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Sumário 
Na última década um grande esforço foi feito pelas indústrias de 

embalagens e de alimentos no sentido de reduzir a quantidade de resíduos 

associados ao consumo de alimentos. Filmes e revestimentos comestíveis, 

fabricados a partir de proteínas do soro, têm sido até à data bem sucedidos. A 

capacidade de servir outras funções, tais como transporte de antimicrobianos, 

antioxidantes ou outros nutracêuticos, sem no entanto comprometer 

significativamente a barreira primária e as propriedades mecânicas desejáveis 

para uso como embalagens, acrescenta valor para eventuais aplicações 

comerciais.  

Deste modo, o estudo relatado nesta tese teve por objectivo o 

desenvolvimento e caracterização de filmes e revestimentos comestíveis 

bioactivos, fabricados a partir de proteínas do soro a 10 %(w/w) como 

matéria-prima, para melhorar a qualidade e segurança de produtos 

alimentares seleccionados, usando o queijo como caso de estudo. Assim, 

vários produtos do soro disponíveis no mercado, incluindo um isolado de 

proteína do soro (IPS) e três concentrados de proteína do soro (duas formas 

de CPS 80, e uma de CPS 50), foram caracterizados em termos da sua 

composição química e proteica. A microcalorimetria diferencial de varrimento 

(μDSC) e a reologia foram utilizadas, como principais técnicas analíticas, para 

verificar como a composição de tais produtos pode afectar as propriedades 

térmicas e de gelificação em função do pH. Condições ácidas aumentaram a 

temperatura de transição da endotérmica dominante associada à β-

lactoglobulina (β-Lg), mas diminuiram a temperatura atribuída à transição da 

α-lactoalbumina (α-La) o que se reflectiu num aumento da estabilidade 

térmica do IPS, do CPS 80A e do CPS 80B. IPS, CPS 80A e CPS 80B 

exibiram os géis mais fortes a pH 5. Além disso, IPS (seguido de CPS 80A) 

produziu géis mais fortes, independentemente dos valores de pH, o que pode 

ser atribuído ao maior grau de pureza, ao menor teor de proteína insolúvel e 

de agregados, e à maior relação β-Lg/α-La e Ca/Na. No caso do CPS 50, a 
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gelificação não ocorreu de todo. Consequentemente, os produtos de IPS e 

CPS 80A, que apresentaram as melhores propriedades de gel, foram usados 

a 10 %(w/w) para produzir filmes comestíveis. Posteriormente três 

concentrações de glicerol foram adicionados como plastificante, em base 

proteica, e os filmes produzidos foram detalhadamente caracterizados.  

A estrutura molecular, as propriedades de barreira, tracção, térmicas, 

hidrofobicidade de superfície e ópticas dos filmes obtidos, foram 

determinadas na tentativa de proporcionar uma melhor compreensão do 

efeito da matéria-prima proteica e do teor em glicerol. Os filmes de IPS 

exibiram valores estatisticamente (p < 0.05) inferiores de teor de humidade 

(H), solubilidade (S), actividade de água (aw), permeabilidade ao vapor de 

água (PH2O), permeabilidades ao oxigénio e dióxido de carbono (PO2 e 

PCO2, respectivamente), e alteração de cor, assim como valores 

estatisticamente (p < 0.05) superiores de densidade (ρs), hidrofobicidade de 

superfície, resistência mecânica, rigidez, extensibilidade e tranparência do 

que os filmes de CPS 80A, para o mesmo teor de glicerol. Os resultados 

acima mencionados foram, por sua vez, consistentes com as análises térmica 

e de espectroscopia de infravermelhos por transformação de Fourier (FTIR), o 

que indicou que os filmes de IPS foram mais fortes e estáveis, provavelmente 

devido às temperaturas térmicas mais elevadas, juntamente com um maior 

grau de interligações por ligações covalentes e não-covalentes (associadas a 

um maior teor de motivos tipo folha-β pregueada). Por outro lado, foi 

observado um aumento significativo (p < 0.05) na H, S, PH2O, PO2, PCO2, 

perda de massa e extensibilidade dos filmes quando o teor de glicerol foi 

aumentado; enquanto se observou uma diminuição significativa (p < 0.05) nas 

propriedades térmicas, bem como na resistência mecânica e rigidez, levando 

à obtenção de filmes mais fracos.  

Dos testes anteriormente efectuados, 10 %(w/w) IPS com 50 %(w/w) 

de glicerol, foi a formulação base escolhida para o desenvolvimento de filmes 

e revestimentos antimicrobianos comestíveis, uma vez que demonstrou as 
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melhores propriedades tecnológicas (nomeadamente em termos de 

extensibilidade do filme). Diversos compostos antimicrobianos, incluindo os 

ácidos cítrico e láctico, nisina, oligoquitosano (COS) com MW <3 kDa e 

benzoato de sódio, foram testados no intuito da determinação da sua 

concentração mínima inibitória e letal (CMI e CML, respectivamente), contra 

um número de microrganismos relevantes de origem alimentar 

frequentemente encontrados no queijo: bactérias Gram-negativas 

(Escherichia coli, Salmonella spp. e Pseudomonas fluorescens); bactérias 

Gram-positivas (Listeria innocua e Staphylococcus aureus); e uma levedura 

(Yarrowia lipolytica). Posteriormente, os compostos antimicrobianos foram 

incorporados nos revestimentos formulados nas suas CMLs. Por fim, a 

formulação que apresentou uma maior actividade contra todos os 

microrganismos foi avaliada quanto à sua eficácia para revestir queijos de 

vaca, e foi comparada com os revestimentos comerciais disponíveis.  

Todos os agentes demonstraram eficiência em termos de actividade 

antimicrobiana; ácido láctico e COS, quando combinados, produziram o maior 

efeito contra todos os microrganismos. COS apresentou o maior efeito 

bactericida contra as bactérias Gram-negativas, enquanto que ácido láctico 

apresentou a maior actividade contra as bactérias Gram-positivas; a levedura 

foi, por sua vez, fortemente inibida pelo benzoato de sódio e pelo COS. 

Quando aplicado na superfície do queijo de vaca, o revestimento comestível 

contendo a combinação dos agentes antimicrobianos ácido láctico e COS, foi 

mais eficiente contra bactérias, mas menos eficaz contra leveduras e bolores 

quando comparado com os revestimentos comerciais.  

Para além disso, vários compostos antimicrobianos, incluindo os 

ácidos láctico e propiónico, COS com um MW <3 kDa e natamicina, foram 

testados para determinar as CMIs e CMLs contra uma bactéria modelo Gram-

negativa (E. coli), uma bactéria modelo Gram-positiva (S. aureus), e uma 

levedura modelo (Y. lipolytica). Posteriormente, esses compostos foram 

incorporados em filmes comestíveis, nas respectivas CMLs. As propriedades 
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antimicrobianas resultantes foram avaliadas através de dois ensaios 

complementares: um mais qualitativo e outro mais quantitativo, quanto á sua 

natureza, ou seja, difusão em agar e contagem de células viáveis, 

respectivamente.  

O efeito da incorporação dos compostos na espessura, H, S, ρs, aw e 

PH2O, assim como sobre as propriedades de tracção e ópticas destes filmes, 

foi também avaliado. Filmes contendo ácidos láctico e propiónico ou COS 

exibiram actividade antimicrobiana contra todos os microrganismos testados. 

Além disso, o ensaio de contagem de células viáveis afigurou-se como o mais 

sensível e reprodutível relativamente ao de difusão em agar. COS foi o mais 

activo contra bactérias Gram-negativas, enquanto o ácido láctico foi o mais 

activo contra as Gram-positivas. Natamicina não mostrou actividade contra 

bactérias, mas demonstrou o maior efeito contra leveduras. A incorporação 

dos compostos antimicrobianos não aumentou significativamente (p > 0.05) a 

espessura do filme; contudo, a resistência mecânica foi significativamente (p < 

0.05) reduzida. A incorporação do ácido láctico e da natamicina não afectou 

significativamente (p > 0.05) os valores de H, S, ρs, PH2O, extensibilidade e 

rigidez. Contudo, um aumento estatisticamente significativo (p < 0.05) de H, S 

e PH2O, juntamente com uma diminuição estatisticamente significativa (p < 

0.05) de ρs foram obtidos após incorporação de ácido propiónico ou COS. 

Além disso, o ácido propiónico produziu a maior variação (p < 0.05) na 

resistência mecânica, rigidez e extensibilidade, enquanto o COS produziu a 

maior alteração (p < 0.05) nas propriedades ópticas. 

Por fim, de modo a melhorar a adesão do revestimento à superfície do 

queijo e reduzir o tempo de secagem da matriz base do revestimento 

comestível (ou seja, 10 %,w/w IPS com 50 %,w/w de glicerol, em base 

proteica) para cobrir o queijo, foram adicionadas concentrações pré-

seleccionadas de compostos específicos de grau alimentar (ou seja, goma de 

guar (0.7 %,w/w), óleo de girassol (10 %,w/w) e Tween 20 (0.2 %,w/w)) para 

promover o aumento da viscosidade, hidrofobicidade e estabilidade, 
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respectivamente. Depois disso, e de acordo com os resultados obtidos com 

os revestimentos e filmes antimicrobianos comestíveis, combinações de 

compostos antimicrobianos (ou seja, natamicina e ácido láctico, natamicina e 

COS, e natamicina, ácido láctico e COS), foram incorporados nos 

revestimentos comestíveis desenvolvidos tendo as soluções resultantes sido 

aplicadas na superfície de queijo Saloio comercial. Posteriormente, a 

eficiência das soluções de revestimentos antimicrobianos foi avaliada por 

medição das propriedades físico-químicas, microbiológicas e sensoriais de 

queijos revestidos, ao longo de 60 dias de armazenamento. Essas 

propriedades foram depois comparadas com queijos revestidos com 

revestimentos comerciais e com queijos sem revestimento.  

As propriedades físico-químicas e microbiológicas analisadas 

mostraram que a aplicação de revestimento diminuiu a perda de água 

(aproximadamente 10 %,w/w), a dureza e a alteração de cor, assim como o 

desenvolvimento microbiológico nos queijos durante o armazenamento. Não 

se registaram diferenças estatisticamente significativas (p > 0.05) em termos 

de perda de água, teor de humidade, gordura e sal, assim como de aw, pH e 

dureza, entre amostras de queijo com revestimentos comestíveis ou 

comerciais, o que demonstra que os revestimentos antimicrobianos 

comestíveis desenvolvidos poderiam ser usados em alternativa aos 

comerciais, no que se refere a tais propriedades. Por outro lado, a análise de 

cor mostrou que as amostras de queijo com qualquer dos revestimentos 

antimicrobianos comestíveis exibiram uma menor alteração de cor do que os 

queijos revestidos com revestimento comercial ou com nenhum.  

Em termos das propriedades microbiológicas, os revestimentos 

antimicrobianos comestíveis não demonstraram crescimento (<100 UFC g-1) 

de Staphylococcus spp., Pseudomonas spp., Enterobacteriaceae, leveduras e 

bolores, o que evidenciou a sua capacidade para garantir a segurança do 

queijo durante, no mínimo, 60 dias de armazenamento. Para além disso, não 

inibiu o crescimento de bactérias lácticas tendo estas bactérias estado 
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presentes a níveis elevados e constantes ao longo do período de 

armazenamento. Os revestimentos comerciais apenas inibiram o crescimento 

de leveduras e bolores. Em relação às análises sensoriais, o revestimento 

antimicrobiano comestível contendo natamicina e ácido láctico foi o melhor 

aceite pelos elementos do painel durante o período de armazenamento, 

enquanto que os restantes revestimentos comestíveis e comercial mostraram 

uma aceitabilidade semelhante (p > 0.05). 
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Abstract 
 

In the last decade major efforts have been made by packaging and 

food industries to reduce the amount of residual waste associated with food 

consumption, in particular the development of edible packaging materials. 

Viable edible films and coatings have already proven to be successful when 

manufactured from whey proteins. Their ability to serve other functions, e.g. 

vehicles of antimicrobials, antioxidants or other nutraceuticals, without 

significantly compromising their desirable primary barrier and mechanical 

properties as packaging films, will add value to eventual commercial 

applications.  

The study reported in this thesis consisted of the development and 

characterization of bioactive edible films and coatings using whey proteins at 

10 %(w/w) as feedstock, in order to improve the quality and safety of selected 

food products, using cheese as a case study. Hence, various whey protein 

products available commercially, including one whey protein isolate (WPI) and 

three whey protein concentrates (two forms of WPC 80, and WPC 50), were 

characterized in terms of their chemical and protein composition. 

Microdifferential scanning calorimetry (μDSC) and rheometry were used, as 

the main analytical techniques, to ascertain how composition of such products 

affects the thermal and gelation properties as a function of pH. Acidic 

conditions increased the temperature of the dominant endothermic transition 

associated to β-lactoglobulin (β-Lg), but decreased the temperature attributed 

to α-lactalbumin (α-La) transition thus increasing the thermal stability of WPI, 

WPC 80A and WPC 80B. WPI, WPC 80A and WPC 80B exhibited the highest 

gel strength at pH 5. In addition, WPI (followed by WPC 80A) led to the 

stronger gels, irrespective of pH values, which may be attributed to the higher 

purity, the lower content of insoluble protein and aggregates and the higher β-

Lg/α-La and Ca/Na ratios. In the case of WPC 50, gelation did not occur at all. 

Consequently, WPI and WPC 80A products, that exhibited the greatest gel 

properties, were used at 10 %(w/w) to produce edible films. Afterwards three 
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levels of glycerol were added as plasticizer, on a protein basis, and such films 

were extensively characterized.  

The molecular structure, barrier, tensile, thermal, surface 

hydrophobicity and optical properties of the films obtained, were determined in 

attempts to provide a better understanding of the effects of the proteinaceous 

feedstock and the glycerol content. WPI films exhibited statistically lower (p < 

0.05) moisture content (MC), film solubility (S), water activity (aw), water vapor 

permeability (WVP), oxygen and carbon dioxide permeabilities (O2P and 

CO2P, respectively) and color change values, as well as statistically higher (p 

< 0.05) density (ρs), surface hydrophobicity, mechanical resistance, stiffness, 

extensibility and transparency values than WPC 80A films, for the same 

content of glycerol. The above results were in turn consistent with thermal and 

Fourier transform infrared spectroscopic (FTIR) analyses, which indicated that 

the WPI films were stronger and more stable, presumably because of higher 

thermal properties, along with a higher degree of cross-linking via non-

covalent and covalent bonds (associated with a higher content of β-sheet 

structures). On the other hand, a significant increase (p < 0.05) was observed 

in MC, S, WVP, O2P, CO2P, weight loss and extensibility of both protein films 

when glycerol content was increased; whereas a significant decrease (p < 

0.05) was obtained in thermal properties, as well as in mechanical resistance 

and stiffness, thus leading to weaker films. 

From the previous tests, 10 %(w/w) WPI added with 50 %(w/w) 

glycerol, was chosen as the base formulation for development of antimicrobial 

edible films and coatings, since it proved the best compromise of technological 

features (particularly in terms of film extensibility). Several antimicrobial 

compounds, including citric and lactic acids, nisin, chitooligosaccharides 

(COS) with a MW <3 kDa and sodium benzoate, were tested for their minimum 

inhibitory and lethal concentrations (MICs and MLCs, respectively) against a 

number of relevant food-borne microorganisms frequently found in cheese: 

Gram-negative bacteria (e.g. Escherichia coli, Salmonella spp. and 
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Pseudomonas fluorescens); Gram-positive bacteria (e.g. Listeria innocua and 

Staphylococcus aureus); and a yeast (e.g. Yarrowia lipolytica). Afterwards, the 

antimicrobial agents were incorporated in formulated coatings at their MLCs. 

Finally, the formulation with the highest activity against all microorganisms 

was assessed for its efficacy for coating cow’s cheeses, and compared with 

commercially available coatings.  

All agents proved efficient in terms of antimicrobial activity; lactic acid 

and COS, when combined, yielded the strongest effects against all 

microorganisms. COS showed the highest bactericidal effect against the 

Gram-negative bacteria, whereas lactic acid exhibited the greatest activity 

against the Gram-positive bacteria; the yeast was, in turn, strongly inhibited by 

sodium benzoate and COS. When applied on the surface of cow’s cheese, 

edible coating containing a combination of antimicrobial agents, lactic acid and 

COS, was more powerful towards bacteria but less effective against yeasts 

and molds than their commercial counterpart. 
In addition, several antimicrobial compounds, including lactic and 

propionic acids, COS with a MW <3 kDa and natamycin, were assessed for 

their MICs and MLCs against a model Gram-negative bacterium (e.g. E. coli), 

a model Gram-positive bacterium (e.g. S. aureus), and a model yeast (e.g. Y. 

lipolytica). Subsequently, the compounds were incorporated in edible films at 

their MLCs. The resulting antimicrobial features were evaluated using two 

complementary assays: one more qualitative and another more quantitative in 

nature, i.e. agar diffusion and viable cell counting, respectively. 

The effect of incorporating the compounds on the thickness, MC, S, ρs, 

aw, WVP, tensile and optical properties of those films was also evaluated. 

Films containing lactic and propionic acids or COS exhibited antimicrobial 

activity against all microorganisms tested. Moreover, the viable cell count 

assay was more sensitive and reproducible than the agar diffusion one. COS 

was the most active agent against Gram-negative bacteria, whereas lactic 

acid was the most active against Gram-positive ones. Natamycin did not 
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exhibit activity against bacteria, but displayed the strongest effect against 

yeast. Incorporation of the antimicrobial compounds did not significantly 

increase (p > 0.05) film thickness; however, it significantly (p < 0.05) reduced 

mechanical resistance. Incorporation of lactic acid and natamycin did not 

significantly (p > 0.05) affect MC, S, ρs, WVP, extensibility and stiffness 

values. Nevertheless, a statistically significant increase (p < 0.05) of MC, S 

and WVP, together with a statistically significant decrease (p < 0.05) of ρs 

were attained upon incorporation of propionic acid or COS. Moreover, 

propionic acid produced the highest variation (p < 0.05) in mechanical 

resistance, stiffness and extensibility, whereas COS produced the highest 

change (p < 0.05) in optical properties. 

Finally, in order to improve the coating adherence to the surface of 

cheese and reduce the drying time of the edible coating base matrix (i.e. 10 

%,w/w WPI with 50 %,w/w glycerol, on a protein basis) to wrap cheese, 

specific food-grade compounds at pre-selected concentrations (i.e. guar gum 

(0.7 %,w/w), sunflower oil (10 %,w/w) and Tween 20 (0.2 %,w/w)) were added 

to promote an increase of viscosity, hydrophobicity and stability, respectively. 

Following the results obtained with the antimicrobial edible coatings and films, 

combinations of antimicrobial compounds (i.e. natamycin and lactic acid, 

natamycin and COS, and natamycin, lactic acid and COS), were incorporated 

in the edible coating developed and the resulting solutions were applied on the 

surface of commercial Saloio cheese. The effectiveness of the antimicrobial 

coating solutions was evaluated by measuring the physicochemical, 

microbiological and sensory properties of coated cheese over a period of 60 

days storage. Those properties were latter compared with cheese coated with 

commercial coatings and uncoated cheese.  

The physicochemical and microbiological analyses showed that 

application of the coating decreased water loss (ca. 10 %,w/w), hardness and 

color changes, as well as microbial development on cheese throughout 
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storage. Statistically significant (p > 0.05) differences were not obtained in 

terms of weight loss, moisture, fat and salt contents, as well as of aw, pH and 

hardness between cheese samples bearing edible or commercial coatings, 

which demonstrate that the antimicrobial edible coatings developed, could be 

used as a suitable alternative to their commercial counterpart(s) regarding 

these properties. On the other hand, color analysis showed that cheese 

samples with any of the antimicrobial edible coatings exhibited a lower color 

change than cheese coated with commercial coating or without coating at all.  

In terms of microbiological properties, the antimicrobial edible coatings 

did not display growth (<100 CFU g-1) of Staphylococcus spp., Pseudomonas 

spp., Enterobacteriaceae, yeasts and molds which demonstrates their ability 

to assure the safety of cheese for, at least, 60 days storage. In addition, they 

did not inhibit lactic acid bacteria growth and these bacteria were present at 

high constant levels throughout the storage period. Commercial coatings 

inhibited growth of only yeasts and molds. With regard to sensory analysis, the 

antimicrobial edible coating containing natamycin and lactic acid was the most 

accepted by the panellists throughout the storage period, whereas the 

remaining edible and commercial coatings showed a similar (p > 0.05) 

acceptability.





                                                                                                                            Scope and outline   

 
 

xxiii 

Scope and outline 

This thesis is organized in 5 main parts, thus reflecting closely the 

development of my research work: Part I, Part II, Part III, Part IV and Part V. 

All chapters are related to each other; the aims and methodology chosen in 

each chapter were indeed dependent on the conclusions brought about in 

previous one(s).  

 Overall, the work described in this thesis encompasses development 

and characterization of bioactive edible materials obtained from renewable 

sources, for eventual use in packaging – to improve the quality and safety of 

food products, in alternative to synthetic polymers obtained from petroleum 

(which face increasing environmental problems). 

Part I includes Chapter 1, and entails a review of the environmental 

impact of packaging using synthetic polymers, and the promising proposal of 

using edible films and coatings to decrease such an environmental impact. A 

particular emphasis was put on whey protein biopolymers used to produce 

edible films and coatings, and on bioactive compounds they are able to carry 

(to improve the quality and safety of the packaged food products), as well as 

on methods used to produce and characterize said films. 

A comprehensive characterization of whey proteins was performed in 

Part II. In Chapter 2, various whey protein products were characterized in 

terms of their chemical and protein profiles. The effect of composition upon 

thermal denaturation and gelation properties, at various pH values, was also 

evaluated. Complementary methodologies were employed to provide a more 

rational understanding of the interactions among components of whey proteins 

(including presence of lecithin or minerals), and the underlying molecular 

mechanisms responsible for specific functional features.  

In Chapter 3, a detailed characterization was presented of whey 

protein edible films made from two different products – which had 

demonstrated the best gelation features in the previous chapter, under various 

glycerol levels. The molecular structure, as well as barrier, mechanical, 
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thermal, surface and optical properties of such films were determined – in 

order to provide a better understanding of the effects of the protein product 

chosen and the plasticizer content used. 

Preliminary tests aimed at assessing in vitro the antimicrobial 

effectiveness of edible films and coatings made from whey protein isolate and 

glycerol were considered in Part III – including incorporation of various 

antimicrobial agents against heterogeneous spoilage micoflora usually found 
on cheese surfaces. 

The development of antimicrobial edible coatings was specifically 

conducted in Chapter 4. The formulation yielding the strongest effectiveness 

against all microorganisms tested was evaluated upon the surface ecology of 

cow’s cheeses – and was compared with commercial coatings available in the 

market (i.e. made from PVA), which include antifungal compounds.  

In Chapter 5, the performance of antimicrobial edible films was 

ascertained using two complementary assays: a more qualitative one (i.e. 

agar diffusion) and a more quantitative one (i.e. viable cell count). The effect 

of incorporation of antimicrobial compounds upon physical, mechanical and 

optical properties of those films was evaluated – in attempts to optimize their 

formulation in terms of antimicrobial performance, without significantly 

compromising the functional properties of such films. 

Part VI included Chapter 6, and presented the development of an 

edible coating with improved features (relative to that used in Chapter 4) to 

wrap cheeses. The antimicrobial solutions, suggested in Chapters 4 and 5, 

were incorporated in the coating developed and the resulting solutions were 

applied on the surface of experimental Saloio cheeses. The effectiveness of 

the antimicrobial edible coatings was evaluated by measuring the 

physicochemical, microbiological and sensory properties of coated cheese 

over 60 days of storage – and those properties were compared with cheese 

coated with commercial coatings and uncoated cheese. 
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Finally, in Part V, the overall conclusions were presented in Chapter 7 

– and future prospects, based on critical questions arising from this 

dissertation, were put forward in Chapter 8. 

The scheme below depicts the structure of this thesis, and illustrates 

the major relationships between chapters and parts. 
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1. Introduction 

An increased interest has arisen in recent years regarding 

biodegradable materials for food packaging – not only because packaging is 

necessary for food storage due to the intrinsically perishable nature of foods 

(while accounting for a major cost of the final product), but chiefly because 

stricter regulations have been imposed on disposal of spent packages 

following food consumption. Synthetic polymers obtained from petroleum have 

been the classical choice for food packaging, because of their low cost, ready 

availability, and suitable mechanical and barrier features (Siracusa, Rocculi, 

Romani, & Rosa, 2008); however, they take too long to spontaneously decay, 

so they will eventually constitute a serious burden to the environment. Hence, 

edible and biodegradable packaging has been actively sought – e.g. that 

produced from renewable raw materials or synthesized by microorganisms.  

Edible films and coatings with a potential in this particular encompass 

polysaccharides, proteins and lipids, and composites thereof – derived from 

plant or animal sources; typical examples of edible films and coatings include 

those manufactured from starch, chitosan and whey proteins – all of which are 

readily available from industrial by-products of agrofood and fishery 

processing (Bourtoom, 2009; Guilbert, Gontard, & Gorris, 1996; Khwaldia, 

Perez, Banon, Desobry, & Hardy, 2004; Ramos, & Malcata, 2011; 

Tharanathan, 2003). Due to the intrinsic nature of those films and coatings, 

biodegradability, edibility and non-toxicity would be extra (and convenient) 

advantages for foods packaged therewith (Han, 2002; Tharanathan, 2003). 

Such materials can also function as effective barriers to moisture, gas and 

aroma migration, between adjacent food components and/or between the food 

and the outer environment – thus contributing to extend the shelf-life of food 

throughout storage (Kester & Fennema, 1986; Naushad & Stading, 2007). 

Edible films can be used to produce pouches, wraps, capsules, bags or 

casings, depending on the extent of the fabrication processes; coatings are a 
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particular form of films that are applied directly onto the surface of materials. 

There are not basic differences in material composition between films and 

coatings, other than their thickness. Although removal of coatings may be 

possible, they are not typically designed to be disposed off separately from the 

coated material itself – thus being normally regarded as part of the final 

product (Jooyandeh, 2011). Of particular interest here are protein-based films 

and coatings. Recent decades have indeed witnessed an increased interest 

on whey protein products – owing not only to their intrinsic nutritional role, but 

more and more often because of their important features in food packaging 

(Ramos, Fernandes, Silva, Pintado, & Malcata, 2011). 

Whey protein films and coatings possess excellent mechanical and 

barrier properties, which are better than competitive protein-based (e.g. corn 

zein, wheat gluten and soy protein isolate) or polysaccharide-based (e.g. 

starch, cellulose, carrageenan and pectin) films; they are even comparable to 

the best synthetic polymer films in the market (Khwaldia et al., 2004; McHugh, 

Aujard, & Krochta, 1994; Ramos et al., 2011). However, they exhibit poor 

moisture barrier properties, so plasticizers (e.g. sorbitol or glycerol) need to be 

added to improve resistance to moisture transfer and plasticity (Bourtoom, 

2009).  

Furthermore, such films and coating can serve other purposes with 

associated high-added values, viz. carrying of foods additives such as 

antimicrobials, antioxidants, colorants, flavors, fortifying nutrients and spices, 

which improve the functionality of the packaging materials by adding novel or 

extra functions (Pranoto, Salokhe, & Rakshit, 2005; Ramos et al., 2011; 

Salmieri & Lacroix, 2006) – and thus allow reduced diffusion rates of such 

compounds from edible films and coatings into the product, to assist in 

maintenance of high concentrations with improved stability of active 

ingredients where they are actually required (Kristo, Koutsoumanis, & 

Biliaderis, 2008), and without significantly compromising the intended primary 
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barrier and mechanical properties of such edible films and coatings (Cuq, 

Gontard, & Guilbert, 1995; Han, 2000; 2001).  

Characterization of edible films and coatings, manufactured from 

various whey protein products, is one of the major focus of this PhD thesis. In 

addition, an important account is given to the development of antimicrobial 

whey protein films and coatings to improve quality and safety of food products 

– with particular relevance to cheese, in order to find an edible suitable 

alternative relative to commercial available counterparts (and considering 

feasible applications in the food industry). 

 

1.1. Plastic packaging waste 
Polymers and plastics are typical industrial materials of the last century 

– and the consistent innovation undergone by them helps explaining that, 

since 1950, plastic production has increased by an average of almost 10 % 

every year (on a world basis). From ca. 1.5 million tons in 1950, the global 

production of plastics has grown to 230 million tons in 2009 – see Figure 1.1. 

Western Europe accounts for 24.0 % of that amount, a similar level to that of 

North America – 23.0 % (PlasticsEurope, 2009) – see Figure 1.2. An analysis 

of plastic consumption on a per capita basis shows that it has now attained 

115 kg/year in North America and 118 kg/year in Western Europe. 

At present, the highest potential for growth can be found in some 

rapidly developing regions of Asia – 6.2 % per year, where the per capita 

consumption is still ca. 27 kg/year – see Figure 1.3. In the European context, it 

is the new Member States that are expected to experience the largest 

increase, as their economies develop at a faster rate (PlasticsEurope, 2007). 
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Figure 1.1. World production of plastics. 

Source: PlasticsEurope Market Research Group (PEMRG) 

 

 

 

 

 

 

 

 

 

Figure 1.2. World production of plastics per country/region (2009).  
Source: PlasticsEurope Market Research Group (PEMRG) 
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Figure 1.3. Per capita demand/year of plastic materials (in kg/year per capita)  

  Source: PlasticsEurope,WG Market Research & Statistics 

 

In terms of end-use applications, packaging accounts for 40.1 % of all 

plastics in Western Europe (see Figure 1.4), and ca. 25.0 % in Portugal 

(PlasticsEurope, 2009). In this field, plastics provide packages with such 

important properties as strength and stiffness, barriers to oxygen and 

moisture, resistance to chemical attack and flexibility (Avella, Bonadies, 

Martuscelli, & Rimedio, 2001).  

Plastic materials used in food packaging are expected to be easily 

processed, so their melt flow behaviour and thermal properties should abide to 

the thermal/cooling procedures undergone by food from production to 

ingestion. Furthermore, these plastics should possess excellent optical 

properties, in terms of high transparency – besides good sealability and 

printing features. Finally, their composition is to meet general legislation and 
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specific consumers’ demand for essential information on their chemical 

composition (Vlieger, 2003).  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4. European demand for plastics by segments (2009). 

Source: PlasticsEurope Market Research Group (PEMRG) 
 

Degradation of plastics requires a long time, and most of them 

eventual constitute an over-burden to the environment. Since food packaging 

remains one of the major uses of packaging plastics in the world, the industry 

has been focussing on waste reduction associated with those packages 

following consumption of the food. On the other hand, quality and shelf-life are 

reduced when foods – via interaction with their environment, gain moisture 

(thus promoting microbial growth), exchange aroma components (thus 

permitting off-flavor development), take up oxygen (thus leading to oxidative 

rancidity, color alteration and microbial growth) or become directly 

contaminated with microorganisms upon contact.  
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In multicomponent foods, their quality (and shelf-life) is also 

constrained when moisture, aroma compounds or lipids migrate from one food 

component to another (Krochta & de Mulder-Johnston, 1997).  

The polymers and related materials used nowadays for food packaging 

consist of a variety of petroleum-derived plastics, metals, glass, paper and 

board (or combinations thereof), because of their wide availability in large 

quantities at relatively low cost, coupled with their favourable functionalities. 

With the exception of paper and board, all major packaging materials are thus 

based on non-renewable materials; this implies that, at some point, alternative 

packaging materials based on renewable resources have to be found, so as to 

replace most existing polymers produced by chemical synthesis, and thus 

reduce the problems pertaining to waste disposal (Weber, Haugaard, 

Festersen, & Bertelsen, 2002). Non-totally recyclable or biodegradable 

materials pose indeed a number of serious ecological problems (Sorrentino, 

Gorrasi, & Vittoria, 2007). Furthermore, used plastic packages are frequently 

contaminated by foodstuff and organic substances, so recycling thereof is 

impracticable – and often economically inconvenient. As a consequence, 

thousands and thousands of ton of plastic materials are land filled, and 

consequently increase the problem of municipal waste disposal every year 

(Kirwan & Strawbridge, 2003).  

Therefore, a growing environmental awareness worldwide urges 

packaging films to possess eco-friendly, in addition to user-friendly attributes; 

biodegradability is not only a functional requirement, but also a must for 

sustainability. Low cost agricultural and seafood commodities – commonly 

found in developing countries, lead to large amounts of surplus and wastes 

that constitute under-utilized sources of biopolymers. Research on alternative 

uses and reprocessing of biopolymers will add commercial value to otherwise 

plain waste, while reactivating depleted economies and reducing pollution 

problems (Garcia, Pinotti, Martino, & Zaritzky, 2004).  
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1.2. Edible film and coating properties  
Edible films are in essence a thin continuous sheet formed from a 

biopolymer matrix that is cohesive enough, and has the physical integrity to 

stand alone. Depending on their thermal properties and surface chemistry, 

edible films can be formed into pouches, or else laminated onto other 

packaging substrates. Moreover, they must be strong and flexible to withstand 

forces experienced during handling and processing (Guilbert et al., 1996; 

Jooyandeh, 2011; Sonti, 2000). Edible films are the form used to study 

mechanical, barrier and surface properties of biopolymers. 

Edible coatings are typically thinner than edible films, and are applied 

directly onto the surface of a food product or placed (after pre-forming) on or 

between food components via dipping, spraying or brushing. Furthermore, 

they do not necessarily need to be as tough and resilient as a stand-alone film 

because of the underlying support of food. Their higher benefits are indeed 

being consumed along with the food – thus providing a more efficient delivery 

of ingredients (e.g. nutrients and antimicrobials) and enhancing sensory 

characteristics; or even maintaining appearance and quality of food products 

after the package is opened – thus making it more appealing to consumers 

(Guilbert et al., 1996; Jooyandeh, 2011; Sonti, 2000). Since they may be 

ingested, their non-toxicity must be proved, as well as their composition 

should conform to regulations that apply to food products at large (Guilbert et 

al., 1996).  

The functional characteristics required for edible films and coatings 

depend on the food product matrix (low to high moisture content) and the 

deterioration processes it will be subjected to, namely storage time, 

temperature and humidity (Debeaufort et al., 1998; Guilbert et al., 1996). Such 

materials should perform as effective barriers to moisture, gas aroma and oil 

compounds into or out of a food, thus avoiding their solubilization and 

contributing to extend shelf-life throughout storage (Krochta & de Mulder-

Johnston, 1997; McHugh & Senesi, 2000; Sonti, 2000). Furthermore, they 
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improve mechanical integrity or handling characteristics of food, while being 

used as carrier of some ingredients such as antimicrobials, antioxidants, 

flavors, colorants and nutraceuticals (Guilbert, Cuq, & Gontard, 1997; Han, 

2002; 2003; Kester & Fennema, 1986; Ramos et al. 2011). This is made 

explicit in Figure 1.5. 

 

 
Figure 1.5. Quality attributes provided by edible coatings to food products.  

 

1.3. Edible film and coating biopolymers  

Biopolymers for edible films and coatings offer alternative 

biodegradable packaging without significant environmental impacts 

afterwards. Although edible films and coatings are not meant to fully replace 

synthetic packaging, they may have plenty of uses in limiting moisture, aroma 

and lipid migration between components and the outer environment in the 

case of food products – besides a few supplementary applications (Krochta & 

de Mulder-Johnston, 1997). The main renewable and natural biopolymers are 

obtained from food-grade polysaccharides, proteins and lipids, as well as 
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composites thereof – derived from plant or animal sources, and a large 

fraction may potentially serve as edible packaging materials (Olivas & 

Barbosa-Canovas, 2008; Ramos & Malcata, 2011; Sothornvit, Olsen, 

McHugh, & Krochta, 2007). Some examples of biopolymers commonly used in 

the production of edible films and coatings are shown in Figure 1.6.  

Polysaccharides were the earliest, and still the most extensively 

studied materials for edible films and coatings. A variety of polysaccharides 

and derivatives thereof have been tested – including starch and cellulose (and 

their derivatives), chitosan, agar, alginate, carrageenan, pectin, gellan, 

galactomannan, pullulan and gums (Ramos & Malcata, 2011; Skurtys, 

Acevedo, Pedreschi, Enronoe, Osorio, & Aguilera, 2010) – see Figure 1.6. 

Films and coatings made from these materials perform well in terms of 

oxygen, aroma and oil barriers, while providing good mechanical strength and 

structural integrity; however, they are not effective moisture barriers, due to 

their hydrophilic nature (Krochta & de Mulder-Johnston, 1997). These coatings 

may, in addition, retard ripening, and thus increase the shelf-life of the coated 

food product without generating severe anaerobic conditions (Baldwin, 

Nisperos-Carriedo, & Baker, 1995; Sonti, 2000). Their wide variety of 

structures permits distinct packaging features to develop during manufacture, 

and several types of polysaccharides will lead to a wide range of properties 

useful to handle foods (Nisperos-Carriedo, 1994; Ramos & Malcata, 2011). 

The use of proteins as the basis for edible films and coatings has not 

been so extensively tackled as that of polysaccharides. However, collagen 

and gelatin have been used for a long time as casings and wraps of sausages 

and other meat products; these materials produce indeed transparent films 

that are highly permeable to moisture (Ramos & Malcata, 2011). Recently, 

several other proteins have been investigated for eventual use as edible films 

and coatings – including casein, whey protein, wheat gluten, corn zein and soy 

protein (see Figure 1.6). 



