive MC and CH nanocomposite films 

Naturally-derived materials namely methyl cellulose (MC) and chitosan (CH) were used as 

polymeric matrices to formulate nanocomposite films. First, stable oil-in-water 

nanoemulsions were developed by microfluidization process using different ratios of essential 

oils and emulsifier. Then, the prepared essential oil (EO) nanoemulsions were incorporated 

into cellulose nanocrystals (CNC)-reinforced MC and CH polymer matrices. Biofilms were 

made by casting a 12 mL of the CH/MC nanocomposite-EO suspension onto Petri dishes and 

allowed to dry under a chemical hood for 24 h at room temperature. The films were peeled 

off manually and stored in plastic bags at 4 ˚C. Films devoid of EO were used as controls. 

Two EO concentrations were used to prepare the bioactive films: film A (0.13% w/w) and 

film B (0.19% w/w). The physical appearance of the films is illustrated in Fig. 1. 

 

 

 

 

 

 

FIG. 1.Appearance of (a) chitosan (CH) and (b) methylcellulose (MC) bioactive films. 
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5.2.2. In situ experiments 

 

5.2.2.1. Fungal inocula preparation 

A. niger ATCC 1015 and P.chrysogenum ATCC 10106 were grown and maintained in potato 

dextrose broth (PDB, Difco, Becton Dickinson) containing glycerol (10% v/v). Prior to each 

experiment stock cultures were propagated through two consecutive 48 h growth cycles in 

potato dextrose broth at 28˚C. The fungi were then pre-cultured in PDA for 3 days at 28 ˚C. 

Conidia were isolated from the agar media using sterile saline containing 0.05% Tween 80. 

Mycelia were removed by filtration through gauze, and the filtrate concentration was adjusted 

to 1 X 10
5
conidia/ml for in situ experiments.  

 

5.2.2.2. Fungal inoculation of rice grains 

An inoculation bath was prepared with peptone water containing 10
3
 conidia/mL of 

Aspergillus niger, and Penicillium chrysogenum. A specific quantity of rice grain was added 

to the inoculation bath and stirred gently for 30 s. After inoculation, the rice grains were dried 

on a sheet of sterile aluminum foil for 2 h for drying. A quantity of 30 g of the inoculated rice 

was packaged in a plastic bag. Prepared bioactive films (1 gm/ cm
2
) were inserted in each 

rice bag. The rice samples were grouped into two subsets with one receiving irradiation at 

750 Gy and one which was not irradiated. The samples were incubated at 28 ˚C for 8 weeks. 

The humidity inside the incubator was monitored and maintained constant at 65% throughout 

the experiment. Microbiological analyses of the stored rice grain were carried out on a 

weekly basis during storage. 

 

5.2.2.3. Microbiological analyses 

Microbiological analyses were performed using standard methods adopted from Hossain et 

al.. A sample of 60 mL of sterile peptone water (0.1%, w/v) was added to 30 g of rice and 

homogenized for 1 min at 2000 rpm using a Lab-blender 400 stomacher (Laboratory 

Equipment, London, UK). The resulting homogenate was serially diluted using sterile 

autoclaved water. An aliquot of 0.1 mL of each dilution was inoculated in triplicate onto the 

surface of freshly prepared solidified Potato Dextrose Agar (PDA). The plates were spread 

evenly using sterile glass spreader and incubated for 3- 5days at 28 ˚C. 
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5.3. RESULTS AND DISCUSSIONS 

5.3.1. Methyl cellulose (MC) films 

In situ experiments with CNC reinforced MC based bioactive films is shown in Fig 2. The 

results showed that MC based bio active films added with EO emulsion were very efficient to 

reduce the growth of the mold species during storage. The initial inoculation for all mold 

species was 3 log conidia/g. For A. niger the fungal growth increased from 2.97 log to 6.20 

log at 8 weeks. However, samples treated with bioactive film A and B, reduced the growth by 

2.00 and 2.60 log CFU/g, respectively, after 8 weeks of incubation period as compared to the 

control samples. Similarly, for P. chrysogenum samples treated with A and B bioactive films 

reduced the growth by 2.00 and 2.81 log CFU/g, respectively, after 8 weeks of incubation 

period as compared to the control samples.  

The main component of prepared EO formulation are carvacrol and thymol. These 

components have exhibited antifungal studies by many authors [2, 5]. A recent study 

conducted by Otoni, Pontes [6] involved the formulation of EOs emulsion with 

methylcellulose films. The EO emulsions were found to reduce the rigidity and increase the 

extensibility of the methylcellulose films. The EOs decreased yeast and mold counts in sliced 

breads, the nano encapsulated version of the EOs resulted in a better efficiency by increasing 

the bioavailability of the EOs. During this study, the EOs were incorporated in to the MC 

polymer matrix. Therefore, the chemicals responsible for the inhibition of the mold species 

must have been the natural volatile compounds (carvacrol, thymol) that had released from the 

polymer matrix and present in the headspace packaging. Therefore, they sustained the release 

of active component from EO emulsion and increased the shelf life rice grain during 8 weeks 

of storage period.  

Irradiation of samples at 750 Gy caused a 2.40 log CFU /g reduction in A. niger growth after 

8 weeks as compared to control samples. Combined treatment with 750 Gy gamma radiation 

and bioactive film A and B led to a 3.20 and 3.60 log CFU/g reduction, respectively, after 8 

weeks of incubation as compared to the control samples. Irradiation of samples at 750 Gy 

caused a 2.80 log CFU/g reduction of P. chrysogenum. Combined treatment with 750 Gy 

gamma radiation and bioactive film A and B, caused a 3.15 and 3.84 log CFU/g reduction, 

respectively, after 8 weeks of incubation as compared to the control samples. Combined 

treatment showed a pronounced inhibition of fungal growth for both tested species. It has 

been demonstrated that the active compounds present in natural antimicrobials can improve 

significantly the radiosensitivity of various food borne pathogens. In accordance to present 

study Hossain, Follett [7] showed that basil EO in conjunction with the ionizing radiation 

controlled the growth of Aspergillus niger and Penicillium chrysogenum in rice grains. 

Carboxymethyl cellulose based coating prolonged the shelf life of pear and plum treated at 

1.5 kGy [8, 9]. In the case of plum, the combination of irradiation and coating resulted in a 2 

log reduction of yeast and mold after one month of storage at room temperature. Similarly, in 

present study, the combination of γ irradiation and EO-encapsulated MC bio-films was found 

to provide a more enhanced treatment than the individual treatment applications against 

tested fungal species. 
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FIG 2.Fungal growth profiles of (a) A. niger and (b) P. chrysogenum following in situ tests 

with bioactive methylcellulose (mc) nanocomposite films over 8 weeks of storage period. 

Abbreviations: Wk-week; γ-gamma irradiated sample; a-biofilm impregnated with 0.13% 

EO; b-biofilm containing 0.19% EO. 

 

5.3.2. Chitosan (CH) films 

The fungal growth profiles under the control and different treatments with CH films are 

shown in Fig. 3. The initial inoculation was 3 log CFU/g for the tested fungal species. For A. 

niger control samples, the fungal growth reached 5.90 log CFU/g after 8 weeks of incubation 

period. For the samples incubated with film A and B, a reduction of the fungal growth by 

1.80 and 2.80 log CFU/g was observed, respectively, after 8 weeks of incubation period as 

compared to the control samples. For P. chrysogenum control samples, the growth attained 

5.20 log CFU/g after 8 weeks of incubation period. For the samples treated with A and B 

films, the growth was found to be reduced by 2.00 and 2.90 log CFU/g respectively after 8 

weeks of incubation period as compared to control samples. 
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FIG 3. Fungal growth profiles of (a) A. niger and (b) P. chrysogenum following in situ tests 

with bioactive chitosan (CH) nanocomposite films over 8 weeks of storage period. 

Abbreviations: Wk-week; γ-gamma irradiated sample; a-biofilm impregnated with 0.13% 

EO; b-biofilm containing 0.19% EO. 

 

Chitosan films has a good potential as a diffusion matrix. A study conducted by Avila-Sosa, 

Palou [10] involved the use of Mexican oregano (Lippia berlandieri Schauer), cinnamon 

(Cinnamomum verum) or lemongrass (Cymbopogon citratus) incorporated in amaranth, 

chitosan, and starch edible films. The potential of vapor induced inhibition of these films was 

tested against Aspergillus niger and Penicillium digitatum. It was found that the EOs in the 

film caused fumigant toxicity against the tested fungal species. For both types of film, a 

significant increase in the lag phase was observed as well as a decrease in the maximum 

specific growth rates of the fungal species. Active packaging has been shown to exert their 

effect mainly through vapor activity. Natural plant derived EOs are normally not stable over 

time and the use of encapsulation technologies can help to prolong the bioactivity. 

Encapsulation of the prepared EO formulations was done to verify the potential effect of the 

CH polymeric matrix to protect the antifungal efficiency during storage. The result of the 

present study has shown good efficiency of EO encapsulated bioactive films to reduce the 

fungal growth during storage of 8 weeks period. 

Combining bio active CH films with irradiation led promising approaches for mold 

decontamination. Irradiation of the inoculated samples at 750 Gy caused a 2.30 log CFU/g 

reduction of A. niger. Combined treatment with 750 Gy gamma radiation and bioactive film 

A and B incurred a reduction of 3.60 and 4.30 log CFU/g, respectively, after the incubation 

period as compared to the control samples. Irradiation of inoculated samples at 750 Gy 

caused a 3.20 log CFU/g reduction of P. chrysogenum. Combined treatment with 750 Gy 

gamma radiation and bioactive film A and B led to a 4.00 and 4.34 log CFU/g reduction, 

respectively, after 8 weeks of incubation period as compared to the control samples. A recent 

study of a bioactive coating formulation based on modified chitosan containing 0.05% 

nanoemulsion of mandarin essential oil was tested in combination with gamma irradiation 

treatments of green bean inoculated with The combined coating and gamma irradiation 

treatment gave promising results, showing 3.3 log CFU/g initial microbial reduction, and 

exhibiting a strong synergistic antimicrobial effect [11]. Similarly, present study confirms 

a b 
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that combining CH based bio active films containing encapsulated EO with γ radiation 

exhibited a strong inhibitory effect during storage.  

For the CH-based films as well, P. chrysogenum was found to be the most sensitive fungal 

species to film and irradiation treatments. The combination of irradiation and EO-

encapsulated biofilms was found to provide the most effective treatment against the fungi as 

compared to individual applications.  The results of this study suggest that EO nano emulsion 

incorporated within chitosan polymer matrix progressively released from the film surface and 

protect the rice grain for a longer period of time. Moreover, incorporation of EO nano 

emulsion in to polymer matrix protects the EO molecule from the interaction with 

environmental factors and limits the rapid loss and consumption in to surrounding surface. 

According to the authors, microencapsulation technology with irradiation could be an 

advanced process to improve the food safety for stored bagged cereal grain. 

 

5.4 CONCLUSION 

This findings of the current study showed that an enhanced and a more effective antifungal 

effect can be achieved by combining a treatment of bioactive films encapsulated with EOs 

and gamma radiation, against food spoilage molds such as A. niger and P. chrysogenum. 

Individual application of irradiation or MC- and CH- based bioactive films entailed a 

reduction of around 3 log in fungal growth, but when the treatments are combined a 4 log 

reduction is observed showing a synergy between the two treatments. Hence, combining 

ionizing radiation and EO-loaded bioactive films can offer a better approach in controlling 

fungal growth in rice in ambient storage conditions. 
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Abstract 

The effectiveness of lemongrass (EOs), sodium diacetate (OAs) and natamycin, a natural antifungal 

produced during fermentation by the bacterium Streptomyces natalensis, was assessed in situ against 

four pathogens (Escherichia coli, Listeria monocytogenes, Salmonella Typhimurium and Aspergillus 

niger). The antimicrobial formulation was encapsulated in an alginate matrix to protect its 

antimicrobial efficiency and then the bioactive coating was applied on broccoli floret as a food model 

during 14 days of storage at 4 °C. A combined treatment of coating and γ-irradiation was also done in 

order to evaluate the possible synergistic effect between treatments. The in situ tests of combined 

treatments were carried out on coated floret by applying 0.4 or 0.8 kGy of γ-irradiation. Results 

showed a synergistic effect between coating and γ-irradiation to reduce the growth of E. coli, L. 

monocytogenes, S. Typhimurium, and A. niger during broccoli storage at 4 °C. 

 

6.2. INTRODUCTION 

Minimal processing fruits and vegetables are perishable products. Their shelf-life is shorter 

than unprocessed raw materials due especially to the physiology of wounded tissue which is 

typical to plant tissue under stress conditions. Cutting process increases the respiration rate 

which uses up the energy reserve and increase the ethylene production. The increase of post-

harvest physiological activities makes their softening and senescence faster by the increase of 

weight and firmness losses [1]. Also, cutting process induce oxidative reactions, browning, 

nutrient losses and leaf yellowing [2]. On the other hand, ready-to-eat (RTE) fruits and 

vegetables are highly affected by postharvest bacterial and fungal diseases, other pathological 

breakdown processes and insect infestation [3]. Losses are frequently attributable to 

deterioration during handling, process, transport and storage. To maintain RTE fruits and 

vegetables quality during shelf-life, it is important to master all process steps starting from 

harvest conditions, washing, cutting, peeling to packaging and transporting. According to 

Kokkinakis and Fragkiadakis [4], vegetables sanitation and the application of critical control 

points methodology decrease the microbial level and increase their safety. However, even 

today, fruit and vegetables can be contaminated with pathogenic microorganisms 

endangering human health. Health Canada [5] estimates more than 4 million Canadians suffer 

mailto:monique.lacroix@iaf.inrs.ca
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food poisoning each year. Most people recover, but some die and between 2 and 3% are left 

with chronic health problems. L. monocytogenes, S.Typhimurium and E. coli contamination 

are the major causes of food recalls. Food recalls could generates also economic losses and 

devastating effects on some companies.  

The use of chilling can permit the shelf-life extension of RTE vegetables. However, this 

method is not able to eliminate pathogenic microorganisms [6]. The use of modified 

atmosphere packaging is also increasing, however, the outbreaks of foodborne diseases and 

especially the emergence of resistant foodborne give serious doubts about its effectiveness 

[7]. The use of natural antimicrobials such as EOs, bacteriocins, bacteriophages, OAs and 

natural vegetable extracts is seeing now in stronger demand on the part of consumers 

regarding their safety as compared to synthetic chemical compounds. EOs exhibited a strong 

antibacterial effect, but their application in foods has been limited by their strong flavor. Also 

to assure their bioavailability and their stability during storage, these agents should be 

encapsulated [8].  

Irradiation is another effective physical method to assure food safety. However, the doses 

needed to reduce the pathogens to undetectable level pathogenic bacteria are often higher 

than the doses permitted to fruits and vegetables (≤ 1 kGy) [9]. Thus, the use of combined 

treatments is widely suggested as for its ability to act in synergy to reduce the dose of 

irradiation and the concentration of the antimicrobial compound needed to eliminate 

pathogens.  

The main objective of this study was therefore to assess the antimicrobial activities an 

antimicrobial formulation composed by EO, OA and antifungal and immobilized in alginate 

matrix when applied alone or in combination with γ-irradiation on broccoli florets during 

storage. 

 

6.2. MATERIAL AND METHODS 

6.2.1. Microemulsion of EOs 

Lemongrass EO (Pranarôm International SA, Ghislenghien, Belgium and Union Nature 

Aroma-Phyto inc. QC, Canada) was used as antimicrobial agent in microemulsion 

preparation. A mixture of 0.1% (w/v) sunflower oil (IGA, Laval, Quebec, Canada) and 0.03% 

(w/v) lemongrass EO were dispersed in distilled water containing 0.13% (w/v) of Tween 80: 

span 20 (Sigma-Aldrich, ON, Canada) with a ratio of 53 : 47. Tween 80 and span 20 were 

used as they give a hydrophilic-lipophilic balance (HLB) = 12. To stabilize an o/w emulsion, 

the theoretical HLB is needed to be between 8 and 18. The prepared solution was 

homogenized using an Ultra-Turrax (IKA T25, IKA Works Inc., Wilmington, NC, USA) for 

2 min at 23,000 rpm. 

 

6.2.2. Bioactive coating preparation  

Alginate(Sigma-Aldrich, ON, Canada, 67% glucuronic residues) 1.3 g was solubilized in 100 

mL of warm water (70 °C) under vigorous stirring (130 rpm) until total dissolution. Then, 

glycerol 1.6% (w/v), sodium diacetate 0.5% (w/v) and natamycin 0.008% (w/v) were added. 

The microemulsion was then added to the alginate solution and pre-homogenized for 3 h with 
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IKA RW-20 (IKA Works Inc., Wilmington, NC, USA) mechanical homogenizer at 1,500 

rpm at room temperature. Subsequently, the primary emulsion was introduced in the inlet 

reservoir of a Microfluidizer M-110P (Microfluidics Inc., Newton, MA, USA) and subjected 

to 6 cycles of high pressure operated at 25,000 psi (150 MPa) to obtain a nanometric size. 

Between each cycle the alginate solution was cooled in an ice bath. 

6.2.3. Effect of bioactive coating and irradiation on broccoli pathogens 

Broccoli samples were purchased from a local supermarket (IGA, Laval, QC, Canada) and 

cut into floret of 20 ± 1 g each then distributed into Whirl-Pak™ Sterile Filter Bags (one 

floret per bag). All samples were refrigerated and irradiated at a dose of 10 kGy for 

sterilization at the Canadian Irradiation Center in a UC-15A irradiator (Nordion Inc., Kanata, 

ON, Canada) equipped with a 
60

Co source and having a dose rate of 16.8 kGy/h. Samples 

were irradiated at room temperature and then stored at 4 °C until used. Sterile broccoli 

samples were coated with alginate antimicrobial coating by dipping 30 sec then the coated 

samples were dried under a laminar hood for 30 min. Each coated sample was immerged in 

sterile CaCl2 1.5% (w/v) solution for 30 s and dried again in a laminar hood for 15 min. 

Broccoli samples were then, inoculated by adding 1 mL of working cultures of E. coli, S. 

Typhimurium, L. monocytogenes or A. niger (10
6
 CFU/mL) to obtain a final concentration of 

10
5
 CFU/g. Samples were kept at 4 °C during 24 h to allow the antimicrobial coating reacting 

with bacteria and fungi. Then, inoculated samples with bacteria or fungi were irradiated 

respectively at a dose of 0, 0.4 or 0.8 kGy and kept at 4 °C for 14 days. Three broccoli control 

samples were studied: (1) untreated (no irradiation and coating), (2) coated (no irradiation) 

and (3) irradiated broccoli (no coating) which were prepared in the same way as described 

previously.  

The microbiological analysis of E. coli, S. Typhimurium, L. monocytogenes and A. niger was 

done at days 0, 1, 4, 7, 10 and 14. The broccoli florets were homogenized for 2 min in 80 g of 

0.1% (w/v) peptone water (Alpha Biosciences Inc., Baltimore, MD, USA) at high speed in a 

Lab-blender 400 stomacher (Laboratory Equipment, London, UK), then seeded into Mc 

sorbitol agar for E. coli, Desoxycholate Citrate Lactose Sucrose agar for Salmonella, 

PALCAM for L. monocytogenes and PDA with chloramphenicol for A. niger and incubated 

for 24 h at 37 °C for bacteria and for 72 h at 28 °C for fungi.  

6.2.4. Statistical analysis 

Each experiment was done in triplicate (n = 3). Analysis of variance (ANOVA), Duncan’s 

multiple range tests for equal variances and Tamhane’s test for unequal variances were 

performed for statistical analysis using SPSS 18.0 software (SPSS Inc, USA). Differences 

between means were considered significant when the confidence interval was lower than 5 % 

(P ≤ 0.05). 

 

6.3. RESULTS AND DISCUSSIONS 

Results of the growth of pathogens on broccoli during storage at 4 °C are presented in Fig.1-4 

for respectively, E. coli, L. monocytogenes, S. Typhimurium and A. niger. The selected 

antimicrobial formulation was the combination of lemongrass EO, sodium diacetate and 

natamycin which had proved in previous study its effectiveness against all bacterial and 

fungal tested pathogens in vitro. The concentration of bacteria and fungi in untreated broccoli 
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was 5 log CFU/g and 5 conidia/g respectively on the first day of storage for all tested 

pathogens.  

6.3.1. E. coli 

The growth of E. coli in broccoli samples during storage at 4 °C is shown in (Fig.1). The 

obtained results showed that for untreated broccoli (Control), E. coli growth was reduced in 

the first day of storage from 4.8 to 4.1 log CFU/g. Afterwards, E. coli count increased and 

remained stable during storage at 4 °C with an average of 5 log CFU/g. When antimicrobial 

edible coating (EC+AM) was applied, no significant difference was observed on day 0 as 

compared to untreated broccoli. On day 7, the antimicrobial coating has permitted a slight 

reduction of E. coli count in broccoli samples with 0.9 log reduction as compared to untreated 

broccoli. On day 10, a significant reduction on E. coli population was observed on coated 

samples and E. coli count reached 2.2 log CFU/g on day 10 as compared to 4.9 log CFU/g for 

untreated broccoli. Thus, the evaluated antimicrobial edible coating had an effect in reducing 

E. coli population in broccoli samples. The effectiveness of the antimicrobial coating could 

be related the sensitivity of E. coli to Lemongrass and sodium diacetate for which the MIC 

was the lowest and reached 625 and 3,130 ppm respectively. Thus, Lemongrass at 300 ppm 

combined to 5000 ppm of sodium diacetate was able to reduce E. coli count by 2.7 log 

reduction on day 10.  

 

FIG. 1. Effect of antimicrobial coating application combined to gamma-irradiation on 

population of E. coli on broccoli florets during storage at 4 °C. 

When broccoli samples were irradiated at a dose of 0.4 kGy (0.4 kGy), E. coli count was 

reduced during 4 days to 3.4 log CFU/g as compared to 5.07 log CFU/g for untreated 

broccoli, afterward, E. coli count still under the undetectable level at day 7. Hence, a dose of 

> 0.4 kGy was necessary to eliminate E. coli counts during storage at 4 °C. The obtained 

results are in concordance with previous studies. Tawema, Han [10] demonstrated that 0.5 

kGy was able to reduce E. coli count in fresh cut cauliflower from 3.42 log CFU/g to the 

undetectable level on day 0. However, after 10 days of storage, E. coli was reoccurring and 
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only a dose of 1 kGy irradiation dose was effective to keep E. coli count under the 

undetectable level during the whole storage.  

In the current study, when antimicrobial edible coating was applied in combination with γ-

irradiation at a dose of 0.4 kGy (0.4 kGy+ EC AM), E. coli count was below the undetectable 

level during the whole storage. Hence, a synergistic effect was observed between 

antimicrobial edible coating and γ-irradiation treatment to eliminate E. coli during the whole 

storage. Other researchers found other synergistic effects between irradiation and 

antimicrobial edible coating with different formulations [10-12]. In their works, Severino, 

Ferrari [12] demonstrated a combined effect of 0.25 kGy irradiation dose and modified 

chitosan encapsulating carvacrol nanoemulsion in reducing E. coli count by 1.68 log 

reduction. When applied separately, only 0.53 log reductions was observed for coated 

samples and only 1.27 log reduction for irradiated samples at a dose of 0.25 kGy. 

6.3.2. L. monocytogenes 

The growth of L. monocytogenes in broccoli samples during storage at 4 °C (Fig. 2) showed 

that during the first 4 days of storage, no significant difference was observed between 

untreated and coated broccoli (P > 0.05). Afterwards, L. monocytogenes population on coated 

broccoli was reduced and reached 4.2, 3.4 and 2.7 log CFU/g on day 7, 10 and 14 

respectively as compared to 5.2, 4.5 and 5.3 for untreated broccoli at the same days which 

corresponds to a respective 1, 1.1 and 2.6 log reductions. 

 

 

 

FIG. 2. Effect of antimicrobial coating application combined to gamma-irradiation on 

population of L. monocytogenes on broccoli florets during storage at 4 °C. 

Thus, the evaluated antimicrobial edible coating had an effect in reducing L. monocytogenes 

population in broccoli florets. Previous studies confirm this observation and showed a 1.8 log 
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reduction of E. coli on cauliflower when an antimicrobial coating containing Lemongrass, 

citrus extract and lactic acid and a second coating containing Oregano, citrus extract and 

lactic acid were applied. However, in some cases, L. monocytogenes can reoccur during 

storage [10]. 

When irradiation treatment was applied at a dose of 0.4 kGy, L. monocytogenes population 

was reduced and reached 3.4, 3.3 and 2.4 log CFU/g on respectively day 0, 7 and 14 of 

storage. Hence, a dose of > 0.4 kGy was necessary to reach undetectable level of L. 

monocytogenes. This observation was confirmed by previous studies which demonstrate that 

even with 1 kGy, L. monocytogenes can be reduced to undetectable level and then reoccur 

again during storage time [10]. In fact, in response to irradiation stress, Listeria could enter in 

non-cultivable viable cells state (VNC). This stage is defined as a physiological condition in 

which bacteria are metabolically active but are unable to grow on culture media. However, it 

is possible that these latent cells reoccur and restart their normal vegetative metabolism 

(resuscitation) during storage and then cause food poisoning [13]. Previous studies have 

observed the reoccurrence of E. coli on irradiated carrots at 0.3 kGy after the 5th days of 

storage [14]. 

When antimicrobial edible coating was applied in combination with γ-irradiation at a dose of 

0.4 kGy, L. monocytogenes was reduced from 4.5 and 4.3 log CFU/gfor untreated broccoli to 

2.8 and 3.1 log CFU/g on day 0 and 1. Afterwards no colony was detected during the whole 

storage at 4 °C. Hence, a synergistic effect was observed between antimicrobial edible 

coating and γ-irradiation treatment to eliminate L. monocytogenes during the whole storage. 

Eliminating L. monocytogenes by combined bioactive coating and γ-irradiation was studied 

previously with different formulations containing nisin, carvacrol, winter savory and their 

combination[15]. According to the obtained results, combining natural antimicrobial agent 

seems to be a good alternative to control Listeria growth without modifying the sensory 

quality of the commodity.  

6.3.3. S.Typhimurium 

The growth of S.Typhimurium in broccoli samples during storage at 4 °C (Fig. 3) showed 

that no significant difference was observed between coated and untreated broccoli during the 

first day of storage. Afterwards, S.Typhimurium count of untreated broccoli reached 5.2 log 

CFU/g on day 7 and 14 as compared to 3.7 and 3.4 log CFU/g for coated broccoli which 

corresponds to 1.5 and 1.8 log reduction. Hence, the antimicrobial edible coating was able to 

reduce significantly by 1.5 log reduction S.Typhimurium during storage. Previous studies on 

plum showed a 0.9, 1.3, 1.4 and > 2.8 log reduction when 2,000, 5,000, 10,000 and 20,000 

ppm of lemongrass EO incorporated into carnauba wax-based solution was applied [16]. 

These results suggest that a synergistic activity was obtained between lemongrass and sodium 

diacetate to reduce S.Typhimurium which lead to a significant reduction (P ≤ 0.05) with only 

300 ppm of lemongrass EO when combined to 5,000 ppm sodium diacetate.  
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FIG. 3. Effect of antimicrobial coating application combined to gamma-irradiation on 

population of S. Typhimurium on broccoli florets during storage at 4 °C.  

When broccoli samples were irradiated at a dose of 0.4 kGy, S.Typhimurium count was 

reduced significantly and reached the undetectable level on day 1. However, from day 4, 

S.Typhimurium reoccurred and started growing to reach on respectively day 7 and 14, 2.1 

and 3.0 log CFU/g. Hence, to inhibit S.Typhimurium a dose > 0.4 kGy was needed. In fact 

Severino, Ferrari [12] showed that with 0.25 kGy irradiation dose only 0.7 log reduction on 

S.Typhimurium in green beans was observed. Also, Lee, Jo [17] demonstrated that 2.8 log 

reduction was observed with irradiated spinach at 1 kGy. When antimicrobial edible coating 

was applied in combination with γ-irradiation at a dose of 0.4 kGy, S.Typhimurium was 

reduced and no colony was detected during the whole storage at 4 °C. These results suggest a 

synergistic activity between irradiation and antimicrobial edible coating. Severino, Ferrari 

[12] showed also an increase of S.Typhimurium reduction by 0.4 log as compared to 

irradiated samples when irradiation at 0.25 kGy was combined to edible coating of methyl 

cellulose encapsulating carvacrol. 

6.3.4. A. niger 

The growth of A. niger in broccoli samples during storage at 4 °C (Fig. 4) showed that A. 

niger was the most radioresistant as compared to other evaluated bacteria. In fact, when an 

irradiation dose of 0.4 kGy was applied on broccoli floret non-significant reduction (P > 

0.05) was observed on A. niger count and only 0.6 log reduction was observed for both day 0 

and 14. When broccoli samples were irradiated at a dose of 0.8 kGy, A. niger count was 

reduced significantly (P ≤ 0.05) and varied from 4.5, 5.0 and 5.1 for untreated broccoli on 

respectively day 0, 7 and 14 to only 2.8, 2.4 and 2.4 for irradiated broccoli at 0.8 kGy 

showing a respective 1.7, 2.6 and 2.7 log reduction. Similar results were obtained by El‐
Samahy, Youssef [18] on mango where they found a 1 log reduction with an irradiation dose 

of 0.5 kGy.  
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FIG. 4.Effect of antimicrobial coating application combined to gamma-irradiation on 

population of A. niger on broccoli florets during storage at 4 °C.  

Some other studies found that an irradiation treatment at a dose of 1 and 2 kGy were able to 

reduce A. niger count by respectively 0.7 and 2.2 log conidia/g in rice [19]. Aziz, Moussa 

[20] demonstrated also 0.98, 1.40, 1.85 and 2.39 log reduction of Aspergillus on maize for 

respectively irradiation doses of 1, 2, 3 and 4 kGy. An irradiation dose of 5 kGy was able to 

reduce Aspergillus under the detectable level for maize, chick-peas and groundnuts. This 

suggests that the behavior of Aspergillus growth differs depending on food model. In fact, 

Aspergillus seems to be more resistant when it contaminated dry food such as cereals, and it 

seems to be less radio resistant when it contaminated vegetables and fruits with a high aw. 

More studies need to investigate in the radioresistance of Aspergillus to confirm this 

hypothesis. 

Despite the effectiveness of the antimicrobial formulation in vitro, when encapsulated in 

alginate matrix, applying antimicrobial edible coating on broccoli floret did not have any 

significant effect on A. niger count as compared to untreated broccoli. A. niger seems to be 

more resistant to antimicrobial agents as confirmed by its highest MIC (Table 4). As reported 

by Raybaudi-Massilia, Mosqueda-Melgar [21], applying alginate coating containing 0.3% 

lemongrass EO on fresh-cut melon didn’t affect yeasts and molds growth during the first 

week of storage at 4 °C. However, on day 14 of storage, a 1.5 log reduction was observed as 

compared to untreated samples. Also, the presence of natamycin in the formulation at 80 ppm 

encapsulated in alginate film did not reduce A. niger population. Türe, Eroğlu [22] didn’t find 

any antifungal activity of natamycin even at 150 ppm after encapsulation in methyl cellulose 

based films. Also, the same authors didn’t show any antifungal activity against A. niger when 

natamycin at 1,000 ppm was combined to rosemary extract at 1,500 ppm. However, an 

antifungal activity was observed only with film containing 1,500 ppm of natamycin 

combined to 1,500 ppm of rosemary extract. When broccoli floret was irradiated at 0.4 kGy, 

a significant reduction was observed only day 4 showing 3 log reduction, afterwards no 

significant reduction was observed between untreated and irradiated broccoli at 0.4 kGy. 

When bioactive coating was combined to an irradiation dose of 0.4 kGy, a significant 

reduction was observed during the first week of storage. However, on day 14 no difference 

was observed between untreated and coated and irradiated samples at 0.4 kGy. Thus, an 

irradiation treatment at a dose of 0.8 kGy was needed. When antimicrobial edible coating was 
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applied in combination with γ-irradiation at a dose of 0.8 kGy, A. niger was reduced to 2.3 

and 2.0 log conidia/g on respectively day 0 and 1 and then it decreased to under the 

detectable level during the whole storage at 4 °C. These observations suggest that the 

antimicrobial edible coating had a synergistic effect when applied in combination with γ-

irradiation. According to Kader [23], the effectiveness of irradiation as fungicidal and/or 

fungistatic treatment depend on the pathogen, its level of growth and the count of viable 

fungal cells on or within the tissue. Generally, a minimum dose of 1.75 kGy is required for 

effective inhibition of post-harvest fungi. Hence, irradiation treatment alone was able to 

reduce A. niger of RTE broccoli. However, in this study, when combined to antimicrobial 

edible coating before irradiation treatment, a synergy was observed and the A. niger was 

reduced to undetectable level from 1 day to the end of storage. These observations imply that 

the application of antimicrobial edible coating increased the sensitivity of A. niger against 

irradiation. 

 

6.4. CONCLUSION 

The results of this study clearly demonstrated that antimicrobial edible coating can act in 

synergy with γ-irradiation on broccoli floret in order to eliminate pathogens and then assure 

food safety. These results can be also of great interest to food industry for food preservation. 
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Abstract 

 

Food spoilage is one of the most surveyed factors in food industries. Due to its nutritional value, meat 

represents a vector for pathogenic bacteria growth such as Listeria monocytogenes, Salmonella and 

Escherichia coli. In order to overcome this drawback, preservatives are added to meat. Thyme 

vulgaris, is an essential oil that is extracted from plants and known for its antioxidant and 

antimicrobial properties. However, because of volatile nature and chemical instability, thyme oil 

required protection in order to prevent secondary reactions or transformations caused by external 

factors. The purpose of this study consisted firstly on the encapsulation of thyme oil (0, 1, 3%) into an 

alginate matrix loaded with CNC (0, 10, 20, 30, 40%). The encapsulation was made by a 

microfluidized emulsion and extruded via ionic gelation into calcium chloride (CaCl2) at 5% (w/w). 

Parameters like thyme oil concentration and CNC concentration were important to determine their 

effect on the encapsulation efficiency, loading capacity and release into simulating solvent (ethanol 

10%) and antimicrobial properties. In vitro tests demonstrated that encapsulation efficiency can 

increase approximately from 60 to 80% as soon CNC increased from 0-40%. It seems possible that 

the loading capacity of 0.1% (EO/ bead) with an emulsion concentration of 3% was optimal to control 

the release during 7 days in simulating solvent compared to 1%. In addition, this formulation allowed 

to observe a high effect sufficiently to show an inhibition diameter of 4 mm against Listeria innocua 

growth on the agar diffusion assay. Finally, in situ test demonstrated that synergic effect was found 

when CNC is loaded in alginate beads and irradiation doses of 0.5 kGy are applied. 

 

7.1. INTRODUCTION 

Spoilage of food is one of the many problematic that agricultural industry faces when food 

need to be treated and storage. Factors such as appearance, color, sensory, microbiological 

and safety perspectives are critical to determine product shelf life [1]. In particular, color is a 

sign of quality when lipid oxidation and bacterial growth are presented in meat. Many studies 

have reported that the protein responsible of meat redness is myoglobin which stores oxygen 

for aerobic metabolism in the muscle. The water soluble protein which contains central iron 

atom can be affected by the oxidation of iron. Depending on the compounds (oxygen, 

sulfates) bound to this latter, myoglobin can turn to different molecules giving to meat green, 

mailto:monique.lacroix@iaf.inrs.ca
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brown or red aspects. As observed in Fig. 1, when cut meat is exposed to oxygen, myoglobin 

is transformed into oxymyoglobin (bright red). However, when meat is in contact to free 

radicals (∙OH) myoglobin or oxymyoglobin can be oxidized into the form of metmyoglobin 

(brown). On the other hand, bacteria produces H2S [2]that in contact to myoglobin it reacts 

resulting on the formation of sulfmyoglobin, the responsible of meat green color [3]. Animal 

origin foods are suitable for bacteria growth. In ground beef, pathogenic bacteria such as 

Salmonella, Escherichia coli, Campylobacter jejuni, Listeria monocytogenes, 

and Staphylococcus aureus are the main causes of illness or death [4].  

 

 

 

 

 

 

 

 

FIG. 1.Scheme of different transformation of myoglobin followed by the iron central atom 

state. 

In order to preserve meat shelf life, antimicrobial and antioxidant agents are nearly always 

the best strategy for food manufacturers. Because of some of the synthetic additives used in 

food industry that have been proved causes secondary reactions that lead to cancerogenic 

substances[5], consumers have been highly motivated to replace these synthetic products for 

natural or preservative-free agents. 

Essential oils are aromatic compounds extracted from plants that are concentrated mainly in 

leaves, bark or fruit [6]. They are majorly constituted by hydrocarbons (terpenes, 

sesquiterpenes), and oxygenated compounds such as alcohols, esters, ethers, aldehydes, 

ketones, lactones, phenols and phenol ether. It has been studied that individual compounds 

presented in essential oils show repellent [7], antifungal [8] and antibacterialproperties [9,10]. 

However, due to their structure and the effect of external factors (oxygen, temperature and 

light), essential oils can easily be converted by reactions of oxidation, isomerisation, 

cyclization or dehydrogenation. Thus, chemical transformations induce to a loss of their 

qualities and unpleasant flavors. This is the reason why encapsulation is required.  

In this study, the objective was to encapsulate thyme oil in an emulsion containing alginate 

and loaded with cellulose nanocrystal (CNC) via ionic gelation in CaCl2. Thus, the 

parameters such as concentrations of thyme oil and CNC were studied on the effect of 

particle size and release in simulating solvent. In addition, antimicrobial in vitro test was 

performed against the inhibition of Listeria innocua and optimized beads were analyzed in 

situ on ground beef in combination with gamma irradiation.  
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7.2. MATERIALS AND METHODS 

7.2.1. Materials  

Sodium alginate (alginic acid sodium salt from brown algae), Tween 80 and calcium chloride 

were purchased de Sigma Aldrich Canada Ltd (Oakville, ON, Canada). Cellulose 

Nanocrystals were kindly supplied by FPInnovations (Pointe Claire, QC, Canada) obtained at 

their pilot plant and extracted from kraft pulp. Glycerol, sodium chloride, potassium chloride, 

potassium dihydrogen phosphate and sodium hydrogen phosphate were all bought in 

Laboratory Mat (Quebec, QC, Canada). In addition, material such as PALCAM agar, peptone 

water, trypto soy broth (TSB) and (TSA) agar were obtained by Alpha Bioscience Inc. 

(Baltimore, MD, USA). Essential oil Thymus vulgaris also known as common thyme was 

purchased by Aliksir (Grondines, QC, Canada) and Ground lean pork was bought in a local 

grocery IGA (Montreal, QC, Canada).  

 

7.2.2. Bacteria strain  

Listeria innocua ATCC 51742 was stored at -80 ºC in TSB with 10-15% (w/w) of glycerol. 

Before using the strain, two propagations of 24h at 37ºC were carried on in 9 mL of TSB 

under anaerobic conditions. The bacteria was diluted in peptone water from an initial 

concentration of 10
9
 CFU/mL to 10

7
 or 10

5
 according to the required concentrations either on 

in vitro or in situ test. 

 

7.2.3. Preparation of alginate emulsion loaded with different concentrations of thyme oil 

and CNC 

Thyme oil loaded alginate beads were prepared in an ionotropic gelation procedure with 

calcium chloride. Alginate solution was stirred overnight in order to be completely hydrated 

and homogenized. In order to pre-homogenize the hydrophobic phase, thyme oil (0-1-3%) 

was added to the mixture at equal mass ratio with surfactant tween 80 with the aqueous phase 

composed of final concentrations of alginate (2% w/w) and CNC (0-40 % w/w polymer dry 

basis). The mixture was done by homogenization with an Ultra-Turrax (IKA) followed by 

microfluidization (Microfluidizer M-110P, Microfluidics Inc., Newton, MA, USA) at 15,000 

psi and 3 cycles. The studied preparations are presented in Table 1. 
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TABLE 1. DESCRIPTION OF STUDIED PARAMETERS. 

Alginate (%) 2 

Tween 80 (%) 0 1 3 

Thyme oil (%) 0 1 3 

CNC (%) 0/10/20/30/40 

   

Finally, a volume of 10 mL of the prepared emulsion was dropped into a 100 mL calcium 

chloride solution (5% w/w) to form the alginate beads. The solution was magnetically stirred 

at speed of 300 rpm for 20 min in order the beads to be completely gelified. The formed 

beads were recuperated by a filter, rinsed with distilled water and then gently dried with a 

wipe paper. 

 

7.2.4. Dynamic Light Scattering of alginate emulsions 

Particle size measurement of alginate emulsion was determined by DLS using a Malvern 

Zetasizer Nano-ZS (model ZEN3600; Malvern Instruments Inc). Measurements were 

performed from 100 fold dilution of samples. 

 

7.2.5. Encapsulation efficiency and loading capacity of thyme oil in alginate beads 

The experimental thyme oil content loaded into the alginate beads was determined by 

dissolving approximately 0.1 g of beads in 20 g of phosphate buffer saline solution (pH 7.4). 

The suspension was then stirred with the aim of smashing all the remaining formed beads and 

then the supernatant was filtered by means of a 0.45 µm filter. The encapsulated thyme oil 

was quantified by UV-spectrophotometer (Scinco co Ltd, Seoul, Korea) at 𝜆𝑚𝑎𝑥 = 274 nm 

and for each formulation the experience was done in triplicate. Encapsulation efficiency (EE 

% ), described by the equation 1, determines the total quantity of essential oil recuperated by 

the encapsulation procedure with respect to the initial quantity loaded to the emulsion. 

Additionally, loading capacity (eq. 2), expresses the percentage of essential oil that can be 

found in the beads. 

 

Encapsulation Efficiency (EE, %) =
Total amount of loaded thyme oil

Initial amount of thyme oil
∗ 100%  (1) 

 

Loading capacity (LC, %) =
Total amount of loaded thyme oil

Weight of alginate beads 
∗ 100% (2) 
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7.3. Volume of alginate beads  

A quantity of 50 optimized beads (0.7g) at concentrations of 3% and different concentrations 

of CNC were chosen for volume measurement. The purpose with this experience was to 

approximate the effect of CNC on the final volume of the formed bead. The volume of the 

bead was approximated to a spheroid as it is shown in the following formula: 

 

𝑣 =
4

3
𝜋 ∗ 𝑤2 ∗ 𝑙  (3) 

 

Where w is the width and l is the length both measured with a Carbon fiber digital caliper 

(resolution 0.1 mm/ 0.01" ; accuracy±0.2 mm/0.01"; Fisher Scientific, ON, Canada) at day 0.  

 

7.4. In vitro release study in food simulating solventsfor ground beef (Ethanol 10% v/v) 

To study the migration of food additives in contact with food, simulating conditions have 

been proposed by European commission [11] or Food and drug administration (FDA) [12]. 

There are different simulating liquids proposed depending on food type, within the 3 main 

groups are divided into aqueous and acidic (Ethanol 10%, v/v), alcohol (Ethanol 50% v/v) 

and fatty food (Edible or synthetic oil). In this study, the objective was to evaluate the release 

of essential oil into ground beef simulated as ethanol 10% (v/v). The release study was done 

as established by Jamshidian et al.[13], a  quantity of 0.11 g of thyme oil (1-3%) loaded 

alginate beads with different concentrations of CNC (0-40% w/w polymer dry wt.) were 

introduced into tubes containing 10 g of ethanol 10% v/v. The tubes were sealed and placed 

at 4 °C for a period of 7 days and measurements were done twice a day with prior shaking of 

the suspensions. 

In order to measure the quantity of liberated thyme oil, absorbance of the supernatant was 

taken at 𝜆𝑚𝑎𝑥 = 274 nm by using a Photodiode Array (PDA) UV-Vis spectrophotometer. 

Results were showed in terms of cumulative release (%) versus time (h). This experience was 

performed in triplicate.   

 

Profile results were fitted to a suitable empirical model Korsmeyer-Peppas [14] described by 

the equation (5). The following model may be use to describe the Fickian and non-Fickian 

release behavior of swelling release from spheres.  

𝑀𝑡

𝑀∞
= 𝐾𝑡𝑛 (5) 

 

Where Mt and M∞ are the absolute cumulative amount of thyme oil released at time t and 

infinitive time, respectively, and n and k are the release exponent indicative of the mechanism 

and constant of the release, respectively.The kinetics constants were calculated by the linear 

regression of log release (%) vs log time (h) and results with a correlation coefficient (R
2
) 

higher than 0.9 were analysed. 
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7.5. Test in vitro in "agar diffusion assay" 

Thyme oil diffusion was evaluated according to the protocol of Soliman et al. [15]. Trypto 

soy agar was prepared and poured on petri dishes of 90 mm. The agar was then inoculated 

with 100 µL of 10
7
 CFU/mL of Listeria innocua and a 8mm-well placed in the middle was 

cut out of each Petri dish. Optimized beads at 1 and 3 % thyme oil their respective control 

without essential oil were weight (0.11 g) and place in the well to evaluate the antimicrobial 

effect of bacteria. The whole inhibition diameter and the subtraction of the well were 

reported. The diameter was measured by means of a Carbon fiber digital caliper (resolution 

0.1 mm/ 0.01"; accuracy±0.2 mm/0.01"; Fisher Scientific, ON, Canada). This experience was 

done in triplicate. 

 

7.6. Test in situ of optimized beads introduced in ground beef  

A quantity of 25 g of sterilized ground beef samples was inoculated with 500 µL of diluted 

working culture of L. innocua (10
5
 CFU/mL) to reach a final concentration of 10

3
 CFU/mL in 

meat. Inoculated samples were put in contact with 15g of alginate beads as is shown in the 

descriptive table. Minimal Inhibitory Concentration for L. innocua (no data shown) was used 

with the objective to calculate the needed grams of beads to add onto the ground beef.  

 

7.7. Gamma irradiation and thyme oil combined treatment  

In order to observe synergy effect of thyme oil with gamma irradiation on ground beef. 

Samples of 25g of meat were prepared with 15 g of beads shown in Table 2, followed by 

inoculation of L. innocua with 10
7 

CFU/mL. The prepared samples were kept at 4°C and 

irradiation treatment at 0.5 kGy was conducted the next day by Gamma Centre of Excellence 

(Nordion Inc. QC, Canada) in a UC-15 A (SS canister) at a dose rate of 12.52 kGy/hr. The 

study with irradiated and non-irradiated samples was performed at days 0, 2, and 6 while 

storing samples at cold temperatures.  

 

TABLE 2. DENOMINATION OF GROUND BEEF AND ALGINATE SAMLES. 

1. Ground beef (C) 

2. Alginate +Thyme oil (A +T) 

3. Alginate +Thyme oil  + CNC (A +T) 
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7.8. Microbiological analysis 

To determine the concentration of bacteria growth, each sample of meat was homogenized 

with peptone water (0.1 % w/v) in a stomacher 400 laboratory blender (Seward Medical, 

London, UK). Thus, 1 mL of the filtered solution was poured on the petri dish followed by 

approximately 10 mL of PALCAM specified agar for L. innocua which was supplemented 

with antibiotics acriflavine (2.5 mg/500 mL) and polymixin B (5 mg/500 mL). Agitation of 

the media with the suspension of bacteria was agitated and incubation was done at 37 °C for 

48 h. Limit detection of the method was 0.7 log CFU/g meat. 

 

7.3. RESULTS AND DISCUSSIONS 

3.1. Effect of microfluidization on alginate emulsion particle size 

Homogenization of thyme oil with aqueous phase containing alginate and CNC was analyzed 

in terms of particle size by means of DLS. Results reported in Fig. 2 shows alginate emulsion 

particle size before (left) and after microfluidization (right). Diameter particle sizes 

determined for emulsions containing 1% thyme oil before and after homogenization were 

higher than 3% thyme oil emulsions. In contrast, all diameter values of formulation decreased 

from the initial value before homogenization. It was noticed that higher diameter at 1% 

thyme oil are explained by the surfactant concentration of emulsion. Compared to 3% thyme 

oil formulation, 1% (w/w) of tween 80 was used to prepare the emulsion. It was reported by 

Quian et al.[16]that an increasing surfactant concentration at the same conditions in high 

pressure homogenizers leads to small droplets. This trend was explained by the group as the 

facility of higher quantity of emulsifier cover an oil droplet and to be absorbed in its surface.   

 

 

FIG. 2.Alginate emulsion diameter particle size (nm) measured by dynamic light scattering 

before microfluidization (left) and after 15,000 psi and 3 cycles microfluidization(right) for 1 

and 3% thyme oil.  

 

Even though CNC particle size is about 70 nm as it is described by Fraschini et al.[17], 

authors report that CNC has a slight direct influence with the particle size of the emulsion. 

This slight increase from 73 to 119 nm could be explained by either by the precision of the 
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measurement or the viscosity of the emulsion (data not shown). Due to the fact that CNC has 

facility to form colloid and a charged network, two particles must have been recognized by 

the equipment as a bigger particle in the final results. Moreover, it is important to mention 

that emulsion viscosity increases with the addition of CNC. Thus, when homogenization 

process occurs on the suspension of thyme loaded alginate emulsion with higher 

concentrations of CNC, the rate of disruption of oily particles is decreased compared to 

similar procedures with low viscosity solutions. As it was stated by Schultz et al.[18], an 

increase of viscosity of the dispersed phase makes more difficult droplet formation.     

7.3.2. Encapsulation efficiency and loading capacity of thyme oil loaded alginate beads  

The results in Table 3 shows the effectiveness of the procedure to encapsulate thyme oil. 

Since 0% of CNC is used 66% of thyme oil can be encapsulated. However, when higher 

concentrations of CNC are used, it was observed that encapsulation efficiency is enhanced. 

An increase of EE% was observed from 10 to 40% from 68.80 to 83% for both tested loaded 

thyme oil concentrations in alginate beads. Thus, leading to an efficient network of alginate 

when both calcium and CNC was added to the system. As it was observed in table 3, the 

addition of CNC had an effect of the increase of encapsulation efficiency. In fact, CNC is a 

negative charge molecule due to the carboxylate and sulfate groups of the resulting step of its 

hydrolysis. It has been established by Mohammed et al.[19]that CNC-alginate beads improve 

the absorption of cationic methylene blue ink because of the attraction of positive forces. 

Since thyme oil is positive charged compound [20], and cations of calcium chloride have 

been used, these two compounds improve the formation of network with negative alginate 

and CNC.  

 

TABLE 3. ENCAPSULATION EFFICIENCY OF THYME OIL AT DIFFERENT 

CONCETRATIONS.  

Encapsulation Efficiency (%)  

% thyme oil 
% CNC   

0 10 20 30 40 

            

1 

 

64.4 ±1.7 

 

68.5 ±1.8  

 

62.8 ±6.5 

 

74.3±2.7 

 

83.3±3.0  

 

3 

 

65.7 ±10.1  

 

68.8±6.6 

 

73.2 ±6.4 

 

82.2 ±10.0 

 

83.0±11.81 

 

 

Results in Table 4 show the loading capacity of g of beads containing thyme oil. Thus, as it 

was already explained in Table 4, the LC also has an increasing behaviour when CNC is 

added. Beads with initial loading of 1% of thyme oil, showed a concentration of 0.04% to 
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0.05% with the increase of 40% of CNC with respect to the control. As it was expected, by 

adding 3% of thyme oil might increase 3 times the final concentration of thyme oil in the 

alginate beads. Similar results were found by Hosseini et al. [19] 

TABLE 4. LOADING CAPACITY PERCENTAGE OF THYME OIL PER G OF 

ALGINATE BEAD WITH DIFFERENT CONCETRATIONS OF CNC.  

Loading Capacity (%)  

% thyme 

oil 

% CNC   

0 10 20 30 40 

 

1 

 

0.04 ± 

0.00 

 

0.04 ± 0.00 

 

0.04 ± 

0.00  

 

0.05 ± 

0.00  

 

0.05 ± 

0.00  

 

3 

 

0.14 ± 

0.02  

 

0.14 ± 0.01 

 

0.15 ± 

0.02 

 

0.17 ± 

0.02 

 

0.16 ± 

0.02 

 

 

7.3.3. Effect of CNC on alginate beads volume at concentration of 3% thyme oil  

Results in Fig. 3 presents the beads volume when 0-3% (w/w) thyme oil and 0-40% CNC 

(w/w) were used in preparation of alginate beads. Authors observe that an increase of CNC 

affect directly the size of the beads by an augmentation. This fact was related to the increase 

of viscosity of the solution (no data shown) which at the same flowrate of dropping makes a 

bead with a bigger diameter compared to bead with 0% of CNC. Thus, volume of the bead 

can increase from 80 mm
3
 to 123 mm

3
 when concentration increases from 0 to 40% of CNC. 

However, it was perceived that essential oil does not have any effect on the volume changes.  

 

FIG. 3.Volume of 3% thyme oil loaded alginate beads and the effect of CNC concentration. 
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7.3.4. In vitro release profile of alginate beads containing different concentrations of 

thyme oil  

Profile of diffusion of thyme oil to simulating liquid was performed in order to study the 

effect of thyme oil affinity to the ethanol 10% and the effect of CNC on its liberation. The 

profiles observed in Fig. 4-6 can be divided into two phases, as it was explained by Hosseini 

et al. [21] and Faisant et al.[22], the first phase corresponds to an initial increasing phase or 

called also as burst phase attributed to a release of essential oil found on or close to the 

surface of the alginate beads. This effect can be associated to a linear diffusion of the mass 

during the early period of release. On the other hand, a second phase take place occurs on 

alginate beads achieving a time independent diffusion. This final stage corresponds to the 

diffusion of thyme oil from inner part of alginate bead.  

While using low concentrations of thyme (1%), it was observed that the time- independent 

phase was achieved at time of 80 h with 86% of cumulative release (Fig 4). However, by 

increasing CNC concentration from 10 to 40% a slight decrease of 6% was noticed with 

respect to the control beads. This behaviour can be explained to the tortuosity created by the 

nanocomposite CNC, which might increase diffusional pathway of the thyme oil to get out to 

the surface of the alginate bead.  

 

FIG. 4.Release profile in ethanol 10% of 1% thyme oil loaded alginate beads with different 

concentration of CNC. 

Similar effects of nanocomposite introduction in alginate beads are in agreement with these 

results. For instance, Kevadiya et al.[23] have compared the release of diclofenac sodium 

loaded in alginate beads with diclofenac montmorillonite alginate composites and found that 

the latter controlled and reduced the release rate of drug. The group found that time 

independent phase was delayed by increasing the amount of (MMT) from 1-2.5 (w/w) from 

release profile in intestinal fluid. In fact, the clay composed by alumina silicates derived from 

stacks of tetrahedral sheets of [𝑆𝑖𝑂4]4− and octahedral sheets of [𝐴𝑙𝑂3(𝑂𝐻)3]6− generate 

negative charge and it was proven that forms electrostatic and intermolecular hydrogen bonds 

with hydroxyl with alginate hydroxyl bonds. 
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When higher concentrations of thyme oil are used (3%), a distinct profile was observed. 

Results showed in Fig. 5 exhibits an initial burst profile during the first hours, but it was 

difficult to recognize a time independent time. By comparing results of loading capacity 

observed in Table 4, concentration of thyme 3% in alginate bead increases to 0.1% compared 

to 0.04% obtained at 1% thyme loaded alginate beads. This high content could be the reason 

of the continue leakage of the essential oil to the simulating solvent, reason that leads to 

conclude that some essential oil content still remains on the surface of the bead. It has been 

perceived that concentrations of 10-20% CNC showed non-effect on the liberation of thyme, 

increase to 30 and 40% CNC lead to 13% decrease of thyme release compared to the control 

(0% CNC). As observed in Fig. 5, it can be confirmed that a pathway modification is 

presented when CNC is added to the beads. As it was expressed by Hosseini et al. [22] this 

slow diffusion can be explained as the transfer of essential oil from the core of the bead to the 

surface, resulting in a delay of liberation. Similar results were found on diffusion of essential 

oil with the use of other clays such as montmorillonite (MMT) in films or alginate beads 

[24,25]. In addition, Tunc et al.[24] have observed that MMT in methylcellulose films 

presented an intercalated/exfoliated surface on the films at clay concentrations of 10, 20, 40 

and 60%. This increase of concentration showed to have an effect on the delay of total loss of 

carvacrol from methylcellulose films into a controlled humidified cabinet.  

 

 

FIG. 5. Release profile in ethanol 10% of 3% thyme oil loaded-alginate beads with different 

concentration of CNC. 

 

In Fig. 6, concentrations of 10% and 30% of CNC were chosen as optimal formulations for 1 

and 3% loaded alginate beads respectively. Thus, thyme loaded alginate beads release with 

and without CNC were studied in ethanol 10%. To understand the mechanism data of 

diffusion behaviour of thyme oil in simulating liquid from alginate beads, release percentage 

was fitted to the Korsmeyer-Peppas semi-empirical model as was proposed by Hosseini et 

al.[21].  
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FIG. 6. Comparison of release of optimized formulations with 1 and 3% loaded thyme oil in 

alginate beads prepared at 5% CaCl2. 

 

Results obtained in Table 5show that for all the evaluated systems correlation coefficient 

were higher than 0.9 and exponent coefficients were lower than 0.5. These values of 

exponent coefficient represent Fickian and controlled diffusion of 1-3% thyme loaded 

alginate beads. On the contrary, in the case that obtained n values were higher than 0.5, 

diffusions would be governed by non-Fickian release of the essential oil, involving therefore 

a combined mechanism of diffusion and relaxation phenomena of the beads [26]. 

TABLE 5. DIFFUSION COEFFIENTS OF THYME OIL IN ETHANOL 10%  

1% thyme oil 3% thyme oil 

% CNC n k (h
-n

) R
2
 % CNC n k (h

-n
) R

2
 

 

0 

 

0.40 

 

15.39 

 

0.98 

 

0 

 

0.414 

 

8.03 

 

0.99 

 

10 

 

0.44 

 

12.29 

 

0.98 

 

30 

 

0.428 

 

6.40 

 

0.99 

 

 

In addition, it was noticed that increasing the concentration of CNC increases the exponential 

coefficient from 0.4 to 0.44 at 1% thyme oil loaded alginate beads and 0.41 to 0.43 for 3% 

thyme oil loaded alginate beads. This was in according to authors Soppirmath and 

Aminabhavi [27] who found also a direct dependence of the concentration of cross-linker in 

hydrogel microspheres. In our study, this increase also followed a Fickian behavior (n< 0.5) 

for all the studied beads, and an increase of CNC concentration induce to slight increase n 
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values. It was also found that release constant (k) was decreased with the increase of thyme 

oil used. Constant values decreased from 15 to 8 for 1 and 3% thyme loaded alginate beads 

and increase of CNC led to a decrease of the constant. Similar results were obtained by 

Hosseini et al. [8] who observed the decrease of k from 28 to 17 while using 1 to 3% of 

essential oils in alginate microplates. Concerning the effect of CNC on the release coefficient, 

authors Soppirmath and Aminabhavi [27] studied that the increase of time exposure of 

glutaraldehyde (GA) reduced the k values. With the aim of explaining the phenomenon, the 

authors evaluated the molar mass between crosslinks (Mc) of the network polymer and 

concluded that a longer time with GA resulted in higher values of Mc and a rigid structure. 

Thus, it can be induced that CNC might also contribute to the formation of a more compact 

alginate bead, resulting on low release coefficients.  

 

7.3.5. Antimicrobial in vitro test of agar diffusion assay 

Table 6 shows the evaluation of the optimized beads at 1 and 3% thyme oil loaded alginate 

beads. Data was not shown but neither alginate alone nor alginate + CNC exhibit an 

antimicrobial effect on the inhibition zone against Listeria. In addition, as it was mentioned in 

table 6, 1% thyme loaded alginate bead did not report any antimicrobial activity for the tested 

bacteria. However, higher concentrations of 3% achieved an inhibition diameter ring of 4.79 

mm.  

Among the component that constitutes thyme oil, thymol is one of the major components 

which presents antioxidant and antimicrobial effectiveness. It has been studied by different 

groups that the main antimicrobial activity of this oil is due to the presence of phenolic 

compound. Some of the mechanism of reaction was confirmed by Marchese et al. [28] and 

Trombetta et al.[29] who reported that the bactericidal capacity of thymol comes from the 

damage of lipid membrane when bacteria is in contact with the essential oil. Thus, literature 

has demonstrated the activity of phenol could have an effect on gram positive and gram 

negative bacteria.  

  



 

114 
 

TABLE 6. AGAR DIFFUSION ASSAY OF OPTIMIZED BEADS AT 

CONCENTRATIONS OF 1-3% THYME OIL L. innocua. 

Sample 
Inhibition diameter 

(mm) 

Diameter of the ring (Dext-

Dint) 

 

1% THYME, 0% CNC - - 

1% THYME, 10% CNC - - 

3% THYME, 0% CNC 13.19 4.79 

3% THYME, 30% CNC 10.83 2.17 

 

7.3.6. In situ evaluation of optimized alginate beads in ground beef  

The concentration of inoculated L. innocua was evaluated during storage at 4 °C. Ground 

beef has a shelf life that varies from 3 to 5 days [30], but in this work it was decided to 

observe the product shelf life with an initial concentration of L. innocua of 10
3 

CFU/g of meat 

up to day 7. It was observed in Fig. 7 that bacterial growth of inoculated meat (control) 

increased from 3.4 to 5.42 (log of CFU/g meat) when meat was stored from day 0 to day 6 

with non-irradiation treatment. This augmentation of bacteria culture was expected due to the 

absence of antimicrobial agent that can reduce bacteria growth. On the other hand, ground 

beef that was prepared with 15g of thyme loaded alginate beads did not show any increase of 

bacteria number compared to the control. It was observed that concentration of bacteria 

remains constant during the storage period at same concentration of 3.88 log CFU/g meat. In 

addition, it is important to remark that a reduction was observed from 5.42 to 3.88 log CFU/g 

meat is presented at day 6 in control meat and meat with alginate loaded with thyme oil, 

respectively. Similar results were found with alginate beads loaded with thyme and CNC.  

 

FIG.7. Control of Listeria innocua in non-irradiated ground beef with thyme-loaded alginate 

beads (alginate +thyme) and CNC and thyme-loaded alginate beads (alginate + thyme 

+CNC). 

0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

Control Alginate + thyme Alginate + thyme + CNC

Lo
g 

C
FU

/g
 m

e
at

 

Day 0

Day 2

Day 6



 

115 
 

Irradiation treatment was also applied to the system meat and alginate beads, in order to 

observe its effect on bacteria growth and essential oil diffusion. Results showed in Fig. 8 

suggested that the effect of irradiation on ground beef without antimicrobial extended its lag 

phase with similar concentrations of bacteria at the tested 3 days. As it was expressed by 

Swinnen et al.[31] a lag phase is defined as a delay in microbiological kinetics at the 

response to a (sudden) change in the environment. Compared to the previous figure, non-

irradiated beef exhibits an increase of 2 log CFU/g meat from day 0 to day 6, rather than a 

shown lag phase when irradiation treatment is applied. Huq et al.[32]reported the same trend 

in inoculated ham with initial concentration of 10
5
 CFU/g of L. monocytogenes while 

applying irradiation doses of 1.5 kGy. Contrary to the non-inoculated ham, this lag phase was 

maintained at 10
3
 CFU/g meat for almost approximately 7 days. Authors also observed that 

no differences were found in control and samples containing thyme loaded alginate beads at 

irradiation treatments for 7 days. On the contrary when thyme and CNC are loaded in alginate 

beads and applied in irradiated meat, a decrease of bacteria growth was observed at day 2 and 

6. It has been found in literature that low doses gamma irradiation might present two effects 

on cellulose: at low irradiation doses, new inter and intra chains chemical bonds can be 

produced, resulting in a cross linking or at high doses degradation of cellulose can be 

presented [33]. Due to the fact that low irradiation doses were applied (0.5 kGy) on alginate 

beads loaded with CNC, a more compact cross linked network might be created. Thus, 

compared to thyme loaded alginate beads, irradiated alginate beads with CNC were favoured 

by the formation of a cross-linked matrix that controls thyme oil release during storage 

period. 

 

 

FIG.8. Control of listeria innocua in irradiated ground beef (0.5 kGy) with thyme loaded 

alginate beads (alginate +thyme) and CNC and thyme alginate loaded (alginate + thyme + 

CNC). 

4. CONCLUSION 

 

Thyme oil-loaded alginate beads were prepared by ionic gelation procedure in CaCl2 solution. 

CNC was successfully introduced in alginate matrix in order to enhance encapsulation and 

control the release of the essential oil. By means of disaggregation of alginate bead network 

in PBS solution, it was confirmed that the presence of CNC in alginate beads increased both 

EE% and LC (%). Moreover, higher concentrations of thyme oil demonstrated a slow 
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cumulative release in simulating solvent compared to lower concentrations. Thus, lower 

values of release constant were obtained at increasing thyme oil and CNC %. Antibacterial 

activity was demonstrated with in vitro and in situ tests. The in vitro agar diffusion assay 

showed an inhibition effect against L. innocua at concentrations of 3% thyme oil. In situ test 

was performed in ground beef resulting on a lag phase of bacteria in the storage period when 

alginate beads were introduced and on a decrease growth of bacteria when both CNC-loaded 

alginate beads and irradiation treatment were applied. 
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Abstract 

Irradiation was performed in dispersed suspensions of cellulose nanocrystals (CNCs). A 

formation of carboxylic acid and aldehyde groups was observed when gamma irradiation 

doses were applied from 0 to 80 kGy. Changes in FTIR spectra confirmed the changes of 

CNC upon irradiation treatment at wavelengths of 1750 and 1650 cm
-1

 of ketones and 

adsorbed water on CNC surface respectively. These new functional groups improved 

hydrophilic character of CNC, tested by the decrease of interaction angle between irradiated 

CNC films and droplet of water. Concerning the degree of polymerization (DP) of CNC, it 

was found by gel permeation chromatography that DP decreases from 135 (native) to 95 (80 

kGy CNC). It was suggested that low molecular weight of CNC and high aldehyde content 

may enhance the antiradical properties observed in irradiated CNC compared to native CNC. 

 

8.1. INTRODUCTION 

 

Gamma irradiation is a high-energy photon radiation that deposits energy in the absorber. 

Being the only source of energy that can generate reactions without any catalysts, gamma-

irradiation procedure is characterized to transfer energy to the final product. This energy, 

mostly called ionization, leads to collisions between the radiation and the atoms of the 

product.  Consequently, disruption of living microorganism cells or changes of chemical 

structure in polymeric material are one of the results that collisions might have during 

irradiation. 

 

It has been observed that the action gamma irradiation energy on polymers produces free 

radicals  and  induces either to cross-linking or material degradation besides the increase of 

functional groups and  group scission of molecules. Thus, factors such as the presence of 

mailto:monique.lacroix@iaf.inrs.ca
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oxygen, the dose rate of irradiation and synergic effect of the heating treatment must be taken 

into account to understand the mechanism of gamma irradiation on polymer structure [33, 

34].  

 

Cellulose nanocrystals are crystalline nanomaterials derived by hydrolysis of cellulose. In 

general, cellulose is a homopolymer with β-1,4-linked anhydro-D-glucose units, which is 

composed on one primary and two secondary hydroxyls. In addition, cellulose chain 

possesses a directional chemical asymmetry with respect to the termini of its molecular axi: 

on the left end is a non-reducing (hydroxyl) end and on the right is a reducing end composed 

of a hemiacetal unit. Many studies have proved that the availability of hydroxyl presented on 

CNC enlarge CNC surface functionality. Thus, by the presence of high energy such as 

gamma irradiation on CNC hydroxyls groups might result on oxidation and decrease of 

degree of polymerization [35–39]. 

Oxidized cellulose materials have been researched on biomedical field for their interesting 

biocompatibility.in the medical field [40,41]. The challenge of using polymers has been to 

achieve the hemocompatibility (blood compatibility) of foreign organs such as artificial blood 

vessels, pumps and artificial hearts in contact with the human body [42]. Due to the fact that 

humans lack of enzymatic system capable of breaking down the β (1-4) glucose linkages, 

native cellulose is not the adequate source for implants in biomedical applications. However, 

when cellulose is used on its oxidized state it can be resorbable by the human body [40] 

based on the new biodegradable properties brought by aldehyde groups [41]. 

As for gamma irradiation, other types of oxidation performed on cellulose have been also 

applied on biomedical field. As it has been established in literature, for example by Fan et 

al.[43] carboxyl methyl cellulose oxidized with sodium periodate (NaIO4) was used with 

carboxymethyl chitosan to heal second degree burn. The formed hydrogel was tested on a rat 

simulator by Fan et al. [43] finding that new epithelium within 2 weeks. In addition similar 

applications were found according to Habibi et al.[44]. The method of TEMPO- mediated 

oxidation applied on cellulose nanofibers for mice oral administration proved to reduce 

postprandial blood glucose, plasma insulin, glucose-dependent insulinotropic polypeptide and 

triglyceride concentrations because of its hemocompatibility and unique biological 

activities[45].  

On the other hand, many studies have also reported that hydrophilic polymers such as 

carrageenan or chitosan showed antioxidant properties which are of major interest on 

pharmaceutical and food applications. Briefly, the antioxidant capacity is the availability of a 

substance to scavenge a radical and break down a radical chain reaction [46]. It has been 

demonstrated that antioxidant properties are enhanced by gamma irradiation treatment [36, 

37]. The explanation of this fact is based on the formation of low molecular weight fragments 

and active functional groups formed when gamma rays act on the polymer. So far, any study 

has been done to evaluate the possibility of the production of irradiated CNC-alginate based 

beads with antioxydant properties. This is the reason why in this present work the main 

objective was to evaluate the effect of gamma irradiation doses on the physico-chemical 

behavior of native and gamma-irradiatedCellulose Nanocrystals (CNC). In addition, the 

antioxidant effect of irradiated CNC will be analyzed, as well as, the effect that irradiate CNC 

can offer to the production of alginate beads for antioxidant purposes in food application.  
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8.2. MATERIALS 

 

Freeze dried cellulose nanocrystals (CNC) were graciously provided by FPInnovations 

(Pointe Claire, QC, Canada). Sodium hydroxide solution (0.02N), methyl sulfoxide, methanol 

and tetrahydrofuran (THF) and dimethyl sulfoxide (DMSO) were obtained from Anachemia 

(Montreal, QC, Canada) and standard grade regenerated cellulose (RC) dialysis membranes 

of 12-14 kDa were purchased from Spectrum Lab (Ottawa, ON, Canada). Dowex Marathon 

C™ Resin and phenyl isocyanate (PIC), Purpald reagent, Trolox (6-hydroxy-2,5,7,8-

tetramethylchroman-2-carboxylic acid), ascorbic acid, 2,2-diphenyl-1-picrylhydrazyl, 

sulphuric acid, sodium phosphate and ammonium molybdate were obtained from  Sigma 

Aldrich (Oakville, ON, Canada). 

 

8.3. METHODS 

 

8.3.1 CNC preparation 

A 125 mL solution of 0.5% (w/v) CNC was magnetically stirred in deionised water and 

sonicated (Fisher Scientific, Ottawa, ON, Canada) with 1000 Jg
-1

 CNC. The solution was 

then flushed with nitrogen gas for 1 min to eliminate the oxygen, followed by gamma-

irradiation treatment at different doses (0, 10, 20, 30, 40 kGy) and a dose rate of 16.536 kGy 

h
-1

 (0.2756 kGy min
-1

). Samples were irradiated at the Canadian Irradiation Center (CIC) 

using an underwater irradiator 15A equipped with 
60

Co source (Nordion Inc., Kanata, ON, 

Canada). 

8.3.2 Ion exchange (protonation) treatment 

In order to eliminate free acid sulfur ions left after CNC productions irradiated CNC 

suspensions were dialyzed by a regenerated cellulose membrane with MWCO of 12-14 kDa 

(Spectra/Por 4, CA, USA) against running distilled water during three days. With the aim of 

enhancing conductometric titration of new acidic functionalities on CNC prior protonation 

was performed after CNC dialysis. Thus, aqueous suspensions of irradiated CNC were placed 

over Dowex® Marathon C™ cation-exchange resin (12 g resine g
-1

 CNC) and gently stirred 

for at least 2 h at room temperature.  

 8.3.3 Carboxylic acid content determination by conductometric titration  

The carboxylic acid produced by gamma irradiation of CNC were determined using 

conductometric titration according to the method Beck et al. (2015) [42]. Suspensions of 

protonated CNC containing 0.15 g of solid content were titrated with 0.01M NaOH using a 

809-Titrando automatic titrator (Metrohm, Mississauga, ON, Canada) in the presence of 1.0 

mM NaCl.  

According to Beck et al. (2015), it has been explained that generally once CNC is completely 

protonated, OH
- 
group will react to each one of its acid counter ions found on CNC surface, 

leading accurate titration results. Typical titration curves (Figure 1) exhibit two 

discontinuities assigned to the presence of a strong acid (i.e. sulfate ester groups introduced 

during the CNC production process) and a weak acid (i.e. carboxylic acid groups introduced 

during the γ-irradiation process). Therefore, the carboxyl content of the sample is given by 

the following equation: 
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[COOH] = ((V2-V1)*CNaOH)/mCNC in mmol.kg
-1

  (1) 

 

Where Vi is the volume of NaOH( mL), CNaOH is the exact NaOH concentration ( mol.L
-1

) 

and mCNC is the dry weight of the sample ( kg). 

 

FIG. 1 Example of conductometric titration curve of protonated CNC containing weak 

groups 

 

8.3.4 Fourier Transform Infra Red (FTIR) 

FTIR spectra of acid freeze dried native and irradiated CNC was recorded by a Spectrum One 

spectrophotometer (Perkin-Elmer, Woodbridge, ON, Canada). Attenuated total reflectance 

(ATR) accessory equipped with diamond crystal was used to analyze surface of dried CNC 

and it’s derivate. Spectra were analyzed using the Spectrum software within the spectral 

region of 4000 to 650 cm
-1

 with 64 scans recorded at a 4 cm
-1 

resolution. After measurement 

attenuation of total reflectance correction was performed for all spectra.   

8.3.5 Aldehyde determination by Purpald reagent 

Determination of aldehydes can be performed with Purpald reagent, which can easily detect 

them either in a vapor or liquid state by means of an air oxidation. A concentration of 1% 

(w/w) of Purpald reagent was prepared by dissolving the reagent in NaOH 1 M. Thus, a 

volume of 200 µL of the solution was mixed in a 96 well microplate with 20µL of sample 

(irradiated CNC at 0.28% at pH 7). The microplate containing the samples was kept open and 

shaken for 1 hr and in order to complete the reaction. Measurement of absorbance was done 

immediately at 550 nm and standard curve was done with formaldehyde as the aldehyde 

reference.  

8.3.6 Fluorescence Spectroscopy 

The fluorescence emission of irradiated cellulose nanocrystals (CNCs) at concentration of 

0.35% was recorded using a spectrofluorometer Infinite M10000 Pro (Tecan US Inc, 
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NC,USA). A volume of 250 μL of each sample was introduced into a 96 well microplate and 

the samples were firstly excited from a wavelength range from 200 to 800 nm. Intensity 

(arbitrary units or a.u.) of the emission spectra was recorded at 280 nm where irradiated CNC 

showed a fluorescent behavior.  

8.3.7 Gel Permeation Chromatography (GPC) of irradiated CNC 

Size exclusion chromatography is one of the methods used for determining the molecular 

weight of polymeric substances based on a known molecule standards. This technique which 

basically consists on the separation of the polydispersed molecules according to their 

molecular weight through column packed with porous materials has the drawback that all 

materials have to be dissolved [48]. Even though, CNC containing primary and secondary 

hydroxyl groups, its behavior in water is a dispersed or colloidal form due to crystalline 

structure [49]. Additionally, in order to calculate CNC distribution a standard molecule 

soluble in the same mobile phase is required. Therefore, this limitation of a complete 

solvation of CNC is overcome by a replacement of hydroxyls of CNC by phenylisocyanate 

(PIC) groups (Lapierre and Bouchard, 1999). Briefly, freeze dried CNC is first carbonylated 

by DMSO and phenyl isocyanate (PIC) at high temperatures (70°C). This reaction leads to a 

formation of cellulose tricarbonylate (CTC) which consists of having 3 units of PIC to 1 unit 

of glucose of CNC. The measure is then performed after dissolution of CTC in 

tetrahydrofluran (THF) the mobile phase. The sample goes through a serial of columns of 

polystyrene (KF-804L, KF805L, KF806L) specific for THF solvent. The first column has a 

pore size of 7 μm and a molecular weight limit detection of 400,000 gmol
-1

. The last two 

columns have a pore size of 10 μm and limit of 4*10
6
 and 2 *10

7
 gmol

-1
 respectively. The 

GPC system was equipped with a UV detector SPD-20A. Measurements of tricarbonilated 

CNC were done at a wavelength of 254 nm, (Lapierre and Bouchard, 1999)  

8.3.8 Chain Scission Number (CSN) 

The chain scission number (CSN) is the average number of glycosidic bonds broken per CNC 

chain. To determine CSN, the degree of polymerization distribution (DPw), found by GPC, is 

used as it is described by equation 2.  

𝐶𝑆𝑁 = [
1

𝐷𝑃
−

1

𝐷𝑃0
] 𝐷𝑃0      (2) 

 

Where, DPo and DP are the initial DP and the DP after the γ-irradiation treatment, 

respectively. 
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8.3.9 Dynamic Light Scattering (DLS) 

Native and irradiated CNC were diluted to a concentration of 0.1% (w/w) in aqueous solution 

and equal ratio volumes were mixed with NaCl (10mM) in order to have a final concentration 

of 0.05% (w/w) and 5 mM of CNC and NaCl in the suspension respectively. Afterwards, the 

suspension was sonicated at 40 kJ, followed by a filtration through fiber glass filters of 0.7 

µm that was useful to eliminate any dust particles. The filtrate was taken and analyzed by a 

Zetasizer (model ZEN3600; Malvern Instruments Inc, United Kingdom) in order to obtain 

CNC size.  

8.3.10. Thermogravimetric Analysis (TGA) 

Freeze dyried irradiated CNC samples were pressed by hand in a home-made mold to 

generate cylinder-shape pellets fitting into the TGA platinum pans. The pellet dimensions 

were 6.6 mm in diameter and ~4 mm in height with a weight of approximately 15 mg each. 

Experiments were conducted in the thermogravimetric analyzer Q5000IR (TA Instruments, 

New Castle, DE, USA) from  50 to 600 °C at a constant rate of  10 °C min
-1

. Data processing 

was performed using Universal Analysis
TM

 software. 

8.3.11 Contact Angle 

A dispersed suspension of irradiated CNC at pH 7 was casted on petri dish and evaporation 

was allowed in order to prepare films. The irradiated CNC based films were then placed in an 

oven at 100 °C to reach stable weight. Finally, films with controlled humidity were tested 

with the objective to observe the interaction (angle of contact between liquid-film) by the 

T100 Theta Lite Optical Contact Angle Meter (Biolin Scientific, Inc. Linthium Heights, MD, 

USA) with a water drop of approximately 0.25 μL.  

8.3.12 Antiradical properties 

8.3.12.1 DPPH Scavenging test  

A solution of the stable radical DPPH was prepared at concentration of 40 µM in pure 

methanol. Once the solution was well dissolved, dark conditions were used in order to 

maintain the stability of the radical.  For standard curve ascorbic acid and Trolox were used 

as reference antioxidants. To measure radical scavenging properties, irradiated CNC (0-80 

kGy) was prepared at the same concentrations and pH (0.28% w/w and pH 7). Thus, a 

volume of 250 µL of the sample was mixed with 1 mL of DPPH solution within a time 

reaction of 1 hour. A quantity of 1 mL of the suspension was taken and absorbance was 

measured in a UV spectrometer at the wavelength of 517 nm. 

8.3.12.2 Total Antioxidant Capacity (TAC) 

Total Antioxidant Capacity or Global Antioxidant Activity assay is based on the reduction of 

phosphomolybdenum such as Mo (VI) to Mo (V) by an antioxidant at acid pH. The 

subsequent complex formed of green-blue phosphate/Mo (V) is determined by 

spectrophotometric analysis at λmax 695 nm. The method explained by Dasgupta and De [50] 

was  performed with 100 µL of irradiated CNC and 1 mL of reagent solution of 

phosphomolybdate (0.6 M sulphuric acid, 28 mM sodium phosphate and 4 mM of 

ammonium molybdate). The overall was mixed and kept in the dark to keep the activity of 

the solution. 
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The sample and reagent solution were mixed in tubes hermetically closed with parafilm and 

then immersed in a water bath at 95 °C for 90 min. Once, the solutions were cooled down the 

absorbance was read in a spectrophotometer UV at 695 nm. Standard curve is done with 

ascorbic acid dissolved in water 

 

8.4. RESULTS 

 

8.4.1 Determination of carboxyls on CNC by conductometric titration 

The results of the concentration of carboxylic acid on irradiated CNC are shown in fig 2. A 

linear relation was found between the formation of new carboxilic acid groups and the 

irradiation doses. It was found that carboxylic acid on the surface of native CNC were 

approximately of 44 mmol/kg CNC and it was then increased up to 370 mmol/kg CNC when 

irradiation dose of 80 kGy was applied. In addition, it was also observed that more than 

double (254% increase) of the new functions were found when an irradiation dose of 10 kGy 

(112 mmol COOH/kg CNC) was applied on CNC as compared to the native CNC.  In 

summary, an augmentation of gamma-dose on dispersed CNC exhibited a linear increase of 

the carboxylic acid content compared to native CNC. 

 

 

 

FIG 2. Effect of irradiation doses (kGy) on the formation of carboxylic acids (mmol COOH) 

per kg of CNC 

These results were in accordance to Baccaro et al. [39] who found a proportional relation 

between the formation of carbonyl groups and the dose of gamma irradiation used on 

irradiated paper samples. This increase was explained by the authors by the glycosidic bond 

breakage produced by gamma irradiation.  
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The effects of gamma irradiation on carbonyl (CO) formation were also investigated by 

Henniges et al.[35] on three pulps types  (bleached beech sulphite (BSP), flax (FP) and cotton 

linters (CL)). An increase in carbonyl groups from 25 to 35 mmol CO/kg pulp was found for 

BSP and 5 to 15 mmol CO/kg pulp for FP and CL were observed by the authors after 

irradiation was applied from 1-10 kGy A linear fit was observed of the total carbonyl groups 

tested pulps for irradiation doses from 0 to 10 kGy. Values found by the authors increased 

from 25 to 35 mmol kg
-1

 pulp for BSP samples compared to5 to 15 for FP and CL. Since 

carbonyl groups may include aldehydes or carboxyl groups, those investigated C=O 

determination is the total carbonyl group content. It was mentioned by the authors that 

formation of carbonyl groups was expected on low molar mass area of cellulose where new 

reducing groups can be obtained. However, according to the same authors gamma irradiation 

allows the formation of carbonyl groups not only on the low molar mass areas but also over 

the entire range of molar mass.  

 

8.4.2 Fourier Transform Infra-Red (FTIR) of irradiated CNC 

 

 

 

FIG 3. FTIR of acid freeze dried CNC irradiated at 0 kGy (blue), 10kGy (green), 20 kGy 

(red), 40 kGy (black), 80 kGy (yellow).  

The CNC spectra is shown in fig. 3 where peaks of CNC such as hydroxyl streching groups 

were observed at   wavelenghts of 3400-3200 cm
-1

. Moreover,C-H bonds of glucose ring  

were observed at peak between 3000 and 2850 cm
-1

. It was also noticed that peaks from 

1382-1375 cm
-1

 corresponds to C-H bending, as well as the glycosydic group (C-O-C) stretch 

vibration of the ether linkage of the glucose ring at 1160 cm
-1

. Moreover, an increase at 1750 

cm
-1

 wavelength, which corresponds to carbonyl group [51,52],  was noticed with increasing 

irradiation dose. This peak due to carbonyl group (C=O) can corresponds to aldehyde or 

carboxylic acid groups appearing on irradiated CNC. As carbonyl group formation on 

irradiated CNC with molecule breakage, and adsorption of water can also be observed at 

higher doses [39]. In fact, water can be absorbed on cellulose surfaces [53, 54]. This effect 

can be observed at wavelength of 1650 cm of H2Oabs, where a slight increase was found for 

CNC irradiated at 40 and 80 kGy. This latter fact of water vapor sorption can be correlated 

with the expected behavior of degradation of CNC between anhydro glucose chains formed at 

these high doses[39]. Hennigues et al. [35] and  Baccaro et al.[39] have observed that a lower 

irradiation doses, cross linking formation between cellulose chain is presented as well as low 

capacity of water retention. On the other hand, it has been established that the formation of 
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carbonyl groups formed after CNC degradation enhances the cleavage of glycosidic bonds, 

thus facilitating the preference of water molecules on polar nature systems containing C=O 

groups [55]. Baccaro et al.[39] concluded that the amount of absorbed water on the irradiated 

cellulose paper (>128 kGy increase) as a consequence of the progressive cellulose 

degradation, with the increase of irradiation doses. These results are in agreement with the 

results obtained in this study.  

 

8.4.3 Aldehyde determination by Purpald reaction 

Among carbonyls observed in FTIR, aldehydes compounds were found in CNC. Fig.4 

exhibits the increase of aldehyde content (mmol) (CHO) per kg CNC vs. applied irradiation 

doses. Similarly from carboxyls performed tests, the presence of aldehyde shows an increase 

with increasing doses. As it was showed by degree of polymerization of CNC, gamma 

irradiation produces a cleavage of anhydro glucose units that conform cellulose. This 

cleavage may induce an exposition of reducing molecules that are found in CNC. However, 

due to the presence of carboxylic acid formation, oxidation of these groups might lead to a 

further oxidation, resulting on more aldehyde compounds. These results have been confirmed 

with other authors studies who relates the dependence of irradiation doses with reducing end 

groups [36–38] 

 

 

 

FIG 4.Effect of irradiation dose (0-80 kGy) of dispersed irradiated CNC on aldehyde groups 

(mmol COH) per kg CNC 

 

8.4.4 Fluorescence Spectroscopy 

In order to calculate the quantity of carbonyl groups presented in the irradiated CNC, 

fluorescence spectroscopy was performed in a dispersed CNC at 0.1% (w/w) at excitation 

absorbance of 280 nm.  
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FIG 5.Fluorescence spectroscopy of irradiated CNC 

 

Representation of fluorescence emitted by CNC under excitation of 280 nm was plotted as 

function of wavelength where its maximum was approximately of 306-308 nm. It was 

observed by fig. 5 that increasing irradiation decreases the intensity of fluorescence light 

from 7*10
4
 to 3*10

3
 a.u. for irradiation doses of 0 and 80 kGy applied on CNC, respectively. 

The source of fluorescence emission on cellulose has not been clearly explained, the authors 

Castellan et al.[56] observed a decrease of fluorescence intensity either in its solid and 

dissolved in dichloromethane for acetylated microcrystalline cellulose from avacel. In this 

study, the authors made the same experience for cotton linters and mercerized sisal cellulose 

but only a decrease of intensity was found in acetylated linters at its solid state. This could 

indicate to the research group that fluorescence was related to the solvent when the method is 

tested. In this case, fluorescence spectroscopy was evaluated in the same solvent in order not 

to have any influence on the results. 

Other cellulosic material fluorescence such as lignin has some "contaminants" such as 

tyrosine or para-hydroxycinnamic acid, components that are used for the lignification of non-

woody plants. With the aim of demonstrating the fluorophore behavior, Castellan et al.[56] 

immersed sisal fibers in solid state with this compound, founding an enhancement in 

fluorescence intensity. However, none of these products are involved in the CNC hydrolysis, 

remaining a question the reason or chemical functionality that creates the fluorescence 

emission.  

Nevertheless, what many authors have converged about fluorescence emission of cellulose is 

that this decrease can be related to carbonyl groups formation. Since is known that carbonyl 

groups are presented after irradiation treatment, authors have suggested that carbonyl or 

carboxyl groups tend to quench fluorescence emission [57–59]. 

Toner and Plitt [60] reported on their research, that oxidizing agents induces to a decrease of 

fluorescence intensity by creating carbonyl groups. In our case, no oxidizing agents were 

used but considering the conductometric titration performed, the oxidation of cellulose led to 

a formation of carboxylic acid and scission of anhydro glucose units might exhibit more 

aldehyde reducing ends [42].Similar observations were discussed by Olmstead [57], 

concluding that UV irradiation of SGW sheets with 6 to 62 days induced to a decrease of 
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emission intensity of fluorescence. Hence, it can be concluded by these tests that irradiation 

induces to a formation of carbonyl which decreases fluorescence emission.  

 

8.4.5 Molecular weight of CNC tested by Gel Permeation Chromatography (GPC)  

The results of the degree of polymerization determined by SEC/MALLS are represented as a 

function of irradiation dose applied as it can be illustrated in fig 6. It can be observed that 

high energy levels leads to a decrease of degree of polymerization (DP), exhibiting a 

diminution from 137 for native CNC to 109 to 95 for 40 and 80 kGy irradiated CNC. 

 

 

 

FIG 6.Molar mass distribution of CNC irradiated at different doses. 

Similar results were observed by Henniges et al.[35] when the group studied the effect of 

gamma irradiation on their five different pulps from annual plants. The group suggested that 

gamma irradiation at 10 kGy showed a relative loss of between 25 to 63% with regard to the 

starting material. Bouchard et al.[61]indicated similar results at irradiating cellulose of wood 

free paper with high electron beam energy from a range from 20 to 240 kGy to either 4.5 

MeV or 10 MeV electron beam radiation.  
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8.4.6 Effect of irradiation on the chain scission number (CSN) of anhydro glucose units  

 

 

 

FIG 7.Chain Scission Number (CSN) as a function of gamma irradiation dosage on CNC 

As it can be expected after determining a diminution of molecular weight of cellulose, an 

increase of chain scission number was observed in fig 7. The plotted figure shows the 

irradiation dosage as independent factor on the dependent scission of cellulose chains. Thus, 

a linear regression (R
2
= 0,992) resulted when irradiation treatment was performed.  Results 

observed on CSN of CNC showed a cleavage of cellulose chains after irradiation treatment 

from 0.15 to 0.44 for 10 and 80 respectively. Similar observations were found on paper sheets 

by Bouchard et al. (2006) who analyzed at a range of dosages from 20 to 240 kGy the 

electron beam irradiation energy at two levels of electron energy (4.5 and 10 MeV). A linear 

regression was also obtained by the research group for both of levels of energy, but the CSN 

was larger with low irradiation energy (4.5 MeV). The authors related this fact to different 

interactions of the paper with the levels of energy applied, concluding that electron beam 

radiation at low doses is more detrimental than higher ones. The effect of chain scission 

number was also investigated by Henniges et al.[35]. The authors suggested that irradiation 

brings to a higher chain scission number of anhydro glucose units. Hence, a linear proportion 

of the electron beam irradiation (0-200 kGy) increases the number of chain scission (CSN) 

for five different tested pulps.  
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8.4.7. Dynamic Light Scattering (DLS) of irradiated CNC 

Cellulose nanocrystals are characterized for being a material with dimensions smaller than 

100 nm, that means smaller than 100 nm [17]. This characteristic property, in combination 

with crystallinity is what has made of CNC an interesting nanocomposite for mechanical and 

rheological reinforcement in polymers bulk. For this reason, in this study the size of 

suspended CNC was performed with previous treatment with NaCl as it was proposed in the 

materials and method section. Thus, size of irradiated CNC was evaluated by DLS and results 

were depicted in fig. 8. 

 

 

FIG 8 Distribution of CNC diameter of irradiated CNC at different doses. 

Results of dynamic light scattering (DLS) showed a slight decrease of CNC size with 

increasing the irradiation dose. Based on these observations, it can proved that gamma 

irradiation, causes a reduction of the CNC size from 77 nm for native CNC to 73 nm for 40 

kGy or 69 nm for 80 kGy. However, these results do not represent a significant change of 

overall size of CNC particle (~7nm).  

 

8.4.8 Thermogravimetric Analysis (TGA) 

It is known that TGA studies on CNC are considered when the analyzed material could be 

used as a reinforcement with in other polymer matrices [62]. In that case, higher temperatures 

are usually used to proceed with the treatment for thermoplastic polymers.  Hence, the 

thermal stability of the polymer will be important in order not to have any unexpected change 

on the initial weight of load material.  
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FIG 9.Thermograph of freeze dried irradiated CNC at pH 7.  

 

Thermal gravimetric analysis (TGA) of irradiated CNC and native CNC was studied at pH 

7.0 and the results were shown in figure 4.  Thermal profiles of CNC are characterized by a 

small weight loss at temperatures lower than 100°C due to a water loss presented in the 

nanocrystals. A mass loss of 2.74%was observed for native CNC, and 1.98; 2.02; 2.14; 

2.41% loss was detected to the irradiated samples at 10, 20, 40 and 80 kGy at temperatures 

close to 100 ºC. These observations were in accordance to Baccaro et al. [39] who associate 

this lost to the removal of water bonded on cellulose surface. Nevertheless, their results were 

a little different, showing a weight loss of 4.1% in the range of temperature up to 100 ºC. 

Results in fig. 9 showed that a loss of 4.32% is observed when heat reaches 250 ºC for native 

CNC. A higher effect is then remarked for irradiated CNC at the same temperature, 

exhibiting a weight loss 6.21, 8.43, 11.65 and 19.52% for irradiation doses of 10, 20, 40 and 

80 respectively. In addition, the increase of the irradiation dose in CNC thermographs 

indicates a decrease on temperature onset (Tonset), which is the temperature where the two 

tangent lines of the first pseudo-plateau and the first decrease of weight loss can be 

intercepted (ASTM E2550-07).  

Higher temperatures (> 300 ºC) performed on CNC lead to a disintegration of 

anhydroglucose chains. It has been analyzed in literature of cellulose thermal degradation that 

intermediate products are presented such as levoglucan which is the result of the initial 

depolymerization of cellulose. Thus, levoglucan participates in two competitive reactions: 

dehydratation to form char and decomposition that forms volatile compounds. Those final 

formed products such as char residual remained at high temperatures (about 400 °C) [39]. 
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8.4.9 Hydrophilic character of irradiated CNC by contact angle 

 

FIG 10.Schema of contact angle measurement on irradiated CNC based films 

Representation of the contact angle observed on films prepared when CNC is irradiated at 

different doses (10, 20 , 40 and 80 kGy) is presented in fig 10 and 11. These results were 

compared with native CNC which showed a noticed decrease when a droplet of water is 

deposed on its surface. Thus, native CNC based films had a contact angle of 61º decreases 

when irradiated CNC films were tested. The lowest values observed on contact angle were 

around 45º±7 and 34º±6 when CNC based films were treated respectively at 40 and 80 kGy. 

These results lead us to conclude that the effect of carboxylic acid on CNC improve the 

hydrophilic behavior of CNC observed by a decrease of contact angle made on films.  

 

 

FIG 11.Contact angle of irradiated CNC based films at pH 7. 

Kovalev and Bugaenko [55] mentioned that higher water absorption is related to the presence 

of free or weakly hydrogen-bonded OH groups. It can be suggested that the increase of 

carboxylic acid found in the previous figures are correlated to the increase hydrophilic 

character of irradiated CNC. In addition, FTIR spectra indicated that degradation of CNC 

enhances water absorption band presented by a wavelength increase at 1650 cm
-1

.  
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8.4.10 Radical Scavenging Properties of irradiated CNC 

 

Evaluation of radical properties of CNC determined by DPPH 

The radical scavenging properties of irradiated CNC were evaluated by the action of the (1,1-

diphenyl-2-picrylhydrazyl) DPPH radical. In order to compare its activity two referent 

antioxidants such as ascorbic acid and Trolox were used as it was depicted in figure 12. It 

was observed that irradiated CNC enhances radical scavenging by showing 50 trolox 

Equivalent (Eq.) (µM) when 80 kGy dose was applied compared to 3.72 Trolox Eq. (µM) for 

native CNC. Comparison with standard Ascorbic Acid was also performed, resulting on 

similar antiradical activities as compared to the showed results with Trolox.  

 

 

 

FIG 12.Radical scavenging properties of irradiated CNC expressed in terms of ascorbic acid 

Eq (µM) and TroloxEq (µM) 

Other studies have been interested on the antioxidant activity of gamma-irradiated polymers. 

Example of these works was conducted by Abad et al.[37]. The authors found an 

augmentation of scavenging capacity from 20 to 80% when irradiation dose of 20 kGy was 

applied on a range of concentration of κ-carrageenan from 500 to 2000 µg/ml respectively. In 

order to explain the presented phenomenon, the group compared the antioxidant activity 

observed between irradiated solid and aqueous κ-carrageenan, resulting on lower scavenging 

capacity (%). It was explained by Abad et al. [37] that lower antioxidant capacities found in 

solid irradiated κ-carrageenan are due to the low concentration of reducing end units. In fact, 

solid and 1% aqueous dispersed κ-carrageenan reducing units (%) were evaluated, observing 

that 100 kGy solid κ-carrageenan contributed to lower reducing end units % than irradiated 

20 kGy aqueous solution. Moreover, this response was explained by the higher degradation 

yield achieved when aqueous polymers are irradiated. It was found that a remarkable 
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decrease of molecular weight is observed after 2 kGy rather than 50 kGy for the case of solid 

κ-carrageenan [38]. Like carrageenan, other irradiated polymers showed antioxidant 

properties such as laminarin [63], polysaccharides extracted from seaweed [64] and chitosan 

[36]. 

 

8.4.11 Comparison of antioxidants tests 

Since similar results were found by comparing irradiated CNC in terms of Ascorbic Acid Eq. 

and Trolox Eq., comparison of two antiradical tests (total antioxidant capacity and DPPH 

scavenging) was performed with ascorbic acid as standard compound as it is shown in fig. 13. 

DPPH is a stable and commercially available radical that has a maximum absorption at 515 

nm. Once a hydrogen atom is transfer to the DPPH radical following a reaction of DPPH into 

the reduced formed of DPPHH.  

 

 

FIG 13.Comparison of antiradical tests by total antioxidant capacity and DPPH radical 

scavenging performed in irradiated CNC. 

 

It has been reported in literature that compounds conjugated with hydroxyls and ketonic 

groups exhibit antioxidant properties. As it was cited by Xue et al. [65], the hydroxyls 

presented in carrageenan might enhance hydrogen absorption to DPPH radical. However, it 

was also observed in this study that better results were obtained when total antioxidant 

capacity test was performed. This behaviour can be explained by the fact that total 

antioxidant capacity is a test based on electron transfer reaction that occurs between the probe 

(oxidant) and the tested molecule. It is assumed that this electron transfer to the molybdenum 

complex can is easily reduced, showing the overall antioxidant capacity. In addition, even 

though the tests were performed at the same pH conditions, it has been found by Foti et al. 

[66] that residual acids or bases presents in the solvent may have an influence on the 

performance of antioxidant phenolic compounds and DPPH.  
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8.5. CONCLUSIONS 

This study has demonstrated that gamma irradiation under inert conditions produce new 

carboxylic and aldehydes groups on CNC. In addition, cleavage of anhydroglucose units 

(conforming CNC) was observed by a decrease of degree of polymerization and increase on 

its chain scission number. This effect combined with the formation of new functional groups’ 

improved CNC antioxidant capacity. Thus, these new form of CNC may be useful for 

potential production of active biodegradable materials for food applications. The 

incorporation of irradiated CNC could be done in alginate beads. Further studies will be 

performed in order to evaluate the antioxidant properties of the alginate beads containing 

active CNC and the positive effects that the system could bring on in situ tests for example in 

meat system for the prevention of the oxidation of unsaturated fatty acids. 
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Abstract 

This study focused on the antimicrobial efficiency of micro encapsulated nisin/essential oil (EO) 

nanocomposite bead systems against Listeria monocytogenes in ready-to-eat (RTE) meat for in situ 

food applications. For the evaluation of nisin/EO microbeads, a preliminary study in vitro was 

undertaken to develop nisin/EO-microencapsulated edible beads in order to inhibit the growth of L. 

monocytogenes in RTE ham. Different concentrations of nisin (16, 31 and 63 μg/mL) were 

encapsulated into alginate-cellulose nanocrystals (CNC) beads. Microencapsulation kept the available 

nisin (63 μg/mL) content 20 times more than free nisin during 28 days of storage at 4 °C, by 

exhibiting 31 μg/mL of availability. Cooked ham slices were coated by nisin beads, inoculated with L. 

monocytogenes (3 log CFU/g) and stored at 4 °C under vacuum packaging for 28 days. The beads 

containing 16, 31 and 63 μg/mL of nisin significantly (P ≤ 0.05) reduced the bacterial counts by 2.6, 

1.5 and 3.0 log CFU/g after storage compared to free nisin, without changing the physicochemical 

properties (pH and color) of RTE ham. A second microencapsulation study was to compare oregano 

essential EO (Origanum compactum; 0.025% w/v), cinnamon EO (Cinnamomum cassia; 0.025%) and 

nisin (0.25% or 16 μg/mL), used alone or in combination with γ-irradiation, to evaluate their in situ 

inhibiting capacity against the growth of L. monocytogenes in RTE ham. Microencapsulation of these 

formulations allowed verifying the potential of the polymer to protect their antimicrobial efficiency 

during storage time. Combined treatments of antimicrobial formulations with γ-irradiation were also 

carried out to determine synergistic antimicrobial effects. Microencapsulated cinnamon EO/nisin 

combined with γ-irradiation (1.5 kGy) showed 0.03 log CFU/g/day growth rate of bacteria compared 

to 0.17 log CFU/g/day for non-encapsulated counterpart. Microencapsulation also showed a 

significant improvement of bacterial radiosentivity (P ≤ 0.05). Microencapsulated oregano EO/nisin 

and cinnamon EO/nisin combinations showed the highest bacterial radiosensitization with relative 

sensitivities of 3.4 and 6.9 respectively. Finally, microencapsulation can protect the bioactivity of the 

antimicrobial compounds during irradiation and the both process act in synergy to eliminate 

pathogens in food. 
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9.1 INTRODUCTION 

The safety of ready-to-eat (RTE) meat products is of high concern due to the likelihood of 

contamination by dangerous food-borne pathogens such as L. monocytogenes. This 

contamination mainly occurs during the post processing stage. The RTE meat products such 

as cooked ham are completely processed prior to final packaging and are consumed without 

further cooking which makes them susceptible to contamination by pathogenic bacteria. L. 

monocytogenes, a gram positive, non-spore rod shaped bacterium, is responsible for the food 

borne disease called listeriosis [1]. Scallan et al.[2] reported that L. monocytogenes causes 

94% hospitalization which results 15.6% death rate in the US each year. FDA (US Food and 

Drug Administration) maintains a policy of “zero-tolerance” for L. monocytogenes in RTE 

meat products [3]. 

Various methods have been proposed to control the post-processing contamination on RTE 

meat products and it is found that antimicrobial coating or packaging are the most innovative 

techniques to control the growth of pathogens during storage condition on RTE meat. The 

choice of biopolymers is an important step for the success of the microencapsulation 

processes. Alginate-Cellulose nanocrystals (CNC) matrix was used in current investigation 

for the development of antimicrobial microbeads, due to its good physicochemical properties 

which was demonstrated by our previous study [4]. The use of CNC improved the 

physicochemical characteristics of alginate and it has also been demonstrated that CNC has 

the property to stabilize the emulsion [5] as EOs make emulsion with alginate-CNC matrix.  

Direct incorporation of antimicrobials into food may lead to drastic loss of antimicrobial 

efficacy due to the inactivation of the antimicrobials by food components or dilution below 

active concentration due to migration into the bulk food matrix. Antimicrobial films provide 

an innovative alternative and can reduce the addition of larger quantities of antimicrobials 

that are usually incorporated directly into the bulk of the food [6]. These films can also allow 

a better efficiency, stability and controlled release of the antimicrobials to the food surface 

[7].  

Nisin is an antimicrobial polypeptide or bacteriocin of 34 amino acids, produced by several 

strains of Lactococcus lactis and recognized as GRAS (generally recognized as safe) by the 

United States It is a cationic, hydrophobic and amphiphilic peptide, with antibacterial activity 

against many Gram-positive bacteria such as L. monocytogenes. Nisin is a ribosomally 

synthesized and post-translationally modified antimicrobial lantibiotic. The N-terminal part 

of nisin contains a large number of hydrophobic residues and the C-terminal part is 

considered to be hydrophilic due to the presence of positively charged lysine and histidine 

residues [8]. Essential oils (EOs), one of the most widely used natural antimicrobial 

compounds, are volatile aromatic oily liquids extracted from plants or spices used in food and 

beverages to improve its preservation and sensorial quality [9]. Oregano (Origanum 

compactum) and cinnamon (Cinnamomum cassia) EOs were used in the present study as 

antimicrobial compounds against L. monocytogenes. The antimicrobial activity of these EOs 

is assigned for the main active compounds such as carvacrol (oregano) and trans-

cinnamaldehyde (cinnamon) [10,11]. EOs have a GRAS (generally recognized as safe) status 

but the acceptable concentration is limited due to their organoleptical criteria [12,13]. 

Gamma irradiation, one of the post-packaging decontamination technologies, is an effective 

process for reducing or eliminating the growth of L. monocytogenes and ensure food safety 

([14]. This type of ionizing radiation destroys the microorganisms by direct breakdown of 

chemical bonds in bacterial DNA or by the indirect effects of reactive oxygen species 
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produced by the radiolysis of water on cell membranes and chromosomes [15]. These 

changes may facilitate the contact between antimicrobial molecules and cell membranes and 

thus increase the inhibitory effects of these molecules against L. monocytogenes. The 

potential implementation of γ-irradiation on RTE cooked food processing is mainly based on 

the fact that it can effectively be inactivated the DNA of the pathogenic microorganisms [16]. 

In 1981, FAO/IAEA/WHO joint committee was accepted γ-irradiation for stored food 

products. The approval of meat irradiation by the Food and Drug Administration (FDA) has 

made consumers more confident and attracted the interest of industries concerned with food 

quality and safety. It was stated that, irradiation of food at absorbed doses up to 10 kGy 

introduced no special nutritional problem. Currently, more than 26 countries are using this 

process on a commercial scale [17,18]. Bacterial radiosensitization is a recognized biological 

phenomenon which has been found to be useful on meat application [17]. When γ-irradiation 

is used in combination with antimicrobials, the global efficiency is strengthened through 

synergistic action and it could be possible to reduce the absorbed irradiation doses needed to 

assure food safety without affecting the food quality. 

Bionano composites can be defined as a family of materials consisting of a biopolymeric 

matrix and reinforced with nano-sized fiber, which is obtained from renewable sources [19]. 

Over the years, CNC based bionano composites have attracted significant attention due to 

their renewable nature as well as potential application in various fields [20,21]. Recently, 

CNC has been used to enhance the mechanical properties of biopolymers such as chitosan 

[22,23]. A high-pressure homogenization technique such as microfluidization can be also 

adopted to achieve proper dispersion of the CNC within the polymer matrix. 

Microfluidization provides an innovative approach to develop processing paths that break 

down aggregates and maximizes CNC distribution within the polymeric matrix. The 

applications of a microfluidizer include development of highly stable nanoemulsion or 

nanodispersions, disruption of cells, micro/nano encapsulation of bioactive compounds in 

polymer, etc. [24,25]. Microfluidization has also been used effectively for the preparation of 

cellulose microfibrils from wood [26] and non-wood pulp [27]. The objectives of this study 

were to characterize and to evaluate in vitro and in situ the potential of alginate-CNC 

microbeads containing nisin and essential oils to inhibit the growth of L. monocytogenes 

during time and to verify the synergistic effects of γ-irradiation combined with 

microencapsulation of antimicrobials compounds on RTE cooked ham for the determination 

of the radiosensitivity of L. monocytogenes and their level during storage time. 

 

9.2 MATERIALS AND METHODS 

9.2.1 Chemicals 

Sodium alginate (guluronic content 65-70%), calcium chloride (granules) and lactic acid were 

purchased from Sigma-Aldrich Canada Ltd (Oakville, ON, Canada). CNC was supplied by 

FPInnovations in their pilot plant (Pointe-Claire, QC, Canada). Nisin (Niprosin™, purity 

2.5%, 77.5% salt and 20% vegetable protein) was purchased from Pro-food International Inc. 

(Naperville, IL, USA). Oregano (Origanum compactum) and cinnamon (Cinnamomum 

cassia) EOs were purchased from Robert et Fils (Montreal, QC, Canada). ALCOLEC® PC 

75 lecithin was obtained from American Lecithin Company (Oxford, CT, USA). Brain heart 

infusion (BHI) broth and Palcam agar were purchased from Alpha Biosciences Inc. 

(Baltimore, MD, USA). Preservative salts such as sodium chloride, triphosphate, erythorbate 
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and nitrite salts were delivered from BSA Food Ingredients (St-Leonard, QC, Canada). 

Ground lean pork meat was purchased from a local grocery store (IGA, Laval, QC, Canada). 

9.2.2 Bacterial strains 

E. coli O157:H7 EDL933 was obtained from INRS-Institut Armand-Frappier (Laval, QC, 

Canada). L. monocytogenes strains HPB 2569 1/2a, 2558 1/2b, 2371 1/2b, 2812 1/2ba and 

1043 1/2a were obtained from Health products and Foods Branch of Health Canada (Ottawa, 

ON, Canada). All the microorganisms were kept frozen at -80 °C in BHI containing glycerol 

(10% v/v). Before use, the stock cultures were resuscitated through 2 consecutive 24 h-

growth in BHI at 37 °C to obtain working cultures containing approximately 10
9
 CFU/mL. 

The L. monocytogenes strains were mixed together (2 mL each) to obtain a cocktail mixture. 

 

9.2.3 Preapration of nisin solution 

Different concentrations of nisin (0.25, 0.5 and 1% w/v) were prepared by dispersing 

Niprosin™ powder in 0.01 M CaCl2 solution and the pH was adjusted to 3.0-3.5 with diluted 

lactic acid. Nisin-CaCl2 solution was stirred overnight and then centrifuged for 15 min at 

3,500 g at 4 °C to remove the undissolved particles and collect the nisin-CaCl2 supernatant. 

9.2.4 Microencapsulation of nisin and EOs for alginate-based microbead application 

For the preparation of nisin formulations, an aqueous suspension containing 3% (w/v) 

alginate and 5% CNC was homogenized using an Ultra-Turrax T25 disperser (IKA Works 

Inc., Wilmington, MC, USA) at 23 °C and 25,000 rpm for 1 min. The different 

concentrations of nisin-CaCl2 solutions (16, 31 and 63 μg/mL) were mixed with alginate-

CNC suspension (alginate-CNC: nisin-CaCl2 75:25) to form the antimicrobial microbeads 

according to Rajaonarivony et al.[28]. Free nisin solution was prepared in distilled water 

without CaCl2 following the same process. The formulations are presented as free nisin-

formulations N1-16 μg/mL, N2-31 μg/mL, N3-63 μg/mL and microencapsulated nisin-

formulations N1-E 16 μg/mL, N2-E 31 μg/mL, N3-E 63 μg/mL. 

For the preparation of EOs/nisin formulations, alginate-CNC suspension was emulsified with 

oregano or cinnamon EOs (0.025 %) using lecithin (0.25 %). Nisin-CaCl2 solution was also 

mixed with EOs containing emulsified alginate-CNC suspension according to alginate-CNC-

EOs: nisin-CaCl2 75:25. The final concentration of EOs and nisin in alginate-CNC 

microbeads were 250 and 16 μg/mL respectively. The free antimicrobials were also verified 

in order to evaluate the effectiveness of microencapsulation. The formulations were denoted 

as C: ham; C(E): ham + alginate-CNC microbeads; OR:  ham + free oregano; OR(E): ham + 

encapsulated oregano; CN: ham + free cinnamon; CN(E): ham + encapsulated cinnamon; N: 

ham + free nisin; N(E): ham + encapsulated nisin; OR+N: ham + free oregano-nisin; 

OR+N(E): ham + encapsulated oregano-nisin; CN+N: ham + free cinnamon-nisin;  

CN+N(E): ham + encapsulated cinnamon-nisin. 

9.2.5 Irradiation treatment of ham samples 

Gamma irradiation was conducted at the Canadian Irradiation Center (CIC, Laval, QC, 

Canada) with γ-rays generated from 
60

Co source at room temperature, at a dose rate of 17.9 

kGy/h in an Underwater Calibrator UC-15A Research Irradiator (Nordion Inc., Laval, QC, 

Canada). Inoculated cooked ham samples were irradiated under refrigerated conditions at 1.5 
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kGy. Samples were then stored at 4°C and analyzed at different storage interval (1, 7, 14, 21, 

28 and 35 days). 

9.2.6 Fourier transform infrared (FTIR) spectroscopy analysis of antimicrobial 

matrices 

FTIR spectra of microencapsulated nisin in alginate microbeads and chitosan films were 

recorded using a Spectrum One spectrophotometer (Perkin-Elmer, Woodbridge, ON, Canada) 

equipped with an attenuated total reflectance device for solids analysis and a high linearity 

lithium tantalate detector. Spectra were analyzed using Spectrum 10.3.9 software. Samples 

were dried onto a zinc selenide crystal for 15-20 min and the analysis was performed within 

the spectral region of 650-4000 cm
-1

 with 64 scans recorded at a 4 cm
-1

 resolution. After 

attenuation of total reflectance and baseline correction, spectra were normalized with a limit 

ordinate of 1.5 absorbance units. 

9.2.7 In vitro study: BHI-agar deep-well model to evaluate depletion activity of nisin 

BHI-agar deep-well model for nisin depletion test was adapted from Bi et al.[29]. A solution 

containing BHI (3.7%) and agar (1.0%) was autoclaved for 20 min at 121°C. The solution 

(225 mL) was then poured into a 600-mL beaker to a height of 40 mm. After gel 

solidification, 4 wells (from gel surface to bottom) were made in each beaker using a 7-mm 

pipet tip. Subsequently, 1 mL of each concentration of free and microencapsulated nisin 

preparation was added into wells. At days 0, 1, 7, 14, 21 and 28 at 4°C, a 100-μL aliquot of 

each nisin preparation was transferred from the well to a bioassay plate to determine the 

available nisin content. 

9.2.8 Microbiological analysis 

Ham was prepared following a model developed in our laboratories [13]. Cooked ham was 

sliced and 8 mL of free or microencapsulated nisin was spread onto each ham slice. The 

coated cooked ham slice was then inoculated with ~3 log CFU/g L. monocytogenes and 

vacuum packaged within 24 h of production. Ham samples were stored at 4° C for 28 days 

and periodically analyzed. Each sample was homogenized for 1 min in sterile peptone water 

(0.1% w/v; Difco, Becton Dickinson) in a lab-blender 400 stomacher (Seward Medical, 

London, UK). Serial dilutions from homogenate were prepared in 0.1% peptone and 100 µL 

of each dilution was spread onto Palcam plate (supplemented with 5 mg/mL acriflavin, 10 

mg/mL polymyxin B and 8 mg/mL ceftazidime for the selective detection of L. 

monocytogenes). Plates were incubated at 37°C for 48 h and CFU were counted with a 

detection limit of 50 CFU/g meat. The pH value of ham coated with nisin was also 

determined during storage at 1, 14 and 28 days. Ham samples (10 g) were blended with 90 

mL of distilled water for 1 min using an Ultra-Turrax T25 blender (IKA Works Inc.) before 

pH measurements. 

9.2.9 Bacterial growth rate 

The growth rate (μ) of L. monocytogenes in the meat samples can be described according to 

Eq. 1 over duration of 35 days: 

μ = [log (X2/ X1)]/[T2-T1]         (1) 
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where X2 and X1 are population of L. monocytogenes at day T2 and T1, respectively. The 

growth rate constant is presented as μ (log CFU/day/g). 

9.2.10 Radiosensitization analysis 

Inoculated cooked ham samples were exposed to 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75 and 2 kGy. 

D10 values were calculated (defined as the radiation dose required to reduce 1 log CFU) from 

the following linear regression of the bacterial destruction kinetics, 

LogNt/ N0  = -kt   (2) 

where, N0 is the initial bacterial count (CFU/g), Nt the bacterial count (CFU/g) at different 

radiation doses and k the bacterial destruction rate. Bacterial counts (CFU/g) were plotted 

against different radiation doses and the slope reciprocal of the trend line was deduced to 

calculate D10 value. The degree of radiation sensitivity (RS) was determined by the following 

equation: 

RS= (D10(control))/ (D10(treatment))             (3) 

where D10(control) is the D10-value without antimicrobial and D10(treatment) is the D10-value of 

samples treated with antimicrobials. 

9.2.11 Measurement of the mechanical properties of the nanocomposite films 

Mechanical properties of the composite films were measured using a Universal Testing 

Machine (UTM) H5KT (Tinius Olsen Testing Machine Co., Inc., Horsham, PA, USA), 

equipped with a 100 N-load cell (type FBB) and 1.5 kN-specimen grips. Film thickness was 

measured using a Mitutoyo Digimatic Indicator (Type ID-110E; resolution: 1 µm; Mitutoyo 

MFG Co. Ltd, Tokyo, Japan), at five random positions around the film. Film width was 

measured using a Traceable Carbon Fiber Digital Caliper (resolution: 0.1 mm; accuracy: ± 

0.2 mm; Fisher Scientific). Specimen of films conformed to a thickness of 128.7 ± 2.9 µm, a 

length of 60 mm and a width of 12 mm before testing. Measurements were carried out 

following an ASTM D638-99 method adapted by Salmieri et al. [30]. Tensile strength (TS; 

maximum stress, MPa), tensile modulus (TM; elastic modulus, MPa) and elongation at break 

(Eb, %) were automatically collected after film break due to elongation, using Test Navigator 

7.02.11 software. 

9.2.12 Statistical analyses 

Each analysis was carried out in triplicate (n = 3) in a randomized experimental design. 

Analysis of variance (ANOVA) and Duncan’s multiple comparison tests were used to 

compare all the results. Differences between means were considered significant when the 

confidence interval was smaller than 5% (P ≤ 0.05). The analysis was performed by the 

PASW Statistics 18 software (IBM Corporation, Somers, NY, USA). 
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9.3. RESULTS AND DISCUSSIONS 

9.3.1. FTIR analysis of alginate-CNC microbeads containing nisin 

FTIR spectra of Ca-alginate-CNC microbead containing 16, 31 or 63 μg/mL of nisin are 

presented in Fig. 1.For alginate-CNC microbead without nisin (control), the characteristic 

absorption bands were observed at 3600-3200 cm
-1

 (O-H stretching), 2934 cm
-1

 (C-H 

stretching), 1599 cm
-1

 (asymmetric and symmetric COO- stretching) and 1401 cm
-1

 

(symmetric COO- stretching). A slight increase of typical sharpen peak was observed at 3335 

cm-1 related to O-H vibration of CNC which suggesting an increase of hydrogen bonding 

between alginate and CNC, as previously reported [4]. Besides, microbeads containing nisin 

showed a narrowing of O-H stretching band. Typical characteristic peaks for nisin were also 

found at 1599 cm
-1

 due to CO-NH bending (peptide bonds) and 1401 cm
-1

 due to C-H 

bending, with sharper peaks shifted to lower frequencies. In addition, the area in the region 

1718-1497 cm
-1

 was reduced (from 100 to 89 units) by addition of nisin (from 16 to 63 

μg/mL). This decrease could be attributed to electrostatic interactions between positively 

charged nisin and negatively charged alginate at neutral pH (pKa of alginate: 3.5; pHi of 

nisin: 8.8), in accordance with other authors who characterized nisin-polyanions interactions 

[31]. 

 

 

 

FIG. 1.FTIR spectra in the 1801-1192 cm
-1

 region of alginate-CNC microbeads without nisin 

(control), microbeads containing 16 μg/mL of nisin (N1-E 16 μg/mL), 31 μg/mL of nisin (N1-

E 31 μg/mL) and 63 μg/mL of nisin (N1-E 63 μg/mL). 
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9.3.2. Microencapsulated and free nisin availability during storage: in vitro test 

The release activity of free and encapsulated nisin was evaluated by BHI-agar deep-well 

model (in vitro) during storage at 4°C and the diffusion test was done by evaluating the 

growth inhibition against L. monocytogenes. The peptide diffuses from the free and 

encapsulated antimicrobial nisin solution into the gel (causing diffusion-based depletion) and 

BHI components diffuse from the agar gel into the solution (causing irreversible 

antimicrobial active compounds adsorption or degradation). A 2nd order-polynomial standard 

curve for free and microencapsulated nisin was used to correlate the area of inhibitory zones 

with the amount of available nisin. The available nisin content from free (N) and 

microencapsulated (N-E) nisin during storage are presented in Fig. 2-A and 2-B. After 1 day, 

the available nisin of N1-16μg/mL, N2-31μg/mL and N3-63μg/mL (free nisin) was 2.1, 6 and 

11 μg/ml, respectively. After 14 days, formulations N1-16μg/mL and N2-31μg/mL 

drastically lost their antimicrobial activity with a similar available content of 0.12 μg/mL. 

Formulation N3-63μg/mL showed only 2.6 μg/mL of availability after 14 days and lost its 

antimicrobial activity after 28 days of storage.  

Microencapsulated nisin formulations show after 1 day, a nisin availability of 38, 63 and 89 

μg/mL was found for N1-E16μg/mL, N2-E31μg/mL and N3-E63μg/mL, respectively. After 

14 days, their availability was respectively 21, 37 and 61 μg/mL. Thus, N3-E63μg/mL 

exhibited 20 times more available nisin as compared to free nisin (N3-63μg/mL). After 28 

days, all encapsulated nisin formulations still showed efficient available nisin, with respective 

values of 18.4, 20.6 and 31.3 μg/mL. The present study allowed increasing the available nisin 

in microencapsulated formulations during storage compared to both Bi et al.[29]due to the 

novel alginate-CNC microbead carrier formulation. Wan et al.[32]reported that nisin 

incorporated in alginate microparticles showed a good activity compared to free nisin during 

storage for the reduction of Lactobacillus curvatus in skim milk. This technique is interesting 

due to convenient application on the target system which can be manipulated for desirable 

loading and retention of antimicrobial peptide. 
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FIG. 2.Available nisin concentration from A) free nisin and B) microencapsulated nisin 

against L. monocytogenes during storage at 4°C in in vitro BHI-agar deep well model. 

 

9.3.3. Antimicrobial activity of microencapsulated nisin against L. monocytogenes: in 

situ test 

The antimicrobial effect of free and microencapsulated nisin against L. monocytogenes was 

evaluated on cooked ham as a RTE meat model (Fig. 3-A and 3-B).  The effectiveness of 

nisin to prevent the growth of L. monocytogenes was dependent on nisin concentration. After 

28 days of storage, no significant (P ˃ 0.05) difference in bacterial growth was observed 

between uncoated control ham (8.2 log CFU/g) and control ham coated with microbeads 

without nisin (8.25 log CFU/g). The microencapsulated nisin showed better antimicrobial 

effect as compared to free nisin during storage. Indeed, ham slices coated with N1-16μg/mL, 

N2-31μg/mL and N3-63μg/mL free nisin exhibited respective bacterial counts of 7.2, 5.2 and 

4.7 log CFU/g, after 4 weeks of storage. Similarly, ham slices coated with N1-E16μg/mL, 

N2-E31μg/mL and N3-E63μg/mL microencapsulated nisin showed respective counts of 4.5, 

3.7 and 1.7 log CFU/g, after 4 weeks, corresponding to a reduction of 2.7, 1.5 and 3.0 log 

CFU/g, as compared to the free nisin. The level of L. monocytogenes was also below 

detection limit (50 CFU/g) for microencapsulated beads N3-E63μg/mL during all storage. 
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FIG. 3.L. monocytogenes counts on vacuum packaged cooked ham slices coated with A) free 

nisin and B) microencapsulated nisin during storage at 4 °C. 