State of Art                                                                                                                                         Chapter 1   

14 

 
 

Figure 1.6. Qualitative market sources of edible biopolymers by raw material used.  
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All these proteins can be obtained from renewable resources, and are 

degraded more readily then other polymeric materials. Their oxygen barrier 

properties are associated to a tightly packed, ordered hydrogen-bonded 

network structure (Baldwin et al., 1995). In particular, milk protein-based 

coatings possess the extra advantages of constraining enzymatic browning of 

fresh-cut products; furthermore, presence of several amino acid residues 

(mainly cysteine) in the coating can inhibit polyphenoloxidase in the food 

(Ramos et al., 2011; Tien et al., 2001). 

Among naturally occurring biopolymers, lipids have received the lowest 

attention – probably because of their poor film-forming ability and fairly weak 

mechanical strength; applications of lipid-based packaging have indeed been 

restricted to edible coatings for fruits and meat products (Ramos & Malcata, 

2011). The most common lipids used include acetoglycerides, waxes (e.g. 

carnauba wax, bee wax and paraffin wax), oils (e.g. mineral oil and vegetable 

oil) and surfactants (Kester & Fennema, 1986); these materials can effectively 

reduce surface water vapor permeability, owing to their non-polarity and 

hydrophobicity. Waxes and solid lipids, in particular, are good moisture 

barriers; they can also provide gloss that enhances a visual appeal of food 

products, namely fruits. Used alone, however, they require solvent or high 

temperature casting, while exhibiting poor mechanical properties (Ramos & 

Malcata, 2011).  

 
 

1.3.1. Whey protein 
Milk possesses a protein system formed by two major families: caseins 

(which are insoluble) and whey proteins (which are soluble). The former 

account for ca. 80 %(w/w) of the whole protein inventory, and can easily be 

recovered from skim milk via isoelectric precipitation – through addition, or in 

situ production of acid, or via rennet-driven coagulation – both of which 

release whey (i.e. a yellow-green liquid) as a by-product during cheese-
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making (Madureira, Pereira, Gomes, Pintado, & Malcata, 2007) – see Figure 

1.7. 

  

 

 

 

 

 

 

 

 

 
Figure 1.7. Schematic diagram of acid and sweet whey production during cheese 

making (adapted from Madureira et al., 2007). 
 

Accordingly, there are two types of whey: acid whey, which is obtained by 

direct acidification of milk (as happens in cottage cheese manufacture); and 

sweet whey, which is obtained after rennet-coagulation, as happens in most 

cheese-making processes worldwide (Pintado, Macedo, & Malcata, 2001).  

The worldwide production of whey is estimated to be of the order of 

160 million ton per year, showing a 1-2 % annual growth rate (Smithers, 

2008). In Portugal, the production was ca. 35 000 ton in 2008 (INE, 

Estatisticas Agrícolas de 2008). 

 The pressure arising from antipollution regulations, coupled with whey 

nutritional value, as well as the challenges on the dairy industry to face whey 

surplus as a resource rather than a plain waste (Guimarães, Teixeira, & 

Domingues, 2010), associated to improvements in membrane and ion 

exchange technologies (which have made it easier to recover whey proteins 

with intended, useful functional properties), have contributed significantly to 

the increase in volume of whey protein production worldwide (Perez-Gago & 

Krochta, 2002).  
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In Portugal, ca. 50 % of whey produced every year is nowadays 

recovered and used as food ingredient or in animal feed; alternatively, it is 

subjected to thermal treatment, and subsequently used for production of lactic 

acid by fermentation – or simply for production of lactose and concentrated 

protein, following further dehydration (INE, Estatisticas Agrícolas de 2008). 

Besides the intrinsically nutritious properties of whey proteins – ca. 55 

% of the total milk nutrients, the most abundant components are lactose (4.5-

5.0 %,w/v), soluble proteins (0.6-0.8 %,w/v), lipids (0.4-0.5 %,w/v) and mineral 

salts (8-10 %,w/w) (Dragone, Mussatto, Oliveira, & Teixeira, 2009). Whey 

proteins exhibit several functional properties that are essential for the 

formation of edible films and coatings (McHugh & Krochta, 1994; Ramos et al. 

2011) – as will be seen below. On the other hand, the presence of 

triglycerides in the milk protein network significantly improves water vapor 

barrier properties, due to their low polarity; however, when present, they also 

lead to more opaque and relatively inflexible films and coatings (Guilbert et al., 

1996).  

Whey proteins include chiefly β-Lactoglobulin (β-Lg) and α-Lactalbumin 

(α-La), which represent 50 and 20 %, respectively, of the total proteins; the 

remainder is accounted for by immunoglobulins (Ig), bovine serum albumin 

(BSA), proteose peptones (PP), bovine lactoferrin (LF) and lactoperoxidase 

(LPOD) – in addition to other minor proteinaceous components. Whey salts 

include NaCl and KCI (more than 50 % of the total), as well as calcium salts 

(primarily phosphate) among others. Whey also contains non-negligible 

amounts of other components, viz. lactic (0.05 %,w/v) and citric acids, non-

protein nitrogen compounds (urea, orotic and uric acid), and vitamins of the B 

group (Madureira et al., 2007). 

The profiles of whey protein products depend of several factors, such 

as type of feedstock whey (acid or sweet), source of milk (bovine, caprine or 

ovine), positioning within the year season, lactation stage and type of feed. 

However, the effect of each of these factors upon variability of the final 
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commercial products can be avoided via control of processing parameters by 

the manufacturers, in order to assure constant quality and fully meet market 

specifications (Ramos et al., 2011). 

The profile of bovine whey protein – including general physicochemical 

properties, is depicted in Table 1.1. 

 
Table 1.1. Composition of major proteins in bovine whey, their relative concentration, 
molecular weight (Mw), isoelectric point (pI), temperature of denaturation (Td) and 
number of amino acid residues (adapted from Madureira et al., 2007; Regalado, 
Pérez-Pérez, Lara-Cortés, & García-Almendarez, 2006). 

Whey protein 
Concentration 

(g L-1) 

Mw 

(kDa) 
pI 

Td 

(ºC) 

Number of 

amino acid 

residues 

Total 7 - - - - 
β-Lactoglobulin 3 18.3 5.3 71.9 162 
α-Lactalbumin 0.7 14.2 4.8 64.3 123 

Immunoglobulins 1 150-900 5.5-6.8 - - 
Bovine serum 

Albumin 0.4 66.4 4.7-4.9 72.0-74.0 583 

Proteose peptones ≥ 1 < 12 3.3-3.7 - - 
Lactoferrin 0.02-0.35 80 9.5 - 700 

Lactoperoxidase 0.01-0.03 70 9.8 - 612 
Note: (-) Variable value.   

 

1.3.1.1. Whey protein concentrates and isolates 

In the latest two decades, the evolution of separation technologies, viz. 

those relying on selective, porous membranes, have permitted a number of 

protein whey components to become available at relatively low cost, and 

hence be widespread additives in food.  

Whey may indeed be subjected to several treatments, thus originating 

whey products with specific qualitative and quantitative profiles of proteins, 

minerals, lipids and sugars; the aforementioned membrane-based separation 

technologies include ultrafiltration (UF) to concentrate proteins, or diafiltration 

(DF) to remove most lactose, minerals and low molecular weight components 
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– and thus produce whey protein concentrates (WPC). Depending on their 

concentration, there are standard WPC containing 35, 50, 65 and 80 %(w/w) 

protein (Madureira et al., 2007; Ramos et al., 2011). Whey protein isolate 

(WPI) contains at least 90 %(w/w) protein, and can be obtained by ion 

exchange or by membrane separation processing followed by concentration 

and drying; this leads to a higher quality and purity, but also to a more 

expensive product. Depending on the type and sequence of membrane 

processing, WPI does not preserve the proportions of whey proteins, as is the 

case for WPC. The WPI is generally richer in β-Lg and α-La, but proportionally 

poorer in Ig, LF and LPOD. Both those products are used as vectors for 

promotion of many biological outcomes upon addition to foods (Mulvihill & 

Ennis, 2003).  
 

1.3.1.2. Whey protein edible film and coating formation 
 The most distinctive characteristics of whey proteins, when compared 

to other film-forming biopolymers, are conformational denaturation, 

electrostatic charges and amphiphilic nature. Several factors affect the 

conformation of whey proteins, e.g. charge density and hydrophilic-

hydrophobic balance; those factors can ultimately determine the physical and 

mechanical properties of films and coatings prepared therefrom (Ramos et al., 

2011).  

In order to generate a film or coating, gelation is a prerequisite; this 

phenomenon is the result of both physical (electrostatic and hydrophobic) and 

chemical (disulphide) interactions, established among whey protein molecules. 

Destabilization of the soluble protein in whey can be induced via addition of 

chemicals, change in net charge, increase in hydrostatic pressure, and 

heating, cooling or partial enzymatic hydrolysis. Each of these processes 

induces partial (or total) unfolding of the initial proteins, thus resulting in 

protein aggregation and eventual gel formation.  

For gelation to occur, the individual molecules of whey proteins must 

then associate with one another to form a continuous network (Fitzsimons, 
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Mulvihill, & Morris, 2007; Mulvihill & Donovan, 1987). However, at neutral pH 

and in the absence of added salt, the association (aggregation) process is 

limited by electrostatic repulsion between denatured molecules. One way of 

promoting aggregation (and thus gelation) is to reduce the charge on the whey 

protein molecules, by lowering pH towards their isoelectric point (pI). Hence, 

the net charge approaches zero, so electrostatic repulsions become weaker 

and aggregation will likely occur. At pH above and below pI, the whey protein 

molecules exhibit a net charge, so their electrostatic repulsions increase 

(Boye, Alli, Ismaill, Gibbs, & Konishi, 1995; Fitzsimons et al., 2007). 

Aggregation can, however, also be promoted by addition of salt to shield the 

intermolecular repulsions (Fitzsimons et al., 2007) – see Figure 1.8.  

 

 

 

 

 

 

 

 
 
 

 
Figure 1.8. Whey protein gel macroscopic appearance, as influenced by pH and ionic 

strength, during gelation (adapted from Doi & Kitabatake, 1997). 
 

Formation of whey protein films normally involves heat denaturation of  

8-12 %(w/w) of said proteins in aqueous solutions at 75-100 °C during 20 min 

(Khwaldia et al., 2004; Perez-Gago & Krochta, 2002); in the absence of 

thermal processing, such films would readily crack into small pieces upon 

drying, owing to intermolecular interactions (Khwaldia et al., 2004; McHugh & 

Krochta, 1994). Heating indeed modifies the three dimensional structure of 

proteins (i.e. above 65 ºC, the β-Lg globular structure opens) thus exposing 
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internal sulfhydryl (–SH) and hydrophobic groups that promote intermolecular 

S-S bonding and hydrophobic interactions during drying; these might be 

partially responsible for film structure (Perez-Gago & Krochta, 2002) – as 

schematically depicted in Figure 1.9.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Figure 1.9. Whey protein gel molecular appearance, as influenced by additives, 
during heat-induced gelation. 

 

The process of protein crosslinking is necessary to occur in order to 

obtain a flexible, easy to handle film. In addition, heat treatment promotes 

water insolubility, which may be beneficial to preserve film and food integrity 

(le Tien et al., 2000)  

Films have been obtained in vitro, after laying or spreading a film-

forming solution on a support, drying it and then detaching it; these stand-

alone structures are also used for determination of barrier, mechanical and 

solubility properties (Jooyandeh, 2011; Vliet, Lakemond, & Visschers, 2004).  
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A common practice in film formation is to dry at room conditions, 

typically ca. 23 ºC and 50 % relative humidity (RH). Controlling the drying 

process is crucial, since faster drying produces stiffer, less flexible films, with a 

less extensive effect upon film tensile strength and elongation. This is 

attributed to changes in film morphology, with subsequent thinner film drying 

achieved at a higher rate (Guilbert et al., 1996; 1997). 

Many procedures have been used for industrial scale production of 

edible whey protein films and coatings. For edible films, the techniques 

employed are, in general, similar to those applied to manufacture of flexible 

plastic films – and include extrusion (or coextrusion for multilayer films), 

lamination, moulding and roll-drying for solvent removal (Debeaufort et al., 

1998; Guilbert et al., 1996; Hernandez-Izquierdo, & Krochta, 2008; 2009), 

however, before extrusion, whey protein edible films usually go though a 

thermal-compression molding step, in order to become less time-consuming 

and less expensive.  

For edible coatings, the techniques used are classical coating 

methods: e.g. spray fluidization, falling and pan coatings, spraying, dipping 

and brushing; these processes are usually followed by drying in the case of 

aqueous products, or by cooling for lipid-based coatings (Debeaufort et al., 

1998). 

To be considered edible, the whey protein film and coating-forming 

process should be appropriate for food handling – in terms of pH change, salt 

addition, heating, enzymatic modification, drying, use of organic solvents, and 

application of other chemicals. Additionally, plasticizers and any other 

additives should be compatible with the biopolymers (Han, 2002; 

Nussinovitch, 2003).  

 

1.4. Plasticizers 

Plasticizers are usually required for the manufacture of edible films and 

coatings – particularly when polysaccharides or proteins are used as starting 
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material, because the resulting film structures are often brittle and stiff owing 

to extensive interactions between the polymer molecules (Krochta, 2002; 

Ramos et al., 2011).  

Plasticizers are low molecular weight agents that improve flexibility and 

extensibility of edible whey films (Guilbert & Biquet, 1989). They facilitate 

processing of such edible films because they position themselves between 

protein chains, thus reducing the intermolecular forces in such a way that 

flexibility, processability and elasticity are improved (Krochta, 2002; Ramos et 

al., 2011); in a sense, those agents increase the free volume of the polymer 

structures, and thus the molecular mobility of the polymer molecules 

(Sothornvit & Krochta, 2000; Ramos et al., 2011). Therefore, incorporation of a 

plasticizer may lead to a marked increase in the diffusion coefficients for 

gases or water vapor, as well as a decrease in the cohesion and tensile 

strength of those films (Guilbert, 1986; McHugh et al., 1994).  

The most common food grade plasticizers used in film systems are 

monosaccharides (glucose), disaccharides (sucrose), oligosaccharides, 

polyols (e.g. sorbitol, glycerol, mannitol, glycerol derivatives, polyethylene 

glycols), and certain lipids and derivatives (phospholipids, fatty acids, 

surfactants) (Guilbert, 1986; Sothornvit & Krochta, 2005). Lipids or waxes may 

interfere with interactions of whey proteins chain and/or provide flexible 

domains within the film, leading to reduction of film strength and increase of 

film flexibility (Shellhammer & Krochta, 1997). Water also acts as plasticizer, 

but it can easily be lost by dehydration at low relative humidity (Sothornvit & 

Krochta, 2005); therefore, addition of hydrophilic plasticizers can reduce said 

water loss, while increasing the amount of bound water and maintaining a high 

water activity. 

Whey protein edible films and coatings usually require a plasticizer 

content ranging from 30 to 60 %(w/w); however, such level depends on the 

plasticizer choice, as well as on the desired properties of the films (Guilbert, 

1986; Osés, Fernández-Pan, Mendoza, & Mate, 2009).  
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The effect of ratio of plasticizer to WPI, as well as the effect of 

plasticizer upon the tensile properties of WPI-based films, is depicted in Table 

1.2. When the ratio of glycerol and sorbitol to WPI increased, the tensile 

strength decreased for the former but did not significantly change for the latter 

– whereas the elongation increased for both plasticizers. In addition, the effect 

upon elongation is more apparent for glycerol than sorbitol.  

On the other hand, WPI-based films plasticized with sorbitol were 

found more effective, in terms of oxygen and moisture barriers, than those 

plasticized with glycerol – as observed in Tables 1.2 and 1.3, respectively. 

Due to their intrinsically hydrophilic nature, WPI-based films added with 

hydrophilic plasticizers tend to increase the permeability to gases and absorb 

larger quantities of water – especially under high relative humidity; this can 

easily be concluded from inspection of Table 1.3.  
 
 
Table 1.2. Effects of plasticizer type (glycerol or sorbitol), and ratio of whey protein 
isolate (WPI) to plasticizer (or whey protein concentrate, WPC), upon physical 
properties of whey protein based-films (adapted from Perez-Gago & Krochta, 2002; 
Khwaldia et al., 2004). 

Filma 
Tensile 

strength 
(MPa) 

Elongation 
(%) 

Water vapor 
permeability  

(g mm m-2 d-1 kPa-1)

Oxygen vapour 
permeability  

(g mm m-2 d-1 kPa-1) 
WPI:Glycerol (1:1) - - 153.6 - 

WPI:Glycerol (1.6:1) - - 38.4 - 
WPI:Glycerol (2:1) 5.76 22.7 - - 
WPI:Glycerol (2.3:l) 13.9 30.8 - 1826.4 
WPI:Glycerol (5.7:l) 29.1 4.1 - 444.0 
WPC:Glycerol (2:1) 3.49 20.8 - - 
WPI:Sorbitol (1:1) 14.7 8.7 21.6 199.2 

WPI:Sorbitol (2.3:1) 14.0 1.6 - 103.2 
WPI:Glycerol (2.3:1) - - - 1826.4 

Note: a Film formation conditions: denaturing 10 %(w/w) solutions, at 90 ºC for 30 min, followed 
by drying at 23 ºC under 50 % RH; (-) Not determined.   
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Table 1.3. Effects of plasticizer type (glycerol or sorbitol), ratio of whey protein isolate 
(WPI) to plasticizer, and relative humidity (RH) on physical properties of whey protein-
based films (adapted from Perez-Gago & Krochta, 2002).  

Filma Test conditionsb 
Water vapor 
permeability  

(g mm m-2 d-1 kPa-1) 

Oxygen vapour 
permeability  

(g mm m-2 d-1 kPa-1)  
WPI:Glycerol (1:1) 25 ºC, 0/50 % RH 153.6 - 

WPI:Glycerol (1.6:1) 25 ºC, 0/11 % RH 4.8 - 
WPI:Glycerol (1.6:1) 25 ºC, 0/50 % RH 38.4 - 
WPI:Glycerol (1.6:1) 25 ºC, 0/65 % RH 120.0 - 

WPI:Sorbitol (1:1) 25 ºC, 0/10 % RH 4.8 - 
WPI:Sorbitol (1:1) 25 ºC, 0/50 % RH 21.6 199.2 
WPI:Sorbitol (1:1) 25 ºC, 0/65 % RH 55.2 - 
WPI:Sorbitol (1:1) 25 ºC, 0/75 % RH 84.0 - 

WPI:Sorbitol (3.5:1) 23 ºC, 40 % RH - 16.8 
WPI:Sorbitol (3.5:1) 23 ºC, 70 % RH - 1039.2 

Note: a Film formation conditions: denaturing 10 %(w/w) solutions, at 90 ºC for  30 min, followed 
by drying at room temperature; b RHs as applied on the top and bottom sides of film (top/bottom); 
(-) Not determined.   
 

Most plasticizers are indeed very hydrophilic and hygroscopic in 

nature, so they can attract water molecules to form large hydrodynamic 

plasticizer-water complexes (Krochta, 2002).  

The plasticizing efficiency and the water-binding capacity of plasticizers 

depends on the size and shape of their molecules, as well as the number of 

oxygen atoms and the distance to each other within their molecular structure 

(Ramos et al., 2011; Sothornvit & Krochta, 2001). 

 

1.5. Bioactive agents 

Edible whey protein films and coatings have received increased 

interest as carriers of various functional compounds – e.g. antimicrobials, 

antioxidants and nutraceuticals (Campos, Gerschenson, & Flores, 2011; 

Pranoto et al., 2005; Rojas-Graü et al., 2007a; Rojas-Graǘ, Tapia, Rodríguez, 

Carmona, & Martín-Belloso, 2007b). However, only the antimicrobial family of 

compounds will be discussed below for their particular interest for the 

objectives of this dissertation.  
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These additives can extend the shelf-life and confer health benefits to 

the food, by reducing the risk of pathogen growth and contributing to enhance 

quality; however, they should be used only up to the level after which they 

start interfering with the mechanical properties of the package itself (Baldwin, 

Nispero-Carriedo, Hagenmaier, & Baker, 1997; Campos et al., 2011; Guilbert 

et al., 1997; Han, 2002; 2003; Kester & Fennema, 1986).  

 

1.5.1. Antimicrobials 
Growth of both deteriorating and pathogenic microorganisms in food 

may be prevented via incorporation of antimicrobial agents into the films or 

coatings (Debeaufort et al., 1998). Antimicrobial films and coatings were 

indeed a rather innovative concept under the global scope of active packaging 

– which has in general been developed to delay, reduce or even inhibit growth 

of microorganisms on the surface of packaged foods (Appendini & Hotchkiss, 

2002). Hence, antimicrobial agents have traditionally been added to the food 

during matrix formulation – but their activity may be inhibited by many 

compounds in the matrix itself, thus constraining their efficiency. In such 

cases, use of antimicrobial compounds in the films or coatings may turn to be 

more efficient, as these compounds will selectively and gradually migrate from 

the package material onto the surface of the food, and diffuse thereafter into 

the bulk of the food – so relatively high concentrations will be maintained on 

the surface for extended periods of time (Kristo et al., 2008; Ouattara, Simard, 

Piette, Bégin, & Holley, 2000). 

The antimicrobial agents most commonly utilized in edible films and 

coatings include organic acids (e.g. acetic, lactic, citric, succinic, malic, 

tartaric, benzoic and propionic), bacteriocins (e.g. nisin), enzymes (e.g. 

lysozyme), inorganic gases (e.g. carbon dioxide), polysaccharides (e.g. 

chitosan), fatty acids, fungicides (e.g. natamycin), and such natural 

antimicrobial crude mixtures as spices (Campos et al., 2011; Cha, & Chinnan, 

2004; Han, 2000; Ouattara, Simard, Holley, Piette, & Bégin, 1997; 
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Tharanathan, 2003). A few compounds (viz. nisin and lysozyme) have been 

found efficient as food preservatives when previously added to edible films, 

and are essentially safe for human consumption (Cagri, Ustunol, & Ryser, 

2004; Dawson, Carl, Acton, & Han, 2002; Hoffman, Han, & Dawson, 2001; 

Min, Harris, & Krochta, 2005a; Padget, Han, & Dawson 2000). Fruit and plant 

extracts (e.g. oregano and rosemary) have recently been introduced as 

antimicrobial agents, owing to their ability to control various food-borne 

bacteria, e.g. Salmonella spp. (Helander, Alokomi, Latva-Kala, Mattila-

Sandholm, Pol, & Smid, 1998; Paster, Juven, Shaaya, Menasherov, Nitzan, & 

Weisslowiez, 1990) and Escherichia coli O157:H7 (Burt & Reinders, 2003). 

Information about the incorporation of antimicrobial compounds into 

whey protein edible films and coatings is scarce. Recently, a few studies 

involving incorporation into whey protein edible films of such antimicrobial 

agents as p-aminobenzoic and sorbic acids (Cadri, Ustunol, & Ryser, 2006), 

potassium sorbate (Ozdemir & Floros, 2008), oregano, rosemary and garlic 

essential oils (Seydim & Sarikus, 2006; 2007; Zinoviadou, Koutsoumanis, & 

Biliaderis, 2009), citric, malic and lactic acids and nisin (Pintado, Ferreira, & 

Sousa, 2009), malic acid, nisin and natamycin (Pintado, Ferreira, & Sousa, 

2009), acetic, lactic, propionic and benzoic acids (Manab, Sawitri, al Awwaly, 

& Purnomo, 2011), lactoperoxidase systems (Min et al., 2005a; b), lactoferrin, 

lactoferrin hydrolysate and lactoperoxidase systems (Min et al., 2005c) have 

been carried out targeting different food pathogenic and contaminant 

microorganisms. 

 

1.6. Film properties 

 The potential use of whey protein edible films and coatings depends 

heavily on their intrinsic physicochemical properties; the criteria that apply to 

conventional food packaging materials are obviously to be met by those edible 

materials as well. These criteria relate to barrier properties (e.g. to water 

vapor, oxygen, carbon dioxide and light), optical properties (e.g. transparency 
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and color) and mechanical properties (Haugaard, Udsen, Mortensen, Hoegh, 

Petersen, & Monahan, 2001; Weber et al., 2002). Therefore, the importance of 

accurate methodologies to determine film performance is obvious (Debeaufort 

et al., 1998). These methods are derived from classical ones applied to 

synthetic materials, yet they have been adapted to whey protein film 

specifications – mainly due to the major influence of RH and temperature upon 

the final film properties (Krochta & de Mulder-Johnston, 1997).  

 

1.6.1. Barrier properties  
The barrier properties that are commonly considered – in attempts to 

characterize the ability of edible films to protect packaged foods from 

environmental aggression and adjacent ingredients, are water vapor and gas 

permeabilities; aroma compound and oil permeability are at least as important 

for many foods, yet they have received far less attention.  

Permeability is defined as the rate of vapor (or gas) transmission 

through a unit area of flat material of unit thickness, induced by a unit pressure 

difference between the two sides of the material, under specified temperature 

and humidity conditions (Yang & Paulson, 2000). The primary mechanism for 

gas (or vapor) transmission through a film can be rationalized as active 

diffusion: the penetrant dissolves (in liquid form, in the case of vapor) in the 

matrix on the high concentration side, diffuses through the film driven by a 

concentration gradient within the liquid phase, and eventually evaporates (in 

the case of vapor) or is released (in case of gas) on the other surface (Kester 

& Fennema, 1986). Permeation can be mathematically described by Fick’s 

first law (Chang, 1981; Crank, 1975; Jost, 1960). 

 

1.6.1.1. Water vapor permeability  
Water activity (aw) – which depends on the moisture content and the 

interactions of water molecules with the other ingredient molecules, is one of 

the critical factors that affects sensory quality and shelf-life of a food item. 
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During storage, many chemical and enzymatic decay reactions (e.g. lipid 

oxidation, Maillard and enzymatic browning), as well as microbial growth 

proceed at rates governed by the prevailing water activity; in addition, textural 

properties of certain foods are also largely dependent on aw. Hence, water 

vapor permeability (WVP) is an important property of whey protein edible films 

and coatings, owing to its effect upon control of water vapor transport and 

water balance between a food system and its surroundings.  

The method most commonly used to determine WVP is ASTM E96-95 

(ASTM, 1995), known as the “cup method”; this gravimetric method involves 

sealing a test film in a cup, partially filled with either deionized water or 

desiccant, thus leaving an air gap under the film (McHugh & Krochta, 1994). 

This assembly (Figure 1.10) is placed in a controlled room under controlled 

RH and temperature, and weighed over time. Weight gain or loss is plotted 

over time; when steady state is reached, the plot becomes a straight line. 

WVP (g mm m-2 d-1 kPa-1) of the film is thus calculated as: 

 

WVP = (ΔW × FT) / (S × Δp)                        (1.1) 

 

where ΔW is the weight gain or loss of the cup per day (g d-1) (slope of the 

straight line), FT is the film thickness (mm), S is the area of exposed film (m2) 

and Δp is the vapor pressure differential across the test film (kPa). 
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Figure 1.10. Cup assembly to measure water vapor permeability of films. 

 

The hydrophilic nature of whey proteins limits their ability to form films 

with good moisture barrier properties: hence, weight (owing to moisture) loss 

of the food product is likely to occur, when compared with what happens when 

polymer synthetic films are used. On the other hand, whey protein films can 

effectively prevent water vapor condensation inside the package – which is a 

potential source of microbial spoilage, especially in the case of fruit and 

vegetable packaging (Ben-Yehoshua, 1985). For similar reasons, the RH 

content and the type of plasticizer affect significantly the moisture 

permeabilities of protein films (see Table 1.3).  

The moisture sorption isotherm is the classical means to characterize 

the water sorption property of an edible film – which correlates, in turn, to the 

amount of water eventually transmitted to the product inside. Knowledge of the 

underlying sorption isotherm is also important to predict stability and quality 

changes throughout packaging and storage (Srinivasa, Ramesh, & 

Tharanathan, 2007), but provides little fundamental insight into the interaction 

of water with film components. Despite the several mathematical models 

proposed to describe moisture sorption isotherms, none yields accurate 

results in the whole range of aw and for all foods (al-Muhtaseb, McMinn, & 

Magee, 2004). 
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In order to reduce WVP, it is important to include hydrophobic 

compounds as part of the film formulation; this can be accomplished via 

lamination of the protein film with a lipid layer, but such composite films tend to 

delaminate afterwards because of the high surface energy between the two 

layers. On the other hand, if the lipids can be homogenized into the protein-

plasticizer network while in solution, then the aforementioned problem can be 

overridden, and good mechanical properties will eventually result 

(Shellhammer & Krochta, 1997). 

 

1.6.1.2. Oxygen and carbon dioxide permeability 
Oxygen permeability is the next most commonly studied transport 

property of edible films; that gas is involved in many degradation reactions in 

foods, e.g. fat and oil rancidity, microorganism growth, enzymatic browning 

and vitamin loss. Therefore, many packaging strategies attempt to exclude 

oxygen from close vicinity with the food (Gontard, Thibault, Cuq, & Guilbert, 

1996). On the other hand, permeability to oxygen and carbon dioxide is 

essential for respiration of living tissues, as happens with fresh fruits and 

vegetables – so moderate barrier films and coatings are more appropriate in 

this case. If a film or coating with an appropriate permeability is chosen, a 

respiratory exchange will be established that – if carefully controlled, will aid in 

preservation of fresh fruits and vegetables (Ayranci & Tunc, 2003).  

The measurement of oxygen and carbon dioxide permeabilities (O2P 

and CO2, respectively) are mostly based on the standard method described in 

ASTM D3985 (ASTM, 2002a). The films are accordingly sealed between two 

chambers, having each two channels. In the lower chamber, oxygen (or 

carbon dioxide) is supplied at a controlled flow rate to maintain its pressure 

constant in that compartment. The other chamber is purged by a stream of 

nitrogen, also at controlled flow. Nitrogen acts as a carrier for oxygen (or 

carbon dioxide) – as depicted in Figure 1.11. A coloumetric sensor, an infrared 
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sensor, a gas chromatograph or a dedicated gas analyzer may be used for 

monitoring (Ayranci & Tunc, 2003).  
 

 

 

 

 

 

 

 
 
 
 
 

Figure 1.11. Scheme of measurement of oxygen and carbon dioxide permeabilities. 
 

The oxygen permeability of whey protein films is lower than those of 

synthetic films, under similar RH conditions and using the same plasticizer 

(Perez-Gago, 2002). This observation is surely related to the more polar 

nature and linear structure of the latter, which leads to a higher cohesive 

energy density and a lower free volume (Miller & Krochta, 1997). Such a 

relatively low oxygen permeability of whey protein films and coatings can be 

thoroughly employed to enhance chemical quality – including oxidative 

damage of lipid ingredients and decay brought about by aerobic microflora, as 

happens in nuts, confectionary, fried products, fresh fruits and vegetables, and 

colored produce (Baldwin et al., 1997; Ramos et al., 2011).   

Whey protein-based films and coatings appear to have greater oxygen 

permeability than collagen, wheat gluten and soy protein-based films (McHugh 

& Krochta, 1994). These attributes can be used to induce a shiny, smooth 

surface on the foods – besides protecting them from dehydration, aroma loss, 

moisture migration and ageing. However, modification of the polymer structure 

itself – combined with optimized plasticizer selection, may affect the polymer 

free volume, and thus result in further reduction of oxygen permeability 
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(Khwaldia et al., 2004) Oxygen permeability values of WPI films – as affected 

by such factors as plasticizer type (glycerol or sorbitol), ratio of WPI/plasticizer 

and RH, are depicted in Table 1.3. 

 

1.6.2. Mechanical properties 
Edible films should possess adequate mechanical strength and 

extensibility, so as to maintain integrity and withstand the external stresses 

that prevail throughout processing, handling and storage (Yang & Paulson, 

2000) – besides durability, when used to separate layers of homogeneous 

food (Sonti, 2000). Such mechanical properties of edible films and coatings 

depend obviously on the type of base material – especially on its structural 

cohesion. However, mechanical properties are also dependent on film-forming 

conditions – e.g. type of process and solvent, rate of cooling or evaporation, 

and coating technique – e.g. spraying or spreading (Guilbert et al., 1996). The 

mechanical properties may vary with film thickness and speed of testing used, 

so a tight control of working conditions throughout testing is required (ASTM, 

1997). 

Classical methods employed in the evaluation of mechanical properties 

of synthetic materials can also be applied to whey protein edible films; these 

include puncture and tensile tests (Cuq, Gontard, Cuq, & Guilbert, 1996), 

although the latter are more often described in the literature.  

The features ascertained by tensile tests are tensile strength (TS), 

elongation at break (EB) and Young’s Modulus (YM) – which are normally 

measured according to the standard method described in ASTM D882-02 

(ASTM, 2002b). TS is defined as the maximum tensile stress that a material 

can sustain, and is taken as the maximum load exerted on the specimen 

during the test; EB is the maximum change in length of the test specimen 

before breaking, and is expressed as percent change of the original length of 

the material between the grip of the test machine (Olivas & Barbosa-Canovas, 

2005); and YM is defined as the ratio of stress to strain, in the initial linear part 
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of the stress/strain curve. It is a fundamental measurement of inherent 

stiffness of the test specimen, since it is nearly independent of dimensions and 

stress from small strains (McHugh & Krochta, 1994). The magnitudes of TS 

and EB are considerably affected by RH and temperature: hence, whey 

protein film samples should be properly conditioned prior to assaying –

because TS and YM decrease, whereas elongation increases upon increase 

in water content of the film (Guilbert et al., 1997; Olivas & Barbosa-Canovas, 

2005).  

Moreover, the amount and type of plasticizer in the film-forming 

solution of whey proteins affects tensile properties; when the plasticizer ratio 

to WPI increases, less stiff and rigid, and hence more extensible films result; 

inclusion of a plasticizer thus causes a reduction in TS and an increase in EB 

(see Table 1.2). These general trends are probably associated with the 

reduction in magnitude of the interactions between biopolymer chains – an 

effect that is well known, and has been broadly discussed in the literature 

(Cuq et al., 1997; Jooyandeh, 2011; Parris, Coffin, Joubran, & Pessen, 1995; 

Sobral, Menegalli, Hubinguer, & Roques, 2001; Sothornvit et al., 2007) 

. 

1.6.3. Surface properties 
Surface characteristics of films and coatings – such as cohesion and 

adhesion on the surface of coated foods, are properties of considerable 

relevance. Recall that cohesion of a polymer is a consequence of its ability to 

form strong and/or numerous molecular bonds between adjacent polymeric 

chains, thus hindering their separation; such ability depends on the structure 

of the polymer – and mainly on its molecular strength, geometry, molecular 

weight distribution, and type and position of lateral functional groups (Guilbert 

et al., 1996). To fully take advantage of edible films, the coating is supposed to 

completely adhere onto the food surface. However, adhesion of whey protein 

films (as happens with most hydrophilic edible coatings) is intrinsically poor, 

because of the distinct chemical nature of the two contacting surfaces. 
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Furthermore, if the film-forming materials contain heterogeneous ingredients 

that fail to be compatible with whey proteins, the cohesion of the resulting films 

decreases and the film weakens. Therefore, when use of new additives is 

under scrutiny, compatibility between all ingredients should be assured so as 

to attain the strongest cohesion.  

Plasticizers are known to reduce cohesion of film-forming polymers 

(Guilbert et al., 1996). Hence, surface adhesion of whey-protein edible 

coatings can be improved via addition of surfactants, e.g. tween or lecithin – 

which reduce surface tension, and concomitantly improve wettability (Lin & 

Krochta, 2005). 

 

1.6.4. Optical properties 
Color and transparency (or opacity) of edible films are important 

features, especially when the films are intended for use in food packaging – as 

consumers are attracted by the external appearance of the food matrix, both 

at the time of purchase and at the time of ingestion (Kunte, Gennadios, 

Cuppett, Hanna, & Weller, 1997).  

The most commonly used methodologies to measure color are Hunter 

Lab, CIE Lab, CIE LCH, CIE XYZ and CIE Yxy, which are based on the fact 

that the human eye has three types of color sensors – which are sensitive to 

the colors red, green and blue, and that all colors are seen as a mixture of 

these tree basic colors (Abbot, 1999). Measurements are conducted by using 

a colorimeter; in the case of the CIE Lab scale, L indicates the degree of 

lightness, and a and b are the chromaticity coordinates +a is the red direction, 

-a is the green direction, +b is the yellow direction and -b is the blue direction. 

The color difference is expressed as a single numeric value (ΔE) which 

indicates its magnitude (but not the quality) of such a difference (Sakai, 1998). 

ΔE is calculated according to: 
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ΔE = [(Lfilm – Ls)2 + (a film – as)2 + (b film – bs)2]1/2
                                             (1.2) 

 

where Ls, as and bs are the CIE Lab standards for the white standard. 

Light transmission (T) in the ultraviolet (UV) and visible light (UV-Vis), 

as well as transparency of a film are measured at selected wavelengths – 

normally from 200 to 800 nm, using a calibrated UV-VIS spectrophotometer.  

The transparency is often determined according to the standard 

method described in ASTM D1746 (ASTM, 1997), and is usually measured at 

600 nm – and calculated by the equation proposed by Han and Floros (1997): 

 

Transparency = A600 / X            (1.3) 

 

where A600 is absorbance of the film sample at 600 nm and X the film 

thickness (mm). 