 

Microencapsulation of nisin also increased the lag phase of bacterial growth during storage. 

Lag phase is defined as the initial growth phase during which cell number remains constant 

prior to rapid growth. Indeed, formulations N2-31μg/mL and N3-63μg/mL (free nisin) 

presented a lag phase of 7 days and after, bacteria started growing exponentially. In 

comparison, microencapsulated formulation N2-E31μg/mL showed a lag phase of 14 days 

and during 28 days of storage, formulation N3-E63μg/mL showed bacterial counts below 

detection limit. L. monocytogenes is a psychrotrophic pathogen that is able to grow on cooked 

ham at 4 °C [33]. It is surmised that antimicrobials such as nisin, when directly applied on the 

surface, may diffuse much faster throughout the product lowering the local surface 

concentration to sub-active levels. On the contrary, edible antimicrobial coatings maintain the 

necessary preservative concentration at the product surface for a relatively longer period of 

time [34]. It could be hypothesized that positively charged hydrophobic N-terminal of nisin 

can electrostatically interact with negatively charged phosphate groups on target cell wall 

precursor lipid II by forming pores [35]. Juck et al.[36] reported that alginate coating with 

nisin (500 IU/g) and sodium diacetate (0.25%) on RTE turkey meat products reduced by 1.1 

log CFU/g the growth of L. monocytogenes during 21 days. Comparing these results, the 

present study revealed that alginate microbeads with nisin (N3-E63μg/mL) can completely 

inhibit the bacterial growth of L. monocytogenes compared to control ham coated with 

microbeads with 6.6 log reduction after 28 days of storage.  
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9.3.4. Effect of γ-irradiation on available antimicrobial content during storage: in vitro 

test 

The effect of γ-irradiation on available free or microencapsulated antimicrobials, mg/mL 

chloramphenicol (CAM) (oregano and nisin) is presented in Fig. 4. A 2
nd 

order polynomial 

CAM standard curve was used to correlate the inhibition zone (mm) of the available 

antimicrobials. Initially at day 0, the available content of OR was 0.6 mg/mL CAM, but it 

decreased to 0.05 mg/mL CAM within first 7 days storage and continued to decrease in the 

later stages. Whereas, microencapsulated OR (E) showed more available content after 7 days 

of storage with 0.2 mg/mL CAM. N and N(E) exhibited a similar decrease in available 

content. 

Results revealed that microencapsulated combined antimicrobial OR+N(E) showed better 

activity compared to free combined antimicrobials OR+N during storage. Indeed, after 7 

days, the availability for OR+N(E) was 0.4 mg/mL CAM whereas the available content for 

OR+N was 0.2 mg/mL CAM. The microencapsulated OR+N(E) showed an availability up to 

21 days but free OR+N almost lost its activity after 21 days. Microencapsulation also showed 

a protection for antimicrobials after γ-irradiation treatment. Indeed, after 7 days, the available 

content for OR+N (E)-γ was 0.3 mg/mL CAM whereas that for OR+N-γ was 0.03 mg/mL 

CAM. 

 

 

 

FIG. 4.Effect of γ-irradiation on available free or microencapsulated antimicrobials, mg/mL 

CAM (Origanum compactum and nisin) against L. monocytogenes during storage at 4°C in 

in vitro BHI-agar deep well model. (A) without irradiation and (B) with irradiation. 
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The effect of γ-irradiation on available free or microencapsulated antimicrobials, mg/ml 

CAM (cinnamon and nisin) is presented in Fig. 5. After 7 days of storage, microencapsulated 

CN (E) had more available content than the non-encapsulated CN. Results showed that the 

content for CN (E) and CN was respectively 0.3 and 0.03 mg/mL CAM. CN+N (E) showed 

better protection of antimicrobials than the CN+N. After 14 days, the content for CN+N (E) 

was 0.2 mg/mL CAM whereas CN+N lost its activity. In this formulation, γ-irradiation 

showed a similar activity as oregano-nisin formulation. Thus, after 7 days, the available 

content for CN+N(E)-γ was 0.3 mg/mL CAM but CN+N-γ lost its activity. Therefore, this 

study demonstrated that free antimicrobials lost their activity within a very short time after γ-

irradiation that microencapsulation could protect initially. But γ-irradiated microencapsulated 

formulations could not exhibit any activity after 14 days. Huq et al.[4]reported that alginate 

could be degraded during gamma irradiation due to the formation of hydroxyl radicals by 

radiolysis of water. These free radicals can reduce the activity of antimicrobials. As a result, 

free antimicrobials might be directly exposed to γ-irradiation and lose their antimicrobial 

activity more than microencapsulated formulations. Later on, in situ study was done to verify 

these results more evidently. 

 

 

 

 

FIG. 5.Effect of γ-irradiation on available free or microencapsulated antimicrobials, mg/mL 

CAM (Cinnamomum cassia and nisin) against L. monocytogenes during storage at 4°C in in 

vitro BHI-agar deep well model. (A) without irradiation and (B) with irradiation. 
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9.3.5. Synergistic effect of combined antimicrobials and γ-irradiation during storage: in 

situ test 

9.3.5.1. OR+N(E) and γ-irradiation (at 1.5 kGy) during storage 

The synergistic effect of microencapsulated antimicrobial with γ-irradiation is presented in 

Fig. 6. The bacterial counts for C-γ and C (E)-γ were found to be 2.8 and 2.9 log CFU/g, 

respectively at 1 day of storage, which represents an immediate effect of irradiation. After 35 

days, the bacterial counts for C-γ and C (E)-γ reached a level of 6.7 and 6.5 log CFU/g, 

respectively. Both OR+N-γ and OR+N (E)-γ showed a lag phase of bacterial growth up to 7 

days of storage. OR+N-γ and OR+N (E)-γ showed lower  bacterial counts and respective 

levels of  4.3 and 3.0 log CFU/g were found after 35 days. However, both OR+N-γ and 

OR+N(E)-γ showed a bacterial growth rate 0.14 and 0.13 log CFU/g/day. Thus, 

microencapsulated combined antimicrobials and γ-irradiation [OR+N (E)-γ] allowed reducing 

the bacterial growth rate by 32% compared to microencapsulated combined antimicrobials 

without irradiation [OR+N (E)]. 

 

 

 

FIG. 6.Synergistic effect of microencapsulated oregano + nisin and γ-irradiation on counts 

of L. monocytogenes in RTE cooked ham during storage at 4˚C. A) without 

microencapsulation and B) with microencapsulation. “γ” indicates formulations irradiated 

at 1.5 kGy. 
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9.3.5.2. CN+N(E) and γ-irradiation treatment (at 1.5 kGy) during storage 

After γ-irradiation treatment (Fig. 7-A and 7-B), both CN+N-γ and CN+N (E)-γ showed 

bacterial counts below detection limit (< 50 CFU/g) at day 1. Therefore, after 35 days of 

storage, CN+N-γ and CN+N(E)-γ exhibited the counts 4.0 and 1.8 log CFU/g, respectively. 

Gamma irradiation treatment increased the lag phase of CN+N (E)-γ up to 28 days but 

CN+N-γ showed only a lag phase of 7 days. The bacterial growth rate for CN+N-γ and 

CN+N (E)-γ was 0.2 and 0.03 log CFU/g/day whereas C-γ (control ham) and C (E)-γ (control 

with microbeads without antimicrobials) showed bacterial growth rates of 0.3 log CFU/g/day. 

Hence, microencapsulation combined with γ-irradiation allowed a synergistic effect on 

antimicrobial activity during storage. 

Abdollahzadeh et al.[37]reported that combination of thyme EO and nisin reduced the L. 

monocytogenes counts by 1.9 log CFU/g after 4 days of cold storage and then remained 

unchanged up to 12 days of storage in minced fish meat which was supported by our present 

findings. The phenolic content of EOs is predominately responsible for their antimicrobial 

activity. Turgis et al.[38]also demonstrated the antimicrobial activity of oregano and 

cinnamon EOs in combination with nisin against L. monocytogenes by in vitro study. 

According to specification of manufacturer (Robert et Fils), oregano (OR) and cinnamon 

(CN) EOs are a mixture of carvacrol (46%), thymol (14%), γ-terpinene (12%), p-cymene 

(13%) and cinnamaldehyde (65%), methoxy-cinnamaldehyde (21%), respectively. According 

to Ayari et al.[39], the addition of carvacrol in broth and irradiation treatment initiated the 

disintegration of the outer membrane and disruption of the cytoplasmic membrane 

permeability of the cell and helped to reduce intracellular ATP (energy), making it nearly 

impossible for the cell to repair the damage. Nisin, consisting of 34 amino acids, mainly 

exhibited its antimicrobial properties against gram positive bacteria such as L. 

monocytogenes, involving the formation of pores in the cytoplasmic membrane of target cells 

and leading to the efflux of essential small cytoplasmic components, such as amino acids, 

potassium ions and ATP [40]. Combination of EOs and nisin was found to be most effective 

antimicrobial which is believed to be the multiple attack of the cell membrane by individual 

active components like carvacrol, thymol, trans-cinnamaldehyde and mixture of amino acids, 

as reported by numerous studies [41,42]. A synergistic effect was found by 

microencapsulated EOs/nisin system in combination with γ-irradiation, which would generate 

a high technological impact to improve the RTE meat market in concern with pathogenic 

contamination. Further studies need to be done to understand the mechanism of 

microencapsulated antimicrobials with γ-irradiation. 
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FIG. 7.Synergistic effect of microencapsulated cinnamon EO + nisin and γ-irradiation on 

counts of L. monocytogenes in RTE cooked ham during storage at 4°C. (A) before 

microencapsulation and (B) after microencapsulation. “γ” indicates formulation irradiated 

at 1.5 kGy. 

 

9.3.6. Effect of microencapsulated antimicrobials on radiosensitization of L. 

monocytogenes 

The influence of microencapsulated antimicrobials on radiosensitization of L. monocytogenes 

is presented in Table 1. Results demonstrated that combination of antimicrobial (EOs and 

nisin) coating enhanced the RS of L. monocytogenes on RTE cooked ham compared to 

individual antimicrobial coating. Microencapsulation of combined antimicrobials was the 

most effective formulation against L. monocytogenes. In current study, D10 values of 0.54 and 

0.55 kGy were observed for control ham (C) and control ham with microbeads C (E). Both 

free and microencapsulated antimicrobial formulations significantly reduced (P ≤ 0.05) the 

D10 values compared to control ham without and with microbeads. Hence, these results 

revealed that free oregano (OR) and cinnamon (CN) coating on RTE ham increased the RS 

by 1.2 and by 1.8. Turgis et al.[38]showed that addition of nisin enhanced the RS of L. 

monocytogenes by 1.2 fold in sausage meat. Similarly, our result using nisin (N) coating also 

improved by 1.9 fold the RS of L. monocytogenes. Previous studies also showed that 

combined antimicrobials and γ-irradiation treatments had a synergistic effect on 

radiosensitization of L. monocytogenes[43,44]. Microencapsulation of combined 

antimicrobials (EOs/nisin) increased significantly (P ≤ 0.05) the RS of L. monocytogenes. 

Combined microencapsulated antimicrobials OR+N (E) and CN+N (E) coated ham showed 

the lowest D10 values (0.2 and 0.1 kGy respectively) compared to free combined 



 

154 
 

antimicrobials OR+N and CN+N (0.3 and 0.2 kGy respectively). Thus, OR+N(E) and 

CN+N(E) formulations exhibited the higher RS, representing an increase by 2.9 and 5.0 fold 

compared to control ham. In addition, results revealed that OR+N(E) and CN+N(E) increased 

significantly (P ≤ 0.05) by 39 and 113% the RS compared to OR+N and CN+N. Similar data 

were also obtained in previous studies using EOS mixed in ground beef before irradiation 

treatment [45]. From these results, it can be assessed that ionizing radiation can have its 

activity enhanced in presence of antimicrobial compounds such as EOs and nisin. 

TABLE 1 - D10 AND RADIOSENSITIVITY (RS) OF L. MONOCYTOGENESRELATED 

TO TREATMENT BY FREE AND MICROENCAPSULATED ANTIMICROBIAL 

COMPOUNDS IN RTE COOKED HAM.  

Sample D10 (kGy) RS 

C 0.54 (R
2
=0.99) 1.00 

OR 0.45(R
2
=0.90) 1.20 

CN 0.29 (R
2
=0.67) 1.86 

N 0.28 (R
2
=0.96) 1.93 

OR+N 0.26 (R
2
=0.82) 2.08 

CN+N 0.23 (R
2
=0.99) 2.35 

C(E) 0.55 (R
2
=0.99) 1.00 

OR(E) 0.43 (R
2
=0.91) 1.28 

CN(E) 0.33 (R
2
=0.92) 1.67 

N (E) 0.30 (R
2
=0.68) 1.83 

OR+N(E) 0.19 (R
2
=0.87) 2.89 

CN+N (E) 0.11 (R
2
=1.00) 5.00 

 

 

9.4 CONCLUSION 

One major finding of the present study is that microencapsulation of nisin in alginate-CNC 

microbeads can be used as an edible coating for RTE cooked ham to inhibit the growth of L. 

monocytogenes during storage. Microencapsulation of nisin (63 μg/mL) increased the lag 

phase of bacterial growth up to 28 days. Molecular characterization revealed the interactions 

between alginate-CNC matrix and nisin and also demonstrated the higher retention activity of 

microencapsulated nisin during storage. These findings further established the importance of 

microencapsulation of antimicrobial agents compared to the conventional direct addition 

method. Furthermore, microencapsulation of EOs and nisin showed a synergistic anti-Listeria 
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effect with γ-irradiation on RTE meat products. Our findings confirmed that CN+N (E)-γ 

showed a strong inhibitory effect up to 28 days and the bacterial count was below detection 

threshold. Hence, microencapsulation technology combined with irradiation could be an 

advanced process to improve the food safety for RTE meat market. 
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GENERAL CONCLUSION 

Objectives that aimed the development of combined treatments of gamma-irradiation and 

bioactive polymeric supports were reached by measuring their antimicrobial and antioxidant 

efficiency in various food applications. 

This report describes the methodology of different combined antimicrobial treatments that 

can be commercially applied in food industries to prevent contamination by pathogenic 

bacteria and molds. Scientific investigations focused on the effect of gamma-irradiation 

combined with bioactive supports such as diffusion films, edible coatings and microbeads 

applied on food surface. The report also describes the use of irradiation to produce functional 

groups on polymers in order to develop beads or films with antioxidant properties. Hence, our 

studies included 4 parts relatively to the use of such polymeric carriers on specific food 

models: 

- Part 1 – Combined treatments of irradiation with biodegradable diffusion films 

containing essential oil nanoemulsions to control the growth of molds in bagged cereal 

grains 

- Part 2 – Combined treatments of irradiation with edible coatings containing essential oil, 

organic acid or natamycin to control the growth of pathogenic bacteria in broccoli florets. 

- Part 3 – Combined treatments of irradiation with microbeads containing thyme essential 

oil to control the growth of Listeria in ground beef and the use of irradiation to produce 

active nanocellulose with antioxidant properties. 

- Part 4 –Combined treatment of gamma-irradiation with microbeads containing nisin and 

oregano/cinnamon essential oils to control the growth of Listeria on ready-to-eat (RTE) 

ham. 

 

Results obtains in these studies via microbiological analyses showed strong antimicrobial 

effects of the bioactive compounds encapsulated in the film or bead matrices when combined 

with low doses of gamma-irradiation. Interesting effects were also reported by evaluating the 

influence of the composition of the nanocomposite biopolymer-based microbeads used as 

edible carriers to promote a controlled release of the bioactive compounds to the food 

product. 

In summary: 

- Part 1 showed that the use of gamma-irradiation at 0.75 kGy combined with bioactive 

diffusion films allowed increasing the inhibiting capacity of their standalone counterparts 

against food spoilage molds (A. niger and P. chrysogenum) in bagged cereal grains. 

Similar inhibiting profiles were obtained with both MC- and CH-based bioactive films, 

with a higher reduction when incorporating 0.19% essential oil into the films. 

- Part 2 showed that the use of gamma-irradiation combined with bioactive edible coatings 

induced a synergistic inhibiting effect against L. monocytogenes, S. Typhimurium, E. coli 

and A. niger in broccoli florets stored at 4 °C. The use of an alginate-based coating 

containing a microemulsion of 0.03% lemongrass oil, sodium diacetate and natamycinand 
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followed by gamma-irradiation at 0.4 kGy allowed a significant reduction of pathogenic 

population in broccoli. 

- Part 3A showed a synergistic inhibiting effect of alginate-based bioactive microbeads 

combined with gamma-irradiation of ground beef at 0.5 kGy. The study reported the 

development of an encapsulation process to protect the efficiency of thyme essential oil. 

Parameters related to the bead matrix composition such as the concentration of thyme oil, 

the concentration of CNC (filling agent), the conditions of microfluidization (stabilization 

of the emulsion) and CaCl2 concentration (extrusion-gelation process to promote the 

formation of insoluble microcapsules) were optimized via in vitro controlled release study 

and microbiological analyses demonstrated the interest of combining 3% of thyme 

essential oil/30% CNC (dry basis) in presence of irradiation to obtain significant decrease 

of bacterial population in ground beef. 

 

- Part 3B showed a formation of carboxylic acid and aldehyde groups when gamma 

irradiation doses were applied on CNC. It was observed that gamma irradiation led to 

cleavage of anhydro glucose units, thus showing a decrease on CNC molecular weight. 

These new properties, allowed irradiated CNC to improve its wettability and antioxidant 

character. Introduction of irradiated CNC in active biodegrable materials might be 

interesting potential for food applications. 

   

- Part 4 showed that the microencapsulation of EOs and nisin in alginate microbeads led to 

a synergistic antilisterial effect with gamma-irradiation at 1.5 kGy, on RTE meat products. 

These findings confirmed that the use of microbeads containing nisin (63 µg/mL) and 

cinnamon essential oil (250 µg/mL) induced a strong inhibitory effect of Listeria up to 28 

days of storage and the bacterial count was below detection level, therefore suggesting that 

microencapsulation technology combined with irradiation could be an advanced process to 

improve the safety of RTE meat products. 

 

Consequently, this report supports the industrial relevance of such combined treatments with 

gamma-irradiation to assure food safety. It is expected that such novel technologies will gain 

interest from researchers and food industries due to their high potential to prevent the growth 

of pathogens in various products such as cereals, fresh or ready-to-eat vegetables and meat 

products. 
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Chapter 10 

 

APPLICATION OF RADIATION AND NANO-TECHNOLOGY TO DEVELOP 

FANCTIONAL PACKAGING MATERAILS BASED ON BIODEGRADABLE 

POLYMERS WITH IMPROVING BARRIER, ACTIVITY AND ENVIRONMENTAL 

SENSITIVITY PROPERTIES. 
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Abstract   

Research and development of antimicrobial materials for food applications such as packaging 

and other food contact surfaces is expected to grow in the next decade with the advent of new 

polymer materials and antimicrobials. 

Polyaniline nano-fibers (PANI-HCl) were synthesized through interfacial polymerization. The 

prepared PANI-HCl was blended with a biodegradable polymer like polycaprolactone (PCL) to obtain 

green coloured nano-composite films. Mechanical and physical properties of such films were studied. 

Polyanilines in their protonated conductive form (green) are rapidly interacted with basic solutes or 

vapors associated with food decay likes amines and changed to neutral non-conductive form (blue). 

Gamma rays have no significant effect on the green color of PANI-HCl /polycaprolactone films as 

well as their mechanical properties. The prepared sheets could be used as smart packaging for the 

food products which are permissible to be treated with ionizing radiation. 

Active packaging is a materiel containing components that are capable of scavenging oxygen; 

absorbing carbon dioxide, moisture, ethylene and/or flavour/odour taints; releasing, antioxidants, 

antimicrobial  and/or other preservatives. In this respect, polysaccharides as chitosan which has 

antimicrobial and antioxidant properties was incorporated into biodegradable polymer to enhance the 

antioxidant and antibacterial properties of the latter. The miscibility between the polymer like PCL or 

mailto:ha_rehim@hotmail.com
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cellulose acetate (CA)and chitosan (CS) can be improved by irradiating chitosan at different doses.  

The irradiated chitosanwas mixed with polymer at various ratiosto obtain compatible blends at 

different composites.PCL or CA-chitosan membranes showed good antioxidant and antimicrobial 

activity. The antioxidant and antimicrobial activities of the blends depend on the amount and 

molecular weight ofchitosan. 

Cellulose acetate/ silver (CA/Ag) nanocomposite filmswere prepared. Radiation is an 

effective tool to produce nano silver from silver salt solution.  In order to obtain highly dispersed and 

stable nano silver, few amount of stabilizing agents like natural polymer was added during the 

irradiation process of AgNO3 solution. The obtained nano- silver was investigated and mixed with CA 

polymer solution. However, the color of prepared nano composite changed from colorless to brown, 

the film transparency is still unchanged. Film colour intensity depended on the amount of added Ag.  

The structure and properties of CA did not alter by adding Ag nanoparticles Mechanical properties of 

irradiated films were not significantly affected by radiation. The CA/Ag nano composites showed 

biological activity towards different microorganisms and the activity increased as the Ag content in 

the composite increased.  

 Cellulose acetate (CA)matrices reinforced with clay were prepared by solvent-casting 

technique using gamma irradiation. Poly ethylene glycol (PEG)was added as plasticizer during 

preparation process. The obtained nanocomposite films have been characterized by X-ray diffraction 

(XRD), scanning electron microscope (SEM) and differential scanning calorimetry (DSC). The effect 

of clay and PEG contents on mechanical properties, oxygen and water permeability were studied. It 

was found that the opacity index, mechanical properties, and water and oxygen permeability greatly 

affected regarding to the organoclay and PEG contents. The prepared nanocomposites showed 

intercalation of polymer inside the clay structure and a reduction of oxygen transmission rate (OTR) 

compared to cellulose acetate films without nano-fillers. 

 

10.1. INTRODUCTION 

The main purpose of food packaging is to protect the food from microbial and chemical 

contamination, oxygen, water vapour and light. The type of packaging used therefore has an 

important role in determining the shelf life of a food. Active packaging does more than 

simply providing a barrier to outside influences. It can control, and even react to, events 

taking place inside the package. Active packaging technologies include some physical, 

chemical, or biological action which changes interactions between a package, product, and/or 

headspace of the package in order to get a desired outcome. The most common active 

systems scavenge oxygen from the package or the product and may even be activated by an 

outside source such as UV light. Active packaging is typically found in two types of systems; 

sachets and pads which are placed inside of packages and active ingredients that are 

incorporated directly into packaging materials [1]. Intelligent packaging systems exist to 

monitor certain aspects of a food product and report information to the consumer. The 

purpose of the intelligent system could be to improve the quality or value of a product, to 

provide more convenience, or to provide tamper or theft resistance. Intelligent packaging can 

report the conditions on the outside of the package, or directly measure the quality of the 

food product inside the package. In order to measure product quality within the package, 

there must be direct contact between the food product or headspace and the quality marker. 

In the end, an intelligent system should help the consumer in the decision making process to 

extend shelf life, enhance safety, improve quality, provide information, and warn of possible 

problems [2]. 
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A number of bio-based materials and their innovative applications in food-related packaging 

have gained much attention over the past several years [3, 4].These new materials include 

starch, cellulose, and those derived from processes involving microbial fermentation.  Studies 

applied to cellulose are centered on cellulose derivates because these present better 

processability than pure cellulose [5]. Within cellulosic derivates, cellulose acetate (CA) is of 

particular interest because it is a biodegradable polymer and has excellent optical clarity and 

high toughness, therefore this cellulose derivate can produce films either by solvent-casting 

[6] or melting techniques [7]. 

However, cellulose acetate possesses relatively poor gas and moisture barrier properties and 

are known to undergo hydrolysis to produce acetic acid in what is commonly referred to as 

the “vinegar syndrome.” These properties have prevented more widespread use of cellulose 

acetate films in today’s food packaging applications. 

 

10.2. METHEDOLOGY 

10.2.1. Preparation of polyaniline fibres 

HCl doped polyaniline nanofibers (PANF-HCl) was synthesized through interfacial 

polymerization according to Huang and Kaner. Typically, pre-distilled aniline (298 mg) was 

dissolved in CHCl3 (10 ml) and placed in a 50 ml beaker. Ammonium peroxydisulfate (182 

mg) was dissolved in 10 mL of 1 M HCl solution and was gently added dropwise to the 

CHCl3 solution, in order to prevent extensive mixing of the layers. The reaction was allowed 

to proceed overnight at room temperature. To remove excess acid and by-products from 

polymerization, the prepared polyaniline was purified by filtration and washing with 

deionized water and methanol [8]. 

10.2.2. PCL/ chitosan nanocomposite films  

In order to obtain CS powders with different molecular weights, CS (high viscosity, Fluka) 

solution was prepared at concentration of 5 w/v % in 1 w/v % acetic acid solution and 

exposed to gamma radiation with different doses (10, 20, 30, and 40 kGy). Thereafter, the 

irradiated chitosan solutions were dried at 50 ºC overnight and grinded to obtain CS powders.  

The PCL/CS films were processed through two steps. In the first step, a master batch of CS 

was prepared by premixing of CS powders with PCL pellets (average Mn=80,000, Sigma-

Aldrich, USA) in a beaker in the presence of a little of glacial acetic acid at 60 °C for 5-10 

min with good stirring to obtain a homogenous PCL/CS viscous mixture of composition 

75/25 (w/w). Afterwards, this mixture was dried at 50 ºC for 24 h and then soaked in 2N 

sodium carbonate solution for 2 h followed by washing with distilled water and drying at 50 

ºC for 24 h. In the second step, PCL/CS films with different CS contents were prepared by 

melt blending of the CS master batch (from the first step) with the required amounts of pre-

dried PCL pellets at 80 °C and then by hot pressing in a compression molding machine 

operated at 80 °C for 1 min.  

10.2.3. Preparation of cellulose acetate nanocomposites  

Cellulose acetate nanocomposites with different contents of clay (0, 1, 2, 3 and 5 wt.%) and 

PEG were prepared by solution casting method at room temperature (~ 25
o
C)using dimethyl 
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formamide (DMF) as a solvent. 5 gm of CA and a corresponding weight of PEG were 

dissolved in 75mL of DMF under vigorous stirring for 1 h. The corresponding weight of 

organoclay was dispersed in 25 ml of DMF and sonicated for 30 min. at room temperature. 

Then, the CA solution was added on organoclay suspension under vigorous stirring and the 

mixture was stirred for 60 min. After that the mixture was irradiated by gamma rays from 
60

Co at exposure dose of 10 kGy and dose rate of 1.4 Gy/s and then 25 ml of mixture was 

added on glass disc (15 cm) and dried at 50
o
C in oven for 24 h. Finally, the films were 

removed from the glass disc and stored in polyethylene bags to avoid contamination 

10.2.4. Water vapor transmission rates (WVTR)  

WVTR were studied using a gravimetric technique according to Razzak et al. [9]. Dried films 

with a diameter of 5 cm and thickness of about 0.13 mm (without physical defects such as 

cracks or bubbles) were cut and then put as a cap at the mouth of a bottle with a diameter of 

about 5cm containing CaCl2. Once, the films were secured, each bottle was placed in a 

chamber for 10 days at constant temperature of 25
o
C and 75 % RH (saturated solution of 

NaCl). The cups were weighted daily and the plot of the weight increment vs. time provided 

the water vapour transmission rate. The values were then divided by the cross section area; 

the obtained WVTR was expressed as (gm/cm
2
/day).  

10.2.5 Oxygen transmission rate (OTR) 

The OTR of films was determined with an OxySense® 5000 series oxygen analyzer. The 

permeation chamber is part of OxySense’sOxyPerm® line oxygen analysis accessories, 

(Dallas, TX, U.S.A). Measurements were carried out at 23
o
C and 0%RH until a steady-state 

oxygen transmission rate was achieved. The output values were expressed as OTR in (ml/ m
2
/ 

day). 

 

10.3. RESULTS AND DISSCUSSION  

10.3.1. Preparation of PCL, containing nano PANI nanofiber as a smart pacakaging for 

seafood products  

Seafood, both fish and shellfish, are particularly prone to spoilage and the need to minimize 

the risk to the consumer’s health is a powerful driving force behind new smart packaging 

technologies like development of sensors that respond to changes in the packaging as the fish 

spoil. The spoilage mechanisms result in the release of about 20 volatile compounds that 

increase over time. Of particular interest, the volatile amines are responsible for the pungent 

smell of spoiled fish. The pH of the flesh increases as the amine content increases. This 

change in pH allows the possibility of employing pH indicator dyes as means to provide a 

quality colorimetric indication. An early device proposed as a seafood indicator involved 

wooden skewers permeated with a dye that changed colour if inserted into spoiled seafood. 

More recently, colorimetric membranes have been developed for detecting a variety of gases 

such as carbon dioxide and ammonia. These sensors are generally non-specific, responding to 

the pH change brought about due to a build-up of the target gas. The lack of specificity and 

the toxicity of dyes limit the uses of these sensors to a few specific well-defined situations. In 

this respect, polyaniline nanofiber is immobilised within a PCL -based polymer membrane to 

obtain the film consist of pH indicator used as a sensors for fish spoilage. Initially, when the 

fillets are freshly packed, the PANI within the PCL membrane is in its acidic form (usually 
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green in colour). As the fish spoils, the volatile amines are increasingly released and the 

polyaniline is changed to a new form (basic), usually gray - blue in colour.  The package 

response is colorimetric and can therefore be observed with the human eye (Photo 1). A 

diagram outlining how the sensor works is given Photo 2.  

 

 

PHOTO 1. The change in the color of PCL-PAN as the environmental pH changed. 

A) green colour of prepared PCL-PANI (B) colour of PCL-PANI when exposed to NH3 

 

 

PHOTO 2. Schematic diagram shows the basic operation of the food quality indicator 

before (a) and after (b) spoilage. 

 

PANI nanofibers are prepared by oxidizing aniline at low concentrations in the presence of a 

strong acid. The diameters of the fibers are usually in the range of 20-100 nm, but they can 

extend to several micrometers in length [10]. The diameters of the nanofibers are dependent 

on the acids employed in the synthesis. In the presence of HCl, the average diameters of the 

PANI were 30 nm [11]. The successful utilization of PANI as a solid intelligent packaging 

material requires blending with commercially available polymers having suitable mechanical 

properties and processability.  PANI and polycaprolactone polymer matrices (PCL) have 

been used to prepare PANIS containing polymer films using melt processing technique. The 

B

A
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milky colour of PCL changed to green colour when the prepared PANI nanofiber is added. 

The colour intensity of the film increases as the PANI amount increases. (Photo 3).  

 

 

 

 

PHOTO 3. Change in the color of polycaprolactone as a result of adding different amount of 

PAN nanofibers. 

A more quantitative means of measuring and recording the colour change is possible through 

the use of a colorimeter or UV spectroscopy. The UV-vis spectra of polyaniline-PCL 

composites are shown in Figures (1). Blended forms of polyaniline emeraldine salt shows 

three characteristic absorption bands at 360, 420 and775 nm corresponding to π-π* band-gap 

absorption, low wavelength polaron-π* band and high wavelength π-polaron band, 

respectively. The basic form of polyaniline or emeraldine base shows a low wavelength π-π* 

band at 320 nm and a strong absorption band at 570 nm, attributed to a local charge transfer 

between a quinoid ring and the adjacent imine-phenyl-amine unit. 

 



 

167 
 

 

 

FIG. 1. UV-vis spectra of polyaniline -PCL composite:  (red color PCL, (yellow color) 

emeraldine salt and (blue color) base emeraldine 

 

10.3.1.1. Effect of PANI nanofiber on the structure of PCL films  

The structure and properties of pure PCL film and PCL-PANI composite films were studied. 

FTIR revealed that there is no change in the chemical structure of PCL film when blended 

with PANI nanofibers. The mechanical properties of PCL-PANI film composites of different 

PANI contents were investigated.  As shown in Figure (2), a slight decrease in the tensile 

strength and elongation at break of PCL-PANI composite films was noted if compared with 

that for pure PCL. As the amount of PANI increases in the blend, the mechanical properties 

of PCL decrease.  
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FIG. 2. Effect of PAN concentration on the mechanical properties of PCL 

 

3.2. Design of antimicrobial packaging systems  

The use of nano-materials in food packaging is already a reality. Nanotechnology can be used 

in plastic food packaging to make it stronger, lighter or perform better. Also, Antimicrobials 

such as nanoparticles of silver or titanium dioxide can be used in packaging to prevent 

spoilage of foods. Trials were made to incorporate nano-silver metal into CA in order to 

obtain packing films with antimicrobial activity properties. Ionizing radiation can be used to 

reduce silver ions to nano-silver metal that distinguishes with yellowish brown colour. The 

most frequently used approach to prepare dispersion of silver nanoparticles attached in 

polymer matrices involves the entrapment of silver cations from polymer chains followed by 

reduction with  gamma rays. In this work CA was used as a polymer to stabilizer Ag particles 

during irradiation process. The prepared Ag nano particles capped in CA do not aggregate or 

precipitate and they highly disperse for long time. Radiation dose greatly affects the Ag 

particle size at constant amount of natural capping agent and AgNO3. The size of silver 

nanoparticles decreases with the increase in dose used to irradiate the sample.  Also, a blue 

shift is observed in λmaxof silver plasmon resonance band as the radiation dose increase.  This 

behaviour is attributed to the increase in density of born silver nano-clusters with the increase 

in radiation dose where there is no chance for formation of large particles from unreduced 

silver ions due to the great decrease in silver ions which is transformed to silver metal atoms 

Figure (3). 
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FIG. 3. The effect of irradiation doses on Ag particle size at fixed amount of natural capping 

agent and AgNO3 

The average size of the prepared nanosilver was determined using Dynamic light scattering 

DLS and was found to be around 8 nm.  Meanwhile, the XRD study shows that silver 

nanoparticlesare formed in a crystalline phase. The biological properties of CA/Ag 

nanocomposite  of different silver contents towards gram positive and gram negative bacteria 

was investigated. It was observed that the CA/Ag nanocomposite films of different Ag 

contents possessed antimicrobial activity property against gram negative and gram positive 

bacteria.  

Figure 4 shows the average size of the prepared nanosilver using Dynamic light scattering 

(DLS) and the XRD spectrum of it. Moreover,it shows the biological properties of CA/Ag 

nanocomposite of different silver contents towards bacteria. The migration kinetics of 

antimicrobial agents into foods may be important to quantify in order to control the 

antimicrobial food packaging system.Release of Ag from CA was investigated. The film was 

soaked in distilled water for intervals time up to 72h and the amount of Ag release was 

calculated. It was found that the amount of Ag release is very limited and does not increase 

significantly by time. This means that the hydrophobicity and rigidity of CA restrict the 

incorporated Ag to move outside the films. 
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.  

FIG. 4.The average size, XRD and the biological properties of Ag-CA nano composite of 

different silver contents towards bacteria. 

PCL/CS films with different CS contents were prepared by melting technique. The developed 

two-step process, preparation of CS master batch and then blending with PCL can improve 

the dispersion of CS in PCL matrix by reducing the macroscopic domains of the former if 

compared with the single step process where CS is melt blended with PCL directly. 

Incorporation of CS into PCL decreases generally both the tensile strength and elongation of 

PCL at break as shown in Figure (5). However, the mechanical properties of the PCL/CS 

films that prepared from irradiated CS at 5 wt% were better if compared with those prepared 

from non-irradiated CS. As a result, the decrease of CS molecular weight caused by radiation 

help in the reduction of its macroscopic domains in the blend. It isalso worth noting that there 

was no a significant difference in the mechanical properties of the PCL/CS films that 

prepared from CS irradiated with different doses (10-40 kGy). 

Figure6 shows the effect of CS content (from 0-10 wt %) on the mechanical properties of the 

prepared PCL/CS films. As the CS content increases, both the tensile strength and elongation 

at break decrease. The decrease in tensile strength and elongation can be attributed to the 

thermodynamic immiscibility and inherent incompatibility between CS and PCL which may 

lead to the formation of pores due to the de-bonding of the polymers upon the application of 

stress[12].It was noted also that the yellow coloration of the prepared PCL/CS films increases 

with both the irradiation dose and CS content (Figure7) 

 

 

CA

CA
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FIG. 5. Effect of irradiation dose of CS on the tensile strength and elongation at break for the 

prepared PCL/CS films; CS content: 5%. 

 

 

FIG. 6. Effect of CS content on the tensile strength and elongation at break for the prepared 

PCL/CS films; irr. Dose of CS: 20kGy. 
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FIG. 7. Color change of the prepared PCL/CS films with the increase of CS content; irr. dose 

of used CS: 20 kGy. 

 

 

10.3.3. Improving the barrier properties of cellulose acetate for possible use as 

biodegradable foodpackaging materials 

10.3.3.1. Morphology and structure 

10.3.3.1.1. Opacity index 

Absorbance measurements have been reported as a simple method to determine opacity index 

in CA/PEG plastic films and nanocomposites [13- 15]. Table 1 shows the effect of PEG and 

clay contents on the opacity index of CA.The films of CA-blank that prepared by solvent-

casting technique are characterized by a high transparency and of opacity index value 0.296. 

However, the incorporation of a low content of clay and PEG significantly affected this 

property. When PEG concentration increased in the CA film matrix, a significant increase in 

the absorbance was observed indicating a decrease in the amount of light passing through the 

CA films. It is also observed that, the addition of clay resulted in more decrease in the 

transparency of the materials. These results may be due to the interaction of the light with the 

inorganic structure embedded within the polymer matrix.It has been reported that higher 

degree of intercalation or exfoliation of clay by polymeric matrices decreases the opacity 

property due to a minor interaction between light and the layers of clay [16, 17]. 
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TABLE 1.THE EFFECT OF PEG AND CLAY CONTENTS ON THE OPACITY INDEX 

VALUES OF THE CA FILMS. 

Sample Opticity index 

PEG-Concentration (wt%) Clay free 5wt% clay 

2 % 0.310 1.323 

4 % 0.320 1.434 

12 % 0.341 1.674 

16 % 0.347 1.904 

 

3.3.1.2. Scanning Electron Microscope analysis (SEM) 

Figure 8 shows SEM micrographs of surface (a and b) and cross-section (c and d) of CA-

blank and CA-nanocomposite film that contains 5wt%clay and 16wt% PEG. Significant 

differences has been observed between the morphologies of nanocomposites film and CA-

blank. The presence of clay in the nanocomposite modified the structure of CA. The surface 

micrographs of the nanocomposite show that, the clay particles are completely and uniformly 

dispersed with film matrix. 
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(a) (b)  

  

(c)  (d) 

FIG. 8. Scanning electron microscope analysis of surface (a &b) and the cross-section (c &d) of 

 CA-blank and CA-nanocomposite that contain 5wt%clay and 16wt% PEG. 

 

10.3.3.1.3. XRD analysis of CA-nanocomposite films 

XRD is used to identify intercalated and exfoliated structures. In addition, the repetitive 

multilayer basal spacing can be determined. The intercalation of the polymer chains usually 

increases the interlayer basal spacing of the clay mineral leading to a shift of the diffraction 

peaks towards lower angle values [16]. In an exfoliated nanocomposite structure, diffraction 

peaks of the clay mineral disappear from the XRD patterns due to lack of order between the 

silicate layers. 

Figures 9 shows the XRD patterns of pure clay and nanocomposite films with different clay 

content. It can be seen in Fig. 9 that, 2θ value of the pure clay at 6.86
o
 shifted towards lower 
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angle values in the CA/Clay nanocomposite films and its intensity increases with increasing 

clay concentration. The basal spacing values of CA/clay nanocomposite films were higher 

than that of pure clay (Table 2). These results indicated that CA and PEG molecules may 

enter between silicate layers and cause an interlayer expansion.   

 

 

FIG. 9.  X-ray diffraction patterns of pure clay and CA/clay nanocomposite films of different 

clay contents. PEG; 16wt%. 

 

It is observed that the addition of 5wt% of clay enhances in 135% the crystallite dimension 

(Lθ) with respect to 1wt%. While,  the addition of 4wt% of PEG enhances in 210% the 

crystallite dimension with respect to 2wt% PEG. The increase in basal spacing of clay with 

the increase of PEG may be due to its highly hydrophilic character than that of CA and its 

suitable molecular size for the expansion of basal spacing of clay in nanocomposite films. As 

PEG content increases, the basal spacing of clay inc

These results indicated that as PEG content increases CA has been intercalated inside the clay 

structure i.e. intercalation of CA inside the clay structure increases. The hydroxyl groups of 



 

176 
 

PEG interact directly with the Na
+ 

cations and water molecules that are present between the 

clay platelets, as well as with the hydroxyl groups of the negatively charged layers of 

bentonite, leading to a high compatibility. This enables the entrance of CA chains into the 

interlayer galleries, along with an increase in d-spacing between clay platelets [18]. 

 

 

TABLE 2. CRYSTALLINE PARAMETERS OF THE PREPARED NANOCOMPOSITION 

AS A FUNCTION OF CLAY CONTENT. PEG; 16WT% 

Clay content (wt%) in CA-

nanocomposite 

2θ Lθ (nm) d (nm) 

Clay-pure 6.8648 6.4 1.286 

1% 5.1348 10.71 1.719 

2% 5.14 10.77 1.728 

3% 5.03 11.03 1.756 

5% 4.955 11.9459 1.782 

 

The results suggested that the intercalation of both PEG and CA molecules into the layers of 

the clay is possible. Intercalation of CA into the silicate layers is more difficult. Thus, it can 

be concluded that all CA/clay composite films prepared had a nanocomposite film structure. 

 

10.3.3.2. Mechanical properties 

 

The changes occurred in mechanical properties of the CA -nanocomposites due to increasing 

the clay and PEG contents were studied. Table 3 shows the tensile strength(Ts), E-modulus 

and elongation at break(Eb) of the CA/PEG nanocomposites with different clay content.  It 

can be seen that, the increase in clay content produced a marked increase in Ts and E-

modulus, which means that the CA matrix is reinforced with an addition of clay 

nanoparticles.  
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TABLE 3. TENSILE PROPERTIES OF CA NANOCOMPOSITES WITH DIFFERENT 

CLAY CONTENT IN PRESENCE OF PEG; 16 WT%. 

 

 

The increase of Tsand E-Modulus is due to more clay intercalation. In other words, the 

intercalated reinforcements resulted in enhancement of the composite tensile strength. A 

possible explanation for improvement of E-modulus of CA nanocomposites can be the 

creation of a three dimensional networks of interconnected long silicate layers, stiffening the 

material through mechanical properties due to interactions between the components of the 

negatively charged silicates and the hydrogen from PEG [19, 20]. From the aforementioned 

results, it was found that, 5wt% clay was sufficient to reinforce the CA matrix.  

 

10.3.3.3. Oxygen and water vapor permeability  

The effect of PEG and clay contents on the CA-nanocomposite permeability was determined 

for both oxygen and water vapor by means of oxygen and water vapor transmission rate 

determination (OTR and WVTR), respectively and the data are illustrated in Tables4 &5.The 

permeability results showed a decrease in cellulose acetate water vapor transmission rate with 

the increase of PEG content (Table 4). It can be also obvious that all nanocomposites showed 

a reduction of OTR values compared with cellulose acetate alone. These results are attributed 

to the increase in tortuous path for water molecule to path through with the increase of PEG 

content [21].  

  

Clay content wt% E-Mod (MPa) Tensile at break 

(MPa) 

Elongation (%) 

At break 

1% 1137 19.11 2.10 

2% 1522 37.25 3.80 

3% 2076 46.435 3.56 

5% 2271 48.82 4.51 
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TABLE 4. EFFECT OF PEG CONTENT ON OTR AND WVTR OF CA FILMS IN THE 

ABSENCE OF CLAY 

PEG content (wt%) OTR 

(ml/m
2
/day) 

WVTR ( x10
-3

), 

(gm/cm
2
/day) 

CA- blank 688.96 22.76 

2% 574.75 19.61 

4% 527.49 18.76 

12% 435.28 17.11 

16% 390.21 15.84 

 

As it can be seen in Table 5, both OTR and WVTR were reduced with increasing clay 

content, which may be attributed to increased amount of the inorganic silica with superior 

barrier property and formation of more compact structure. Such reduction was dependent on 

the intercalation degree of polymer inside of clay structure. For all nanocomposites with 

different clay contents, PEG content was constant(16wt%). 
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TABLE 5. EFFECT OF CLAY CONTENT ON OTR AND WVTR OF CA- 

NANOCOMPOSITES FILMS. PEG;16WT%. 

 

When 5% clay was added in the nanocomposite, the oxygen and water vapor barrier 

properties of nanocomposite films were improved to be 141.10 ml/m
2
/day and 7.9x 10

-3 

gm/cm
2
/day respectively as compared with pure CA film exhibiting OTR and WVTR of 

688.96 ml/m
2
/day and 22.76 gm/cm

2
/day, respectively. Sapalidiset al.[22] reported that, the 

reduced permeability of nanocomposites is mainly attributed to the increase in tortuosity 

caused by the impermeable platelets distributed in the polymer matrix as well as to the strong 

interfacial interaction. 

These remarkable improvements in both OTR and WVTR barrier properties were attributed 

to the good clay dispersion and distribution through the CA matrix [23]. That is because of 

the presence of nanoparticles which reduced the intermolecular spacing within the films, thus 

reducing both OTR and WVTR through the film. This occurs due to the ability of small size 

nanoparticles in occupying the empty spaces of the porous CA film matrix. It can be 

concluded that; permeability improvement can be achieved by the addition of nanoclay.  

 

4. CONCULUSION  

Smart Packaging for Fish and Seafood Products was preliminary designed using polyaniline 

fibers as a sensor tosuch prepared materials could be used as sensors to detect food in order to 

give an indication of food spoilage. Homogenous CA-clay films was prepared using 10kGy 

Clay content (wt%) OTR 

(ml/m
2
/day) 

WVTR ( x 10
-3

), 

(gm/cm
2
/day) 

CA+ PEG   0% 391 15.8 

                   1% 284.20 13.47 

                  2% 245.27 11.92 

                3% 185.87 9.93 

               5% 141.10 7.9 
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gamma rays. The presence of PEG and /or clay affectedthe optical clarity of CA nano-

composites.XRD studies revealed that CA nano-composites exhibited an intercalated–

exfoliated structure due to the increase in the basal spacing of the clay.The presence of the 

clay improves the mechanical properties of CA and  also enhances   the barrier properties of 

CA. Moreover, it has been observed an important reduction of water vapor permeability 

(WVP) according to clay and PEG content. 
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Abstract 

The aim of this study is to analyze the effect of gamma-ray, x-ray and electron-beam radiation on the 

morphological, thermal, mechanical, and barrier properties of polylactic acid/montmorillonite 

(PLA/MMT) nanomaterial. The samples were prepared in a twin-screw extruder and then filmed by a 

calendar, then exposed to the irradiations at 1 kGy dose. 

 

11.1. INTRODUCTION 

Nanocomposites based on biopolymers, such as poly(lactic acid), PLA [1], are currently 

receiving particular attention due to the increasing demands of consumers and manufactures 

for environmental sustainable products. It was recently reported that the properties of PLA 

can be not only improved, but also tailored for specific end uses by selecting appropriate 

filler and processing conditions. For food packaging application, antibacterial properties 

along with barrier and mechanical properties are of particular interest [2]. The increase of the 

PLA properties barrier properties is usually obtained using clay [1]. Nanotechnology has 

potential applications in all aspects of food chain including food processing, food quality 

monitoring, food packaging and storage [3, 4]. Major areas of food industry which could 

benefit from nanotechnology are [4] development of new functional materials for food 

packaging, [5] microscale and nanoscale processing, [6] product development and [7] 

methods and instrumentation design for improved food safety and biosecurity [5]. 

Application of nanotechnology in food packaging is considered highly promising since this 

technology could improve safety and quality of food while reducing the use of valuable raw 

materials and the generation of packaging waste. Nanotechnology is applicable in food 

packaging to improve packaging performances such as gas, moisture, UV and volatile 

barriers, mechanical strength, heat resistance and flame retardancy and its weight [6, 7]. 

Nanotechnology can provide shelf life extension via active packaging, product condition 

monitoring through intelligent packaging, and delivery and controlled release of 

nutraceuticals. The reports of FAO and the WHO state that millions of food borne diseases 

are registered every year [8]. The food poisonings cause, among others, immense economic 

burden due to food recall and medical treatments.  Moreover, it is also reported that: i) food 

availability and safety are under threat and that by 2050 global production of safe food must 

increase by 70% to feed the growing world population; ii) a huge amount of food (~ 40% 

=1.3 billion tons/year) is lost between the stages of production and consumption, with a 

wasted investment for the farmers, an increase of the cost for consumers and a burden for the 

environment [9]. To alleviate these problems, ionizing radiation, gamma rays, X-rays or 

mailto:clara.silvestre@ipcb.cnr.it
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electrons, can be used to extend the life of certain fruits and vegetables by delaying ripening 

or killing moulds, and for the control of insect infestation of grain and other stored products. 

Ionizing radiation also provides an effective alternative to chemical treatments for the 

prevention of sprouting in stored potatoes and onions and for the treatment of herbs and 

spices. More importantly, from a public health point of view, ionizing radiation can be used 

to kill, or reduce significantly, the number of pathogenic bacteria, e.g. Salmonella, 

Campylobacter, Vibrio, Listeria, in a variety of other foods, such as poultry meat and 

shellfish [10]. The idea today is to take advantage using the combined effects of the 

nanotechnology and the ionizing radiations, irradiating the food already packed. Food 

irradiation can be broadly divided into two categories based on the doses that are employed, 

namely, doses ≤ 1.0 kGy and doses ≤ 10 kGy. Doses ≤ 1.0 kGy are used primarily for 

eliminating insects and pests from fruits and vegetables and for extension of shelf-life, and 

doses ≤ 10 kGy for eliminating microbial pathogens from meat and poultry products. The use 

of doses ≤ 1.0 kGy for phytosanitary treatment of fruits and vegetables in international trade 

is the fastest growing market sector [1]. To improve the properties of PLA, a modified 

montmorillonite (MMT) was used as nanofiller. The effect of eBeam radiation on this system 

was already study in the previous paper Salvatore et all.(2015). In this work the comparison 

of the effects between gamma-ray, X-ray and eBeam irradiation, at 1 kGy on the 

morphological, thermal, mechanical, and barrier properties, are estimated on PLA and 

PLA/MMT nanomaterial. 

  

11.2. EXPERIMENTAL PART 

11.2.1. Materials and preparation 

The organoclay is the commercially available Dellite 67G (D67G) from Laviosa, Livorno, 

Italy. It is an organoclay derived from natural MMT modified with a high content of 

quaternary ammonium salt, in particular, dimethyl deydrogenated tallow ammonium. The 

polylactic acid (PLA 4032D) (Nature WorksVR) has Mw=1.3 x 10
5
, Mn=2.1 x 10

5
 

(measured by Gel Permeation Chromatography, Mw/Mn=1.56, Tg=58°C, and Tm=160°C 

(measured by differential scanning calorimetry (DSC)). Before blending, PLA was vacuum 

dried (24 h, 80°C). Masterbatch with clay content 20 wt % and PLA content 80 wt % was 

prepared to improve the dispersion of clay in the PLA by using a 25-mm twin screw co-

rotating extruder Collin ZK 25 (L/D524). The temperature setting of the extruder from the 

hopper to the die was 150/170/170/170/160°C, and the screw speed was 25 rpm. PLA with 5 

wt % of clay was prepared by using the same extruder and conditions. PLA/5%D67G film 

was obtained by a single-screw extruder Collin E 20T with a calendar termination Collin CR 

72T. The temperature setting of the extruder from the hopper to the die was 

160/170/170/170/180°C, and the screw speed was 40rpm. The calender chill roll diameter 

and width were 72 and 190 mm, respectively. For the calender terminator, the temperature 

was set at room temperature and the load capacity of the double jacket roll and of the winder 

roll was set at 83 and 55 N, respectively. The thickness of the films obtained was about 50 

mm. 

11.2.2. Gamma irradiation 

Irradiation treatments were done at the Canadian Irradiation Center (Laval, Canada), using a 

UC-15 A (SS canister) underwater calibrator (Nordion Inc., Kanata, ON, Canada) equipped 
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with a 
60

Co source. A γ-radiation dose of 1 kGy was delivered at a dose rate of 0.2279 

kGy/min. 

11.2.3. X-Ray Irradiation 

The X-Ray irradiation of the films was carried out to the Istituto Zooprofilattico Sperimentale 

della Puglia e della Basilicata (Foggia, Italy). Irradiation operations were carried out using 

non-nuclear irradiator that utilizes low energy X-ray beams, thus avoiding complex 

regulation issues and improving operator safety conditions. The films were irradiated at room 

temperature with a low-energy X-Ray machine (RS 2400 Radsource Inc.) operating at 150 

kV and 45 mA with a dose rate of 0.03 Gy/min± 10 % measured with a calibrated ion 

chamber (Radcal Inc.) Each sample was wrapped in a plastic bag and inserted into a carbon-

fiber reinforced resin canister with a diameter of 7.62 cm located in a carousel rotating 

around the X-ray tube, assessing a uniform dose delivery within 20% tested by Gafchromic 

film HD-810.  

11.2.4 eBeam Irradiation 

The eBeam irradiation of the films was carried out at the eBeam facility of the National 

Center for Electron Beam Research at Texas A&M University. A 10 MeV, 18 kW linear 

accelerator (downward orientation) was used. The film samples were placed in polyethylene 

holders which were taped to a solid support to ensure that they remained perfectly flat during 

eBeam processing. The processing was performed at room temperature (25°C). Alanine films 

(Kodak) were placed below the samples in order to measure the delivered eBeam dose. The 

film dosimeters were measured using a Bruker E-scan spectrometer (Bruker, Billerica, MA). 

The dosimetry was traceable to international standards. The dose delivered was 1 kGy. The 

dose rate was approximately 60 kGy/min. An un-irradiated sample (0 kGy) was also included 

in these trials.  

 

11.3. CHARACTERIZATION  

11.3.1 Scanning electron microscopy (SEM) 

The SEM analysis was performed using a SEM FEI Quanta 200 FEG, Hillsboro, Oregon 

(USA), and the examination was done on the surfaces of films. The surfaces, before the 

examination, were coated with Au/Pd alloy using an E5 150 SEM coating unit, Polaron 

Equipment Ltd., Doylestown, Pennsylvania (USA). The SEM analysis was performed in 

order to investigate the effect of irradiations on the films surface. 

11.3.2 Thermal Analysis 

The thermal behavior of the blends was examined by DSC using a calorimeter Mettler DSC-

822. DSC measurements were carried out by (1) heating from 230°C temperature to 200°C at 

a rate of 10°C min
-1

; (2) maintaining for 5 min at 200°C; (3) cooling to 230°C at 30°C min
-1

; 

(4) maintaining for 2 min at 230°C; and (5) heating from 230 to 200°C at a rate of 10°C min
-

1
. DSC studies revealed the thermal properties of the samples, such as transition temperature 

(Tg) and melting temperature (Tm). By DSC analysis was also calculated the degree of 

crystallinity percentage, Xc(%) of the samples, non-irradiated and irradiated. The degree of 

crystallinity was calculated using the following formula: Xc (%) = (∆Hf / ∆Hf°)x100 where  
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∆Hf is the experimental enthalpy of fusion and ∆Hf°= 93.2 J/g
-122 

is the enthalpy of melting of 

an ideal crystal. 

11.3.3 Mechanical Tests  

Dumbbell-shaped specimens were cut from the films and used for the tensile measurements. 

Stress–strain curves were obtained using an Instron machine (Model 4505) at room 

temperature (25°C) at a cross-head speed of 2 mm min
-1

. Twenty tests were performed for 

each composition. 

11.3.4 Permeability Tests 

Permeability to oxygen was tested on films by means of an ExtraSolution Multiperm 

apparatus. The instrumental apparatus consists of a double chamber diffusion cell. The film 

was inserted between the two chambers: a nitrogen flux containing oxygen enters in the lower 

one and a dry nitrogen flux flows in the upper one. A zirconium oxide sensor measures the 

oxygen diffusion across the film. The exposed area of the film was 50 cm
2
. The sensor data 

was converted into oxygen transmission rate (OTR) (i.e., the oxygen flow rate between two 

parallel surfaces under steady conditions and specific temperature and relative humidity 

(RH)). Measurements were carried out in triplicate at 23°C and 0% RH. Oxygen permeability 

was calculated from OTR data by means of the following equation: Permeability = (OTR x 

thickness)/ΔP where ΔP is the partial pressure between the two chambers of the instrument. 

 

11.4. RESULTS AND DISCUSSION 

11.4.1 Scanning electron microscopy 

The Fig. 1 shows the micrographs at (6000X magnification) of film surfaces of the samples 

before and after gamma-ray, X-ray and eBeam irradiation. The surfaces before the 

irradiations were smooth and homogeneous. After the irradiations, the surface of the samples 

presented regions with higher roughness characterized by cavities and ripples of different size 

and shapes. It has been previously reported that ionizing radiation causes bond breakage in 

the PLA molecules and the formation of radicals that can recombine with each other [1, 11-

16] Mool and Vilas [15] have reported that PLA undergoes both chain scission and 

crosslinking probably due to the cleavage of the ester linkage (increase in COOH end groups) 

and hydrogen abstraction at the quarternary carbon atom sites [1]. Using electron spin 

resonance, Nugroho et al. [14] identified at least three kinds of radicals due to chain scission 

when PLA is exposed to ionizing radiation. They postulate that after PLA irradiation 

reactions such as chain transfer, termination or recombination could be occurring separately 

or simultaneously. So it appears that ionizing irradiation can cause both the reduction of the 

molecular masses, due to degradation of the polymer, and the formation of cross-links 

between the chains with the consequent increase of the molecular masses. However, the 

creation of surface roughness at doses as low as 1 kGy is very surprising and is worthy of 

further investigation.  
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PLA/5%D67G 

    

 

FIG. 1. Scanning electron micrographs (6000X magnification) of films surfaces of the 

samples not irradiated and irradiated by different sources at 1 kGy. 

 

11.4.2 Thermal Analysis 

Table 1 reports endothermic glass transition temperature (Tg) and endothermic melting 

temperature (Tm). Thermoanalytical results indicate that the nanocomposite before the 

irradiation does not show change compared to pure PLA. These observations suggest that the 

clay does not influence the thermal parameters of PLA. These results are in agreement with 

the literature [12-14]. From the summarized parameters in the table 1, it appears that X-ray 

and eBeam irradiation produce a slight increase (about 4°C) in the Tg, in pure PLA and 

nanocomposite. This increase could be due to the formation of some cross-links between the 

chains, caused by the irradiation with the consequent increase of the molecular masses. When 

forming cross-links, the polymer chains are less mobile and this brings to an increase in the 

Tg [14]. The irradiation produces the scission of the chains and in some cases the consequent 

formation of cross-links. In the case of gamma rays, being particularly strong respect to X-

rays and eBeam, there is a strong breaking of the chains with consequent decrease of Tg, as it 

is possible to note in the case of the PLA, see Table 1; in the case of the nanocomposite the 

Tg increases (about 4°C) and this is probably due to the presence of Dellite. The Dellite tends 

to form a network binding itself to the broken chains by gamma rays. The Tm values show a 

small decrease after the gamma and X radiation for PLA and for the nanocomposite, at this 

dose. The decrease in Tm may be caused by introduction of irregularities, such as random 

destruction of crystalline regions by chain-scission, after the destruction of amorphous region 

[14], whereas the Tm does not appear to be influenced by exposure to eBeam radiation [17]. 
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TABLE 1. CALORIMETRIC PARAMETERS BEFORE AND AFTER IRRADIATION AT 

1 KGY BY  Ɣ-RAY,  X-RAY AND  EBEAM 

 

 

The Table 2 shows the percentage crystallinity (Xc %) of the PLA and its nanocomposite 

with 5 wt % of Dellite, before and after the three irradiations. Before the irradiation the 

presence of Dellite does not influence the Xc (%). Whereas it is possible to note a significant 

increase of Xc for the 2 samples only in the case of irradiation with gamma ray. This 

behaviour is verified for different kind of polymers, such as like PHB, iPP and polyethylene 

(PE), and it is known as chemicrystallization. The term means the increase in degree of 

polymer crystallinity during the radiation exposure as a result of liberation of macromolecular 

fragments, which were unable to crystallize during the processing [18]. 

 

TABLE 2. CRYSTALLINITY BEFORE AND AFTER IRRADIATION AT 1 KGY BY  Ɣ-

RAY,  X-RAY DOSE AND  EBEAM 

 

 

 

 

 

 

 

 

 

 Tg 

(°C) 

Tm 

(°C) 

Sample 0kGy ɣ-ray 

1kGy 

X-ray 

1kGy 

 

eBeam 

1kGy 

0kGy ɣ-ray 

1kGy 

X-ray 

1kGy 

 

eBeam 

1kGy 

PLA 61 58 64 64 169 167 168 169 

PLA/5%D67G 61 65 63 64 169 166 167 169 

 Xc (%) 

Sample 0kGy ɣ-ray 

1kGy 

X-ray 

1kGy 

eBeam 

1kGy 

PLA 35 47 36 37 

PLA/5%D67G 35 51 38 39 
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11.4.3 Tensile Properties 

The Figures 2 and 3 show the stress-strain curves of PLA and PLA/MMT, in machine 

direction and in transverse direction, respectively. The PLA always shows a plastic behaviour 

with the phenomenon of yielding and rupture during the cold drawing (see Fig. 2 A and Fig. 