 

1.7. Edible film and coating applications 

Edible films and coatings convey several benefits in terms of safety, 

convenience and environment – as schematically depicted in Figure 1.5. The 

major advantages of whey protein-based ones are the improvement in quality 

to extend shelf-life, coupled with the reinforcement in surface strength of 

fragile matrices to ease handling (Baldwin et al., 1995). One current issue 

encompassing these specific coatings pertains to quality assurance of 

products like nuts, eggs, confectionary, meats, or even in the case of fruits 

and vegetables, after the package is opened (Olives & Barbosa-Canovas, 

2005). Besides the essentially protective function, whey protein edible films 

and coatings are also utilized by the food industry to develop single-dose, pre-

measured pouches of food ingredients, as well as to mask undesirable tastes 

thereof (Gennadios & Weller, 1990). Application of the classical extrusion 

processes of conventional synthetic films to extrude whey protein films allows 

easy shaping into pouches – e.g. for milk powders and other dry foods. 
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Nowadays, a number of innovative features are under investigation, 

relating to whey protein edible films – e.g. as effective vectors to carry and 

deliver antimicrobial, antioxidant and other nutraceutical compounds, as 

happens with colored/flavored confectionary, glazed bakery, flavored nuts and 

vitamin-enriched rice, besides agrochemicals. They may be applied in the 

form of hard or soft gel capsules, microcapsules, soluble strips, flexible 

pouches and coatings on hard particles (Baldwin et al., 1996; Gennadios & 

Weller, 1990; Kester & Fennema, 1986); the goal is to avoid significantly 

compromising the basic barrier and mechanical properties of the films 

themselves (Campos et al., 2011). However, the rates of release of active 

principles by whey protein edible films and coatings to the surrounding media 

should be as specific and predictable as possible, so as to maximize their 

effectiveness on the food product. It is also important to consider the chemical 

interactions between such active principles and the film-forming materials, 

including their dependence on outer environmental conditions (Campos et al., 

2011). Finally, all ingredients of those films – which include functional 

additives and processing aids, should be non-toxic and food-grade, besides 

assuring specified migration rates (Guilbert & Gontard, 1995; Han, 2002; 

2003; Nussinovitch, 2003). 

The most beneficial characteristic of whey protein edible films and 

coatings is obviously their edibility – and inherent biodegradability (Guilbert et 

al., 1996; Krochta, 2002). The second feature is particularly attractive for food 

industry and services, because it can reduce the total amount of synthetic 

materials disposed off, while effectively responding to the environmentally 

awareness of consumers at large (Krochta & de Mulder-Johnston, 1997). 

However, is not possible to discard the high nutritional values brought by whey 

proteins as source of edible films and coatings, coupled with their intrinsic 

bioactive properties such as antimicrobial (due to presence of lysozyme, 

lactoferrin and lactoperoxidase proteins) and antioxidant (due to presence of 

various amino acid residues – i.e. cysteine, which constrain the enzymatic 
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browning of fresh-cut products) (Chatterton, Smithers, Roupas, & Brodkorb, 

2006; Ha & Zemel, 2003; Jooyandeh, 2011; Smithers, 2008), as well as their 

biological activities such as anticarcinogenic (Bouchard, Morisset, 

Bourbonnais, & Tremblay, 2006) and immunomodulatory (Gauthier, Pouliot, & 

Maubois, 2006) ones.  

However, to succeed as edible films and coatings, whey proteins must 

comply with the quality and safety requirements of the food product and meet 

legal standards. Additionally, they should enhance the value of the product to 

justify any extra material cost. In this context, shelf-life testing is vital, along 

with testing of durability and migration, and verification of consumer 

acceptance (Haugaard et al., 2001). 
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Abstract  

The objective of the research effort described in this chapter was to 

characterize various whey protein products available commercially – including 

one whey protein isolate (WPI) and three whey protein concentrates (two 

forms of WPC 80, and WPC 50), as well as ascertain how the composition of 

such products affects their thermal and gelation properties as a function of pH, 

using micro differential scanning calorimetry (μDSC) and oscillatory 

rheometry. At pH values far from the isoelectric point of whey proteins, the 

denaturation and aggregation processes, in the corresponding μDSC heating 

thermograms, appeared in one single endothermic peak for WPI and both 

WPC 80; however, they appeared as separate transitions at pH 5. Acidic 

conditions increased the temperature of the dominant endothermic transition 

associated to β-lactoglobulin, but decreased the temperature attributed to α-

lactalbumin (α-La) transition thus increasing the thermal stability of WPI, WPC 

80A and WPC 80B. The gelation process occurred at the lowest temperature 

at pH 5. WPI, WPC 80A and WPC 80B exhibited the highest G’ values at pH 5 

– whereas WPI led to stronger gels than WPC, irrespective of pH. In the case 

of WPC 50, gelation did not occur at all. 

 

Keywords: Whey proteins; denaturation; aggregation; gelation; micro-

calorimetry; rheology. 
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2. Introduction 

Several million tons of whey are produced annually, as a by-product of 

cheesemaking; despite its intrinsically polluting character, whey is now 

recognised as a valuable source of high-grade proteins. The main whey 

proteins are β-lactoglobulin (β-Lg) and α-lactalbumin (α-La) – which constitute 

ca. 50 % and 20 % of the total, respectively; the remainder is accounted for by 

immunoglobulins, bovine serum albumin, proteose peptones and other minor 

proteins (Madureira, Pereira, Gomes, Pintado, & Malcata, 2007). 

A growing awareness regarding the environmental problems caused by 

whey, coupled with the nutritional value of such a by-product – combined with 

improvements in membrane and ion exchange technologies that facilitate 

recovery of proteins therefrom while keeping most functional properties intact, 

have contributed to increase the amount of whey protein produced 

commercially worldwide (Guimarães, Teixeira, & Domingues, 2010; Perez-

Gago & Krochta, 2002).  

The method most commonly employed to concentrate whey proteins is 

ultrafiltration (Mulvihill & Ennis, 2003); several standard whey protein 

concentrates (WPC) have accordingly been made available in the market, 

containing 35, 50, 65 and 80 %(w/w) protein. At higher degrees of purity, i.e. 

above 90 %(w/w), the corresponding products are known as whey protein 

isolates (WPI) (Mulvihill, 1994); these can be obtained via ion exchange resins 

that bind selectively to the proteins, while allowing lactose and minerals to get 

through (Mulvihill & Ennis, 2003).  

Whey proteins have been widely employed as food ingredients, e.g. in 

beverage, processed meat, infant food, bakery product, ice-cream and spread 

formulations among others (Evans & Gordon, 1979; Mulvihill & Ennis, 2003). 

The main reasons behind said choice is enhancement of nutritional value, and 

improvement of structure and texture of the final product – thus taking 
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advantage of their emulsification, gelling and foaming features (Foegeding, 

Davis, Doucet, & McGuffey,  2002).  

Gelation is among the most important functionalities; it involves 

different physical and chemical transformations, depending on the prevailing 

intrinsic and extrinsic factors related to charge density and hydrophilic-

hydrophobic balance. Formation of a gel typically encompasses two steps. 

During the first, the native globular proteins can be partially (or totally) 

unfolded by denaturation – induced by heating, addition of chemicals, change 

in net charge, increase in hydrostatic pressure or partial enzymatic hydrolysis. 

During the second step, denatured whey protein molecules aggregate through 

physical (electrostatic and hydrophobic) and chemical (disulphide) interactions 

– thus leading to formation of a crosslinked, three-dimensional network 

(Perez-Gago & Krochta, 1999).  

Gelation is induced by increasing ionic strength or changing pH, as 

either of these parameters affects interactions among soluble aggregates 

(Demetriades, Coupland, & McClements, 1997a; b; Demetriades & Mc-

Clements, 1998). In protein-stabilized solutions, the net charge of the protein 

is strongly dependent on pH; when it is close to its isoelectric point (pI), the net 

charge of the protein approaches zero, so electrostatic repulsions weaken and 

heat-denatured protein molecules will likely aggregate; this typically produces 

a white opaque gel. When pH moves away from pI, the aforementioned 

electrostatic repulsions increase, so a fine-stranded gel – consisting of a 

network of linear aggregates of denatured protein molecules, will preferentially 

form (Fitzsimons, Mulvihill, & Morris, 2007; Langton & Hermansson, 1992; 

Perez-Gago & Krochta, 1999).  

A number of factors – viz. whey source and composition (Morr & 

Foegeding, 1990; Pintado, Lopes da Silva, & Malcata, 1999), cheese or 

casein manufacturing conditions (de la Fuente, Hemar, Tamehana, Munro, & 

Singh, 2002a), heat treatment during processing (Mishra, Mann, & Joshi, 

2001; Roufik, Paquin, & Britten, 2005), and fractionation, isolation and storage 
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conditions (de la Fuente et al., 2002a; Moatsou, Hatzinaki, Kandarakis, & 

Anifantakis, 2003), may affect the functional properties exhibited by the final 

food products formulated with whey proteins. However, none of said studies 

has related the effects of presence and amount of specific components (e.g. 

lecithin and minerals) in whey protein products, as well as the effect of 

concentration of β-Lg and α-La upon the thermal denaturation and gelation 

features of various whey protein products, at different pH values; hence, the 

research effort described in this chapter attempted to fill such a gap. It also 

tried to provide a more rational understanding of the interactions among 

components, and the underlying molecular mechanisms responsible for 

specific functional properties; this is a crucial condition for realistic 

development of compositional standards for whey protein ingredients.  

 

2.1. Materials and methods 
2.1.1. Materials 

Sodium phosphate, sodium hydroxide (NaOH), hydrochloric acid (HCl) 

and sodium azide (NaN3) were purchased from Merck (Darmstadt, Germany). 

Blue dextran (2000 kDa) was obtained from Pharmacia (Uppsala, Sweden). 

Standard pure proteins, namely β-lactoglobulin (β-Lg) containing variants A 

and B (36.0 kDa) with a purity of 90 % (L3908), α-lactalbumin (α-La) type I 

(14.2 kDa) with a purity of 85 % (L5385), immunoglobulin G (IgG) (160.0 kDa) 

with a purity of 95 % (I5506), and bovine serum albumin (BSA) (66.0 kDa) with 

a purity of 96 % (A4503) were obtained from bovine milk, and purchased as 

lyophilized powders from Sigma (St. Louis MO, USA). The soy lecithin used, in 

granulated form, contained 97 % phospholipids, and was purchased from 

Acofarma (Madrid, Spain). Ultrapure water (resistivity 18.2 MΩ cm) was 

obtained with a Milli-Q Ultrapure water purification system (Millipore, Bedford 

MA, USA). All chemicals were reagent-grade or better, and were used without 

further purification. The WPI was obtained from Armor Proteines (Saint Brice 

en Coglés, France), the two types of WPC 80 used – labelled as WPC 80A 
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and WPC 80B, were obtained from Myprotein (Cheadle, UK), whereas WPC 

50 was obtained from Tecnilac (Viseu, Portugal). According to the 

manufacturer, WPC 80B contains 0.3 %(w/w) soy lecithin.  

 

2.1.2. Chemical analyses  
The protein content was determined by macro-Kjeldahl (International 

Dairy Federation, 1993), and then used to calculate the total protein content 

via multiplication by the conversion factor 6.38. The lactose content was 

determined by an enzymatic method – lactose/D-glucose test-combination 

(Boehringer–Mannheim, Germany), using a UV-visible spectrophotometer 

model HP 845 (Hewlett-Packard, Waldbronn, Germany) (Norme FIL 

International, 1989). The fat content was determined by the Mojonnier method 

(AOAC, 1990). The moisture content was determined by oven drying at 100 

°C for 5 h (AOAC, 1990). The ash content was estimated by ashing the oven-

dried samples at 550 °C for 18 h (AOAC, 1990), in a Lindberg oven (HEVI-

DUTY Heating Equipment, Water Town WI, USA). The calcium, potassium 

and sodium contents were analyzed with a flame atomic absorption 

spectrometer model 1100 (Perkin-Elmer, Überlingen, Germany), following 

Official Methods of Analysis (1986); lantane chloride (0.1 %) was added to 

avoid interferences. Standard solutions of calcium and sodium chloride 

(Panreac, Barcelona, Spain) and potassium chloride (Probus, Barcelona, 

Spain) were used to prepare a calibration curve. Samples were analyzed in 

triplicate, and the final compositions are depicted below in Table 2.1. 
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2.1.3. Assessment of insoluble proteins  

WPI, WPC 80A, WPC 80B and WPC 50 suspensions were filtered to 

determine the percent of insoluble protein removed from each whey protein 

product during filtration. Suspensions were prepared by dispersing 1 %(w/w) 

protein in ultrapure water; the aqueous mixtures were stirred for 2 h at room 

temperature, and pH was adjusted to 7.0 using 0.1 mol L-1 NaOH. Whey 

protein samples were centrifuged afterwards at 20,000 g for 1 h at 25 ºC, 

using a Sorvall centrifuge model RC5C (DuPont, Wilmington DE, USA); 5 mL 

of the clarified liquid samples was then filtered through 0.22 μm syringe filters 

(Orange Scientific, Braine-l'Alleud, Belgium). The total nitrogen content of the 

suspensions was determined before and after filtration, to ascertain the 

percent of insoluble protein removed. 

 

2.1.4. Separation and quantification of proteins 
The main proteins usually found in whey (i.e. β-Lg, α-La, IgG and BSA) 

were resolved and quantified using a Superose® 12 HR 10/30 column, 

connected to a fast protein liquid chromatography system (FPLC) – both from 

Pharmacia (Uppsala, Sweden). Solutions of 1 %(w/w) protein of β-Lg, α-La, 

IgG and BSA standards, as well as samples of 1 %(w/w) protein of each whey 

protein product were prepared by dissolving the corresponding protein in 

ultrapure water; the aqueous mixtures were stirred for 2 h at room 

temperature, and pH was adjusted to 7.0 using 0.1 mol L-1 NaOH. The whey 

protein samples were then centrifuged at 20,000 g for 1 h at 25 ºC, using a 

Sorvall centrifuge; 5 mL of the clarified liquid was carefully collected and 

filtered through 0.22 μm filter prior to separation. The eluent was also filtered 

(0.22 μm), and degassed under vacuum for 1 h before testing. Aliquots (100 

µL) were injected into the column, and eluted using 0.1 mol L-1 sodium 

phosphate buffer (pH 7.0) containing 0.01 mol L-1 NaN3 (used as 

preservative), at a flow rate of 0.4 mL min-1 and under a pressure of 1.5-2.0 

MPa. Detection and quantification of the proteins eluted was by absorbance at 
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280 nm, using an UV detector. The void volume of the column was determined 

using blue dextran.  

Solutions of β-Lg, α-La, IgG and BSA were eluted using identical 

conditions, and similarity of retention times (RT) was used as a basis for 

tentative identification of each peak generated by whey protein samples. 

Quantification of said proteins was carried out via integration of the peak area 

in their UV chromatograms.  

 

2.1.5. Preparation of whey protein dispersions 
Solutions of 10 %(w/w) protein of β-Lg and α-La standards, as well as 

of 10 %(w/w) protein of each whey protein product were prepared via 

dissolution of the corresponding protein(s) in ultrapure water; these aqueous 

mixtures were then stirred for 2 h at room temperature. Afterwards, the 

solutions of β-Lg and α-La were adjusted to pH 7.0, using 0.1 mol L-1 NaOH, 

and analyzed in a microcalorimeter. On the other hand, solutions of whey 

protein products were adjusted to pH 3.0 and 5.0 using 0.1-0.5 mol L-1 HCl, 

and to pH 7.0 using 0.1 mol L-1 NaOH; they were then transferred to the 

microcalorimeter or the oscillatory rheometer as appropriate, where they were 

analyzed separately.  

 

2.1.6. Calorimetric assessment 
Micro-differential scanning calorimetry (µDSC) was employed to 

assess the degree of denaturation and aggregation of whey proteins after 

thermal treatment, using a Setaram III calorimeter (Calluire, France). Samples 

and references (800.0 ± 0.5 mg) were hermetically sealed in a hastelloy C276 

pan, with 1 mL of internal capacity (Setaram); a closed pan filled with ultrapure 

water was used as reference. Both the sample and the reference were then 

heated from 20 to 100 ºC, at a heating rate of 1 ºC min-1; phase transitions 

were observed only between 50 and 90 ºC, in the case of β-Lg and α-La 

standards (either plain, or mixed to a 1:1 (w/w) ratio); between 50 and 100 ºC, 
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in the case of whey protein products; and between 40 and 80 ºC, in the case 

of soy lecithin solution. Three calorimetric parameters were determined from 

the thermograms of all solutions: endothermic transition temperature Ttr(end), 

transition enthalpy ΔHtr and exothermic transition temperature Ttr(exo). The first 

is determined as the temperature at maximum deflection of the baseline – and 

is a good approximation of the protein denaturation temperature (Ma, 

Harwalkar, & Kinsella, 1990). The value of ΔHtr (J g-1 protein) is calculated as 

the area under the transition peak, using a straight extension of the baseline 

(Ma et al., 1990). Finally, Ttr(exo) is obtained as the maximum temperature 

reached after the endothermic transition – and is a good approximation of the 

protein aggregation temperature (Fitzsimons et al., 2007).  

 

2.1.7. Rheological assessment 
Dynamic rheological tests were performed on a controlled stress 

rheometer model CS-50 (Bohlin Instruments, Cranbury NJ, USA), equipped 

with a Peltier system for temperature control, using a plate-plate geometry 

(rotating plate diameter of 40 mm, and gap of 115 μm) and a bob system (48 

mm of diameter and 25 mm of length). The parallel plate was used during 

temperature sweep experiments to avoid higher temperature effects on the 

gap. Testing was made at low strain amplitude (1 %) and low frequency (0.5 

Hz), within the linear viscoelastic range – as assessed by stress and 

frequency sweep experiments. 

The time-temperature evolution of the gel was then characterized via 

measurements of the storage modulus (G′) and the loss modulus (G″). 

Samples were loaded onto the instrument plate at 20 ºC, and coated around 

their periphery with a thin layer of low viscosity paraffin oil (to minimise loss of 

water by evaporation). Heating then proceeded from 20 to 50 ºC at 2 ºC min-1, 

and afterwards at a slower heating rate of 1 ºC min-1 to 90 ºC – followed by 

holding at 90 ºC for 20 min. Subsequently, cooling took place from 90 to 20 ºC 

at 3 ºC min-1, followed by holding at 20 ºC for 10 min. 
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2.1.8. Statistical analyses 
All analyses were performed in triplicate, and each experiment was 

carried out as two independent replicates; mean values and standard 

deviations were accordingly calculated. Statistical analyses were performed 

using the Statistical Package for Social Sciences, v. 17.0 (SPSS, Chicago IL, 

USA), via one-way analysis of variance. The difference of means between 

pairs was assessed via confidence interval testing, using Tukey’s test. The 

significance level was set at p < 0.05. 

 

2.2. Results and discussion   
2.2.1. Chemical analyses  

The results of the chemical analyses are depicted in Table 2.1; the 

protein content ranged from 53.5 to 92.0 %, depending on the whey protein 

product tested. WPI samples exhibited the highest content of protein as 

expected, and the lowest content of some contaminants (i.e. lactose, lipids 

and ash); statistically significant differences (p < 0.05) were obtained relative 

to the other whey protein products. On the other hand, the results confirm that 

WPC 50 had the lowest content of protein, and the highest contents of lactose, 

ash and moisture. Once again, statistically significant differences (p < 0.05) 

were recorded – see Table 2.1. The two WPC 80 samples showed similar 

values for protein, lactose and moisture contents (p > 0.05), and statistically 

significant differences (p < 0.05) in terms of lipid and ash contents. WPC 80B 

showed the highest content of lipids (p < 0.05). The ash content is a measure 

of the total amount of minerals present within a food product; so the remainder 

content of ash relative to the content of determined minerals may be attributed 

to the presence of other minerals, especially to magnesium, chloride and 

phosphate that are usually found in whey protein products (Holt et al., 1999; 

Lorenzen & Schrader, 2006). 
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2.2.2. Retention of insoluble protein  

As part of our characterization of whey protein samples by FPLC – and 

in order to prevent fouling and eventual clogging of the columns, suspensions 

were filtered prior to chromatographic analysis. As the amount of protein 

removed at this step was pertinent to our study, the impact of filtration on the 

amount of protein remaining in suspension (after filtration) was investigated. 

The loss of protein was lowest for WPI and highest for WPC 50 samples; 

statistically significant differences (p < 0.05) were obtained among the various 

whey protein products – see Table 2.2. As indicated before with regard to 

chemical analyses, the purity of WPI may contribute to a lower degree of 

protein denaturation, and thus to lower losses during filtration. Conversely, the 

low purity associated with WPC 50 samples could be the main reason for the 

higher degree of protein retention. WPC 80B showed a statistically higher (p < 

0.05) loss of protein during filtration than WPC 80A (Table 2.2), probably due 

to its higher content of lipids (i.e. 1.9 %,w/w) and ash (i.e. 5.0 %,w/w) (Roufik 

et al., 2005) – see Table 2.1. 

 
2.2.3. Protein profile 

The fast protein liquid chromatography system – employed as the 

preferential method for separation and quantification of proteins, provided a 

good resolution and rather low variability in RT. This technique has indeed met 

with a high degree of success in previous studies pertaining to denaturation 

and aggregation of proteins (Lorenzen & Schrader, 2006; Pintado & Malcata, 

1996; Wang & Lucey, 2003). In addition, comparison of RT of the peaks 

corresponding to every protein in several independent runs (data not shown) 

indicated that the chromatographic protocol used was qualitatively and 

quantitatively reproducible. 

Typical chromatograms of β-Lg, α-La, IgG, and BSA standards 

obtained by FPLC are shown in Figure 2.1 (a), (b), (c) and (d) respectively. 
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The RT of those proteins was similar to those previously reported by Pintado 

and Malcata (1996), viz. 31.2, 34.8, 26.3 and 28.4 min, for β-Lg, α-La, IgG and 

BSA, respectively. Inspection of the chromatographic profiles of commercial 

WPI, WPC 80A and WPC 80B products – as depicted in Figure 2.1 (e), (f) and 

(g), respectively, unfolds the presence of two major peaks, which likely 

represent the native β-Lg and α-La proteins (based on the RT similarity with 

those of β-Lg and α-La standards). WPC 50 also exhibited the aforementioned 

two peaks; however, their intensity was significantly lower (p < 0.05) than that 

exhibited by the other whey protein products – as depicted in Figure 2.1.  

In addition, a small peak was also observed (ca. 26.6 min) in those 

whey protein products, which could be attributed to IgG, based on RT 

comparison with the IgG standard. Moreover, a small shoulder was perceived 

between IgG and β-Lg (ca. 28.4 min) that could be accounted to BSA, based 

on RT comparison with the BSA standard. The shoulder may be explained by 

the fact that being IgG and BSA present at low contents, the BSA was co-

eluted with the IgG.  

 

 



     C
ha

ra
ct

er
iz

at
io

n 
of

 w
he

y 
pr

ot
ei

n 
pr

od
uc

ts
  

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
  

   
   

   
 C

ha
pt

er
 2

  
  

69
 

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

1.
2

1.
4

0
10

20
30

40
50

60
0

10
20

30
40

50
60

  
 

                       

Abs Abs Abs

0
10

20
30

40
50

60

0
10

20
30

40
50

60

R
et

en
tio

n 
tim

e 
(m

in
) 

β-
Lg

 
R

T=
 3

1.
6±

0.
2 

m
in

 
α-

La
  

R
T=

 3
4.

9±
0.

2 
m

in
 

Ig
G

  
R

T=
 2

6.
6±

0.
3 

m
in

 

β-
Lg

 α-
La

 

A
gg

re
ga

te
s 

a)
 

b)
 

c)
 

f) 
e)

 
d)

 

g)
 

Fi
gu

re
. 2

.1
. F

P
LC

 c
hr

om
at

og
ra

m
 o

bt
ai

ne
d 

fo
r 

(a
) 

β-
la

ct
og

lo
bu

lin
 

(β
-L

g)
, 

(b
) 

α-
la

ct
al

bu
m

in
 (
α-

La
), 

(c
) 

im
m

un
og

lo
bu

lin
 G

 
(Ig

G
) 

an
d 

(d
) 

bo
vi

ne
 s

er
um

 a
lb

um
in

 (
BS

A
) 

st
an

da
rd

s,
 

an
d 

fo
r 

co
m

m
er

ci
al

 
w

he
y 

pr
ot

ei
n 

pr
od

uc
ts

, 
vi

z.
 (

e)
 W

P
I, 

(f)
 W

P
C

 
80

A
, 

(g
) 

W
PC

 8
0B

 a
nd

 (
g)

 W
P

C
 5

0,
 a

ll 
di

ss
ol

ve
d 

to
 1

 %
(w

/w
) 

pr
ot

ei
n 

in
 u

ltr
ap

ur
e 

w
at

er
 (p

H
 7

).

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

1.
2

1.
4

0
10

20
30

40
50

60
0

10
20

30
40

50
60

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

1.
2

1.
4

0
10

20
30

40
50

60

β-
Lg

 α-
La

 

A
gg

re
ga

te
s 

β-
Lg

 α-
La

 
B

S
A

  
R

T=
 2

8.
4±

0.
3 

m
in

 

0
10

20
30

40
50

60

A
gg

re
ga

te
s 

β-
Lg

 α-
La

 

h)
 

R
et

en
tio

n 
tim

e 
(m

in
) 

R
et

en
tio

n 
tim

e 
(m

in
) 

B
S

A
 

B
S

A
 

Ig
G

 

Ig
G

 Ig
G

 

B
S

A
 

B
S

A
 

Ig
G

 



Characterization of whey protein products                                                                                         Chapter 2    

70 

In spite of the good correlation of RT of each protein in our whey 

protein products with those reported in the literature (Pintado & Malcata, 

1996), identification of each peak was based on RT of pure standards. 

Moreover, no significant differences (p > 0.05) were obtained in RT of these 

proteins (i.e. β-Lg, α-La, IgG and BSA) in the four whey protein products, and 

when compared with pure standards.   

WPC 80A, WPC 80B and WPC 50 – see Figure 2.1 (f), (g) and (h), 

respectively, unfolded the presence of two protein fractions. The single peak in 

the first fraction may be accounted for by protein aggregates with high MW, 

and exhibited a retention time of ca. 16.8 min (see Table 2.2) corresponding to 

the RT of blue dextran (which is essentially equivalent to the void volume of 

the gel filtration column). For WPI samples, it was not possible to find any 

peak at 16.8 min, thus indicating that this product has a negligible content of 

protein aggregates (not detected), probably a result of its higher purity 

obtained by chromatographic techniques – see Figure 2.1. On the other hand, 

7.2-27.4 % of the proteins in WPC samples are in an aggregated state; 

statistically significant differences (p < 0.05) were obtained between all WPCs, 

with WPC 50 being the one that exhibited the highest content of aggregated 

proteins. Even though lactose has a protective role against denaturation 

(Nicolai, Britten, & Schmitt, 2011), the fact that WPC 50 – which bears a high 

lactose content, was the product susceptible to denaturation to the highest 

extent may be explained by its higher ash content (i.e. 6.0 %,w/w) (Roufik et 

al., 2005). The difference observed between the two WPC 80 products may be 

justified likewise, since WPC 80A exhibited a lower ash content than WPC 

80B – i.e. 4.4 and 5.0 %,w/w respectively.  

On the other hand, the protein faction corresponding to soluble 

proteins (i.e. β-Lg, α-La, IgG and BSA) was predominant in all whey protein 

products, except in the case of WPC 50 that showed a higher fraction 

attributed to protein aggregates – as concluded from the higher intensity of the 

peak at 16.8 min (see Figure 2.1 and Table 2.2). These results suggest that 
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the FPLC method permits good differentiation between native and aggregated 

proteins in those whey protein products.  

WPI exhibited the highest percent peak area of β-Lg, and WPC 50 the 

lowest; statistically significant differences (p < 0.05) were found with regard to 

β-Lg percent area between all whey protein samples. Regarding α-La, both 

WPC 80 showed the highest percent peak area; statistically significant 

differences (p > 0.05) were not attained among these two products, yet 

significantly lower contents (p < 0.05) were found for WPI and WPC 50. 

Furthermore, the ratio β-Lg/α-La was the highest for WPI; statistically 

significant differences (p < 0.05) were obtained upon comparison with the 

other whey protein products. In the case of IgG and BSA, WPI showed the 

highest amount when compared with the other samples, but statistically 

significant differences (p > 0.05) were not found relative to both WPC 80 – 

while significant differences (p < 0.05) were obtained relative to WPC 50 

(Table 2.2). 

   

2.2.4. Calorimetric profile 
None of the products tested presented evidence of any endothermic or 

exothermic transition below 40 ºC. Therefore, only the results pertaining to 

heating temperatures higher than 50 ºC are displayed in Figure 2.2 and 2.3 for 

protein solutions, and in Figure 2.4 for heating temperatures higher than 40 ºC 

in the case of the soy lecithin solution. The corresponding μDSC thermograms 

obtained, using a heating rate of 1 ºC min-1 – for 10 %(w/w) protein of β-Lg 

and α-La, and for 1:1 (w/w) β-Lg/α-La mixture (pH 7), are depicted in Figure 

2.2.  
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Figure 2.2. Micro DSC thermogram obtained, at a heating rate of 1 ºC min-1, for ▬ β-
lactoglobulin (β-Lg), ▬ α-lactalbumin (α-La) and ▬ a mixture thereof (1:1 w/w), all 
dissolved to 10 %(w/w) protein in ultrapure water (pH 7).   

 

Two well defined endothermic peaks can be observed in Figure 2.2: 

one at 63.8±0.2 °C, with a transition enthalpy (ΔHtr) of 1.22±0.04 J g-1, and 

another at 75.4±0.3 °C, with ΔHtr of 1.40±0.10 J g-1. These peaks can be 

attributed to transition of holo-α-La and β-Lg, respectively (Boye & Alli, 2000). 

However, it was difficult to distinguish denaturation and aggregation as 

separate processes, because the endothermic transition enthalpies of both 

proteins overlapped – and probably included some (or all) exothermic enthalpy 

of transition. Hence, both denaturation and aggregation events were displayed 

as one single endothermic peak. 

On the other hand, the β-Lg/α-La mixture exhibited a dominant 

endothermic transition at 71.1±0.4 °C, with a small shoulder at 65.0±0.3 °C – 

which can be assigned (Boye & Alli, 2000) to transition of β-Lg and holo-α-La, 

respectively. This endothermic transition exhibited ΔHtr of 1.90±0.20 J g-1, 

which was higher than ΔHtr shown by each protein separately – thus implying 

that disulfide bonds are probably formed between α-La and β-Lg molecules, 

so higher energy was needed to disrupt interactions during denaturation 

(Nicolai et al., 2011). However, the aggregation process was once again 

hampered by electrostatic repulsions (at neutral pH), so the exothermic 
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transition could not be distinguished from the endothermic one – see Figure 

2.2.  

In addition, Ttr(end) of β-Lg decreased from 75.4 °C in the absence of α-

La, to 71.1 °C in its presence – which represents a significant decrease (p < 

0.05). Conversely, an increase of 1.2 °C was observed in Ttr(end) of α-La when 

heated in the presence of β-Lg – and this represents a significant increase (p 

< 0.05). The underlying rationale might be the ability of α-La to strongly 

interact hydrophobically with β-Lg to a high degree (Nicolai et al., 2011).  

The μDSC thermograms, obtained at a heating rate of 1 ºC min-1 for 

WPI, WPC 80A and WPC 80B products, at three distinct pH values, are 

shown in Figure 2.3 – with complementary information tabulated in Table 2.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Temperature (ºC) 

Temperature (ºC) 

H
ea

t f
lo

w
 (m

W
)

H
ea

t f
lo

w
 (m

W
)

a) 

b) 

β-Lg

β-Lg

Soy 
lecithin 

Soy 
lecithin 

α-La 

α-La 

Ttr(exo)



Characterization of whey protein products                                                                                         Chapter 2    

74 

2.0

2.4

2.8

3.2

3.6

4.0

50 55 60 65 70 75 80 85 90 95 100

 

 

 

 

 

 

 

 

 
 
Figure 2.3. Micro DSC thermogram obtained, at a heating rate of 1 ºC min-1, for 
commercial whey protein products, viz. ▬ WPI, ▬ WPC 80A and ▬ WPC 80B, all 
dissolved to 10 %(w/w) protein in ultrapure water, at pH (a) 7, (b) 5 and (c) 3.   

 

Inspection of Figure 2.3 (a), one observes that three commercial products 

exhibited a large endothermic peak area – characterized by a dominant 

endothermic transition with a small shoulder, attributable to transition of β-Lg 

and α-La, respectively (Boye & Alli, 2000; Fitzsimons et al., 2007). At neutral 

pH, the aggregation process (exothermic) took place to a small extent, so it 

overlapped with the denaturation process; hence, one single endothermic 

peak was observed. Furthermore, it was possible to conclude that Ttr(end) was 

significantly higher (p < 0.05) for WPI, with the small shoulder appearing at 

significantly lower (p < 0.05) temperatures than observed for both WPC 80. 

This observation is probably related to the higher β-Lg/α-La ratio in WPI (see 

Table 2.2). As mentioned before, β-Lg becomes more thermally susceptible 

when heated in the presence of α-La, unlike happens with α-La; since WPI 

had the highest content of β-Lg and the lowest content of α-La, it is expected 

that Ttr(end) would increase, whereas the temperature associated with α-La 

transition would decrease (Nicolai et al., 2011).  
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Similarly, WPC 80A demonstrated a significantly higher (p < 0.05) β-

Lg/α-La ratio than WPC 80B (Table 2.2); this could explain the statistically 

higher (p < 0.05) Ttr(end) and the statistically lower (p < 0.05) temperature 

associated with α-La transition – see Figure 2.3 (a) and Table 2.3. 

Furthermore, the significantly higher (p < 0.05) value of ΔHtr obtained for 

WPI, followed by WPC 80A, and, finally, by WPC 80B – with statistically 

significant differences (p < 0.05) recorded between them irrespective of pH 

(Table 2.3), indicated that a higher amount of hydrogen and covalent bonds, as 

well as electrostatic and hydrophobic interactions are involved in protein 

crosslinking; hence, a higher energy is apparently necessary to disrupt the 

existing protein network structure during denaturation, and to create a new one 

during aggregation (Nicolai et al., 2011). 

On the other hand, WPC 80B exhibited a sharp endothermic peak 

centered at 52.6±0.7 ºC, with a ΔHtr of 0.053±0.005 J g-1 – which was not 

detected in the other whey protein products; it might be related to a phase 

transition of soy lecithin, since this phospholipid is only present in this product 

(according to the manufacturer, and as depicted in Table 2.1). To confirm this 

hypothesis, 0.3 %(w/w) soy lecithin (at the same concentration prevailing in 

WPC 80B) was solubilized in ultrapure water (pH 7), and subsequently 

analyzed by μDSC. The resulting thermogram exhibited Ttr(end) of 52.2±0.5 ºC 

(Figure 2.4), which is similar to that found for WPC 80B (p > 0.05), and to that 

reported by Folker and Hans (1998) – ca. 50.0 ºC. This similarly confirms our 

initial assumption that Ttr(end) obtained at 52.6±0.7 ºC is most probably due to 

soy lecithin.  

When pH was decreased from 7 to 3, the intensity of the endothermic 

transition of soy lecithin – see Figure 3 (a) and (b), as well as of ΔHtr 

decreased significantly (p < 0.05) from 0.053±0.005 J g-1 at pH 7, to 

0.016±0.003 J g-1 at pH 5, and was negligible at pH 3 as inferred by the 

absence of an endothermic transition in the neighborhood of 52.6 º C – Figure 

3 (c).   
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Figure 2.4. Micro DSC thermogram obtained, at a heating rate of 1 ºC min-1, for soy 
lecithin dissolved to 0.3 %(w/w) in ultrapure water (pH 7). 

 

It has been claimed that the presence of lecithin increases the heat 

stability of whey proteins (Jiménez-Flores, Ye, & Singh, 2005) via 

establishment of lecithin/β-Lg interaction that stabilizes β-Lg against thermally-

induced unfolding; however, the WPC 80B did not show a higher Ttr(end) when 

compared with WPC 80A (with similar composition, but without soy lecithin – 

Table 2.1); in turn, it showed that the lower Ttr(end) could probably be due to the 

lower β-Lg/α-La ratio (as mentioned above). Furthermore, the endothermic 

peak attributed to soy lecithin phase in WPC 80B was distinct from the 

dominant endothermic one (attributed to denaturation and aggregation of β-Lg) 

– see Figure 2.3; this probably indicates that such a compound was not 

associated to β-Lg, and therefore did not affect its Ttr(end). This result, however, 

is not in agreement with the DSC measurements performed by van der 

Meeren, El-Bakry, Neirynck and Noppe (2005) – who showed that addition of 

hydrolysed lecithin increased the denaturation temperature of WPI by ca. 7 °C. 

The difference between our results and those reported by these authors may 

be accounted for mainly by the different concentration of lecithin used 

elsewhere, i.e. 10 %(w/w).   

When pH decreased from 7 to 5 – which is close to the pI of the main 
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apparently occurs (Nicolai et al., 2011). Consequently, the endothermic peak 

(associated with transition of β-Lg) of the three whey protein products 

decreased its width and increased its depth, and the ΔHtr value increased 

significantly (p < 0.05) – see Table 2.3. This indicates that a higher amount of 

hydrogen and covalent bonds, as well as electrostatic and hydrophobic 

interactions are broken during denaturation at pH 5 than 7, thus denoting a 

higher stability of the protein molecules at pH near pI.    