3 A). The mechanical parameters, Young’s modulus (E), stress and deformation (σy, εy) at 

yield, and stress and deformation (σy, εb) at break, in the machine direction and in the 

transverse direction for all samples are reported in Tables 3 and 4. The mechanical properties 

of the untreated PLA are in agreement with those reported in the literature [1, 15-17]. The 

nanocomposite PLA/5%D67G before irradiation exhibits the same trend as the neat PLA. For 

the not irradiated samples, the addition of clay seems to cause an improvement in the values 

of the modulus (E) and deformation at break (εb). It should be noted that the yield strength 

parameters (εy, σy) are not strongly influenced by the presence of clay [1]. The gamma 

radiation treatment seems to cause changes in the tensile properties. In particular for neat 

PLA there is a decrease of E and εb; the σy and σb are not influenced by irradiation and only 

the εy value shows a small increase, this happens in machine direction, whereas in transverse 

direction all the parameters decrease. The gamma radiation influences strongly the tensile 

parameters of nanocomposite with a high decrease of the values almost similar in both the 

directions. After X-ray irradiation the PLA and PLA/5%D67G have a decrease in E, σy and 

σb values, whereas εy is not affected by irradiation, contrary the εb parameter has a big 

increase, respect the not irradiated samples, in both the directions. For the eBeam-treated 

samples, the treatment seems to cause some changes in the tensile properties. In particular, it 

is found, at 5 wt % of Dellite, an increase of E, εb, and εy, in both directions. From Tables 3 

and 4, it can be seen that for a given direction, σy is not influenced by the irradiation 

treatment. In general, the increase of the stress at yield and break, elastic modulus, and 

decrease in elongation at break are found in materials which undergo cross-links. Therefore, 

the results reported here could suggest that in the neat PLA and PLA/5%D67G 

nanocomposite, during eBeam irradiation, there is the formation of cross-links among the 

PLA chains, at the same time that this process is also accompanied by degradation with 

formation of shorter molecular chains. The comparison of the values of the mechanical 

parameters for the two directions indicates that in the machine direction, the samples seem to 

behave better than in transverse direction confirming the structural anisotropy observed 

through the morphological analysis, see Table 3 and 4. 
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FIG. 2. Stress–strain curves, in Machine Direction, of neat PLA (A) and PLA/5%D67G (B) 

as a function of different sources of irradiation (ɣ-Ray,  X-ray and  eBeam) at 1kGy. 
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TABLE 3. TENSILE PARAMETERS OF THE SAMPLES TESTED IN MACHINE 

DIRECTION 

MACHINE DIRECTION 

 

Sample E(MPa) σy  (MPa) εy   (%) σb  (MPa) εb   (%) 

PLA 3469 ± 189 44 ± 2 1.6 ± 0.1 38 ± 2 26 ± 5 

PLA_1kGy_ɣR 2503 ± 202 43 ± 4 2.4 ± 0.4 35 ± 3 21 ± 7 

PLA_1kGy_XR 2973 ± 216 37 ± 3 1.5 ± 0.1 28 ± 2 48 ± 1 

PLA_1kGy_EB 4092 ± 157 54 ± 3 1.6 ± 0.1 47 ± 2 33 ± 4 

 

PLA/D67G 5% 3550 ± 152 38 ± 4 1.4 ± 0.2 30 ± 3 36 ± 10 

PLA/D67G 5%_1kGy_ ɣR 1656 ± 260 21 ± 4 1.4 ± 0.1 19 ± 3 9 ± 1 

PLA/D67G 5%_1kGy_XR 2967 ± 363 35 ± 4 1.4 ± 0.1 26 ± 3 56 ± 15 

PLA/D67G 5%_1kGy_EB 4136 ± 192 47 ± 3 1.4 ± 0.1 35 ± 3 40 ± 9 

 

0 10 20 30 40 50

0

10

20

30

40

50


(M

P
a

)

(%)

PLA

Transverse Direction

EB NI

R
XR

A 



 

191 
 

0 5 10 15 20 25 30 35 40 45 50

0

5

10

15

20

25

30

35

40

45

50


(M

P
a

)

(%)

PLA/5%D67G

Transverse Direction

EB

NI

R

XR

B 

FIG. 3. Stress–strain curves, in Transverse Direction, of neat PLA (A) and PLA/5%D67G (B)  

as aa function of different sources of irradiation (ɣ-ray, X-ray and  eBeam) at 1kGy. 

 

 

TABLE 4. TENSILE PARAMETERS OF THE SAMPLES TESTED IN TRANSVERSE 

DIRECTION 

TRANSVERSE DIRECTION 

 

Sample E(MPa) σy  (MPa) εy   (%) σb  (MPa) εb   (%) 

 

      

PLA 3376 ± 393 35 ± 3 1.3 ± 0.1 32 ± 2 10 ± 4 

PLA_1kGy_ɣR 2541 ± 161 28 ± 1 1.4 ± 0.1 25 ± 1 7 ± 4 

PLA_1kGy_XR 3034 ± 193 30 ± 2 1.3 ± 0.2 26 ± 1 20 ± 4 

PLA_1kGy_EB 3846 ± 113 34 ± 4 1.1 ± 0.1 30 ± 3 5 ± 1 

 

PLA/D67G 5% 3648 ± 228 36 ± 3 1.3 ± 0.1 29 ± 3 21 ± 6 

PLA/D67G 5%_1kGy_ ɣR 1580 ±135 20 ± 3 1.5 ± 0.1 15 ± 1 3 ± 1 

PLA/D67G 5%_1kGy_XR 2830 ± 254 26 ± 3 1.1 ± 0.1 23 ± 2 8 ± 2 

PLA/D67G 5%_1kGy_EB 3859 ± 138 39 ± 5 1.3 ± 0.1 32 ± 4 11 ± 4 
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11.4.4 Permeability 

Table 5 shows the oxygen permeability values before and after irradiation at 1kGy, for PLA 

and PLA/5%D67G. Analysing the data along the row it can be commented: 1) for PLA 

sample it is found a decrease of permeability when the film is irradiated with gamma ray and 

eBeam, whereas no significant difference is in the case of irradiation with X-ray; 2) for the 

composite it is found an increase of permeability when the film is irradiated with gamma ray 

and X-ray and no change of the value in the case of irradiation with eBeam. Analysing the 

data along the column it can be noted: 1) at 0kGy the addition of 5 wt % of Dellite to PLA 

induces a decrease of permeability, very likely attributed to an increase of the tortuous path 

that the O2 molecules must travel within the film due to the presence of clay particles; 2) in 

the case of gamma radiation it is found an increase of the O2 permeability for the composite; 

3) in the case of X-ray radiation there is no difference between the permeability value of PLA 

and that of the composite and the same is also for the eBeam radiation. Before to comment 

the permeability results it has to be considered: i) the three radiation treatments produce 

scission of the PLA macromolecules with the formation of free radicals and formation of new 

shorter macromolecules segments, whose percentage depends on the nature of the radiation 

and also on the composition of the films ( plain PLA or presence of the Dellite in PLA); ii) 

the free radicals can recombine to form cross links that induce an increase of the Tg; this 

would contribute to  decrease the permeability; iii) a percentage of the macromolecule 

segments can crystallise and so there is  an increase of the crystallinity (it is what happens in 

the case of gamma radiation); in this case the effect is to decrease the permeability; iv) the 

shorter segments are not able to crystallise, and in this case because of the more free volume 

in the bulk due the end segments, the permeability should increase.  So when in a radiated 

sample the formation of further crystallinity and /or crosslinking percentage is prevalent, 

there is a decrease of permeability; whereas when it is prevalent the presence of short 

segments, the permeability increases. 

 

TABLE 5. OXYGEN PERMEABILITY 

 

 

 

 Oxygen Permeability(cm
3
 / (24hxm

2
)) x (24hxbar) 

Sample  

0kGy 

ɣ-ray 

1kGy 

X-ray 

1kGy 

eBeam 

1kGy 

PLA 2.2 ± 0.2 1.6 ± 0.1 2.4 ± 0.1 1.6 ± 0.1 

PLA/5%D67G 1.5 ± 0.1 2.5 ± 0.1 2.2± 0.1 1.5± 0.2 
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11.5. CONCLUSIONS 

It is demonstrated that the application of ɣ-ray, X-ray and eBeam radiation at 1kGy on films 

of PLA and PLA/5%D67G causes some modification on the surface of the films (revealed by 

SEM analysis) and some changes in the macromolecular structure with the formation of free 

radicals and short macromolecular segments, as deducible from the change of Tg and 

crystalline index. The degree of formation of free radicals and that of short segments 

occurring in each sample depend on the nature of the radiation. The free radicals, if their 

degree of formation is consistent, can cause cross-links, whereas the short segments can 

induce the increase of free volume inside the bulk material and/or, if they have enough 

mobility in the bulk, they can rearrange and crystallize (it is what happens for both samples in 

the case of ɣ-ray treatment). These modifications and especially the ratio between them, 

cause a change in the mechanical properties and in the O2 permeability values. So for some 

samples it is found an increase of the Young’s modulus, mechanical parameters and O2 

permeability and for others a decrease. In any case, the changes observed for the radiated 

films are not so consistent to make these films not usable; the films possess mechanical 

tensile values and O2 permeability values in the range still considered good to be applied for 

food packaging.   
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Abstract 

 

Food losses and waste are one of the food security issues facing the world today. Considerable 

research work has been carried to find out ways to minimize the spoilage and use of active packaging 

material is being considered as one the solution. This work described the development of food 

packaging polymeric material with antimicrobial functionality to minimize food loss and at the same 

time improve food safety.  Instead of mixing antimicrobial as food additive directly with food, 

incorporating them in films via radiation-induce grafting may allow the functional effect at the food 

surface, where the microbial growth is mostly found. Radiation-induced grafting has been used in this 

study to covalently bond low density polyethylene with antimicrobial (AM) additive, sorbic acid 

(SA), a commonly used food additive, to develop a non-migrate antimicrobial active film. The grafted 

samples were then characterized using grazing-angle Fourier transform infra-red spectroscopy (GA-

FTIR), Field Emission Scanning Electron Microscope (FESEM), x-ray photoelectron spectroscopy 

(XPS). Effect of surface modification on the tensile properties, surface wettability and oxygen 

permeability was investigated. The active film was then investigated for fungi killing time against 

Aspergillus sp. and Penicillium sp. 

 

1. INTRODUCTION 

Major advances in food engineering came from transfer of knowledge and technology from 

related fields such as chemical, physic and mechanical engineering. The impact of these 

technologies has contributed greatly to the transformation packaging function from passive to 

active role. Active packaging refers to the incorporation of certain additives into packaging 

film or within packaging containers with the aim of maintaining and extending product shelf 

life[1]. Some of these active packaging are oxygen-scavenging, moisture control and 

antimicrobial packaging. Antimicrobial packaging is one of the most promising innovations 

in active packaging technologies [2]. In some active packaging systems, polymers such as 

PE, PET, PVA, PLA, PP and others have been used to develop antimicrobial food packaging 

films [3-7]. Immobilization of active material can be carried out via ionic or covalent 

linkages, thus requiring suitable functional groups on both the antimicrobial substance and 

the packaging surface. It is well established that grafting is an ideal and efficient technique 
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for attaching polymer chains containing desired chemical groups via covalent bonding to 

existing polymeric backbones. The attachment through covalent bond provides long lifetime 

chemical stability by means of the introduced chains, compared to physically coated polymer 

chain. Antimicrobial agent such as potassium sorbate, organic acids (sorbic, propionic, 

benzoic, acetic, lactic) maleic anhydrides and few others have the potential to be grafted onto 

commercial polyethylene (PE) film, normally used in packaging of bakery and pastries 

products. In this study sorbic acid is used as antimicrobial agent and grafted using electron 

beam to achieve covalently bonded antimicrobial agent onto the LDPE chain and thus 

developing a novel non-migrating antimicrobial film as potential food packaging material.  

This work focuses mainly on the development of active packaging film with 

antimicrobial properties by pre-irradiation grafting technique. The evidences of sorbic acid 

(SA) grafting film were studied using Grazing-angle Fourier Transform Infra-red 

Spectroscopy (GA-FTIR), Field Emission Scanning Electron Microscope (FESEM), Atomic 

Force Microscopy (AFM) and X-Ray Photoelectron Spectroscopy (XPS). The antimicrobial 

properties of LDPE film functionalized by sorbic acid were evaluated with respect of its 

mechanical properties, suface properties.  The analysis of fungi killing time during storage of 

freshly baked bread packed in grafted shows a significant antimicrobial efficacy on food 

indicating the potential of grafting of this active agent on a LDPE film instead of adding it in 

the food itself. 

 

12.2. EXPERIMENTALS 

12.2.1 Materials 

Low Density Polyethylene film (thickness ~ 50µm) was extruded using blown film 

extrusion. Sorbic acid was purchased from Sigma-Aldrich. Potato Dextrose Broth and 

Potato Dextrose Agar (Code No. 7149A), a general-purpose medium for yeast and 

moulds was used as received. Solvents and chemical reagents were of laboratory grade 

and were used without further purification. 

12.2.2 Grafting reaction 

The grafting reaction was performed in an ampoule, where the irradiated sample was 

placed inside the ampoule and immersed with sorbic acid solution of known 

concentration for 3 hours. The reaction temperature range evaluated was 40-80°C. The 

samples were then removed from the solution and cleaned by sonicating for 1 hour in 

distilled water and washed again repeatedly with distilled water until no subsequent 

weight decrease. This is to remove the excess monomer and homopolymer. The weight 

of grafted sample was measured after drying overnight in an oven at 60°C. The grafting 

yield was calculated by the percentage weight gain of LDPE film after grafting process 

using equation (1). 

 

𝐺𝑟𝑎𝑓𝑡𝑖𝑛𝑔 𝑌𝑖𝑒𝑙𝑑 (𝐺𝑌) =
𝐹𝑖𝑛𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡 (𝑊𝑔)−𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡 (𝑊𝑜)

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡 (𝑊𝑜)
 𝑥 100        (3.1) 

where Wo and Wg are the weights of the ungrafted and grafted films, respectively. 
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12.3 CHARACTERISTIC OF GRAFTED FILM  

12.3.1 Grazing Angle FTIR 

Grazing-angle FTIR (GA-FTIR) spectroscopy was used as tool to confirm grafting of sorbic 

acid onto the surface of LDPE film. FTIR spectra of control film and grafted films were 

recorded on a GA-FTIR spectra-Thermo Nicolet 6700 spectrometer equipped with a Harrick 

Scientific GA-FTIR attachment with resolution of 2 cm
-1

 and 128 scans at the Hacettepe 

University  The IR spectra of grafted film were obtained using GA-FTIR spectrometer 

(Mattson 6020-Galaxy Series) in transmittance mode at frequency in the range of 4000-400 

cm
-1

. 

12.3.2 Field Emission Scanning Electron Microscope (FESEM)  

Low voltage surface and cross section imaging of grafting film was conducted using Hitachi 

FESEM machine.  

12.3.3 Atomic Force Microscopy (AFM) 

The grafted film morphology was analysed as a function of grafting yield using AFM 

(Shimadzu SPM-9500J2). 

12.3.4 Contact Angle  

The water contact angles of the surface of the samples were measured with static contact 

angle. Measurement using the drop  method (each sample was analyzed three times) using 

Attention contact angle meter, Biolin Scientific.  

12.3.5 Mechanical Test 

Tensile properties were measured on SHIDMADZU Autograph Tensile Test Machine Model 

AGS-G according to ASTM D1822L. The gauge length was set at 30  mm and the cross 

head speed of 1 mm/min was used and the test was performed at 25 ± 3°C.   

12.3.6 Oxygen Permeability  

Oxygen permeability rates were measured using a constant-pressure system  and a soap 

bubble flow meter. Permeation tests were carried out at 25◦C with feed gas pressure of 5 bar 

gauge. The measurement was repeated three times for each sample. Pure gas permeability 

was calculated using Eq. (1):  

   𝑃 =  
𝑙

AΔ𝑝
 
𝑑𝑉

𝑑𝑡
         (1) 

12.3.7 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) spectra were done at the Hacettepe University. A 

magnesium anode source produced the Mg Kα X-ray source. Electrons taken off the film 

surface were captured by an electron multiplier. 
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12.3.8 Fungal Killing Time 

Potato Dextrose Broth is a general purpose broth for yeasts and molds. It is the common 

broth that is used for the cultivation of fungi. Potato dextrose broth was prepared by mixing 

24 gram of potato broth powder with 1L of water and autoclaved to sterilize it.While, Potato 

Dextrose Agar (code No: 7149A) was prepared prepared by adding 39 gram of PDA powder 

into 1litre of distilled water. It was then autoclaved and poured into sterile agar plate. 

  

 For Aspergillus sp., inoculums prepared by conidium or sporangiospore suspension obtained 

from 7 day cultures grown on potato dextrose agar (Mueller Hinton agar with 2% glucose) at 

35 ºC. Conidia was recovered by wetting a loop with tween 20 and transferred to 3ml sterile 

saline (Schwalbe et al., 2007). The conidia suspension was vortexed vigorously for 15-20s to 

prevent clumping of spores. The heavy particles were allowed to settle for 3 minutes and 

upper suspension was transferred to sterile tube. The OD was adjusted to 0.09-0.11 (530nm) 

using spectrophotometer that yields the suspension of 0.4-5x106 conidia or sporangiospore 

per milliliter. In other method, the density of conidia suspension could also be standardized 

using 0.5 Mcfarland standard that is equivalent to 0.4-5x106 conidia/ sporangiopore per 

mililitres. 

  

 For Penicillium sp., inoculums prepared by conidium or sporangiospore suspension 

obtained from 7 day cultures grown on potato dextrose agar (Mueller Hinton agar with 2% 

glucose) at 35 ºC. Conidia was recovered by wetting a loop with tween 20 and transferred to 

3ml sterile saline (Schwalbe et al., 2007). The conidia suspension was vortexed vigorously 

for 15-20s to prevent clumping of spores. The heavy particles were allowed to settle 

 for 3 minutes and upper suspensiuon was transferred to sterile tube. The OD was 

adjusted to 0.09-0.11 (530nm) using spectrophotometer that yields the suspension of 0.04-

5x106 conidia or sporangiospore per milliliter. In other method, the density of conidia 

suspension could also bestandardized using 0.5 Mcfarland standard that is equivalent to 0.4-

5x106 conidia/ sporangiopore per mililitres. 

 

12.4. RESULTS AND DISCUSSSION 

 
12.4.1. Grazing Angle FTIR 

To verify that sorbic acid is grafted onto LDPE film, grazing-angle FTIR spectra on non-

grafted and grafted film were compared. As shown in Figure 1, the main infrared spectra of 

grafted film differ from the ungrafted control film which recorded the characteristic peak of 

LDPE-g-SA. 

Table 1 contains the most significant absorbance bands assigned to the functional group of 

LDPE-g-SA. Comparison of GA-FTIR of raw LDPE and LDPE-g-SA showed new peaks 

proving the surface modification of LDPE film. The position of 1710cm
-1

 band intensities of 

LDPE-g-SA film corresponding to the C=O stretching of carboxylic acid is a clear proof of 

grafting and was not seen in control film (LDPE). This shows that sorbic acid have 

successfully incorporated in surface modification by radiation induced grafting. 
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TABLE 1: POSITIONS AND ASSIGNMENT OF THE IR VIBRATION BONDS 

Component Peaks(cm
-1

) Assignation 

LDPE-g-SA 920 =CH out of plane 

 1459 CH2 and CH3 bending 

 1652 Alkenyl C=C stretching 

 1710 C=O stretching of carboxylic acid 

 2850-3000 Alkyl C-H stretching 

 3410 O-H stretching of carboxylic acid 

(small) 

 3050 Alkenyl C-H stretching 

 

 

 

 FIG. 1: Grazing-angle FTIR Spectra of (a) raw LDPE and (b) LDPE-g-SA 

 

  

 
 
 
 
 
%
T 

(a) Raw LDPE  

(b) LDPE-g-SA 
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12.4.2. Field Emission Scanning Electron Microscope (FESEM)  

 

The effect of sorbic acid grafting on surface morphology of LDPE film was investigated with 

FESEM micrographs. Figure 2 shows the cross sectional of sample surfaces before and after 

grafting to confirm successful of radiation grafting of sorbic acid onto LDPE film. FESEM 

micrograph showed approximately 9.7μm thick of additional layer in comparison with raw 

film suggesting that a grafted layer of SA on film. The surface of grafted film become thicker  

due  to  the  LDPE  surface  was  covered  by the  grafted  sorbic  acid  layer indicating 

growing chains formed on the surface and therefore grafting proceed on LDPE surface. It is 

interesting to note that a grafted film even at a very low GY shows a clear grafting of thin 

layer which may imply that sorbic acid diffuse into the film to continue the grafting process 

under the optimum grafting conditions. This lead to the conclusion this grafting as a thin 

layer is covalently bonded to the surface as shown in FESEM micrographs. This finding is 

also consistent with the results of Mirzataheri et al. [8] that confirm the grafting of thin layer 

about 3µm PVP onto LDPE surface. 

 

 

   

 

 FIG. 2: FESEM micrograph of (a) raw LDPE and (b) LDPE-g-SA 

  

  

 

a) b) 
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12.4.3. Atomic Force Microscopy (AFM) 

 

The topography of the LDPE surfaces, as observed by Atomic Force Microscopy (AFM), 

underwent significant changes after the grafting process. This is depicted in Figure 3. Figure 

3(a) present the AFM image of raw LDPE film as a control. It clearly shows that the surface 

of the raw LDPE film is relatively smooth with moderate surface roughness. AFM image of 

irradiated LDPE surface is presented in Figure 3(b). As shown in Figure 3 (b), a small 

increase in surface roughness was observed after grafting. This is presumably because there 

were more polymeric free radicals formed on LDPE surface and subsequently initiated 

grafting and thus grafted chains were chemically attached to LDPE surface. This findings is 

in agreement with previous study by Seghala et al.[9] on the AFM analysis of IPP-g-MMA. 

 

 

 

 

 

 

 

 

FIG. 3: AFM micrograph of (a) raw LDPE and (b) LDPE-g-SA 

 

12.4.4.  Contact Angle 

 

Contact angle measurements were performed to provide information regarding the contact 

angle of water on the surface of LDPE and LDPE-g-SA. As shown in Figure 4, generally, 

contact angle for grafted of sorbic acid onto LDPE film are above 90° which means that the 

films have a hydrophobic surfaces. Before grafting, the contact angle of control LDPE film is 

about 68.72° indicating that the surface of the material is hydrophilic. As to the grafted film, 

the water contact angle increases up to 95.45°, indicating that grafting of sorbic acid led to a 

decreased of surface wettability of the grafted film in comparison to the raw LDPE. The 

wettability properties are determined by the chemical composition and surface morphological 

structure of material surface, which associated to its surface roughness. These results 

correlated well with AFM micrograph observations as reported above indicating attachment 

of sorbic acid at film surface.    

 

 

A) b) a) 
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FIG. 4: Contact angle of (a) raw LDPE and (b) LDPE-g-SA 

 

 

12.4.5 Mechanical Properties and Oxygen Permeability  

 

Table 2: OXYDEN PERMEABILITY (OP), TENSILE STRENGTH AND 

ELONGATION AT BRAK OF LDPE AND LDPE-g-SA FILM  

 

Sampels OP × 10
−16

 

(m
3
m/m

2
sPa) 

Tensile 

strength 

(MPa) 

Elongation at 

break (%) 

LDPE (control) 2.93 20.48 ± 0.70 193.25 ± 0.61 

LDPE+2% SA 3.85 31.25 ± 0.29 201.10 ± 1.31 

LDPE+5% SA 3.21 31.84 ± 1.12 213.17 ± 0.73 

LDPE+10% SA 3.07 32.61 ± 0.32 254.47 ± 1.36 

 

As shown in Table 2, the oxygen permeability (OP) values of the control film against the 

films with sorbic acid (SA) grafted at different concentration. The effect of sorbic acid 

grafting onto LDPE films plays an important roles in improvement of OP. From this result, 

lowest OP was observed at LDPE+ 10% SA with 3.07 × 10
−16

 m
3
m/m

2
sPa, which is 

significantly different from other film. LDPE grafted with 2% and 5% of SA presented values 

of OP of 3.34 × 10
−16

 and 3.21 × 10
−16

 m
3
m/m

2
sPa, respectively, with LDPE+2% being the 

highest OP value indicating that the film is not qualified for good oxygen prevention as 

compared with other films.  OP of the films decreased with the incorporation SA probably 

due to limited inter molecular chain mobility and decreased its free volume resulting to the 

decrease of OP . This result indicates the potential of LDPE-g-SA films to be used as 

antimicrobial packaging to protect food from deterioration. The films with low oxygen 

permeability are suitable for confectionery products, baked foods, nuts and other products 

that are susceptible to oxidation [10]. 

Tensile strength (TS) and elongation at break (EAB) of LDPE film grafted with different 

concentration of SA are also shown in Table 2. The control film shows lower TS (20.48MPa) 

and lower EAB (193.25%) than those of grafted films. With SA concentration increases from 

2% to 10% but at with same irradiation dose, TS value also increases from 31.25MPa to 

32.61MPa. This observation indicates highly significant increment of TS between non-

grafted against grafted film. This behaviour  may  be  influenced  by  the  polymer  grafting  

process  where  SA molecule are covalently bonded to the LDPE networks, which to certain 

extend help increase the tensile strength of the grafted film. On the other hand, the elongation 

at break (EAB) of antimicrobial grafted film significantly increased when compared with 

control film i.e. 201.10% up to 254.47% with increasing concentration of SA from 2% to 

a) b) 
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10%. This indicate a relatively small quantity of sorbic acid was grafted onto backbone of 

LDPE film which considerably did not influence the restriction motion of polymer chains. 

Accordingly, the grafting polymerization in the amorphous regions of LDPE may have 

contributed to the higher elongation at break [11]. Therefore, this mechanical test results are 

further evidence a proof of grafting. These findings also indicate that the resulting of LDPE-

g-SA film with 10% SA still have good mechanical properties for antimicrobial active 

packaging application although  lower GY was obtained.   

12.4.6 X-ray Photoelectron Spectroscopy (XPS) 

The C1s peaks of virgin LDPE and grafted film are given in Figure 5. As can be seen, the 

strong peak appearing at 285.0eV was due to C atoms (C – C) on the main chain. There is a 

shoulder at 288.0eV coming from the carbon of C=O which is resulting from the surface 

oxidation of LDPE during manufacturing process.  This is further confirmed by the O1s 

spectrum seen for LDPE as a small peak in Figure 5. Upon grafting of sorbic acid onto LDPE 

a new strong C1s peak appears at 284.0eV due to double bond C=C atoms coming from 

sorbic acid attached to LDPE backbone. As it can be seen clearly, the area of this 

peak increases as the grafting ratio increases from 1.12% to 1.47%. A very small gravimetric 

increase shows itself as a clear increase in XPS peak areas. On the other hand, the O1s peak 

of virgin LDPE and grafted film are shown in Figure 6. The two strong peaks observed in 

Figure 6 at 532.0eV are due to the oxygen coming from the grafted sorbic acid.  Again, the 

area of these peaks increase with the extent of grafting. The appearance of the XPS carbon 

peak for C=O demonstrated that the sorbic acid were successfully grafted onto polyethylene 

surfaces.   

 

 

 
 FIG. 5: C1s Spectrum of LDPE and LDPE-g-SA    Figure 6: O1s Spectrum of LDPE and 

LDPE-g-SA 
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12.4.7 Observation of Fungi Growth 

The behaviour of the slice fresh baked bread was visually evaluated to study the effectiveness 

of the develop film and their ability to act as active packaging to increase the food shelf-life. 

Figure 11 shows the appearance of sliced bread samples at the beginning of the experiment 

(day 0) and until the observation of microbial growth for a maximum period of 10 days. As 

the bread formulation did not include any preservative, fungal growth appeared very early. 

However, satisfactory results were obtained for samples in contact with the active film, since 

no fungi growth was observed until seven days of storage. On day 5, deterioration signs were 

observed with the appearance of mould and yeast in the slice bread packed with LDPE 

control film. These sign were not observed in SA grafted film. After 10 days, rapid growth of 

microorganism was more marked for both films.  

Day LDPE control film LDPE-g-SA film 

Day 0 

  

Day 5 

  

Day 7 
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Day 10 

  
 

FIG. 11: Visual inspection of slice fresh baked bread behaviour packaged with  LDPE 

control film and LDPE-g-sorbic acid film.  

 

12.4.8 Microbial Analysis 

The microbial analysis was carried out for bread covered with or without sorbic acid (SA) 

active film after 10 day of storage to observe antimicrobial activity of developed 

antimicrobial active film. As shown in Figure 12, the total plate count was 8.9 x 10
5
 Cfu/g 

and 1.6 x 10
7
 Cfu/g for bread covered with control and sorbic acid grafted film, respectively.  

It is also observed that the count for yeast and mould were 2.0 x 10
7
 Cfu/g for raw film and 

2.1 x 10
6 

Cfu/g for grafted film. As presented in Figure 12, the yeast and mould concentration 

and total plate count in bread packed with raw film are 61.3 % and 94.4% respectively higher 

than in grafted film. The higher contamination was due to the fact that the control film does 

not contain antimicrobial protection against the spoilage organism. The reduction count was 

observed for bread packed with grafted film proved that developed antimicrobial film 

successfully protects against food spoiling microorganism like yeast and mould. 

 

 

FIG. 12: Antimicrobial activity of LDPE-g-SA and a raw film without SA. 
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12.4.9 Fungal Killing Time 

12.4.9.1 Fungal killing time of LDPE-g-SA towards Aspergillus Niger  

Figure 13 shows the effect of exposure of Aspergillus niger to different concentration of 

sorbic acid in grafted film over a 24-h period. The effect of SA is fungicidal. The mold 

concentration tends to reduce after time. Different concentration shows different inhibition 

pattern. Rapid killing mechanism was detected at 2% SA that can be seen from hour 0 to 20th 

hour. . However, at 24th hour for 10% and 12% SA, the fungicidal effect was relatively 

higher than other concentrations. The fungicidal activity for the 10% SA grafted film is 

shown relatively higher than other sample which approximately 87.08% of killing percentage 

at24th hour while 12% SA-grafted film showed only 80.30% and 2% SA-grafted film only 

77.78% killing. 

 

  

 FIG. 13: Fungal killing time of LDPE and LDPE-g-SA towards Aspergillus Niger 

  

 

12.4.9.2 Fungal killing time of LDPE-g-SA towards Penicillium Expansum 

 

Figure 14 shows the effect of exposure of Penicillium sp. to different concentration of sorbic 

acid in grafted film over a 24-h period. SA grafted film was behaved as growth inhibitor for 

Penicillium Expansum strain. Growth curve shows that different concentration resulting in 

different inhibition pattern. Rapid killing mechanism was detected at 12% SA that can be 

seen from hour 0 to 15th hour. However the growth is tremendously increased from 15th hour 

to 24th hour. The 7% SA grafted fim showed the second highest killing/inhibition mechanism 

after 12% SA. However, at this concentration, the inhibition seems more stable which can be 

explained by the slow and gradual increments of mold growth. However, at 24th hour, the 

grafted film with 7%SA concentration gave relatively higher fungistatic activity compared to 

12%SA. The inhibition pattern are more gradual and stable started at 7% SA, hence 7% SA is 

minimum inhibitory concentration for LDPE-g-SA film. 
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 FIG. 14: Fungal killing time of LDPE and LDPE-g-SA towards Penicillium Expansum  

  

12.5. CONCLUSION  

The present study showed that grafting of sorbic acid (SA) onto LDPE film has significant 

effect on its film properties. The results of grazing angle FTIR and XPS spectra showed that  

the sorbic acid were successfully grafted onto the surface of LDPE film. Morphological study 

by FESEM and AFM revealed the additional layer of grafted film providing further evidence 

of grafting of sorbic acid onto LDPE films. Grafting of SA onto LDPE film also has 

significant effect its mechanical properties. LDPE-g-SA film exhibits an excellent 

improvement in both tensile strength and elongation at break, as a consequences of chemical 

bonding between the SA and polymer. Minimum concentration for growth inhibitor of 

Aspergillus sp was found at 10% SA grafted film while LDPE film grafted with 7% SA 

showed strongest fungicidal activity against Penicillium sp. These findings suggest that 

grafting sorbic acid as active agent offer high potential for the development of antimicrobial 

active film for food packaging.  
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Abstract 

 

Alternative biodegradable, radiation-resistant food packaging materials have been studied. Films from 

alginate were formed and irradiated and the mechanical properties, antimicrobial properties and 

solubility were tested. Results showed that the optimum concentration with good tensile strength, 

solubility and partial anti-microbial property was at 3% alginate composition. Irradiation had no 

significant changes in the different properties tested for the packaging material developed. 

Commercial packaging materials made up of Plain PET 12 / Foil 7 / PE 100, VMPET 12 / PE 70, OPP 

20 / Foil 6.5 / PE 40, PET 12 / CPS 40, PET 12 / PE 50, laminated PET / PE and Nylon / PE were 

investigated for its effect with gamma radiation at 10 kGy. Preliminary results to study the water 

leachates from the packaging materials using the stable isotope ratio technique, revealed that most of 

the packaging materials tested were quite stable except for PET 12 / CPS 40, PET/FOIL/PE 70, and 

laminated PET 12/ PE 70. Stable Isotopic Ratio Analysis showed changes in δ18O before and after 

irradiation of these packaging materials. These has been further confirmed qualitatively by the 

presence of leachates using Gel Permeation Chromatographic Analysis. Further analysis of leachates 

from laminated PET 12/ PE 70 by LC-MS also revealed presence of some ion fragments, PET 

monomers as one among others.   

Stable Isotopic Ratio Technique can be used as a method for detecting leachates from packaging 

material at a concentration of as low as100 ppb.  

 

131. INTRODUCTION  

Gamma radiation is a well-known technology to inactivate bacterial pathogens in food 

products.   Currently, there is a growing interest in this technology considering its advantages 

of being a non-thermal process and the convenience of food being pre-packaged in its final 

form before treatment that prevents possible recontamination. The process of irradiating pre-

packaged food requires that appropriate packaging materials are chosen as this would play a 

vital role in the quality assessment and safety evaluation of the irradiated products. Irradiation 

can cause changes to the packaging materials that might affect its integrity and functionality 

as a barrier e.g. to chemical or microbial contamination.  Likewise, components of packaging 

materials that have been irradiated may migrate to food as a result of irradiation. Hence, the 

type of packaging materials required for irradiated food must also satisfy additional 

requirements such as resistance to radiation that may produce breakage, change in sensory 

properties, entrance of microorganisms or insects, and migration of toxic substance from the 

packaging materials to food.   
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There are a lot of different food packaging products in the market. Most of these 

commercially available packaging materials are extensively chemically prepared which may 

use unsafe materials and may contribute to its high manufacturing costs. Due to this, a food 

packaging material is being developed using natural products that have low environmental 

impact. 

Alginates are natural substances extracted from brown seaweed and are composed of 1-4β-d-

mannuronic acid and α-l-guluronic acid. Alginate has the ability to react with polyvalent 

metal cations, specifically to crosslink with calcium ions. The alginate films being 

hydrophilic matrices makes the crosslinking process with polyvalent cations improve their 

water barrier properties, mechanical resistance, cohesiveness and rigidity [1,2]. 

Microbial contamination of ready-to-eat products and intermediate moisture foods is a great 

problem in food packaging [3]. The use of antimicrobial packaging techniques is a timely 

research. Volatile and non-volatile antimicrobial agents can be incorporated into packaging 

materials to control undesirable microorganisms on food surfaces. Alginate food packaging 

with antimicrobial property will give the food preservation techniques in the Philippines a 

boost, making it more reliable and safe for human consumption. 

This study aims to develop a food packaging material made of alginate films crosslinked with 

calcium ions with antimicrobial property and to study its effect after irradiation. 

Aside from developing alginate films as packaging material, this study also presents the 

stable isotope analyses as a possible technique to detect leachates from packaging materials. 

 

13.2. METHODOLOGY 

13.2.1. Synthesis of alginate films 

13.2.1.1. Preparation of alginate films 

Sodium alginate (1%, 2%, 3%, and 5%) was prepared by mixing sodium alginate and 

distilled water. The solution was thoroughly mixed at temperatures of 70
o
C to 80

o
C for 30 

minutes. After which 0.75% of Polyethylene Glycol (PEG) was added until it was fully 

dissolved. The solution was sonicated for 15 minutes. About 10 ml of the sodium alginate 

solution was poured into petri dish plate and dried in a laminar flow hood.  

The dried alginate films were cross-linked with calcium chloride. Different percentages of 

calcium chloride were used (1%, 2%, 5% and 10%). The calcium chloride solution was added 

to the alginate films for 3 minutes, and the films were washed with water twice. The films 

were then air dried and placed in polyethylene plastics for irradiation. 

Films were irradiated at a dose of 10 kGy using the Cobalt-60 irradiation facility of PNRI. 

13.2.1.2.  Alginate film analysis 

Tensile Strength Test 

The films of different concentrations were shaped into dumbbell shaped cut outs and were 

analyzed for tensile strength using the Universal Testing Machine. The tensile strength of the 
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different concentration of alginate films for both irradiated and control were compared. 

About 10 samples per each concentration were tested. 

Solubility Test 

The films of different concentrations were dried, cut into 4 cm x 4 cm size, weighed then 

soaked in distilled water for 24 hours. After soaking, the films were dried in an oven at 105
o
C 

for 24 hours then weighed again. The film’s solubility was computed using the formula: 

𝐹𝑆% =  
𝑊𝑜 − 𝑊𝑓

𝑊𝑜
× 100 

 

Antimicrobial Assay 

The films were cut into 15mm disks and placed on a Mueller Hinton Agar (MHA) plate 

impregnated with a 24hr culture of Escherichia coli. A control disk (15mm Whatman® 

paper) was also placed on each of the MHA plates. The plates were then incubated for 24 

hours at 40
o
C. The zone of inhibition of the films was measured after incubation.  

13.2.2. Stability of packaging materials after irradiation 

13.2.2.1. Materials 

Eight (8) commercial food packaging plastics and laminates were collected from various 

companies as listed below: 

Packaging Material Thickness (m) 

PET/Foil/PE 70 119 

Plain PET 12 / Foil 7 / PE 100 125 

VM PET 12 / PE 70 86 

OPP 20 / Foil 6.5 / PE 40 65 

PET 12 / CPS 40 52 

PET 12 / PE 50 62 

Laminated PET 12/ PE 70  82 

Nylon 15/ PE 100 115 

 

13.2.2.2. Mechanical properties 

Tensile strength for both non-irradiated and irradiated films was measured using a 

Zwick/Roell Universal Testing Machine. Packaging samples were cut using a dumbbell cutter 

with dimensions of 100 mm x 15 mm. The specimens with known thickness were mounted 
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between the grips of the machine, which were then separated at a constant speed of 500 

mm/min.  Elongation at break was also measured using the same machine at a speed of   30 

mm/min. A 10 mm distance was marked at the center of the film and measured for elongation 

at break.  

13.2.2.3. Thermal stability testing 

TG-DTA analysis was measured using Netzsch simultaneous TG-DTA equipment. Samples 

were heated from 30 to 950
o
C at a rate of 10

o
C/ minute and was maintain under nitrogen 

atmosphere at a flow rate of 50 ml/min. 

13.2.2.4. Sample preparation of water leachates from packaging materials for stable isotope 

analysis 

The plastic films were made into pouches with dimensions of 8.7 x 4.5 sq. cm. The pouches 

were filled with 5 ml of water sample (Evian mineral water or tap water from Vienna). Filling 

of water was done fast enough to reduce probability of isotopic exchanges with O and H in 

air. This was then purged with Nitrogen gas for one minute then sealed and placed in 

scintillation vials. The vials were purged with N2 gas to remove existing gases inside the vials 

and were tightly sealed. 

13.2.2.5. Sample irradiation 

Packaging materials prepared as previously discussed were irradiated at 10 kGy using the Co-

60 facility of the Philippine Nuclear Research Institute at a dose rate of 5 kGy/hr. 

13.2.2.6. Stable isotope analysis 

The irradiated samples and blank water were analyzed for stable isotopic ratio measurement 

of δ
18

O and δ
2
H using the IRMS facility of the Philippine Nuclear Research Institute. As 

good laboratory practice, a deviation of 0.1% for 
18

O ‰ and 1% would indicate 

possible isotopic exchanges with water. 

13.2.2.7. Analysis of leachates by gel permeation chromatography 

Water samples which were analyzed for stable isotope were also analyzed for Gel Permeation 

Chromatography (GPC) to determine qualitatively the leachates from the packaging 

materials. 

GPC analysis was performed using a Shimadzu Prominence Liquid Chromatograph LC-

20AD equipped with CTO-20A column oven, SPD-20A Prominence UV-Vis detector at 

wavelength of 254 nm and three Shodex OHpak columns in series (SB-805 HQ, SB-804 HQ, 

and SB-803 HQ). Elution was carried out using water as the mobile phase at a flow rate of 

0.5 ml/min. The temperatures of the column and detector were both maintained at 40
o
C. A 

calibration curve was constructed using polyethylene oxide and polyethylene glycol as 

standards. All molecular masses reported in this work are based on PEO standards and are not 

absolute. 

Another set of samples was prepared to mimic the migration from plastics into foods with 

water as the simulant.  This is intended for aqueous food with contact time longer than 24hrs. 

Procedure was followed according to set standard by the European Commission, Joint 
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Research Centre, Institute for Health and Consumer Protection based on Directive 

82/711/EEC [4].   

Single sided testing using a pouch was used to detect leachates from packaging materials. 

The surface area to volume ratio of the pouch was 2 dm² to 100 ml of the water simulant.  

This was stored at a temperature of 40
o
C for 10 days. 

13.2.2.8. Analysis of leachates by LC-MS 

Sample which was detected to contain leachate from the packaging material after irradiation 

by GPC was analyzed by LC-MS. A Shimadzu LC-MS/MS 8040 system was used for the 

analysis using the following parameters: 

Liquid Chromatography (LC) conditions were: 

Column: Shim-pack HR-ODS (150x3.0 mm ID, 3um particle size) 

Column Oven Temperature: 30C 

Mobile phase: 50% Acetonitrile: 0.1% Formic acid in Type 1 Water (isocratic) 

Flow rate: 0.5 mL/min 

Injection Volume: 20 uL 

Stop Time: 20 minutes 

Mass Spectrometry (MS) conditions were: 

Nebulizing gas flow: 3L/min (Nitrogen) 

DL Temperature: 250C 

Heat Block Temperature: 400C 

Drying Gas Flow: 15L/min (Nitrogen) 

Interface voltage: 3.5 kV 

Mode: Positive and Negative 

m/z range: 50 to 1000 
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13.3. RESULTS AND DISCUSSION 

13.3.1. Synthesis of alginate films 

13.3.1.1. Physical appearance of films 

 Alginate films of varying concentration formed a white smooth film when dried as shown in 

Figure 1. The appearance of the films at different concentrations was similar to each other.  

As the concentration of the films was increased (beyond 3%), the films became less smooth 

with a crumpled appearance and less flexible.    

Based from the physical characteristics of the packaging films formed with different 

composition, the concentration with best physical form and strength was at 3% alginate with 

10% CaCl2 concentration, as shown in Table 1 and Fig. 1.  The 2% alginate and 3% alginate 

packaging were able to form good films but the films with 1% and 5% concentration were too 

thin and too crumpled, respectively. 

                                        

 

 

 

 

FIG 1. Irradiated alginate film (Concentration: 3%, with 10% Calcium Chloride) 
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TABLE 1. PHYSICAL CHARACTERISTICS OF ALGINATE PACKAGING MATERIAL 

Alginate Concentration  

(%) 

CaCl2 Concentration 

(%) 
Visual Characteristics 

1 

1 Very weak Strength; Very Thin 

2 Very weak Strength, Thin 

5 Very weak Strength, Thin 

10 Very weak Strength, Thin 

2 

1 No Uniform Color, Very weak strength 

2 No Uniform Color 

5 
Uniform Color, Good Physical Properties; 

Slightly Crumpled 

10 
Uniform Color, Good Physical Properties; 

Slightly Crumpled 

3 

1 No Uniform Color; Crumpled, Easily Torn 

2 No Uniform Color; Crumpled 

5 
Uniform Color, Good Physical Properties; 

Slightly Crumpled 

10 Uniform Color, Good Physical Properties 

5 

1 Very Crumpled, No uniform Color 

2 Very Crumpled, No uniform Color 

5 Very Crumpled, No uniform Color 

10 Very Crumpled, No uniform Color 

 

 

13.3.1.2. Tensile strength of alginate films 

Figs. 2-3 show the tensile strength of the films at different calcium chloride concentrations.  

The tensile strength values were higher at 3% alginate than at 2% alginate with values of 59 

MPa, 114 MPa and 110 MPa compared to 2% alginate with values of 65 MPa, 20 MPa, and 

35 MPa for CaCl2 concentrations of 2%, 5% and 10 %, respectively. This is expected as 

polymer concentration is increased.  For 2% alginate films, tensile strength was highest with 

the addition of only 2% CaCl2 (Fig. 2.).  Further addition of CaCl2 significantly reduced its 
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mechanical properties. This reduction may be a result of increase in brittleness or hardness in 

the film, thus, reducing its flexibility. On the other hand, for the 3% alginate films (Fig. 3), 

the optimum CaCl2 concentration was at 5%. Further addition of 10% CaCl2 did not alter its 

tensile strength. At 2% alginate, it can load only to a certain degree of CaCl2 to crosslink the 

Ca ions and simultaneously act as filler. Increasing the alginate concentration would increase 

its capacity to load more CaCl2 as more Ca ions are needed to crosslink the alginate films.    

 

 

 

FIG. 2. Tensile strength of 2% control alginate films 

 

 

 

FIG. 3. Tensile strength of 3% control alginate films 
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13.3.1.3. Effect of irradiation on the alginate films 

Fig. 4 shows the effect of irradiation on the different concentrations of alginate films added 

with 10% CaCl2. There was a significant decrease in the tensile strength of 3% alginate film 

after irradiation from around 98 MPa to 55 MPa. Its decrease may be due to degradation of 

the natural polymer alginate after irradiation. Its value, however was still higher than all other 

films with varying alginate concentration. Other films were not significantly affected by 

irradiation. 

  

 

 

FIG. 4.  Effect of irradiation on the tensile strength of different concentrations of alginate 

films. 

3.1.4. Effect of irradiation on the alginate film solubility 

Fig. 5 shows the solubility of 2% and 3% alginate films after irradiation. As shown in the 

figure, there was less than 15% soluble product from the alginate films which did not vary 

significantly with the two films analyzed (2 and 3% alginate films). One of the characteristics 

of a good packaging film is that there are no soluble fractions which could prevent possible 

leachates in food. The film however, showed large amount of leachates.  Further studies need 

to be done to prevent possible leachates from coming out using grafting techniques.   
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FIG. 5. Solubility of 2% and 3% alginate films 

    

13.3.1.5. Antimicrobial inhibition of alginate films against Escherichia Coli 

Table 2 shows the antimicrobial inhibition of 2% and 3% Alginate films against Escherichia 

Coli. Both films exhibited only partial inhibition against Escherichia coli. Alginate film alone 

would not suffice as an inhibitor for this bacteria. Other components with known antibacterial 

property need to be incorporated to enhance the property of the alginate film’s antimicrobial 

property.  

 

TABLE 2. ANTIMICROBIAL INHIBITION OF ALGINATE FILMS AGAINST 

Escherichia Coli 

Alginate Film Concentration Inhibition in Escherichia coli 

2% +
w 

3% +
w 

 

+
w
 Inhibition is weak (diameter of inhibition is < 2mm) 

 

13.2. Stability of commercial packaging materials after irradiation 

13.2.1. Mechanical properties of commercial packaging films 

The results of the tensile strength test for the non-irradiated and irradiated samples are shown 

in Fig. 6. Based on the results, the tensile strength of all the packaging materials are not 

significantly altered at 10 kGy.  Similar studies have also indicated that no changes are 
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observed at a dose of 10 kGy.  Studies conducted by Goulas et. al in 2003 [5] indicate that 

mechanical properties of packaging materials from PP, EVOH, LDPE, LLDPE and PA   are 

not affected at a dose of 10 kGy. Changes are only observed at 30 kGy.  Mizani et al. [6] also 

reported that the tensile strength of multilayer films, namely biaxially oriented 

polypropylene/castpolypropylene (BOPP/CPP) and poly-ethylene terephthalate / 

polyethylene terephthalate/ linear low density polyethylene (PET/PET/LLDPE) are not 

significantly changed up to a dose of 15 kGy. PP-based multi-layer films also have no 

significant differences at a dose of 10 kGy [7]. Tensile strength at break of PET/PP irradiated 

up to a dose of 45 kGy is not altered [8]. 

 

FIG. 6.  Tensile strength of the different packaging materials before and after irradiation. 

The effect of percent Elongation at Break of irradiated packaging films is shown it Table 3.  

All of the packaging materials had an increase in % elongation after irradiation, VMPET 12 / 

PE 70 being the highest at 14.2%. Similar studies also indicate that elongation at break of 

PET/PP [6] and LDPE [7] films improved after irradiation at doses of upto 30 kGy.  Increase 

in elongation at break of irradiated PET/PP films has been attributed to a possible dominion 

of cross-linking over degradation in the structure [6]. 
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TABLE 3.  ELONGATION AT BREAK OF NON-IRRADIATED AND IRRADIATED 

PACKAGING FILMS 

Packaging Material 
Elongation at Break (mm) 

% Elongation 
Non-irradiated Irradiated 

PET/Foil/PE 15.1 15.7 3.8 

Plain PET 12 / Foil 7 / PE 100 15.6 17.5 12.2 

VMPET 12 / PE 70 14.6 16.7 14.2 

OPP 20 / Foil 6.5 / PE 40 17.7 19.4 9.6 

PET 12 / CPS 40 12.9 13.9 7.8 

PET 12 / PE 50 13.9 15.3 10.1 

Laminated PET / PE 15.5 16.3 5.2 

Nylon / PE 14.8 15.6 5.4 

Nylon 15 / PE 50 15.6 17.6 12.8 

 

13.2.2. Thermal stability of packaging films after irradiation 

TG-DTA analyses of packaging materials indicate no changes in thermal degradation pattern 

before and after irradiation except for OPP 20 / Foil 6.5 / PE 40 film. Fig. 7. shows that DTG 

peak for this packaging material shifted from 472
o
C to a lower temperature of 469

o
C after 

irradiation.  This implies less thermal stability after irradiation. 

 

FIG. 7.  TG-DTA thermogram of non-irradiated (N-PA2) and irradiated (PA2) OPP 20 / Foil 

6.5 / PE 40 packaging material. 
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13.3.3. Leachate Analysis by Stable Isotope Technique 

Stable isotopic technique is now a much sought methodology to establish the authenticity and 

origin of foods, and other materials, where provenance and traceability are of importance.  It 

relies in natural abundance measurements of the bio-elements (HCNOS). While this 

technique has been quite useful in studies related to hydrology and provenancing e.g. 

differentiating products of various geographical origins, food adulteration, source attribution 

of packaging materials, etc.; this technique may find new application in determining food 

contaminants from packaging materials. 

Stable isotope techniques are based on the principle that materials – natural or synthetic will 

reflect the isotopic composition / signature specific to the origin of the material. Plastics 

which are of petrochemical in origin will have different relative abundance of the stable 

isotopes of carbon, 13C and 12C (δ13C), Oxygen (18O and 16O, or δ18O), and Hydrogen 

(2H and 1H, or δ2H) compared to food or fruits which are of natural origin. Additionally, if 

pure water was irradiated inside the plastic packaging material, radiolytic products from 

plastics (leachates) may mix with water, resulting in isotopic exchange that could ultimately 

change the isotopic ratio of δ2H and δ18O of water.  Thus, this method could possibly 

determine migration of packaging material. 

 

13.3.3.1. Sensitivity testing of determining leachates by isotope ratio- mass spectrometry (IR-

MS) 

Sensitivity of the stable isotope procedure on leachates was tested by injecting Polyethylene 

Glycol (PEG) samples to the blank water. By origin, the source of PEG is from 

petrochemicals similar to the raw materials used in packaging materials.  Thus, changes in 

18O and 2H in blank water with the addition of PEG could model leachates that may come 

from the packaging materials.  Concentrations of PEG injected ranged from 1 – 1000ppb.  

Fig. 8 shows the 18O vs 2H profile of  PEG.  From the figure, it can be seen that the 18O 

of the blank water is enriched with the addition of PEG.  Deviation increased with increasing 

concentration which became more pronounced at 100ppb.  Results would indicate that 

qualitatively, leachates can be detected even at a low concentration of 10 ppb although it is 

more pronounced at 100ppb.  

 

FIG. 8.  18O and 2H with increasing PEG concentration 
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13.3.3.2. Stable isotope analysis of leachates from packaging materials 

First trial of determining 18O/16O (δ18O) and (2H /1H or δ2H) in packaging materials 

before and after irradiation was done. All packaging materials were filled with water coming 

only from one source. The samples for this first trial was stored for a month prior to analysis.  

A plot of δ18O against δ2H is shown in Fig. 9.  The figure shows that δ18O and δ2H values 

for the water is slightly enriched with a shift towards higher values (to the right) compared to 

Vienna Meteoric Water Line.  This is probably due to the processing of mineral water 

wherein gaseous exchange in the air could have taken place. Prior to irradiation of packaging 

films, majority of the films have either been depleted or enriched in δ18O and δ2H. Among 

those which were enriched are (shift to the right) PET 12 / CPS 40, Laminated PET / PE, and 

Nylon/PE.  On the other hand, those which were depleted are PET/Foil/PE, Plain PET 12 / 

Foil 7 / PE 100, and OPP 20 / Foil 6.5 / PE 40. Even if the films were not yet irradiated, there 

is a probability that there are already some leachates present in the water, thus the shift in 

δ18O and δ2H.  All films were quite stable after irradiation except for PET 12 / CPS 40 

which was enriched in δ18O. The enrichment of δ18O would only denote that these films are 

not stable after irradiation at an absorbed dose of 10 kGy. It is to be noted that GPC analysis 

of PET 12/ CPS 40 indicated a very high intensity peak after irradiation as shown in Fig. 10. 

A strong intensity peak with an average molecular weight (Mw) of 1Million was observed 

after irradiation. This was not present in non-irradiated film. 

 

 

FIG. 9. Stable isotope ratio (18O and 2H) of the different non-irradiated and irradiated 

packaging materials after one month of contact time.
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FIG.10. GPC of non-irradiated and irradiated PET 12/CPS 40 Films (Irradiated–black line, 

Pink – non-irradiated). 

Another trial was done to determine 18O/16O (δ18O) and (2H /1H or δ2H) of packaging 

materials.  This time samples were immediately analyzed right after irradiation. Fig. 11. 

shows the 18O vs. 2H of the water samples in contact with the packaging materials. 

Among the water samples, MGM PET/FOIL/PE 70, Laminated PET 12/ PE 70, PET 12/ PE 

50, OPP 20/ FOIL 6.5/ PE 40, and Plain PET 12/ FOIL 7/ PE 100 showed large deviations of 

more than 0.1%.  MGM PET/FOIL/PE 70, PET 12/ PE 50, and Plain PET 12/ FOIL 7/ PE 

100 indicated depletion of δ18O while Laminated PET 12/ PE 70 and OPP 20/ FOIL 6.5/ PE 

40 were enriched.  These probably are caused from leachates of packaging materials. Among 

the three, Laminated PET 12/ PE 70 showed the highest deviation.  
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FIG. 11 Stable isotope ratio (18O and 2H) of the different non-irradiated and irradiated 

packaging materials   analyzed immediately after processing. 

 

Interestingly, GPC analysis of water samples from PET/FOIL/PE 70, and laminated PET 12/ 

PE 70 would indicate the presence of some peaks which increased in intensity after 

irradiation.  Peak intensities for laminated PET 12/ PE 70 were much more intense compared 

to the other packaging materials as shown in Fig. 12 (only PET/FOIL/PE70 is shown). This 

was further analyzed by LC-MS.  
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FIG. 12. GPC chromatogram of water-soluble leachates from packaging materials. 

 

13.3.3.3. Confirmatory analysis of leachates by LC-MS  

Results of the LC-MS analysis of water leachate from irradiated laminated PET 12/ PE 70 

packaging material indicated the presence of new peaks at retention times of 1.767, 1.982, 

2.351, 2.881 and 3.698 mins. which were not present in the blank (Fig. 13).  The positive-ion 

and negative-ion fragments of each peak are listed in Table 4. Since most of the observable 

peaks are of very high molecular weight with many probable radiolytic products, only the 

positive-ion and negative-ion fragments were identified using their mass to charge ratios 

(m/z) as indicated in Table 4.  In a study conducted by K. Endo et al., HCCCH-C(OH)CCH 

and OH(CO)(C6H4)(CO)O-C2H4-O-(CO)(C6H4)(CO)-O- were identified as the 

decomposition fragments of PET, the latter is obviously a two repeating units of PET 

monomer [9].  C6H5-CH2- when converted to its neutral form is toluene wherein it has been 

identified by Riganakos et al. as one of the radiolytic products of PET/PE/EVOH/PE film. 

[10] 

PET/FOIL/PE 70
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FIG. 13. Liquid chromatograph of (A) blank (water) and (B) water from laminated PET 

12/PE 70. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

227 
 

TABLE 4 FRAGMENT IONS OF THE DIFFERENT PEAKS FROM LC-MS (m/z). 

PEAK FRAGMENTS (m/z) 

Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 

Positiv

e 

Negati

ve 

Positiv

e 

Negati

ve 

Positiv

e 

Negati

ve 

Positiv

e 

Negati

ve 

Positiv

e 

Negati

ve 

58.9 90.9 326.25 90.85 367.25 91.4 442.8 91 500.4 90.55 

83 136.8 83.05 136.8 384.9 92.2 447.4 91.75 

 

91.2 

85.85 

 

331.3 

 

389.4 92.9 425.25 93.8 

 

92.75 

99.85 

 

309.15 

  

90.3 

   

94.1 

101 

 

99.9 

  

144.8 

   

96.3 

142.05 

 

100.95 

  

96.7 

   

136.25 

142.85 

 

58.9 

  

95.5 

   

136.8 

251.1 

 

142 

  

97.65 

   

138.6 

268.2 

 

86 

  

226.85 

   

144.85 

273.25 

 

142.9 

  

207.5 

   

189.8 

     

145.75 

   

330.25 

     

137.55 

   

357.2 

     

197.8 

   

499.9 

     

319 

    

     

139.05 

    

     

876 

    

     

730.45 

    

     

236.1 

    

     

472.85 

              231.35         
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TABLE 4 IDENTIFIED FRAGMENT IONS FROM LEACHATES.  

PEAK 

NUMBER 

FRAGMENT 

ION, m/z (±) 
POSSIBLE FORMULA 

1 58.9(+) 
a
C2H3O2+ 

 

83(+) C6H11 

 

90.9(-) C6H5-CH2 

 

136.8(-) 
a
C7H5O3- 

2 58.9(+) 
a
C2H3O2+ 

 

90.85(-) C6H5-CH2 

 

136.8(-) 
a
C7H5O3- 

3 92.2(-) 
a
HCCCH-C(OH)CCH 

 

137.55(-) 
a
C7H5O3- 

4 91(-) C7H5- 

5 91.2(-) C7H5- 

 

136.8(-) 
a
C7H5O3- 

 

357.2(-) 

a
OH(CO)(C6H4)(CO)O-C2H4-O-(CO)(C6H4)(CO)-

O- 

 

 

13.3.2.4. Qualitative Determination of Water Soluble Leachates by GPC using the procedure 

from Directive 82/711/EEC 

Migration testing of packaging materials (Directive 82/711/EEC) using water as the simulant 

would indicate some leachates as shown in Figure 14. A new peak was observed on all the 

irradiated and non-irradiated samples appearing at retention time of 17mins. with varying 

intensity among samples. This peak was not present in the blank. This is an indication of a 

possible leachate coming from the packaging material.  

Only packaging materials PET/FOIL/PE70 and CPS 40/PET12 had new observable leachates 

after irradiation.  PET/FOIL/PE70 had new peaks at RT of 40 and 44 mins. with molecular 

weights of 310kDa and 80kDa respectively. High intensity peaks (three peaks) in non-

irradiated CPS40/PET12 packaging films at RT range of 45-50 mins. were observed. 

However, after irradiation these peaks decreased in intensity extensively. On the other hand, 

new small peak was found at RT of 44mins. (MW=80kDa) and a double peak at RT of 

39mins (MW=300 kDa).  
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A peak at an RT of 41 mins. (MW=171 kDa) appeared for both non-irradiated samples in 

CPS40/PET12 and PET/FOIL/PE70. This peak disappeared after irradiation in 

PET/FOIL/PE70 indicating greater stability of the packaging material.  

 

 

FIG.14. GPC spectra of leachates from packaging materials using EU Directive 82/711/EEC 

 

4. CONCLUSION 

Alginate is a very good alternative for packaging because it is biodegradable, readily 

available and does not harm the environment. Alginate films exhibited good tensile strength 

property and appearance, especially at 3% concentration. Both 2% and 3% alginate films 

have soluble fractions in water. All the concentration of alginate films which were tested 

exhibited weak inhibition against E. coli. Further studies has to be done to decrease solubility 

and to incorporate antimicrobial materials to the developed alginate films for better 

functionality. 

Stable isotope technique for 
18

O ‰ 

possible contamination of leachates from packaging materials.  This procedure has to be 

developed further to optimize parameters for analysis. 
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Abstract 

 

The aim of the present work was to modify the properties of the composite packaging materials  based 

on starch – PVA system. This concerns the trials of optimization the films properties by modification 

of the composition of the basic components and by introducing a cellulose/nanocellulose  fibres and 

the other components as the reinforcing or modifying agents,  followed by irradiation with gamma 

rays (in vacuum or in nitrogen) or E-beam (in air). In relation to the possible dedication  of the newer 

materials for packing the products predicted for radiation decontamination, the resistance of these 

materials to irradiation was also tested. Moreover, basic studies dealing with the modification 

occurring under influence of irradiation were carried out.  It was found that application of the PVA 

with the highest molecular mass enable to obtain the films with the best properties directly after the 

synthesis as well as after the further irradiation. Appropriate introduction of nanocellulose and the 

other selected components into the films composition enable to modify the physicochemical 

properties of the films and to improve these properties due to irradiation or to or to stabilize the 

polymer against irradiation. Nanocrystalline cellulose appeared more sensitive to irradiation as 

compared to the microcrystalline cellulose and microfibrinal cellulose. The effect of irradiation on the 

properties of the films depends on the sample composition and on the condition applied during the 

films synthesis and storage. It has appeared possible to obtain the films with the improved 

hydrophobicity and mechanical properties due to radiation processes. Some films  appear resistant to 

irradiation with an absorbed dose as high as 25 kGy. Degradation is the major process induced by 

irradiation, however it is proved to be accompanied by crosslinking. The changes in the films 

properties due to irradiation can be attributed to modification of the surface properties of the films and 

to their  modified microstructure. Moreover, , migration processes were examined in contact with the 

food simulants. The trials were initiated to obtain the materials that reveal antioxidant activity.  

 

14.1 INTRODUCTION 

The increasing problem of the non-degradable plastic waste induces the interest in 

substitution of traditional packaging by the biodegradable materials. Preparation of the films 

in the mixed systems composed from variety of natural polymers (polysaccharides or 

proteins) as well as containing polysaccharide – artificial biodegradable polymer seems to be 

one of the abilities  to obtain the better and more friendly for environment packaging 

material.   

Starch appears to be the appropriate source for preparation of the cheap biodegradable 

packaging [1-4]. However, films prepared basing natural starches alone have rather moderate 

mechanical and barrier properties. Therefore, in purpose to improve the properties of starch 
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films methods are applied as using of the modified starches,  blending starch with the other 

natural polymer or with the artificial biodegradable polymer, introduction of the reinforcing 

agents and application of various physical and chemical treatments [3-16]. PVA can be used 

for packaging purposes and is known to be the appropriate polymer with the good fillm 

forming properties and suitable for blending with starch [9-13]. Among the others, cellulose 

fibres are often used as the reinforcing agents in polymer blends [12-16] and was proved to 

be useful in the case of both starch  and PVA. Last decade using of nanoceluloses 

(233anofibers NFC, nanocrystalline NCC and bionanocellulose) were found to be more 

effective components as compared to the mico-sized celluloses, enabling to produce the 

plastics characterized by the excellent properties. Several trials for preparation of such 

materials basing the biodegradable or natural polymers, were also reported  (including PVA-

starch films with the cellulose fibres [7, 12-15]). These studies are often directed to food 

packaging. 

Radiation methods appear the perspective for modification of polymers and biopolymers 

(including the films). Possible desired modification of the films structure and properties as 

well as the potential for packing the products subjected to radiation decontamination [3-11] 

lead to interest in the studies of ionising radiation influence on the biodegradable films. 

Increasing interest in production of the more safe and more durable food of the higher quality 

induces the need for applying the appropriate packaging that enable to keep the product clean 

and sterile during storage. Interest in radiation decontamination of the “ready –to-eat” 

products. Accordingly, evaluation of the effect of irradiation on the possible packaging 

material is highly important. S 

The present research concerns elaboration of the methodology and optimization of the 

conditions for preparation of the films in the starch-PVA and starch-cellulose/nanocellolose 

systems in relation to the possible application as food packaging, evaluation of the ionising 

radiation effects (gamma and electron) and the trials for the radiation supported modification 

of the polymer.   Simultaneously, evaluation of the effect of irradiation performed at the 

conditions applied in INCT for sterilization of packaging materials (with E-beam) was done.  

14.2 EXPERIMENTAL 

14.2.1 Materials, irradiation and the films preparation.  

Four PVAs (products of Sigma and of Alfa Aesar) characterized by various molecular masses 

(PVA1: 145000; PVA2: 90000; PVA3: 60000,  and PVA4: 15000-30000) as well as two 

cornstarches: SC3 (by Sigma) and SC2 (by Cerestar) and two potato starches, S8 (Sigma 

product) and S7 (commercial, local market) were selected for the films preparation.  

Moreover, a high amylose cornstarch (SC4) was applied. The starches were pre-irradiated in 

purpose to degrade them and reduce viscosity of their gels [3, 5]), beside to SC4 starch used 

also as the native preparation. The celluloses used were: microcrystalline cellulose (MCC), 

microfibrinal cellulose (MFC), nancrystalline cellulose (NCC), nanofibrinal cellulose (NFC) 

and nanobiocellulose (NBC) 

Films were prepared by solution casting after addition of glycerol as a plasticizer at the level 

of 0, 20 and 30 % (in relation to the starch-PVA mass). The films were dried, peeled from the 

substrate and conditioned during couple of days at the relative humidity of 43 % before 

testing. The films thickness was equal to ca 100  15 m. 
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Irradiations were carried out at room temperature with Co-60 gamma radiation in vacuum or 

in nitrogen in the Gamma Chamber 5000, as well as in E-beam Elektronika 10/10 (10 

MeV/10 W) in air.  In the first stages of the research the standard doses applied were equal to 

25 kGy and 100 kGy (only in the case of PVA films), when afterwards the lower doses in the 

range of 2 – 75 kGy were used.  

 

14.2.2 Methods 

Mechanical tests (determination of tensile strength, elongation at break l and Young 

Modulus) were carried out using of Inström testing machine.  In purpose to evaluate the 

hydrophilic/hydrophobic properties the wetting angle measurements ( values) were done 

using the instrument constructed in the Laboratory of Material Research, INCT. Beside, 

capability of the films for water uptake and the dynamics of this process was evaluated for 

the complementary studies of interaction the films with water. For this purpose the increase 

in mass of the film stored at RH = 100% (at room temperature or at 4 
o
C) during several time 

intervals was s determined. Moreover, swelling in water was determined as a mass of water  

absorbed in the films after storage in water for 24 h ((100xW-Wd)/Wd; W and Wd means 

weight of the sample after water sorption and after drying, respectively). Scanning electron 

microscopy (SEM) studies were conducted applying magnifications from 100x to 100000 x.  

Basic studies of the processes taking place under gamma irradiation were carried out by 

means of electron spin resonance EPR, gas chromatography and  DRS spectroscopy (Diffuse 

Reflectance Spectroscopy). The processes of free radicals formation taking place in the  

substances were carried out for the basic substances and for the films irradiated with the 

absorbed dose of 5 kGy  (room temperature) and efficiency of hydrogen formation and 

oxygen consumption was done for the films irradiated with the -rays with 5 , 10, 30 kGy and 

e-beam with a dose of 30 kGy. The content of gel fraction was also determined for the 

resulting films. Examination of the occurring processes were completed by  

thermogravimetry (TGA) and differential scanning calorimetry (DSC). 

The methods for evaluation of the migration of the components of the examined materials 

into the appropriate liquid food stimulants, as well as the migration of food simulant into  

these materials were adopted accordingly to European Union Directives [17-19].  The tests of 

type I (kinetic mode) consist on monitoring the change of the mass of the material  placed in 

the liquid. The test of type II consist on direct determination of the mass of polymer dissolved 

in the liquid at the required conditions (time, temperature). The migration is expressed  as 

mass change per the unit of the surface of the material remaining in contact with the simulant 

(mg/dm
2
). The migration limit permitted for food is 10 mg/dm

2
. The reduction factors (RD = 

1/3 or  1/5) were applied for calculation of the overall migration  in the food simulants D, in 

relation to dedication of the materials to the particular food products. Olive oil (food 

simulants D for fatty food,) were selected as the food simulants and two alternative food 

simulants D (96 % ethanol and isooctane) were involved.  

The method with DPPH (1,1-diphenyl-2-picrylhydrazyl) free radical was adopted for 

evaluation of the scavenging activity. Plate tests or tube tests (turbidimetric  method) were 

performed in purpose for evaluation of the antimicrobial activity against gram negative 

(Esterichia Coli) and gram positive (Bacillus subtilis) bacteria, or for yeasts 
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14.3. RESULTS AND DISCUSSION 

14.3.1 Basic processes taking place under influence of irradiation 

 

FIG. 1: EPR spectra recorded in the case of various cellulose preparations 

None particular differences between the EPR patterns connected to free radicals resulting 

after irradiation were found between the particular PVAs. The pattern presents  triplet with g 

= 2.003 nd a=36 G).   The intensities of the signal connected to free radicals (located at C 

atom interfering with two hydrogen atoms ) differs, however in the case of particular PVAs 

and can be expressed as the following values (arbitrary units: PVA1- 0.9/mg, PVA2: 0.4/mg, 

PVA3: 0.6/mg and PVA4: 0.7/mg. The difference were found in the case of the radicals 

formed in the cases of particular starch preparations. It can be stated, however, that the signal 

recorded for cornstarch SC3 is more intensive as compared to that of cornstarch SC2.  

The difference were observed between the EPR signals detected for the various celluloses. In 

particular, high reactivity was noticed in the case of nanocellulose  (3.15/g) as compared to 

microfibrinal cellulose  (1.16/g).  High reactivity of NCC was confirmed by the gas 

chromatography data. For example,  efficiencies of the hydrogen formation and of the oxygen 

consumption were equal to 0.438 and 0.422 (, 30 kGy) respectively, as compared to the 

values in the range of 0.259-0.291 found in the cases of the micro-sized celluloses. These 

results can be related to the microstructure of these preparations, in particular to the smallest 

specific surface area of the large granules of MCC, more expanded in the case of MFC  and 

to a strongly developed specific surface area of the  NCC crystallites [20].  

Moreover, the EPR studies were carried out for the selected films. All the  patterns of the 

films containing 30% of glycerol with the following compositions: PVA, starch:PVA (50:50), 

PVA:NCC (90:10)  and starch:PVA:NCC (45:45:10) represent similarities to that of PVA 

with the strong evidence of the free radical that can be attributed to PVA .  

Different patterns were observed in the cases of the irradiated  PVA-starch films with the 

modified compositions using of   DRS spectroscopy. The patterns of both starch and PVA 

indicates presence of  the peroxides, hydroxyperoxides and probably aldehyde groups, while 

oxidation products of the films prepared of all the mixed systems indicates strong presence of 

C=O groups inside the polymer chain (Fig. 3). This indicates strong interaction of the 

components in the mixed system..  
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FIG.2: DRS  spectra recorded for the starch-PVA films: a)- characterized by a various PVA 

content (shown in percentage) and irradiated with -rays in air applying a dose of 25 kGy;   

b)- starch:PVA(40:60) films containing 8 % of the  modifiers A1 or A2  

 

14.3.2 The films prepared basing the starch-PVA system 

14.3.2.1 Optimization of the methodology for preparation of the PVA, starch and starch-PVA 

films 

In the first stage the experimental conditions enabling to prepare homogeneous, good quality  

PVA, starch and starch-PVA films were optimized. This concerns conditions applied for 

dissolution of the PVAs, gelatinization if starch, addition of plastificator and conditions of 

drying that enable to avoid phase separation during this process. Accordingly, radiation 

pretreatment has appeared useful for this purpose [3-5]. The dose of 10 kGy was found 

appropriate to obtain the starch gels with sufficiently lowered viscosity that enables to obtain 

homogeneous films characterized by the better properties as compared to the films prepared 

basing the non-irradiated starch. Optimization of the preparation procedure for the mixed 

films were done basing the composition characterized by starch:PVA ratio equal to 50:50 and 

glycerol content of 30%. Application of various preparations of PVA and starch was tested in 

this step.  

The films characterized by the high content of PVA has appeared flexible while those 

containing large amount of starch revealed strong brittleness. Simultaneously, the films 

containing high amount of starch were generally characterized by the lower values of the 

wetting angle and lower swelling as compared to those containing high amount of PVA.  

Basing the preliminary results, it was decided to apply 30 % of glycerol content and to add 

glycerol to the solution before the starch gelatinization in the next systematic experiments. 

Simultaneously, PVA1 (Mw=145 kDa) and pre-irradiated cornstarch SC3 were selected and a 

number of the films syntheses were done accompanied by investigation of the effect of 

irradiation on the films properties. However, as it seems possible that the other substrates 

might appear better for synthesis of the films  in such cases when the synthesis is supported 

or followed by irradiation, the effect of introduction of  particular PVAs and starches  [21] 

into the starch:PVA composition (50:50) and of the irradiation effect on the obtained films 

were re-investigated (Figs. 3 and 7)   
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FIG. 3:  Properties of the starch:PVA (50:50) films prepared using pre-irradiated cornstarch 

SC3 and various preparations of PVA, non-irradiated and irradiated with gamma rays 

applying a dose of 25 kGy [22] 

The results (Fig. 3) [22] have confirmed that application of the PVA1 characterized by the 

highest molecular mass enable to obtain the starch:PVA films (50:50) with the best properties  

as compared to application of the other components, as well after synthesis as after the 

subsequent irradiation. In particular, decrease in swelling parameter was observed in this case 

after radiation treatment. 

13.3.2.2 Studies of the irradiation influence on the starch-PVA films properties.   

The composition of starch:PVA (45:55) was then selected for the studies of the effect of the 

absorbed dose on the films properties (Fig5 a-c). It was found that application of the dose of 5 

kGy enable to improve tensile strength and hydrophobicity with the acceptable change in 

elasticity (Table 2) and relatively small degree of degradation (Fig.5c). 

The effect of irradiation on the films’ properties depend on the films composition and the 

preparation conditions (The examples in Figs. 4a,b  and 5a-c). In the majority of cases 

relatively small effect on the tensile strength of irradiation carried out a well in vacuum 

(gamma rays) as in air (EB) was noticed. It was stated, however, that irradiation induces 

decrease in elasticity of the films (Fig. 4b ). In majority of cases it was accompanied by an 

increase in wetting angle (Fig. 5a). This can be explained by the probable oxidation processes 

occurring on the surface of the films (DRS spectra, Fig. 3). However, it seems that the 

swelling and water uptake of the number of the irradiated films was higher as compared to 

the non-irradiated ones fig. 5 b and  [20].  

The effect of irradiation on the films’ properties depend on the films composition and the 

preparation conditions (The examples in Figs. 4a,b  and 5a-c). In the majority of cases 

relatively small effect on the tensile strength of irradiation carried out a well in vacuum 
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(gamma rays) as in air (EB) was noticed. It was stated, however, that irradiation induces 

decrease in elasticity of the films (Fig. 4b ). In majority of cases it was accompanied by an 

increase in wetting angle (Fig. 4c). This can be explained by the probable oxidation processes 

occurring on the surface of the films (DRS spectra, Fig. 3). However, it seems that the 

swelling and water uptake of the number of the irradiated films was higher as compared to 

the non-irradiated ones fig. 4d and  [20].  

 

                                         a                                                                 b 

            

                                           c                                                              d 

            

e 

      

 

FIG. 4: Mechanical properties (a, b) wetting angle value (c), absorbed water (swelling) (d) 

and gel content (e)of the starch-PVA films prepared basing various compositions (glycerol 

content 30%), non-irradiated and irradiated with fast electrons (in air) applying a dose of 25 

kGy: (a-d)- with -rays (vacuum) or ( e [21]) gamma rays and fast electrons (air). 

Decrease in the gel fraction content was found after irradiation in majority of the samples 

showing the occurring degradation processes (Fig. 5c, 8c). However, these processes seems 

to be accompanied by crosslinking, as dcrease in the gel fraction content is much lower than 
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can be expected taking into consideration starch content in the samples. Therefore gel 

fraction reach in the irradiated samples 70 – 90% of that determined for the non-irradiated 

reference sample, while in the case of starch substrate  (Sc1d) irradiated under the same 

conditions these value was on the level of ca. 30%.  TGA and DSC data also suggest  

simultaneous occurrence of degradation and crosslinking processes [20].  

                                           a                                         b                                  c 

          

FIG. 5: Dependence on the absorbed dose (-rays) of properties of the cornstarch-PVA films 

(45:55): tensile strength (a), wetting angle (b) and gel content (c). 

It was discovered also, that application of electron irradiation (air) induces smaller changes in  

physico-chemical properties as compared to gamma irradiation (vacuum) (Fig 4e,  [22]). 

The influence of the absorbed dose in the range from 5 to 75 kGy on the films properties was 

then examined. The results have shown that the increase in tensile strength and in wetting 

angle value occurs when the doses applied were  in the range can. 5 – 15 kGy (Fig. 5a,b}. 

Simultaneously, degradation of the material (shown by dcrease in gel content; Fig. 5c) occurs 

gradually with the increase of dose.   

14.3.3 The films prepared basing the starch-PVA-cellulose/nanocellulose system 

The methods for incorporation of the cellulose and nanocellulose fibrils or crystallites into 

the films were adjusted. [20] Addition of the nanosized cellulose induced modification of the 

oxidation processes taking place under gamma irradiation in relation to the samples 

containing only starch and PVA similar as addition of the modifier A1  (Fig. 2b). 

Introduction of micro-sized celluloses into the films  induced decrease in tensile strength and 

in elasticity, while appropriate introduction of nanocellulose  might lead to some 

improvement of the mechanical properties of the films. This result might be related to the 

differences in microstructure of the films, in particular to the high homogeneity of the films 

containing nanocellulose  and non-homogeneity of the films containing micro-sized cellulose 

[20].  

Irradiation induces increase in homogeneity of the films, both containing microcrystalline (as 

well as nanocrystalline celluloses (Fig.6) and changes distribution of the  nanocrystallites in 

the films matrices (Fig. 6). 
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FIG. 6: SEM images of the PVA1 films containing: (a, b) -10 % of MCC non-irradiated and 

irradiated; c, d - fractures of the PVA-starch-NCC films (PVA:starch ratio 50:50; 2.5 % of 

NCC), nonirradiated and irradiated. Irradiation was performed with gamma rays in vacuum.  

 

FIG. 7  Tensile strength and wetting angle determined for the starch:PVA (45:55) films 

containing nanocellulose, non-irradiated and irradiated with gamma rays (5, 10 and  15 

kGy) and fast electrons (5, and10 kGy). 

None particular effect of addition of NCC into the films composition on tensile strength was 

observed in the case of the experiment shown in [20]. However, elasticity of the films 

decreased in the case of composition containing the higher amount of NCC. Simultaneously, 

mechanical properties of the starch-PVA films containing NCC [20] are less sensitive to 

irradiation  as compared to pure starch-PVA films. Basic the complementary experiments the 

appropriate nanocellulose content was selected for the future experiments. Furthermore, it 

was found that appropriate introduction of nanocellulose into the PVA films leads to  the 

essential improvement of their elasticity, without the important decrease in the tensile 

strength. 

In the next stages of experiments the studies concerned application of the various irradiation 

doses in the range from 5 till 75 kGy on the properties of the films. Alike in the case of 

starch:PVA system, improvement of these properties can be stated after using doses of 5 kGy, 

with none particular effect after continued irradiation.   Moreover, it was stated that in the 

case of the system containing nanocellulose, none decrease in gel content was observed 

connected to irradiation, in opposite to the starch:PVA films (shown in Fig. 4e). 
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TABLE 1: THE EFFECT OF ADDITION OF THE TWO MODIFIERS ON THE 

PROPERTIES OF THE STARCH:PVA FILMS (40:60) CONTAINING THE TWO 

MODIFIERS 

Addition Irradiation  Dose 

kGy  

Tensile strength 

MPa 

EB 

% 

Wetting 

angle 

[
 o
] 

Starch:PVA (50:50) 

none none 0 10.3 1.5 169 27 65.9  4.4 

8 % A1 none 0 11.1 1.9 146 24 60.911.2 

8 % A1 , vacuum 25 12.9 1.7 99 28 83.13.4 

8 % A1 EB, air 25 11.2 2.1 115 18 83.95.5 

8% A2 none 0 7.2 0.7 120 23 43.95.7 

8% A2 , vacuum 25 6.7 0.5 78 10 52.64.6 

8% A2 EB, air 25 7.1 0.7 93  28 54.64.3 

Starch:PVA (40:60) 

1 % A1 none 0 15.5 1.6 225  17 89.13.4 

1 % A1 , vacuum 25 14.91.1 259 13 88.63.9 

1 % A1 EB, air 25 14.50.6 22310 89.45.3 

1% A2 none 0 13.30.7 181 17 89.14.1 

1% A2 , vacuum 25 14.31.5 19710 89.16.3 

1% A2 EB, air 25 11.90.9 18219 76.56.3 
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14.3.4 The effect of the other additives on the starch-PVA-nanocellulose films 

The effect of the addition of the two selected modifiers (A1 and A2) on the films’ properties 

and their changes taking place under influence of gamma and electron irradiation was studied 

in the next step. These compounds were introduced into the film composition on the level of 

8 and 1%. The results showed strong resistance of the mechanical properties, as well as 

hydrophilic/hydrophobic properties (contact angle and swelling) of the films containing 1 % 

of each modifier  against irradiation (Table 1). Moreover, an essential decrease in 

hydrophilicity was noticed after irradiation at the higher content of the compound. Addition 

of  A1 modifier appeared also beneficial because of good elasticity of these films and high 

increase in wetting angle achieved after irradiation. This result might be related to the 

modification of the oxidation processes taking place after gamma irradiation (Fig.2b).  

In the next stages, the effect of addition of the modifier A1 to the starch-PVA and starch-

PVA-NCC compositions, followed by irradiation with gamma rays and with fast electrons 

applying the doses in the range of 2 – 15 kGy was examined. These concerned compositions 

prepared using several corn and potato starches with the modified starch:PVA ratios. All the 

films have revealed good properties and high potential for increase the wetting angle values 

after irradiation performed in electron beam and in gamma chamber with the absorbed doses 

as low as 5 kGy. Simultaneously, it was stated that addition of A1 component highly 

influences the properties of the films formed by applying particular starch substrates. 

Consequently, the differences occur between the conclusions derived accordingly to the 

usefulness of particular starch preparations for the manufacturing of the films in dependence 

on whether  this component was introduced or not introduced into the films composition. 

It was also stated that swelling in water was not affected in the case when the modifier A1 

was introduced into the films composition. 

14.3.5 The effect of starch component on the properties of the non-irradiated and the 

irradiated composite films 

 In the next stage of experiments several corn and potato starches were applied for the films 

preparation, including the high amylose cornstarch in purpose to evaluate the influence of 

using various starches on the properties of the films (the example in Fig. 7). These studies 

were carried out for the starch:PVA and starch:PVA:NCC systems. Considering various 

compositional effects on the films properties and their further modification under influence of 

ionising radiation, it is difficult to judge univocally which starch component constitutes the 

best substrate for the films preparation.  This is because of the fact that the films which reveal 

superior mechanical properties might be characterized by the high hydrophilic properties. 

Accordingly, the appropriate selection of the starch substrate should be done in dependence 

on the other factors (i.e, presence of the additives, starch:PVA ratio, radiation treatment). 

Therefore, it can be concluded that using of  the pre-irradiated high amylose SC4 starch 

enables to obtain the best films in the case of the starch-PVA (60:40) system (without 

modifiers). On the other hand  application of the standard cornstarch SC3 is more profitable 

for the starch:PVA:NCC (45:55) films  containing NCC addition manufactured without 

addition of the modifier as compared to the films prepared using the pre-irradiated high 

amylose starch SC4, in particular when the films were subjected afterwards to ionizing 

radiation. Simultaneously, in the case of the films with the same composition with that except 

that modifier A1 was also introduced, it is more difficult to asses which starch constitute the 

best substrate.  
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14.3.6 Migration phenomena in the films 

Tests with food simulants D were applied for the highly hydrophilic as well as the moderate 

hydrophobic samples. The method of type I applied for olive oil indicated only small mass 

changes, with the fast mass loss occurring in the first step.  It can be supposed that the first 

mass loss is connected to loss of some absorbed water from the samples. However, during a 

prolonged immersion in olive oil, the increase in mass starts in the cases of some samples, 

showing some absorption of liquid. Estimated migration was lower than the permitted limit 

for every sample when at RD = 1/3).  

It can be observed that the overall migration determined using of the test type I (kinetic 

mode) depends on the films composition (Fig. 8). Suprisingly, the highest values were 

obtained in the case of the starch:PVA  (20:80) and the lower in the cases of the samples with 

the higher content of starch as well as in the case of the PVA films. Addition of NCC results 

in decrease of that parameter accordingly to the swelling  phenomena.  

Migration in isooctane has revealed similar character as compared to migration in olive oil. 

However the lower values were obtained as compared to these determined using olive oil. In 

majority of the sample, the values determined basing tests of both type were lower than the 

allowed limit without applying the reducing factors (Table 2, Fig. 8c).  

None regularity was observed between the migration results obtained for olive oil. However, 

tests in isooctane show generally lower decrease in mass in the cases of the irradiated 

samples as compared to non-irradiated, esspecially  when the irradiation was carried out in 

electron beam.  

Dissolution of the materials placed in ethanol was considerably higher as compared to the 

mass changes observed in  olive oil, showing differences in interaction of the films with both 

solvents. Accordingly, it can be concluded that this tests are not reliable for evaluation of 

usefulness of the starch:PVA:NCC compositions for packing the food with high fat content. 

                         a                                                    b                                                       c 

         

 

FIG. 8 : The example changes of mass recorded applying method I for the films immersed in 

olive oil or in isooctane,  non-irradiated and irradiated in gamma chamber (nitrogen) or in 

electron beam (air): a) - PVA, olive oil; b)  - starch:PVA (20:80), olive oil, c) – starch:PVA 

(65:35), isooctane.  RD of 1/3 was applied. 
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TABLE 2. MIGRATION (MG/CM
2
) ESTIMATED BY USING TEST METHOD II FOR 

THE FILMS OF PVA IMMERSED IN ISOOCTANE, OBTAINED FOR THE NON-

IRRADIATED AND IRRADIATED SAMPLES IN A GAMMA CHAMBER OR 

ELECTRON ACCELERATOR 

PVA 

content 

0kGy 10 kGy  10 kGy EB 

RD = 1 RD = 1/3 RD = 1 RD = 1/3 RD = 1 RD = 1/3 

35 -4,5  1,7 -1,5 -6,7  0,4 -2,2 -7,3 1,9 -2,4 

55 - 2,6  0,2 -0,9 -3,6  1,1 -1,2 -3,7  2,3 -1,2 

80 -4,0  1,2 -1,3 -2,2  1.9 -0,7 -2.2  1.5 -0,7 

100 -4,7  1,4 -1,6 - 4,2  0,6 -1,4 -2.3 1.7 -0,8 

 

14.3.7 Preliminary studies on preparation of the active films 

The preliminary studies concerned immobilization of the antioxidant and animicrobial agents: 

ascorbic acid (AA), thymol  and sorbic acid (SA) in the polymer matrix during syntheses. 

The composition of  starch:PVA (45:55) was selected for this purpose.  In the first step the 

active components were introduced on the level of 1 % in relation to the polymer mass. 

Afterwards,  introduction of the 8 % (AA,  and thymol)  or 5 % (SA) was carried out. The 

trials were also done for radiation induced grafting of sorbic acid onto these films  and onto  

nanobiocellulose (BNC), using direct or undirect grafting procedures  and applying 

irradiation in gamma chamber or in electron beam with 25 kGy.  

The results have shown that it was possible to obtain the starch:PVA films that reveal strong 

antioxidant activity due to immobilization of ascorbic acid, and the antimicrobial BNC on the 

way of   radiation induced grafting of SA. In dependence on the experimental procedure, 

small antimicrobial activity was observed after immobilization or grafting of sorbic acid in 

some of the starch:PVA films.  

 

14.4. SUMMARY AND CONCLUSION  

The methods were elaborated of the films preparation basing various preparation of the  

PVA, cornstarch, potato starch and the systems starch-PVA as well as  for incorporation of 

the micro- and nano-sized celluloses into the films prepared basing the studied systems. 

Simultaneously, the methods were elaborated enabling appropriate evaluation of the obtained 

films’ properties. The effects of the modification of composition accompanied by treatment 

with ionising radiation was evaluated in purpose of the optimization the material properties.  

It was found that mechanical properties (tensile strength and flexibility) of the films were the 

better when PVA content was the higher. Simultaneously, swelling capability increases with 

the increase in the PVA content. However, although  the increase the PVA content  in general 

is  expected to lead to formation of the more hydrophilic films, the dependence of the surface 

hydrophilicity on the composition was not  so clear.  
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Application of the PVA with the highest molecular mass enable to obtain the films with the 

best properties directly after the synthesis as well as after the further irradiation while the 

films prepared basing the low molecular PVA are characterized by poor properties and  

irradiation results in deterioration of these properties.  

It is difficult to judge univocally which starch component constitutes the best substrate for the 

films preparation.  The appropriate selection should be done in dependence on the other 

factors (i.e, presence of the additives (alike nanocellulose or modifier), starch:PVA ratio, 

conditions of radiation treatment). 

Appropriate introduction of nanocellulose into the PVA films leads to  the essential 

improvement of their elasticity, without the important decrease in the tensile strength, while 

introduction of the microcrystalline cellulose (at a level of 10%) causes decrease in the tensile 

resistance and in elasticity. Starch films containing nanocellulose revealed significantly 

higher tensile strength as compared to the films containing microfibrinal cellulose.  

Addition of nanocrystalline cellulose into the films composition  on the appropriate level 

enable to obtain the films characterized by better mechanical properties before as well as after 

irradiation.  

Considering altogether mechanical and hydrophilic/hydrophobic properties it can be 

concluded that in the composition of 45:55  have an advantage over the other examined 

compositions in the cases of the films prepared with as well as without addition of the NCC 

or/and the modifier. The films with such compositions were characterized by the good 

surface hydrophobicity, acceptable mechanical properties and the moderate swelling 

capability. This concerns as well non-irradiated films as those irradiated applying doses of 5, 

10 or 15 kGy.  

Introduction of the selected modifier into the films composition lead to formation of the 

better films revealing good strength and flexibility  and the relatively high wetting angle, as 

compared to the films prepared without any additive while introduction of ascorbic acid 

causes deterioration of the films properties. (Addition of thymol into the examined 

compositions (65:35) and (50:50, 1% NCC, 45:55, 1 % NCC)) results in the improvement of 

the mechanical parameters with none particular effect on wetting angle.  

Nanocrystalline cellulose appeared more sensitive to irradiation as compared to the 

microcrystalline cellulose and microfibrinal cellulose. The differences were also observed in 

the potential reactivity of the various starch preparations induced by irradiation by means of 

EPR and gas chromatography. To the contrary, differences between the particular PVAs were 

not very specific. Formation of C=O groups on the surface of the films was found by DRS. 

The processes taking place under gamma irradiation in the starch-PVA blended films 

characterized by modified composition leads to formation of the other oxidation products as 

compared to the films formed basing separately starch or PVA. This indicates the strong 

interaction between the particular components in the blends. The protective effect of the 

presence of the selected additives in the films composition was discovered.  

The effect of irradiation on the properties of the films depends on the sample composition 

and on the condition applied during the films synthesis and storage. Irradiation causes 

decrease in hydrophilicity of the selected compositions prepared basing starch-PVA-glycerol 

or starch-PVA-glycerol-nanocellulose systems. None particular effect after irradiation on 

mechanical properties or even their improvement was found in the cases of some 
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composition, although deterioration of these properties was noticed for the majority of starch-

PVA films. Degradation is the major process occurring under influence of irradiation in the 

case of starch-PVA films. . However, it can be considered that this process is accompanied by 

crosslinking, in particular when the composition includes appropriate additives. Introduction 

of the selected additives into the films’ composition enable to improve their physico-chemical 

properties and  might result in the improvement of these properties after irradiation or in the 

increased resistance against irradiation.  The increase in the hydrophobicity of the films’ 

surface was observed after irradiation and could be considered as related to the substitution of 

the hydroxyl groups by carbonyl and carboxyl groups. Irradiation improves also the films 

homogeneity and compatibility of their components as well as distribution of the 

nanocellulose particles. 

Irradiation in electron beam in air enables to obtain the better films at lower irradition doses 

as compared to irradiation in gamma chamber in nitrogen.  

The selected materials might found application as potential packagings for dry food, for fatty 

food and for dry food covered with a fatty layer. Moreover, these materials might be applied 

for packing the products subjected to radiation decontamination.  
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Abstract 

 

The paper deals with the developing of a new two steps procedure destined to confer 

multifunctional surface properties such as antimicrobial, antioxidant, biological functions to both 

synthetic non-degradable polymers (PE) and biodegradable polymers (PLA and Cellulosic materials 

such as cellulose / chitin mixture and Kraft unbleached and bleached paper). Formulations containing 

bioactive compounds which are covalently linked onto mentioned substrates are deposited onto -

irradiation or cold plasma discharge activated surface followed by a wet-treatment involving 

carbodiimide chemistry. The characteristics of the bioactive compounds belong to polysaccharides 

(chitin, chitosan), proteins (lactoferrin) and natural antioxidants (vitamin E, C, various natural extracts 

with antioxidant properties – polyphenolic extracts as essential and vegetable oils and powered 

phenolic extract) classes have been exploited. The phenolic compounds used are: p-hydroxybenzoic 

acid, caffeic acid, gallic acid, eugenol and thymol and polyphenolic extracts from grape seeds oil, 

rosehip seeds oil, argan oil and Tea Tree oil which were encapsulated into chitosan or PLA. Thin 

layers of such bioactive formulation were deposited onto polymeric substrates by immersion, spraying 

or uniaxial or coaxial electrospinning methods, finally stratified composites being obtained. ATR-

FTIR, XPS, microscopic methods as SEM and TEM proved the presence, characteristics and stability 

of layer (assessed by potentiometric and polyelectrolyte titrations, zeta potential and spectroscopic 
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methods). Based on the release and release kinetics studies, the variants with smaller release amounts 

or and no migration of components into food product were selected. Antimicrobial, antioxidant 

activities and biological functions of the stratified composites were demonstrated and they were tested 

as packaging materials for fresh fruits, poultry and beef meat preservation and their prolonged shelf-

life. Based on the obtained results two laboratory technologies were elaborated. 

 

15.1 INTRODUCTION 

15.1.1 Some aspects on packaged food in Romania  

The dynamics of packaged food in Romania is dependent on purchasing power of the 

population, which is still poor. Romanians consume large quantities of fresh bread and pastry 

products. Therefore, there are huge sales of unpackaged bread, unpackaged cakes and 

pastries. Packaged food is found in many small regional producers and in smaller number of 

large nationwide distribution units. Fiscal changes approved and applied in mid-2015 for the 

reduction of VAT from 24% to 9% for all food products led to the high volume sales and 

consequently to growth of packaged food with a modest growth of packaged food because of 

the increasing awareness of the population for healthy food consumption [1]. Modern grocery 

retailers accounted for 59% of value sales of packaged food in 2015. Although the 

supermarkets and hypermarkets expanded in large and medium-size cities, the traditional 

retailers continued to dictate sales in small cities and the countryside and this has a negative 

impact demand for packaged food.  

As concerns the type of food packed in Romania (as an example meat packed (Fig.1b) in 

respect with European (Fig. 1a) one, the consumption is smaller in Romania but is a tendency 

of increase. Types of packaging produced in Romania by about 31 companies (11 products) 

is constituted by all sorts of PET packaging, such as soft drinks, milk, alcoholic drinks, beer 

and detergents, (bioriented polystyrene) containers for the food industry, films and bags from 

low (LDPE) and high (HDPE) density polyethylene, cases, trays, absorbent trays from 

polypropylene or poly(vinyl chloride) (PVC) and expanded polystyrene packaging trays 

(standard/ regular trays, catering trays, absorbent trays, (packaging of meat and meat 

products; fruits and vegetables; bakery products; fast food and catering), small 

poplypropylene bags (coated polypropylene bags, polypropylene bags with PE liner, 

polypropylene bags with valve, coated/uncoated polypropylene fabrics, polypropylene 

strapping tape), polyethylene film, bags (anti-dripping bags, bags and covers for fruits, thick, 

thin sacks and bags, general use polyethylene film, polyethylene fold sheet for packing (cover 

type) and stretching or thermo shrinkable covers ) polyethylene or PVC foils, paper and 

cardboard paper bags, single use plates and spoons, forks and knifes, some of them being 

from oxo-degradable polymers [2]. They are evaluated and certified according to EU 

directives to attest the compliance of packaging with alimentary products. It is also a 

developing industry for polymer waste recycling [3].  

However, a market study performed in the framework of some multinational projects reveals 

that the environmental problems encountered, forced producers to think to include degradable 

materials in packaging production [4] which should not have impact on environment. 
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FIG. 1 Consumption of meat per capita in EU (a) and in Romania (b) 

Most of interviewed companies showed interest for food packaging based on renewable 

resources despite of their high cost. They asked for high performance materials, easy 

processing, safely from ecological point of view and to comply with EU standards. As main 

requirements, the companies ask for biomaterials with properties similar with those of 

ethylene/vinyl alcohol copolymer mainly concerns water barrier properties, transparency and 

mechanical strength. 

15.1.2 Ionizing radiation use in active and bioactive food packaging 

 

Chemical and physical changes occurring in plastic packaging materials under the action of 

ionizing radiation have been studied for almost 60 years [5-7]] aiming to evaluate safety of 

plastics use in food irradiation. These changes depend on polymer type, presence of additives, 

radiation exposure conditions, etc., and these processes do not necessarily have negative 

implications. Beside sterilization sometimes desirable properties are added to the materials if 

properly exposure conditions and suitable bioactive compounds are selected and additional 

stages are applied [8-10]. The application of radiation technique is suitable for the grafting 

polymers through which the addition of grafted molecules takes place under “clean” 

conditions. 

Among the various pre-treatment techniques, graft copolymerization by gamma irradiation 

and plasma treatment are the best methods for surface modification. Plasma treatment and 

gamma irradiation are two energetic processing methods that create reactive spots to which 

either oxygen- or nitrogen containing groups can be implemented on surface and peroxyl 

structures and radicals are created depending on the type of discharge gas/atmosphere used 

inside reactors. The energy levels of entities generated in cold plasma are comparable to the 

bond energies of organic compounds, and thus can facilitate the surface functionalization 

reactions. The extent of functionalization can be controlled by selecting the discharge 

parameters [11]. Plasma surface treatments show distinct advantages, because they are able to 

modify the surface properties of inert materials. On natural polymer surfaces such as 

cellulosic ones, three main effects can be obtained depending on the treatment conditions: a 

cleaning effect, an increase of microroughness (anti-pilling finishing of wool) and the 

production of radicals to obtain hydrophilic surfaces. 

According to the literature data acidic surfaces are obtained by oxygen and air plasma 

activation of inert surface of synthetic polymers [12], and amphoteric surfaces are obtained 

by nitrogen plasma activation [13, 14], in all cases after exposure to air for the same period of 



 

252 
 

time of about 1 min. Nitrogen containing functionalities originate from plasma treatment 

itself and also, very likely, from the post-reaction with the venting gas. The oxygen atoms are 

both in the form of alcohol (C–OH) or/and carbonyl (C = O) groups, epoxy groups and 

radicals, while the nitrogen atoms appear as amino (C–NH2) groups. The advantage of 

plasma treatments is that the modification turns out to be restricted to the uppermost layers of 

the substrate, thus not affecting the overall desirable bulk properties. 

There is a strong need to diminish and control bacterial colonization by the modification of 

the surfaces to confer them features such as surface chemistry and surface roughness to 

prevent bacterial attachment or to decrease the surface susceptibility to bacterial adhesion and 

surface roughness to prevent bacterial attachment [15]. The food packaging industry has 

problems caused by deterioration food due to the attack of microorganisms. The 

recontamination after packaging can be avoided by sterilizing the packed foods by irradiation 

process. This will help to increase the shelf life of the food by killing the microorganisms 

[16]. Joint FAO/IAEA/WHO expert committee approved the use of radiation treatment of 

foods using doses up to 10 kGy. 

In the last few years it is a growing interest in the developing new innovative solutions to 

obtain functional food packaging, whose bioactive principles are to be contained within 

packaging or coating materials. In this paper the following solutions have been applied for 

developing of new active polymeric surface materials with special properties for food 

packaging applications: 

1. Pre-activation of polymeric substrates by non-solvent, environment friendly methods by 

using of gamma-ionizing radiation or plasma gas discharges; 

2. Stable layers have been deposited onto activated polymeric substrates using different 

coupling agents for covalent linking of active/bioactive formulations;  

3. Selected bioactive compounds were: chitosan/chitin, lactoferrin, natural vegetable oil with 

high content of antioxidant compounds as phenols or flavonoides mixtures. 

15.2. MATERIALS AND SOME OF THEIR CHARACTERISTICS 

 

15.2.1 Materials 

Polyethylene (PE) film with 0.02 mm thickness was delivered by SC LORACOM SRL 

(Roman, Romania).  

Poly(lactic acid) (PLA) 2002D type was purchased from Nature Works LLC. The PE or PLA 

films with a thickness of 0.3 mm ± 0.05 mm were obtained by melt processing and pressing 

using a Carver press at specific temperature and pressure.  

Unwoven cellulose/chitin mix fibers delivered under the trade name of CHITCEL by 

Shandong, (China) contain 9 – 11 wt % chitin which imparts to fibers antimicrobial 

properties. 

Unbleached (UBP) and bleached (BP) Kraft cellulose paper were purchased from Södra Cell 

Värö, Sweden.  

Chitosan (CHT) from crab shells, with a dynamic viscosity > 400 mPa.s in 1 % in acetic acid 

(20 °C) and MW = 310,000-375,000 g/mol purchased from Sigma-Aldrich. 
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Vitamin E (VE) —synthetic α-tocopherol ≥96 % (HPLC) purity (Sigma-Aldrich, USA) 

Vitamin C (VC) – ascorbic acid, white crystalline power 99% purity (Stan Chem Ltd, UK) 

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-

hydroxysuccinimide (NHS) of purity >98 %, water soluble were purchased from Sigma-

Aldrich (Germany); is a zero-length crosslinking agent used to activates carboxyl groups and 

couple them to primary amino groups. Efficiency of EDC-mediated coupling is increased in 

the presence of Sulfo-NHS  

N,N′–Carbonyldiimidazole (CDI) reagent (Sigma-Aldrich, USA) is a highly active 

carbonylating agent that contains two acylimidazole leaving groups. CDI was used to activate 

carboxylic or hydroxyl groups for conjugation with other nucleophiles, creating either zero-

length amide bonds or one-carbon-length N-alkyl carbamate linkages between cross-linked 

molecules [17]. 

Lactoferrin (LF) from bovine milk (Sigma Aldrich, Germany) was used. 

Essential oils: Clove Oil, Thyme Oil, Rosemary Oil and Ti Tree Oil - purchased from FARES, 

Romania and Cold pressed oils: Rosehip Seeds Oil, Grape Seeds Oil, Argan Oil and Apricot 

Oil - purchased from S.C. Herbavit S.R.L (Romania), were tested, and from each category the 

one with higher antioxidant activity – Fig. 2 - was chosen for polymers modification. 
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FIG. 2. The values of sample concentration required to scavenge 50% of ABTS free radicals 

(IC50) of selected essential (a) and cold-pressed oils (b) 

 

15.3PROCEDURES AND INVESTIGATION METHODS 

15.3.1 Encapsulation of vegetable oils into chitosan matrix 

15.3.1.1. Emulsion/solvent casting method 

The film forming solutions were prepared using highly viscous chitosan from crab 

shells MW = 310,000-375,000 g/mol, with a dynamic viscosity > 400 mPa.s in 1 % in acetic 

acid (20 °C). Single chitosan film forming solution was prepared by dissolving in 5% acetic 

acid aqueous solution. Food grade vegetable oils (clove, thyme and rosehip seeds oils) were 
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incorporated into chitosan, and Tween 80 (Sigma Aldrich, Germany) was added as an 

emulsifying agent. The vegetable oil-added film forming solution was homogenized with an 

ultrasonic processor UP50H (Hielscher – Ultrasound Technology, Teltow, Germany using a 

power of 50 W at 30 kHz). The films were obtained by casting  in glass Petri dishes and 

drying first at 25 °C in a forced-air oven for 24 h and further at 40 °C in a vacuum oven to 

yield a uniform thickness in all cases. Prior to analyses the films were conditioned in 

desiccators for 2 days at 22 °C over a saturated solution of NaBr (58% relative humidity). 

15.3.1.2. Electrospinning/electro spraying method. 

Encapsulation of the vegetable oils in chitosan was achieved by coaxial electrospinning 

method and immediately a coating of the nanoparticles/nanofibres was deposited onto 

polymeric substrate - this technique is presented in section 3.2.  

15.4. Procedure of covalent grafting of bioactive compounds 

Step I. Polymeric Surface activation. 

Surface functionalization techniques are applied in order to introduce the desired type and 

quantity of reactive functional groups which are able then to covalently attach a bioactive 

compound.  

The polymeric films/papers were exposed both to corona (frequency 30 kHz, interelectrodes 

distance 7 mm, discharge power 45 kJ/m
2
) and to high-frequency plasma (air or nitrogen 

were used as discharge gas). Plasma was created inside a glass reactor, using a 0.4 mbar (40 

Pa) vacuum. Outside the reactor were two electrodes connected to a source of high-frequency 

(1.3 MHz) discharge of 100 W. 

The exposure of polymers to the action of high energy radiation causes bulk modification of 

properties and even the backbone scissions [18]. The most important feature of irradiated 

polymers is the possibility of grafting for certain structures, because the radical sites are 

available for coupling. γ-exposure of polymeric films/papers was carried out in an irradiation 

machine (GAMMATOR M-85) provided with 
137

Cs source. The irradiation doses were 5, 10, 

15, 20 and 30 kGy absorbed in air, at room temperature, at a dose rate of 0.4 kGy h
-1

. 

Surface functionalization because of immplementation of polar groups and radicals onto 

substrate surface provides desired changes in physical properties of the substrate surface 

(e.g., wettability, improved adhesion, and biocompatibility, intercation with surrounding 

media) [19]. Although physical adsorption may be useful in some applications, covalent 

immobilization provides the most stable controlable bonds, between the bioactive compound 

and the functionalized polymer surface [20].   

Optima conditions of activation by each method were established by varying the exposure 

parameters and determination of the dependence of the surface wettability and morphology 

on these. It was established theat these characteristics depend on exposure time and radiation 

dose – Fig. 3. Surface roughness with increasing the plasma treatment time or irradiation 

dose. 
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FIG.3. Variation of water contact angle (WCA) with plasma treatment time or gamma 

irradiation dose of PLA 

 

The optima conditions depend on polymeric substrate nature and average values found were 

exposure cold plasma time 10 – 30 min, exposure dose 20kGy. 

Step II. Covalent bonding/grafting of bioactive compound onto activated polymeric 

surfaces. After cold plasma/-rays exposure the polymeric films/fibres/papers were removed 

from the treatment chamber and then immersed into the bioactive compound solution 

(chitosan solution in diluted acetic acid, chloroform solution of grape seed oil (GO) and 

methanol solution of clove oil (CO)) on mechanic stirring and left 12 hours at 4°C followed 

then by the deposition of surface layer by the dipping/immersion or spreading of such 

solution onto activated surface or electrospinning/electrospraying method. For covalent 

bonding of CHT or other bioactive compounds (BA) onto activated surfaces (FA), the 

EDC/NHS coupling agent was used. The covalent linking took place according to Scheme 1.  

 

SCHEME 1. Covalent linking of bioactive compounds onto polymeric substrates 

Deposited of a bioactive layer containing two compounds onto activated surface was 

achieved by encapsulation of liquid one onto chitosan by emulsion/solvent casting method or 

co-axial electrospinning/electrospraying method. The device used for the co-axial 

electrospinning/electrospraying method is presented in Fig. 2.  
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FIG.4. Experimental set-up of the uniaxial or coaxial electrospinning device used for 

immobilization of vegetable oil into chitosan and bioactive layer deposition onto polymeric 

activated substrate. (1) stepper; (2) micrometer screw.  

 

The device consists of a direct current high voltage supply, a rotating metal plate collector 

sustaining the polymeric substrate, and two syringes, one of them being provided with a co-

axial needle oriented with the needle perpendicular to the metal plate. In the case of uniaxial 

electrospinning/electrospraying only one syringe is used.  

Electrospinning parameters were: voltage/needle collector distance: 9 kV/9 cm, flow rate 

1.25 µL/min, (for both core and shell) (pump 1), core: oil solution 1.5 wt%, shell (pump 2): 

chitosan solution 1.5 wt%; oil solutions: argan oil in chloroform, clove oil in acetic acid, 

deposition time varied from 20 to 120 min. The electrospinning/electrospraying technique 

offers the folllowing advantages: high efficiency of the material deposition, simplicity and 

great flexibility of experimental set-up which allows formation a broad range of very thin 

surface layers with various compositions and morphologies – Fig. 4, can be applied for a 

wide range materials, minimum material consumption with expected modifications in surface 

properties. 

(a)  (b) 

FIG.5. SEM (a) and TEM images for encapsulated Clove Oil in PLA / High molecular weight 

Chitosan / Clove oil 
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15.3.3 Investigation methods 

Stratified composites obtained were investigated by ATR-FTIR, XPS, SEM, TEM and AFM 

examination, contact angle and surface free energy measurements and contact angle titration 

method,  differential scanning calorimetry (DSC), oxygen permeability test, potentiometric 

and polyelectrolitic titrations, chemiluminiscence, antimicrobial (performed according EU 

standardized methods against Gram negative - Salmonella enteritidis and Escherichia coli, 

and one Gram-positive bacterial strain, Listeria monocytogenes), antifungal (against 

Aspergillus brasiliensis ATCC 16404, Penicillium corylophilum CBMF1 and Fusarium 

graminearum G87) and antioxidant activity tests, testing the active-food packaging to 

improve the shelf-life of beef and poultry meat, fresh curd cheese, or apple juice. The 

essential oils were characterized by gas chromatography coupled with mass spectrometry 

detector (GC-MSD), for qualitative analysis, and with flame ionization detector (GC-FID), 

for quantitative analysis, by the determination of total phenolic compounds by Folin-

Ciocalteu method, antioxidant activity evaluation by ABTS•
+
 (2, 2’-azino-bis 3-

ethylbenzthiazoline-6-sulfonic acid) radical cation scavenging assay and DPPH radical 

scavenging assay, the last three methods being applied also for cold-press oils. 

Testing the active-food packaging for food products by microbiological analysis was 

determined for total viable counts (ISO 4833:22014 and SR EN ISO 7218/2014). The 

following parameters have been monitored for minced poultry meat by using standardized 

methods: SR EN ISO 5495:2007 – Sensory analysis; Methodology, testing by pairs 

comparison; SR ISO 6658:2007 – Sensory analysis. Methodology. This standard method 

presents the general  principles for methodology of the sensoryanalysis; SR ISO 2917:2007 – 

Meat and meat products. pH measurement. Reference method; SR 9065-11:2007 – Meat and 

meat products. H2S identification; SR ISO 7031:2008 – Poultry meat. Technical conditions of 

quality, analysis methods. The antioxidant activity of films was tested on fresh apple and 

apple juice by following both sensorial analysis and properties of juice as UV absorbance, pH 

and conductivity. The tests and products are approved by the National Sanitary Veterinary 

and Food Safety Authority in Romania. 

For more details on characteristics of the samples, treatment conditions and investigation 

methods see refs [9,10, 22-26].  

 

15.4 RESULTS AND DISCUSSION  

15.5 Bioactive PE-based food packaging stratified composites 

 

15.5.1 PE surface modification by chitosan and chitosan vegetable oils grafting.  

 

After the corona, plasma discharge or -irradiation activation, the PE surface was enriched 

with oxygen-containing groups, such as carboxyl, carbonyl, hydroxyl, and/or ester groups. 

The increase of the carbonyl index (determined by ATR-FTIR spectroscopy) with the 

irradiation dose (from 0.23 for PE/20kGy to 0.38 for PE/50kGy) indicates that the sample 

undergoes an oxidative degradation. The unstable species (generally free radicals) formed by 

γ-irradiation determines grafting or cross-linking of polyethylene. By air plasma treatment 

new oxygen and nitrogen-containing functional groups (-OH, C=O, C-O-O, N-H) are 

implanted onto PE surface, which determines an increase of polymer’s wettability. [21-26]  
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Comparing various methods of chitosan deposition onto cold plasma and -irradiation 

activated PE surface, it was established that for the same concentration of the chitosan 

solution, the most efficient method was the immersion one in respect with homogeneity of 

surface and thickness of deposited layer, but the electrospraying/electrospinning appeared to 

be more versatile method, because it allows a more precise control of the chitosan content 

deposited onto the surface by varying the deposition time – Table 1. 

 

TABLE 1. CHARACTERISTICS OF CHT LAYER DEPOSITED ONTO CORONA ACTIVATED 

PE SURFACE USING A 5%CHT SOLUTION IN DILUTED ACETIC ACID AND VARIOUS 

DEPOSITION PROCEDURE AS: IMMERSION (I), SPREADING (S) AND ELECTROSPINNING 

(ES) AND SOME PROPERTIES OF PE COATED FILMS  

Deposition 

method 

Mass of deposited 

CHT layer 

(µg/cm
2
) 

Thickness of 

CHT layer (µm) 

Charge per 

mass 

(mmol/kg) 

pKa Oxygen 

Transmission 

Rate 

(mL/m
2
*day) 

I 399.0 60 2252.6 6.2 778.5 

S 489.1 55 1138.4 6.0 1065.7 

ES 1.7 8.5 10
-3 

80.3 6.15 2952.4 

 

The average charge increased after corona discharge treatment and CHT deposition while the 

pKa values of chitosan-treated samples approached that of neat chitosan.  

ATR-FTIR, XPS and potentiometric titration proved CHT presence on the PE surface and 

also new bonds are evidenced mainly amide groups or ester groups because of interaction of -

NH2 or OH groups of CHT with carboxyl group implemented on PE surface by radiation 

activation of surface followed by air oxidation. Other reactions were also possible because of 

the high reactivity of the active species created by plasma exposure and the functional groups 

of chitosan. Chitosan coating improved the oxygen barrier properties of PE (Oxygen 

Transmission Rate of PE is 3833.36 mL/m
2
*day).  

Electrochemical methods were used to investigate the stability of the deposited chitosan 

layer. Desorption studies were performed at various pHs.  

The IR spectra of the chitosan-coated PE films (corona-treated and activated with an 

EDC/NHS solution) qualitatively revealed the presence of chitosan on the polymer surface, 

even after a 48-h desorption period in a pH 6.5 aqueous solution. Gravimetric studies 

performed in respect with CHT amount of the deposited layer showed that for the corona-

untreated sample, the weight loss was 100%; the PEcor/CHT sample, the weight loss was 

larger of ~50%, than for the PEcor/EDC/NHS/CHT one for which the weight loss was of 

only 10%. After a 48 h of desorption, the surface charge amount calculated from the charge 

isotherms was lower for PEcor/CHT at pH 6.5 than for PEcor/EDC1NHS sample at the same 

pH 6.5; this was due to the mass loss, which was much more significant for the first sample. 
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Therefore it was concluded that the chitosan layer deposited after applying the carbodiimide 

chemistry coupling reaction was much stable under various pH conditions than the other 

types of deposited layers. The potentiometric and polyelectrolyte titrations, zeta potential 

determination showed that some amount of chitosan desorbed faster from the surface until 

equilibrium was reached and also that the grafted chitosan layer was more stable than the 

physically adsorbed one. In the case of grafting, a thin chitosan layer was irreversibly 

immobilized on the PE surface. 

All chitosan-coated PE samples exhibited antibacterial activity against gram negative 

Salmonella enteritidis and Escherichia coli, and Gram-positive, Listeria monocytogenes 

bacterial strains. Pre-treatment of PE has a very important role in achieving biopolymer 

adhesion. In terms of efficiency and lower substances consumption, the electrospraying 

method is by far the most appropriate coating. procedure – Table 2. 

TABLE 2. ANTIMICROBIAL AND ANTIOXIDANT ACTIVITIES OF UNTREATED, 

PLASMA AND/OR - IRRADIATED PE SUBSTRATES FURTHER MODIFIED WITH 

DIFFERENT COMPOUNDS ANTIBACTERIAL ACTIVITY OF THE CHITOSAN-

COATED PE SURFACES 

Sample composition Inhibition 

of 

Salmonel

la 

enteritidi

s (%) 

 

Inhibition 

of 

Escherich

ia coli 

(%) 

Inhibition of 

Listeria 

monocytogen

es (%)  

DPPH 

radical 

scavenging 

activity 

(RSA)100

mg sample 

30.min 

DPPH 

radical 

scavenging 

activity 

(RSA)100

mg sample 

24h 

PE 32 - 39 14-23 25 0 0 

PEcor/CHT 100 100 92.6  0 

PEcor/EDC+NHS/CHT 92.8 100 95.8  0 

PEcor/CHT/0.5VE 98 100 90 27 79 

PEcor/CHT/1.5VE    58 100 

PEcor/CHT/3.0VE    83 100 

PEcor/ 

EDC+NHS/CHT/VE 

45 82 35   

PEcor/CDI/CHT/VE 80 84 88   

PEcor/ 

EDC+NHS/CHT/VC 

100 100 100  9.2 

PE/20kGy 99 91 87  5 

PE/30kGy 100 100 100  13 
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PE/50kGy     50 

PE/20kGy/EDC+NHS/C

HT 

100 84 96  15.1 

PE/30kGy/EDC+NHS/C

HT 

    24.3 

PE/50kGy/EDC+NHS/C

HT 

    25.7 

PE/20kGy/EDC+NHS/T

T 

100 95 100  100 

PE/30kGy/EDC+NHS/R

O 

100 100 100  92 

 

In the next step to confer antioxidant properties to PE-based stratified composites, vitamin E 

was added to the CHT solution and final into composition of the deposited layer. The same 

procedure was applied to obtain a dual-bioactive layer based on the mixture of the 

antimicrobial chitosan and antioxidant vitamin E which were immobilized onto activated PE 

surface using electrospraying/electrospinning as coating technique – Scheme 1. The obtained 

material combines the antibacterial, antifungic, bioadhesivity, biocompatibility, 

biodegradability of chitosan [27, 28] with the antioxidative activity and biological functions 

of vitamin E. Vitamin E is also known for its activity to prevent cell membrane damage by 

inhibiting peroxidation of membrane phospholipids and  disrupting free radical chain 

reactions induced by formation of lipid peroxides [29]. The characteristics of both bioactive 

compouds could be very useful in most of polyethylene applications. 

Comparative investigation of the physically deposited layer with that realized by chemically 

bounded after plasma/corona activation and reaction in the presence of the coupling agent 

system, the differences clearly appear between characteristics of the layers by examination of 

the results of each method. When the electrosprayed chitosan is just physically adhering to 

the surface no differences in IR spectra in respect with neat chitosan appear. After CHT/VE 

deposition onto corona activated PE, the IR bands of chitosan become well defined and with 

higher intensities, therefore the CHT/VE coating is significant. When using EDC+NHS and 

CDI coupling agents, distinguishable changes in band patterns are observed. In this case new 

amide bonds formed lead to new absorption bands in the IR spectra at 1637 cm
−1

, assigned to 

stretching vibration of –C=O (amide I), and at 1568 cm
−1

 which corresponds to the δNH (in-

plane deformation vibrations) [30]. In the case of CDI coupling route, the amide I bands are 

located in the IR spectrum at 1645 and 1564 cm
−1

. These spectral differences assess the 

chemical bonding of chitosan/vitamin E mixture onto PE surface when two steps-procedure 

(corona pre-activation followed by coupling reaction with both agents) is applied. The IR 

absorption bands of vitamin E overlap with those characteristic to chitosan and PE. To 

evidence the presence of vitamin E in the composite samples and also possible interactions 

between formulation components or with substrate, the deconvolution of FTIR spectra was 

performed for three spectral regions: 2600–3600 cm
−1

, 1500–1750 cm
−1

 and 1200–1500 

cm
−1

. In the deconvoluted curves have been identified the bands corresponding to vitamin E 

and also new bands (at 1724 cm
−1  

and 1546 cm
−1

, 1546 cm
−1

) most probably due to the 
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electrostatic interactions occurring between partially ionized −NH2 groups of chitosan with 

phenolic OH groups of vitamin E in acidic medium) assigned to the interactions between 

components of dual bioactive compounds are found.  

The atomic ratios C4/C2 (N–C=O/C-NH2) evaluated from XPS deconvoluted banda of the 

C1s atom gives information about amide bond formation. The C4/C2 atomic ratio of all 

chitosan/vitamin E coated sample increases after using both coupling routes (from 0.35 to 

0.66) showing a higher increase for the EDC+NHS coupling system use case. An increase in 

the atomic percentage of C5, assigned for the C atom involved in ester bond, is noticed for 

PEcor,EDC+NHS,CHT/VE sample. This may be due to the interaction between the carboxylic group 

formed onto PE surface after corona treatment and air exposure, and hydroxyl groups of 

chitosan. 

To evaluate the stability of the deposited coating, XPS spectra were recorded also for the 

covalently bonded samples after subjecting them to the action of an acidic solution with pH 

3.5. The elemental composition data are very close to initial ones proving that the CHT/VE 

coating is stable even in harsh environment because of its irreversible binding onto corona 

treated PE substrate.  