Furthermore, the Ttr(end) for all whey protein products increased (p < 

0.05) when pH decreased to 5 (see Table 2.3); this could relate to the 

reduction of inter-molecular electrostatic repulsion, thus leading to enhanced 

association of native molecules to produce an increased rate of aggregation of 

denatured molecules – characterized by formation of new intermolecular 

bonds (non-covalent and, in some cases, disulfide bridges) (Haug, Skar, 

Vegarud, Langsrud, & Draget, 2009). The extent of aggregation when 

electrostatic repulsions are negligible (near pI) probably gave rise to an 

exothermic peak, for all whey protein samples. The temperature of the 

exothermic transition Ttr(exo) was lowest for WPC 80B, followed by WPC 80A 

and, finally, by WPI. This result is most probably related with Ttr(end): as Ttr(end) 

occurred at lower values for WPC 80B, WPC 80A and WPI (following this 

order, see Table 2.3), the denaturation and, consequently, the aggregation 

processes took place at increasing temperatures.  

On the other hand, the temperature associated with transition of α-La 

decreased significantly (p < 0.05), for all whey protein products, when pH was 

decreased from 7 to 5, and then to 3 (see Figure 2.3 and Table 2.3); this 

indicates that thermal stability of α-La decreased with pH.  

When pH was decreased to 3, Ttr(end) of the three whey protein products 

increased – thus demonstrating a greater thermal stability of β-Lg at acidic pH 

values. In addition, it was possible to observe that the width of the 

endothermic peak of the three whey protein products increased at pH 3 – see 
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Figure 2.3 (c); and that its depth decreased when compared with the 

thermogram of those samples at pH 5 – see Figure 2.3 (b). Moreover, the ΔHtr 

values decreased significantly (p < 0.05) when pH decreased from 5 to 3; 

however, statistically significant differences were not attained (p > 0.05) 

relative to pH 7 – so approximately the same amount of energy was needed to 

disrupt protein interactions during denaturation, when pH was above or below 

pI (Nicolai et al., 2011). Consequently, aggregation at either pH 3 or 7 is 

limited, owing to stronger molecular repulsions arising from protonation (pH 3) 

or deprotonation (pH 7) of amino and carboxyl groups of proteins; and the 

denaturation and aggregation processes were accordingly displayed as one 

single endothermic peak, with no exothermic process observed.  

The commercial WPC 50 did not exhibit any thermal transition when 

measured under similar conditions (data not shown); this could probably be 

due to the fact that most protein in this product was already aggregated (i.e. 

27.4 %), or was previously removed during filtration (i.e. 7.5 % – see Table 

2.2). Moreover, the content of β-Lg and α-La was probably not enough to 

produce a visible transition.   

 

2.2.5. Rheological profile 
The storage modulus (G′) and the loss modulus (G″) were recorded, 

because they reflect the changes undergone by the rheological properties of a 

product – and, for all of them, development of G′ and G″ followed similar 

patterns. However, G′ values were considerably greater in magnitude than 

their G″ counterparts, thus showing that elastic gels formed preferentially; 

therefore, only G′ values were represented, and will be discussed hereafter. 
The change in G’ of the four commercial whey protein products – as observed 

during heating (from 50 to 90°C), holding (at 90 ºC), cooling (from 90 to 20 ºC) 

and second holding (at 20 ºC), are depicted in Figure 2.5 for various pH 

values; the most important data are also summarized in Table 2.3. 
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Figure 2.5.  Storage modulus (G’) spectrum obtained, at 1 % strain and 0.5 Hz sweep 
frequency, during heating from 50 to 90 °C at 1 ºC min-1, holding at 90 ºC for 20 min, 
cooling from 90 to 20 ºC at 3 ºC min-1, and holding at 20 ºC for 10 min, for commercial 
whey protein products, viz.  WPI,  WPC 80A,  WPC 80B and  WPC 50, all 
dissolved to 10 %(w/w) protein in ultrapure water, at pH (a) 7, (b) 5 and (c) 3.  
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The gelation temperature (Tgel) was determined as the temperature 

when G′ crosses over G″ (Jara, Pérez, & Pilosof, 2010; Vardhanabhuti, 

Foegeding, McGuffey, Daubert, & Swaisgood, 2001); it depends on the 

specific whey protein product and pH used. In all samples and at each pH 

value, a sharp increase in G′ was observed during heating and the first holding 

period (at 90 ºC) – with slight, yet significant increase during cooling; however, 

it remained essentially unchanged during the second holding period (Figure 

2.5).  

The slight increase of G’ during cooling, obtained for said whey protein 

products, has previously been observed in whey protein gels (Cooney, 

Rosenberg, & Shoemaker, 1993; Manoj, Kasapis, & Hember, 1997); it may be 

rationalized as the result of continuous protein network formation, probably 

caused by a decreasing mobility of proteins with decreasing temperature that 

allows enhanced bond formation in (and between) protein molecules. This 

phenomenon occurs slowly when compared with the initial increase in G′, as it 

involves establishment of new intermolecular bonds, i.e. hydrogen bonding 

and van der Waals forces (de la Fuente, Singh, & Hemar, 2002b; Mulvihill & 

Kinsella, 1988). 

After the onset of gelation – characterized by denaturation of protein 

molecules, G' increased thus indicating that the aggregation process was still 

progressing, and that more protein would become incorporated into the 

network thus leading to further build-up.  

At pH 5, Tgel occurred at statistically (p < 0.05) lower temperatures than 

at pH 7 or 3; this implies that Tgel is pH-dependent (see Table 2.3). This result 

was somehow expected because, at this pH, the net charges of the whey 

proteins are substantially reduced, thus allowing more extensive aggregation 

between compact protein molecules (Boye, Alli, Ismail, Gibbs, & Konishi, 

1995). Hence, the gels at pH 5 followed faster kinetics in structure 

development, yielded a lower temperature of gelation and were more elastic 

(i.e. higher G’) than those obtained at pH above or below pI. Statistically 
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significant differences (p < 0.05) on Tgel values were obtained between pH 7 

and 3 – being lower at pH 7, irrespective of the whey protein product 

considered. This result was consistent with the data brought about by μDSC, 

and means that denaturation (and, consequently, aggregation) took place at 

lower temperatures.  

With regard to Tgel values, WPC 80B showed significantly (p < 0.05) 

lower values, followed by WPC 80A and, finally, by WPI (irrespective of pH) – 

see Table 2.3. This result may be explained by the fact that WPC 80B 

(seconded by WPC 80A) exhibited a higher content of ash, than WPI – as 

apparent in Table 2.1. As reported elsewhere (Nicolai et al., 2011), 

denaturation and aggregation are favoured by higher mineral content, which 

leads to lower temperatures.  

In the case of WPC 50, no gelation was observed, as concluded from 

absence of any sharp increase in G’, this confirms the results obtained via 

μDSC (see Figure 2.5). Said result was expected, since most protein of this 

product was already in aggregated form – or was previously removed via 

filtration (see Table 2.2). 

WPI exhibited the highest gel strength (p < 0.05), followed by WPC 

80A and, finally, by WPC 80B – irrespective of pH. The superior gelation 

properties (p < 0.05) of WPI relative to WPCs are mainly due to the low 

amount of lipids and lactose, as reported by Lorenzen and Schrader (2006) – 

see Table 2.1. In addition, the lowest content of insoluble protein (removed 

during filtration), the negligible content of aggregates and the higher β-Lg/α-La 

ratio (see Table 2.2), as well as the higher Ca/Na ratio (see Table 2.1) may 

account for this finding. As reported elsewhere (Nicolai et al., 2011; Veith & 

Reynolds, 2004), formation of strong gels from whey proteins depends not 

only on the concentration of β-Lg, but also on the prevailing ionic environment 

– especially pertaining to the relative abundance of divalent cations. When 

whey protein gels are prepared at the same ionic strength, sodium- were 

much weaker than calcium-induced gels. Moreover, the aggregation rate of 
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preheated protein dispersions showed systematically lower aggregation rates 

for sodium- than for calcium-induced gels (Kuhn, Cavallieri, & Lopes da 

Cunha, 2010). Note that both salts induce gelation by non-specific charge 

screening effects, yet calcium also contributes to gel formation by a specific 

cross-linking (or ion-bridging) effect that leads to a high gel strength (Nicolai et 

al., 2011). 

On the other hand, the significant differences (p < 0.05) observed in gel 

strength between WPC 80A and WPC 80B may be explained essentially by 

the different contents of insoluble protein and aggregates, coupled with the β-

Lg/α-La ratio (see Table 2.2). Moreover, the Ca/Na ratio – see Table 2.1 may 

also have contributed to the aforementioned difference.  

Ikeda and Foegeding (1999a; 1999b) reported that whey protein 

products incorporated with lecithin produce an enhanced effect upon 

rheological properties of heat-induced gels, at low to moderate electrolyte 

concentrations. However, our WPC 80B (containing soy lecithin) did not show 

any special features: it neither underwent an increase in Ttr(end), as mentioned 

before, nor an increase in gel strength when compared with the WPC 80A 

(with similar composition). The difference between our results and those by 

Ikeda and Foegeding (1999a) may be ascribed to the different concentration 

of lecithin used by them (i.e. 10 %,w/w).   

At pH 5, all whey protein products exhibited the highest gel strength, 

followed by the values at pH 7 and, finally, at pH 3; statistically significant 

differences (p < 0.05) were observed among these pH values (see Table 2.3). 

This result was somehow expected, since aggregation occurred to higher 

extent at pH 5 than at pH above or below pI – and the whey proteins may form 

stronger gels, stabilized mainly via covalent disulfide bonds (Aguilera, 1995; 

Langton & Hermansson, 1992). WPI showed the highest gel strength 

difference at pH 5, when compared with WPC 80A and WPC 80B – which 

were 16.9- and 30-fold larger, respectively.  
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At pH 7 and 3, similar results were obtained for the gel strength of WPI, 

relative to WPC 80A and WPC 80B – 8.6- and 10.6-fold larger, respectively, 

for the former, and 8.6- and 11.3-fold larger, respectively, for the later pH.  

 

2.3. Conclusions 
The simultaneous utilization of two alternative (yet complementary) 

techniques in this study – i.e. µDSC and rheology, provides a more complete 

understanding of the gelation phenomena induced by heat, and the underlying 

molecular mechanisms responsible for specific functional properties. Gelation 

of WPI, WPC 80A and WPC 80B upon heating involves two separate stages: 

the first corresponds to partial denaturation of the native globular structure, 

whereas the second entails intermolecular aggregation, which is a much 

slower process than denaturation.  

The μDSC heating scans provide a useful method to resolve 

endothermic and exothermic phenomena; however, these processes are only 

present as separate transition at pH 5. Acidic conditions increased the thermal 

stability of WPI, WPC 80A and WPC 80B; the dominant endothermic process 

associated with thermal transition of β-Lg occurred at higher temperatures 

when pH was lower.  

The strength of heat-induced gels prepared from WPI is higher than 

from WPCs, irrespective of pH used. At pH 5, the gel strength is higher for all 

whey products than at other pH values. The better gelation properties of WPI 

arise most probably from the higher purity, coupled with the lower content of 

insoluble protein and aggregates, as well as from the higher β-Lg/α-La and 

Ca/Na ratios.  

The presence of soy lecithin in WPC 80B did not increase Ttr(end) or gel 

strength (in μDSC and rheology analyses, respectively) when compared with 

the WPC 80A (with similar composition but without lecithin). In the case of 

WPC 50, no gelation was observed at all. Therefore, from the whey protein 
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products tested, WPI followed by WPC 80A were those that demonstrated the 

best gelation properties for eventual use in production of edible films. 
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Abstract 
This manuscript describes the detailed characterization of edible films 

made from two different protein products – whey protein isolate (WPI) and 

whey protein concentrate (WPC), added with three levels of glycerol – i.e. 40, 

50 and 60 %(w/w), on a protein basis. The molecular structure, as well as 

barrier, tensile, thermal, surface and optical properties of said films were 

determined, in attempts to provide a better understanding of the effects of 

proteinaceous feedstock and glycerol content. WPI films exhibited statistically 

lower (p < 0.05) values of moisture content (MC), film solubility (S), water 

activity, water vapour permeability (WVP), and oxygen and carbon dioxide 

permeabilities (O2P and CO2P, respectively), as well as statistically higher (p < 

0.05) values of density, surface hydrophobicity, mechanical resistance, 

elasticity and extensibility than their WPC counterparts, for the same content 

of glycerol. These results are consistent with thermal and FTIR analyses – 

which indicated that the WPI films are stronger and more stable, likely 

because of higher glass transition and melting temperatures, and higher 

decomposition temperature and derivate maximum decomposing rate 

temperature, coupled with a higher degree of cross-linking via non-covalent 

and covalent bonds (associated with a higher content of β-sheet structures). 

Furthermore, a significant increase (p < 0.05) was observed in MC, S, WVP, 

O2P, CO2P, weight loss and extensibility of both protein films when the 

glycerol content increased; whereas a significant decrease (p < 0.05) was 

observed in thermal features, as well as in mechanical resistance and 

elasticity – thus leading to weaker films.  

 
Keywords: Whey protein isolate; whey protein concentrate; glycerol; edible 

films; molecular behaviour; physical properties. 
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3. Introduction 
Biopolymer-based films have been the subject of a rising interest in 

recent years, because of general concerns about limited natural resources as 

feedstock for, and environmental impacts caused by nonbiodegradable 

plastic-based packaging materials. A variety of polymers from renewable 

sources – e.g. polysaccharides, proteins, lipids and their composites, derived 

from plant and animal feedstocks, have thus been investigated towards 

development of edible/biodegradable, non-toxic packaging materials that 

might replace synthetic polymers (Krochta & de Mulder-Johnston, 1997; Rhim, 

Lee, & Ng, 2007).  

The aforementioned materials have found specific applications as 

effective barriers to moisture, gas, lipid and aroma migration, between 

adjacent food components and/or between the food and its environment – 

thus extending the shelf-lives of foods wrapped therewith (Kester & Fennema, 

1986; Naushad & Stading, 2007); however, their use as packaging film is 

largely dependent on the intended role (Cha & Chinnan, 2004). In particular, 

various whey protein products have been developed in recent decades – 

including whey protein concentrates (WPC) produced by ultrafiltration (UF), 

with protein contents ranging in 35-80 %(w/w) on a dry basis, as well as whey 

protein isolates (WPI) produced by ion-exchange, and subsequent UF (or 

microfiltration and UF), with protein contents above 90 % (Mulvihill & Ennis, 

2003). Besides their distinct protein contents, WPI and WPC also differ in the 

levels of such other constituents as lipids, minerals and lactose. These 

differences may markedly influence the intermolecular bonds in films 

manufactured therefrom – and consequently their barrier, mechanical and 

thermal properties, as a result of distinct molecular structures (Khwaldia, 

Perez, Banon, Desobry, & Hardy, 2004).  

Use of whey protein to manufacture films has indeed received a great 

deal of attention – since such films are edible and biodegradable, allow 

upgrade of a cheesemaking effluent, and possess interesting mechanical 
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properties. Detailed reviews are available on this subject (Gennadios, 2004; 

Khwaldia et al., 2004); the film-forming properties of whey proteins have 

accordingly been applied to manufacture transparent, flexible, colorless and 

odorless films (Fairley, Monahan, German, & Krochta, 1996a; b). With respect 

to manufacture itself, films based on whey proteins are usually obtained by 

casting and drying aqueous WPI and WPC; they have shown a moderate 

potential as moisture barriers (McHugh, Aujard, & Krochta, 1994), but a good 

potential as oxygen barriers (Maté & Krochta, 1996; McHugh & Krochta, 

1994a). Temperature, pressure and time appear to be critical parameters in 

processing, owing to their direct effects upon denaturation of proteins – via 

unfolding of their globular structure that promotes interaction and 

entanglement between protein chains (Ghanbarzadeh & Oromiehi, 2009). 

On the other hand, formulation of protein-based films also requires 

incorporation of plasticizer above a minimum threshold – to reduce their 

brittleness, allow easier removal from the forming support and confer plastic 

properties (Hernandez-Izquierdo & Krochta, 2008). The plasticizer molecules 

lead to decreases in intermolecular forces along the polymer chains, thus 

improving flexibility, extensibility, toughness and tear resistance of the film; 

however, they also decrease their mechanical resistance and barrier 

properties (Karbowiak, Hervet, Léger, Champion, Debeaufort, & Voilley, 

2006). The most common plasticizers are polyols (e.g. glycerol, sorbitol and 

polyethylene glycol 400), mono-, di- or oligosaccharides, and lipids and 

derivatives thereof (Guilbert, 1986). Among these, glycerol produces the best 

effects in whey protein films, thus leading to more stable, flexible and less 

brittle films under various relative humidities (RH) (Osés, Fernandez-Pan, 

Mendoza, & Maté, 2009). Hence, glycerol was chosen as plasticizer for this 

research study.  

There is large information available on the barrier and mechanical 

properties of whey protein-based films (Bodnár, Alting, & Verschueren, 2007; 

Fairley et al., 1996a; b; Krochta & de Mulder-Johnston, 1997; McHugh & 
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Krochta, 1994a), but very little information exists on characterization of the 

molecular structure of those films – and on their relationships with barrier, 

tensile, surface and thermal properties, especially at wider ranges of glycerol 

ratios. Therefore, the major goal of this work was to provide an array of data to 

support comparative characterization of films obtained from WPI and WPC 

80A, at various levels of addition of glycerol (i.e. 40, 50 and 60 %,w/w, on a 

protein basis). Moreover, moisture, solubility, density, water activity, molecular 

structure and surface hydrophobicity, as well as thermal, barrier, tensile and 

optical properties of these films (at 23±2 ºC and 50±2 % RH) were studied – in 

attempts to help understand the relationships holding among these properties 

and the nature of the proteinaceous feedstock and the plasticizer content 

utilized; this is a crucial ingredient for rational improvement of such films for 

eventual application as edible packaging.  

 

3.1. Materials and methods 
3.1.1. Materials 

Whey protein isolate (WPI) was obtained from Armor Proteines (Saint 

Brice en Coglés, France), whereas whey protein concentrate (WPC 80A) was 

obtained from Myprotein (Cheadle, UK). Ultrapure water (with a resistivity of 

18.2 MΩ cm) was obtained with a Milli-Q Ultrapure water purification system 

(Millipore, Bedford MA, USA). Glycerol (99 % purity) was supplied by Panreac 

(Barcelona, Spain). All other chemicals were reagent-grade or better, and 

were used without further purification. 

 

3.1.2. Chemical analyses 
The composition of the two whey protein products used (i.e. WPI and 

WPC 80A) was determined as showed in previously Chapter (point 2.1.2) –

and was already depicted in Table 2.1.   
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3.1.3. Film preparation 
Film-forming solutions were prepared by slowly dissolving 10 %(w/w) 

WPI and WPC 80A powder in deionized water, following the procedure 

reported by Perez-Gago and Krochta (2002). Glycerol was added, at three 

different levels, to plasticize the films: 40, 50 and 60 %(w/w), on a protein 

basis, and the resulting solutions were magnetically stirred for ca. 2 h. 

Subsequently, the solutions were heated in a water bath at 80 °C for 20 min, 

under stirring; this step is essential to formation of intermolecular bonds, which 

will in turn assist in establishment of a cross-linked polymeric network 

structure. Such a process is thus necessary to obtain a flexible film able to 

retain its structural integrity under high moisture environments (le Tien et al., 

2000). The solutions were cooled for 1.5 h to room temperature (ca. 30 ºC), 

and then vacuum was applied for 30 min to remove any air incorporated 

during stirring (Seydim & Sarikus, 2006). Finally, the solutions were adjusted 

to pH 7.0 using 0.1 mol L-1 NaOH. To prepare the films, the amounts of each 

film-forming solution, poured onto level Teflon plates (38 x 34 cm), were the 

same (300 mL) so as to control the film thickness. The spreading solutions 

were allowed to dry at room conditions (ca. 23 ºC and 50 % relative humidity, 

RH) for 24 h, according to the procedure by Gounga, Xu and Wang (2007) 

and Osés, Fernández-Pan, Mendoza and Mate (2009). Once formed, the films 

were then peeled off and conditioned at 23±2 ºC and 50±2 % RH, in a 

controlled temperature and humidity storage room (Packaging Center, CBQF, 

Porto Portugal), for at least 72 h prior to testing (ASTM, 2000). All physical 

measurements described below were conducted also at 23±2 ºC and 50±2 % 

RH. 
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3.1.4. Film characterization 
3.1.4.1. Thickness 

The film thickness was measured using a micrometer Model m120 

(from Adamel Lhomargy, Roissy en Brie, France), to the nearest 0.001 mm. 

The mean thickness was calculated from five independent measurements, 

taken randomly at different locations on each film sample.  

 

3.1.4.2. Moisture content and solubility 
The moisture content (MC) of the protein films was determined after 

drying in an oven at 105 ºC, under forced air circulation for 24 h. Small 

specimens (0.200 g) of films were cut after conditioning, and placed on Petri 

dishes – which were weighed before and after oven drying. MC values were 

determined as a fraction of initial film weight lost (ASTM, 1994) during drying, 

and were reported on a wet basis.  

 The film solubility (S) in water was determined according to the method 

reported by Gounga et al. (2007). It was defined as percentage of film dry 

matter solubilized after 24 h immersion in deionized water. A portion of the film 

(0.200 g dry matter) was weighed and immersed in 40 mL of deionized water 

under occasional agitation. After 24 h of immersion, the sample was vacuum 

filtered through a pre-weighed porous crucible. The crucible, containing any 

undissolved pieces of film, was dried at 105 ºC for 24 h to determine the 

weight of dry matter not dissolved in water. The weight of the dry matter 

dissolved in water is equal to the difference between the initial dry matter and 

the remaining dry matter (not dissolved). This was expressed as a percentage 

of the initial dry matter. The determinations of both MC and S were performed 

in triplicate. 
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3.1.4.3. Density 
The film density (ρs) was calculated directly from the film weight and 

dimensions (Salgado, Ortiz, Petruccelli, & Mauri, 2010), according to: 

 

ρs = m / (A x δ)           (3.1) 

 

where A is the film area (12.6 cm2 in our case), δ the thickness (cm), m the dry 

mass (g) and ρs the dry matter density (g cm-3). The film density was 

expressed as the average of five independent determinations. 

 

3.1.4.4. Water activity  
The water activity (aw) of preconditioned films was measured using a 

HygroLab 2 (from Rotronic, Bassersdrof, Germany). Pieces of films (ca. 0.5 g) 

were placed on the sample holder of the water activity device; a sealed 

system was formed by placing the water activity probe on top of the sample 

holder. The probe was equipped with a small fan to circulate air inside the 

sample container, a thin film capacitance sensor able to measure RH from 0 to 

100±1.5 %, and a platinum resistance temperature detector with a precision of 

±0.3 °C. When aw became constant (which usually took less than 1 h), its 

value was recorded. Calibration resorted to six saturated solutions of known 

aw (viz. LiCl = 0.114, MgCl2 = 0.329, K2CO3 = 0.443, Mg(NO3)2 = 0.536, NaBr = 

0.653 and KCl = 0.821). These measurements were carried out in 

quadruplicate. 

 

3.1.4.5. Surface hydrophobicity  
The sessile drop method, based on the optical contact angle, was used 

to estimate the surface hydrophobicity of the films. The contact angle (θ) was 

determined with a face contact angle meter OCA 20 (from Dataphysics, 

Filderstadt, Germany), according to Kwok and Newman (1999): a 2 μL-droplet 

of ultrapure water was deposited on the film surface with a 500 μL precision 
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syringe (Hamilton, Bonaduz, Switzerland), using a needle with a diameter of 

0.75 mm. The image of the drop, taken by 5 s, was recorded with a video 

camera, and its profile was numerically solved and fitted to Laplace-Young 

equation. Ten replicated measurements of θ (upper and lower surfaces of the 

film) were obtained. 

 

3.1.4.6. Differential scanning calorimetry  
 Differential scanning calorimetry (DSC) measurements were performed 

with a Shimadzu DSC-50 calorimeter (from Shimadzu Corporation, Kyoto, 

Japan), equipped with STARe 6.1 Thermal Analysis System software. The 

instrument was calibrated with an indium standard, characterized by a Tm of 

156.6 °C and a ΔHm of 28.71 J g−1 (TA Instruments, New Castle DE, USA). 

Each sample was heated at a rate of 10 °C min-1, from -150 °C (assured with 

liquid nitrogen) to 250 °C, under an inert atmosphere (100 mL min-1 of N2).  

 The glass transition temperature (Tg) was recorded as the inflexion 

point of the base line, caused by the discontinuity in the specific heat of the 

sample (Ghanbarzadeh & Oromiehi, 2008). The temperature of melting (Tm), 

observed as an endothermic peak, and the enthalpy of melting (∆Hm) were 

determined (and expressed as J g-1 protein) as reported by Ryan et al. (2008). 

These experiments were performed at least in duplicate, using punctured 

aluminium DSC pans (Al crimp Pan C.201-52090) containing 10 mg of dry 

sample. The samples were weighed with an automatic electro-balance AE 200 

(from Mettler, Columbus OH, USA), with a precision of ± 0.01 mg. An empty 

pan was used as reference.  

 

3.1.4.7. Thermogravimetry  

Thermogravimetric analyses (TGA) were performed with a TGA-50 

apparatus (from Shimadzu Corporation). Samples were placed in the balance 

system, and heated from 30 to 575 °C at 10 °C min-1, under a nitrogen 

atmosphere. The samples were pre-weighed (10 mg) in aluminum pans (Al 
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crimp Pan C.201-52943), using an empty pan as reference. The initial 

decomposition temperature (Tdi), the derivate maximum decomposing rate 

temperature (DTGmax), and the corresponding weight losses – as well as the 

residual mass, were all determined. The measurements were performed at 

least in duplicate. 

 

3.1.4.8. FTIR-ATR analysis 
The spectra of the films were determined using Fourier transform 

infrared spectrometry (FTIR) with a Perkin-Elmer 16 PC spectrometer (Boston 

MA, USA), under attenuated total reflectance (ATR) mode. The spectra were 

recorded in absorbance mode from 650-4000 cm-1, using 16 scans at 4 cm-1 

resolution. Three replicates were collected for each film surface sample. The 

spectra were input to a data analysis package (Barros, 1999) – and three 

spectral regions were preferentially selected (i.e. 800-1150, 1600-1700 and 

3000-3600 cm-1) owing to their relevance; for instance, to ascertain the protein 

secondary structure contents, spectra were curve-fitted in the 1600-1700 cm-1 

region (amide I), using appropriate Gaussian and Lorentzian functions.  

For each region analyzed, a linear baseline was subtracted – and the 

absorbance was normalized to the peak maximum, so as to avoid undesirable 

intensity variations (Lefèvre, Subirade, & Pézolet, 2005); initial values of the 

peak positions were then determined by Fourier deconvolution. The 

parameters of Fourier deconvolution were chosen after several trials, so as to 

produce reasonable fits – and to obtain enough bands, thus narrowing the 

major components of the amide I band (Mangavel, Barbot, Popineau, & 

Gueguen, 2001). All data were treated with Peakfit software, v. 4.12 (from 

SYSTAT Software, Richmond CA, USA). 

 

3.1.4.9. Water vapor permeability  
The water vapor permeability (WVP) of films was gravimetrically 

assessed, according to the protocol B of ASTM (1995), with the adaptations 
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proposed by Debeaufort, Martin-Polo and Voilley (1993) specifically for edible 

films. Circular aluminum cups, with a diameter of 8 cm and a depth of 5 cm, 

were accordingly used. Deionized water (30 mL) was placed in each test cup, 

to expose the lower film face to a high RH. The films samples were mounted 

with the upper surface facing the RH (50±2 %) of the environment-controlled 

room. The weight loss of the cups was monitored over a 72 h-period, with 

weights recorded at 4 h-intervals. WVP (expressed as g mm m-2 d-1 kPa−1) of 

the film was calculated as follows: 

 

WVP = (ΔW × FT) / (S × Δp)                        (3.2) 

 

where ΔW is the weight loss of the cup per day (g d-1) (i.e. the slope of the 

linear behaviour), FT is the film thickness (mm), S is the area of exposed film 

(m2) and Δp is the vapor pressure differential across the test film (kPa). At 

least 3 replicates were produced from each film type. 

 

3.1.4.10. Oxygen and carbon dioxide permeability  
Oxygen permeability (O2P) and carbon dioxide permeability (CO2P) 

were determined based on the reference method (ASTM, 2002a). A sample 

film was thus sealed between two chambers, each one with two channels – 

one for gas inlet and the other for gas outlet. In the lower chamber, O2 (or 

CO2) was supplied at a controlled flow rate, using an electronic flow meter  

ADM 2000 (from J & W Scientific, Folsom CA, USA) to keep the pressure 

constant inside that compartment. The other chamber was purged by a stream 

of nitrogen, also at a controlled flow rate; nitrogen acted as carrier for O2 (or 

CO2).  

The values for O2P and CO2P (cm3 mm m-2 d-1 kPa−1) were determined 

by gas chromatography (Chrompack 9001, Middelburg, Netherlands), at 110 

ºC – with a molecular sieve 5A° 80/100 mesh 1 m x 1/8” x 2 mm column to 

separate O2, and a Porapak Q 80/100 mesh 2 m x 1/8’’ x 2 mm SS column to 
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separate CO2, using a thermal conductivity detector (TCD) at 110 ºC. Helium 

at 23 mL min-1 was used as carrier gas. A standard mixture containing 10 

%(v/v) CO2, 20 %(v/v) O2 and 70 %(v/v) N2 was used for calibration. Three 

replicates were obtained for each sample. 

 

3.1.4.11. Lipid permeability 

The permeability coefficient of oil (PO) was used as an indicator of lipid 

permeability of the films, and was determined according to Tang, Jiang, Wen 

and Yang (2005) with the following modifications: tubules containing 5 mL of 

salad oil were sealed with circular film specimen with a diameter of 4 cm, and 

upside down on filter papers – and then stored in a environment-controlled 

room (23±2 ºC and 50±2 % RH), with filter papers together. The weight of said 

filter papers was recorded every day, up to a week. The PO determinations (g 

mm m-2 d-1 kPa−1) were performed in triplicate, and calculated according to:  

 

PO = (ΔW × FT) / ST          (3.3) 

 

where ΔW is the weight variation with time (g), FT the mean film thickness 

(mm), S the film area covered in the mouth of the tubules (m−2), and T the time 

elapsed (day). Slopes of the steady state (linear) portion of the weight gain 

versus time curves were used to estimate ΔW / T. 

 

3.1.4.12. Tensile properties 

The tensile properties of films – i.e. tensile strength (TS), elongation at 

break (EB) and Young’s modulus (YM), were measured according to the 

reference method (ASTM, 2002b), using a Universal Testing machine model 

4501 (from Instron, Canton MA, USA), equipped with fixed Grips (test method 

A) with a 100 N-static load cell. The film samples were cut into strips (80 x 15 

mm). The initial grip separation was set at 50 mm, and the crosshead speed at 

4.8 mm min-1. The TS, EB and YM values were determined using the Series 
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IX Automated Materials Testing System software, v. 809.00 (Instron). At least 

ten strips of each film sample were analyzed. 

 

3.1.4.13. Optical properties 

3.1.4.13.1. Light transmission and film transparency 

The ultraviolet (UV) and visible light barrier properties were measured 

on dried films at selected wavelengths (in the 200-800 nm range), using an 

UV-VIS Spectrophotometer (SPECORD S 600, from AnalytikJena, Jena, 

Germany). The film samples were cut into strips (4 x 1 cm), and were attached 

to one side of a colorimetric cup – while the empty colorimetric cup was used 

as control. The relative transparency of films was measured at 600 nm, and 

calculated as (Han & Floros, 1997):  

 

Transparency = A600 / X                              (3.4) 

 

where A600 is the absorbance at 600 nm and X the film thickness (mm). At 

least five strips of each film type were tested. 

 

3.1.4.13.2. Color 

The film color was evaluated using a portable Chroma meter CR-400 

(from Minolta Chroma, Osaka, Japan). A CIELab color scale was employed to 

measure the degree of lightness (L), redness (+a) or greenness (−a), and 

yellowness (+b) or blueness (−b) of the films, under D65 (daylight). Film 

specimens were measured on the surface of the white standard plate, with 

color coordinates Lstandard = 97.6, astandard = 0.01 and bstandard = 1.60. The color 

of the films was expressed as the total difference in color (ΔE), calculated 

according to: 
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ΔE = [(Lfilm – Lstandard)2 + (a film – astandard)2 + (b film – bstandard)2]1/2
                  (3.5) 

 

For each condition, four samples were measured – and, on each film piece, 

four readings were made on each side. 

 

3.1.5. Statistical analyses 
Statistical analyses were performed using the Statistical Package for 

Social Sciences, v. 17.0 (SPSS, Chicago IL, USA), via one-way analysis of 

variance. The difference of means between pairs was resolved via confidence 

intervals, using a Tukey test. The significance level was set at p < 0.05. 

 

3.2. Results and discussion 
3.2.1. Film appearance 

Both WPI- and WPC 80A-based films were transparent, flexible and 

homogeneous. Their surfaces appeared smooth, without visible pores or 

cracks. These films did not undergo any change in appearance when different 

levels of plasticizer were used; however, WPC 80A-based films exhibited a 

slightly yellowish color when compared with WPI ones – and a similar 

observation was reported by Lin and Krochta (2003).  

Appearance of the two sides of the film was different for both WPI- and 

WPC 80A-films. The film side facing the casting plate was indeed shiny, while 

the other was dull; this is likely an indication of some phase separation 

occurring in the solution during drying. Similar results were reported previously 

by Fernandez, de Apodaca, Cebrian, Villaran and Mate (2007), and McHugh 

and Krochta (1994b) regarding also whey protein films. 

Both types of film were easily separated from the casting plates, except 

for those containing 60 %(w/w) glycerol – which were rather sticky. The same 

behaviour was observed by Osés et al. (2009) in the case of WPI films, at 10 

%(w/w) protein and similar glycerol content. Films manufactured from WPI at 

10 %(w/w) protein showed a thickness of 0.13±0.04 mm, irrespective of 
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glycerol content – which is similar to those reported by Kokoszka, Debeaufort, 

Lenart and Voilley (2010), Osés et al. (2009), and Simelane and Ustunol 

(2005), i.e. 0.12±0.08, 0.13±0.01 and 0.14±0.02 mm, respectively (for the 

same protein concentration). WPC 80A-based films exhibited a thickness of 

0.17±0.04 mm for the various glycerol levels tested; this does not represent a 

significant increase (p > 0.05) relative to WPI ones. Furthermore, when the 

glycerol level was increased in the film-forming solutions, the thickness values 

of both films (results not shown) did not exhibit any statistically significant 

differences either (p > 0.05). Likewise, Gounga et al. (2007) and Schou, 

Longares, Montesinos-Herrero, Monahan, O'Riordan and O'Sullivan (2005) did 

not observe any significant effect of glycerol content upon thickness of similar 

whey protein films.  

 

3.2.2. Moisture content, solubility, density and water activity 
The values obtained for the moisture content (MC), solubility (S), 

density (ρs) and water activity (aw), for both whey protein products as a 

function of the glycerol level, are presented in Table 3.1.   

 
Table 3.1. Values (average ± standard deviation) of moisture content (MC), solubility 
(S), density (ρs) and water activity (aw) of whey protein isolate (WPI) and whey 
protein concentrate (WPC 80A)-based edible films, with various glycerol contents.  

Protein film Glycerol (%) MC (%) S (%) ρs (g cm-3) aw 
40 15.10±0.14a 63.91±0.32a 1.32±0.00a  0.46±0.01a 
50 16.82±0.25b 67.60±0.44b 1.35±0.03a 0.47±0.01a WPI 
60 18.70±0.49c 70.32±0.51c 1.38±0.08a  0.48±0.01a 
40 17.91±0.32d 78.32±0.13d 1.26±0.05b 0.51±0.01b 
50 19.62±0.17e 81.83±0.22e 1.29±0.02b  0.53±0.02b WPC 80A 
60 21.71±0.31f 84.22±0.30f 1.31±0.00b 0.53±0.01b 

Note: a, b, c, d, e, f Means within the same column, labelled with the same letter, do not statistically 
differ from each other (p > 0.05). 

 

WPI films exhibited significantly (p < 0.05) lower values of MC, S, and 

aw, as well as significantly (p < 0.05) higher values of ρs than films 

manufactured from WPC 80A. This observation may be rationalized by the 

differences in the film-forming product – especially the presence of higher 
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contents of contaminants (i.e. lactose, lipids and minerals) in WPC 80A 

(Chapter 2, Table 2.1). 

On the other hand, an increase in content of glycerol from 40 to 60 

%(w/w) in WPI films produced a significant increase (p < 0.05) in MC – 3.60 

%, and in S – 6.41 %; whereas no significant changes (p > 0.05) were 

observed for ρs and aw. In the case of WPC 80A films, a significant increase (p 

< 0.05) in MC – 3.80 %, and in S – 5.90 % was also observed, when glycerol 

was increased from 40 to 60 %(w/w), yet no significant changes (p > 0.05) 

were observed for ρs and aw. The observed increase may be attributed to the 

hygroscopic nature of glycerol – which attracts and holds water molecules, 

thus favoring wetting of the film surface and moisture absorption (Kokoszka et 

al., 2010).  

Similar results had been reported previously for MC by Osés et al. 

(2009) – using a 10 %(w/w) WPI, at 50 % RH; they showed an increase of ca. 

3.7 % when the content of glycerol increased from 40 to 60 %(w/w). In the 

case of S, our results proved that WPI films kept their integrity after 24 h of 

immersion in water. The partial insolubility of these films had been reported 

elsewhere by McHugh & Krochta (1994b) and Fairley et al. (1996a; b) – who 

claimed that the stronger intermolecular bonds (e.g. disulfide bonds, as a 

result of the heat treatment) between protein molecules in the matrix of WPI 

films (McHugh, Avena-Bustillos, & Krochta, 1993; McHugh & Krochta, 1994b) 

may pay a role. This will likely account for the protein polymer network of such 

films being highly stable, since only small molecules – e.g. small peptides, 

monomers and nonprotein material, are soluble (Yoshida & Antunes, 2004). 