The electrosprayed bioactive coatings exhibit antibacterial, antioxidant – Table 2 and pH 

responsiveness activities. The pH responsiveness was evidenced was evidenced by contact 

angle measurements using buffered solutions with pH varying in the 2–11 range and it 

appears by sudden switching from hydrophilic to hydrophobic surface at critcal pH ≈ 6. The 

contact angle of the polyethylene surface remains constant over the entire studied pH range 

(Fig. 4).  

 

 

FIG.6. Contact angle (θ) versus pH titration curves and derivative curves of dθ/dpH  (insert) 

for chitosan/vitamin E-coated PE films 
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The titration curves for chitosan/vitamin E coated PE have a sigmoid shape. At pH < 6 the 

substrate surface coated with chitosan/vitamin E is hydrophilic, at critical pH = 6 the water 

contact angle sharply increases and passes to a hydrophobic region (θ >90°). When compared 

with the system containing only chitosan it is noticed that the critical pH shifts slightly to 

higher pH values by adding vitamin E in the system suggesting an acidification of the 

surface. 

Moreover, the new obtained materials present good stability and maintain their antioxidative 

capacity even after subjecting to desorption in harsh medium as it is demonstrated by the 

keeping of relative high content of protonated groups and charge per mass after desorption at 

pH 3 – Fig.7. This is explained by relative strong electrostatic and hydrogen bonds 

interactions between components of the formulation. The EDC+NHS coupling system is 

more efficient for chitosan covalent binding than CDI. 
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FIG.7. Charging isotherms nd desorption kinetic curves at pH 3.6 of chitosan/vitamin E-

coated PE films 

Vegetable oils incorporated into chitosan matrix were applied onto activated PE surface.  

After plasma exposure and γ-irradiation the PE films were removed from the treatment 

chamber and then immersed into a chitosan solution of 1.5 mg/mL concentration (prepared in 

aqueous solution of 2% acetic acid) or 4% rosehip seeds oil or tea tree oil in chloroform. 

For argan oil, the IR spectrum (Fig. 8) the major absorption bands are located at 3100-2800 

cm
-1

 3006.9, 2923, 2853 cm
-1

 (assigned to ν(C-H) of the CH2 and CH3 aliphatic groups from 

the alkyl rest of the triglycerides; at 1743 cm
-1

 (assigned to ν(C=O) from RC=OOR 

compounds, to 1654 cm
-1

 corresponds to the double C=C link at 1461 cm
-1

 (vibrations of 

deformation δ(CH) and =CH, from the double links cis unconjugated at 1376 and 1237 cm
-1

, 

respectively [31].  
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FIG.8. FTIR spectra of neat and gamma irradiated PE films surface modified with emulsions 

based on argan (ARG) and clove oils incorporated into chitosan (CHH) matrix 

 

The FTIR spectrum of chitosan (Fig. 6) reveals a broad –OH stretching absorption band has 

covered the characteristic N-H stretch between 3680-2980 cm
-1

 and one band between 2980-

2750 cm
-1 

assigned to aliphatic C-H stretching [32]. 

Another major absorption band with a maximum at 1580 cm
-1

 belongs to free primary amino 

group bending (νNH2) at C2 position of glucosamine, at 1650 cm
-1

 is assigned to acetylated 

amino group in chitosan. The band occurring at 1375 cm
-1

 is ascribed to the –C-O stretching 

of primary alcohol groups (-CH2-OH), while that at 1151 cm
-1

 (anti-symmetric stretching of 

the C–O–C bridge), 1065 and 1025 cm
-1

 (skeletal vibration involving the C–O stretching 

overlapped with C-N stretching vibration) are characteristics of saccharide units [32].  

Significant differences are observed in FTIR spectra by oils incorporation into chitosan 

matrix. The vibration absorption band given by the free O-H bond valence occurs in the 

region of 3590-3650 cm
-1

, and the association through polymer hydrogen bonds leads to wide 

bands in the region 3200-3600 cm
-1

. In the fingerprint region 1400-400 cm
-1

 can be identified 

intense absorptions due to the deformation vibrations of the C-H bond and the valence 

vibrations of C-O single bonds of alcohols, ethers and esters.  

The hydrogen bond modifies the vibration frequencies of the essential oils that contain O-H 

and N-H bonds. The vibration absorption band given by the free O-H bond valence 

(monomeric νOH) occurs in the region of 3590-3650 cm
-1

, and the association through 

polymer hydrogen bonds leads to wide bands in the region 3200-3600 cm
-1

. 

The major absorbance bands found in FTIR spectrum of clove oil are the following: the O-H 

stretch from phenol at 3511.3 cm
-1

, C-H stretch of aromatic ring at 2937.6 cm
-1

, C-C stretch 

(aromatic ring) at 1511.2 cm
-1

, C-H substituted (para disubstituted aromatic) at 793.7, C-O 

stretch from ether group at 1265.3, =C-H bend (alkene) at 1033 cm
-1

 [33].  
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The FTIR spectroscopy results have demonstrated both the clove and argan oil incorporation 

into chitosan matrix and the surface immobilization of the chitosan-oil mixture onto PE 

substrates prior plasma treated and gamma irradiated. 

The successful immobilization of tea tree oil (TT) onto gamma pre-irradiated polyethylene 

takes place when using 20 kGy irradiation dose and coupling agents while for rosehip seeds 

oil (RO) higher irradiation doses are needed, as ATR-FTIR spectra has revealed by the bands 

at 3382 cm
-1

 –OH stretching, 1712 cm
-1

 C=O stretching, 1640 cm
-1

 and 1564 cm
-1

 alkene 

functional group (C=C), 1224 cm
-1

 C-O stretching for TT and 3009 cm
-1

 OH stretching from 

COOH, 1751 cm
-1

 C=O stretching, 1163 cm
-1

 C-OH stretching and 719 cm
-1

 CH stretching 

for RO. 

Semicrystalline polyethylene contains Bragg reflections from the crystalline regions 

(orthorhombic). The most intense of them are the 110 (2θ = 21 degrees) and 200 (2θ = 23.5 

degrees) reflections and at lower angles a halo characteristic of the amorphous structure. [33]  

The modified PE-based samples present a slight orientation (XRD diagrams not shown.  

The thermal stability determined by chemiluminescence analysis of natural oils-grafted PE is 

higher than that of the pristine material (the activation energies were 63.93 kJ/mol for 

PE/20kGy and 84.05 kJ/mol for PE/20kGy/EDC+NHS/TT). This feature recommends these 

modified materials as packaging products, which exhibit higher thermal resistance than neat 

polymer. Gamma irradiated PE presents some antioxidant activity which is amplified by the 

modification with tea tree oil. The samples functionalized with TT presents radical 

scavenging activity of 100%, no matter the irradiation dose used. The gamma irradiation 

confers antibacterial activity to PE substrate, which increases by increasing the irradiation 

dose. PE films modified with TT present higher antioxidant activity (100%) than the sample 

modified with RO (92%), but the last one has more pronounced antibacterial activity (Table 

2).  

It is believed that hydroxyl groups present on vegetable oils structure are associated with their 

antioxidant activity. The RSA of irradiated and phenolic compounds treated samples depend 

on the irradiation dose and to the different abilities of the individual phenolic compounds to 

react with DPPH giving a stable non-radical compound.  

Both cold plasma activation and γ-irradiation have great influence on the antimicrobial 

activity - Table 2, being known that they are relatively simple and quite safe microbial 

sterilization techniques that are utilized in a variety of applications for their low operating 

costs and non-polluting capabilities.  

For PE packaging materials the antioxidant activity varied in the following order: 

PE/20kGy/EDC+NHS/CHT < PE/30kGy/EDC+NHS/RO < PE/cp air/EDC+NHS/CHT 

≈PE/20kGy/EDC+NHS/TT and for the antibacterial character: PE/20kGy/EDC+NHS/TT < 

PE/30kGy/EDC+NHS/RO ≈PE/20kGy/EDC+NHS/CHT ≈ PE/cp air/EDC+NHS/CHT. 
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15.4.1.2 Testing PE-based stratified composite as active-food packaging to improve the shelf-

life of meat 

a) Fresh beef meat 

Meats are composed mainly of protein and fats rather than carbohydrates. Water content is 

71–76% and therefore moisture is not an issue except for spoilage microbes on cured meats. 

Muscles of healthy animals do not contain any bacteria or fungi but as soon as animals are 

slaughtered, meat is exposed to contaminants and good sanitation practices are essential to 

produce high quality meats. The number of spoilage organisms on meat just after slaughter is 

a critical factor in determining shelf life. The surface of beef carcasses may contain anywhere 

from 10
1
 to 10

7
 CFU/cm

2
, most of which are psychrotrophic bacteria. Chopping and grinding 

of meats can increase the microbial load as more surface area is exposed and more water and 

nutrients become available. Yeasts and molds grow relatively slowly on fresh meat and do 

not compete well with bacteria. Therefore, they are a minor component of spoilage flora. [35] 

The population dynamics of meat spoilage-related microorganisms (Total Number of Germs) 

packed in PE-based stratified composites is described in Fig. 9. 
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FIG. 9. Variation in time of Total Number of Germs (TNG) for beef meat packed in 

polyethylene modified with chitosan and vegetable oils 

 

In traditionally-packaged beef meat (unmodified PE) the TNG were significantly higher than 

in PE substrates surface modified with chitosan/vegetable oils mixture. The encapsulation of 

active (antimicrobial and antioxidant) vegetable oils into chitosan matrix leads to a significant 

decrease of TNG when compared with the PE substrate plasma pre-treated and surface 

modified only with chitosan. Both clove and argan oils proved to be valuable antimicrobial 

agents for delaying the spoilage of fresh beef meat.  

b) Poultry minced meat 

The sensory methods, XRD, rheological and oxygen transmission rate analyses proved that 

the films accomplished all the requirements for minced poultry meat packaging – Table 3. 
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TABLE 3. CHARACTRISTICS OF THE MINCED POULTRY MEAT DURING 

EXAMINATION AFTER 48 (ENTIRE SHLEF LIFE = 48 H) UNDER NORMAL 

CONDITIONS [adapted from ref. 23]. 

 

 

All the characteristics of the minced poultry meat packed in the PE/CHT stratified 

composites are superior to those of meat packed in reference foil and LDPE foil. 

Furthermore, the covalently attached chitosan layer prevented the undesirable migration of 

bioactive components in the surrounding media. 

15.4.2 Bioactive PLA-based food packaging stratified composites 

15.4.2.1 PLA surface modification by chitosan grafting  

Nitrogen cold plasma activation of PLA surface leads to significant decrease of the water 

contact angle from 87° to 19° for PLA/cp N2  indicating increased hydrophilicity by 

implementation of polar groups. [21] Chitosan immobilization onto PLA substrate leads to an 

increase in water contact angle value to 79° for PLA/cp N2/EDC+NHS/CHT because of the 

almost hydrophobic nature of chitosan and proving so it coated the PLA surface. Chitosan 

grafting onto activated PLA surface by nitrogen cold plasma activation and gamma 

irradiation is also proved by ATR-FTIR spectra by characteristic bands at 3250 cm
-1

 for ‒OH 

stretching, 1597 cm
-1

 assigned to NH2 bending and 1657 cm
-1

 for amide I C=O stretching 

and by important changes in morphology and properties mainly those of interest radical 

scavenging activity (RSA) and bacterial inhibitory activity. Morphology of the CHT layer 

can be controlled by using various procedures of deposition and CHT molecular weight – 

Fig. 10. 
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1.  
FIG. 10. AFM images of plasma treated or -irradiated, and coated with chitosan by 

immersion and electrospraying/electrospinning CHL – low molecular weight chitosan, CHH 

– high molecular weight chitosan [adapted from ref 21] 

 

 

Chitosan immobilization by immersion leads to a more homogenous surface because the 

CHT molecules fill the gaps between the two “hills”, while by electrospinning method a fiber 

mesh appearance with the average fiber diameter of 53 ± 20 nm is obtained but only when a 

chitosan with high molecular weight is used.  

Chemiluminescence (CL) results indicate a decrease of onset oxidation temperatures and 

activation energies for oxidation because of the lower strength to oxidation, which is ascribed 

to the availability of free radicals to further reactions. The activation energy required for the 

thermal oxidation of plasma treated PLA is 69.95 kJ mol
−1

, while the -radiolysed PLA needs 

maximum 77.67 kJ mol
−1

at 10 kGy. The CL emission intensities recorded for PLA/CHT are 

significantly lower in comparison with the recorded CL intensities of PLA samples due to the 

decrease of oxidation degrees. The increase in the activation energy from about 63.47 kJ 

mol
−1

 calculated for -exposed sheets irradiated with 30 kGy to 112.59 kJ mol
−1

evaluated for 

PLA/30 kGy/EDC/CHT sample and from 69.95 kJ mol
−1

 for PLA/N2  to 116.55 kJ mol
−1

 

calculated for PLA/N2/EDC/CHT proved the stability of PLA modified with CHT increases 

that confirms the higher degree of grafting in the cases of -activated polymer. The 

mechanism of chitosan grafting on PLA chains includes the reaction of RO• radicals formed 

during  activation step followed sometimes by the chain scission. 

RSA value determined for gamma irradiated sample is significantly higher than the RSA for 

plasma activated PLA surface (11.8%) - Table 4.  
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TABLE 4. RADICAL SCAVENGING ACTIVITY (RSA) OF UNTREATED, PLASMA 

AND/OR IRRADIATED POLYMERIC SUBSTRATES FURTHER MODIFIED WITH 

DIFFERENT BIOACTIVE COMPOUNDS 

 
Sample RS

A 

(%) 

Escherich

ia  

coli  

Inhibition 

(%) 

Listeria  

monocytogen

es Inhibition 

(%) 

Salmonel

la  

enteritidi

s 

Inhibition 

(%) 
PLA 0 52 40 55 

PLA/cp N2 11 91 82 97 

PLA/cp N2/EDC+NHS/CHT 11.

8 

100 100 100 

PLA/cp air 12    

PLA/cp air/EDC+NHS/CHT  100 100 100 

LA/10kGy 6    

PLA/20kGy  8 97 100 100 

PLA/20KGy/CHT  84 96 100 

PLA/20KGy/EDC+NHS/C

HT 

100    

PLA/30kGy 8    

PLA/cp N2/LF  75 71 87 

PLA/cpN2/EDC+NHS/LF 10 62 65 60 

PLA/20KGy/EDC+NHS/L

F 

 100 100 100 

 

The obtained samples were tested for inhibition of the growth of the three different bacteria 

Escherichia coli, Listeria monocytogenes and Salmonella typhymurium and inhibition of their 

growth in presence of modified PLA is very high even 100%. 

 

15.4.2.2 Chitosan or oil-embedded chitosan grafting on PLA surface  

 

After N2 plasma exposure or gamma irradiation the PLA films they were removed from the 

treatment chamber and then immersed into chitosan or oil-added chitosan solutions and left 

12 hours at 4°C. The PLA films modified with vegetable oils-added chitosan formulations by 

emulsion/solvent casting method were excessively rinsed with 1% aqueous acetic acid 

solution and water and further vacuum dried at 40°C. For covalent bonding of CHT onto 

PLA surface, the hydroxyl groups of chitosan were activated with EDC/NHS coupling agent. 

At each chitosan solution was added EDC dissolved in a small volume of phosphate buffer 

solution (pH 7.4) keeping the ratio CHT:EDC at 30:1 (g/g). Further, the plasma 

activated/gamma irradiated PLA films were immersed in the activated chitosan solution, 

when the activated hydroxyl groups will interact with the nitrogen containing groups from the 

surface or amino groups of chitosan interact with carboxyl groups on activated surface. 
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In the FTIR spectra of plasma and gamma activated PLA and coated with chitosan/clove oil 

mixture (not shown) the characteristic bands of chitosan and the oil also are observed. The 

band found at 1511 cm
-1

 in the clove oil spectrum assigned to C-C stretch from aromatic ring 

is evidenced also in the FTIR spectra of PLA/N2/CHH+Clove and PLA/20kGy/CHH+Clove 

samples. 

By argan oil incorporation into chitosan-based emulsion method a new band appears in the 

FTIR spectra of PE/30kGy/CHH+ARG at 1744.5 cm
-1

 that is assigned to ν(C=O) from 

RC=OOR structure. The FTIR spectrum of PLA/N2/CHH+ARG sample reveals some 

characteristic band for argan oil namely at 1462 and 1377 cm
-1

 attributed to vibrations of 

deformation δ(CH) and deformation vibration in the phase of methylene group.  

Scanning electron microscopy examination reveals that the surface morphology of chitosan-

based PLA stratified composites is influenced by the incorporation of vegetable oils into 

chitosan coating. For plasma activated PLA coated with chitosan (PLA/N2/CHH) or clove oil 

incorporated into chitosan (PLA/N2/CHH+Clove) it can be observed that the surfaces are 

very smooth – Fig. 11. After argan oil incorporation, which is a cold-pressed oil, some 

surface irregularities such as small oil drops were seen on the system surface. This image 

proves the efficient encapsulation of argan oil onto PLA surface by incorporation into 

chitosan matrix.  

(a)  (b) (c) 

FIG. 11. SEM images of (a) PLA/N2/CHH, (b) PLA/N2/CHH+ARG and (c) 

PLA/N2/CHH+Clove samples. 

15.4.2.2.a Testing the bioactive PLA/CHT/vegetable oil as active-food packaging to improve 

the shelf-life of fresh beef meat  

The encapsulation of active (antimicrobial and antioxidant) vegetable oils into chitosan 

matrix leads to a significant decrease of TNG when compared with the PLA substrate plasma 

pre-treated and surface modified only with chitosan (PLA/N2/CHH). Both clove and argan 

oils proved to be valuable antimicrobial agents for delaying the spoilage of beef meat – Fig. 

12.  
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FIG. 12. Variation in time of Total Number of Germs for beef meat packed in poly(lactic 

acid) modified with chitosan and vegetable oils 

 

Chitosan applied as surface-coating improved the oxygen barrier properties of PLA and also 

conferred antimicrobial characteristics, which makes it very promising as food packaging 

material. All the characteristics of the beef meat packed in the chitosan/PLA stratified 

composites are superior to those of meat packed in reference package foil and PE based 

samples. The best results are obtained in the case of packaging the beef meat using 

PLA/N2/CHH+Clove oil stratified composites, although no significant difference could be 

observed between plasma and gamma pre-treatment.  

Samples are also very efficient for their antifungal activity, their inhibition rate against  A. 

brasiliensis ATCC 16404 fungus, F. Graminearum G87 fungus and  P. corylophilum CBMF1 

fungus reaching 98 - 100 %  

 

As it concerns the deposition method, it was found that immersion method gives more 

compact and homogeneous coating while electrospinning is efficient in terms of low material 

consumption and antioxidant activity conferred to PLA surface. The deposition method also 

influences the release pathway and kinetics of the oils from biocomposites in simulant 

medium D1 [36, 37] 

 

15.4.2.3. Lactoferrin immobilization onto PLA surface  

 

Lactoferrin (LF) is a glycoprotein with multiple bioactive and physiological functions, 

including regulation of iron absorption in the bowel, immune response, antioxidant, anti-

carcinogenic and anti-inflammatory properties, protection against microbial infection, etc., all 

these features recommend it for obtaining new bioactive packaging materials. Cold plasma or 

gamma irradiation activation determines functionalization of PLA substrate by oxygen and 

nitrogen-containing group incorporation. [10] 

The ATR-FTIR and XPS spectra confirmed the lactoferrin immobilization onto PLA 

activated surface and also covalent linking by applying the two step procedure consisting in 

ionization radiation assisted surface functionalization followed by a wet treatment using 

carbodiimide chemistry. The characteristic absorption bands for lactoferrin (Amide I at 1645 
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cm
−1

, Amide II band at 1540 cm
−1

 and at 3400 cm
-1

 the O-H and N-H stretching vibrations) 

were identified for both type of activation procedures. Typical chemical compositions 

determined from XPS spectra indicate a nitrogen atomic percentage content of 8.2 – 9.7 at% 

in the sample obtained by lactoferrin immobilization onto PLA surface using coupling agents 

(EDC+NHS). The results obtained for gamma irradiated depend on the γ-irradiation dose. 

Comparing the two activation methods it can conclude the plasma exposure is more efficient 

in terms of functional groups incorporation at PLA surface than γ-irradiation. Surface 

roughness determined by AFM increases with increasing the plasma treatment time or 

irradiation dose. It is seems that the lactoferrin molecules laterally attach each other leading 

to a sort of two dimensional network morphology. Longer plasma treatment time/higher 

irradiation doses and lactoferrin grafting lead to a porous like-surface. 

A “chemical” mechanism is responsible for the formation of the highly rough surface. 

During the interaction of the PLA surface with high-energy plasma particles/gamma 

irradiation, amorphous regions being less stable than crystalline one will degrade as it was 

also found from modification of DSC data. Before gamma irradiation, a single peak for the 

melting temperature at 154 °C appears in DSC curve of PLA, while after gamma irradiation, 

a shoulder on melting peak is present at about 149 
o
C because of re-organisation during 

irradiation and/or occurrence of different crystal populations. This shoulder was not observed 

after plasma treatment.  

Chemiluminescence results are related with two energetic processes: the formation of 

reactive spots to which either oxygen molecules can be attached and peroxyl structures are 

created, or nitrogen containing functionalities to which lactoferrin are attached. The increase 

of CL emission intensities with temperature indicates and the smooth enhance of signal 

intensities over the temperature range suggests the slow decay of residual radicals. The full 

oxidation of all samples starts after 150 °C when the molecules are splitted and oxidized. The 

values of onset oxidation temperatures (OOT) at increasing irradiation doses or by plasma 

exposure do not significantly differ but the lactoferrin coupling on irradiated PLA delays the 

start of oxidation, it offers an improved thermal stability to polymer support molecules, the 

greater amounts of lactoferrin prevent oxidation. The activation energy required for the 

thermal oxidation of plasma treated PLA is 81.99 kJ mol
-1

, while the γ-radiolysed PLA needs 

maximum 77.67 kJ mol
-1

 at 10 kGy. The pair of coupling agents provides a high efficiency of 

grafting onto plasma treated PLA, the start of oxidation being extensively delayed – Figure 

13. 
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FIG. 13. Nonisothermal CL spectra recorded on plasma exposed PLA and modified with 

lactoferrin. 

 

CL curves describe the presence of peroxides on the same temperature range as for lactoferrin 

modified PLA. However, the measured amount is sensitive lower, which is the result of their 

decay during grafting. 

 

In the case of lactoferrin modified PLA substrate the gamma pre-irradiated sample has more 

pronounced antioxidant and antibacterial activities (Table 4) when compared with nitrogen 

pre-treated sample, even though the chemical grafting was significantly more in the last case 

(as FTIR and XPS analyses showed). 

 

4.2.3.a Testing PLA-based stratified composite as active-food packaging to improve the shelf-life of 

fresh apple juice 

Enzymatic browning of apples (fruits) is a process caused by the oxidation of phenolic 

compounds into quinones. In presence of the chitosan-modified PLA surface, the apple juice 

kept its general aspect and properties a longer period of time as variations in time of the 

absorbance at 450 nm and pH in presence of PLA substrates are significantly diminished in 

comparison with juice on PET foil, the browning does not appear after 48 h, while for other 

samples as commercial PET the changes appear after 24 h or less. Both, plasma activated and 

gamma pre-irradiated PLA samples coated with CHT are efficient as antioxidant materials for 

apple juice, the -activated sample showing by a more pronounced antioxidant activity.  
PLA modified with lactoferrin and the inhibition of enzymatic browning was determined in terms of 

colour by the rate of increase in absorbance at 450 nm, pH and conductivity measurements – Fig. 14. 
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FIG. 14. Variation in time of the absorbance at 450 nm  and pH (b) of the apple juice in 

presence of lactoferrin-PLA substrates in comparison with juice on PET 

 

4.2.3.b. Testing the PLA-based stratified composites as active-food packaging to improve the 

shelf-life of fresh curd cheese 

The encapsulation of active (antimicrobial and antioxidant) vegetable oils into chitosan 

matrix leads to a significant decrease of Total Viable Counts (150 – 250 CFU/cm
2
)when 

compared with the PLA substrate (750-900 CFU/cm
2
) plasma pre-treated and surface 

modified only with chitosan (500 – 600 CFU/cm
2
). 

 

15.4.2.3.c. Testing the PLA-based stratified composites as active-food packaging to improve 

the shelf-life of fresh beef meat 

The encapsulation of active (antimicrobial and antioxidant) vegetable oils into chitosan 

matrix leads to a significant decrease of TNG when compared with control (2400 CFU/cm
2
) 

the PLA (1250 CFU/cm
2
) substrate plasma pre-treated and surface modified only with 

chitosan (PLA/N2/CHH) (1009 CFU/cm
2
). Both clove and argan oils proved to be valuable 

antimicrobial agents for delaying the spoilage of beef meat 800 – 820 CFU/cm
2
).  

The following order can be written in respect with antimicrobial and antioxidant activities of 

PLA-based stratified composites: for antioxidant activity: PLA/N2/EDC+NHS/LF < 

PLA/N2/EDC+NHS/CHT < PLA/20kGy/EDC+NHS/LF << PLA/20kGy/EDC+NHS/CHT, 

while in respect with antibacterial activity: PLA/N2/EDC+NHS/LF < 

PLA/20kGy/EDC+NHS/LF ≈ PLA/20kGy/EDC+NHS/CHT ≈ PLA/N2/EDC+NHS/CHT.  

 

15.4.3 Degradability of PLA/chitosan stratified composites 

 

The degradability of the PLA/chitosan stratified composites was tested by using the 

cellulolytic fungus strain Phanerochaete chrysosporium and after 7 and 14 days of 

degradation both fungus and polymeric samples were investigated, the former from biological 

point of view and the second by average molecular weight and morphology changes.  
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Much attention have been paid to superoxide dismutase (SOD), catalase (CAT) – Fig. 15 and 

malonildialdehyde (MDA), which are related to ROS scavenging and antioxidant mechanism 

of P. chrysosporium. It was reported that SOD can convert superoxide to hydrogen peroxide, 

CAT can convert hydrogen peroxide to water and oxygen.  

 

 

FIG. 15. Catalase (CAT) change in P. chrysosporium incubated for 7 and 14 days in the 

presence of PLA – based polymeric samples gamma irradiated, plasma treated and chitosan 

surface coated. 

 

The tendency is an intensified O2
- 
release into the cells, the activity of catalase enzyme (CAT) 

– able to decompose the hydrogen peroxide (H2O2) – exhibited only slight positive or 

negative variations compared to control sample Fig. 12. The malondialdehyde level and 

protein content significantly increases. The plasma and gamma radiation exposed PLA and 

PLA/CHT stratified composites supported fungal growth resulting in their degradation, which 

is reflected from extracellular protein excretion and percent change in degradation and with 

change in polymeric substrate structure. The presence of bioaccessible material, i.e., PLA and 

chitosan, facilitated degradation. The plasma and gamma irradiated PLA samples show an 

increment in degradation due to secretion of protein.  

All biodegraded samples have lower average molecular weight values (Mn, Mw) and higher 

PDI than the nonbiodegraded ones – Table 5. 
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TABLE 5. AVERAGE MOLECULAR WEIGHT DETERMINED BY GEL PERMEATION 

CHROMATOGRAPHY. 

Sample Mn 

(x10
3
) 

g/mol 

Mw 

(x10
3
) 

g/mol 

Mz 

(x10
3
) 

g/mol 

PDI 

Mw/Mn 

[] 

mL/g 

 

PLA 299.7 451.4 678.7 1.507 199.2 

PLA/14d 48.56 85.02 144.6 1.751 101.5 

PLA/30kGy 49.73 88.34 153.5 1.776 99.86 

PLA/30kGy/14d 27.84 46.70 75.17 1.678 58.45 

PLA/30kGy/CHH/14d 27.59 47.23 77.48 1.712 58.80 

PLA/N2/CHH/14d 46.25 79.80 134.6 1.725 96.72 

 

The roughness of PLA after 7 days biodegradation is changed significantly. The roughness of 

the 7 days-biodegraded PLA increases more than ten times comparing to unexposed sample. 

Such modification of surface is probably caused by biodegradation of macromolecules. The 

oligomers and low-molecular biodegradation products are formed as a result of random chain 

scission or abstraction of side methyl groups. Some of them can agglomerate at the surface 

creating the observed grains. The most significant topographical change in terms of 

morphology and roughness is observed for the PLA sample gamma irradiated and surface 

modified with chitosan (Figure 16).  
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FIG. 16. AFM images of gamma irradiated and chitosan-modified PLA before and 

after incubation with Phanerochaete chrysosporium fungus 

 

15.3 Bioactive Cellulose-based food packaging  

 

15.4.3.1. Cellulose/Chitin mix fibres grafting with phenolic antioxidants and vegetable 

oils modification 

 

Lignocellulosic materials usually display a very low microbial resistance and microbial 

contaminations might be an additional issue to be taken into account. Conferring antibacterial 

activity to lignocellulose-based products may represent a main functional property which is 

useful not only for advanced food packaging but also for textile applications. [38] This can be 

realized by attached some phenolic structures which can react at different extents with 

plasma/-irradiated activated surfaces and therefore they will be grafted on the lignocellulosic 

material surface to develop covalently bound antimicrobial products. 

Chitcel is a kind of modified cellulose fibre which is produced by the special chemical way 

of adding natural anti-bacterial high molecular weight polymer as chitin. It has both the 

excellent processing properties and permanent anti-smell and anti-bacterial functions. It is a 

new kind of viscose fibre concentrating on the advantages of viscose fibre and chitin fibre. 

Conventional chemical modification techniques, performed on lignocellulosics to enhance 

their surface properties by grafting with some additives alter significantly the supramolecular 

order diminishing their inherent physico-chemical characteristics. In the case of application 

of physical methods depending on the discharge gas various functional groups are 

implemented on the fibers surfaces changing the nature of these, namely acidic surfaces are 

obtained when oxygen and air are discharged gas, amphoteric surfaces when they are treated 

by N2 plasma activation. [39] The cellulose/chitin mixture was modified using different types 
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of plasma: air, oxygen, nitrogen and argon activation followed by reaction with various 

phenolic compounds such as p-hydroxybenzoic acid (HBA), galic acid (GA) eugenol (Eu) 

and grape seed oil (GO) and rosehip seed oil (RO) (chloroform solutions (10 wt%) for 60 

minutes, on mechanic stirring).  

Changes in the outer layer of the cellulosic substrate activated by plasma discharge and the 

subsequently applied modification were proved by ATR-FT-IR spectroscopy which is known 

to analyze a few micrometer thin surface layers of the substrates. Some bands appearing in 

the FTIR spectra correspond to phenolic modifiers or to the new links formed with 

cellulose/chitin mix substrate: 1233 - 1238 cm
-1

 and 1053 cm
-1

 (corresponding to -OC-O-CO- 

group, C-O stretching vibrations), and 736 – 717 cm
-1 

(assigned to CH stretching vibrations). 

There are also important shifts of the bands position to lower or higher wave numbers which 

indicate that the new compounds are formed after grafting. Based on these results it can be 

concluded that the modification took place after activation in all plasma discharge gases. The 

efficiency was higher for gallic and p-hydroxybenzoic acids when using air plasma, while for 

grape and rosehip seeds oils better results are obtained when using inert gas. The grafting 

degrees of the surface layer estimated from XPS data depend both on bioactive compound 

used and procedure of substrate activation. Higher grafting degree are obtain by using 

vegetable oils than in the case of eugenol and the air cold plasma activation seems to be much 

efficient than - irradiation. It can conclude that during -irradiation oxidation is more 

advanced and grafting degree is smaller than in the case of air cold plasma activation 

The surface morphology of the modified fibres presented ditches a high surface. Increase of 

the roughness in respect with untreated fibres and a thin layer of deposits seems to cover the 

whole surface in case of CC/RO – Fig. 17. 

 

(a) (b) 

FIG. 17. The SEM images of the samples (a) CC, (b) CC/RO 

 

The obtained modified CC materials show increased thermoxidative stability – Table 6, the 

onset temperatures are shifted to higher temperatures 
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TABLE 6. THERMOGRAVIMETRIC DATA OF UNTREATED AND TREATED CC 

SAMPLES 

Sample Ti (
o
C) Tm (

o
C) Tf (

o
C) W (wt %) 

CC 255.4 335.5 346.4 74.5 

CC/HBA 258.8 321.5 332.5 71.3 

CC/GA 257.9 345.3 355.4 74.8 

CC/Eu 256.9 311.7 322.6 68.1 

 

Using plasma or irradiation treatment, the surface of CC substrate is cleaned and etched and 

so more chitin is available at the surface to impart better antimicrobial properties. Further 

modification with phenolic compounds also improves the antimicrobial properties. The 

antimicrobial activity reached up to 100 % for Listeria Monocytogenes and Salmonella 

enteritidis while for E. coli a dependence on composition of bioactive layer is evident – Table 

7. DPPH tests were conducted to evaluate whether the phenolic compounds retained their 

antioxidant capacity after cellulosic substrate modification. Table 7. 

 

TABLE 7. ANTIMICROBIAL ACTIVITY (%) OF UNTREATED, PLASMA AND/OR 

IRRADIATED CC SUBSTRATE FURTHER MODIFIED WITH DIFFERENT 

COMPOUNDS 

Sample Escherichia coli EC50, μg/mL 

CC 32 - 

CC/cp air 47  

CC/cp air/Eu 79 0.886 

CC/cp air/GO 48 1.828 

CC/cp air/RO 85 1.097 

CC/20kGy 60  

CC/20 kGy/Eu 72  

CC/20 kGy/GO 82  

CC/20 kGy/RO 84  
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EC50 is in the μg/mL range, and eugenol had the lowest EC50 value, meaning that it has the 

highest antioxidant activity. 

For CC packaging materials, in case of plasma or -irradiation activation the following order 

of the antimicrobial properties was established: CC/RO/cp air ˃ CC/GO/20kGy ˃ CC/Eu/cp 

air ˃ CC/RO/ 20kGy ˃ CC/Eu/ 20kGy ˃ CC/GO/ cp air.  

15.4.3.2. Kraft cellulose paper grafting with phenolic antioxidants and vegetable oils  

Similar results have been obtained when unbleached (UBP) and bleached kraft (BP) papers 

have been modified with phenolic antioxidants as clove oil (CO) and rosehip seeds oil (RO) 

which are potential preservatives on lipid-containing foods and they found application in 

several commercial products like raw and roast ham, hamburgers or fish. The characteristic 

IR bands and morphologies are found – Fig. 18 

 

(a) (b) 

FIG. 18. SEM representative images of the samples UBP (a) UBP/CO (b) for both plasma 

and gamma activated surfaces 

The DSC data showed that the thermal stability increases after modification for bleached 

Kraft cellulose, while in the case of unbleached Kraft cellulose no significant modification in 

the thermal stability were observed. 

Testing the plasma activated Kraft-cellulose based packaging to improve the shelf-life of 

fresh curd cheese and fresh beef meat 

The antimicrobial activity and the efficiency of surfaces decontamination was assessed by 

determination of the total number of germs tests. The modification with vegetable oils 

improves the antimicrobial properties. For both unbleached and bleached samples, rosehip oil 

seems to induce a better antimicrobial activity for plasma treated samples – Fig. 19. 
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FIG.19. Total Viable Counts of fresh curd cheese in presence of untreated and plasma 

activated and vegetable oils modified kraft paper cold plasma activated and gamma-

irradiation activation (a) or of fresh beef meat in presence of untreated and plasma activated 

and vegetable oils modified kraft paper cold plasma activated or gamma-irradiation 

activation (b)  

 

Based on obtained results two laboratory technologies have been elaborated whose 

representative technological flow is given in Scheme 2 

 

SCHEME 2. Laboratory technological flow for stratified composites obtaining mediated by 

cold plasma and gamma irradiation. 
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The technology was tested at micro-pilot scale at SC ICEFS COM S.R.L. Savinesti, 

Romania. The micropilot device was based on micro-printing technique involving the 

deposition of the chitosan/oil mixture onto corona/plasma activated/gamma irradiated PE and 

PLA. 
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Abstract 

 

The first part of the project aims to study the effects of gamma irradiation on commercially available 

polymers currently being used for food products sterilized by radiation processing at Thailand 

Irradiation Center (TIC). The chosen product is fermented pork sausages. The effects of gamma 

irradiation on packaging material of fermented pork sausages were investigated using FTIR, DSC and 

universal testing machine. FTIR and DSC revealed changes in chemical and thermal properties of the 

packaging material, respectively, where the universal testing machine showed changed in mechanical 

properties. The results showed that the high fat content, the direct contact between acidic fermented 

pork sausages and the packaging material as well as irradiation led to changes in chemical and 

mechanical properties of the packaging material. The second part of the project focuses on the effects 

of irradiation on a promising biodegradable polymer, poly(lactic acid) (PLA), an emerging 

biodegradable polymer, poly(butylene succinate) (PBS), as well as their blends with an indigenous 

natural polymer, i.e. cassava starch, which is quite abundant and inexpensive in Thailand. PLA and 

PBS are good candidates for food packaging due to their compostability and biodegradability. Results 

showed that upon irradiation, PLA underwent degradation, while PBS was able to crosslink. 

However, the dose required for the crosslinking of PBS was rather high. Hence, crosslinking agents 

were used and compared for radiation-induced crosslinking of PLA as well as for lowering radiation 

dose required for radiation-induced crosslinking of PBS. Results indicated that the crosslinking agents 

were able to induce crosslinking of PLA and lower radiation doses required to crosslink PBS. 

16.1 INTRODUCTION 

Radiation sterilization of food and medical products, including radiation pasteurization of 

foods, is one of the most important applications of ionizing radiation [1]. During the 

radiation, packaging materials of these products are exposed to radiation as well. Most of 
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these packaging materials are synthetic polymers. During radiation, energy transferred to 

polymer molecules can induce chemical as well as structural changes through the formation 

of various reactive intermediates such as free radicals, ions and atoms in excited states [2]. 

These reactive intermediates will finally lead to disproportion, hydrogen abstraction, 

rearrangement and/or formation of new bonds, depending on structure of the polymers and 

conditions, both before, during and after irradiation. Two of the most important changes for 

polymers, after irradiation, are crosslinking and degradation. As a result, controlling 

undesired changes, such as deterioration of mechanical properties and color changes has 

become an important subject for radiation sterilization of commercial products. The success 

of radiation sterilization using packaging materials made from synthetic polymers is due to 

two major reasons. The first reason is simply the convenience of radiation sterilization of 

products in various shapes and sizes. The second reason is the fact that most of the synthetic 

polymers tend to crosslink rather than degrade, upon irradiation [1-2]. On the contrary, 

natural polymers are likely to undergo degradation, upon irradiation [3-4]. For example, 

cellulose, which is the main component of paper, degrades upon irradiation, resulting in 

decline of mechanical properties of paper. Therefore, choosing the right natural polymers for 

food packaging materials is an important factor to be taken into consideration, in order to 

maintain the desired properties as well as to ensure the safety and suitability in food 

packaging of these natural polymer-based packaging materials. Biodegradable polymers have 

been attracting a lot of attention due to their environmental friendliness. They have become 

perfect candidates for food packaging materials. Some of these food packaging materials may 

be applied for food products to be sterilized by radiation processing as well. Hence, the 

investigation of the effects of radiation on their properties is very important and must be done 

in order to ensure their suitability and safety as packaging materials for food irradiation. 

Thai Irradiation Center (TIC) is a part of Thailand Institute of Nuclear Technology (Public 

Organization) (TINT). TIC’s main mission is to offer radiation service to both government 

and private organizations, mostly for commercial purposes. TIC offers radiation service for 

various products from food and agricultural products to non-food products such as medical 

products and cosmetics. Examples of food and agricultural products include spices, fruits, 

frozen seafood, onion and garlic. Currently, TIC offers radiation service using a gamma 

irradiator with Co-60 as a source of gamma radiation which offers high-penetrating 

capability, therefore making it suitable for irradiation of packaged food as well as medical 

products. Each year, TIC hosts an annual seminar for the customers to offer basic knowledge 

of radiation as well as to discuss about the customers’ needs and problems. In recent years, 

TIC has received questions from a number of customers concerning the effects of radiation 

on plastic packaging of food products. One customer complained that after irradiation, 

properties of the packaging are lower than standard values. The customer would like TINT to 

do a research work on this problem to determine scientific reasons causing this problem, so 

that they can develop suitable packaging materials for their products. A private company 

offering radiation service in Thailand is also facing a similar problem, having a difficult time 

to find an optimum dose for each product. To solve these problems, TINT proposes this 

research project to investigate the effects of gamma and electron beam irradiation on 

properties of commercial packaging materials for food irradiation as well as to use the 

obtained knowledge to develop bio-based polymers as suitable packaging materials for food 

irradiation. 

Plastic wastes are very difficult or almost impossible to degrade, hence becoming a serious 

problem all over the world. As a result, biodegradable polymers have received a great deal of 

attention. Poly(lactic acid) (PLA) is a thermoplastic polyester synthesized from lactic acid 
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which is derived from a fermentation of renewable resources such as corn starch and 

sugarcane [5]. Thus, PLA is very attractive for food packaging materials, especially for 

single-use applications, due to its eco-friendliness and biodegradability. Despite the fact that 

PLA is biodegradable and biocompatible, one very significant factor that prevents PLA from 

being widely used is its thermomechanical properties [6-7]. The goal of this research is to 

improve thermomechanical properties of PLA by using radiation to induce crosslinking 

between PLA molecules, so that food packaging made from PLA can be utilized at higher 

temperatures. When subjected to radiation, PLA tends to degrade [8]. However, a number of 

researchers [9-12] have discovered that, with a suitable crosslinking agent, radiation can 

induce crosslinking between PLA molecules. This research aims to find a suitable food-grade 

crosslinking agent for crosslinking of PLA by irradiation. 

In Thailand, a private company named PTT MCC Biochem Co. Ltd. is established to produce 

bio-succinic acid (BSA) and polybutylene succinate (PBS) plastic pellet from sugar [5]. PBS 

is a biodegradable semi-crystalline plastic. The company started the plant construction in 

2012 and is now ready for commercial operations. The plant is capable of producing 26,000 

tonnes of BSA and 20,000 tonnes of PBS per annum. PTTMCC will be producing both petro-

based PBS (GS Pla
TM

) and bio-based PBS (BioPBS
TM

). BioPBS
TM

 derives from natural 

resources such as corn and sugarcane. It is compostable at room temperature within 1 year 

into biomass, carbon dioxide and water. Properties of BioPBS
TM

 are alike those of LDPE. It 

can be applied into may LDPE applications, such as filming, sheeting, extrution, lamination 

and spunbond. BioPBS
TM

 complies with food contact regulation under the European Union 

regulations (EC 10/2011). It passes OM6 condition, withstanding 100
o
C for 4 hr. More 

importantly, another reason PBS is a good candidate for packaging materials for food 

irradiation is that, PBS is able to crosslink, upon irradiation. With all these properties, this 

newly emerging green bioplastic seems to be a good candidate for commercial packaging 

materials. However, one of the most important factors that prevent PBS from being widely 

used is its high cost, compared to commercial plastics such as polyethylene (PE) or 

polyethylene terephthalate (PET) commonly used in packaging materials. Renewable 

resources such as starch are relatively inexpensive and therefore able to offer a competitive 

commercial strategy. Hence, blending of starch and biodegradable polymer becomes quite 

interesting since both are environmental friendly polymers [13-14]. PBS can offer easy 

processability and PE-like properties, while starch can lower production cost and 

simultaneously preserve the biodegradability. Hence, this research aims to investigate the 

effects of gamma and electron beam irradiation on properties of this newly emerging 

biodegradable polymer (PBS) and its blends with natural polymer (starch) which are good 

candidate for packaging materials for food irradiation. 

16.2 MATERIALS AND METHODS 

16.2.1 Materials 

Fermented pork sausage was purchased from Sutthiluck Innofood Co., Ltd, Thailand. 

Poly(lactic acid) (PLA 2002D) was purchased from Nature Works
®
 (USA). Poly(butylene 

succinate) (PBS, FS91PD, food contact grade film) was purchased from Mitsubishi Chemical 

Corporation (MCC), Japan. Cassava starch (CS) was supplied by Bangkok Inter Food Co. 

Ltd, Thailand. Natural cassava starch (NS) and hydrophobic cassava starch (HS) were kindly 

provided by Siam Modified Starch Co., Ltd. Glycerol (99.5%) was procured from Ajax 

Finechem Pty. Ltd., New Zealand. Triallyl isocyanurate (TAIC, 99.7%) was supplied by 

Aldrich (USA). Chloroform and dimethyl sulfoxide (DMSO) were supplied by RCI Lab Scan 

Limited (Thailand) and used as received. 
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16.2.2 Irradiation process: Fermented pork sausages 

Fermented pork sausages were irradiated using a (
60

Co) multi-purpose irradiator (JS8900, 

MDS Nordion, Canada) installed at TIC plant in Patumthanee, Thailand, to achieve 2 kGy 

absorbed doses. Dosimetry was done using Nylon thin film type FWT-60-00 dosimeters. The 

average dose rate was 2.09 kGy/h. The minimum dose measured was 2.33, while the 

maximum dose measured was 3.05, with dose uniformity ratio (DUR) of 1.309. 

16.2.3 Sample preparation: PLA 

PLA pellets were dried in a vacuum oven at 75
o
C for 24 h. A co-current twin-screw extruder 

(Lab Tech, LTE16-40, Thailand), equipped with segmented screw of diameters of 16 mm and 

L/D ratio of 40, was used to mix PLA with TAIC or TAC at different concentrations, as 

shown in Table 1. The temperatures of barrel heating zone I, II, III, IV and of the die of the 

extruder were set to 155, 175, 185, 195, and 200°C, respectively. The crosslinking agent-

containing PLA pellets were then compressed by a compression molder (Lab Tech, Thailand) 

to form 150 mm x 150 mm x 0.2 mm films. The pellets were pre-pressed and full-pressed at 

200°C for 8 and 2 min, respectively, followed by cold-pressing at room temperature for 2 

min. The film samples were irradiated by gamma radiation at 0, 20, 40, 60, 80 and 100 kGy. 

 

TABLE 1. ABBREVIATED NAMES AND FORMULATION FOR PLA SAMPLES 

Sample Name PLA:X-linker PLA (g) TAIC (phr) TAC (phr) 

PLA 100:0 100 - - 

PLA T1 100:1 100 1 - 

PLA T3 

PLA T5 

100:3 

100:3 

100 

100 

3 

5 

- 

- 

 

16.2.4 Sample preparation: TPS and PLA-b-TPS 

Cassava starch and glycerol were mixed at the weight ratio of 70:30, using a high speed 

mixer (Lab Tech, Thailand) at 3000 rpm/min for 10 min. TPS was dried in an air oven at 80 
o
C for 5h. PLA pellets were dried in a vacuum oven at 75 

o
C for 24 h. The obtained TPS were 

mixed with PLA pellets at different PLA to TPS weight ratios (100:0, 90:10, 80:20 and 

70:30), both with and without TAIC (as shown in Table 2) using a co-current twin-screw 

extruder (Lab Tech, LTE16-40, Thailand).  
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TABLE 2. ABBREVIATED NAMES AND FORMULATION FOR PLA-b-CS 

SAMPLES 

Sample 

Name 

PLA:TPS:TAIC PLA (g) CS (g) Glycerol (g) TAIC (phr) 

CS10  90:10:0 90 7 3 0 

CS20  

CS30  

80:20:0 

70:30:0 

80 

70 

14 

21 

6 

9 

0 

0 

CS10 T3 

CS20 T3 

90:10:3 

80:20:3 

90 

80 

7 

14 

3 

6 

3 

3 

CS30 T3 70:30:3 70 21 9 3 

The blends were compressed by a compression molder (Lab Tech, Thailand) to form films 

with the thickness of 0.2 mm. The film samples were vacuum sealed in a polyethylene bag. 

The samples were subsequently irradiated by gamma radiation at 0, 20, 40, 60, 80 and 100 

kGy. 

 

16.2.5 Sample preparation: PBS 

A co-current twin-screw extruder (Lab Tech, LTE16-40, Thailand), equipped with segmented 

screw of diameters of 16 mm and L/D ratio of 40, was used to mix PBS with TAIC at 

different concentrations, as shown in Table 3. The temperatures of barrel heating zone 1-10 

of the die of the extruder were set to 110, 120, 130, 140, 150, 150, 150, 150, 150 and 150°C, 

respectively. The TAIC-containing PBS pellets were then compressed by a compression 

molder (Lab Tech, Thailand) to form 150 mm x 150 mm x 0.2 mm films. The pellets were 

pre-pressed and full-pressed at 200°C for 8 and 2 min, respectively, followed by cold-

pressing at room temperature for 2 min. The film samples were irradiated by gamma and 

electron beam at 0, 30, 60, 90, 120 and 150 kGy. 

 

TABLE 3. ABBREVIATED NAMES AND FORMULATION FOR PBS SAMPLES 

Sample Name PBS:TAIC PBS (g) TAIC (phr) 

PBS 100:0 100 - 

PBS T1 100:1 100 1 

PBB T3 

PBS T5 

100:5 

100:7 

100 

100 

3 

5 
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16.2.6 Sample preparation: PBS-b-TPS 

Native cassava starch (NS) or hydrophobic starch (HS) were mixed with glycerol at the 

weight ratio of 70:30, using a high speed mixer (Lab Tech, Thailand) at 3000 rpm/min for 10 

min. The obtained TPS was dried in an air oven at 80 
o
C for 5h. A co-current twin-screw 

extruder (Lab Tech, LTE16-40, Thailand), equipped with segmented screw of diameters of 

16 mm and L/D ratio of 40, was used to mix PBS with TPS (from NS or HS) at different 

concentrations as shown in Table 4. 

 

TABLE 4. ABBREVIATED NAMES AND FORMULATION FOR PBS, PBS-b-NS and 

PBS-b-HS SAMPLES 

Sample Name PBS:TPS PBS (g) NS (g) HS (g) Glycerol (g) 

PBS 100:0 100 - - - 

N10 

N20 

90:10 

80:20 

90 

80 

7 

14 

- 

- 

3 

6 

N30 

H10 

H20 

H30 

70:30 

90:10 

80:20 

70:30 

70 

90 

80 

70 

21 

- 

- 

- 

- 

7 

14 

21 

9 

3 

6 

9 

Ten barrel heating zones of the extruder were set at different temperatures from 110 to 150 

°C. The PBS-TPS blends pellets were then compressed by a compression molder (Lab Tech, 

Thailand) to form 150 mm x 150 mm x 0.2 mm films. The pellets were pre-pressed and full-

pressed at 200°C for 8 and 2 min, respectively, followed by cold-pressing at room 

temperature for 2 min. The obtained blends were cut into dumbbell-shaped films. The film 

samples were vacuum-packed in polyethylene bags. The film samples were irradiated by 

gamma and electron beam at 0, 30, 60, 90, 120 and 150 kGy. 

16.2.7 Irradiation process 

The film samples were vacuum-packed in polyethylene bags using a Henkovac vacuum 

sealer (The Netherlands). For gamma irradiation, the film samples were irradiated using a 

Co-60 gamma irradiator (Gamma Chamber 5000, BRIT, India) at different doses. Electron 

beam irradiation of samples was performed using an accelerator (MB 20-10 S/N 021, Mevex 

Corporation, Canada). The energy and beam current of the electron beams were 8 MeV and 

100 mA, respectively. Irradiation was carried out at room temperature at different doses. 

16.2.8 Gel fraction 

Thermal properties of non-irradiated and irradiated packaging films were characterized by a 

differential scanning calorimeter (DSC 822
e
, Mettler Toledo, Thailand). After After 
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irradiation, the film samples were dissolved in chloroform for 48 h and in dimethyl sulfoxide 

for another 48 h to determine gel fraction using the following equation:  

Gel fraction (%) = ( Wg / Wo ) x 100 

where Wo is the initial weight of dried sample before the gel fraction test and Wg is the 

remaining weight of dried samples after the gel fraction test. 

16.2.9 FTIR Analysis 

Infrared spectra of non-irradiated and irradiated packaging films for fermented pork sausages 

were obtained using a Fourier transform infrared spectrometer (Tensor 27, Bruker, Germany). 

FTIR spectra within the range of 650-4000 cm
-1

 were recorded in reflection mode using an 

attenuated total reflectance (ATR) accessory equipped with ZnSe crystal. Spectra were 

collected with 16 co-added at a resolution of 4 cm
-1

. 

16.2.10 Mechanical properties 

Mechanical properties were measured using a universal testing machine (AG-100kNG, 

Shimadzu, Japan). The samples were cut with test specimen cutter (Dumbbell, Japan) with 

known dimension according to ASTM test method D638 type IV. The samples were mounted 

between machine’s grips, which were separated at a constant speed of 200 mm/min. The data 

reported are the average values (with the related error bars) obtained through ten tests per 

samples. 

16.2.11Color measurement 

The Hunter lab color parameters were measured using a Chroma Meter (CR 300, Minolta) in 

terms of lightness (L) from black to white, “a” from green (-) to red (+) and “b” from blue (-) 

to yellow (+). The lightness was measured in Hunter scale ranging from 0 to 100, while “a” 

and “b” values varied from -60 to +60. Five specimens were used for each set of sample and 

average value is reported. 

 

16.3RESULTS AND DISCUSSION 

16.3.1 Effects of irradiation on packaging of fermented pork sausage 

16.3.1.1 FTIR analysis 

Figure 1 shows pictures of Suddhiluck’s fermented pork sausages and their 3-layer 

packaging. Since the packaging materials are of commercial origin, the information regarding 

the type of polymers is not known. FTIR was used to identify the type of polymers used for 

the packaging. The FTIR spectra of each layer of the packaging are shown in Figure 2. It can 

be seen that the FTIR spectra of the packaging materials from the middle and inside layers 

are similar, while that of the outside layer is different. In order to identify the type of 

polymers for each layer, spectrum search program was used to match the FTIR spectra of 

each sample with the library included in the analysis program of the FTIR spectrometer. The 

results showed that the packaging for the outside layer is made of polyethylene (PE), while 

that for the middle and inside layers is made of polypropylene (PP). 
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The FTIR spectra of the packaging materials from the middle PP and inside PP look similar, 

but a closer look in Figure 3 reveals that, in addition to a small peak at about 1639 cm
-1

 which 

is also present in the middle PP, the inside PP showed an extra peak at 1745 cm
-1

. This 

additional peak at 1745 cm
-1

 corresponds to the absorption of carbonyl groups (most likely 

C=O stretching in ester), indicating the formation of oxidation products [15]. Note that these 

IR spectra were taken from the middle PP and inside PP of unirradiated fermented pork 

sausages. In this case, the formation of carbonyl group is hence not the result of radiation-

induced oxidation reactions. The only difference between the middle PP and the inside PP is 

that the inside PP is in direct contact with fermented pork sausages, while the middle PP is 

not. Generally, meat is susceptible to oxidative deterioration due to the oxidation of 

polyunsaturated fatty acids in phopholipids. One of the main ingredients of Thai’s fermented 

pork sausages is pork fat. Therefore, the premature oxidative degradation of the inside PP is 

most likely due to the high fat content of fermented pork sausages as well as the direct 

contact between fermented sausages and the inside PP.  

 

FIG. 1. Suddhiluck’s fermented pork sausages (left) and thier 3-layer packaging (right). 

FIG. 2. FTIR spectra of each layer of the 3-layer packaging material. 

FIG. 3. FTIR spectra of the middle and the inside PP. 
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After irradiation at 2 kGy, the effects of irradiation on the chemical structure of both the 

middle and the inside PP were followed by FTIR. The results are depicted in Figures 4. 

Figure 4 shows that irradiation at 2 kGy did not induce any further changes for the inside PP, 

even after 1 or 2 months. On the contrary, Figure 4 also shows that for the middle PP, upon 

irradiation at 2 kGy, there was a regular increase, with time, in the intensity of the bands at 

3355, 3178, 1739, 1654 and 1631 cm
-1

. The first two bands indicate the formation of –OH in 

alcohols and/or in carboxylic acids, while the last three bands imply the formation of C=O in 

esters. The formation of these functional groups is most likely the result of radiation-induced 

oxidation reactions with atmospheric oxygen, mediated through free radicals [16]. 

    

Fermented sausages are produced from a mixture of pork, pork fat, salt, curing agent (nitrate 

and/or nitrite) and spices with lactic acid starter culture. At the end of the ripening process, 

fermented sausages are characterized with accentuated acidity and slight sourness [17]. In 

order to measure the acidity, 300 g of water were added to 100 g of fermented sausages. The 

mixture was ground using a blender. The ground mixture was filtered to separate the solid 

part from the liquid part. The acidity of the liquid part was measured using a pH meter, as 

shown in Figure 5. 

 

FIG. 4. FTIR spectra of the inside and middle PP: unirradiated, irradiated at 2 kGy for 0, 1 and 2 

months. 

FIG. 5. pH measurement of fermented pork sausages. 
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pH value of unirradiated fermented sausages was 4.30, whereas that of fermented sausages 

irradiated at 2 kGy was 4.37. The results showed that fermented pork sausages are relatively 

acidic. In addition to the high fat content, the acidity of fermented pork sausages is also most 

likely one of the main reasons explaining the premature oxidative degradation of the inside 

PP which is in direct contact with the fermented sausages. 

16.3.1.2 Mechanical properties 

Mechanical properties of the middle PP and the inside PP, both before and after irradiation at 

2 kGy, were studied to investigate the radiation-induced changes. Changes in tensile strength, 

elongation at break, modulus and yield strength are illustrated in Figures 6. 

       

       

The results showed that for unirradiated samples, the mechanical properties of the inside PP 

slightly decreased from those of the middle PP. This can be explained from the fact that 

oxidative degradation (as confirmed by results from FTIR, DSC and pH measurement) of the 

inside PP, due to the high fat content and the direct contact between acidic fermented 

sausages and the inside PP, led to reduction in its mechanical properties. After irradiation, 

both the middle PP and the inside PP also showed further decrease in their mechanical 

properties. The trend is most obvious for modulus and yield strength. Figure 6 clearly showed 

that the modulus of unirradiated middle PP was 549 kg/cm
2
, whereas that of unirradiated 

inside PP was 450 kg/cm
2
. Upon gamma irradiation at 2 kGy, the modulus of irradiated 

middle PP decreased to 483 kg/cm
2
, while that of irradiated inside PP dropped further to 385 

kg/cm
2
. These results once again confirmed that both the high fat content and the direct 

contact between acidic fermented sausages and the inside PP led to the premature degradation 

of the inside PP. 

16.3.1.3 Color measurement 

The effects of irradiation on the color changes, in terms of “Hunter” color parameters (L, “a” 

and “b”), of both the middle PP and the inside PP are depicted in Figures 7. In figure 7, 

FIG. 6. Tensile strength (top, left), elongation at break (%) (top, right), modulus (bottom, left) and 

yield strength (bottom, right) of the middle and inside PP, before and after irradiation at 2 kGy. 
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Hunter L value, which is the function of lightness (apparent proportion of incident light 

reflected by an object) increased with irradiation for the middle PP, but decreased with 

irradiation for the inside PP. Hunter “a” values followed a similar trend. The Hunter “b” 

values of the unirradiated middle PP was similar to that of the irradiated middle PP. On the 

contrary, Hunter “b” values of the irradiated inside PP was higher than that of the 

unirradiated inside PP. Both of them have higher Hunter “b” values than the middle PP 

samples. Increase in Hunter “b” values indicated that irradiated samples become more 

yellowish. These results agreed well with the appearances of the irradiated samples. 

 

 

 

16.3.2 Effects of irradiation on PLA 

16.3.2.1 Effects of irradiation on pure PLA 

Figure 8 shows the mechanical properties of neat PLA samples irradiated by gamma and 

electron beam as a function of dose. Tensile strength, Young’s modulus as well as elongation 

at break of PLA obviously decreased with dose, substantiating the fact that PLA tends to 

degrade, upon irradiation. Figure 8 also showed that gel fraction was 0% for all neat PLA 

samples, regardless of dose, implying that, without a crosslinking agent, pure PLA samples 

were unable to crosslink, but rather degraded, upon irradiation. 

 

    

FIG. 7. Hunter L (left), Hunter “a” (middle) and Hunter “b” (right) values of of the middle and 

inside PP, before and after irradiation at 2 kGy. 
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16.3.2.2 Effects of irradiation on PLA mixed with TAIC 

Figure 9 shows mechanical properties of PLA as a function of TAIC concentration and dose. 

Tensile strength of PLA drastically decreased with dose, especially after 60 kGy, while PLA 

T1 remained roughly the same from 0 to 80 kGy. PLA T3 slightly increased with dose, 

whereas PLA T5 obviously increased with dose. Similar trends were observed for elongation 

at break of PLA samples. The results indicated that, with optimum amount of crosslinking 

agent, irradiation brought about enhancement in mechanical properties of PLA samples. 

    

    

FIG. 8. Tensile strength, Young’s modulus, elongation at break (%) and gel fraction of neat PLA 

irradiated by gamma and electron beam at different doses. 

 

FIG. 9. Tensile strength, Young’s modulus, elongation at break (%) and gel fraction of PLA mixed 

with TAIC at 0, 1, 3 and 5 phr and subsequently irradiated by gamma radiation at different doses. 
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Figure 9 also shows the gel fraction of the film samples irradiated as a function of TAIC 

concentration and dose. Gel fraction was 0% for all PLA samples, once again implying that, 

without a crosslinking agent, gamma radiation cannot induce crosslinking between PLA 

molecules. PLA T1 samples showed relatively low or even 0% gel fraction, suggesting that 

TAIC at 1 phr was too low to induce crosslinking. As for PLA T3 and PLA T5 samples, gel 

fraction increased with increasing TAIC concentration, confirming the ability of gamma 

radiation, in the presence of TAIC, to induce crosslinking between PLA molecules. 

Moreover, PLA T3 and PLA T5 samples showed similar gel fraction, which were relatively 

high, compared with those of PLA T1 samples.    

16.3.2.3 Effects of irradiation on PLA blended with TPS 

Mechanical properties of PLA-TPS blends, without TAIC, is shown in Figure 10, while those 

of PLA-TPS blends, with TAIC, is displayed in Figure 11. It is obvious that PLA/TPS blends 

irradiated in the absence of TAIC were unable to form gel. This implies that, without the 

crosslinking agent, gamma radiation cannot induce crosslinking for PLA, starch and their 

blends. On the contrary, the presence of the crosslinking agent enabled the blends to form gel. 

For the blends irradiated in the presence of TAIC, gel fraction increased with PLA content. 

At low dose, the gel fraction quickly increased with dose. At doses higher than 40 kGy, the 

gel fraction slightly decreased, most likely due to degradation. The slight drop of gel fraction 

in the dose higher than 40 kGy can be explained from the fact that at low doses, crosslinking 

is dominant, while at high doses, intensive chain scissions lead to the dominance of 

degradation over crosslinking. Radiation has also been applied for the modification of starch-

based films. The fact that gel fraction decreased with TPS content agreed very well with the 

results from similar works previously studied [18-19]. 

 

    

FIG. 10. Gel fraction, tensile strength and elongation at break PLA-b-CS samples irradiated by 

gamma radiation at different doses. 
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For the blends irradiated without TAIC, the tensile strength decreased with TPS content and 

dose. The drastic deterioration in tensile strength of PLA/TPS blends is most likely due to 

poor compatibility between PLA and starch. At high TPS content, gamma radiation showed 

slight effects on tensile strength, while at high PLA content, the effects of gamma radiation 

on the tensile strength of PLA/TPS blends became more evident. This is due to the fact that, 

without a suitable crosslinking agent, irradiated PLA generally undertakes chain scission, 

which normally results in reduced tensile strength and elongation.  

For the blends irradiated in the presence of TAIC, tensile strength also decreased with TPS 

content. However, the tensile strength increased with dose up to 40 kGy, after which the 

tensile strength started to level off. These results confirmed that, in the presence of a suitable 

crosslinking agent, gamma radiation was able to induce crosslinking between PLA molecules 

or PLA and starch molecules. The crosslinking between PLA and starch molecules is 

possible, since starch contains two reactive groups at C-2 and C-6 positions [19]. 

    

       

For the blends irradiated in the absence of TAIC, the elongation at break decreased with both 

TPS content and dose. The decline in elongation at break of PLA/TPS blends again is due to 

imcompatibility between PLA and starch. For the blends irradiated in the presence of TAIC, 

elongation at break seemed to decrease with TPS content. However, elongation at break of 

the blends with PLA/TPS ratio at 80:20 was lower than those of the blends with PLA/TPS 

ratio at 70:30 and 60:40. This can stem from the fact that, for the blends with higher TPS 

content, the higher content of glycerol results in relatively higher plasticity and flexibility. 

Similar to tensile strength, elongation at break also increased with dose up to 40 kGy, after 

which the elongation at break started to either fall or stabilize. 

FIG. 11. Gel fraction, tensile strength and elongation at break PLA-b-CS samples mixed with TAIC 

at 3 phr and subsequently irradiated by gamma radiation at different doses. 
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16.3.3 Effects of irradiation on PBS 

16.3.3.1 Effects of irradiation on pure PBS 

The effects of gamma and electron beam irradiation on mechanical properties of pure PBS 

samples were investigated. Figure 12 shows that tensile strength of irradiated PBS increased 

with increasing dose from 0 to 120kGy (from about 40 to 45 MPa), after which tensile 

strength started to drop off. The trends are similar for both gamma and EB irradiation. 

Similar trend for Young’s modulus is also observed, except that Young’s modulus continued 

to increase after 120 kGy. Young’s modulus increased from about 364 MPa (at 0 kGy) to 499 

and 510 MPa (at 150 kGy) for PBS irradiated by gamma and EB, respectively. On the 

contrary, elongation at break for irradiated PBS clearly decreased with dose from 24% (at 0 

kGy) to approximately 15% (at 150 kGy), for both gamma and EB irradiation. Note that these 

samples are pure PBS irradiated in the absence of any crosslinking agent. Hence, these results 

implied that, upon irradiation, PBS is able to undergo crosslinking. Subsequently, 

Subsequently, gel fraction test was done to quatitatively study radiation-induced crosslinking 

of PBS. Unexpectedly, results from gel fraction test revealed that all PBS samples 

(unirradiated as well as irradiated by gamma and EB) dissolved in chloroform. Nevertheless, 

as previously mentioned, the results from mechanical property measurements suggested 

otherwise. The explanation may lie in the molecular weight of PBS which maybe too low. 

The distributor of Mitsubishi Chemical Corporation in Thailand was contacted to ask for the 

information concerning the molecular weight of PBS. However, they also have no 

information and cannot get the information from MCC either. Hence, intrinsic viscosity 

measurement was proposed to confirm the ability of PBS to crosslink, upon irradiation. 

    

   

FIG. 12. Tensile strength, Young’s modulus and elongation at break (%) neat PBS irradiated by 

gamma and electron beam at different doses as well as relative molecular weight of PBS samples by 

intrinsic viscosity. 
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The viscosity of a polymer solution is related to its molecular weight. If radiation can induce 

crosslinking between PBS molecules, the molecular weight of irradiated PBS should be 

higher and hence resulting in higer viscosity than unirradiated PBS. The results, in terms of 

relative molecular weight of three different PBS samples are also shown in Figure 13, 

displaying relative intrinsic viscosity (therefore relative size and molecular weight) of 

unirradiated PBS as well as PBS irradiated by gamma and EB at 120 kGy. It can be clearly 

seen that, at the same concentration, unirradiated PBS took the least amout of time to pass 

through two calibrated marks, while PBS irradiated by gamma took longer time and PBS 

irradiated by EB took the longest time. These results substantiated the results from 

mechanical property measurements that radiation can induce crosslinking between PBS 

molecules, thereby increasing their molecular weight and altering their mechanical properties. 

16.3.3.2 Effects of irradiation on PBS mixed with TAIC 

Figure 13 displays mechanical properties as well as gel fraction of PBS as a function of TAIC 

concentration and total dose of gamma radiation. Generally, the trends for TAIC-containing 

PBS samples are similar to those of TAIC-containing PLA samples. At the same 

concentration of TAIC, PLA samples seems to offer better strength, in terms of tensile 

strength and Young’s modulus. However, PBS samples resulted in higher values of 

elongation at break, implying that PBS is relatively more flexible than PLA. 

    

      

FIG. 13. Tensile strength, Young’s modulus, elongation at break (%)and gel fraction of PBS and 

PBS mixed with TAIC and subsequently irradiated by gamma radiation at different doses. 
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16.3.3.3 Effects of TPS on mechanical properties of PBS blended with TPS 

Figure 14 displays the effects of TPS on tensile strength of PBS-TPS blends. Pure PBS 

sample offers the highest tensile strength at about 41 MPa. As for PBS-TPS blends, tensile 

strength decreased with increasing content of TPS. Both NS and HS showed similar trends 

with tensile strength decreasing from about 32 MPa (at 10% TPS) to 18 MPa (at 30% TPS). 

Young’s modulus also decreased with increasing amount of TPS. However, at 10% content 

of TPS from NS (N10) and HS (H10), Young’s modulus of the blends (404 and 417 MPa, 

respectively) was higher than that of pure PBS sample (364 MPa). The addition of TPS 

clearly decreased elongation at break of all blend samples. These results simply reflected 

incompatibility between PBS and starch. 

 

 

 

 

FIG. 14. Tensile strength, Young’s modulus and elongation at break (%) of PBS-b-TPS samples. 

 



 

302 
 

16.3.3.4 Effects of irradiation on PBS blended with TPS 

Results from soil burial test and mechanical properties of PBS-TPS blends irradiated by 

gamma and electron beam are shown in Figures 15 and 16, respectively. Both gamma and 

electron beam irradiation showed slight effects on tensile strength of PBS-TPS blends. That is 

tensile strength remained roughly the same with increasing dose. Unlike tensile strength, 

Young’s modulus displayed drastic change with dose, both for gamma and electron beam 

irradiation. That is Young’s modulus clearly increased with increasing dose, especially at low 

TPS content. For example, Young’s modulus of PBS-TPS blends (at 10% TPS content) 

increased from 405 and 417 MPa (unirradiated) to 519 and 537 MPa (irradiated by electron 

beam at 150 kGy), for TPS prepared from NS and HS, respectively.  

On the contrary, both gamma and EB irradiation displayed similar results for elongation at 

break of PBS-TPS blends. That is elongation at break gradually declined with increasing 

dose. From these results, it can be seen that gamma and EB have similar effects on the 

mechanical properties of PBS-TPS blends. For the type of starch used for the preparation of 

TPS, at the same condition, TPS prepared from HS generally showed better results, in terms 

of mechanical properties, compared with TPS prepared from NS.  

The degradability of PBS-b-TPS samples was also investigated. The results in Figures 15 and 

16 showed, for both gamma and electron beam irradiation, weight loss percentage of PBS-b-

TPS samples increased with time as well as starch content. The results obviously illustrated 

that, even after undergoing radiation-induced cross-linking, PBS-b-TPS samples were able to 

preserve their biodegradability. 
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16.4 CONCLUSION 

The effects of gamma irradiation on packaging material of fermented pork sausages were 

investigated. FTIR results showed that the middle and inside layers of the packaging 

materials were made of PP. FTIR analysis revealed that the chemical changes of the inside 

PP, even before irradiation processing, was caused by the high fat content and the direct 

contact between the inside PP and acidic fermented pork sausages. The results from 

FIG. 15. Tensile strength, Young’s modulus and elongation at break (%) of PBS-b-TPS samples 

irradiated by gamma at different doses. 

 

FIG. 16. Tensile strength, Young’s modulus and elongation at break (%) of PBS-b-TPS samples 

irradiated by electron beam at different doses. 



 

304 
 

mechanical tests also implied that the direct contact between acidic fermented sausages and 

the inside PP led to the premature degradation of the inside PP, whereas irradiation led to 

further decrease in mechanical properties of both the middle and the inside PP. 

As for the biodegradable polymers, upon irradiation in the absence of a crosslinking agent, 

PLA generally degrades, whereas PBS is able to crosslink, especially at high doses. In the 

presence of a suitable crosslinking agent, both PLA and PBS can undergo radiation-induced 

crosslinking. For the blends between the PLA or PBS and thermoplastic starch, mechanical 

properties basically declined with increasing content of TPS, most likely due to poor 

compatibility between the biodegradable thermoplastic and TPS. A food-grade crosslinking 

agent was used to lower irradiation dose for PBS and ensure that PLA, along with their 

blends with TPS, will not degrade but rather crosslink upon irradiation, hence resulting in 

safer products with enhanced mechanical properties, while simultaneously being able to 

maintain their biodegradability and/or compostability. 
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THE FIRST PART OF THE PEROJECT: 

 

ABSTRACT 

The first part of this study was to investigate the effect of radiation on the light transmittance, oxygen 

permeability of packaging materials used (for three different types of packaging materials) in food 

industry and the changes also on the physical, mechanical properties of packaging materials. Three 

different packaging materials (polyethylene (PE), polyethylene-polyamide (PE-PA), polyethylene-

polyethyleneterepthalate (PE-PET)) were irradiated with doses 0-20 kGy at 0.26kGy/h dose rate. The 

changes of transmittance, FTIR spectra, the colour index such as yellowness were determined. The 

thermal and mechanical properties of unirradiated and irradiated to different irradiation doses PE, PE-

PA, PE-PET films were examined in the presence of air. The structural characterization of packaging 

films between 0-20 kGy irradiated were performed by ATR-FTIR spectroscopy.  In order to 

investigate the physical and thermal behaviour of packaging films, mechanical (stress-strain) and 

thermal (TGA/DTG and DSC) tests were made and corresponding changes were studied in more 

details.The oxygen  permeabilities of unirradiated and 20 kGy irradiated PE, PE-PA, PE-PET films 

were performed. In general, there was no significant effect of radiation observed in physical and 

chemical properties between 0-20 kGy irradiation doses. There were slight changes in yellowness 

index values and mechanical properties.  

 

17.1 INTRODUCTION 

 

How should be the packaging of the food for irradiation? Before the selection of packaging 

material, all types of foods that will be irradiated should be estimated according to their fat 

amount and being fresh or freezed (1-3). Irradiation may cause oxidation on food products 

which cause the diverse effects on the taste of the food(4,5). Many food products are 

subjected to irradiation after packaging. Because of this, to explain the possible interactions 

between food and irradiation, the effect of radiation on food and package should be examined 

seperately. After irradiation, unwanted diverse effects may be possible. Suitable packaging 

material should be selected for applied irradiation dose since response and resistivity of 

packaging materials to irradiation are different for each. 
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Nowadays, a variety of materials are used as food packaging materials. These are polymeric 

films, metals, glass and paper (6-8). Some researchers are interested on the positive and 

negative effects of plastic films as package materials on fresh fruits and vegetables (9,10). In 

the past few decades it has seen an increase in the required functionalities of prolonging the 

shelf-life of foods by controlling microbial, enzymatic and biochemical reactions of the 

internal environment of food packaging via a number of strategies such as oxygen removal, 

controlled release of salts, carbon dioxide etc. These requirements for broader functionality 

have provided the stimulus for a number of fields of material development (11): 

In this study, The packaging films selected for this research work are those that are already 

being used in frozen food and spices and dried fruits. They are multi-layer films made of 

polyethylene and polyethylene-poly(amide), polyethylene-poly(ethylene terephthalate). 

Although considerable information is available on the effect of ionizing radiation on these 

three polymers, new data were needed to be collected on the effect of gamma rays on various 

properties of multi-layer PE, PE-PA and PE-PET films and in our work we focused on the 

investigation of the effect of gamma rays on various properties of multi-layer PE, PE-PA, PE-

PET. 

 

17.2   EXPERIMENTAL 

The irradiation of samples with 
60

Co--rays was performed using a “Gammacell 220” with a 

dose rate of 0.26 kGy/h. For unirradiated and irradiated packaging films, the transmittances at 

200-900 nm wavelengths were measured by a Cary 100 model UV-vis spectrophotometer. 

The ATR-FTIR spectra for all films were recorded. ATR-FTIR spectroscopy (Thermo 

Scientific Nicolet iS10 FT-IR Spectrometer) technique was utilized for characterization of the 

packaging films. ATR-FTIR spectra were collected in the 400–4000 cm
-1

 region with 

resolution 4 cm
-1

. CIE (1976) L, a, b colour values (12) for unirradiated and irradiated 

packaging films were measured using a Minolta Spectrophotometer CM-3600d. Perkin Elmer 

Pyris1 Thermogravimetric Analyser was used for determination of thermal properties of 

packaging films. Samples weighing 5-10 mg were heated in dynamic nitrogen atmosphere 

from 20 
o
C to 800 

o
C at a heating rate of 10 

o
C min

-1
. Mechanical properties i.e. tensile 

strength at break, elongation at break and young modulus of films were determined by using 

a Zwick Z010 model Universal Testing Instrument and screw grip  module at room 

temperature. Strain rate for all samples is  50 mm/min. Dumbbell shaped samples were 

prepared by using  ISO 37 type 1 cutting die. The changes of mechanical properties as a 

function of irradiation dose were determined. 

 

17.3 RESULTS AND DISCUSSION 

In applications in which films require enhanced rigidity, HDPE polymers are used. In other 

laminates polyethylene is combined with a variety of polymer types, such as polyethylene 

terephthalate (PET), polypropylene (PP), polyvinylidene chloride, (PVdC) and ethylene vinyl 

alcohol (EVOH), selected to provide the particular required properties and performance 

characteristics. The low glass transition temperatures (Tg) of low-density polyethylene means 

that the films remain flexible at low temperatures. This characteristic makes them the 

preferred films for packaging frozen food products. 

Before suitable packaging, each food is evaluated according to its fat content and freshness or 

freezed before irradiation. Irradiation may cause oxidation and have negative effects on the 
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flavor or taste of the products. Most of the food products are subjected to radiation after 

packaging. To understand the interaction between package, food and radiation, effect of 

radiation on food and packaging material shoul be investigated seperately. After irradiation, 

decomposition of functionality of plastic packaging materials can be observed which are not 

wanted. Suitable packaging material should be selected since they have different response 

and resistivity for the applied dose.  

The comparison of the ATR-FTIR spectra of PE, PE/PA, PE/PET films irradiated as a 

function of irradiation doses are shown in Figs. 1-5. In Figs. 2 and 3 PE and PA surfaces of 

PE/PA and in Figs. 4 and 5 PE and PET surfaces of PE/PET films can be seen. ATR-FTIR 

spectra of PE surfaces in PE/PA and PE/PET films are the same with PE in Fig. 1. In the 

ATR-FTIR spectra of PA and PET surfaces have the characteristic peaks. We can say that 

Irradiation have no effect on ATR-FTIR spectra of all packaging films. As shown, for PE, the 

absorption peaks  2916, 2848, 1463 and 719 cm
-1

 are attributed to methylene nonsymmetry 

stretching vibration, methylene symmetry stretching vibration, methylene nonsymmetry 

changing angle vibration, and methylene swing in plane vibration, respectively. For PET 

surface, The main absorption bands observed in the ATR-FTIR mode are: the aliphatic C-H 

nonsymmetry stretching vibration at 2960 cm
-1

; the C=O stretching vibration at 1710 cm
-1

; 

one of several aromatic skeletal stretching vibrations at 1410 cm
-1

; the C(O)-O stretching 

vibration of ester group at 1240 cm
-1

; bands in the skeletal ring at 1113 and 1021 cm
-1

 

indicative of an aromatic substitution pattern; the O-CH2 stretching vibration of ethylene 

glycol segment at 970 cm
-1

 (13). 

The transmittance percents of PE, PE/PA, PE/PET packaging film in UV-Vis wavelength 

region as a function of irradiation dose are determined. PE and PE/PA, PE/PET films have 

approximately 80% transmittances. The spectra of the irradiated films show a similar pattern 

to the unirradiated films. 

Change of colour index as a function of irradiation döşe on PE, PE/PA films for each surface 

are measured. Irradiation have  effect on CIE yellowness values of irradiated packaging 

films. When Irradiation doses up to 11 kGy increased CIE yellowness-values of  PE and 

PE/PA films but at 20 kGy irradiation dose decreased., The changes of CIE yellowness-

values in for PE/PET films were smaller than those of the PE and PE/PA films. 

Figs. 6-8 present the thermogravimetric analysis weight loss results of PE. PE/PA. PE/ PET 

films, respectively, of unirradiated films and films irradiated to 1-20 kGy irradiation doses. 

The results obtained are not very easy to understand, probably because there are three 

different polymers and two surfaces. The 5, 11, 20 kGy irradiated PE films presented an 

increase in stability when compared with that of the unirradiated PE film an low irradiated PE 

films (Fig. 6). Fig. 6-b  presents the derivative calculus performed in the TGA analysis of 

unirradiated and irradiated PE films. Besides the decreased thermal stability of the oxidized 

polymer, the weight loss temperature range was larger than that of unirradiated and lower 

irradiated PE. The temperature at maximum weight loss increased from 436°C to 462°C. after 

2.5 kGy irradiation dose.This result suggests that the weight loss mechanism in this film may 

changed by the crosslinking process (14).  

 

The thermal degradation results of PE/PA and PE/PET films are similar, as can be seen in 

Fig. 7-a and 8-a.  Fig. 7-b and 8-b presents the derivative calculus performed in the TGA 

analysis of untreated PE/PA and PE/PET films. Besides thermal stabilities of the irradiated 
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films are changed continuously. This fact suggests that the weight loss mechanism in this 

film may changed by crosslinking and chain scission processes. 

Fig. 9 shows the melting enthalpy of unirradiated and irradiated at different irradiaton doses 

PE films and the melting enthalpy for unirradiated PE is 116 J/g but for irradiated PE films 

decreased to 109 J/g. After the stress-strain measurements to parallel and vertical to 

orientation direction there is significant changes depending on the orientation direction (Fig. 

10). At same samples 20 kGy irradiated melting enthalpy values are decreased (Fig. 11). For 

PE/PA and PE/PETfilms, The DSC thermograms of  are given in Figs. 12 and 13 and the 

melting enthalpies of PE/PA (220°C) and PE/PET (255°C)  are lower than the PE films. 

Stress-Strain % measurements for unirradiated and 20 kGy irradiated PE (parallel to 

orientation) and (vertical to orientation), PE/PA, PE/PET films and changes of E-modulus, 

Strain %, Stress as a function of irradiation dose on PE (parallel and vertical to orientation), 

PE/PA an PE/PET are compared. For PE,PE/PET films E-modulus increased up to 11 kGy 

irradiation dose and then decreased but for PE/PA E-modulus decreased. When we compared 

TGA results with mechanical experiment results they ar agree with eachother. The important 

factor is chain scission and crosslinking which is competitive depend on irradiation dose. 

The oxygen gas permeabilities of unirradiated and 20 kGy irradiated Packaging films are 

given in Table 1. PE has higher oxygen gas permeability than PE/PA and PE/PET films.  

While for unirradiated and 20 kGy irradiated PE films the oxygen gas permeability are 

decreased from 1930 mL/m
2
/day to 1856 mL/m

2
/day,  the oxygen permeabilities of PE/PA 

and PE/PET didn’t change with the irradiation dose. 
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FIG.1. FTIR spectra of Polyethylene (PE) films. 

 

FIG.2. FTIR spectra of Polyethylene-Polyamide film (PE/PA-PE surface). 
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FIG.3. FTIR spectra of Polyethylene-Polyamide film (PE/PA-PA surface). 

 

 

FIG.4. FTIR spectra of Polyethylene-Polyethyleneterephtalate film (PE/PET-PE surface). 
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   FIG.5. FTIR spectra of Polyethylene-Polyethyleneterephtalate film (PE/PET-PET surface). 

 

 

FIG .6. TGA/DTG thermograms of Polyethylene (PE) films. 
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FIG .7. TGA/DTG thermograms of Polyethylene-Polyamide (PE/PA) films. 
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FIG.8. TGA/DTG thermograms of Polyethylene-Polyethyleneterepthalate (PE/PET) films. 

 

 

 

 

 

FIG.9. DSC thermograms of Polyethylene (PE) films. 
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FIG.10. DSC thermograms of unirradiated Polyethylene films (after the stress-strain 

measurements. 
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FIG.11. DSC thermograms of 20 kGy irradiated Polyethylene films after the stress-strain 

measurements. 

 

 

 

FIG.12. DSC thermograms of Polyethylene-Polyamide (PE/PA) films. 
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FIG.13. DSC thermograms of Polyethylene-Polyethyleneterepthalate (PE/PET) films. 

 

TABLE 1. O2 GAS PERMEABILITIES OF UNIRRADIATED AND 20 KGY 

IRRADIATED PACKAGING FILMS. 

________________________________________________________________________ 

O2 gas permeabilities of Packaging films ( mL/m
2
/day) 

Packaging films   Unirradiated   20 kGy irradiated  

PE    1930    1856 

PE-PA    58    58 

PE-PET   115    111 

  

  

 

0 kGy T=253.10°C, ΔH=2.1890 J/g 

1 kGy T=252.71°C, ΔH=3.1438 J/g 

2.5 kGy T=255.46°C, ΔH=3.8763 J/g 

5 kGy T=252.62°C, ΔH=4.4479 J/g 

11 kGy T=252.62°C, ΔH=2.8967 J/g 

20 kGy T=253.48°C, ΔH=3.1516 J/g 
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The second part of the project:  

 

Abstract 

 

The use of organic acids, bacteriocins,  spice extracts, chelating agents, antibiotics and enzymes, etc. 

and other biologically derived antimicrobials in packaging materials is attracting increasing  interest 

in recent times. In this study, The objective of the present work was to graft some food additives (FA) 

onto commercial packaging film polyethylene (PE) by gamma-irradiation under O2 and N2 

atmosphere.  With this aim, We tried to graft  some FA with antimicrobial properties such as fumaric 

acid (FAc), grafting acrylic acid (AAc) and then loaded natamycin (Nat) onto PE film. We 

investigated the irradiation dose and concentration of FA on grafting yield. The grafting yield of FAc 

onto PE film was  very low. The antimicrobial activity of FAc grafted PE films was investigated. 

There was no grafting of natamycin onto PE film. In addition to this study, It was grafted acrylic acid 

(AAc) onto PE films and  AAc grafted PE film was then used to bind antifungal agents, such as 

natamycin, and the antifungal properties of the films were investigated. It was found that this process 

results in highly conformal and uniform PAAc grafts on the surface PE films. The synthesized PE-g-

PAAc copolymers and PE-g-PAAc loaded natamycin were characterized by Grazing FTIR 

spectroscopy, elemental analysis, scanning electron microscopy. In addition to these chracterization 

studies, in this progress report, the  results of X-ray-photo electron spectroscopy, contact-angle 

studies, swelling, thermal and mechanical properties were given. In order to investigate the physical 

and thermal behaviour of PE-g-PAAc copolymers and PE-g-PAAc loaded natamycin, mechanical 

(stress-strain) and thermal (TGA/DTG) tests were made and corresponding changes were studied in 

more details.The results of various techniques confirmed the existence of well-defined PAAc chains 

in copolymer composition. The effect of radiation on the light transmittance, oxygen permeability of 

packaging materials used in food industry and the changes also on the physical, mechanical properties 

of packaging materials are very important properties. We tried to graft some FA with antimicrobial, 

antibacterial, antifungal properties such as D-limonene (L), onto PE film. We investigated the 

irradiation dose and concentration of FA on grafting yield and the optimum conditions were 

determined. The grafting yield of L onto PE film was  very low. The effect of radiation on the 

physical, thermal, mechanical properties of packaging materials are very important properties. D-

limonene can be found in a variety of citrus, indeed is the main component of citrus oils and one of 

most important contributors to citrus flavor. In this progress report, the  results of spectroscopic and 

thermal properties were given. In order to investigate the spectroscopic and thermal behaviour of PE-

g-L copolymers, spectroscopic and thermal (TGA/DTG) tests were made and corresponding changes 

were studied in more details. 
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18.1. INTRODUCTION 

 

There is much interest in the surface modification of polymers to create different  and new 

applications (1–3). Modified polymer surfaces have a number of improved properties, such as 

adhesion (4–6), hydrophilicity (7), antistatic nature (8), wearability (9,10), dyeing ability (11) 

and biocompatibility (12). The graft polymerization of monomers onto the surfaces of 

polymers is one of the main efficient processes for inducing modification. Surface grafting 

can proceed by a free-radical mechanism, which can be generated by several methods, such 

as different kinds of radiation (13–15), Ce 
4+

 ions (16) and peroxide initiators (17). On the 

other hand, surface grafting uses versatile techniques to introduce specific functional groups 

such as amine, imine, hydroxyl, carboxylic acid, sulfate, and epoxy groups onto a broad 

range of conventional polymeric substrates, most of which have a nonpolar, less reactive 

surface. Functionalization is achieved by either direct grafting of functional monomers or by 

postderivatization of graft chains. The introduced functional groups can be used to further 

reactions through covalent or noncovalent linkages with small or large molecules required for 

particular applications, such as biomolecular immobilization (18) and antimicrobial activity 

(19). There are other synthetic and naturally occurring compounds that may be exploited by 

the packaging industry. These include organic acids, bacteriocins, spice extracts, chelating 

agents, antibiotics and enzymes, etc. (20-23). Some functional groups that have antimicrobial 

activity have been introduced and immobilised on the surface of polymer films by modified 

chemical methods. A comprehensive list of antimicrobial agents for use in antimicrobial 

films, containers and utensils is presented in a review by Suppakul et al. (24). Antimicrobial 

films can be classified into two types: those that contain an antimicrobial agent which 

migrates to the surface of the food and, those which are effective against surface growth of 

microorganisms without migration. 

The use of polymeric materials for food packaging is widespread in this and many other 

applications, due to their numerous advantages, including large scale availability, relatively 

low production cost, lightweight, versatile and good mechanical and barrier properties 

(26,26). However, these materials have certain disadvantages since, in addition to being 

synthesized from a non-renewable source, they are not biodegradable, proving a major source 

of generation and accumulation of residues (27). For polymers used in different fields, 

surface hydrophilicity is one of the most important properties (28–33). However, most of the 

polymers are naturally hydrophobic; the improvement of the hydrophilicity of polymer 

surfaces is thus an important research task. The hydrophilicity of the polymer surfaces can be 

improved (34–39) by using the surface modification techniques such as plasma treatment, 

irradiation with gamma-rays, corona discharge, ion beam treatment, UV radiation, etc., 

(34,39,40). Since the large molecular weight and the conjugated double bond structure, Nat 

has very low water solubility (0.052 mg/mL) and the films obtained by this method are 

usually opaque and heterogeneous (41). The poor distribution of the active agent in the film 

matrix may also cause changes in the structure and in the functional attributes of the films. 

Effects on the barrier and mechanical properties of biopolymers films were reported by 

several studies (42-44). Nat is a polyene macrolide antibiotic that is used as an antifungal 

agent in food preservation. Chemical formula of Nat is C33H47NO13, and its molecular mass is 

665.725, and the Chemical Abstract Service Registry Number CAS 7681-93-8 (45). This 

antimycotic compound consists ofa large lactone ring of 22 carbon atoms linked to a 

mycosamine moiety, an amino sugar, by a glycosidic linkage. Based on the presence of four 

conjugated double bonds, Nat belongs tothe polyene antibiotic group (45). 
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The choice of an FAc is often restricted by the incompatibility of that agent with the 

packaging material or by its heat instability during extrusion (46,47). Coating of films with 

food additives can result in effective antimicrobial activity.  

It is of great interest to investigate the D-limonene having general formula C10 H16 , as new 

nds and will 

have wide application in the synthesis of functional polymer in the near future (48, 49). As a 

result, the biopolymer industry is growing rapidly since biodegradables polymers made from 

renewable resources have a less negative effect on the environment compared to the 

conventional petroleum based materials largely used in commodities (50). D-limonene can be 

found in a variety of citrus, indeed is the main component of citrus oils and one of most 

important contributors to citrus flavor (51,52). It is the most abundant monocyclic 

monoterpene in nature and represents more than 90% of orange peel oil, being the most 

important residue in the citrus industry (53). The D-limonene diffusion through packaging 

has been widely studied in different food contact materials such as polyethylene (PE) (54), 

low density polyethylene (LDPE) (55), high density polyethylene(HDPE), polystyrene (PS) 

(56) and PLA (57,58).  

Microbial contamination of food has for long presented a major public health concern 

throughout the world. It remains a significant source of human foodborne illness and causes 

severe economic losses for the food industry (59,60,61). Despite the very effective and 

widespread application of traditional chemical preservatives and synthetic antimicrobials that 

are used to prevent the growth of food borne and spoilage microorganisms; many have been 

reported to cause adverse reactions in humans and even produce toxic substances and 

carcinogens (62,63,64). Natural antimicrobial substances may be regarded as preferred 

alternatives and could achieve comparable or improved preservative effects. D-limonene (4-

isopropenyl-1-methylcyclohexene), is a major constituent in several citrus-derived essential 

oils (e.g. orange, lemon, mandarin, lime, grapefruit, etc.) and has been considered as 

generally regarded as safe (GRAS) for use as a flavouring agent and food preservative (65). 

Its outstanding antimicrobial activities have already been proven with different species of 

food-related microorganisms, such as Staphylococcus aureus, Listeria monocytogenes, 

Salmonella enterica, Saccharomyces bayanus and more (66,67). However, because of the 

hydrophobic nature of D-limonene and difficulties in achieving an even dispersion in water, 

the use of D-limonene requires the application of elevated concentrations in order to achieve 

equivalent antimicrobial efficiencies in foods. Furthermore, D-limonene is susceptible to 

oxidative degradation which directly results in its loss of activity (68,65). D-limonene has 

been found to possess antifungal (69,70), bacteriostatic (71,72) and bactericidal (73) 

properties. Therefore, its use as a food preservative has also been proposed (74).  

In order to improve these limitations of hydrophobic, oxidationprone biologically active 

compounds, a number of approaches have been explored. Many research groups have focused 

on combining antimicrobial agents. It was reported that combinations of essential oils with 

synergistic activity (75), and the combinations of essential oils with other natural antibacterial 

compounds (e.g. Nisin) (76,77) could achieve effective antimicrobial activity at sufficiently 

low dosages and remarkably reduce the negative sensory impact on foods. Another efficient 

method for improving the apparent solubility of D-limonene is the application of 

nanoemulsion technology (78,79,80). Nanoemulsions, owing to their subcellular size, provide 

an effective approach to improve the physical stability of the encapsulated active substances 

and increase the distribution of antimicrobial agents in food matrices where microorganisms 

are preferably located (81). Nanoemulsions with essential oils and their components have 
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shown to exhibit excellent antimicrobial properties against a range of different 

microorganisms with lower addition rates and very good stability (82,83). Food-borne 

contamination has for a long time posed a major public health concerns worldwide (84). 

Several pathogenic microorganisms such as Escherichia coli, Staphylococcus aureus, 

Klebsiella pneumonia, and Listeria monocytogenes, may lead to food spoilage and poisoning 

(85). To deal with this health issue, food industry has used a wide range of synthetic 

antimicrobial agents to inhibit the growth of microorganisms (86,87). However, many of 

them have been found to cause respiratory allergies in humans and give a rise of carcinogens 

and toxic substances (88,89). Therefore, natural antimicrobial compounds may be regarded as 

beneficial alternative that can be used against foodborne pathogens, since they may reach 

similar or ameliorate preservative effects. 

D-limonene is listed in the code of federal regulation as generally regarded as safe (GRAS) 

for use as a flavoring agent and in food preservation (65). It is reported to have antimicrobial 

(90,91,92), antioxidant (90), chemopreventive (90), anticarcinogen (91), as well as 

antidiabetic proprieties (93). However, D-limonene undergoes oxidative degradation under 

normal storage condition, leading to the loss of lemon-like flavor and the formation of off-

flavors (94). Its oxidation initially results in the formation of D-limonene hydro-peroxides 

which undergo scission reactions to form alcohols, ketones, and epoxides (95). In addition, its 

hydrophobic nature is another drawback to deal with, as it is difficult to achieve dispersion in 

water (96). Modified films are used to improve the quality of fresh and processed food 

products, and to extend their shelf life. Films have a protective function by preventing water 

loss as well as changes in color or flavor in a food product, by cutting off the access to 

atmospheric oxygen; additionally, they can inhibit the development of selected 

microorganisms (97). 

In this work, the heterogeneous surface modification of polyolefin films such as polyethylene 

(PE) was undertaken via the gamma-radiation grafting of fumaric acid (FAc) and acrylic acid 

(AAc). The influence of different reaction parameters on the graft yield such as irradiation 

dose and concentration of FAc, Nat and AAc was analyzed. The antimicrobial activities of 

PE-g-FAc, PE-g-PAAc and PE-g-PAAc/Nat were investigated. Then, the active functional 

groups present in the surface were used for binding Nat to impart to the films antifungal 

activity.The surface modification of the films with the treatment time was characterized by 

gravimetric measurements and also by chemical analysis, such as Grazing Fourier Transform 

Infrared (FTIR) spectroscopy, volumetric titration and dye adsorption. In addition, the 

topographical evolution of the film surfaces was followed with Scanning Electron 

Microscopy (SEM) and X-ray Photoelectron Spectroscopy (XPS). It was investigated 

whether Nat is electrostatically bonded to the functionalized films, their antimicrobial and 

antifungal properties are verified.  Thermal and mechanical properties of PE-g-PAAc and PE-

g-PAAc/Nat samples were investigated and we determined also the swelling properties. 

Finally, It was investigated whether FAc and Nat is electrostatically bonded to the 

functionalized films, their antimicrobial and antifungal properties are verified. In this work, 

as different natural food additive, the surface modification of polyolefin films such as 

polyethylene (PE) was undertaken via the gamma-radiation grafting of D-limonene (L). The 

influence of different reaction parameters on the graft yield such as irradiation dose and 

concentration of L was analyzed. For chemical modification, variables such as the irradition 

dose, concentration of monomer, temperature, and the time of reaction, were examined. The 

surface modification of the films with the treatment time was characterized by gravimetric 

measurements and also by chemical analysis, such as Fourier Transform Infrared (FTIR) 

spectroscopy. 
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18.2 MATERIALS AND METHODS 

The irradiation of samples with 
60

Co--rays was performed using a “Gammacell 220” with a 

dose rate of 0.26 kGy/h. The following chemicals were commercially acquired: AAc 

(Sigma), fumaric acid (Sigma), acetone (Merck), ethyl alcohol (Merck), acetic acid(Merck), 

sodium acetate (Sigma), NaOH (Sigma), NaH2PO4H2O (Sigma), Na2HPO412H2O (Sigma), 

dye crystal violet (Sigma), and natamycin (Sigma), lacose (Sigma). All chemicals were used 

as received, without further purification. Deionized distilled water was used in the 

preparation of FAc and Nat solutions without contaminants. The chemical structures of 

fumaric acid, natamycin and acrylic acid, D-limonene utilized for surface modification of PE 

in this work are presented in Fig. 1.  

2.1 Grafting of FAc onto PE films 

Commercially polyethylene (PE) films were used in this study. The PE films were cut into 3-

cm squares and placed in a sterile bottles. Then PE films were washed with acetone and then 

dried. Nitrogen gas was bubbled and 0.25 and 0.50 % w/v fumaric acid solutions were 

prepared and nitrogen gas was also bubbled in fumaric acid solutions in bottle. PE films were 

dipped in fumaric acid solution. They were irradiated between 0-150 kGy irradiation doses. 

After the irradiation the treated films were washed with distilled water to remove the 

remaining food additives. Prior to characterization, the films were dried at ambient 

temperature.  

We used natamycin (antifungal agent) is not chemical but natural and have advantages as 

food additive to load onto PE-g-PAAc films. For the Nat solutions (25 ppm) and PE films 

were followed the same way. The grafting yields which calculated by gravimetric 

measurement were very low (Table 1 and Fig. 2). For unirradiated and irradiated  and grafted 

PE films, Grazing Angle-FTIR spectra for all films were recorded. Grazing Angle-FTIR 

spectroscopy technique was utilized for characterization of the PE films. Grazing Angle-

FTIR spectra were collected in the 400–4000 cm
-1

 region with resolution 4 cm
-1

. The grafting 

yield of food additives onto PE films as a function of irradiation dose and food additive 

solution concentrations were determined. The antimicrobial activity of PE-g-FAc films was 

investigated. 

 

 

 a)       b)  c)     d)  

 

FIG.1. Structures of a) fumaric acid, b) natamycin, c) acrylic acid, d) D-limonene. 
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Nat was not grafted onto PE film by gamma-irradiation. Nat is a polyene macrolide antibiotic 

that is used as an antifungal agent in food preservation. The permissible dosage in the foods 

is 40 ppm. At this concentration, Nat may be used effectively against a variety of 

microorganisms especially yeast and fungi (98). Preliminary study indicated that it is 

impossible to coat nisin, the other important natural not chemical antimicrobial,  directly onto 

PE films, and therefore a coating solution is needed as a carrier for nisin. Nat is more 

advantages than nisin. We decided to use Nat (antifungal agent)  as food additive. Samples 

were characterized by using different tehniques. 

2.2.Grafting of PAAc on PE 

Irradiation 

-irradiation  PE films were cut into approximately 3 cm x 3 cm dimensions with a 

weight of ~0.06 g. Each film was washed in acetone for 24 h and dried under vacuum till 

constant weight. The irradiation was performed using 
60

kGy/h in N2 and O2 atmosphere for predetermined time intervals.  

Grafting 

In a typical irradiated grafting, N2 purged grafting solution containing the monomer (AAc) in 

10% and 40% v/v solutions in water  at room temperature transferred into glass bottles 

containing preirradiated PE films under N2 atmosphere and in air. The polymerization 

solution in purgeable glass bottle was then put into a thermostated bath at 40° and 60
°
C for 

different time intervals. All grafted samples were extensively washed before analysis with a 

NaOH solution (pH 8) and finally with distilled water to remove traces of the unreacted 

monomer and the homopolymer that formed. The samples were dried in vacuo at room 

temperature untill a constant weight and finally characterized. PE-g-PAAc films irradiated 

with a reaction time over became brittle, sticky and hard to manipulate, so they could not be 

characterized. 

Film characterization 

Gravimetric measurements 

The degree of grafting (DG, wt.%) was calculated by the weighing of the films before and 

after the grafting reactions were carried out. The degree of grafting was estimated as follows: 

DG=[(W2 - W1)/W1] x100......................................(Eq.1) 

where W1 (g) is the weight of PE film and W2 (g) is the dry weight of the PE-g-PAAc film.  

Chemical analysis 

Volumetric titration The COOH groups grafted onto the surfaces of the films were 

determined by volumetric titration with a 0.01M NaOH solution standardized against 0.01 M 

oxalic acid dihydrate. 

Dye adsorption Light absorption of the crystal violet was carried out in a Carry 100 recording 

spectrophotometer. The adsorption of the dye was performed as follows. The films were 

immersed in an aqueous crystal violet solution (2.5x10
-5

 M) and buffered to pH 4.6 (by the 

addition of acetic acid and sodium acetate), and the dye adsorption was measured as the 
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difference in the absorption in the crystal violet solution before and after contact with the 

films with ultraviolet–visible spectrometry at 584 nm (with the previous performance of a 

calibration curve). 

FTIR spectroscopy The FTIR spectra were made with a Perkin Elmer, Spectrum Two. The 

FTIR spectra were performed on films in the transmission mode with a resolution of 4 cm
-1

 

and 2 scans.    

Natamycin loading 

The adsorption of natamycin was performed as follows.The grafted films were immersed in 

an aqueous dispersion of a 50/50 natamycin/lactose blend (0.25% W/V) buffered to pH 8.0 

(by the addition of a phosphate buffer). After 24 h, the films were removed from the 

dispersion and exhaustively rinsed with phosphate buffer and finally with distilled water to 

remove the natamycin not ionically bonded to the modified films. At last, the films, modified 

with both antifungal agents, were dried in vacuo at room temperature until a constant weight, 

and their activity was verified through microbiological assays in vitro. 

Surface analysis 

Scanning electron microscopy (SEM)  

SEM pictures of the samples before and after grafting and loading were taken using a FEI 

Quanta 200FEG microscope at various magnifications. Samples were sputter-coated with 

gold-palladium. Electron micrographs of each sample were recorded at different 

magnifications. 

XPS analysis 

X-ray photoelectron spectra were recorded on a Thermo spectrometer with a mono-

-ray source (1486.6 eV photons) at a constant dwelling time of 100 ms 

for several scans and a pass energy of 20 eV for region scan spectra and 100 eV for survey 

scan spectra. The anode current was 20 mA. The pressure in the analysis chamber was 

maintained at 2x10
-9

 Torr or lower during each measurement. The PE-g-PAAc and PE-g-

PAAc/Nat films were mounted on the standard sample studs by means of double-sided 

adhesive tapes. The core-level 

with respect to the sample surface) of 90°. All binding energies (BEs) were referenced to the 

C1s hydrocarbon peak at 284.9 eV. In peak analysis, the line width (full width at 

halfmaximum) for the Gaussian peaks was maintained constant for all components in a 

particular spectrum. Surface elemental stoichiometries were determined from peak-area 

ratios, after correcting with the experimentally determined sensitivity factors, and were 

reliable to ±5%. The elemental sensitivity factors were determined using stable binary 

compounds of well-established stoichiometries. 

Contact-angle analysis 

Static contact angles (CA) of samples were appraised using a Krüss DSA100 model contact 

angle goniometer. Drop volumes of ultra-pure water were 10 mL and the average CA value 

was obtained by measuring the same sample at four different positions after a time period of 

1 min. CAs of grafted and loaded Natamycin samples were also measured after compressing 
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the samples (~0.5 cm x 0.5 cm) under 12 ton cm
-2

 pressure for 10 min using a manual 

hydraulic press (99). 

Swelling indexs (S)  

The film water sorption capacity was determined by immersing known masses of each film in 

30 mL of distilled water at room temperature under until equilibrium (100). The weight 

variation between the swollen and the dried state was measured. The films were superficially 

dried with absorbent paper to remove water excess before each weight operation. This assay 

was performed in triplicate. Eq. (2) shows how to calculate S, where mh and mi are the 

swollen and the initial weight, respectively. 

S =[(mh-mi)/mi] x 100  ……………                                  (Eq.2) 

Mechanical properties 

Mechanical properties i.e. tensile strength at break, elongation at break and young modulus of 

films were determined by using a Zwick Z010 model Universal Testing Instrument and screw 

grip  module at room temperature. Strain rate for all samples is  50 mm/min. Dumbbell 

shaped samples were prepared by using  ISO 37 type 1 cutting die. 

Thermal properties 

Perkin Elmer Pyris1 Thermogravimetric Analyser was used for determination of thermal 

properties of packaging films. Samples weighing 5-10 mg were heated in dynamic nitrogen 

atmosphere from 20 
o
C to 800 

o
C at a heating rate of 10 

o
C min

-1
.  

Evaluation of the antimicrobial activity 

To evaluate the antimicrobial activity of the PE films modified with AAc and natamycin, 

discs of the modified films were placed onto a dish of nutrient agar previously inoculated 

with a suspension of yeast and E-coli, S.-aureus, P.aurantiorium, A.versicolor. The dish was 

then incubated at 20±1°C for 5 days in darkness. 

2.3. Grafting of D-Limonene onto PE films 

D-Limonene has been considered to be a safer alternative compared to synthetic 

antimicrobial food additives. However, its hydrophobic and oxidative nature has limited its 

application in foods. D-limonene emulsion was prepared by catastrophic phase inversion 

method by using small changes, which has shown good droplet size and stability. The 

research performed in this work will be helpful in developing a more effective antimicrobial 

system for the production and preservation of foods. 

Chemicals 

D-Limonene was obtained from Merck. (Germany). Nonionic surfactant, Sorbitan 

monooleate, (Tween 20), propylene glycol, sodium chloride (purity > 99.5%) were purchased 

from the Sigma (Germany). Double distilled and deionized water was used. 

Preparation of nanoemulsions with catastrophic phase inversion (CPI) method 

The purpose of this work was to develop a novel antimicrobial, antibacterial, antifungal 
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system by encapsulating D-limonene into an organogel-based emulsion and investigating its 

antimicrobial, antibacterial, antifungal activity. Catastrophic phase inversion (CPI) method is 

a low-energy method that is an inexpensive (101). In the tests, a water phase was prepared by 

mixing distilled water with propylene glycol in a 2:1 mass ratio. Emulsions were prepared 

from a mixture of oil phase (D-limonene, 4%, 8%, 12% w/w) and Tween 20 (Tw-20) (6% 

w/w) by slowly adding water phase with gentle agitation. The addition rate of water was kept 

constant at approximately 1.0 mL/min. Slowly adding the water phase into a mixture of oil 

phase and Tw-80, a W/O emulsion with a high oil-to-water ratio was formed, and then 

increasing amounts of water were added to the system with continuous stirring. The amount 

of water added to a W/O emulsion was progressively increased, until a phase inversion 

occurred and an O/W emulsion was formed with continuous stirring for 6 h. In our study, D-

limonene emulsions exhibited good stability. Emulsified samples were stored at 25 °C for no 

less than 20 days showed no phase separation. Radiation-induced graft polymerization is one 

of the best methods for obtaining materials with new properties. In this work, radiation 

grafting of D-limonene to PE by mutual and preirradiation grafting methods was investigated. 

The grafting yield was enhanced by applying the emulsion grafting method. The grafting 

yield determined in the above systems was observed as 2,7% at highest and 0,6% at lowest. 

The effects of concentration of monomer, reaction time and irradiation dose on grafting yield 

were studied. For chemical modification, variables such as the irradition dose, concentration 

of monomer, temperature, and the time of reaction, were examined.  

The irradiation of samples with 
60

Co--rays was performed using a “Gammacell 220” with a 

dose rate of 0.26 kGy/h. The chemical structure of D-limonene utilized for surface 

modification of PE in this work are presented in Fig. 1. Commercially polyethylene (PE) 

films were used in this study. The PE films were cut into 3-cm squares and placed in a sterile 

bottles. Then PE films were washed with acetone and then dried. Nitrogen and oxygen gas 

was bubbled. PE films were dipped in emulsion which contains D-limonene, Tween 20, 

propylene glycol, water. They were irradiated at different irradiation doses. After the 

irradiation the treated films were washed with distilled water to remove the remaining food 

additives. Prior to characterization, the films were dried at ambient temperature. The grafting 

yields which calculated by gravimetric measurement were very low. For unirradiated and 

irradiated  and grafted PE films, FTIR spectra for all films were recorded. FTIR spectroscopy 

technique was utilized for characterization of the PE films. FTIR spectra were collected in the 

400–4000 cm
-1

 region with resolution 4 cm
-1

. The grafting yield of D-limonene onto PE films 

as a function of irradiation dose and D-limonene solution concentrations were determined. 

Evidence of grafting has been based on the comparative studies of PE and grafted PE by 

infrared spectroscopy, thermal analysis. 

 

18.3   RESULTS AND DISCUSSIONS 

18.3.1.The investigation of grafting of FAc on the surface of PE film 

The grafting yields which calculated by gravimetric measurement were very low (Table 1 and 

Fig. 2). For unirradiated and irradiated  and grafted PE films, Grazing Angle-FTIR spectra for 

all films were recorded. Grazing Angle-FTIR spectroscopy technique was utilized for 

characterization of the PE films. Grazing Angle-FTIR spectra were collected in the 400–4000 

cm
-1

 region with resolution 4 cm
-1

. The grafting yield of food additives onto PE films as a 

function of irradiation dose and food additive solution concentrations were determined. The 

antimicrobial activity of PE-g-FAc films was investigated. 
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TABLE 1. THE GRAFTING YIELD OF FOOD ADDITIVES ONTO PE FILMS AS A 

FUNCTION OF IRRADIATION DOSE AND FOOD ADDITIVE SOLUTION 

CONCENTRATIONS AT 25°C. 

 

 

                                          [FAc]=0.25%w/v   [FAc]=0.50%w/v       

[Nat]=25 ppm 

Sample   Irradiation  dose (kGy)                 Grafting (%)*        Grafting (%)*        

Grafting (%)*                             

PE  2.5    -  -   - 

  7.5    0.2  0.2   - 

  10.0    -  -   - 

  24.0    -  0,7   -  

  40.3    0.7  0.7   - 

58.5    0.7  0.9   - 

  84.0    -  -   - 

  150.0    0,9  1.2   - 

* Determined by gravimetric measurements 

   FAc: Fumaric acid  Nat: Natamycin  
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FIG.2. Percentage of grafting (as determined by gravimetric measurements) versus the 

irradiation dose. 

 

The comparison of the Grazing Angle-FTIR spectra of PE films untreated and treated with 

FAc as a function of irradiation time is shown in Figs. 3 and 4. The spectra of the treated 

films show a similar pattern to the untreated film in Fig. 3 for low FAc concentration. We can 

say that the effect of irradiation dose is not notable on Grazing Angle-FTIR spectra of PE-g-

FAc films 0.25 %w/v FAc concentration and for 40 and 150 kGy irradiation doses. The 

grafting yields which calculated by gravimetric measurement were very low. As shown, for 

untreated PE, the absorption peaks  2916, 2848, 1463 and 719 cm
-1

 are attributed to 

methylene nonsymmetry stretching vibration, methylene symmetry stretching vibration, 

methylene nonsymmetry changing angle vibration, and methylene swing in plane vibration, 

respectively. Newly formed absorption band for treated PE, centered at around 680, 810, 960 

and 987, 1410 cm
_1 

should be assigned to C–H bend (102). Other characteristic peaks, 

observed in treated PE films are overlapped by untreated PE bands. Evidently a new peak at 

around 1580 cm
_1

 appeared on the treated surface of the PE films. Figure 4 shows the 

Grazing Angle-FTIR spectra of the treated PE films with FAc whose concentration is higher 

than the other as a function of irradiation time. Clear evidence for the successful attachment 

of some active groups on the films surface is appearance of all peaks come from FAc. This 

contribution of surface modified to the spectra of the PE film can explain important intensity 

of the new bands. It means that new bands, appearing in the spectra result apparently from the 

interaction of FAc with PE surface. Irradiation time has favorable effect on the process of 

surface modification. It is obvious that the longer irradiation time increases the intensity of 
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new bands, characteristic for groups attached to the film surfaces. This effect is clear from 

Table 1, where the grafting yield of the FAc onto from untreated PE film increases. The 

efficiency of the chemical modification was evaluated by gravimetric measurements and 

confirmed by the determination of –COOH gorups grafted onto film surfaces. Antimicrobial 

activities of FAc grafted PE films are illustreated in Figures 5 and 6. Inhibitory zones were 

detected for PE-g-FAc 1.2% grafting at 150 kGy irradiation dose and 0.7 % grafting at 40 

kGy irradiation dose and untreated PE film after 24 and 48 hours against E.coli. PE-g-FAc, 

1.2 % grafting at 150 kGy irradiation dose, and untreated PE film did not inhibit any growth 

of tested E.coli. PE-g-FAc, 0.7 % grafting at 40 kGy irradiation dose, generated significantly 

larger inhibitory areas. 

 

 

FIG.3. Grazing Angle-FTIR spectra of Polyethylene (PE) and grafted PE films. 

[FAc]=0.25%w/v,  a)unirradiated PE, b) PE-g-FAc (40 kGy), c) PE-g-FAc (150 kGy), d) 

FAc. 
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FIG.4. Grazing Angle-FTIR spectra of Polyethylene (PE) and grafted PE films. 

[FAc]=0.50%w/v,  a)unirradiated PE, b) PE-g-FAc (150 kGy), c) FAc 

 

 

                    

FIG.5. Antimicrobial activity of PE-g-FAc against E-coli after 24 hours. a) 1.2 % grafting at 

150 kGy irradiation dose, b) 0.7 % grafting at 40 kGy irradiation dose, c) untreated PE film. 
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FIG.6. Antimicrobial activity of PE-g-FAc against E-coli after 48 hours.a) 1.2 % grafting at 

150 kGy irradiation dose, b) 0.7 % grafting at 40 kGy irradiation dose, c) untreated PE film. 

 

18.3.2. Synthesis of PE-g-PAAc Copolymers via gamma-irradiation 

Application of -radiation (from a 
60

Co source) generates radicals on the PE film surface and 

then at different temperatures in the monomer solution. Subsequently, monomer radicals and 

radicals formed on the surface initiate propagating chains. The chemical modification of the 

surface of PE film were carried out by radical grafting polymerization initiated by gamma-

rays. AAc was used as the grafting comonomer. For chemical modification, variables such as 

the irradition dose, concentration of comonomer, temperature, and the time of reaction, were 

examined. The experimental conditions and optimum conditions to use some characterization 

and analysis are shown in Tables 2-4 for PE. Fig. 7 shows the general modification found on 

PE film. The efficiency of the chemical modification was evaluated by gravimetric 

measurements and confirmed by the determination of the -COOH groups grafted onto the 

film surface through volumetric titration and dye adsorption. The quantification of the -

COOH groups grafted onto the surfaces of the film showed the same trend observed for 

gravimetric measurement. 

 

Dye adsorption 

The available carboxyl groups were evaluated by the ionic bonding of a dye, such as violet 

crystal. This is a cationic and voluminous dye that was strongly adsorbed by the carboxylic 

groups of the film surfaces (Fig. 8). As shown in Table 3 and 4, the concentration of the –

COO
-
dye

+
 was lower than those found by titration. This result explains why only the 

carboxylic groups with no steric hindrance were able to bond to the dye, and indeed this bond 

ability was lower than that shown with Na
+
. These kinds of carboxylic groups probably are 

available and activesites for further applications and for the bonding of organic compounds 

with a specific function. The complex formation between PAAc and MV, the interaction of 

PAAc and Nat were investigated and The UV spectra for complex formation between PAAc 

and Methyl Violet, PAAc and Natamycin are given in Fig. 9, a and b part, and the change of 

the Nat loading with time is given in c part, respectively. 

 

a b c 
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TABLE 2. THE GRAFTING YIELD OF FOOD ADDITIVES ONTO PE FILMS AS A 

FUNCTION OF IRRADIATION DOSE AND FOOD ADDITIVE SOLUTION 

CONCENTRATIONS, REACTION TIMES AND TEMPERATURES.  

 

Sample    Sample Dose rate 

(kGy/h)      

Dose(kGy) Grafting(%)*       [AAc]=%v/v      t 

(°C) 

Reaction 

time(h)                                          

PE 

(N2) 

AAc 

(N2) 

0.26 18 - 10 40 3 

   18 - 10 40 6 

   18 - 10 40 24 

   18 - 40 40 3 

   18 - 40 40 6 

   18 - 40 40 24 

   30 - 10 40 3 

   30 - 10 40 6 

   30 - 10 40 24 

   30 - 40 60 3 

   30 - 40 60 6 

   30 - 40 60 24 

   42 - 10 60 20 

   42 - 10 60 44 

   42 2 10 60 68 

   42 12 40 60 20 

   42 194 40 60 44 

   42 194 40 60 68 

PE 

(O2) 

AAc 

(N2) 

0.26 18 0.12 40 60 20 

   42 0.34 10 60 20 
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   42 0.34 10 60 26 

   42 0.33 10 60 44 

   42 0.31 10 60 50 

   42 0.17 10 60 68 

   42 2 40 60 20 

   42 3.6 40 60 26 

   42 62 40 60 44 

   42 59 40 60 50 

   42 94 40 60 68 

 

 

TABLE 3.  REACTION PARAMETERS AND –COOH EQUIVALENTS FOR THE 

REACTIONS WITH PE 

Sample Microequiv of –COOH 

(cm
2
)** 

Grafting(%)*** Nanoequiv of violet crystal 

(cm
2
) 

 

PE-g-

PAAc 

7.11 3.6 0.1990 

**Equivalents of –COOH determined by titration 

***Determined by gravimetric measurements. 

 

TABLE 4. Loading of Nat on PE-g-PAAc at 25°C. 

Sample Reaction time in Nat sol.(675 ppm) (h) Loading(%) 

 

PE-g-PAAc (3.6% 

grafting) 

24 1.6 
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FIG.7. General scheme for the modification of PE film. 
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FIG.8. General scheme of dye adsorption for modified PE film. 
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FIG.9. UV spectra for complex formation between a) PAAc and Methyl Violet, b) PAAc and 

Natamycin. 
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FTIR spectroscopy 

FTIR spectra of the films was performed using a spectrometer Perkin Elmer at 2 scans and 

with 4 cm
−1

 resolution, between 400 and 4000 cm
−1

. Films without natamycin were also 

evaluated as control. The modified films were characterized with FTIR spectroscopy. 

Representative spectra are shown in Figs. 10–14 for PE, PE-g-PAAc, PE-g-PAAc/Nat, at 

different irradiation doses, at different grafting percent, different reaction times. FTIR spectra 

for PE grafted with AAc for different reaction times are given in Fig. 10. As shown, for PE, 

the absorption peaks  2916, 2848, 1462 and 719 cm
-1

 are attributed to methylene 

nonsymmetry stretching vibration, methylene symmetry stretching vibration, methylene 

nonsymmetry changing angle vibration, and methylene swing in plane vibration, respectively. 

Other typical characteristic bands of base polymers were observed, such as PE peaks at 1472 

and 1462 cm 
-1

 (CH2 and CH3 bending) and at 719 and 729 cm
-1

 (CH2 rocking).Typically, 

intense –C=O absorption (1718 cm
-1

) characteristic of poly(acrylic acid) was seen in the 

spectra. The absorption of this band increased when the percentage of grafting increased with 

the reaction times. On the other hand, AAc homopolymerization could occur outside the film 

surfaces. According to this finding, the FTIR spectra of films before the removal treatment 

showed a larger signal from C=C groups of AAc at 1613 and 810 cm
-1

, revealing the 

presence of unreacted monomer. The structures of PAAc grafted and ungrafted PE film were 

studied by FTIR spectroscopy. Figure 10 compares the FTIR spectra of PE and PE-g-PAAc 

with various DG. Inspection of the spectra demonstrates the grafting of PAAc by the 

appearance of a new peak at ~1710 cm
-1

 corresponding to C=O stretching of carboxylic acid 

groups of PAAc. The intensity of this peak increases proportionally with the amount of PAAc 

grafted. C-O stretching of PAAc can be seen in the range of 1150-1270 cm
-1

 (103). New 

absorption bands related to the acid group of PAAc associated by hydrogen bonding in 

different chemical environment are also observed. A broad band at around 3100 cm
-1

 is 

attributed to acid groups intermolecularly bonded while a second broad band at around 2800 

cm
-1

 results from acid dimers (102) .The comparison of the FTIR spectra of PE, PE-g-PAAc, 

PE-g-PAAc/Nat, Nat are shown in Figures 11-14. Peaks around 3230, 1598, 1418, and 1025 

cm
−1

 can be observed, attributable to O-H, COO− (asymmetric), COO− (symmetric), and C-

O-C stretching of natamycin, respectively (104). No relevant changes occurred in any of the 

characteristic structural peak of films after natamycin loading. Peaks around 3500 to 3300 

cm
−1

 are also attributed to N-H stretch, characteristic of natamycin, and probably were 

overlapped by O-H peaks. For films processed by loading, bands close to 2940 cm
−1

 that 

correspond to the C-H stretching vibration shifted to lower wavenumbers (2920 cm
−1

) and 

bands of O-H shifted to higher numbers (3270 cm
−1

).  
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FIG.10. FTIR spectra for PE grafted with AAc for different reaction times. 