 

3.2.3. Surface hydrophobicity 
Surface hydrophobicity of protein films was evaluated via measuring 

the contact angle of water (θ) upon the film surface by the sessile drop 

method. In general, films with higher θ values exhibit a higher surface 

hydrophobicity (Tang & Jiang, 2007); quantitative differentiation between 
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“hydrophobic” and “hydrophilic” surfaces is indeed based on whether θ > 65° 

or θ < 65°, respectively (Vogler, 1998).  

From inspection of Figure 3.1, films from WPI containing 40 % glycerol 

can be considered to have hydrophobic surfaces, since θ took values of 

69.5±2.6 and 65.8±2.1° for the upper and lower surfaces, respectively. 

Conversely, WPI-based films with higher glycerol content (i.e. 50 and 60 

%,w/w) and WPC 80A -based films (for all glycerol contents) could be 

considered to have hydrophilic surfaces, since the values of θ were below 65°. 

Furthermore, WPI films exhibited higher θ values on both (upper and lower) 

surfaces when compared with WPC 80A films; statistically significant 

differences (p < 0.05) were recorded between the two film products for a given 

content of glycerol – see Figure 3.1. 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3.1. Water contact angle values (average ± standard deviation, n=10) for 
upper and lower surface of 10 %(w/w) WPI- and WPC 80A-edible films, with various 
glycerol contents. Values labelled with the same letter do not statistically differ from 
each other (p > 0.05). 

 

The results for the contact angle suggest that the surface 

hydrophobicity of WPI and WPC 80A films depends on which surface (upper 

or lower) is tested. For both WPI and WPC 80A, the upper surface of those 
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films exhibited higher hydrophobicity than the lower one; however statistically 

significant differences were not obtained (p > 0.05). Similar results were 

reported for such protein films as gelatin (Białopiotrowicz & Janczuk, 2002), 

WPI (Pereira, Souza, Cerqueira, Teixeira, & Vicente, 2010) and soy protein 

(Yin, Tang, Wen, & Yang, 2007) – and may be related to the fact that, during 

drying, the thin liquid film layer adhering to the support (lower surface) retains 

more water than the free surface (upper surface), thus assuring lower 

hydrophobicity (Pereira et al., 2009). It is also apparent in Figure 3.1 that θ for 

the upper and lower surfaces of WPI and WPC 80A films decreased 

proportionally to the increase in glycerol; once again, such behaviour was 

expected due to the hygroscopic nature of glycerol (Sobral, Santos, & García, 

2005). 

On the other hand, our data pertaining to WPI films conveyed higher θ 

values for the upper surface – viz. 69.5±2.6, 58.5±2.5 and 46.5±2.3, for 40, 50 

and 60 %(w/w) of glycerol, respectively, than the results obtained by Kokoszka 

et al. (2010) pertaining to the same surface of 8 %(w/w) WPI films – viz. 

62.1±8.1, 37.8±2.7 and 42.5±9.8, for 40, 50 and 60 %(w/w) of glycerol, 

respectively. However, our results are in line with the claim by those authors 

that films containing a lower glycerol content exhibit more hydrophobic 

surfaces.  

 In order to complement the data produced, the behaviour of a water 

droplet on the upper surface of WPI and WPC 80A-based films is depicted in 

Figure 3.2 as a function of glycerol content. It is apparent that both the whey 

product and the glycerol content had a strong influence on the shape of said 

drop. A higher hydrophobicity could be attributed to WPI films, because of the 

lower enlargement of the water droplet as compared with their WPC 

counterparts. On the other hand, as the content of glycerol increased, the 

enlargement of the water droplet also became more notorious – see Figure 

3.2.  
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Figure 3.2. Shape and behaviour of water droplets on the upper surface of 10 %(w/w) 
WPI- and WPC 80A-edible films, with various glycerol contents, by 5 s of exposure.  
 

A similar observation was reported by Kokoszka et al. (2010), for 8 %(w/w) 

WPI films plasticized with 40, 50 and 60 %(w/w) glycerol. In addition, Sobral et 

al. (2005) stated that increasing concentrations of glycerol facilitate water 

absorption and transport within the films. 

 

3.2.4. Thermal properties 
The properties of WPI and WPC 80A films, at various levels of glycerol, 

were also analyzed in terms of thermal performance via differential scanning 

calorimetry (DSC) and thermogravimetry (TGA). 

DSC thermograms (Figure 3.3) showed two thermal transitions for WPI 

and WPC 80A films, irrespective of their content of glycerol; a glass transition 

for the amorphous fraction, and a melting transition for the crystalline one. The 

following results were observed: the glass transition temperature (Tg) ranged 

from 36.5±0.2 to 50.2±0.7 ºC; the melting temperature (Tm) ranged from 

152.0±1.3 to 184.5±1.3 ºC; and the melting enthalpy (∆Hm) varied from 

180.0±1.1 to 209.9±2.4 J g-1 (see Table 3.2). Note that Tg is associated with a 

structural transition from an amorphous solid state (glassy state) to a more 

viscous ‘rubbery’ state; below Tg, films are rigid and brittle, whereas above Tg, 

films become flexible and pliable (Jasse, Seuver, & Mathlouthi, 1994). On the 

other hand, Tm is associated with the crystallinity of the material; higher Tm and 

∆Hm are associated with a higher heat-stability of the protein network 

structure, and consequently with a large extent and higher strength of 

crosslinking (Jiang, Li, Chai, & Leng, 2010).  
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WPI films exhibited Tg values significantly higher (p < 0.05) than those 

obtained for WPC 80A films, at a given content of glycerol – thus suggesting 

stronger films. In addition, WPI films possessed Tm and ∆Hm with values 

significant higher (p < 0.05) in the case of films with 40 and 50 %(w/w) 

glycerol, thus unfolding more heat-stable films; but showed, in turn, lower Tm 

and ∆Hm values (p > 0.05) in the case of films with 60 %(w/w) glycerol, when 

compared with WPC 80A films – see Table 3.2. The aforementioned 

differences between WPI and WPC 80A films may arise from the higher 

hydrophilic nature of the latter (associated also with higher MC, S and aw, as 

well as lower θ as reported above).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.3. DSC thermograms, showing the glass transition temperature (Tg), the 
melting temperature (Tm) and the enthalpy of melting (∆Hm), of 10 %(w/w) WPI- (a) 
and WPC 80A- (b) edible films, with various glycerol contents.  
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From inspection of Figure 3.3, it is possible to conclude that Tg and Tm 

decreased as glycerol content increased from 40 to 60 %(w/w) – in agreement 

with several authors (Anker, Stading, & Hermansson, 1999; Ghanbarzadeh & 

Oromiehi, 2008; Hernandez-Izquierdo & Krochta, 2009). This trend is a 

consequence of the plasticizing effect of glycerol molecules – which typically 

increase the free volume of the polymer network and the segmental mobility of 

the polymer chains, thus decreasing both Tg and Tm (Sobral, Menegalli, 

Hubinger, & Roques, 2001; Sobral, Monterrey-Quintero, & Habitante, 2002). 

For WPI and WPC 80A films, Figures 3 (a) and (b), respectively, Tg decreased 

when the glycerol content was raised from 40 to 60 %(w/w) – and such a 

decrease was statistically significantly (p < 0.05) for both protein films (see 

Table 3.2). These results are in agreement with Kokoszka et al. (2010), who 

stated that Tg of whey protein films should lie between 50 and 20 ºC, and 

decrease with the glycerol content. In addition, Ghanbarzadeh and Oromiehi 

(2008) found Tg values of 43.6 ºC for 10 %(w/w) WPI films containing 33 

%(w/w) glycerol.  

The DSC thermograms showed that Tm and ∆Hm decreased when the 

glycerol content increased, for both WPI and WPC 80A films (see Table 3.2); 

in both cases, the decrease was statistically significant (p < 0.05). Such a 

decrease in thermal stability of those films was affected by the presence of 

glycerol, which reduced the interaction between proteins, and thus stabilized 

the network structure (Barreto, Pires, & Soldi, 2003); in other words, higher 

glycerol content required a lower enthalpy do disrupt inter-chain interactions. A 

similar behaviour was observed by Jongjareonrak, Benjakul, Visessanguan, 

Prodpran and Tanaka (2006a), in the case of films from bigeye snapper and 

brownstripe red snapper skin gelatine. Moreover, Hernandez-Izquierdo and 

Krochta (2009) reported Tm values of 156.3±1.4 °C, whereas Jiang et al. 

(2010) found average Tm values of 170.5 ºC; both results pertain to 10 %(w/w) 

WPI with 40 %(w/w) glycerol. These values are lower than those obtained in 
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our study (i.e. 184.5±1.3 ºC), and may be accounted for by differences in the 

bulk composition of WPI. 

In addition, the DSC thermograms in Figure 3.3 suggest that glycerol 

was compatible with whey protein, and confirmed the effectiveness of 

plasticization – since only a Tg followed by an endothermic peak (Tm) was 

observed (Sobral et al., 2001; 2002). If a polymer and the plasticizer, or two 

different polymers were immiscible, the mixture would in fact exhibit two Tg 

values, corresponding to the two pure phases. Similar DSC thermograms 

were obtained by Arvanitoyannis, Psomiadou, Nakayama, Aiba and 

Yamamoto (1997), pertaining to films of gelatin/starch blends plasticized with 

glycerol or sorbitol, by Carvalho and Grosso (2004) in the case of films based 

on crosslinked gelatin plasticized with glycerol, and by Vanin, Sobral, 

Menegalli, Carvalho and Habitante (2005) for gelatin films. 

TGA thermograms of WPI and WPC 80A films are depicted in Figure 

3.4 as a function of glycerol content; the initial decomposition temperature 

(Tdi), the derivate maximum decomposing rate temperature (DTGmax), the 

corresponding weight losses and the residual mass are shown above in Table 

3.2.  
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Figure 3.4. TGA thermograms, showing weight loss as a function of temperature of 
10 %(w/w) WPI- (a) and WPC 80A- (b) edible films, with various glycerol contents. 
 

WPI and WPC 80A films displayed an initial weight loss of ca. 10 

%(w/w), irrespective of glycerol content, which is observed up to ca. 130 ºC; 

this can be related to the loss of free water adsorbed on the films. This 

observation agrees with the data published by Nuthong, Benjakul and 
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undergone by other protein films, e.g. sodium caseinate and gelatin (Barreto 

et al., 2003).  

From the data tabulated above in Table 3.2, one noticed that Tdi and 

DTGmax of WPI films were significantly higher (p < 0.05) than their WPC 

counterparts. Furthermore, WPI films exhibited a lower mass loss during the 

heating scan than WPC 80A films; statistically significant differences from 

each other (p < 0.05) were found at the same glycerol content. On the other 

hand, the WPI films exhibited the highest residue mass for 40 %(w/w) glycerol; 

but the difference to WPC 80A films was only statistically significant when the 

glycerol content was 50 or 60 %(w/w). Higher contents of glycerol led to 

significant decreases (p < 0.05) of Tdi and DTGmax, as well as significant 

increases in weight loss (p < 0.05) of the protein films tested. The higher 

weight loss of WPI and WPC 80A films became significant above 180 ºC 

(Figure 3.4); this can be explained by the relatively high vapor pressure of 

glycerol (Guerrero & de la Caba, 2010). 

TGA results corroborated the conclusions drawn on DSC data: TGA 

indicated that whey protein films decomposed at temperatures of ca. 180 °C, 

whereas DSC unfolded Tm values ranging from 152.0±1.3 to 184.5±1.3 ºC. In 

addition, the Tdi and DTGmax values decreased when the glycerol content 

increased – similarly to what happened with Tg and Tm. Finally, TGA 

thermograms showed that all films exhibited a single Tdi, which is an indication 

of a good compatibility between protein and glycerol. 

 

3.2.5. FTIR-ATR analysis 
The FTIR spectra of WPI and WPC 80A films, with various contents of 

glycerol, are shown in Figure 3.5. The main absorption peaks were located in 

the spectral range: (i) 800-1150 cm-1, thus being attributed to absorption 

bands of glycerol; (ii) 1200-1350 cm-1, related to combination of N–H in-plane 

bending with C–N stretching vibrations (amide III); (iii) 1400-1550 cm-1, 

associated to N–H bending (amide II); (iv) 1600-1700 cm-1, governed by 
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stretching vibration of C=O and C–N groups (amide I); (v) 2850-2980 cm-1, 

assigned to C–H stretching; and (vi) 3000-3600 cm-1, attributed to free and 

bound O–H and N–H groups (Karnnet, Potiyaraj, & Pimpan, 2005; Lodha & 

Netravali, 2005; Schmidt, Giacomelli, & Soldi, 2005). However, only three 

spectral regions were selected for further discussion – owing to their particular 

interest toward a better understanding of the interactions among proteins and 

glycerol, and the underlying molecular mechanisms responsible for the 

specific functional properties displayed. 

 

 

 

 

 

 

 

  

 

 

 

 

 

 
 
 
 
 
 
 
 
 
Figure 3.5. FTIR absorbance spectra of 10 %(w/w) WPI- (a) and WPC 80A- (b) edible 
films, with various glycerol contents.  
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The first spectral region (from 800 cm-1 to 1150 cm-1), attributed to 

absorption bands of glycerol, produced five peaks for either protein film 

corresponding to vibrations of C–C and C–O bonds (Guerrero, Retegi, 

Gabilondo, & de la Caba, 2010). In the case of WPI, the peaks assigned to 

vibration of the backbone C–C bonds were observed at: 833, 910 and 987 cm-

1, for 40 %(w/w) glycerol; at 842, 917 and 990 cm-1, for 50 %(w/w) glycerol; 

and at 845, 919 and 992 cm-1, for 60 %(w/w) glycerol. The band associated 

with stretching of the C–O bond in C1 and C3 was observed at 1032, 1033 

and 1036 cm-1, whereas that related to stretching of C–O in C2 was perceived 

at 1099, 1101 and 1105 cm-1, for 40, 50 and 60 %(w/w) glycerol, respectively. 

On the other hand, the peaks attributed to vibration of the C–C bond in WPC 

80A films were observed at: 835, 912 and 988 cm-1, for 40 %(w/w) glycerol; at 

843, 918 and 991 cm-1, for 50 %(w/w) glycerol; and at 845, 920 and 993 cm-1, 

for 60 %(w/w) glycerol. The band associated with stretching of the C–O bond 

in C1 and C3 was apparent at 1033, 1034 and 1036 cm-1, whereas the one 

related to stretching of the C–O bond in C2 was observed at 1101, 1103 and 

1105 cm-1, for 40, 50 and 60 %(w/w) glycerol, respectively. 

Based on comparison of these spectra, it can be concluded that 

changes occurred in the characteristic peaks of both protein films when the 

glycerol content increased. In particular, the bands associated with the 

backbone C–C bond and stretching of the C–O linkage increased 

progressively their frequency, toward that obtained for pure glycerol: i.e. 850 

cm-1, 925 cm-1 and 995 cm-1, for the former; 1045 cm-1, for stretching of the C–

O bond in C1 and C3; and 1117 cm-1, for stretching of C–O in C2 (Guerrero et 

al., 2010) – when glycerol increased from 40 to 60 %(w/w). Hence, it can be 

realized that a gradual increase in glycerol content led to an increase in 

intensity of the bands in that spectral region, for both protein films – meaning 

that the number of free hydroxyl groups of glycerol increased, thus becoming 

available to bind to water molecules that may contribute to increase the MC of 

films formulated with more concentrated glycerol. This observation is in 
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agreement with results presented below that showed significantly higher 

values of MC in the case of films with higher glycerol content; and also with 

the conclusions claimed by Guerrero et al. (2010). In addition, a statistically 

significant (p < 0.05) lower intensity was observed in the case of WPI than 

WPC 80A films, at both 40 and 50 %(w/w) glycerol; however, no significant 

differences were observed at 60 %(w/w) glycerol (see Figure 3.5).  

The second spectral region (from 3000 cm-1 to 3600 cm-1) was 

characterized by a broad absorption band at 3263 cm-1, for both protein films 

at each glycerol level; it was attributed to free and bound O–H and N–H 

groups (le Tien et al., 2000). Several studies on proteins in this spectral region 

unfolded that the band corresponding to N–H appears generally at 3254 cm-1 

(Bandekar, 1992). Hence, this band shift could be due to presence of other 

components in the film formulation, especially glycerol – owing to a large 

amount of hydroxyl groups brought thereby (le Tien et al., 2000). Within this 

region of the spectrum, WPI films showed significantly lower (p < 0.05) band 

intensity than that observed with WPC 80A films, for all values of glycerol 

content – but with a particular emphasis at 50 and 60 %(w/w); and that an 

increase of glycerol from 40 to 60 %(w/w) led to an increase in the band 

intensity (Figure 3.5). 

The aforementioned observations can be rationalized on the basis of 

protein crosslinking. In fact, the lower width of the band observed for WPI films 

was probably derived from a higher degree of crosslinking of the protein 

network – with chains closer to each other, as promoted by more frequent 

hydrogen bonding; hence, fewer free –OH groups were available, and a lower 

susceptibility to hydration was attained. This result agrees with Fairley et al. 

(1996a, b), McHugh et al. (1993) and McHugh and Krochta (1994b); it is also 

consistent with the data discussed above pertaining to thermal stability – 

which showed that WPI films were more thermostable, and thus entertained 

lower weight losses probably because of a highly crosslinked network. It could 

also explain the insolubility of WPI films (mentioned before as well), since the 
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protein polymer network of such films was highly stable (Yoshida & Antunes, 

2004).  

On the other hand, the observed increase in intensity of the band when 

the glycerol content increased could be explained by glycerol reacting with 

protein through covalent bonds (Jiang et al., 2010), which may interfere with 

the hydrogen bonds established between the protein molecules that released 

–OH groups. It is expected that amino or –OH groups of non-crosslinked 

proteins can form hydrogen bonds with –OH groups of water molecules, thus 

becoming more susceptible to hydration. However, when these groups 

become more involved in protein hydrogen bonding upon crosslinking, thus 

are accordingly less susceptible to hydration. A relationship between 

crosslinking degree and width of the 3000-3600 cm-1 band has been described 

for another polyhydroxylic polymer, poly(vinyl alcohol) (Mateescu, Schell, 

Dimonie, Todireanu, & Maior, 1984).  

The absorption of Amide I (from 1600 cm-1 to 1700 cm-1) is sensitive to 

the secondary structure of the protein, and is mainly governed by stretching 

vibration of C=O (70-85 %) and C–N groups (10-20 %) (Pereira et al., 2010). 

By deconvolution of this region, eight bands were observed in the range 1618-

1683 cm-1 and 1616-1682 cm-1 within the spectra of WPI and WPC 80A films, 

respectively, for all glycerol concentrations – see Figure 3.6.  
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Figure 3.6. Fourier self-deconvolution and curve-fitting of FTIR absorbance spectra, 
under attenuated total reflectance (ATR) mode, in the 1600-1700 cm-1 region (amide 
I), of 10 %(w/w) WPI- (a) and WPC 80A- (b) edible films, with 50 %(w/w) glycerol.  
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bands observed at 1644 and 1652 cm-1 in the case of WPI films, and at 1645 

and 1653 cm-1 in the case of WPC 80A ones were attributed to unordered and 

α-helix structures, respectively (Allain et al., 1999; le Tien et al., 2000); 

whereas the bands at 1667 and 1675 cm-1, and at 1668 and 1676 cm-1, for 

WPI and WPC 80A films, respectively, correspond to turns (Goormaghtigh, 

Cabiaux, & Ruysschaert, 1990). A shift to a low wavenumber suggested 

stronger crosslinking via hydrogen bonds (Gilbert, Rouabhia, Wang, Arnould, 

Remondetto, & Subirade, 2005; Lefèvre & Subirade, 2000). 

In the case of WPI films, the most intense band correspond to β-sheet 

structures (i.e. 1633 cm-1) – see Figure 3.6 (a); this accounts for an area of 18 

%. Conversely, the strong band for WPC 80A films resulted from unordered 

structure (i.e. 1645 cm-1) – Figure 3.6 (b), attributed to 19 % thereof. In fact, 

the area associated with peaks at 1616, 1623, 1633 and 1682 cm-1 indicates 

that 46.1 % of amide I region of WPI films is due to intermolecular and 

intramolecular β-sheets; therefore, ca. 46.1 % of the amino acids are likely 

engaged in β-sheet aggregation (Jiang et al., 2010), whereas 16.5 % 

correspond to α-helix – and 37.4 % to other structures, e.g. random coil 

segments and turns. On the other hand, WPC 80A films presented 43.1 % of 

β-sheets and 56.9 % of the remaining structures – with 15 % being attributed 

to α-helix. These results are in agreement with data published by Lefèvre et al. 

(2005) pertaining to 10 %(w/w) β-lactoglobulin (β-Lg), and by Pereira et al. 

(2010) for 3 %(w/w) WPI films, both prepared via conventional heating of 

protein solutions (80 and 85 °C for 30 min-1, respectively) followed by casting 

of the film-forming solution toward dehydration.  

Significant differences (p < 0.05) were found between the protein films 

with regard to the percent area of β-sheets, whereas no significant differences 

(p > 0.05) were observed between the contents of α-helix. A high content of β-

sheet structures is commonly found in aggregated proteins, especially those 

for which thermal denaturation was extensive; moreover, aggregation is 

always followed by frequent formation of intermolecular antiparallel β-sheets 
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(Fabian et al., 1999; Lefèvre et al., 2005). Therefore, the higher content of β-

sheet structures observed in WPI than in WPC 80A films likely derives from 

the high purity of the former, associated with the higher content of calcium 

(Chapter 2, Table 2.1). It has been suggested (Nicolai, Britten, & Schmitt, 

2011; Vardhanabhuti, Foegeding, McGuffey, Daubert, & Swaisgood, 2001) 

that higher contents of calcium in whey protein products showed 

systematically higher aggregation rates, thus contributing to the increasing gel 

strength and to the development of intermolecular antiparallel β-sheets. This 

finding implies that stronger crosslinking occurred between WPI than WPC 

80A aggregates. Furthermore, it is possible that intermolecular disulfide bonds 

were established during aggregation in WPI gelation (Nicolai et al., 2011; 

Sothornvit, Olsen, McHugh, & Krochta, 2007). However, physical interactions 

including hydrophobic effects and hydrogen bonds are necessarily involved 

(McHugh et al., 1994). 

No significant differences (p > 0.05) were found in the position of each 

aforementioned band (in this spectral region) for either whey protein, 

irrespective of the glycerol content of the film; such a realization is consistent 

with Mangavel et al. (2001) regarding an FTIR study involving films of wheat 

gliadins. This is the reason why the FTIR spectrum of WPI and WPC 80A films 

with 50 %(w/w) glycerol was used below to compare the deconvolution of the 

Amine I region – see Figure 3.6 (a) and (b), respectively. 

Although differences were not observed in the position of bands when 

the glycerol content increased, this compound seems to increase (p > 0.05) 

the amount of unordered and α-helix structures of both protein films and 

decrease (p > 0.05) the content of β-sheet structures (results not shown): 

however, no statistical significance could be claimed in both cases. Similar 

results were reported by Lefèvre et al. (2005) for 10 %(w/w) β-Lg plasticized 

with diethylene glycol.  
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3.2.6. Barrier properties 
Water vapor permeability (WVP) and oxygen permeability (O2P) are 

the most commonly studied transport properties in the case of edible polymer 

films, because of their influence upon eventual changes in product quality and 

shelf-life (Germain, 1997). Information regarding these two permeants is 

available for various edible polymer films; however, the information regarding 

carbon dioxide permeability (CO2P) in edible polymer films – and, in particular, 

in whey protein films, is scarce. Our study intended to somehow fill this gap by 

providing additional data on water, gas and oil permeabilities specifically for 

whey protein films.  

Results pertaining to WVP, O2P and CO2P of WPI and WPC 80A films, 

at different levels of glycerol, are shown below in Table 3.3.  
 
Table 3.3. Values (average ± standard deviation) of barrier properties, viz. water 
vapor permeability (WVP), oxygen and carbon dioxide permeability (O2P and CO2P, 
respectively) of whey protein isolate (WPI) and whey protein concentrate (WPC 80A)-
based edible films, with various glycerol contents.  
Protein 

Film 
Glycerol 

(%) 
WVP 

(g mm m-2 d-1 kPa-1)
O2P 

(cm3 mm m-2 d-1 kPa-1)
CO2P 

(cm3 mm m-2 d-1 kPa-1) 
40 8.25±0.31a 0.20±0.00a 1.02±0.01a 
50 10.11±0.20b 0.29±0.00b 1.21±0.03b WPI 
60 11.92±0.10c 0.37±0.01c 1.41±0.01c 
40 10.81±0.23d 0.41±0.01d 1.58±0.02d 
50 12.72±0.27e 0.53±0.01e 1.75±0.04e WPC  

80A 60 14.04±0.34f 0.62±0.01f 1.98±0.04f 
Note: a, b, c, d, e, f Means within the same column, labelled with the same letter, do not statistically 
differ from each other (p > 0.05). 

 

It is apparent that films made from WPI exhibited significantly lower (p < 0.05) 

values of WVP, O2P and CO2P than their WPC counterparts, for a given 

content of glycerol. These results are consistent with the higher ρs values 

observed for WPI films, as well as with the results from the thermal and FTIR 

studies – showing that WPI films were more stable than WPC 80A films, likely 

a consequence of a strongly cross-linked network via non-covalent and 

covalent bonds. This piece of evidence contributes markedly to reduction of 

the interstitial spacing between molecules, thus leading to a more compact 
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matrix in WPI films; as a consequence, lower diffusion rates for water and gas 

molecules resulted, owing to obstruction to transport through the more closely 

packed protein network. Similar results were reported by Anker, Stading and 

Hermansson (2000), when studying the relationship between microstructure 

and barrier properties of whey protein films. The presence of a higher content 

of lactose in WPC 80A powder (as apparent in Chapter 2, Table 2.1) may 

have contributed to this finding, since this compound has a relatively low 

molecular weight and exerts a plasticizing effect on the protein polymer 

(Ghanbarzadeh & Oromiehi, 2008) – with consequent increases in 

permeability to water and gases (Hong & Krochta, 2006). 

For both films, an increasing glycerol content led to a higher 

permeability to water vapor – see Table 3.3; there were indeed significant 

differences (p < 0.05) between the WVP values of those films manufactured 

with a different glycerol content. A similar behaviour was reported by Shaw, 

Monahan, O'Riordan and O'Sullivan (2002) and Kokoszka et al. (2010), who 

observed a significant increase in WVP for 8 %(w/w) WPI films, when the 

glycerol content increased from 30 to 60 %(w/w); and for 10 %(w/w) WPI films, 

when glycerol increased from 50 to 70 %(w/w), respectively. This could be 

explained by the fact that glycerol reduces internal hydrogen bonding of 

protein molecules, and thus increases intermolecular spacing – so the 

permeability of protein films is promoted (Cuq, Gontard, Aymard, & Guilbert, 

1997).  

A significant increase (p < 0.05) in O2P and CO2P was observed for 

WPI and WPC 80A films, when the glycerol level increased from 40 to 60 

%(w/w) – see Table 3.3. This confirms data reported for other edible polymers 

films (Alves, Costa, & Coelhoso, 2010; Dole, Joly, Espuche, Alric, & Gontard, 

2004). Glycerol may compete with water for the active sites on the polymer, 

thus enhancing water clustering and increasing the free volume between 

molecules in the film matrix – which contributes to a higher diffusivity and an 

increased permeability (Lieberman & Gilbert, 1973). The O2P values obtained 
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for WPI films were lower than those observed by Gounga et al. (2007) for 9 

%(w/w) WPI films, with 28, 33 and 50 %(w/w) glycerol – i.e. ca. 0.23, 0.38 and 

0.50 g mm m-2 d-1 kPa-1, respectively. These differences were probably due to 

the different protein concentration used. According to those authors, a high 

concentration of protein increases the density of the film solution, thus 

reducing the interstitial spacing within the matrix of polymeric films – and, 

consequently, producing lower O2P values.  

The O2P values observed were low when compared with alternative 

protein films – e.g. collagen, wheat gluten and soy protein (McHugh & 

Krochta, 1994a); as well as with a few synthetic films – e.g. low-density and 

high-density polyethylenes (Miller & Krochta, 1997), under similar RH and 

temperature. This could be related to the more polar nature and more linear 

structure of the whey protein matrix film that leads to a higher cohesive energy 

density and a lower free volume (Miller & Krochta, 1997). Such a relatively low 

O2P of whey protein films can be taken advantage of in attempts to enhance 

chemical quality – including oxidative damage of lipid ingredients and 

deterioration brought about by aerobic microflora, as happens in nuts, 

confectionary, fried products, fresh fruits and vegetables, as well as colored 

produce (Baldwin, Nispero-Carriedo, Hagenmaier, & Baker, 1997).  

On the other hand, WPI and WPC 80A films displayed significantly 

higher (p < 0.05) values of CO2P than those recorded for O2P – which were 

5.10-, 4.17- and 3.81-fold, for 40, 50 and 60 %(w/w) glycerol, respectively, in 

the case of WPI films; and 3.85-, 3.30- and 3.19- fold, for 40, 50 and 60 

%(w/w) glycerol, respectively, in the case of WPC counterparts (see Table 

3.3). This result was somehow expected; it can be attributed to the solubility of 

CO2 in water, which can go up to 35-fold that of O2. According to Mujica-Paz 

and Gontard (1997), this is the major reason why CO2 diffuses much faster, 

and thus leads to much higher readings of permeability. The CO2 is essential 

for respiration of living tissues, so films bearing higher CO2P would be more 

appropriate for fresh fruits and vegetables (Ayranci & Tunc, 2003). However, 
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the scarce information available on CO2P of edible polymers, and whey 

protein films in particular, hampers more extensive conclusions. 

The permeability coefficient of oil (PO) – used for calculation of the lipid 

permeability of WPI- and WPC 80A-based films, was negligible. Our films 

demonstrated indeed to be essentially impermeable to salad oil (used as lipid 

model) throughout the time of analysis (1 week). Moreover, there was nearly 

no difference in lipid permeability between the two films, and when different 

levels of glycerol (40, 50 and 60 %,w/w) were used (data not shown). This 

result was somehow expected since protein films show, in general, good lipid 

barrier properties because of their inherent hydrophilicity (Gennadios, 

McHugh, Weller, & Krochta, 1994; Krochta & de Mulder-Johnston, 1997).  

 

3.2.7. Tensile properties 
Data pertaining to the tensile properties of WPI and WPC 80A films, 

with different levels of glycerol, are shown in Figure 3.7. WPI films showed 

significantly higher values (p < 0.05) of tensile strength (TS), elongation at 

break (EB) and Young’s Modulus (YM) than those for WPC 80A films with the 

same glycerol content. Hence, films made from WPI are stronger and more 

flexible than those made from WPC 80A, owing to their higher mechanical 

resistance (i.e. higher TS), higher stiffness (i.e. higher YM) and higher 

extensibility (i.e. higher EB). The aforementioned data are in agreement with 

our thermal and FTIR observations, which showed that WPI films are stronger 

and more stable than WPC 80A films.  
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Figure 3.7. Values (average ± standard deviation, n=10) of TS, EB and YM of 10 
%(w/w) WPI- and WPC 80A-edible films, with various glycerol contents. Values 
labelled with the same letter do not statistically differ from each other (p > 0.05). 

 

For both types of film, when the content of glycerol increased, TS and 

YM decreased – thus leading to weaker films. Significantly lower values (p < 

0.05) of both parameters were attained for those films – see Figure 3.7. 

Similar results have been reported for WPI films elsewhere (Bodnár et al., 

2007; Fang, Tung, Britt, Yada, & Dalgleish, 2002; Osés et al., 2009). 

Moreover, when the glycerol content was increased from 40 to 50 %(w/w), EB 

increased significantly (p < 0.05) for both protein films (i.e. 15 and 38 %, for 

WPI and WPC 80A, respectively) – and was even more visible in the case 

WPC 80A. On the other hand, when the glycerol content increased from 50 to 

60 %(w/w), EB decreased (i.e. 5 and 4 % for WPI and WPC 80A, 

respectively); however, such a decrease was not statistically significant (p > 

0.05) (Figure 3.7). These results agree with Osés et al. (2009), who observed 

an increase of 8 % in EB when the glycerol content increased from 40 to 50 

%(w/w), and a decrease of 1 % when the glycerol content increased from 50 
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to 60 %(w/w) – for 10 %(w/w) WPI films, equilibrated at 50 % RH. Moreover, 

Barreto et al. (2003) claimed that an increase in glycerol content increases film 

flexibility and elongation because it constrains establishment of hydrogen 

bonds between the protein chains – thus increasing intermolecular spacing, 

and therefore chain mobility (as explained before). However, such an increase 

only took place up to some level of glycerol – in our case, the threshold was 

50 %(w/w); above this value, the increase in glycerol content did not produce 

any increase in elongation, likely a result of film matrix saturation with glycerol. 

This observation is in agreement with our FTIR analysis of the spectral 

regions, from 800 to 1150 cm-1 and from 3000 to 3600 cm-1 – which unfolded a 

significantly higher intensity (p < 0.05) at a glycerol content of 60 %(w/w), thus 

meaning that, at concentrations above ca. 50 %(w/w), glycerol did not react 

with the protein molecules through covalent bonds; consequently, the number 

of free hydroxyl groups of glycerol increased, but could not lead to an increase 

of EB.  

 

3.2.8. Optical properties 
3.2.8.1. Light transmission and film transparency 

Light transmission (T) in the UV-Vis range, as well as transparency 

values pertaining to WPI and WPC 80A based-films, at different contents of 

glycerol, are displayed in Table 3.4. 

Negligible transmission was noted at 200 nm for both WPI and WPC 

80A films, while at 280 nm transmission values ranged from 1.3±0.0 to 1.8±0.0 

%, and from 1.5±0.0 to 2.0±0.1 %, in the case of WPI and WPC 80A films, 

respectively. Hence, the films made from both whey products held excellent 

barrier properties in the UV region – probably owing to the high content of 

aromatic amino acids in the protein-based structure that can absorb radiation 

(Limpan, Prodpran, Benjakul, & Prasarpran, 2010). On the other hand, 

synthetic polymer films cannot in general prevent passage of UV light above 

280 nm, except for polyester (see Table 3.4). 
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These results suggest that whey protein films will be able to retard lipid 

oxidation induced by UV light in food systems – in agreement with other 

reports on WPI (Fang et al., 2002), fish skin gelatin-based films 

(Jongjareonrak et al., 2006a; b) and surimi films (Shiku, Hamaguchi, Benjakul, 

Visessanguan, & Tanaka, 2004). In the visible range (350-800 nm), T ranged 

from 10.9±0.2 to 44.3±1.4 %, and from 30.7±1.0 to 64.6±1.6 %, for WPI and 

WPC 80A films, respectively (see Table 3.4); significantly lower (p < 0.05) 

values of T were thus obtained for WPI films when compared with WPC 80A 

ones. Such an observation may have arisen from differences in the film-

forming product – as explained above. The T values obtained for WPI and 

WPC 80A films were significantly lower than those obtained by Gounga et al. 

(2007) in the case of 7 %(w/w) WPI with 20 %(w/w) glycerol, and by Fang et 

al. (2002) using 12 %(w/w) WPI with 40 %(w/w) glycerol and 10 mM of Ca2+; 

hence, our WPI and WPC 80A films blocked the passage of visible light more 

effectively. In addition, those films exhibited better barrier properties (in the 

visible range) than those by synthetic polymer films (see Table 3.4). 

In the visible range, WPI and WPC 80A films containing 50 %(w/w) 

glycerol exhibited lower T values than their 40 and 60 %(w/w) glycerol 

counterparts. Therefore, glycerol affected T to some extent, but no significant 

differences (p > 0.05) were found. A similar behaviour was reported by 

Jongjareonrak et al. (2006a) for fish skin gelatine films containing glycerol 

between 25 and 75 %(w/w).   

The transparency obtained for WPI films ranged from 3.01±0.17 to 

3.43±0.38 %, whereas it ranged from 1.11±0.24  to 1.47±0.21 % in the case of 

WPC 80A films – depending, in both cases, on the glycerol level; this indicates 

that WPI films were more transparent (Table 3.4), with statistically significant 

differences (p < 0.05) between both films. WPI- and WPC 80A-based films 

with 50 %(w/w) glycerol exhibited the highest transparency, but no significant 

differences were observed in those values when the glycerol content varied. 
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Table 3.4. Values (average ± standard deviation, n=5) of optical properties, viz. light transm
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Our WPI films exhibited a transparency similar to that obtained by 

Gounga et al. (2007) – i.e. 3.41 %, and to the one obtained for low-density 

polyethylene films – i.e. 3.05 %; however, they exhibited a higher 

transparency than films made from marlin myofibrillar protein (Shiku, 

Hamaguchi, & Tanaka, 2003), from skin gelatine with 50 %(w/w) glycerol – i.e. 

1.82 % (Jongjareonrak et al., 2006b), and from synthetic polymer films, e.g. 

oriented polypropylene and polyethylene – i.e. 1.67 and 1.51 %, respectively.  

 

3.2.8.2. Color 
Color attributes are of prime importance because they directly influence 

product appeal and consumer acceptability. The total color difference (ΔΕ) 

observed between WPI and WPC 80A based-films, containing various levels 

of glycerol, is shown in Figure 3.8. ΔΕ provides a good measure of the color 

difference, since it takes into account all three color parameters: lightness (L), 

red-green (a) and yellow-blue (b).   

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.8. Values (average ± standard deviation, n=4) of ΔΕ for the upper and lower 
surface of 10 %(w/w) WPI- and WPC 80A-edible films, with various glycerol contents. 
Values labelled with the same letter do not statistically differ from each other (p > 
0.05). 
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WPI films showed lower ΔΕ values than WPC 80A ones, and these 

differences were significant (p < 0.05). In addition, WPC 80A films exhibited 

higher values of b than WPI ones (data not shown); this fact was consistent 

with the slightly yellowish color observed in WPC 80A films, which may be 

attributed to presence of contaminants – especially fat and phospholipids 

(Lorenzen & Schrader, 2006). For practical uses, however, such a minor 

defect of WPC 80A films can be overcome via addition of coloring agents, as 

frequently done in food packaging films, and by lamination with opaque outer 

layers (Hong & Krochta, 2006). 

On the other hand, the lower surface of WPI and WPC 80A films 

showed lower ΔΕ values than their upper surface – even though such a 

difference was negligible (p > 0.05). Inspection of Figure 3.8 indicates that ΔΕ 

values for the upper and lower surfaces of WPI and WPC 80A films decreased 

significantly (p < 0.05) when the content of glycerol increased from 40 to 60 

%(w/w). Since glycerol is a colorless component, the effect of such a 

plasticizer was probably related to dilution of the proteins and other 

components, due to its increasing concentration in the film-forming solution 

(Sobral et al., 2005). This result agrees with Paschoalick, Garcia, Sobral and 

Habitante (2003), who reported that ΔΕ values of muscle protein films from 

Nile Tilapia decreased with increasing glycerol content. In addition, the 

increase in glycerol level enhanced the reflection of light on the film surface, 

thus producing increased L values (data not shown).    

 

3.3. Conclusions  
The work reported in this chapter provided a better understanding of 

the relationships between several physical parameters and the molecular 

structure of WPI and WPC 80A edible films, for several distinct glycerol 

contents. Film MC, S, ρs and aw, as well as surface, thermal, molecular, 

barrier, tensile and optical properties were influenced by both the purity of the 

whey protein product and its glycerol content. Hence, the film appearance, 



Production and characterization of whey protein films                                                                       Chapter 3 

 133

stability, consistence and barrier properties can be manipulated to some 

extent by choosing the base material and the level of addition of glycerol. The 

main differences observed in the physical properties of both protein films are 

apparently affected by the levels of contaminants (e.g. lactose, lipids and 

minerals) of the starting WPI or WPC 80A product. 

Simultaneous utilization of two thermal analysis techniques – i.e. DSC 

and TGA, provided a more complete picture of the thermal stability of these 

edible films; a good compatibility of protein and glycerol was accordingly 

observed. Moreover, the spectral regions selected for the FTIR analysis 

appeared essential for a better understanding of the effects of whey protein 

and glycerol components (and their interactions) upon the physical properties 

exhibited by said films. However, further research is warranted to ascertain the 

impact of using the two types of whey protein films upon actual food systems.  
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Abstract 

The objective of the research effort encompassed by this chapter was 

to assess – via in vitro tests, the efficacy of edible coatings containing several 

antimicrobial compounds, using whey protein isolates as base material and 

glycerol as plasticizer, upon heterogeneous sets of spoilage/pathogenic 

microflora frequently found in cheese. The formulation that showed the 

greatest activity against most microorganisms was then applied upon the 

surface of experimental cheeses, and the main microbiological features were 

compared with cheese added with non-edible commercial coatings. 

Chitooligosaccharide (20 g L-1) exhibited the highest bactericidal effect against 

Gram-negative bacteria, whereas lactic acid (6 g L-1) had the greatest activity 

against Gram-positive bacteria. The yeast was strongly inhibited by sodium 

benzoate (30 g L-1) and COS (20 g L-1); statistically significant (p > 0.05) 

differences were not recorded between compounds. Combinations of 

antimicrobial agents, i.e. lactic acid (6 g L-1) and COS (20 g L-1), yielded the 

strongest effect against all microorganisms tested; upon application on the 

cheese surface, it proved more powerful towards bacteria but less effective 

against yeasts and molds than its commercial counterparts. 

 

Keywords: Whey upgrade; antimicrobial agents; active packaging; 

bactericidal power; food safety. 
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4. Introduction  
Interest in edible films and coatings intended for food preservation has 

been on the rise, because they offer several advantages over synthetic 

materials – i.e. biodegradability and environmental friendliness (Tharanathan, 

2003). Recall that coatings are a particular form of films, designed for 

application directly onto the surface of target materials; although their removal 

may eventually be possible, they are normally regarded as part of the final 

product (Han, 2002).  

Edible films and coatings are typically manufactured from proteins, 

polysaccharides and lipids – alone or in combination. In particular, whey 

protein films and coatings have received special attention in recent decades 

because, besides being edible and biodegradable, they convey a form of 

upgrade of the major by-product of cheesemaking. Whey protein isolates 

(WPI) represent the purer form of whey protein products (Mulvihill & Ennis, 

2003); they have shown interesting mechanical features (quite better than 

those of competitive other protein- or polysaccharide-based edible films), and 

possess oxygen-barrier properties comparable to those of the best synthetic 

polymer-based films – with a number of reviews being available on this subject 

(Khwaldia, Perez, Banon, Desorby, & Hardy, 2004; Perez-Gago & Krochta, 

2002).  

Further to the aforementioned permeability and mechanical 

characteristics, edible films may still be improved via inclusion of additives in 

their formulation – such as antioxidants, antimicrobials, colorants, flavors, 

fortifying nutrients and spices (Pranoto, Rakshit, & Salokhe, 2005). In 

particular, addition of antimicrobial compounds allows improvement of food 

safety and extension of shelf-life, by reducing (or even preventing) growth of 

pathogenic and spoilage microorganisms; this is usually a result of lag-phase 

extension and/or growth rate reduction (Ponce, Roura, del Valle, & Moreira, 

2008). In addition, a gradual release of antimicrobials onto the food surface 

(and from there into its bulk by diffusion) becomes possible as storage time 
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elapses; hence, lower initial levels will be present in the food matrix, yet a 

more constant background level will be assured throughout storage (Min & 

Krochta, 2005).  

Evidence on the antimicrobial properties of lactic and citric acids, nisin, 

chitooligosaccharides (COS) and sodium benzoate in culture media is widely 

available in the literature (Cagri, Ustunol, & Ryser, 2004; Campos, 

Gerschenson, & Flores, 2011; Cha, & Chinnan, 2004; Delves-Broughton, 

2005; Eswaranandam, Hettiarachchy, & Johnson, 2004; Fernandes et al., 

2008). However, essentially no information exists pertaining to COS or sodium 

benzoate, and only scarce information has been reported on the antimicrobial 

activity of lactic acid (50 mg mL-1) against Escherichia coli and Salmonella 

spp. (Manab, Sawitri, Awwaly, & Purnomo, 2011), citric and lactic acids (30 

mg mL-1) against Listeria monocytogenes (Pintado, Ferreira, & Sousa, 2009), 

and nisin (50 IU mL-1) against L. monocytogenes, Pseudomonas aeruginosa 

and Yarrowia lipolytica (Pintado et al., 2010) upon incorporation into WPI films 

– all of them evaluated using the film disk agar diffusion assay. Incorporation 

of the aforementioned five compounds into WPI edible coatings intended for 

cheese wrapping, and assessment of the resulting antimicrobial efficacy 

against Gram-negative bacteria (i.e. Escherichia coli, Salmonella spp. and 

Pseudomonas fluorescens), Gram-positive bacteria (i.e. Listeria innocua and 

Staphylococcus aureus) and yeast (i.e. Yarrowia lipolytica) were considered in 

this study for the first time. 

Therefore, the purpose of the research effort covered by this chapter 

was to in vitro assess the antimicrobial performance of several formulated 

edible coatings, manufactured from WPI as base material and using glycerol 

as plasticizer, against heterogeneous sets of spoilage/pathogenic microflora 

that are usually found in cheese. Afterwards the best antimicrobial formulation 

obtained (i.e. combination of 6 g L-1 lactic acid with 20 g L-1 COS) was 

evaluated for its effectiveness, once on the surface of cheese, against relevant 

cheese-borne microorganisms, and was compared with that of common non-
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edible commercial coatings available in the market that include only antifungal 

compounds.  

 

4.1. Materials and methods 
4.1.1. Materials 

Whey protein isolate (WPI) was obtained from Armor Proteines (Saint 

Brice en Coglés, France), and the chemical composition was determined as 

shown in Chapter 2 (point 2.1.2) – and is depicted in Table 2.1. Glycerol (99 

%, purity) was purchased from Panreac Quimica (Barcelona, Spain). 

Chitooligosaccharide – COS, a fraction with a nominal MW <3 kDa, was 

purchased from Nicechem (Shanghai, China), and used as received. Such 

COS had been obtained via enzymatic hydrolysis of chitosan from crab shells; 

the deacetylation degree was in the range 80-85 % (as per supplier’s 

indication). Citric (98 % purity, C7129) and lactic (98 % purity, L1750) acids, 

sodium benzoate (99 % purity, B3420) and nisin (1 x 106 IU g-1 potency, 

N5764) were obtained from Sigma (St. Louis MO, USA); a commercial coating 

composed of polyvinyl acetate (as base material) and ca. 2.5 g L-1 natamycin 

(as active component) – as indicated by the supplier, was provided by Mapril 

(Maia, Portugal). All other chemicals were reagent-grade or better, and were 

used without further purification.  

The cheese used as model was cylindrical, yellow and semi-hard, 

weighed ca. 200 g, and was provided by Lacti-Pedros (Aguiar da Beira, 

Portugal) without any previous treatment (i.e. without ripening or coating) two 

days after manufacture. It was obtained from pasteurized cow’s milk and a 

commercial starter culture (i.e. Lactobacillus delbrueckii subsp. bulgaricus). 

After coating, this kind of cheese is usually submitted to a short ripening 

period (ca. 15 days) at low temperatures (ca. 10 °C), and requires controlled 

refrigerated conditions at retail and home. 
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4.1.2. Antimicrobial solution preparation  
The COS solution was prepared by dissolving COS to 200 g L-1 in 

deionized water, under stirring for 2 h. Afterwards, the solution was autoclaved 

at 120 ºC for 15 min; the thermostability under these conditions had been 

checked in advance (Fernandes et al., 2008). The solutions of organic acids 

and salt were prepared by dissolving 150 g L-1 of citric and lactic acids, and 

300 g L-1 of sodium benzoate in deionized water under stirring. The stock 

solution of nisin was prepared by dissolving 250 g L-1 of nisin in sterile 0.02 

mol L-1 HCl, under stirring. Subsequently, the pH of all these solutions was 

adjusted to between 5.5 and 6.0, with 1 mol L-1 of HCl or NaOH (as 

appropriate). Finally, these solutions (except COS) were sterilized via filtration 

through a 0.22 μm filter (Orange Scientific, Braine-l'Alleud, Belgium). 

 

4.1.3. Culture preparation 
The test microorganisms were: three Gram-negative bacteria – 

Escherichia coli (NCTC 9001), Salmonella spp. (ATCC 3076) and 

Pseudomonas fluorescens (previously isolated from food); two Gram-positive 

bacteria – Listeria innocua (NCTC 11288) and Staphylococcus aureus (NCTC 

8532); and one yeast – Yarrowia lipolytica (previously isolated in our group 

from cheese). All bacterial cultures were pre-activated by overnight incubation 

at 37 ºC on Muller-Hinton (M-H) broth (Biokar Diagnostics, Pantin, France), 

except P. fluorescens that was grown at 30 ºC; Y. lipolytica was grown in 

Yeast Malt (YM) broth (Difco Laboratories, Detroit MI, USA), also at 30 ºC.  

 

4.1.4. Determination of minimum inhibitory and lethal 
concentrations 

The minimum inhibitory concentrations (MICs) for all microorganisms 

were determined following the broth macrodilution method, performed as 

prescribed by National Committee for Clinical Lab Standards (2000), with the 

following modifications: the strains were inoculated in M-H broth (in the case 
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of bacteria) or YM broth (in the case of the yeast), and incubated at 30 or 37 

ºC until the exponential growth phase was reached. The inoculum density was 

then adjusted to match a MacFarland 0.5 standard, which correlates with 108 

CFU mL-1; then, dilution took place in appropriate media, using 105 CFU mL-1 

as inoculum. Afterwards, several concentrations of lactic and citric acids (1.5, 

3, 6, 9 and 15 g L-1), nisin (0.5, 2.5, 5, 10, and 25 g L-1), COS (1, 2.5, 5, 10 and 

20 g L-1) and sodium benzoate (0.38, 7.5, 15, 20 and 30 g L-1) were tested, by 

preparing decreasing concentrations in the aforementioned media. MICs were 

determined as the lowest concentration of each antimicrobial agent in the 

presence of which microorganisms cannot grow, as ascertained by the 

absence of visual turbidity – following the recommendations of classical 

manuals of clinical laboratory practice (NCCLS, 2000), and as successfully 

performed by e.g. Ohsaki et al. (2003) and Fernandes et al. (2008).  

The minimum lethal concentrations (MLCs) were determined as the 

lowest concentration of each antimicrobial agent at which microbial growth 

was prevented, and their initial viability was further reduced by at least 99.9 % 

within 24 h. Microbial viability was determined by enumeration of viable cells 

on M-H Agar (Biokar Diagnostics) for bacteria, and on YM Agar (Difco 

Laboratories) for the yeast, after incubation with 100 µL of negative tubes (i.e. 

showing no turbidity in the MIC determination assays). The incubation was 

carried out at 37 ºC for all microorganisms, except P. fluorescens and Y. 

lipolytica for which 30 ºC was used instead.  

 

4.1.5. Determination of effects of inoculum, antimicrobial agent 
concentration and antimicrobial agent combination 

The effects of inoculum size and antimicrobial concentration, as well as 

combination of antimicrobial agents were assessed as follows: 100 μL of each 

antimicrobial agent was added to 8.9 mL of culture medium (i.e. M-H broth or 

YM broth, as appropriate), in order to reach the corresponding MLC. The 

tubes were then inoculated with 1 mL of inoculum, so as to produce an initial 
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concentration of ca. 105 CFU mL-1 – as recommended by NCCLS (2000). 

Afterwards, 300 μL of mixture under each condition was poured on a 

microplate, and growth was measured at 655 nm on a model 680 Microplate 

Reader (Bio-Rad, Corston, UK). Growth was monitored throughout 24 h, using 

the appropriate incubation temperature as described before.  
The effect of the inoculum size was assessed using three inoculum 

levels – ca. 103, 105 and 107 CFU mL-1, with or without addition of the 

antimicrobial agent of interest. The effect of antimicrobial concentration was 

examined for each agent, at the MLC and at twice this concentration, using a 

starting inoculum of 105 CFU mL-1. The effect of combination of antimicrobial 

agents was ascertained using only the most efficient individual agents, i.e. 

lactic acid (6 g L-1) and COS (20 g L-1).  

 

4.1.6. Coating preparation 
Coating solutions were prepared by slowly dissolving 10 %(w/w) of 

WPI powder in deionized water, according to Perez-Gago and Krochta (2002). 

Glycerol was added at 50 %(w/w), on a protein basis, as plasticizer, and the 

resulting solutions were magnetically stirred for ca. 2 h. Subsequently, the 

solutions were heated in a water bath at 80 ± 2 °C for 20 min, under 

continuous agitation. The solutions were cooled to room temperature (30 ºC) 

for 1.5 h, and then vacuum was applied for 30 min to remove dissolved air 

(Seydim & Sarikus, 2006). Finally, the solutions were adjusted to pH 7.0 using 

0.1 mol L-1 of NaOH. 

 

4.1.7. Determination of antimicrobial activity 
The antimicrobial activity in formulated coatings was tested by 

combining 8.9 mL of base coating (i.e. 10 %,w/w of WPI and 50 %,w/w of 

glycerol, on a protein basis), with each antimicrobial agent (100 μL) – and then 

exposing that active coating to a 105 CFU mL-1 inoculum of the target 

microorganism. Hence, its antimicrobial activity was compared with that in 8.9 
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mL of culture medium (i.e. M-H broth or YM broth – used as control), 

containing a similar concentration of antimicrobial agent and inoculated 

likewise. Appropriate 10-fold dilutions of each condition at each sampling time 

(at 0, 2, 4, 6, 8 and 24 h) were performed in sterile peptone water (in 

triplicate), and were plated directly (0.02 mL per plate – in duplicate) onto M-H 

Agar plates for bacteria, and on YM Agar plates for the yeast. Microbial growth 

was measured via enumeration of viable cells on the agar plates, over a 

period of 24 h for bacteria and 48 h for the yeast, at the appropriate 

temperature. The inhibition of microorganism growth was expressed as the 

reduction of cell number in log N/N0 – where N is the viable cell number at a 

given time and N0 is the viable cell number at time zero (Fernandes et al., 

2008).  

 

4.1.8. Cheese coating  
The experimental formulation that yielded the greatest antimicrobial 

activity against most microorganisms tested (i.e. combination of 6 g L-1 lactic 

acid with 20 g L-1 COS) was applied on the surface of cheese, and its 

effectiveness upon relevant cheese-borne microorganisms was compared with 

that of commercial coatings (used as positive control). Both coatings (adjusted 

to pH 7.0, using 1 mol L-1 NaOH) were directly applied on the surface of 

cheeses 2 days after manufacture (without any other type of protective coating 

previously added to the cheese surface) – following the traditional practice that 

entails manual application by gentle brushing their surface until all is covered, 

with the residual coating being allowed to drip off.  

The cheeses were then left for 8 h at 12 ºC (85 % relative humidity, 

RH), in a temperature and humidity controlled camera, until the coating was 

essentially dry. Afterwards, cheeses were maintained at 10 ºC and 85 % RH, 

throughout 15 days of storage. The coated cheese was compared later with its 

uncoated counterpart (used as negative control). The coating application, as 
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well as the comparison between the cheeses was performed in an appropriate 

aseptic chamber. 

 

4.1.9. Microbiological analysis 
The microbiological development on the cheese surface was evaluated 

by enumeration of viable cells, by 1 and 15 days after application of said 

coating; a 20 g-sample was removed from a standardized area of the cheese 

surface to a stomacher bag, and accordingly diluted to 1:10 (v/v) in sterile 1 

%(w/v) sodium citrate (Merck, Darmstadt, Germany) and blended in a 

Stomacher 400 Circulator (Seward, West Sussex, UK) for 1.5 min at 260 rpm. 

Subsequently, decimal dilutions were prepared with 0.1 %(w/v) peptone water 

(Sigma) – and plated, in duplicate, on the corresponding media. 

Staphylococcus spp. was enumerated on Baird-Parker Agar, BPA (Lab M, 

Bury, UK), supplemented with egg yolk and telurite emulsion (Biokar 

Diagnostics), as originally proposed by Baird-Parker (1969); and 

Pseudomonas spp. was counted on Pseudomonas agar base, PAB (Lab M), 

adjusted to pH 5 with acetic acid (Merck). Both media plates were incubated 

aerobically at 37 ºC for 48 h. Enterobacteriaceae was count on Violet Red Bile 

Glucose Agar, VRBGA (Lab M), and was incubated aerobically at 37 ºC for 24 

h, whereas yeasts and molds were cultivated on Rose Bengal Agar (Lab M), 

with 0.1 g L-1 chloramphenicol (Fluka, Buchs, Switzerland), incubated 

aerobically at 25 º C for 5 days. For all samples and growth media, the surface 

plating technique described by Miles and Misra (1938) was followed, except 

VRBGA – for which the pour plate one was used. 

 

4.1.10. Statistical analyses 
All experimental analyses were performed in triplicate, and each 

experiment was carried out in duplicate; mean values and standard deviations 

were accordingly calculated from the experimental data produced. For 

statistical analysis, the Statistical Package for Social Sciences, v. 17.0 (SPSS, 
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Chicago IL, USA), was used as tool. Shapiro-Wilke normality tests were 

applied to the difference of means between pairs; however, most datasets 

were found not to satisfy the homoscedasticity hypothesis. Since data 

transformation was not always successful, a non-parametric test, i.e. Kruskal-

Wallis H test, was applied to said data. When statistical significance was 

achieved, single comparisons were made by Mann-Whitney U test. A p value 

below 0.05 was considered as statistically significant. 

 

4.2. Results and discussion 

4.2.1. Minimum inhibitory and lethal concentrations 
The MICs and MLCs of the antimicrobial agents, as well as their 

concentration ranges tested against the target microorganisms are depicted in 

Table 4.1. For each antimicrobial compound, the MIC (and MLC, for that 

matter) depended on the target microorganism, as expected. Lactic and citric 

acids exhibited similar MICs (3 g L-1) for all microorganisms, but different MLC 

values – which were higher for the Gram-negative bacteria and the yeast (6 g 

L-1). Nisin only showed inhibition against Gram-positive bacteria (Table 4.1), 

as expected (Kuwano, Tanaka, Shimizu, Nagatoshi, Nou & Sonomoto, 2005; 

Pranoto, Rakshit & Salokhe, 2005). COS showed lower MICs against Gram-

negative bacteria (5 g L-1) than their Gram-positive counterparts or the yeast 

(10 g L-1); a similar observation was reported by Fernandes et al. (2008), using 

a COS with identical MW (see Table 4.1). Sodium benzoate displayed the 

lowest MIC and MLC values against the yeast; but it showed similar MIC and 

MLC values against the Gram-negative and -positive bacteria – see Table 4.1. 

Our MIC values obtained for lactic and citric acids were lower than, 

whereas for nisin it was similar to those found in the literature – see Table 4.1. 

On the other hand, COS apparently displayed high MICs when compared with 

those presented in Table 4.1. 
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However, these values were similar to those reported by Xia, Liu, Zhang, and 

Chen (2011) – i.e. 5 g L-1, against E. coli, using COS with a degree of 

polymerization of 3-6, and 1-10 g L-1, using hydrolyzed COS, against common 

bacteria, molds and yeasts, and lower than that reported by Gerasimenko, 

Avdienko, Bannikova, Zueva and Varlamov (2003) – i.e. 10 g L-1, against E. 

coli, pertaining to COS with a MW of 5 kDa.   For sodium benzoate, the MICs 

against bacteria were also higher than those obtained by Chipley (1983) – see 

Table 4.1; however, this author tested the aforementioned compound at a low 

pH (i.e. below 4.5).  

Differences in MIC (or MLC) values are recurrent in studies 

encompassing antimicrobial agents, especially when different methods are 

compared – in attempts to find the agent able to exert the strongest 

antimicrobial effect. However, scarce information relative to MLC values 

associated with the agents selected for our study is available, which hampers 

more comprehensive conclusions to be drawn. In our case, the differences in 

MIC values found relative to those conveyed by the literature are probably 

accounted for by the distinct experimental conditions used – e.g. the 

concentration range, the final pH and the target microbial strain. In the case of 

COS, the differences in MIC values may also be rationalized by different MWs 

or degrees of deacetylation (Kendra & Hadwiger, 1984) – since both 

parameters affect the content in protonated amino groups of the COS 

molecule, and consequently its charge. The antimicrobial activity of COS has 

been attributed mainly to its positive charge, which allows strong binding to the 

negatively charged surfaces of microorganisms (Fernandes et al., 2008). 

 
4.2.2. Effects of inoculum, antimicrobial agent concentration and 
antimicrobial agent combination 

The effects of inoculum size, as well as concentration (and 

combination) of antimicrobial agents were ascertained against all target 

microorganisms; however, representative data are presented here only for one 
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antimicrobial agent (COS) at one concentration (20 g L-1), and against one 

Gram-positive bacteria (L. innocua), one Gram-negative bacteria (E. coli) and 

the yeast (Y. lipolytica) – see Figure 4.1. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Effect (average±standard deviation) of inoculum size – 103 ( , ), 105 
( , ) and 107 ( , ) CFU mL-1, in M-H broth or YM broth (as appropriate), in the 
absence ( , , ) or in the presence ( , , ) of 20 g L-1 COS, upon survival of 
Escherichia coli (a), Listeria innocua (b) and Yarrowia lipolytica (c).  
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The antimicrobial activity of the compounds tested was not significantly 

affected by inoculum level (ca. 103, 105 and 107 CFU mL-1) or by compound 

concentration: no statistical differences were indeed found (p > 0.05), 

regardless of the target microorganism (results not shown). COS (20 g L-1) 

exhibited an inhibitory effect against all microorganisms studied, and yielded 

similar results for the three inoculum levels tested; no statistically significant 

differences were perceived (p > 0.05) during incubation – see Figure 4.1. 

Consequently, 105 CFU mL-1 was selected as inoculum size for further testing. 

COS, at 20 and 40 g L-1, exhibited inhibitory effect against L. innocua, E. coli 

and Y. lipolytica, and underwent essentially similar trends (with no significant 

differences found, p > 0.05); this observation reveals a poor effect of 

concentration (Figure 4.2). On the other hand, the combination of 6 g L-1 lactic 

acid with 20 g L-1 COS led to the highest inhibition effect against every 

microorganism; it was in fact higher than said activity when considered 

independently at the same level (the effect of pH was eliminated by controlling 

it at fixed values). Moreover, this antimicrobial activity was statistically higher 

(p < 0.05) against bacteria than the yeast (see Figure 4.2). In spite of the 

higher effectiveness for the combination of both antimicrobial agents, no 

synergisms could actually be claimed – so an additive trend of the 

independent performances was more likely. Significant differences between 

their activity, when combined or isolated, were found (p < 0.05) for all 

microorganisms – see Figure 4.2.  
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Figure 4.2. Effect (average±standard deviation) of antimicrobial agent – 6 g L-1 lactic 
acid ( ), 20 g L-1 COS ( ), 20 g L-1 COS with 6 g L-1 lactic acid ( ) and 40 g L-1 COS 
( ), as well as absence of any agent ( ) upon survival of Escherichia coli (a), 
Listeria innocua (b) and Yarrowia lipolytica (c), inoculated at 105 CFU mL-1 in M-H 
broth or YM broth (as appropriate).  
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4.2.3. Antimicrobial activity  
The antimicrobial activity of the various agents tested was also 

determined upon incorporation in the base matrix – constituted by 10 %(w/w) 

WPI and 50 %(w/w) glycerol, and compared with their antimicrobial activity 

when in M-H broth (for bacteria) or YM broth (for the yeast); in this way, it was 

possible to check whether interactions between the matrix itself and each 

agent would affect the observed antimicrobial activity. According to Campos et 

al. (2011), said interactions can modify the antimicrobial activity of each agent 

– thus being an important factor to be taken into account toward development 

of new antimicrobial coatings. Our data showed that no statistically significant 

differences (p > 0.05) existed between the antimicrobial activities of the active 

agents, in both matrices and upon all microorganisms; hence, the coating 

material did not essentially affect the antimicrobial activity observed – with a 

typical example being provided in Figure 4.3, using E. coli.  

 

 

 

 

 

 

 

 

 

Figure 4.3. Effect (average±standard deviation) of antimicrobial agent – 6 g L-1 lactic 
acid ( ), 6 g L-1 citric acid ( ), 20 g L-1 COS ( ), 30 g L-1 sodium benzoate ( ) and 
10 g L-1 nisin ( ) upon survival of Escherichia coli in base coating – 10 %(w/w) WPI 
and 50 %(w/w) glycerol (on a protein basis) (a), and in M-H broth (b).  
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pertaining to growth media – since no information is available regarding 

incorporation of the tested compounds in whey protein coatings. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 4.4. Effect (average±standard deviation) of antimicrobial agent – 6 g L-1 lactic 
acid ( ), 6 g L-1 citric acid ( ), 20 g L-1 COS ( ), 30 g L-1 sodium benzoate ( ) and  
10 g L-1 nisin ( ) upon survival of Escherichia coli (a), Staphylococcus aureus (b), 
Salmonella spp. (c), Listeria innocua (d), Pseudomonas fluorescens (e) and Yarrowia 
lipolytica (f), in base coating – 10 %(w/w) WPI and 50 %(w/w) glycerol (on a protein 
basis).   
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Lactic acid (6 g L-1) showed a bactericidal effect (i.e. a reduction by 

99.9 % of the initial viable numbers) against all microorganisms, but with 

significant differences observed (p < 0.05) between them – especially after 4 h 

of incubation. This effect was strongest against Gram-positive bacteria, with 

quantitative reduction of viable cells over 6 h of contact when compared with 

the Gram-negative bacteria and the yeast – for which it took 24 h (see Figure 

4.4). Citric acid (6 g L-1) also exhibited a bactericidal effect against all 

microorganisms, but a slightly lower antimicrobial behaviour than lactic acid; 

statistically significant differences (p > 0.05) were not found between the two 

organic acids against Gram-negative bacteria, whereas significant differences 

(p < 0.05) were obtained against Gram-positive bacteria (between 2 and 6 h of 

incubation) and yeast (between 4 and 8 h of incubation).  

The antimicrobial activity of both acids could be attributed to a 

decrease in the internal pH of microbial cells – produced by ionization of 

otherwise undissociated acid molecules, coupled with disruption of substrate 

transport that leads to changes of the cell membrane permeability or reduction 

of its proton motive force; and by chelation of metal ions that are essential for 

microbial growth (Eswaranandam et al., 2004; Stratford & Eklund, 2003). In 

addition, the higher effectiveness observed against Gram-positive than -

negative bacteria may be rationalized by the presence of the outer membrane 

characteristic of the latter, which acts as an extra barrier to the action of 

organic acids on the cytoplasmic membrane (Montville & Bruno, 1994; Ray & 

Sandine 1992). On the other hand, the high antimicrobial activity conveyed by 

lactic acid – when compared with that exhibited by citric acid (namely against 

Gram-positive bacteria and yeast) may be accounted for by the difference in 

MW between the two compounds. As citric acid possesses a higher MW (i.e. 

210.14) than lactic acid (i.e. 90.08), diffusion of the former compound through 

the cytoplasmic membrane should be slower than the latter, thus affecting its 

effectiveness (Virto, Sanz, Álvarez, Condón, & Raso, 2005). 
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A bactericidal activity was found for nisin (10 g L-1) after 8 h of 

incubation against Gram-positive bacteria; however, statistically significant 

differences were recorded (p < 0.05) among L. innocua and S. aureus until 6 h 

of incubation, but not after this period. For Gram-negative bacteria, this 

compound did not display significant differences (p > 0.05) – with a 

bacteriostatic effect against E. coli, Salmonella spp. and P. fluorescens over 

24 h of contact. Against the yeast, said compound also demonstrated a 

bacteriostatic behaviour over 24 h of incubation (Figure 4.4). The different 

antimicrobial effectiveness of nisin observed against Gram-positive than -

negative bacteria was likely related to the mode of action of this compound 

(van Heusden, de Kruijff, & Breukink, 2002; Montville & Bruno, 1994), coupled 

with the low sensitivity of the outer membrane of Gram-negative bacteria to 

nisin – due to its high MW (i.e. 3354.07) that restricts its passage across it 

(Helander & Mattila-Sandholm, 2000; Kuwano et al., 2005). 

COS (20 g L-1) exhibited a bactericidal effect against all 

microorganisms tested; however, statistically significant differences (p < 0.05) 

were found between them. This antimicrobial compound showed, in fact, a 

higher effectiveness against Gram-negative bacteria than its Gram-positive 

counterpart or the yeast. Among Gram-negative bacteria, statistically 

significant differences (p < 0.05) were observed – COS caused a total 

reduction of viable numbers within 4 h against E. coli, and within 6 h against P. 

fluorescens and Salmonella spp. For Gram-positive bacteria, statistically 

significant differences (p > 0.05) were not observed – COS took 24 h of 

contact to deplete L. innocua and S. aureus. In the case of Y. lipolytica, the 

total reduction took 8 h (see Figure 4.4). The strongest effect shown against 

Gram-negative bacteria is consistent with previous studies pertaining to 

culture media (Fernandes et al., 2008; Xia et al., 2011), and may be related to 

the surface characteristics of the bacterial cell wall; owing to a more negatively 

charged cell surface, Gram-negative bacteria tend to bind more strongly to the 

positive charges of COS than Gram-positive ones, and are therefore more 
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susceptible to adsorb COS (Chung et al., 2004). Hence, once inside microbial 

cells, COS prevent their growth by avoiding translation of DNA into RNA 

(Fernandes et al., 2008). 

Sodium benzoate (30 g L-1) exhibited a higher effectiveness against the 

yeast than bacteria; statistically significant differences (p < 0.05) were indeed 

recorded – and, among various antimicrobial compounds tested, it showed a 

slight, but not significantly (p > 0.05) higher activity against Y. lipolytica when 

compared with that of COS. Moreover, this compound only displayed a 

bactericidal effect against Y. lipolytica, with a 5 log cycle-reduction within 8 h 

of incubation, whereas it produced a reduction of ca. 2 log cycles against 

Gram-positive or -negative bacteria by 24 h (Figure 4.4); no significant (p > 

0.05) differences were observed against both bacteria. The relatively low 

activity against bacteria was somehow expected, because this compound has 

been claimed to be active against yeasts (Hwang & Beuchat, 1994); however, 

it did not show any special antimicrobial activity against Y. lipolytica than COS, 

throughout incubation time. This result could be explained by the fact that use 

of sodium benzoate is recommended for pH below 4.5 (Chipley, 1983), and in 

the present study the stock solution was adjusted to pH 5.5-6.0. 

 

4.2.4. Antimicrobial performance of coatings on cheeses surfaces 
In order to evaluate the antimicrobial performance of the experimental 

edible coatings, they were applied onto semi-hard cheeses made from cow’ 

milk; these were used as model, because this type of cheese is one of the 

most widely consumed worldwide, and because current manufacture practices 

often promote development of relevant spoilage/pathogenic microflora on its 

surface that unfavourably affect flavor. The current commercial solution for this 

problem includes application of non-edible polymers (e.g. polyvinyl acetate) 

containing antifungal compounds (usually natamycin) onto its surface. In 

attempts to find a more appropriate alternative for a cheese coating, the best 

antimicrobial system against most microorganisms tested with (i.e. the 
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experimental coating containing 6 g L-1 lactic acid and 20 g L-1 COS) was 

accordingly applied on the surface of said cheeses, and its effectiveness was 

compared with that on cheese with a commercial coating and with that of 

uncoated cheese, throughout 15 days of storage – as illustrated in Figure 4.5. 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 4.5. Effectiveness (average±standard deviation) of experimental edible coating 
(containing 20 g L-1 COS with 6 g L-1 lactic acid in base coating – 10 %(w/w) WPI and 
50 %(w/w) glycerol, on a protein basis), on cheese (    ), and of commercial coating 
( ) or no coating ( ) on cheese, assessed as viable numbers of food-borne 
pathogens on the surface of cow’s cheeses by 15 days of storage.  
 

The experimental coating applied on cheese surface took longer to dry 

(ca. 24 h), thus revealing a worse adhesion than that exhibited by the 

commercial coating – which needed ca. 8 h. On the other hand, the 

application of both coatings by brushing did not show a good homogeneity on 

the cheese surface (based on visual inspection). In terms of microbiological 

analysis, our results indicated that the initial microbial load of pathogens on 

the cheese surface was negligible. Furthermore, the experimental coated 

cheese exhibited a better performance upon Staphylococcus spp. and 

Enterobacteriaceae than uncoated cheese, or cheese with the commercial 

coating; a statistically significant difference was actually achieved (p < 0.05), 

since no growth at all of Staphylococcus spp. and only 2 log-cycles of 
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Enterobacteriaceae were observed under the experimental coating – unlike 

ca. 6 log-cycles and 4 log-cycles, respectively, for the other conditions. In 

terms of efficiency against Pseudomonas spp., no statistically significant 

differences (p > 0.05) between experimental and commercial coatings were 

found, with no perceived growth; however, following comparison with their 

uncoated counterparts, statistical differences arose (p < 0.05) as apparent in 

Figure 4.5. In terms of yeasts and molds, the commercial coatings exhibited 

the best performance (ca. 4 log-cycles), seconded by our experimental coating 

(ca. 5 log-cycles), when compared with the uncoated counterpart – which 

permitted growth up to 7 log CFU g-1. Statistically significant differences (p > 

0.05) were observed as well between cheeses under different conditions – see 

Figure 4.5.     

The experimental edible coating (i.e. encompassing 6 g L-1 lactic acid 

and 20 g L-1 COS) exhibited a protective effect against development of 

spoilage/pathogenic microflora on the cheese surface, and proved successful 

towards improvement of cheese shelf-life with regard to bacteria – when 

compared with commercial coatings (currently in use); however, further 

research is needed to reduce the time for the experimental coating dry on the 

cheese surface, to improve the coating adhesion to the cheese surface, and 

the application of the coating, as well as its effectiveness against yeasts and 

molds. Commercial coating showed a better performance against yeasts and 

molds, but it includes natamycin as active compound – which is a specific 

agent against those microorganisms (Elayedath & Barringer, 2002). 

Natamycin blocks microbial growth by binding to cell membrane sterols – 

primarily ergosterol; recall that this is the dominant sterol, and is present 

almost exclusively in the membranes of yeasts and molds (Welscher, Napel, 

Balagué, Souza, Riezman, & Kruijff, 2008). 

Therefore, all-purpose edible coatings should rely on combination of 

COS, lactic acid and natamycin as antimicrobial agents – so as to keep the 
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good performance against bacteria brought about by the former, and couple it 

with an effective action against yeasts and molds. 

 

4.3. Conclusions 

The antimicrobial effects of the various chemical agents tested are 

strongly dependent on the type of target microorganism (Gram-negative 

versus -positive bacterium or yeast) and the antimicrobial agent itself. 