 

 

 

FIG.11. FTIR spectra of PE, PAAc, PE-g-PAAc,  PE-g-PAAc/Nat, Nat. 
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FIG.12. FTIR spectra of PE, PAAc, PE-g-PAAc. 
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FIG.13. FTIR spectra of PE, PE-g-PAAc, PE-g-PAAc/Nat. 

 

 

 

 

FIG.14.   FTIR spectra of PE-g-PAAc,  PE-g-PAAc/Nat, Nat. 
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Surface analysis     

Scanning Electron Microscopy. The surface microstructure of the films were evaluated using 

scanning electron microscopy (SEM). Figs. 15-17  show  scanning electron micrographs of 

the outer surface of the PE film  and PE-g-PAAc, PE-g-PAAc/Nat at different 

magnifications. The structural features of the PE films are different than that of the PE-g-

PAAc, PE-g-PAAc/Nat since the grafting occurs mainly at the surface of PE film and the 

loaded Nat. The surface structure of the PE film was compact with a smaller uniform polymer 

network than those in the PE-g-PAAc and PE-g-PAAc/Nat. The SEM microphotographs of 

PE-g-PAAc and PE-g-PAAc/Nat showed bright marbling on the film surface, which was 

uniformly distributed. These 341hite areas could represent the deposits of AAc and Nat 

particles in the surface of PE film. 

 

 

FIG.15. SEM microphotographs of PE film. 

 

 

FIG.16. SEM microphotographs of PE-g-PAAc, 3.6 % grafting; 

 

 



 

342 
 

 

 

FIG.17. SEM microphotographs of PE-g-PAAc/Nat, 3.6 % grafting. 

 

X-ray Photoelectron Spectroscopy (XPS) Analysis  

In order to get detailed information about surface chemical composition XPS experiments 

were performed. The elemental surface composition of PE-g-PAAc and PE-g-PAAc/Nat 

samples with 3.6% DG is calculated from XPS spectra and presented in Figs. 18 and 19. In 

the XPS wide scan spectrum of PE-g-PAAc, Fig. 18, two characteristic peaks corresponding 

to C1s at 284.9 eV and O1s at 533.0 eV were observed. The O content of PE-g-PAAc is 

attributed to the carbonyls, carboxyls that may exist in PE-g-PAAc sample [105,106]. The top 

~5 nm surface of PE-g-PAAc and PE-g-PAAc/Nat samples analyzed in XPS consist of PE. 

With the loading of Natamycin to the PE-g-PAAc film structure, surface composition 

changes significantly as can be seen from the elemental percentages inserted into Fig. 19. or 

the PE-g-PAAc copolymer with 3.6% DG, Fig. 19, the O/C ratio increases to 0.35 from 0.43 

due to the incorporation of Natamycin to PE-g-PAAc. However, this ratio is lower than 

theoretically calculated value from the chemical structures of PE-g-PAAc and PE-g-

PAAc/Nat. More detailed chemical analysis on XPS is obtained from the C1s core level 

spectra depicted in Fig. 20. In the case of PE-g-PAAc, Fig. 20, the C 1s spectrum can be 

curved-fitted with three peak components. The main peak with binding energy (BE) at 284.9 
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eV is attributed to hydrocarbon species of PE (107). The peak at around 287.1 eV 

corresponds to acid type and 289.1 eV corresponds to carboxylate carbon (O-C=O) 

oxygenated C atoms as discussed previous. The C1s core-level spectra of PE-g-PAAc/Nat 

with a degree of grafting of 3.6% and degree of loading of 1.6% are given in Fig. 21. The 

main component with BE at ~284.3 eV can be assigned to the nonoxygenated C atoms of PE 

main chains and backbone of grafted PAAc component. Two new peaks at 285.8 eV and 

287.8 eV appear due to the carbonyl carbon (C-N) and (N-C=O) of natamycin and indicates 

the attachment of Natamycin to PE-g-PAAc (108,109). There is an N1s peak for PE-g-

PAAc/Nat. The intensity of C1s and O1s pekas is decreased compared to PE-g-PAAc sample 

due to the change PE-g-PAAc film by the loaded Natamycin. Appearance of these peaks also 

indicates that grafting and loading performs. 

 

 

 

FIG.18. XPS survey wide scans of PE-g-PAAc with DG of 3.6%. 

 

 

C=70.02% 

O=29.98% 
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FIG.19. XPS survey wide scans of PE-g-PAAc/Nat with loading of 1.6%. 
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FIG.20. C1s  core level X-ray-photoelectron spectra of PE-g-PAAc with DG of 3.6%. 
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FIG.21. C1s  core level X-ray-photoelectron spectra of PE-g-PAAc/Nat with loading of 1.6%. 

 

 

Contact angle analysis 

The most remarkable observation related to CA measurements is the restriction of flowing of 

water droplets through PE films in case of PAAc grafted which is in contrast to PE. When the 

more polar PAAc grafted make PE more hydrophilic which is revealed by significant 

decrease in CA in flat surfaces (44). As a result of the increase in hydrophilicity associated 

with grafting of PAAc was implied by a unique observation. For the liquid flowing past a 

hydrophilic surface, the liquid adjacent to awall is often stuck to the solid due to the strong 

surface force. However, for the liquid flowing at a hydrophobic surface, much larger slip has 

been observed in the existing molecular dynamics studies (110-114). It is possible to accept 

that the hydrophobic surface of PE film provides an easier sliding of the water molecules 

over surface. In case of PAAc grafted samples, the structure of PE-g-PAAc film provides an 

overall resistance generated by each individual interaction between the water molecules and 

PAAc functionalities on the PE-g-PAAc film of the surface. The water droplet can stay on the 

PE-g-PAAc surface without flowing and spreading along the open pores for the PAAc  

grafted samples in contrast to PE film. 

 

The contact angle is a measure of the wettability of a surface by a liquid. It broadly defines 

the hydrophilic/hydrophobic character of the surface. The contact angle measurement 

evaluates the hydrophobic or hydrophilic characteristics of a film surface. As expected, 

results show that the presence of natamycin in the films leads to higher contact angle, 

signalizing that the tendency to absorb water is decreased and that the surfaces became more 
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hydrophobic. These results are in agreement with the findings of water uptake, which can be 

directly related to contact angle [56]. The results of contact angles (degree) and surface 

energies (dyn/cm) determinations measured on the surface of PE, PE-g-PAAc, PE-g-

PAAc/Nat films are given in Table 5. In the Fig. 22 appearances of the contact angles for PE, 

PE-g-PAAc, PE-g-PAAc/Nat. Hence, it can be seen that the PE-g-PAAc/Nat is substantially 

more hydrophobic than PE-g-PAAc.  

 

TABLE 5. CONTACT ANGLES AND SURFACE ENERGIES FOR PE, PE-g-PAAC, PE-

g-PAAC/NAT 

Samples Contact angle (°) Yüzey Enerjisi 

(dyn/cm) 

PE 92,3 23,1 

PE-g-PAAc, DG:3.6% 61,0 25,8 

PE-g-PAAc/Nat,DG:3.6% and LD:1.6% 63,0 35,0 

 

 

           (a)                                                (b)                                                     (c) 

 

FIG.22. Water contact angle (CA) values for (a) PE (b) PE-g-PAAc/Nat, DG: 3.6% and DL: 

1.6%;(c) PE-g-PAAc, DG: 3.6%. 

 

Swelling studies 

The effect of variation in the hydrophilicity of the films on certain relevant properties in 

which the influence of water is involved, was analyzed. As expected, we observed a marked 

decrease in the properties studied as Swelling (S) because the presence of natamycin 

decreases the affinity of the material by water. Performing the swelling study, it was found 

that, when the PE-g-PAAc samples kept in contact with water, they showed a softening state 

in a first stage, followed by an increase in swelling (99). The results showed a marked 

difference in swelling between PE-g-PAAc and PE-g-PAAC/Nat films, in which a significant 

decrease in swelling with the presence of natamycin in PE-g-PAAc/Nat film was also found. 

The results are given in Fig. 23. 
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FIG.23. Swelling behavior of PE-g-PAAc and PE-g-PAAc/Nat samples at 25°C. 

 

Mechanical properties 

Tensile tests were conducted for the PE, PE-g-PAAc, PE-g-PAAc/Nat films, and stress-strain 

curves were performed and are given in Fig. 24. From these graphs, the mechanical 

properties were determined: tensile strength (TS), Young’s modulus (E) and elongation at 

break (EB). From Table 6, it can be seen that the grafting of PAAc and loading of natamycin 

a decrease in EB, which means that the material becomes less elongable and more resistant.  

 

TABLE 6 ELONGATION AT BREAK (EB) AND THICKNESS OF THE PE, PE-g-PAAC; 

DG:3.6%, PE-g-PAAC/NAT; DG:3.6% AND LD:1.6% FILMS. 

Sample EB(%) Thickness(mm) 

PE 210 0.07 

PE-g-PAAc, DG:3.6% 133 0.08 

PE-g-PAAc/Nat, DG:3.6% and 

LD:1.6% 

195 0.07 
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FIG.24.  Stress-strain curves for PE, PE-g-PAAc; DG:3.6%,  PE-g-PAAc/Nat; DG:3.6% and 

LD:1.6%. 

 

Thermal properties 

Thermal degradation curves of PE, PE-g-PAAc, PE-g-PAAc/Nat samples were performed 

(Figs. 25-32). In the thermal degradation curve of PE film, there is only one significant mass 

loss at 497°C (Fig. 25). The thermogram of PAAc are given in Fig. 26. To determine the 

thermal stability of PAAc, the temperature or the maximum weight loss (Tmax=299°C) and 

the temperature 348ort he half-life (T1/2=300°C) were found directly from its dynamic 

thermograms given in Fig. 26. PAAc degrades  by forming an anhydride structure and it 

gives a 10% residue at 500°C. There are three degradation peaks on its thermogram and they 

are 169, 299 and 424°C, respectively. In the thermal degradation curve of Natamycin (Fig. 

27), five significant mass losses could be found. The first two (78.12 and 127.17 ºC) 

correspond to the removal of water molecules present in natamycin (included and adsorbed 

water respectively). Thermal degradation of the natamycin involves a process beginning at 

206ºC and ending at 487ºC. At 500ºC, the residue was 30%. In the thermal degradation curve 

of PE-g-PAAc (Fig. 28), a drastic mass loss corresponding to the decomposition temperatures 

of 283ºC and 520ºC of PE-g-PAAc sample could be observed. In the thermal degradation 

curve of PE-g-PAAc/Nat (Fig. 29), a drastic mass loss corresponding to the decomposition 

temperatures of 233ºC and 516ºC of PE-g-PAAc/Nat sample could be observed. In the three 

overlapping thermogram (Figs. 30-32), we can note that owing to the random structure of the 
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samples, the  thermal stabilities of PE-g-PAAc, PE-g-PAAc/Nat were between those of the 

corresponding PE, PAAc and Natamycin (115). 

 

 

 

FIG.25. The thermogram of PE. 

 

 

FIG.26. The thermogram of PAAc. 
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FIG.27. The thermogram of Natamycin. 

 

 

 

 

FIG.28. The thermogram of PE-g-PAAc, DG: 3.6%. 
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FIG.29. The thermogram of PE-g-PAAc/Nat, DG: 3.6% and LD:1.6%. 
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FIG.30. The thermogram of PE, PE-g-PAAc; DG:3.6%, PAAc. 
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FIG.31. The thermogram of PE-g-PAAc; DG:3.6%, PE-g-PAAc/Nat; DG: 3.6% and 

LD:1.6% and Natamycin. 
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FIG.32. The thermogram of PE, PE-g-PAAc; DG:3.6%, PE-g-PAAc/Nat; DG: 3.6% and 

LD:1.6%. 
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Evaluation of the antimicrobial activity 

To evaluate the antimicrobial activity of the PE films modified with AAc and natamycin, 

discs of the modified films were placed onto a dish of nutrient agar previously inoculated 

with a suspension of yeast and E-coli, S.-aureus, P.aurantiorium ,A.versicolor. The dish was 

then incubated at 20±1°C for 5 days in darkness. The appearances of the antimicrobial 

activities of the PE, Pe-g-PAAc, PE-g-PAAc/Nat against two bacteria and two molds are 

given in Figures 33-35. 

Antibacterial effect: Two bacteria strains were tested; 

1.E. coli ATCC  35218 was used for the determination of antibacterial effect of the PE film 

and  PE films modified with AAc and natamycin. “Agar diffussion method” was used for this 

determination. Modified films were cut as circle with 16 mm diameter.  PE film and  PE 

films modified with AAc and natamycin were used ; 1;  PE, 2: PE-g-PAAc, 3, Nat loaded and 

PE-g-PAAc. Each of them was placed on the inoculated agar medium (TSA agar) with E. coli 

ATCC  35218 culture containing about 10
3
cell/ml in Petri dish. Then the petri dish was 

incubated at 37°C for 24 hours. After incubation the inhibition zone around the films were 

measured as mm. 

2.Staphylococcus aureus ATCC 6538 was used for the determination of antibacterial effect of 

the PE film and  PE films modified with AAc and natamycin. “Agar diffussion method” was 

used for this determination. Modified films were cut as circle with 16 mm diameter.  PE film 

and  PE films modified with AAc and natamycin were used ; 1;  PE, 2: PE-g-PAAc, 3, Nat 

loaded and PE-g-PAAc. Each of them was placed on the inoculated agar medium (TSA agar) 

with Staphylococcus aureus ATCC 6538 culture containing about 10
3
cell/ml in Petri dish. 

Then the petri dish was incubated at 37°C for 24 hours. After incubation the inhibition zone 

around the films were measured as mm. 

Antifungal effect: Two mold strains were tested; 

1.Penicillium aurantiorium 501588 was used for the determination of antifungal effect of the 

PE film and  PE films modified with AAc and natamycin. “Agar diffussion method” was 

used for this determination. Modified films were cut as circle with 16 mm diameter.  PE film 

and  PE films modified with AAc and natamycin were used ; 1;  PE, 2: PE-g-PAAc, 3, Nat 

loaded and PE-g-PAAc. Each of them was placed on the inoculated agar medium (PDA agar) 

with Penicillium aurantiorium 501588 spore suspension containing about 10
3
 spore/ml in 

Petri dish. Then the petri dish was incubated at 25°C for 5 days. In each incubation day, the 

inhibition zone araound the films were measured as mm. 

2. Aspercillus versicolor 200853 was used for the determination of antifungal effect of the PE 

film and  PE films modified with AAc and natamycin. “Agar diffussion method” was used 

for this determination. Modified films were cut as circle with 16 mm diameter.  PE film and  

PE films modified with AAc and natamycin were used ; 1;  PE, 2: AAc grafted PE, 3, Nat 

loaded and AAc grafted PE. Each of them was placed on the inoculated agar medium (TSA 

agar) with Aspercillus versicolor 200853 spore suspension containing about 10
3
 spore/mL in 

Petri dish. Then the petri dish was incubated at 25°C for 5 days. In each incubation day, the 

inhibition zone araound the films were measured as mm. 

-There is no antibacterial effect of the PE film and  PE films modified with AAc and 

natamycin against E. coli ATCC  35218 and  S.aureus ATCC 6538. Because there is no any 

inhibition zone around the film circle.   

- There is no any inhibition zone around “number 1 film” PE and “number 2 film”PE-g-

PAAc. There is antifungal effect of the PE films modified with AAc and natamycin against 
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Penicillium aurantiorium 501588 because there is inhibition zone around “number 3 film” or 

PE-g-PAAc/Nat.  After 24 hours Inhibition zone diameter is 25 mm. 

- There is no any inhibition zone around “number 1 film” PE and “number 2 film” PE-g-

PAAc. There is antifungal effect of the “number 3 film”PE-g-PAAc/Nat against Aspercillus 

versicolor 200853. There is inhibition zone around “number 3 film”. After 24 hours 

Inhibition zone diameter is 30 mm. 

Microbiological inhibitory assays of the films prepared with the active agents natamycin 

(antifungal) on mold, bacteria (E.coli and S.Aureus, P.aurantiorium) were performed on Petri 

dishes using the agar diffusion method. Different quantities of antibacterial and antifungal 

agents were used; however, the best results were obtained with 2 % w/w of natamycin. As 

shown in Figure 18, the antifungal action of natamycin was verified, since films containing 

this active agent inhibited the growth of mold. This result was obtained using a very low 

amount of natamycin (2 % w/w). A small inhibition zone (about 25 mm in diameter) could 

also be observed. This suggests that the active agent diffuses through the film, producing 

inhibition of fungal flora in a region larger than that covered by the film. Determinations with 

films containing a higher amount of natamycin showed a wider inhibition zone (results not 

shown). As expected, this film did not inhibit the growth of bacteria. 

Preparation of the mold spore suspension: 

Aspergillus versicolor 200853 and Penicillium aurantiogriseum 501588 isolated from the 

Turkish Cashar cheese were obtained from TUBITAK (The Scientific and Technological 

Research Council of Turkey) Marmara Research Center,Turkey. These two mold strains were 

used to investigate antifungal activity of PE with AAc samples. The spore suspensions of 

them were prepared as follows (116). The test mold strain was grown on the slope surface of 

Potato Dextrose Agar (PDA)(Merck, Darmstadt, Germany) medium at 25° C for up to 7 days. 

The mycelium of the test strain was suspended in 10 mL of sterile saline containing 0.05% 

(w/v) Tween 80. After dispersing the fungal clumps, the suspension was filtered through a 

filter paper and centrifuged at 3000 x g for 15 min. The washing procedure was repeated two 

times and then spore suspension was prepared in saline containing 0.05% (w/v) Tween 80. 

The spore counting was carried out by using a Thoma counting chamber. The spore densities 

of the suspensions were 2.40x10
6
 and 1.44x10

7
 spores/mL for A. versicolor 200853 and P. 

aurantiogriseum 501588, respectively. The spore suspension of each mold strain is diluted to 

the spore densities of about 10
3
 spore/mL (116). 
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FIG.33. Antibacterial activity of PE, PE-g-PAAc, PE-g-PAAc/Nat against a) E-coli and b) 

S.aureus after 0 and 24 hours.1) PE film, 2) PE-g-PAAc, 2 % grafting at 42 kGy irradiation 

dose, 3) PE-g-PAAc/Nat, 1.16 % loading Nat. 

  

E-coli     t=0 hour hour E-coli     t=24 hours 

S.aureus    t=0 hour 

hour 

S.aureus    t=24 hours 
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FIG.34. Antifungal activity of PE, PE-g-PAAc, PE-g-PAAc/Nat against P.aurantiorium after 

0, 24, 48 and 72 hours.1) PE film, 2) PE-g-PAAc, 2 % grafting at 42 kGy irradiation dose, 3) 

PE-g-PAAc/Nat, 1.16 % loading Nat. 

  

P.aurantiorium t=0 hour 

hour 
P.aurantiorium  t=24 hours P.aurantiorium  t=48 hours 

P.aurantiorium  t=72 hours P.aurantiorium  t=72 hours 
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FIG.35. Antifungal activity of PE, PE-g-PAAc, PE-g-PAAc/Nat against A.versicolor after 0, 

24, 48 and 72 hours.1) PE film, 2) PE-g-PAAc, % grafting at 42 kGy irradiation dose, 3) PE-

g-PAAc/Nat, 1.16 % loading Nat. 

 

18.3.3. Grafting of D-limonene onto PE films 

In the third part of this study, the aim was to graft D-limonene on PE. Due to low grafting 

yield directly in monomer and monomer solvents and immiscibility of monomers with water, 

the grafting experiments were carried out in emulsion media under pre-irradiated and mutual 

grafting methods. The effect of some parameters such as surfactant concentration (Tween-

20), monomer concentration, pre-irradiation dose, grafting time, irradiation dose on grafting 

yield was investigated to determine the optimum conditions for preirradiated and mutual 

grafting experiments. Pre-irradiated PE samples were placed in different emulsions, which 

were saturated with nitrogen gas. Nitrogen gas was bubbled through PE and emulsion 

solutions for mutual grafting experiments, which were irradiated at different doses for the 

periods considering the emulsion stability period. After completion of grafting, PE samples 

were taken out from emulsion media, washed with the solvent of homopolymers and dried up 

to constant weight to determine the grafting yield. FTIR spectra of PE and PE-g-L were 

recorded between 4000 and 400cm
-1

 as KBr discs using a Thermo Scientific Nicolet iS10 FT-

IR Spectrometer. Thermogravimetric analyses were carried on TGA (Perkin Elmer, Pyris1 

TGA) in nitrogen at a heating rate of 10°C/min. The weight loss (TG curve) and its first 

derivative (DTG curve) were recorded simultaneously as a function of time/ temperature. The 

grafting yield was determined by the following equation: % graft=[(W1–Wo)/Wo]x100, where 

A.versicolorP  t=0 hours 

A.versicolorP  t=48 hours A.versicolorP  t=48 hours 

A.versicolorP  t=24 hours 

A.versicolorP  t=72 hours 
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Wo and W1 represent the weights of ungrafted and grafted samples 

In order to optimize the process and the stability of D-limonene emulsions, the emulsions 

were prepared by catastrophic phase inversion method using Tween 80 as surfactant (117). 

The formation of emulsions may be primarily related to the amount  of D-limonene. D-

limonene (4-isopropenyl-1-methylcyclohexene), a natural and functional monoterpene, is the 

major component of all citrus essential oils. It has been reported that D-limonene had 

bactericide, antioxidant, chemo-preventative and therapeutic activities (118). Since D-

limonene has oxidative degradation under normal storage condition and is not soluble in 

water, it is difficult to keep the lemon-like flavor and be active in those areas of food, such as 

water-rich phases or liquid–solid interfaces (119). Therefore, it is very important to to protect 

D-limonene from chemical degradation and improve its water-solubility. Oil-in-water (O/W) 

is very important parameter in emulsion technology. This emulsion technology is a good 

method to protect D-limonene from chemical degradation and improve its ease of handling 

and utilization. Emulsions have their potential advantages over other types of colloidal 

delivery systems for food applications: high optical clarity, good physical stability, enhanced 

bioavailability, improved water-solubility (120-124). Some literatures provided information 

that the emulsions of essential oils could enhance their biological activity, increase their 

water-solubility and improve their chemical stability (125,126).  

Two main methods are currently used to prepare the nanoemulsions: high-energy method and 

low-energy method. High-energy methods typically involve the methods of 

microfluidization, highpressure homogenization, or ultrasonic (127,128). All of these 

methods require the input of a considerable amount of mechanical energy (129). In contrast, 

low-energy methods are less expensive and energy efficient alternative that takes advantage 

of the chemical energy stored in the systems (130). Catastrophic phase inversion (CPI) 

method is a kind of low-energy methods and it is the process whereby an oil-in-water system 

(O/W) inverts into a water-in-oil system (W/O) and vice versa (131). We investigated the 

influence of emulsification conditions on D-limonene emulsions, and to optimize the 

conditions for preparing D-limonene emulsions and examined the stability of D-limonene 

emulsions. There are few reports describing the formation and the stability of physically 

stable transparent nanoemulsions by CPI method. In this work, emulsions were prepared by 

CPI method using Tween 80 as the surfactant and the stability of D-limonene nanoemulsions 

under different storage times was also examined. 

Emulsion preparation      

A water phase was prepared by mixing distilled water with propylene glycol in a 2:1 mass 

ratio, including 0.1% NaCl (w/w). The surfactant was Tw-20. Emulsions were prepared from 

a mixture of oil phase and Tw-80 by slowly adding water phase with the gentle agitation 

which speed was 1300 rpm. The addition rate of water was kept constant at approximately 

1.0 mL/min. The concentration of oil phase in emulsions was changed as 4.0, 8.0, 12 wt%. 

With slowly adding water phase in a mixture of oil phase and Tw-80, a W/O emulsion with a 

high oil-to-water ratio was formed, and then increasing amounts of water were added to the 

system with continuous stirring. The amount of water added to a W/O emulsion was 

progressively increased, until a phase inversion occurred and an O/ W emulsion was formed 

with continuous stirring for 6 h.  

Emulsion stability 

Different compositions of water which contains propylene glycol, Tw-80 and D-limonene 
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emulsions were prepared and milky emulsion solutions were kept at room temperature and 

their stabilities were determined. The stabilities of the resulting emulsions of D-limonene are 

given in Table 7, which show that emulsion solutions were stable for 20 days and 8 days to 

be used for grafting. 

 

TABLE 7. STABILITY OF D-LIMONENE EMULSION PREPARED BY TW-20 

AQUEOUS SOLITION AND A) WATER NO CONTAINS PROPYLENE GLYCOL AND 

B) WATER WHICH CONTAINS PROPYLENE GLYCOL. 

___________________________________________________________________________ 

D-limonene conc (%)  Tw-20 conc(%) Stability of emulsion phase (days) 

a) 4    6    1   

8    6    2 

12    6    8    

       b)   4    6    12   

  8    6    18   

  12    6    20    

___________________________________________________________________________ 

 

In this study, 12% (w/w) D-limonene emulsion prepared with 6% (w/w) Tw-20 exhibited a 

good stability. Therefore, this formulation was chosen for the following experiments. For 

chemical modification, variables such as the irradition dose, concentration of comonomer, 

temperature, and the time of reaction, were examined. The experimental conditions and 

optimum conditions to use some characterization and analysis are shown in Tables 8 for PE. 
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TABLE 8. THE GRAFTING YIELD OF D-LIMONENE ONTO PE FILMS AS A 

FUNCTION OF IRRADIATION DOSE AND FOOD ADDITIVE SOLUTION 

CONCENTRATIONS, REACTION TIMES. DOSE RATE: 0.26 KGY/H, [TW-20]:6% 

W/W, T: 25°C. 

Pre-irradiated emulsion grafting 

Sample Sample Dose (kGy) Reaction time (h) 

 

Grafting (%) 

[L]:4% w/w 

Grafting (%) 

[L]:8% w/w 

[Grafting (%) 

L]:12% w/w 

PE(O2) L(N2) 4.4 20 -          -         - 

   72 - - - 

   144 - - - 

   168 - - - 

  8.8 20 - - - 

   72 - - - 

   144 - - - 

   168 - - - 

  13.2 20 - - - 

   72 - - - 

   144 - - - 

   168 - - - 

  26.4 20 - - - 

   72 - - - 

   144 - - - 

   168 - - - 

  40.0 20 - - 0.16 

   72 - - 0.61 

   144 - - 1.71 

   168 - - 1.72 

 

Mutual emulsion grafting 

Sample Sample Dose (kGy) Grafting (%) 

[L]:4% w/w 

Grafting (%) 

[L]:8% w/w 

Grafting (%) 

[L]:12% w/w 

PE(O2) L(N2) 4.4 -          -        0.12 

  8.8 - - 0.70 

  13.2 - - 1.70 

  26.4 - - 1.92 

  40.0 - - 2.70 
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Characterization of PE films 

Thermal decomposition of PE, grafted PE with mutual, PE-g-L, were recorded and grafted 

PE with emulsion grafting with 6% Tw-20 amount, 4, 8, 12 % L (w/w%) concentration, at 

different irradiation doses and method was determined by using TGA and was compared and 

their thermograms are given in Figs. 38, 39 and 40. The effect of D-limonene on the thermal 

stability of PE was studied by TGA. PE decomposes in a single step process with an initial 

degradation temperature (Tinitial) of 300 °C (Fig. 38). The grafting of D-Limonene on PE 

resulted in the earlier degradation process (Fig. 39). The maximum degradation temperatures 

of PE and PE-g-L are close to eacheother and  we can explain that the grafting percent yield 

was very low. From these results, it is seen that grafting of L on PE does not improve thermal 

properties of PE. 

 

 

FIG .38. TGA and dTGA curves for PE. 
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FIG.39. TGA and dTGA curves for PE-g-L (2.70% grafting). 

 

 

 

 

 

FIG.40. TGA curves for PE (black) and PE-g-L (2.70% grafting) (red). 
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Surface analysis     

Scanning Electron Microscopy. The surface microstructure of the films were evaluated using 

scanning electron microscopy (SEM). Fig. 41  shows  scanning electron micrographs of the 

outer surface of the PE-g-L at different magnifications. The structural features of the PE films 

are different than that of the PE-g-L since the grafting occurs mainly at the surface of PE 

film. The surface structure of the PE film was compact with a smaller uniform polymer 

network than those in the PE-g-L such as PE-g-PAAc/NAt.. The SEM microphotographs of 

PE-g-L has bright marbling on the film surface, which was uniformly distributed.  
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FIG.41. SEM microphotographs of PE-g-L (2.70% grafting). 

 

X-ray Photoelectron Spectroscopy (XPS) Analysis  

In order to get detailed information about surface chemical composition XPS experiments 

were performed. The elemental surface composition of PE-g-L with 2.70% DG is calculated 

from XPS spectra and presented in Fig 42. In the XPS wide scan spectrum of PE-g-PAAc, 

Fig. 42, two characteristic peaks corresponding to C1s at 284.9 eV and O1s at 533.0 eV were 

observed. The O content of PE-g-L is attributed to the epoxy group which comes from 

possible epoxy group on D-limonene after grafted onto PE film. [132,133]. The top ~5 nm 

surface of PE-g-L samples analyzed in XPS consist of PE. More detailed chemical analysis 

on XPS is obtained from the C1s core level spectra depicted in Fig. 43. In the case of PE-g-L, 

Fig. 43, the C 1s spectrum can be curved-fitted with four peak components. The main peak 

with binding energy (BE) at 284.9 eV is attributed to (C-C/C-H) hydrocarbon species of PE 

(107). The peaks at around 286.2 and 286.7 eV correspond to C-O-C and O-C as we will 

discuss for O1s. This result explain the form of epoxied of D-Limonene. In addition to these 

peaks, the other peaks at 287.8 and 289.2 may corrresponds to double bond in cyclopentene 

but we should explain this result by comparing the XPS ox cyclopenten or D-Limonene. We 

can say that the grafting of D-Limonene on PE take occur from double bond out of the 

cyclopentene in D-Limonene. 
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The O1s core-level spectra of PE-g-L with a degree of grafting of 2.70 % are given in Fig. 

44. The main component with BE at ~533.0 eV can be assigned to the oxygenated C atoms of 

PE main chains and backbone of grafted PolyLimonene component. Two new peaks at 532.4 

eV and 533.5 eV appear due to the C-O-C and O-C and indicates the oxidized of double bond 

in D-Limoneene cylclopentene structure. In the cyclopentene structure opened the double 

bpnd and we have C-O-C etheric bond.  

Limonene is the main component of citrus oil and it can be easily obtained from citrus peal, 

which is a waste material of the fruit juice industry. Limonene epoxide is a key raw material 

for a wide variety of products such as pharmaceuticals, perfumes and food additives. It is 

usually epoxidized via  the stoichiometric peracid route, however, due to environmental 

reasons this process is becoming increasingly unacceptable. The limonene liquid phase 

oxidation may proceed by two distinct pathways: (a) epoxidation, leading to limonene-1,2-

epoxide (limonene oxide) as the main product, or (b) allylic oxidation and autoxidation, 

carveol and carvone being obtained mainly, although a large number of other products is also 

formed (since the reaction proceeds through a free radical chain reaction mechanism) 

[132,133]  (Fig. 45). 

 
FIG.42. XPS survey wide scans of PE-g-L (2.70 % grafting). 

C=83.25% 

O=16.75% 
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FIG.43. C1s core level X-ray photoelectron spectra of PE-g-L (2.70 % grafting). 

 

FIG.44. O1s core level X-ray photoelectron spectra of PE-g-L (2.70 % grafting). 
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 .

FIG.45. Formation of Limonene oxide from Limonene.. 

 

Contact angle analysis 

The most remarkable observation related to CA measurements is the restriction of flowing of 

water droplets through PE films in case of D-Limonene grafted which is in contrast to PE. It 

is possible to accept that the hydrophobic surface of PE film provides an easier sliding of the 

water molecules over surface. In case of D-Limonene grafted samples, the structure of PE-g-

L film provides an overall resistance and the water droplet can stay on the PE-g-L surface 

without flowing and spreading. As expected, results show that the presence of D-Limonene in 

the films leads to higher contact angle, signalizing that the tendency to absorb water is 

decreased and that the surfaces became more hydrophobic. In the Fig. 46 appearances of the 

contact angles for PE and PE-g-L.  

 

 

 

 

 

 

FIG.46. Water contact angle (CA) values for (a) PE and (b) PE-g-L (2.70 % grafting).  

 

  

 

a) PE, CA= 

92.3° 

 

 

b) PE-g-L, CA= 88.3° 
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18.4 CONCLUSIONS 

 

-FAc was grafted on PE films by post-irradiated method but Nat couldn’t grafted on PE films 

by the same method. 

-AAc was grafted on PE films by pre-irradiated method in O
2
 medium. 

-For chemical modification, variables such as the irradition dose, concentration of 

comonomer, temperature, and the time of reaction, were examined. The experimental 

conditions and optimum conditions to graft PE films vere determined.  

-Nat was bounded to modified PE films. 

-The presence of AAc and Nat on the surface of PE film was explained by gravimetric, 

titrimetric and adsorption studies, surface analysis, XPS spectra. 

 

-The synthesized PE, PE-g-PAAc, PE-g-PAAc/Nat samples were characterized by using X-

ray-photoelectron spectroscopy, contact angle studies, swelling studies, thermal and 

mechanical tests. 

-From these results we can say that the synthesized PE-g-PAAc/Nat samples has the 

definitely N atoms on the surface and the results of the X-ray-photoelectron spectroscopy 

explain taht the surface composition changed significantly.  

-The results of contact angles studies and swelling studies  agreed with eachother and the 

results showed a marked difference in swelling between PE-g-PAAc and PE-g-PAAC/Nat 

films, in which a significant decrease in swelling with the presence of natamycin in PE-g-

PAAc/Nat film was also found. 

- The grafting of PAAc on PE surface and the loading of natamycin on PE-g-PAAc surface  

caused to increase in TS and E and a marked decrease in EB, which means that the material 

becomes less elongable and more resistant. 

- The thermal stabilities of PE-g-PAAc, PE-g-PAAc/Nat were between those of the 

corresponding PE, PAAc and Natamycin. The thermal stability of these packaging materials 

was very high.-PE-g-FAc film was antibacterial effect against E.Coli. Although PE-g-

AAc/Nat samples were not antibacterial against E.Coli and Staphylococcus aureus, they were 

antifungal effect against Penicillium aurantiorium and Aspercillus versicolor. The antifungal 

effect against Aspercillus versicolor is more than Penicillium aurantiorium. The inhibition 

zone diameter in Aspercillus versicolor is bigger than those of Penicillium aurantiorium.   

 

-Emulsion media was developed and optimized by detrmining some parameters such as 

amounts of D-limonene, Tw-20, and the other compunds in it. The emulsion had a good 

physical stability. The grafting of D-limonene on PE was performed by pre-irradiated and 

mutual emulsion grafting methods. For grafting, the pre-irradiation and irradiation dose and 

D-limonene concentration, Tw-20 concentration were determined. The grafting yield in 

mutual emulsion grafting is higher than the pre-irradiated grafting method. The results of 

spectroscopic and thermal characterization show that D-limonene graftted on PE.  
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Abstract  

 

Plastic polymers are used extensively in the food industry for a variety of applications 

especially packaging.  Besides serving as a physical barrier for foods there is a growing need 

for packaging with properties beyond just as a physical barrier. In the polymer industry, 

“grafting” is a method for covalently binding desired “properties” on a polymer backbone.  In 

this project, we attempted to directly graft (using electron beam irradiation) naturally 

extracted anthocyanins and betacyanins onto polyethylene (PE), a plastic polymer that is 

commonly employed in the food industry. The experiments showed that anthocyanins 

(depending on their source and the solvent used in the extraction) can maintain many of their 

characteristics even at electron beam (eBeam) doses as high as 50 kGy. However, 

betacyanins were less resistant to damage even at lower eBeam doses Different eBeam doses 

and approaches were investigated to increase the yield of grafted anthocyanins. The results 

demonstrated that polyethylene was not an ideal polymer for grafting phytochemicals. 
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19.1.INTRODUCTION 

The use of plastic polymers for food packaging has increased significantly over the past 

decades and the global market for polymers has increased to about 100 million tons today 

(Salvatore , 2015). Most of the packaging polymers are petroleum-based for cost reasons, 

ease of application and worldwide availability. However, besides serving as a physical 

containment for foods there is a growing need for food packaging to have additional 

properties. These include but not limited to serving as a substrate for antimicrobials and 

phytochemicals, platform for sensors to detect food spoilage, food deterioration, pathogen 

presence, potential deliberate contamination, as well as physical contaminants such as glass, 

metal pieces.  

 

Phytochemicals are the secondary metabolites formed in fruits and vegetables that have a 

variety of health benefits. Two major phytochemicals present in fruits and vegetables are 

anthocyanins and betacyanins. Anthocyanins are a large subclass of flavonoids that are 

distinguished for their strong red to blue color in a variety of fruits and vegetables. 

Anthocyanins are potent antioxidants due to their phenolic structure and have antimicrobial 

function (Roy et al., 2009; Lila, 2004; Osorio-Esquivel et al., 2011). A unique characteristic 

of anthocyanins is their ability to change color at different pH values (Ibrahim et al., 2011). 

The anthocyanin structure depends on the surrounding  pH and any increase in the pH value 

toward alkalinity, turn anthocyanins colorless (Nyman & Kumpulainen, 2001). Betacyanins 

are characterized by their pink color, strong antioxidant properties (Zakharova and  Petrova , 

1998; Osorio-Esquivel et al., 2011) and inhibitory effects on tumor cell proliferation 

(Mantha-Reddy et al., 2005). 

 

Given the different functionalities of phytochemicals, attempts have been made for them to 

be used in food packaging and as pH indicator films for applications in intelligent food 

packaging (Pereira et al., 2015; Golasz et al., 2013). Polymer extrusion to produce packaging 

copolymers requires severe thermal and pressure conditions that can damage sensitive 

polyphenolic structures of the anthocyanins (Camire et al., 2006; Khanal et al., 2009). 

Furthermore, extruding anthocyanin entraps it within the copolymer and reduces anthocyanin 

active sites access on the surface. The only method introduced to date to stabilize 

anthocyanins over polymers is blending and casting it on bio-based materials such as chitosan  

and cassava starch (Pereira et al., 2015; Golasz et al., 2013).  This study to be best of our 

knowledge is the first attempt to investigate the possibility of directly grafting anthocyanins 

onto plastic polymers.. 

 

Grafted polymers have been around for decades and are routinely used as impact resistant 

materials, thermoplastic elastomers, compatibilizers, or emulsifiers for the preparation of 

stable blends or alloys (Gao & Matyjaszewski, 2007). Application of eBeam as a way of 

improving the functionality of plastic polymers through inducing cross-linking has also been 

well studied (Salvatore et al., 2015; Zembouai I, 2016). The key methods of grafting 

polymers are chemical, enzyme or ionizing irradiation among which irradiation is the most 

accurate, fastest and most economical method. Ionizing irradiation creates free radicals on the 

polymer and hence an initiator is not critical (Bhattacharya & Misra, 2004). Grafting 

polymers by irradiation can be performed in three different ways namely, (a) pre-irradiation 

(b) peroxidation and (c) mutual irradiation technique. In pre-irradiation, the polymer is 

initially irradiated in vacuum or presence of inert gas and then later irradiated alongwith with 

the desired monomer (Uflyand et al., 1992). In the peroxidation method of grafting, the 

polymer backbone is irradiated in the presence of air or oxygen which results in the formation 
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of hydroperoxides or diperoxides. These peroxy products are then treated with the monomer 

at elevated temperatures. The benefit of this grafting method is that the intermediate peroxy 

products can be stored for extended periods before the actual grafting step. The mutual 

irradiation method involves the simultaneous irradiation of the polymer and monomers at the 

same time to form free radicals and subsequent grafting (Kaur et al., 1994).  All the examples 

of grafted monomers on polymers so far are limited to inorganic materials such as carbon 

fibers (He et al., 2007), Styrene/divinylbenzene (Rager 2003; Dilli & Garnett, 1971), 

hydrogel (Jianqin et al., 1999), etc. Most of the studies associated with irradiation grafting are 

also limited to application of gamma irradiation. This study was an investigation on 

application of eBeam to covalently bond anthocyanins and betacyanins directly on the surface 

of polyethylene (PE), a commonly used plastic polymer in the food industry. In these 

laboratory studies, different eBeam doses of eBeam and various activating agents were 

utilized in order to optimize the grafting yield on the PE polymers. We considered grafting 

anthocyanins on polymers as a model system for grafting/stabilizing other health beneficial 

compounds on polymers. Developing a method to graft phytochemicals directly on polymers 

can be revolutionary in terms of opening up a new generation of active packaging materials 

that not only ensures the safety and wholesomeness of the product, but also offers the ability 

to introduce functional materials into packaging without the use of any chemicals as the 

carrier. We hypothesised that anthocyanin and betacyanin can be grafted directly onto PE 

using varying doses on eBeam and utilizing different types of extracted phytochemicals 

(source, and extraction method). We studies the grafting yield as well as the quality and 

functionality of the grafted phytochemicals. The objectives of the study was accomplished in 

three phases: 

Phase 1– Feasibility studies of grafting anthocyanin by application of eBeam both by pre-

irradiation and simultaneous irradiation and at varying eBeam doses   

Phase 2 – Feasibility studies of grafting anthocyanin on PE by introducing additives and 

quantifying the amount of grafted anthocyanin 

Phase 3 – Surface studies of grafted polymers and evaluating the functionality of the grafted 

anthocyanin in terms of antioxidant activity, pH indicator and antimicrobial behavior. 

 

19.2. MATERIALS AND METHODS 

19.2.1. Phytochemical preparation 

Anthocyanin and betacyanins were extracted from purple potato and black carrot using either 

acidified water (pH 3) or methanol and stored frozen until the day of experiment. 

19.2.2. Polymer film preparation 

A single layer of polyethylene (PE) with the thickness of 0.076 mm was used as the target 

polymer. The polymers were split into 3 different treatment groups: 

(a) PE was used as backbone polymer as 20 µl of the target phytochemical was applied to it 

(b) PE was initially irradiated to create “active sites” on the PE an then 20 µl of the target 

phytochemical was applied to the irradiated polymer  

(c) PE was initially covered with different organic materials to assist grafting, air dried and 

then 20 µl of the target phytochemical was applied  
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After eBeam treatment of the phytochemicals on the PE film samples, the grafted films were 

soaked in a buffer (pH 3.0) solution for 30 seconds to wash off the excess phytochemicals 

that were not covalently grafted to the film. The pH buffer of 3 was selected as anthocyanins 

are more resistant at this pH value. The variables evaluated in this study are summarized in 

table 1. 

 

TABLE 1 – THE MAIN VARIABLES IN THE STUDY 

Phytochemicals  Extraction method Irradiation method 

Anthocyanins from black carrot Methanol Pre-irradiatoin 

Anthocyanins from sweet purple 

potato 

Acidified water (pH 3) Simultaneous 

Betacyanin   

 

19.2.3. Irradiation 

The eBeam irradiation of the films was carried out at the eBeam facility of the National 

Centre for Electron Beam Research at Texas A&M University. A 10 MeV, 18 kW linear 

accelerator (downward orientation) was used. The film samples were placed in holders which 

were taped to a solid support to ensure that they remained perfectly flat during eBeam 

processing. The processing was performed at room temperature (25°C). Alanine films 

(Kodak) were placed below the samples in order to measure the delivered eBeam dose. The 

film dosimeters were measured using a Bruker E-scan spectrometer (Bruker, Billerica, MA). 

The dosimetry was traceable to international standards. The target doses were from 20 – 1000 

kGy in different experiments. The dose rate was approximately 1000 Gy/s.  

19.2.4. FT-IR 

FTIR analysis was performed using a iS50 FTIR (Thermo Fisher Scientific) to identify the 

formation of any covalent bond between phytochemicals and the PE film.   

19.2.5. Quantification of phytochemicals 

Anthocyanin was measured by diluting the samples in two pH buffers of 1 and 4.5 and each 

was tested for absorbance measurement at 510 nm (max absorbace) and 700 nm and total 

anthocyanin was calculated using Equation 1 (Wrolstad et al., 2005). 

 

Total Anthocyanins (
mg

L
) =

𝐴 𝑥 𝑀𝑊 𝑥 𝐷𝐹 𝑥 103

ε x l 
                                            (Eq 1) 

 

A = (A max - A700nm) pH1.0 - (A max - A700nm) pH4.5 

MW = Molecular Weight 

DF = Dilution Factor 
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ε = molar extinction coefficient, L x mol
–1

 x cm
–1

 

l = pathlength (1 cm)  

Absorption of betanin, the major bebetacyanin is measured at 538 nm using 

spectrophotometer. Furthermore, the absorption at 600 nm is also measured and used to 

correct for small amounts of impurities. Betanin is calculated using the pigment’s 1% 

absorptivity value A1%. The results are reported as betacyanin (calculated in terms of 

betanin). The calculations are performed using Equation 2 (Elbe, 2001). 

x = 1.095 X (a-c)              (Eq.2) 

z = a – x 

where  

a = light absorption of the sample at 538 nm 

 b = light absorption of the sample at 476 nm 

c = light absorption of the sample at 600 nm 

x = light absorption of betanin minus the colored impurities 

z = light absorption of the impurities 

 

19.2.6. Quantification of grafted anthocyanin on PE films 

The amount of anthocyanin loss at different doses was calculated by measuring the initial 

concentration and subtracting the remaining concentration after irradiation using light 

absorbance by UV-VIS spectrophotometry (Helios, Thermo Electron, San Jose, CA). The 

irradiated films were then washed in a defined volume of a pH buffer of 3 and the buffer 

containing the washed off anthocyanins was used for calculating the light absorption. 

Considering the amount of each of the phytochemicals at different doses and the initial 

concentration of phytochemicals on the PE prior to eBeam treatment the amount of grafted 

phytochemical was reported as a percentage.  

 

19.2.7. Qualification of phytochemicals 

19.2.7.1. pH indication in anthocyanin 

The irradiated anthocyanin solutions were individually exposed to three pH buffers (pH 2, pH 

7 and pH 12) and were evaluated for color changes at 350 nm using a plate reader (FLUOstar 

Omega, BMG Labtech, Germany). The grafted films were also exposed to the above 

mentioned buffers and were evaluated for color change.  

 

19.2.7.2. Phytochemical color 

CIELAB was used for reporting the color in a value for redness.  
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19.2.7.3. ORAC Antioxidant capacity  

The antioxidant capacity of the phytochemicals was measured by the oxygen radical 

absorbance capacity method (ORAC) and the results expressed in l M Trolox equivalents per 

mL (lM TE/mL) (Ou, Hampsch-Woodill, & Prior, 2001). 

19.2.7.4 .Antimicrobial properties of anthocyanin 

The inhibitory zone method of evaluating antimicrobial activity was employed. E.coli and 

Staphylococcus aurous were used as example bacteria representing Gram negative and Gram 

positive respectively. Plates containing these bacteria were spotted with 20 µl of irradiated 

anthocyanins and anthocyanin grafted films on the full plate. The Non-irradiated anthocyanin 

samples were used as experimental controls.  

19.2.7.5. Irradiated film surface with SEM 

The field emission scanning electron microscope (Quanta 600, FEI, USA) operating at 10.0 

kV with the working distance of 4.83 mm was used to observe the effect of high doses of 

eBeam on microscopic structure of the gold-sputtered PE samples.  

 

19.3. RESULTS AND DISCUSSION 

19.3.1. Grafting anthocyanins from different sources on PE 

The objective of this study was to evaluate the best natural source for anthocyanin extraction. 

Anthocyanins were extracted from black carrot and purple potato using acidified water (pH 

3) and were tried to be grafted on PE films using target (measured) doses  0 kGy, 20 

kGy(17.52 kGy), 25 kGy(24.08 kGy), 35 kGy (34.07 kGy) and 40 kGy (41.11kGy) of eBeam 

irradiation. Initially studies were performed by treating purified anthocyanin solutions with 

varying eBeam doses (Table 2). A volume of 1 ml of each of the anthocyanins was prepared 

in multiple samples and irradiated at different doses and the remaining anthocyanin was 

measured by light absorption, calculated as mg/kg cyan-3-glu (Fig 1) and reported as percent 

anthocyanin remaining (Table 2). 

 

TABLE 2 – THE STABILITY OF THE ANTHOCYANINS EXTRACTED FROM PURPLE 

POTATO AND BLACK CARROT AT DIFFERENT EBEAM DOSES. 

Measured eBeam dose 

(kGy) 

Purple potato 

(% anthocyanin remaining) 

Black carrot 

(% anthocyanin remaining) 

0 100 100 

17.5 27.04 1.46 

24.1 21.46 1.24 

34.1 17.72 1.04 

41.2 14.80 1.05 

 

 



 

381 
 

 

FIG. 1 – The stability (measured by the amount remaining) of anthocyanins extracted from 

different sources to different eBeam doses. 

 

The results of anthocyanin measurement after irradiation (Table 2, Fig1) indicated that the 

anthocyanins extracted from purple potato are much more resistant to eBeam treatment than 

the ones extracted from black carrot. In addition to measuring the quantity of the 

anthocyanins after irradiation, the antioxidant capacity was also evaluated as a critical feature 

of the anthocyanins (Table 3). The results indicate that both anthocyanins even after being 

exposed to high doses of eBeam maintain their antioxidant properties to a significant degree. 

 

TABLE 3 –THE STABILITY OF ANTIOXIDANT PROPERTIES OF THE 

ANTHOCYANINS EXTRACTED FROM DIFFERENT SOURCES WHEN EXPOSED TO 

DIFFERENT EBEAM DOSES 

Measured 

eBeam dose 

(kGy) 

Anthocyanins from 

purple potato (lM TE/mL) 

Anthocyains  from 

black carrot (lM TE/mL) 

0 2.78 2.30 

17.5 2.02 1.95 

24.1 1.96 1.95 

34.1 2.02 1.95 

41.1 2.62 2.60 

The anthocyanin color is directly related to its functional properties and hence monitoring its 

color after eBeam exposure was important. It was clearly noted that although the initial 

redness in the anthocyanin extracted from purple potato had decreased, it maintained its color 
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better than the anthocyanins from black carrot at higher eBeam. These results support the 

findings about higher amount of anthocyanins extracted from purple potato after irradiation. 

 

FIG. 2 –Redness in terms of a values of anthocyanins extracted from different sources when 

exposed to varying eBeam doses. 

 

As mentioned earlier, an interesting characteristic of anthocyanin is its ability to change color 

according to the surrounding pH. The irradiated anthocyanins of different sources were 

diluted in different pH buffers to evaluate their pH indicator properties (Fig3). For 

quantification, the buffer-diluted samples were measured for light absorption (350 nm) using 

a plate reader (Table 4). When anthocyanins received as much as 17 kGy, the color starts to 

fade and continued to fade with increasing eBeam dose.  We hypothesize that this change is 

due to changes in the anthocyanin phenolic structure, specifically flavylium which is 

responsible for the molecule’s pH indicating property. 
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TABLE 4 – ABSORBANCE (350 NM) OF ANTHOCYANINS EXTRACTED FROM 

DIFFERENT SOURCES AND IRRADIATED AT DIFFERENT EBEAM DOSES AND 

SUBSEQUENTLY EXPOSED TO PH BUFFERS OF 2, 7 AND 12  

  Black Carrot Purple Potato 

Measured 

eBeam 

Dose 

(kGy) 

pH 2 pH 7 pH 12 pH 2 pH 7 pH 12 

0 1.651
a
 1.796

a
 2.580

a
 1.704

a
 1.778

a
 2.913

a
 

17.52 0.954
b
 1.110

b
 2.032

b
 0.772

b
 0.948

b
 2.135

b
 

24.08 0.810
b
 0.959

b
 1.884

b
 0.625

b
 0.659

b
 1.820

b
 

34.07 0.603
b
 0.634

b
 1.415

b
 0.368

c
 0.363

c
 1.553

c
 

41.11 0.341
c
 0.369

c
 1.194

c
 0.431

c
 0.534

c
 1.553

c
 

       

 

FIG. 3 – pH indicating property of anthocyanins extracted from black carrot and purple 

potato when exposed to different eBeam doses and different pH buffers (2, 7 and 12). 
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The anthocyanin grafted PE films were placed in different pH buffers at values of 2, 7 and 12 

to monitor their pH indicator properties. Their capability in indicating pH was reported as Y 

(yes) and N (no) for functioning as pH indicator and not functioning as pH indicator (Table 

5). The initial results indicate that black carrot (even at after exposure to high eBeam doses) 

could easily change color when exposed to different pH buffers.  

 

TABLE 5 – THE PH INDICTOR PROPERTY OF GRAFTED PE WITH THE 

ANTHOCYANINS EXTRACTED FROM BLACK CARROT AND BLACK CARROTS 

AT DIFFERENT PH VALUE BUFFERS. 

Sample –eBeam exposed dose pH 2 pH 7 pH 12 

Black Carrot – 0 kGy Y Y Y 

Black Carrot  -17.5 kGy Y Y Y 

Black Carrot – 24.0 kGy Y Y Y 

Black Carrot – 34.0 kGy Y Y Y 

Black Carrot – 41.1 kGy Y Y Y 

Purple Potato – 0 kGy Y Y Y 

Purple Potato – 17.5 kGy Y Y Y 

Purple Potato – 24.0 kGy N N N 

Purple Potato – 34.0 kGy N N N 

Purple Potato – 41.1 kGy N N N 

Y) indicative of pH     N) not indicative of pH  

 

To determine the formation of covalent bonds, the grafted film were washed in pH buffer of 3 

and then placed in FTIR. The FTIR graphs for both anthocyanins extracted from black carrot 

and purple potato are presented in fig 4A and 4B respectively. 
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0 kGy 

17 kGy 

24 kGy 

31 kGy 

41 kGy 

0 kGy 

17 kGy 

24 kGy 

31 kGy 

41 

 

 

FIG. 4A  - FTIR graphs of grafted anthocyanins extracted from black carrot on PE at 

different doses. 

FIG. 4B - FTIR graphs of anthocyanins extracted from purple potato on PE at different 

doses. 

 

In the purple potato samples within the wavelength of 3500-3000 after exposure to 17 kGy 

eBeam dose, signals indicative of the initiation of some covalent bond formation between PE 
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an purple potato appear. This could possible explain the inability of the grafted purple potato 

films as a pH indicator when grafted at high eBeam doses. It is hypothesized that the active 

sites of anthocyanins were covalently bound to the PE and hence they could not easily 

interact with hydrogen ions in different pH buffer.  These results indicate that the black carrot 

extracted anthocyanins are not as resistant as that of purple potato extracted anthocyanins. 

However, anthocyanins extracted from purple potato maintained their pH indicator property 

even after 31 kGy. The results of from the antimicrobial activity studies were very surprising. 

Contrary to published studies even the control (un irradiated anthocyanin samples) did not 

exhibit any antimicrobial activity. None of the eBeam exposed antocyanin samples showed 

any antimicrobial activity. The amount of grafted anthocyanins on PE are reported in Table 6. 

Further studies are needed to improve the grafting yield. 

 

TABLE 6 – THE AMOUNT OF GRAFTED ANTHOCYANINS EXTRACTED FROM 

DIFFERENT SOURCES ON THE PE FILM 

Measured eBeam dose  

(kGy) 

Purple Potato Black Carrot 

17.5 2 % 3% 

24.0 0% 9% 

34.0 2% 10% 

41.1 3% 1% 

 

3.2. Grafting betacyanin on PE 

The objective of these studies was to evaluate whether betacyanin would serve as a better 

candidate for grafting on PE films. Betacyanin was extracted using acidified water (pH 3) and 

methanol. Grafting onto PE was performed using the same protocols employed with 

anthocyanin. However, to obtain information about the stability of bethacyanin to eBeam 

processing, 1ml volumes of the phytochemical were exposed to different doses of eBeam and 

were graphed and reported as percent remaining betacyanin (Fig 5).  
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FIG. 5 – The stability of betacyanin extracted with different solvents when exposed to 

different eBeam doses 

 

It was noticed even after relatively low eBeam doses (10-20 kGy) the betacyanin content 

decreased significantly and were more than the decrease observed with anthocyanin. The 

samples lost their initial red color after the mentioned doses (Fig 6) 

 

 

FIG. 6 – Color stability ( a values) in betacyanin extracted with methanol and acidified water 

when exposed to different eBeam doses 

 

FTIR analysis of PE coved with betacyanin and exposed to varying eBeam doses showed no 

indications of covalent bond formation. Betacyanin completely lost its color to yellow and 

thus was not taken into consideration for further analysis and experiments. Furthermore, 
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similar to anthocyanin, no antimicrobial activity was observed even with the non-irradiated 

control samples.  

 

19.3.3. Grafting anthocyanin extracted using different solvents on previously irradiated 

PE films 

The objective of these studies was to evaluate the effect(s) of the extracting solvent on 

improving the grafting of anthocyanin on PE.  Based on the preceding results, purple potato 

was chosen as the anthocyanin source. The anthocyanins were extracted using two different 

solvents, methanol and acidified water (pH 3). The amount of anthocyanins remaining after 

eBeam exposure was evaluated and expressed as the % of remaining anthocyanin (Table 7).  

The color (a value) was also measured as a function of extraction method and eBeam dose 

(Fig 7). 

 

TABLE 7 – PURPLE POTATO ANTHOCYANIN STABILITY AS A FUNCTION OF 

DIFFERENT SOLVENTS TO VARYING EBEAM DOSES 

Measured eBeam 

dose (kGy) 

Remaining anthocyanin when 

extracted with methanol (%) 

 Remaining anthocyanin when 

extracted with water(%) 

0 100.00  100.00 

52.98 6.91  2.52 

72.45 6.22  2.64 

81.36 6.73  2.26 

93.18 7.12  2.37 

105.97 6.70  2.05 
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FIG. 7 - Color stability ( a value) of anthocyanins extracted with different solvents from 

purple potato as a function of exposure to  eBeam doses.  

 

TABLE 8 - – THE PH INDICATING PROPERTY OF GRAFTED PE WITH THE 

ANTHOCYANINS EXTRACTED FROM PURPLE POTATO USING DIFFERENT 

SOLVENTS AND EBEAM AT DIFFERENT DOSES WHEN EXPOSED TO PH 

BUFFERS. 

kGy Sovlent pH 2 pH 7 pH 12 

0 W Y Y Y 

M Y Y Y 

52.98 W Y Y Y 

M N N N 

72.45 W Y Y Y 

M N N N 

81.36 W Y Y Y 

M N N N 

93.18 W Y Y Y 

M N N N 

105.97 W Y N Y 

 M N N N 

W = water, M = methanol 
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FIG. 8 – The pH indicating property of anthocyanins extracted using different solvents 

treated with high doses of eBeam when exposed to different pH buffers. A) Anthocyanin 

extracted with methanol         B) Anthocyanin extracted with acidified water.  

 

The anthocyanin samples in general started losing their color after 50 kGy of irradiation; 

however, the anthocyanins extracted with methanol have a slower trend in losing their color 

and other properties including pH indication (Fig 8). Methanol appeared to be a better solvent 

in terms of protecting anthocyanin and its properties against eBeam irradiation damage. 

 

19.3.4. Grafting anthocyanin on PE film using organic activating materials 

The objective of these studies was to improve grafting onto PE by introducing materials that 

increase the affinity of anthocyanins to the hydrophobic surface of PE. A 20 µl volume of the 

different organic materials was applied on separate PE films and air dried prior to being 

covered with the same volume of methanol extracted anthocyanins from purple potato.  All 

the samples were irradiated at 50 kGy target eBeam dose. The organic materials and the 

experimental protocols uused in these studies were as follows: 

a) 20 µl of 10% Methanol + dry in RT+ 20 µl of anthocyanin + air dry in RT  

b) 20 µl of 100% Methanol + dry in RT+ 20 µl of anthocyanin + air dry in RT  

c) Salmon sperm DNA (100 µg/mL and 10 µg/mL) (dissolved in water) + air dry in RT+ 20 

µl of anthocyanin + dry in RT  

d) 20 µl of olive oil + dry in RT+ 20 µl of anthocyanin +air  dry in RT  

e) (Control group): each of the organic materials on the PE films (without addition of 

anthocyanins).  

 

FTIR graphs showed no covalent bond formation. Therefore, no subsequent studies were 

pursued.  
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19.3.5. Grafting anthocyanins on PE film using extreme conditions 

The objective of these studies was to physically break down the PE structure through chain 

scissioning at elevated eBeam doses prior to introducing phytochemicals in order to decrease 

the doses required for grafting. Hence, high doses of eBeam all the way till 1000 kGy were 

applied and grafting of anthocyanins at doses lower than 10 kGy was attempted. FTIR studies 

showed no covalent bond formation. Scanning Electron Microscopy (SEM) of the PE films 

treated with even 1000 kGy showed no difference from the control samples (Fig 9). 

Therefore, it does not appear that scissioning of PE polymers occurs even at 1000 kGy 

eBeam dose.  

 

 

                 

FIG. 9 – SEM images of PE film before and after eBeam treatment with 1000 kGy:Control 

PE film (A) PE film irradiated with 1000 kGy (B) 

 

The SEM images of control and eBeam treated samples show no difference on the surface of 

the polymer (Fig. 9). This suggests that PE is not a suitable candidate for direct grafting of 

phytochemicals. In retrospect , we should have evaluated a variety of polymers initially to 

identify the most ideal polymer for our grafting approach. 

 

19.4. CONCLUSION 

It is concluded that anthocyanin specifically when extracted with alcohol has a relatively 

good stability to high doses of eBeam even all the way up to 100 kGy. Anthocyanins can 

maintain their properties to a considerable degree; however, betacyanins are not resistant to 

eBeam irradiation. Polyethylene is a very strong and resistant polymer that even a high dose 

of 1000 kGy does not affect its surface or its properties. Therefore, polyethylene is not an 

ideal polymer backbone for grafting organic and phenolic materials. 

A B 
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