Duplication of individual concentration of each antimicrobial compound did not 

lead to any significant increase in the antimicrobial activity, thus revealing a 

poor effect of concentration. On the other hand, the combination of 6 g L-1 

lactic acid with 20 g L-1 COS led to the highest inhibition against all 

microorganisms tested. The coating matrix (10 %,w/w WPI with 50 %,w/w 

glycerol, on a protein basis) did not affect the antimicrobial activity of the 

chemical compounds incorporated. Such compounds displayed a similar (p > 

0.05) performance in both growth media and coating matrix. Lactic acid and 

COS incorporated in the coating matrix exhibited the highest antimicrobial 

activity against Gram-positive and -negative bacteria, respectively. Yeast was 

mostly reduced by sodium benzoate and COS, which displayed a similar (p > 

0.05) inhibitory effect throughout incubation time. Therefore, the formulation 

composed by experimental edible coating, combining lactic acid and COS was 

assessed for its efficacy in coating cow’s cheeses – and proved successful 

towards improvement of cheese shelf-life in terms of impairment of bacterial 

agents, but was less effective against yeasts and molds than commercial 

coatings.  
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Abstract 
The goal of the research effort described was to assess the efficacy of 

edible films produced from whey protein isolate (WPI) and glycerol, including 

incorporation of lactic acid (6 g L-1) and propionic acid (10 g L-1), 

chitooligosaccharides (COS) with nominal MW <3 kDa (20 g L-1) and 

natamycin (0.25 g L-1) as antimicrobial agents. Their features were evaluated 

in vitro via agar diffusion and viable cell counting, against spoilage microflora 

often found contaminating cheese surfaces. The effects of incorporating the 

aforementioned compounds upon thickness, moisture content (MC), solubility 

(S), density (ρs), water activity (aw) and water vapor permeability (WVP), as 

well as upon tensile and optical properties of those films were also evaluated. 

Films formulated with lactic and propionic acids or COS exhibited antimicrobial 

activity against all microorganisms tested, yet the viable cell count assay was 

more sensitive and reproducible. COS was the most active against Gram-

negative bacteria, whereas lactic acid was the most active against Gram-

positive ones. Natamycin was not active against bacteria, but displayed the 

strongest effect against yeasts. Incorporation of said antimicrobial compounds 

did not significantly (p > 0.05) affect film thickness, yet it significantly (p < 0.05) 

reduced tensile strength (TS). Incorporation of lactic acid and natamycin in 

particular did not significantly (p > 0.05) affect MC, S, ρs, WVP, elongation at 

break (EB) and Young's modulus (YM) values; however, a statistically 

significant increase (p < 0.05) of MC, S and WVP, together with a statistically 

significant decrease (p < 0.05) of ρs were attained upon incorporation of 

propionic acid or COS. Moreover, propionic acid produced the highest 

variation (p < 0.05) in EB, TS and YM, whereas COS produced the highest 

change (p < 0.05) in optical properties. 

 
Keywords: Whey protein isolate; antimicrobial agents; active packaging; 

physical properties; food safety; antimicrobial packaging. 
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5. Introduction 

Foods are normally susceptible to physical, chemical and 

microbiological deterioration throughout storage and distribution, as a function 

of both their composition and the environmental conditions they are exposed 

to (Cha & Chinnan, 2004). An adequate selection of packaging materials can 

prevent food quality loss by providing barrier, or otherwise protective features 

thereto (Campos, Gerschenson, & Flores, 2011). If packaging films are in 

addition edible – e.g. those manufactured from polysaccharides, proteins or 

lipids, they will convey an extra set of advantages, viz. biodegradability, non-

toxicity and biocompatibility, besides esthetic appearance (Bourtoom, 2009; 

Khwaldia, Perez, Banon, Desobry, & Hardy, 2004; Tharanathan, 2003).  

Whey proteins have been successfully employed as raw material for 

biodegradable packaging because they come from a renewable source and 

are a by-product of the cheesemaking industry; hence, they are widely 

available, relatively easy to handle and inexpensive. Whey protein isolates 

(WPI) represent the purer form of such whey proteins (Mulvihill & Ennis, 

2003), and have shown promising mechanical features, as well as moderate 

moisture permeability (McHugh, Aujard, & Krochta, 1994) and good oxygen 

barrier properties – comparable to those exhibited by the best synthetic 

polymer-based films available, e.g. low-density polyethylene (LDPE), high 

density polyethylene, ethylene vinyl alcohol, vinyl alcohol, polyvinylidene 

chloride (PVDC), cellophane and polyester (Khwaldia et al., 2004; Perez-Gago 

& Krochta, 2002). 

Furthermore, those films proved excellent biomaterials for use as 

carriers of such food additives as antioxidants, antimicrobials, colorants, 

flavors, fortifying nutrients and spices; these additives improve the functionality 

of the packaging by bringing about novel (or extra) features (Pranoto, Salokhe, 

& Rakshit, 2005; Salmieri & Lacroix, 2006). In particular, addition of 

antimicrobial agents may enable extension of the shelf-life and safety of 
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packaged foods, by reducing (or even preventing) growth of pathogenic and 

spoilage microorganisms (Franssen & Krochta, 2003). Moreover, their 

relatively low, but stable rates of diffusion from the packaging material onto the 

product assist in keeping the concentration of the active ingredient relatively 

high as time elapses (Kristo, Koutsoumanis, & Biliaderis, 2008; Min & Krochta, 

2005). The antimicrobials more often incorporated in food packaging films are 

organic acids (e.g. citric, lactic, acetic and propionic acids), enzymes (e.g. 

lysozyme), bacteriocins (e.g. nisin), polysaccharides (e.g. chitosan), fungicides 

(e.g. benomyl, natamycin and imazalil), and some plant extracts and their 

essential oils (Cagri, Ustunol, & Ryser, 2004; Min, Harris, Han, & Krochta, 

2005; Tharanathan, 2003).  

Lactic acid is frequently added to foods for preservation purposes, via 

reduction (or elimination) of growth of spoilage and pathogenic bacteria 

(Alakomi, Skyttä, Saarela, Mattila-Sandholm, Latva-Kala, & Helander, 2000). 

However, it may not exhibit a significant antimicrobial activity against yeasts 

and molds (Dibner & Butin, 2002; Ray, 2004). In alternative, propionic acid 

has shown a good antifungal performance, and proved capable of inhibiting 

the growth of Gram-negative and -positive bacteria. This compound is usually 

applied to control mold growth on cheese, butter and bakery products, as well 

as to hamper growth of bacteria and yeasts in syrup, apple sauce and some 

fresh fruits (Ray, 2004).  

Chitooligosaccharide (COS) is the oligosaccharide fraction prepared 

via enzymatic hydrolysis of chitosan (Fernandes et al., 2008); it is known to 

possess several antifungal (Hirano & Nagao, 1989; Kendra, Christian, & 

Hadwiger, 1989) and antibacterial (Hirano & Nagao, 1989; Uchida, Izume, & 

Ohtakara, 1989) features.  

Natamycin is a natural antimycotic polyene, which has met with 

commercial success to prevent growth of molds and yeasts on food products 

(e.g. cheeses and sausages); hence, a GRAS status has been granted by the 

U. S. Food and Drug Administration, and it is also considered as a natural 
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preservative by the European Union (EEC no. 235) for application on cheese 

surfaces or on slices thereof (Amefia, Abu-Ali, & Barringer, 2006).  

Although extensive information on the antimicrobial properties of the 

aforementioned compounds is available in the literature (Cagri et al., 2004; 

Cha & Chinnan, 2004; Coma, 2008), scarce data exist pertaining to the activity 

of lactic and propionic acids (Manab, Sawitri, al Awwaly, & Purnomo, 2011) 

and natamycin (Pintado, Ferreira, & Sousa, 2010) when incorporated in WPI 

films; and essentially no data at all encompassing incorporation of COS in 

those films. Furthermore, a lack of information is apparent on the effect of 

those antimicrobial compounds upon the physical properties of WPI films. On 

the other hand, selection of an antimicrobial agent entails not only assessment 

of its effectiveness against target microorganisms, but also of interactions with 

the film-forming biopolymer; such interactions may indeed hamper the actual 

antimicrobial activity further to the characteristics of the film itself, both of 

which are key factors for development of commercially successful active films 

(Campos et al., 2011). 

Therefore, the main purpose of this research effort was to find, from a 

number of experimental antimicrobial agents (i.e. lactic and propionic acids, 

COS and natamycin), those that would exhibit the highest effectiveness 

against a heterogeneous set of spoilage/pathogenic microflora frequently 

found on the cheese surface – via  incorporation into edible, 10 %(w/w) WPI 

films plasticized with 50 %(w/w) glycerol, on a protein basis, without 

significantly compromising the functional properties exhibited by said films. 

Therefore, the antimicrobial performance of those edible active films was 

ascertained in vitro via agar diffusion and viable cell counting, against a model 

Gram-negative bacterium – Escherichia coli, a model Gram-positive bacterium 

– Staphylococcus aureus, and a model yeast – Yarrowia lipolytica. The effect 

of incorporating such compounds upon thickness, moisture content, solubility, 

density, water activity, water vapor permeability, and tensile and optical 

properties of those films was also assessed.  
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5.1. Materials and methods 
5.1.1. Materials 

Whey protein isolate (WPI) was obtained from Armor Proteines (Saint 

Brice en Coglés, France), and the chemical composition was determined as 

detailed in Chapter 2 (point 2.1.2) – and depicted in Table 2.1. Glycerol (99 % 

purity) was supplied by Panreac (Barcelona, Spain), and peptone (P7750) was 

obtained from Sigma (St. Louis MO, USA). Chitooligosaccharide – COS, a 

fraction with a nominal MW <3 kDa, was purchased from Nicechem 

(Shanghai, China) and used as received. Such COS had been obtained via 

enzymatic hydrolysis of chitosan from crab shells; its deacetylation degree 

was in the range 80-85 % (as per supplier’s indication). Lactic (98 % purity, 

L1750) and propionic (99 % purity, P1386) acids were both obtained from 

Sigma, whereas natamycin (50 % purity) was provided by Mapril (Maia, 

Portugal). All other chemicals were reagent-grade or better, and were used 

without further purification. 

 

5.1.2. Antimicrobial solution preparation  
The solutions of COS and lactic acid were prepared as mentioned 

previously in Chapter 4 (point 4.1.2). The solutions of propionic acid and 

natamycin were prepared by dissolving 200 g L-1 of the former in deionized 

water and 250 g L-1 of the latter in sterile 0.02 mol L-1 HCl under stirring. 

Subsequently, pH was adjusted to between 5.5 and 6.0 with 1 mol L-1 HCl or 

NaOH (as appropriate). Finally, these solutions were sterilized via filtration 

through a 0.22 μm filter (Orange Scientific, Braine-l'Alleud, Belgium).  

 

5.1.3. Culture preparation 
The target microorganisms selected were: one Gram-negative 

bacterium – Escherichia coli (NCTC 9001), one Gram-positive bacterium – 

Staphylococcus aureus (NCTC 8532), and one yeast – Yarrowia lipolytica 

(previously isolated from cheese within our group). Bacterial cultures were 
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pre-activated by overnight incubation at 37 ºC on Muller-Hinton (M-H) broth 

(Biokar Diagnostics, Pantin, France), whereas the yeast was grown on Yeast 

Malt (YM) broth (Difco Laboratories, Detroit MI, USA), at 30 ºC.  

 

5.1.4. Determination of minimum inhibitory and lethal 
concentrations 

The minimum inhibitory (MICs) and lethal (MLCs) concentrations 

towards the three microorganisms were determined as reported in Chapter 4 

(point 4.1.4). Afterwards, several concentrations of lactic (1.5, 3, 6, 9 and 15 g 

L-1) and propionic (1, 2.5, 5, 10 and 20 g L-1) acids, COS (1, 2.5, 5, 10 and 20 

g L-1) and natamycin (0.025, 0.05, 0.25, 2.5 and 25 g L-1) were tested, by 

preparing decreasing concentrations in M-H broth (in the case of bacteria) or 

YM broth (in the case of the yeast). 

 

5.1.5. Film preparation 
Film-forming solutions were prepared by slowly dissolving 10 %(w/w) 

WPI powder in deionized water, following the procedure reported by Perez-

Gago and Krochta (2002). Glycerol was added at 50 %(w/w), on a protein 

basis, as plasticizer, and the resulting solutions were magnetically stirred for 

ca. 2 h. Subsequently, they were heated in a water bath at 80 ± 2 °C, for 20 

min under continuous agitation. The solutions were cooled to room 

temperature (30 ºC) for 1.5 h. Afterwards, 10 %(w/w) of each antimicrobial 

compound was added to obtain the MLCs values (determined above), and 

then vacuum was applied for 30 min to remove dissolved air (Seydim & 

Sarikus, 2006). Finally, the solutions were adjusted to pH 7.0 using 0.1 mol L-1 

NaOH. To prepare the films, the amounts of each film-forming solution, poured 

onto level Teflon plates (38 x 34 cm), were the same (300 mL) so as to control 

the film thickness. The spreading solutions were allowed to dry at room 

conditions (ca. 23 ºC and 50 % relative humidity, RH) for 24 h, according to 

the procedure by Gounga, Xu and Wang (2007) and Osés, Fernández-Pan, 
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Mendoza and Mate (2009). Once formed, the films were then peeled off and 

conditioned at 23±2 ºC and 50±2 % RH, in a controlled temperature and 

humidity storage room (Packaging Center, CBQF, Porto Portugal), for at least 

72 h prior to testing (ASTM, 2000). All physical measurements described 

below were conducted also at 23±2 ºC and 50±2 % RH. 

 

5.1.6. Antimicrobial activity  
The antimicrobial activity of WPI edible films was assessed using two 

complementary approaches: agar diffusion assay and viable cell count assay. 

 

5.1.6.1. Agar diffusion assay 
The qualitative antimicrobial activity of each WPI film was evaluated 

following the procedure described by Pranoto et al. (2005). Films were cut into 

17.0±0.1 mm diameter disks using a circular knife, and exposed to UV light for 

10 min on each side (Melo, 2003). They were then placed on M-H agar 

(Biokar Diagnostics) plates for bacteria, and on YM agar (Difco Laboratories) 

plates for the yeast – which had previously been seeded with 0.1 mL of 

inoculum containing 105 CFU mL-1 (as recommended by National Committee 

for Clinical Lab Standards, 2000) of each target microorganism. WPI film 

disks, without incorporation of antimicrobial compounds, were also tested 

under similar conditions (negative control). The plates were incubated at 37 ºC 

for 24 h, or 30 ºC for 48 h, for the bacteria or the yeast, respectively. 

Afterwards, the zones of inhibition of the film disks on the plates were 

examined via measuring their diameter. The sensitivity to the different 

antimicrobial films was rated following Ponce, Fritz, del Valle and Roura 

(2003), based on the diameter of the zone of inhibition generated: not 

sensitive, sensitive, very sensitive and extremely sensitive, if the diameter was 

less than 8 mm, between 9 and 14 mm, between 15 and 19 mm and greater 

than 20 mm, respectively. The test was performed in triplicate, in two separate 

experimental runs.  



Development of antimicrobial whey protein isolate films                                                                    Chapter 5                        

  

187 

5.1.6.2. Viable cell count assay 
The quantitative antimicrobial activity of each WPI film was evaluated 

using the AATCC test method 100-2004 (1961) – which was originally 

designed for evaluation of antimicrobial activity of textile materials, and 

adapted hereby to edible films: WPI films (with and without incorporation of 

antimicrobial compound) were thus cut into 50.0±1.0 mm diameter disks using 

a circular knife, and were exposed to UV light for 10 min on each side (Melo, 

2003). Each film disk was then placed in a 125 mL-sterilized flask, to which 

1.0 mL of inoculum containing 105 CFU mL-1 of each microorganism was 

added so as to cover the entire disk. Flasks were incubated at 37 or 30 ºC, in 

the case of the bacteria or the yeast, respectively. Afterwards, 99.0 mL of 

sterile peptone water (1 g L-1), used as neutralizing solution, was aseptically 

added to each flask at 0, 3, 6, 12, and 24 h (sampling time). The flask content 

was then aseptically transferred to a 400 mL-homogenizing bag, and blended 

in a Stomacher 400 reciprocal homogenizer (Seward Medical, London, UK) for 

1.0 min at 260 rpm. Appropriate sequential 10-fold dilutions of the 

homogenate were done in sterile peptone water (in triplicate) and plated (0.02 

mL per plate – in duplicate) onto M-H agar plates for bacteria, and on YM agar 

plates for the yeast. The plates were then incubated as described above. 

Enumeration of colonies was performed, and inhibition of microorganism 

growth was expressed as reduction of cell number using log (N/N0) – where N 

is the viable cell number at a given time and N0 is its counterpart at time zero 

(Fernandes et al., 2008). The test was performed in triplicate, as two 

independent experimental runs. 

 

5.1.7. Film characterization 
The procedures used for determination of thickness, moisture content, 

solubility, density, water activity, water vapor permeability, tensile and optical 

properties of film samples were all conducted at 23±2 ºC and 50±2 % RH, as 

previously used in Chapter 3 (point 3.1.4).  
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5.1.8. Statistical analysis 
Statistical analyses were performed using the Statistical Package for 

Social Sciences, v. 17.0 for Windows (SPSS, Chicago IL, USA), via one-way 

analysis of variance. The difference of means between pairs was resolved via 

confidence intervals, using Tukey’s test. The significance level was set at p < 

0.05. 

 

5.2. Results and discussion 
5.2.1. Minimum inhibitory and lethal concentrations 

The MIC and MLC associated with each antimicrobial agent and 

microorganism tested are depicted in Table 5.1. For each antimicrobial 

compound, both MIC and MLC depended on the target microorganism. In 

general, the MLC values obtained were higher than their MIC counterparts, 

except for lactic acid against S. aureus (in which case they were similar).  
 
Table 5.1. Minimum inhibitory (MIC, g L-1) and lethal (MLC, g L-1) concentrations of 
antimicrobial agents against model microorganisms.  

Model microorganism 
Escherichia 

 coli 
Staphylococcus 

aureus 
Yarrowia 
 lipolytica 

Antimicrobial agent  
(range of concentration) 

MIC MLC MIC MLC MIC MLC 
Lactic acid (1.5-15 g L-1) 3 6 3 3 3 6 

Propionic acid (1-20 g L-1) 5 10 5 10 2.5 5 
COS <3 kDa (1-20 g L-1) 5 10 10 20 10 20 

Natamycin (0.025-25 g L-1) - - - - 0.05 0.25 
Note: (-) not found. 

 

Lactic acid led to the lowest MIC and MLC values against bacteria. 

This compound showed similar MICs (3 g L-1) toward all microorganisms, but 

higher MLCs for the Gram-negative bacterium and the yeast (6 g L-1). 

Propionic acid and COS showed similar MIC and MLC values against the 

Gram-negative bacterium; however, propionic acid produced lower MIC and 

MLC values against the Gram-positive bacterium and the yeast. COS 

demonstrated lower MIC and MLC values against the Gram-negative 
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bacterium than the Gram-positive one or the yeast (Table 5.1); this is 

consistent with Fernandes et al. (2008), who used COS with identical MW. On 

the other hand, natamycin did not inhibit the bacteria, but displayed the lowest 

MIC and MLC values against the yeast. This is in agreement with results 

reported by Welscher, Napel, Balagué, Souza, Riezman and Kruijff (2008), 

who showed that natamycin (as antimycotic compound) exhibits activity 

preferentially against yeasts and molds.  

The MIC values obtained for lactic acid and COS were previously 

discussed and compared with those available in the literature as reported in 

Chapter 4 (point 4.2.1). In the case of propionic acid, the MIC found here (i.e. 

2.5 g L-1 against Y. lipolytica) was significantly lower than those reported by 

Lind, Jonsson and Schnürer (2005) – i.e. 37.0 g L-1, against three yeasts (i.e. 

Pichia anomala, Rhodotorula mucilaginosa and Kluyveromyces marxianus). 

For natamycin, the MIC obtained against Y. lipolytica (i.e. 0.05 g L-1) is clearly 

lower than that reported by Pintado et al. (2010) – i.e. 20 g L-1 against the 

same microorganism.  

Differences in MIC (or MLC) values are useful in studies encompassing 

antimicrobial agents, especially when different methods are compared, in 

attempts to find the agent able to exert the highest antimicrobial effect. 

However, scarce information relative to MLC values by the agents selected for 

our study, as well as MIC and MLC values against only Y. lipolytica can be 

retrieved from the literature – which obviously hampers more extensive 

conclusions to be drawn. 

 

5.2.2. Antimicrobial activity  
The inhibitory activity of WPI films incorporated with several 

antimicrobial compounds was measured using two distinct assays: a 

qualitative one, based on formation of a clear zone surrounding the circular 

film disk – the agar diffusion assay; and a quantitative one, based on 

quantification of the inhibitory activity of those films – viable cell count assay. 
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5.2.2.1. Agar diffusion assay 
The results of the agar diffusion assays are depicted in Table 5.2 – as 

obtained for 10 %(w/w) WPI edible films with 50 %(w/w) glycerol, on a protein 

basis, incorporated with lactic and propionic acids, COS (<3 kDa) and 

natamycin, and tested against one Gram-negative (i.e. E. coli) and one Gram-

positive (i.e. S. aureus) bacteria, as well as one yeast (i.e. Y. lipolytica). 

 
Table 5.2. Antimicrobial activity, expressed as inhibition zone (mm) (average ± 
standard deviation, n=3) of 10 %(w/w) WPI edible films with 50 %(w/w) glycerol, on a 
protein basis, incorporated with 6 g L-1 lactic and 10 g L-1 propionic acids, 20 g L-1 
COS <3 kDa or 0.25 g L-1 natamycin, against model microorganisms.  

Model microorganism Antimicrobial agent Escherichia coli Staphylococcus aureus Yarrowia lipolytica 
None  0.0±0.0a 0.0±0.0a 0.0±0.0a 

Lactic acid 11.4±0.5b  16.2±0.8d  9.3±0.4e 
Propionic acid 10.6±0.4b 15.0±0.7d  18.5±0.4f 

COS  23.2±1.3c 11.9±1.0b 9.6±0.3e 
Natamycin 0.0±0.0a 0.0±0.0a 21.5±0.8c 

Note: a, b, c, d, e, f Means within the same column, labelled with the same letter, do not statistically 
differ from each other (p > 0.05). 
 

Antimicrobial activity was not observed in the negative control, 

consisting of a WPI film disk without previous incorporation of any 

antimicrobial compound. WPI films added with either organic acid showed the 

highest inhibition zones against the Gram-positive bacterium; statistically 

significant differences were indeed found (p < 0.05) relative to other 

antimicrobial compounds. However, significant differences were not observed 

(p > 0.05) among lactic and propionic acids against the Gram-positive and -

negative bacteria. In both cases, the Gram-positive bacterium was significantly 

more sensitive to these compounds than its Gram-negative counterpart (p < 

0.05). On the other hand, propionic acid exhibited significantly higher inhibition 

(p < 0.05) against the yeast than lactic acid or COS (see Table 5.2). According 

to Ponce et al. (2003), E. coli is sensitive and S. aureus is very sensitive to 
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lactic and propionic acids, whereas Y. lipolytica is sensitive and very sensitive 

to lactic and propionic acids, respectively. 

WPI films incorporated with COS exhibited the highest inhibition zone 

(p < 0.05) against the Gram-negative bacterium – which was statistically 

higher (p < 0.05) than that exhibited against the Gram-positive bacterium and 

the yeast (see Table 5.2). Moreover, Y. lipolytica, S. aureus and E. coli 

appeared to be sensitive, very sensitive and extremely sensitive to COS, 

respectively (Ponce et al., 2003).   

Finally, WPI films incorporated with natamycin proved the most 

effective against the yeast; statistically significant differences (p < 0.05) were 

recorded relative to the other antimicrobial compounds, yet no inhibition was 

found against bacteria – see Table 5.2. Natamycin was an extremely strong 

compound against Y. lipolytica, but not against E. coli or S. aureus (Ponce et 

al., 2003). This result is consistent with the observed above regarding MICs 

and MLCs, as well as with that reported by Pintado et al. (2010) – who only 

observed inhibition of the yeast (i.e. Y. lipolytica). 

 

5.2.2.2. Viable cell count assay 
The antimicrobial activity is plotted in Figure 5.1 – as determined for 10 

%(w/w) WPI edible films with 50 %(w/w) glycerol, on a protein basis, 

incorporated with lactic and propionic acids, COS (<3 kDa) and natamycin, 

against one Gram-negative (i.e. E. coli) and one Gram-positive (i.e. S. aureus) 

bacteria, and one yeast (i.e. Y. lipolytica) over 24 h of contact.  

Once again, it was possible to observe that WPI film disks did not entail 

any antimicrobial activity: each bacterium grew ca. 3 log cycles, while the 

yeast grew ca. 2 log cycles during 24 h.   

WPI films incorporated with both organic acids exhibited – as already 

shown in the agar diffusion assay, the highest antimicrobial activity against 

Gram-positive bacteria, when compared with that exhibited by the other 

antimicrobial compounds; statistically significant differences (p < 0.05) were 
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indeed obtained. Moreover, lactic acid produced a higher antimicrobial activity 

than that displayed by propionic one against both bacteria; however, 

statistically significant differences were observed (p < 0.05) in this assay 

among the two acids after 3 h (Figure 5.1).  

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1. Effect (average±standard deviation, n=3) of antimicrobial agent, viz. 6 g L-

1 lactic and ( ), 10 g L-1 propionic ( ) acids, 20 g L-1 COS <3 kDa ( ) or 0.25 g L-1  
natamycin ( ), and none ( ) upon survival of E. coli (a), S. aureus (b) and Y. 
lipolytica (c), at 105 CFU mL-1, in 10 %(w/w) WPI edible films with 50 %(w/w) glycerol, 
on a protein basis.  
 

Lactic acid displayed a bactericidal effect (i.e. a reduction by 99.9 % of 

the initial viable numbers) against both bacteria, which was statistically higher 

(p < 0.05) against S. aureus than E. coli. Significant differences (p < 0.05) 

were observed within 6 h of contact with regard to the total reduction of viable 
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cells attained within 12 h for the former, and within 24 h for the latter 

bacterium. On the other hand, lactic acid exhibited the lowest activity against 

the yeast – with a reduction of ca. 3 log cycles within 24 h; statistically 

significant differences (p < 0.05) were found relative to the other antimicrobial 

compounds, as soon as after 3 h – see Figure 5.1. The lower effectiveness of 

lactic acid against yeasts was somehow expected, due to the strong response 

capacity of yeasts to the mode of action of such a compound – arising from 

the different structures and chemical composition of their cell wall relative to 

that of bacteria (Dibner & Butin, 2002; Ray, 2004). 

Unlike happens in the agar diffusion assay, this methodology appears 

more accurate and precise – as it showed statistically significant differences (p 

< 0.05) that could not be observed in the previous assay, e.g. between lactic 

and propionic acids against bacteria, and between lactic acid and COS 

against Y. lipolytica – Figure 5.1 (c).  

Propionic acid exhibited a statistically higher activity (p < 0.05) against 

the Gram-positive than the -negative bacteria. That compound displayed a 

bactericidal effect against S. aureus, and produced a reduction of ca. 4 log 

cycles against E. coli over 24 h. Unlike happened with lactic acid and COS, 

propionic acid produced a statistically higher activity (p < 0.05) against the 

yeast – which could be observed as soon as after 3 h of contact, with a 

bactericidal effect attained by 24 h (see Figure 5.1). This result came not as a 

surprise, since said compound is known to be an effective agent in preventing 

growth of yeasts on the surface of food products (Ray, 2004). 

The antimicrobial properties of the two weak organic acids tested here 

has been attributed to their undissociated form, which can easily penetrate the 

lipid membrane of the microbial cell; once in the cytoplasm, it dissociates into 

anions and protons, thus leading to decrease of intracellular pH, coupled with 

disruption of the transmembrane proton motive force via changing the 

permeability of the cell membrane (Lind et al., 2005). Hence, the energy that 

would otherwise be used for microbial growth is wasted in sustaining the 
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homeostatic pH value, which will directly hamper viability (Eswaranandam, 

Hettiarachchy, & Johnson, 2004; Ray, 2004). Furthermore, the statistically 

higher antimicrobial activity (p < 0.05) of lactic and propionic acids, only 

distinguishable via the viable cell count assay, may be explained by their 

different dissociation constants (pKa) – i.e. 3.86 and 4.87, for lactic and 

propionic acids, respectively (Campos et al., 2011; Lind et al., 2005; Ray, 

2004). According to Sundberg and Jonsson (2005), the effectiveness in 

inhibition brought about by weak organic acids is higher as their pKa values 

are lower, since the fraction of dissociated molecules (anions and protons) 

inside the microbial cells will accordingly be higher at any given pH.  

On the other hand, the higher antimicrobial activity associated with 

both organic acids against the Gram-positive bacterium (using the two 

different assays) is consistent with that reported by Ray and Sandine (1992) – 

according to whom Gram-negative bacteria possess an extra resistance 

mechanism relative to Gram-positive ones, arising from the outer membrane 

in the former that acts as an extra barrier to the action of such compounds 

upon the cytoplasmic membrane (Montville & Bruno, 1994). However, the 

antimicrobial activity attained by both organic acids against Gram-negative 

bacteria is not unexpected at all, if one considers that a lower amount of its 

water-soluble molecules gain access to the periplasm through the water-filled 

channels formed by transmembrane proteins of the outer membrane (Nikaido, 

2003). 

COS exhibited the highest antimicrobial activity against the Gram-

negative bacterium – which was statistically higher (p < 0.05) already by 3 h 

than that against the Gram-positive bacterium and the yeast, or when 

compared with those exhibited by the other antimicrobial compounds tested – 

see Figure 5.1. Moreover, this compound exhibited a bactericidal effect 

against both bacteria, which was attained by 6 and 24 h, against E. coli and S. 

aureus, respectively. In the case of Y. lipolytica, COS produced a reduction of 

4 log-cycles over 24 h. These behaviors are consistent with Fernandes et al. 
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(2008) and Xia, Liu, Zhang, and Chen (2011), who showed a higher 

antimicrobial activity of COS (<3 kDa) and (5-10 kDa), respectively, in M-H 

broth against Gram-negative than -positive bacteria. 

The antimicrobial activity of COS has been attributed especially to its 

positive charge – which allows a strong binding to the negatively charged 

surfaces of microorganisms (as mentioned in the previous Chapter). 

Consequently, COS restrains the movement of microbiological substances 

and penetrates into microbial cells, thus preventing growth by avoiding 

translation of DNA into RNA (Fernandes et al., 2008). The highest 

effectiveness against Gram-negative bacteria may derive from the surface 

characteristics of the cell wall – which holds larger negative charges in the 

case of Gram-negative bacteria, hence allowing stronger binding to the 

positively charged COS, and consequently a higher extent of penetration of 

this compound (Chung et al., 2004). Note, once again, that poor information 

regarding the antimicrobial activity of COS upon incorporation into edible films, 

and no information at all regarding incorporation into whey protein films is 

available to date, so more extensive conclusions cannot be formulated.    

Natamycin held the highest effectiveness against the yeast; statistically 

significant differences (p < 0.05) were achieved when compared with the other 

agents. This compound led Y. lipolytica to depletion within 3 h; however, only 

a bacteriostatic effect was observed against Gram-negative and -positive 

bacteria over 24 h of contact. This result is consistent with that obtained with 

the disk diffusion method – and was expected since natamycin does not inhibit 

microbial cells by permeabilizing their plasma membrane: instead, it blocks 

microorganism growth by binding to their cell membrane sterols (primarily 

ergosterol), the principal (and almost exclusively) sterol present in membranes 

of yeasts and molds (Welscher et al., 2008). 
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5.2.3. Film characterization 
5.2.3.1. Film appearance 

All films formulated were flexible, homogeneous and transparent – 

except for those incorporated with COS, which exhibited a slight yellow-

brownish color. Their surfaces were smooth, without visible pores or cracks. 

The films could easily be separated from their casting plates – except for 

those incorporated with propionic acid, which became rather sticky.  

Appearance of the two sides of the film was different. The film side 

facing the casting plate was typically shiny, whereas the other was dull; this is 

likely an indication of some phase separation occurring in the solution during 

drying. Similar results were reported previously regarding whey protein isolate 

and concentrate films in Chapter 3 (point 3.2.1).  

 

5.2.3.2. Moisture content, solubility, density, water activity, thickness 
and water vapor permeability  

The data tabulated in Table 5.3 pertain to the moisture content (MC), 

solubility (S), density (ρs), water activity (aw), thickness and water vapor 

permeability (WVP) of WPI edible films (10 %,w/w) containing glycerol (50 

%,w/w, on a protein basis) – as film matrix base, as affected by incorporation 

of the various antimicrobial compounds tested.  

Incorporation of lactic acid and natamycin into WPI films did not 

significantly (p > 0.05) affect the MC, S, WVP and ρs values, relative to plain 

WPI films (control films). In turn, when propionic acid and COS were 

incorporated in said films, a statistically significant increase (p < 0.05) of MC, S 

and WVP, together with a statistically significant decrease (p < 0.05) of ρs 

were attained with regard to the control film and those incorporated with other 

antimicrobial compounds – see Table 5.3.  
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Table 5.3. Physical properties (average ± standard deviation), viz. moisture content 
(MC), solubility (S), density (ρs), water activity (aw), thickness and water vapor 
permeability (WVP), of 10 %(w/w) WPI edible films with 50 %(w/w) glycerol, on a 
protein basis, incorporated with 6 g L-1 lactic and 10 g L-1 propionic acids, 20 g L-1 
COS <3 kDa or 0.25 g L-1 natamycin.  

Antimicrobial 
agent 

MC  
(%, n=3) 

S  
(%, n=3)

ρs  
(g cm-3, n=5

aw  
(n=4) 

Thickness 
(mm, n=5) 

WVP 
(g mm m-2 d-1 
kPa-1, n=3) 

None 16.8±0.25a 67.6±0.44a 1.29±0.02a 0.47±0.00a 0.13±0.01a  10.1±0.20a 
Lactic acid 17.4±0.71a 69.0±1.30a 1.27±0.02a 0.49±0.02a,b 0.14±0.02a  10.9±0.75a 

Propionic acid22.2±0.70b 78.6±1.24b 1.19±0.02b 0.53±0.02b 0.17±0.03a  12.8±0.22b 
COS 23.4±0.65b 80.2±1.34b 1.16±0.03b 0.54±0.03b 0.19±0.04a  13.4±0.41b 

Natamycin 18.2±1.30a 71.0±3.14a 1.24±0.03a 0.50±0.01b 0.15±0.02a  11.1±1.04a 
Note: a, b Means within the same column, labelled with the same letter, do not statistically differ 
from each other (p > 0.05). 
 

The statistically significant differences (p < 0.05) in MC, S, WVP and ρs 

values, when lactic or propionic acids were added into WPI films, were 

corroborated by Manab et al. (2011), in particular regarding S and WVP. This 

is probably explained by the different pKa values of the two organic acids, as 

well as by the presence of two binding groups – carboxyl and hydroxyl (i.e. –

COOH and –OH, respectively) – which are characteristic of lactic acid, instead 

of a single binding group (i.e. –COOH) – as typical of propionic acid. The 

higher dissociation of lactic acid (as a result of its lower pKa), coupled with the 

existence of two binding groups in dissociated form will contribute to 

establishment of a higher density network with the NH3
+ groups on the whey 

protein backbone via hydrogen bonding/hydrophobic interactions – which will, 

in turn, lead to significantly lower values of MC, S and WVP, and significantly 

higher values of ρs when lactic acid is present (Manab et al., 2011).  

On the other hand, the highest differences in MC, S, WVP and ρs 

values (p < 0.05), relative to control films, were observed upon incorporation of 

COS. This observation may be rationalized by the hydrophilic nature of this 

compound, attributable to the high amount of free amino groups in D-

glucosamine units (Fernandes et al., 2008). The high reactivity of the NH3
+ 

group of COS (which is a positively charged molecule) will likely contribute to 

destabilization of the protein structure, thereby changing the molecular 
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organization of the film network and eventually increasing the free amino or 

hydroxyl groups of proteins. In addition, the amino groups of COS and of non-

crosslinked proteins are expected to form hydrogen bonds with –OH groups of 

water molecules, thus increasing the susceptibility to hydration – and so 

leading to increases in moisture content, solubility and permeability (Gontard, 

Duchez, Cuq, & Guilbert, 1993; McHugh et al., 1994). Sorbal, Menegalli, 

Hubinger and Roques (2001) reported that the hydrophilicity of the 

antimicrobial additives considered will increase the water content of the film, 

which would thus affect the solubility therein. However, the WVP values 

exhibited by our WPI films incorporated with the various antimicrobial 

compounds (Table 5.3) appeared lower than those reported elsewhere for 

edible films manufactured from other materials: e.g. Chana-Thaworn, 

Chanthachum and Wittaya (2011) found WVP values of 15.1 g mm m-2 d-1 

kPa-1 using 1 %(w/w) of hydroxypropyl methylcellulose films incorporated with 

0.3 g L-1 kiam wood extract, whereas Pranoto et al. (2005) obtained WVP 

values of 18.7 and 14.9 g mm m-2 d-1 kPa-1 for films manufactured from 1 

%(w/w) alginate and 1 %(w/w) chitosan, respectively, after incorporation with 

0.1 %(w/w) garlic oil. 

The statistically nonsignificant (p > 0.05) changes in MC, S, WVP and 

ρs values of WPI films when natamycin was incorporated (using the control 

films as reference) were also observed by Fajardo, Martins, Fuciños, 

Pastrana, Teixeira and Vicente (2010) and by Türe, Eroğlu, Özen and Soyer 

(2009) for WVP – when the same compound was incorporated into chitosan, 

or into wheat gluten and methyl cellulose films, respectively. These results 

probably arise from the low hydrophilic nature of the natamycin molecule 

(Fajardo et al., 2010).  

The partial insolubility of WPI films observed here has been reported 

elsewhere (Fairley, Monahan, German, & Krochta, 1996; McHugh & Krochta, 

1994) – and may be rationalized by the presence of stronger intermolecular 

bonds (e.g. disulfide bonds, as a result of heat treatment) between the protein 
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molecules within the matrix of WPI films (McHugh, Avena-Bustillos, & Krochta, 

1993; McHugh & Krochta, 1994). The incorporation of propionic acid and COS 

increases solubility significantly (p < 0.05) – see Table 5.3; this may indicate 

that those compounds interfere significantly with the protein polymeric 

network. In addition, the significant decrease (p < 0.05) observed in ρs of such 

films corroborates the fact that propionic acid and COS likely decrease 

networking within those films, thus producing films with lower density (Hart, 

Craine, & Hart, 2003; Yoshida & Antunes, 2004). In general, a higher solubility 

of edible films indicates a lower water resistance, and thus a higher WVP. 

However, a high solubility of edible films may appear as an advantage for 

specific applications (Stuchell & Krochta, 1994). 

Regarding aw, incorporation of lactic acid does not produce significant 

(p > 0.05) changes relative to the control films. On the other hand, when 

propionic acid, COS and natamycin were incorporated in the WPI films, no 

significant differences arose (p > 0.05) relative to those films incorporated with 

lactic acid; however, a statistically significant increase (p < 0.05) was apparent 

relative to control films.  

On the other hand, incorporation of the antimicrobial compounds tested 

did not significantly (p > 0.05) affect thickness of the WPI films. These results 

are similar to those reported by Kokoszka, Debeaufort, Lenart, and Voilley 

(2010), Osés et al. (2009), and Simelane and Ustunol (2005) – i.e. 0.12±0.08, 

0.13±0.01 and 0.14±0.02 mm, respectively, for WPI films with similar protein 

and glycerol concentrations.  

 

5.2.3.3. Tensile properties 
Results of the tensile testing of 10 %(w/w) WPI films containing 50 

%(w/w) glycerol, on a protein basis, and several antimicrobial compounds are 

shown in Figure 5.2. 

Incorporation of said antimicrobial compounds produced statistically 

significant differences (p < 0.05) in tensile strength (TS), elongation at break 
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(EB) and Young’s modulus (YM) relative to the control films; the magnitude of 

such differences was dependent on the compound added. Incorporation of 

such antimicrobial compounds into the WPI films significantly (p < 0.05) 

reduced their TS (mechanical resistance), thus resulting in weaker films. 

These results are in agreement with those conveyed by Cagri et al. (2004), 

who stated that incorporation of additives other than cross-linking agents 

generally lowers TS of edible films. 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2. Tensile properties (average ± standard deviation, n=10), viz. tensile 
strength (TS), elongation at break (EB) and Young’s modulus (YM), of 10 %(w/w) WPI 
edible films with 50 %(w/w) glycerol, on a protein basis, incorporated with 6 g L-1 lactic 
and 10 g L-1 propionic acids, 20 g L-1 COS <3 kDa or 0.25 g L-1 natamycin. Means with 
the same color labelled with the same letter do not statistically differ from each other 
(p > 0.05). 

 

The incorporation of lactic acid and natamycin produced the lowest 

reduction in TS; however, statistically significant (p < 0.05) differences were 

obtained with regard to control films. On the other hand, the incorporation of 

such compounds did not significantly (p > 0.05) change the EB (or 
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extensibility) and YM (or stiffness) properties of the WPI films (see Figure 5.2). 

This result may be rationalized by the fact that those compounds, when 

incorporated into such films, do not destabilize the otherwise stable structure 

of the proteinaceous network – so they did not increase the free volume and 

mobility of the protein chains (Hart et al., 2003).  

The incorporation of propionic acid demonstrated, in turn, to produce 

the highest variation in tensile properties of WPI films, being highest (p < 0.05) 

for EB and lowest (p < 0.05) for TS and YM; this led to extremely fragile films 

(see Figure 5.2). This result is consistent with our finding reported above 

based on visual appearance; such a difference between the two organic acids 

may be attributed to their different pKa values, as well as to the presence of 

one versus two binding groups. Therefore, the lower dissociation of propionic 

acid associated with the presence of a single binding group may support 

establishment of a lower density network with the protein polymer, so higher 

intermolecular spacing within, and mobility of the polymer chains themselves 

will lead to more fragile films (Bodnár, Alting, & Verschueren, 2007; Krochta & 

de Mulder-Johnston, 1997; Manab et al., 2011).  

WPI films incorporated with COS showed values of YM statistically 

similar (p > 0.05) to those obtained for the control films, and for films 

incorporated with lactic acid and natamycin; however, a significantly (p < 0.05) 

lower TS and a significantly (p < 0.05) higher EB was observed (see Figure 

5.2). The aforementioned result may be accounted for by the high reactivity of 

the NH3
+ groups of the COS molecule – which probably interfere with the 

cross-linked network of native proteins, thus leading to molecular 

reorganization of the interactions in the film matrix, and increasing the 

intermolecular spacing and consequently the intrinsic chain mobility (Bodnár et 

al., 2007; Krochta & de Mulder-Johnston, 1997). 

The reduction in TS, as affected by incorporation of additives, has 

previously been investigated encompassing various hydrocolloid-based films 

(Gontard et al., 1993; Park & Chinnan, 1990); changes in tensile properties, 
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characterized by decreases in density and reversibility of intermolecular 

interactions, have also been reported by Yang and Paulson (2000). These 

phenomena increase the mean free volume between polymer chains (Gontard 

et al., 1993). The effect of adding spice extracts to films has been also tackled 

– and, in all cases, significant decreases in TS and YM were observed 

(Chana-Thaworn et al., 2011; Fang, Tung, Britt, Yada, & Dalgleish, 2002; 

Rojas-Graü, Avena-Bustillos, Olsen, Friedman, Henika, & Martín-Belloso, 

2007).  

 

5.2.3.4. Optical properties 
5.2.3.4.1. Light transmission and film transparency 

Light transmission (T) in the UV-Vis range and transparency values – 

of 10 %(w/w) WPI films containing 50 %(w/w) glycerol, on a protein basis, and 

incorporated with different antimicrobial compounds, are presented in Table 

5.4. No values of T were noted in the UV light range (at 200 nm) for all WPI 

films; however, at 280 nm the values ranged from 1.3±0.0 to 2.3±0.2 %, 

depending on the antimicrobial considered. Statistically significant differences 

(p > 0.05) in T were not recorded relative to the control films, when lactic and 

propionic acids, or natamycin were incorporated – unlike what happened when 

COS was added (see Table 5.4). In any case, these results are low when 

compared with those exhibited by some synthetic polymer films at 280 nm – 

i.e. 67.5, 80.0 and 79.1 %, for LDPE, oriented polypropylene (OPP) and 

PVDC, respectively (Shiku, Hamaguchi, & Tanaka, 2003). 

The aforementioned results suggest that WPI films possess excellent 

barrier properties in the 200-280 nm UV light region, probably owing to the 

high content of aromatic amino acids in their protein-based structure that can 

absorb UV-light (Limpan, Prodpran, Benjakul, & Prasarpran, 2010).  
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On the other hand, T ranged from 10.9±0.2 to 58.9±0.5 % in the visible 

range (350-800 nm) – once again depending on the antimicrobial compound 

incorporated into the WPI film (see Table 5.4). Statistically significant 

differences (p > 0.05) were not obtained in terms of T values for WPI films 

incorporated with lactic and propionic acids or natamycin, relative to control 

films; however, a statistically significant increase (p < 0.05) in T was observed 

upon COS incorporation. The aforementioned difference may be associated 

with the yellow-brownish color exhibited by WPI films containing COS (as 

mentioned before).  

Nevertheless, the T values obtained here for WPI films upon 

incorporation with the antimicrobial compounds were significantly lower than 

those reported by Gounga et al. (2007) – for 7 %(w/w) WPI with 20 %(w/w) 

glycerol upon addition with pullulan, and by Fang et al. (2002) – for 12 %(w/w) 

WPI with 40 %(w/w) glycerol and 10 mM Ca2+; this means that our WPI films 

blocked passage of visible light in a more effective way. These differences 

may arise from the distinct formulations of the film solution, or from the 

differences in the film-forming WPI product itself.  

Finally, the transparency of the WPI films incorporated with 

antimicrobial compounds ranged from 1.35 to 3.09 % (see Table 5.4). 

Statistically significant differences (p > 0.05) were not recorded when lactic 

acid or natamycin were added relative to the control films, whereas statistically 

significant differences (p < 0.05) were observed with propionic acid and COS. 

Moreover, lactic acid produced the lowest change in WPI film transparency, 

whereas COS displayed the highest one. In addition, WPI films with lactic acid 

showed a slightly higher transparency than LDPE films – i.e. 3.05, whereas 

propionic acid and natamycin led to higher transparency than OPP and PVDC 

films – i.e. 1.67 and 1.51, respectively (Shiku et al., 2003). 
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5.2.3.4.2. Color   
The color measurements using L, a, b and ΔE factors, pertaining to 

WPI films following incorporation of lactic and propionic acids, COS and 

natamycin, are shown in Table 5.5 – for the upper and lower surfaces.  
 
Table 5.5. Color properties (average ± standard deviation, n=4), viz. L (black–white), a 
(green–red), b (blue–yellow) and ΔE (color difference) for upper and lower surface, of 
10 %(w/w) WPI edible films with 50 %(w/w) glycerol, on a protein basis, incorporated 
with 6 g L-1 lactic and 10 g L-1 propionic acids, 20 g L-1 COS <3 kDa or 0.25 g L-1 

natamycin.  
Antimicrobial 

agent Surface L  a  b  ΔE 

upper 87.84±0.41a 0.73±0.04a 8.56±0.96a 12.10±0.24a  None  lower 87.94±0.36a 0.80±0.09a 8.82±0.88a 12.00±0.35a  
upper 91.72±0.12b 0.12±0.01b 3.01±0.06b 6.39±0.05b  Lactic acid lower 91.71±0.17b 0.11±0.03b 2.91±0.17b 6.30±0.08b 
upper 90.16±0.49b -0.05±0.01c 5.69±0.28ª,b 9.44±0.14ª,b  Propionic 

acid lower 90.70±0.24b 0.00±0.03c 5.48±0.11ª,b 9.24±0.18ª,b 
upper 50.50±1.12c 27.19±0.78d 49.40±1.92c 72.70±0.56c  COS lower 50.86±1.34c 26.89±0.73d 48.28±2.26c 71.60±0.63c 
upper 90.93±0.07b -0.03±0.02c 4.80±0.05a,b 8.34±0.14a,b  Natamycin lower 91.31±0.11b -0.04±0.02c 4.72±0.09a,b 8.15±0.08a,b 

Note: a, b, c Means within the same column, labelled with the same letter, do not statistically differ 
from each other (p > 0.05).  
 

WPI films incorporated with lactic and propionic acids, as well as with 

natamycin were significantly (p < 0.05) clearer and brighter (i.e. with a higher 

mean L value) than control films. On the other hand, WPI films incorporated 

with COS appeared to be significantly (p < 0.05) darker (i.e. with a lower mean 

L value), more red (i.e. with a greater mean positive a value) and more yellow 

(i.e. with a greater mean positive b value) than the other four types of films – 

see Table 5.5. This result is consistent with the yellow-brownish color 

exhibited by these films; and was anticipated since the natural color of COS 

(<3 kDa) in solution is yellow-brownish.  

The total color difference was expressed via ΔE values; incorporation 

of lactic acid produced statistically significant (p < 0.05) lower values of ΔE as 

compared with control films, so color changed less when this agent was added 

to WPI films. This result is not surprising, since lactic acid is often used as 



Development of antimicrobial whey protein isolate films                                                                    Chapter 5                               

  

206 

acidulant to reduce variation in color (Cagri et al., 2004). When natamycin and 

propionic acid were incorporated, statistically significant differences (p < 0.05) 

were not found relative to the control films. On the other hand, WPI films 

incorporated with COS showed the highest color change (p < 0.05). Therefore, 

incorporation of lactic and propionic acids, and natamycin in WPI films will not 

likely affect appearance of the food product, unlike will happen if COS is used. 

This is consistent with the transparency values obtained before (Table 5.4), 

showing lower transparency of the films incorporated with COS. However, 

addition of COS would provide an advantage in terms of optical properties of 

WPI films if the main purpose were to cover defects that certain products may 

typically develop on their surface. 

Finally, significant differences (p > 0.05) were not observed in ΔE 

values among the lower and upper surface of WPI films, under all conditions.  

 

5.3. Conclusions  
This study demonstrated that WPI, following incorporation of distinct 

antimicrobial compounds, exhibits different degrees of effectiveness against 

several target microorganisms. Organic acids, and lactic acid in particular lead 

to the highest antimicrobial activity against the Gram-positive bacterium, 

whereas COS was strongest against its Gram-negative counterpart. 

Natamycin could not inhibit bacteria, but displayed the highest effectiveness 

against the yeast.  

The complementary utilization of two antimicrobial assays – one more 

qualitative and one more quantitative in nature, provided a more complete 

picture of the antimicrobial effectiveness of each active compound. The viable 

cell count assay was successfully adapted to evaluate the antimicrobial 

activity of active edible films; it demonstrated a high sensitivity and a good 

reproducibility, and allowed a better differentiation between the various 

antimicrobial edible films than the agar diffusion assay.   
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Incorporation of lactic acid and natamycin produced the lowest change 

in all physical properties measured. Conversely, incorporation of COS and 

propionic acid led to the highest change (p < 0.05) in optical and tensile 

properties, respectively. 

The overall results of our antimicrobial assays and physical tests 

backup the following formulation for an active edible film: 10 %(w/w) WPI with 

50 %(w/w) glycerol (as base matrix), incorporated with 6 g L-1 lactic acid and 

0.25 g L-1 natamycin. This formulation is tentatively suggested for application 

in dairy products, namely cheese wrapping; however, specific tests are to be 

done to confirm its effectiveness in common practice. Selection of these two 

antimicrobial compounds stems from their good synergistic performance 

against microorganisms commonly found on cheese surfaces – i.e. bacteria 

and yeasts, without significantly compromising the tensile, barrier and optical 

properties of the resulting WPI films. 
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Abstract 

Saloio cheese (with a weight of ca. 250 g) is a regional semi-hard 

Portuguese cheese commonly sold with a commercial non-edible coating 

made from polyvinyl acetate as base material, and natamycin as active 

compound. This packaged system is currently used to decrease the water loss 

of cheese, while controlling the development of yeasts and molds on its 

surfaces during ripening relatively to unpacked cheese. In response to 

consumer demands for food products containing edible and biodegradable 

materials coupled with a sustained high-quality and an extended shelf-life, the 

objective of the research effort reported in this chapter was the development 

of an edible and natural coating to wrap cheese in alternative to commercial 

ones. Therefore, an edible coating formulation was developed, based on WPI 

(10 %,w/w) and glycerol (50 %,w/w, on a protein basis) – as base matrix, and 

guar gum (0.7 %,w/w), sunflower oil (10 %,w/w) and Tween 20 (0.2 %,w/w), 

added a posteriori, following selection of appropriate concentrations. Several 

combinations of antimicrobial compounds were considered: i.e. natamycin 

(0.25 g L-1) and lactic acid (6 g L-1), natamycin (0.25 g L-1) and 

chitooligosaccharides (COS, 20 g L-1), and natamycin (0.25 g L-1), lactic acid 

(6 g L-1) and COS (20 g L-1) were incorporated, and the resulting solutions 

applied on the cheese surface. The effectiveness of the aforementioned 

antimicrobial coating solutions was evaluated by measuring the 

physicochemical, microbiological and sensory properties of the coated 

cheeses throughout 60 days of storage, and comparing those properties with 

cheese coated with the reference commercial coating (i.e. made from PVA), 

as well as uncoated cheese. 

The physicochemical and microbiological data showed that application 

of the coating decreased water loss (ca. 10 %,w/w), hardness and color 

changes, as well as microbial development on the cheese surface throughout 

storage.  



Improvement, application and evaluation of antimicrobial whey protein isolate coatings on cheese Chapter 6                        

221 

Statistically significant (p > 0.05) differences were not obtained in terms of 

weight loss, moisture, fat or salt contents, as well as of water activity, pH and 

hardness between cheese samples bearing either coating; this demonstrates 

that the antimicrobial edible coatings developed could be used as a suitable 

alternative to their commercial counterparts. On the other hand, color analysis 

showed that cheese covered with any one of the antimicrobial edible coatings 

exhibited a lower color change than those coated with commercial coating or 

none. In terms of microbiological properties, the antimicrobial edible coatings 

did not permit growth (<100 CFU g-1) of Staphylococcus spp., Pseudomonas 

spp., Enterobacteriaceae, and yeasts and molds – thus demonstrating their 

ability to guarantee the safety of cheese for, at least, 60 days of storage. In 

addition, the growth of lactic acid bacteria was not inhibited: these bacteria 

were present at high and constant levels of ca. 6-8 log(CFU g-1) throughout 

storage time. Commercial coatings inhibited growth of only yeasts and molds 

(<100 CFU g-1), while allowing growth of Staphylococcus spp., Pseudomonas 

spp. and Enterobacteriaceae soon after 20, 60 and 20 days of storage, 

respectively. Regarding sensory analyses, the antimicrobial edible coating 

containing natamycin and lactic acid was the best accepted by the panellists 

throughout the storage period, whereas the remaining edible and commercial 

coatings showed a similar (p > 0.05), but lower acceptability.    

 
Keywords: Edible coatings; whey protein isolate; antimicrobial compounds; 

cheese; shelf-life. 
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6. Introduction 

Cheese entails the most diverse group of dairy products, 

encompassing different formats, textures, aromas and flavors – as a result of 

characteristic manufacture and ripening processes. The complex composition 

of cheese (consisting mainly of casein, fat and water), along with the 

environmental conditions prevailing during handling and storage often promote 

uncontrolled fungal and bacterial development on its surface – which 

considerably reduces its quality, causes economical losses and may even 

lead to health problems (de Oliveira, de Fátima, Pereira, & Fraga, 2007; 

Yildirim, Gülec, Bayram, & Yildirim, 2006). Unlike other dairy products, cheese 

is biologically and biochemically dynamic – and thus inherently unstable (Fox 

& McSweeney, 2004; McSweeney, 2004). During the ripening and storage 

processes, a set of reactions does indeed take place that account for 

development of a number of features including flavor and texture, besides 

other chemical and physical properties of cheese (Pantaleão, Pintado, & 

Poças, 2007; Pereira, Gomes, Gomes, & Malcata, 2008).  

In unpackaged cheese, water loss depends on the chemical properties 

of the cheese itself and on the storage conditions. The driving force for water 

transfer out of the cheese (and out of the package, in the case of packaged 

cheeses) depends on the barrier to moisture offered by the package (Holm, 

Mortensen, & Risbo, 2006). When cheese is packaged under vacuum using a 

high barrier plastic material, mold growth is retarded – but the cheese 

becomes white pale in color, and develops a wet surface due to water 

migration. An efficient way to extend shelf-life of cheese is thus via allowing 

water loss, but at a lower rate (Pantaleão et al., 2007).  

Commercial coatings made of non-edible polymers, e.g. polyvinyl 

acetate (PVA), have been used for moisture regulation and protection against 

microbial contamination (Reps, Jedrychowski, Tomasik, & Wisniewska, 2002). 

However, the food and packaging industries, as well as consumers around the 
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world demand natural and biodegradable food packaging materials, without 

chemical preservatives but that can extend shelf-life (Cerqueira, Lima, Souza, 

Teixeira, Moreira, & Vicente, 2009).  

Therefore, an increased effort has been observed toward use of 

biopolymers derived from renewable and biodegradable resources, in 

alternative to synthetic packaging materials – and even able to carry natural 

preservatives and antimicrobials (Cerqueira et al., 2010; Lin & Zhao, 2007). 

Whey protein films and coatings have received special attention in this 

particular, because – besides being edible and biodegradable, they convey a 

form of upgrade of whey as major by-product of the cheese industry. Whey 

protein isolates (WPI) represent the purer form of whey protein products 

(Mulvihill & Ennis, 2003); they have shown interesting mechanical features 

(which are better than competitive protein or polysaccharide-based edible 

films), and possess oxygen-barrier properties comparable to those of the best 

synthetic polymer-based films; a number of reviews have accordingly been 

written on this subject (Khwaldia, Perez, Banon, Desorby, & Hardy, 2004; 

Perez-Gago & Krochta, 2002).  

Whey protein films and coatings can also serve as carriers of various 

additives, e.g. antimicrobial compounds (Campos, Gerschenson, & Flores, 

2011); this enables extension of the shelf-life and safety of the packaged food, 

by maintaining high concentrations of the active substance on the food surface 

– while preventing its migration, thereby maintaining a critical concentration for 

an extended period of time (Ponce, Roura, del Valle, & Moreira, 2008). Edible 

coatings and films can act as effective carriers of antimicrobials to treat the 

cheese surface, avoiding or even reducing microbial contamination – thus 

improving its shelf-life and quality. In addition, they can provide good and 

selective barriers to moisture transfer, oxygen uptake, lipid oxidation and loss 

of volatile aromas and flavors, besides a better visual aspect – thus leading to 

weight loss reduction, as well as respiratory rate modification (Kester & 
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Fennema, 1986). The use of coatings creates a modified atmosphere 

surrounding the food similar (or complementary) to that achieved by controlled 

or modified atmosphere storage, thus protecting it from the moment of 

application, through transportation to its final retail destination, and at home 

under consumer conditions (Cerqueira et al., 2009). 

Application of edible coatings to extend the shelf-life of horticultural 

products, e.g. fruits and vegetables, has been widely documented (Diab, 

Biliaderis, Gerasopoulos, & Sfakiotakis, 2001; Durango, A., Soares, N., & 

Andrade, 2006; Ribeiro, Vicente, Teixeira, & Miranda, 2007); however it was 

hardly explored for cheese. Kampf and Nussinovitch (2000) have used k-

carrageenan, alginate and gellan coatings, whereas Cerqueira et al. (2010) 
applied galactomannan and chitosan coatings to semi-hard cheeses; both 

authors reported a reduction in weight loss of the coated cheeses. Duan, Park, 

Daeschel, and Zhao (2007) and Fajardo, Martins, Fuciños, Pastrana, Teixeira 

and Vicente (2010) also showed that chitosan coatings, incorporated with 

lysozyme or natamycin, respectively, can be applied to Mozzarella and Saloio 

cheese packages to control post-processing microbial contamination, thus 

improving their microbial safety.  

To the best of our knowledge, there has been to date no work on the 

use of a whey protein isolate coating as carrier of lactic acid, natamycin, 

chitooligosaccharides (COS) (or a combination thereof) to prevent microbial 

growth on cheese surfaces. Therefore, the purpose of the work reported in this 

chapter was to develop an edible coating formulation based on WPI (10 

%,w/w) and glycerol (50 %,w/w, on a protein basis) – as starting matrix, with 

selected concentrations of guar gum, sunflower oil and Tween 20, for 

application on cheese surfaces in alternative to the commercial synthetic 

coatings currently in use. In addition, combinations of antimicrobial 

compounds – e.g. natamycin and lactic acid, natamycin and COS, and 

natamycin, lactic acid and COS, were added to the edible coating formulation 
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and actually applied on the surface of experimental Saloio cheeses. Their 

effectiveness was evaluated by measuring the physicochemical, 

microbiological and sensory properties of the coated cheeses, throughout 60 

days of storage, and comparing those properties with those of cheeses with a 

commercial coating (i.e. made from PVA) or uncoated at all. 

 

6.1. Materials and methods 

6.1.1. Materials 

Whey protein isolate (WPI) was obtained from Armor Proteines (Saint 

Brice en Coglés, France), and the chemical composition was determined as 

described in Chapter 2 (point 2.1.2) – and is tabulated in Table 2.1. Glycerol 

(99 % purity) was supplied by Panreac (Barcelona, Spain), and peptone 

(P7750) was obtained from Sigma (St. Louis MO, USA). Chitooligosaccharide 

– COS, a fraction with a nominal MW <3 kDa, was purchased from Nicechem 

(Shanghai, China), and used as received. Such COS had been obtained via 

enzymatic hydrolysis of chitosan from crab shells; the deacetylation degree 

was in the range 80-85 % (as per supplier’s indication). Lactic (98 % purity, 

L1750) and propionic (99 % purity, P1386) acids, as well as Tween 20 

(P1379) and guar gum (G4129) were obtained from Sigma; natamycin (50 % 

purity) was provided by Mapril (Maia, Portugal); sunflower oil (Fula) was 

obtained from Sovena (Barreiro, Portugal); ultrapure water (resistivity 

18.2 MΩ cm) was obtained with a Milli-Q Ultrapure water purification system 

(Millipore, Bedford, MA, USA); formamide and bromonaphthalene were 

obtained from Merck (Darmstadt, Germany); a commercial coating composed 

of polyvinyl acetate (as base material) and ca. 2.5 g L-1 natamycin (as active 

component) – as indicated by the supplier, was provided by Mapril. All other 

chemicals were reagent-grade or better, and were used without further 

purification. 
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6.1.2. Cheese 

The cheese under study was a cylindrical, straw colored, semi-hard 

one – and was kindly supplied by Queijo Saloio (Torres Vedras, Portugal) 

without any previous treatment (i.e. without ripening or coating) two days after 

manufacture. Regional Saloio cheese is a full fat cheese produced from a 

mixture of caprine, bovine and ovine pasteurized milks, which is commercially 

traded with a polyvinyl acetate coating containing an antifungal agent (usually 

natamycin). After having been coated, this kind of cheese, weighing ca. 250 g, 

is usually submitted to a short ripening period (ca. 15 days) at low temperature 

(ca. 10 °C), and requires controlled refrigerated conditions at both retail and 

home. The typical cheese physicochemical composition is: moisture 46 

%(w/w), fat 25 %(w/w), protein 18.4 %(w/w), total ash 3.58 %(w/w), chlorides 

1.54 %(w/w), pH 4.8 and total acidity 1.40 g lactic acid 100 g-1
cheese (Pantaleão et 

al., 2007). 

 

6.1.3. Selection of guar gum concentration  

Film and coating-forming solutions were prepared by slowly dissolving 

10 %(w/w) WPI powder in deionized water, following the procedure by Perez-

Gago and Krochta (2002). Glycerol was added to 50 %(w/w), on a protein 

basis, as plasticizer – and the resulting solutions were magnetically stirred for 

ca. 2 h. Subsequently, they were heated in a water bath at 80 ± 2 °C, for 20 

min, under continuous agitation. The solutions were cooled to 45 ºC, for 1 h, 

again under stirring.  

Afterwards, a series of blends were prepared with various 

concentrations of guar gum as natural food thickener and emulsifier agent 

(Rao, Kanatt, Chawla, & Sharma, 2010; Skurtys, Acevedo, Pedreschi, 

Enronoe, Osorio, & Aguilera, 2010). The concentrations of guar gum in film- 

and coating-forming mixtures were: 0.0, 0.1, 0.2, 0.4, 0.7, and 1 %(w/w), 

added at ca. 45 °C, under agitation for ca. 20 min. Forming solutions were 
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homogenized at 19,000 rpm for 4 min using an UltraTurrax T25 homogenizer 

(IKA Labortechnik, Staufen, Germany), and then vacuum was applied for 30 

min to remove dissolved air (Seydim & Sarikus, 2006). Finally, the solutions 

were adjusted to pH 7.0 using 0.1 mol L-1 NaOH. To prepare the films, the 

amounts of each film-forming solution, poured onto level Teflon plates (38 x 34 

cm), were the same (300 mL) so as to obtain a constant film thickness. The 

spreading solutions were allowed to dry at room conditions (ca. 23 ºC and 50 

% relative humidity, RH) for 24 h, according to the procedure by Gounga, Xu 

and Wang (2007) and Osés, Fernández-Pan, Mendoza and Mate (2009). 

Once formed, the films were peeled off and conditioned at 23±2 ºC and 50±2 

% RH, in a controlled temperature and humidity storage room (Packaging 

Center, CBQF, Porto Portugal), for at least 72 h prior to testing (ASTM, 2000). 

The selection of guar gum concentration was based on the physical properties 

of the films produced, as well as on the viscosity of the whey protein coating 

mixtures (measured by rheometry). 

 

6.1.3.1. Film characterization 

The procedures used for determination of thickness, surface 

hydrophobicity, water vapor permeability and tensile properties of film samples 

were all conducted at 23±2 ºC and 50±2 % RH, as previously used in Chapter 

3 (point 3.1.4).  

 

6.1.3.2. Coating characterization 

6.1.3.2.1. Rheological properties 

Selection of the guar gum concentration for addition to edible whey 

protein coating matrix base (i.e. 10 %,w/w WPI and 50 %,w/w glycerol, on a 

protein basis) was based on viscosity measurements of the blends prepared 

with the various guar gum concentrations. Measurements were performed on 

a controlled stress rheometer model CS-50 (Bohlin Instruments, Cranbury NJ, 
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USA), equipped with a Peltier system for temperature control, using a cone-

plate geometry (4º cone angle, 40 mm diameter and 115 μm gap). Flow 

curves were produced via measurement of the instantaneous viscosity (η) at 

23 °C, over a range of shear rates between 0.1 and 10 s−1. In all cases, at 

least two measurements were performed. 

 

6.1.4. Selection of sunflower oil and Tween 20 concentration 

Based on the previous coating matrix solution (i.e. prepared with the 

selected concentration of guar gum), sunflower oil and Tween 20 at 0, 5, 10 

and 20 %(w/w), and at 0.2, 0.4 and 0.8 %(w/w), respectively, were added; as 

agitation took then place for ca. 20 min, at room temperature. Sunflower oil 

was incorporated to reduce the water vapor permeability of the coating matrix 

base, in order to minimize the dehydration that typically occurs on Saloio 

cheese and affects its stability (Cerqueira et al., 2010; Pantaleão et al., 2007), 

as well as to allow a higher compatibility in terms of polarity between the 

edible coating and the cheese surface, which has a hydrophobic nature 

(Cerqueira et al., 2009). Tween 20 was added as a surfactant, to overcome 

the tendency for phase separation between polymer mixtures of WPI and 

polysaccharide gums – as observed elsewhere (Gonçalves, Torres, Andrade, 

Azero, & Lefebvre, 2004; Syrbe, Fernandes, Dannenberg, Bauer, & 

Klostermeyer, 1995; Tavares & Lopes da Silva, 2003), and as an emulsifier to 

assist in essential oil dissolution when preparing the solutions (Ojagh, Rezaei, 

Razavi, & Hosseini, 2010). The resulting coating solutions were then 

homogenized at 19,000 rpm for 4 min using an UltraTurrax T25 homogenizer, 

and vacuum was finally applied for 30 min to remove dissolved air (Seydim & 

Sarikus, 2006). Finally, the solutions were adjusted to pH 7.0 using 0.1 mol L-1 

NaOH. 
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6.1.4.1. Critical surface tension and surface tension of cheese, and 
coating wettability  

The critical surface tension and the surface tension allow important 

information to be obtained on the nature of the surfaces to be coated, whereas 

wettability provides crucial information about the capacity of a solution to coat 

a designated surface. For products that display a surface tension below 100 

mN m-1 (i.e. low energy surfaces), the contact angle (θ) formed by a drop of 

liquid on a solid surface will be a linear function of the surface tension of the 

liquid, γLV, according to Zisman (1964); hence, it was necessary to ascertain 

the surface energy of the cheese to verify the applicability of Zisman method. 

For a pure liquid, if polar (γp
L) and dispersive (γd

L) interactions are 

known, and if θ is the contact angle between that liquid and a solid, the 

interaction can be described in terms of the reversible work of adhesion, Wa, 

according to: 

 

Wa = Wd
a + Wp

a = [(γd
s x γd

L)1/2 + (γp
s x γp

L)1/2]               (6.1) 

 

where γp
s and γd

s are the polar and dispersive contributions of the surface of 

the cheese. Rearranging equation 6.1, one gets:  

 

[(1 + cos θ) / 2] x [γL / (γd
L)1/2] = (γp

s)1/2 x [(γp
L  / γd

L)1/2 + (γd
s)1/2 ]    (6.2) 

 

Determinations of θ for each of the three pure compounds – i.e. ultra 

pure water, formamide and bromonaphthalene, on the surface of the cheese, 

combined with the values presented below allowed calculation of both the 

independent and dependent variables, viz. (γp
L  / γd

L)1/2 and [(1 + cos θ) / 2] x 

[γL / (γd
L)1/2], respectively. To avoid changes on the cheese surfaces, all θ 

measurements took place in less than 30 s; ten replicates were thus obtained 

at 23±2 °C.  
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The surface tension, and the dispersive and polar components values, 

were, respectively, 72.10, 19.90 and 52.20 mN m-1 for water, 56.90, 23.50 and 

33.40 mN m-1 for formamide, and 44.40, 44.40 and 0.00 mN m-1 for 

bromonaphtalene (Cerqueira et al., 2009). 

Estimation of the critical surface tension (γC) value, and of the 

dispersive and polar component values of the cheese surface proceeded by 

extrapolation from Zisman plot – built by plotting cos (θ) of the aforementioned 

pure liquids on the cheese surface against the surface tension of the same 

series of liquids; the vertical intercept yields γC. 

The wettability was evaluated by determining the spreading coefficient 

(Ws) and the works of adhesion (Wa) and cohesion (Wc). The control of the 

adhesion and cohesion coefficients is important because the former promotes 

spreading of the liquid, whereas the latter promotes its contraction (Ribeiro et 

al., 2007). 

The θ value of a liquid drop on a solid surface is defined by the 

mechanical equilibrium of the drop, under the action of three interfacial 

tensions: solid-vapor (γSV), solid-liquid (γSL) and liquid-vapor (γLV); Ws is 

defined as follows: 

 

Ws= Wa – Wc = γSV – γLV - γSL                    (6.3) 

 

and can only be negative or nil (Cerqueira et al., 2009); on the other hand, Wa 

is given by: 

 

Wa = γLV + γSV – γSL                             (6.4) 

 

and Wc by: 

 

Wc= 2 γLV           (6.5) 
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The surface tension of the coating solutions – containing various 

concentrations of sunflower oil and Tween 20, were measured by the pendant 

drop method using Laplace-Young approximation (Song & Springer, 1996). 

Samples of edible and commercial coatings were taken with a 500 μL syringe 

(Hamilton, Switzerland), fitted to a needle 0.75 mm in diameter. The value of θ 

on the cheese surface was measured by the sessile drop method (Kwok & 

Newman, 1999); a droplet (i.e. 2 μL) of the coating solutions was accordingly 

placed on a horizontal surface, and observed with a face contact angle meter 

OCA 20 (from Dataphysics, Filderstadt, Germany). To avoid changes on the 

cheese surface, measurements were taken in less than 30 s. Ten replicates of 

θ and surface tension measurements were obtained at 23±2 °C. 

 

6.1.5. Antimicrobial solution preparation  

The solutions of COS and lactic acid were prepared as mentioned in 

Chapter 4 (point 4.1.2), whereas the solution of natamycin was prepared as 

described in Chapter 5 (point 5.1.2).  

The antimicrobial solutions were prepared by combining equal ratios of 

each aforementioned compound, at its MLC value (determined in Chapters 4 

and 5), viz.: solution 1 (1:1 ratio of 6 g L-1 lactic acid and 0.25 g L-1 natamycin), 

solution 2 (1:1 ratio of 20 g L-1 COS and 0.25 g L-1 natamycin) and solution 3 

(1:1:1 ratio of 6 g L-1 lactic acid, 20 g L-1 COS and 0.25 g L-1 natamycin).  

 

6.1.6. Antimicrobial coating preparation 
The antimicrobial solutions previously prepared (10 %,w/w of each 

one) were incorporated into the edible coating matrix developed (i.e. 10 %,w/w 

WPI with 50 %,w/w glycerol, on a protein basis; 0.7 %,w/w guar gum; 10 

%,w/w sunflower oil and 0.2 %,w/w Tween 20), under stirring for ca. 20 min at 

room temperature. Afterwards, vacuum was applied for 30 min to remove 

dissolved air (Seydim & Sarikus, 2006), and pH was adjusted to 7.0 using 0.1 

mol L-1 NaOH.  
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6.1.7. Cheese coating  

The antimicrobial edible coating solutions, as well as the commercial 

non-edible coating (used as positive control) were adjusted to pH 7.0 using 

1 mol L-1 NaOH, and were directly applied on the surface of cheeses 2 days 

after manufacture (without any other type of protective coating previously 

added to the cheese surface). Both coatings were applied by dipping cheese 

samples for 2 min until all surfaces were covered – with the residual coating 

being allowed to drip off. The cheeses were then left for 8 h at 12 ºC (85 % 

relative humidity, RH), in a temperature and humidity controlled camera, by 

turning them from time to time until the coating was essentially dry. 

Afterwards, cheeses were stored for 60 days, at 10 ºC and 85 % RH. The 

coated cheese was compared later with its uncoated counterpart (used as 

negative control). Application of the coatings was performed in an appropriate 

aseptic chamber. 

 

6.1.8. Cheese analyses 

Cheeses were assayed in triplicate, by 1, 10, 20, 40 and 60 days after 

coating application, in terms of physicochemical properties: moisture, fat and 

salt contents, weight loss, pH, water activity, texture and color. Microbiological 

and sensory analyses were also performed. 

 

6.1.8.1. Physicochemical analyses 

6.1.8.1.1. Moisture, fat, and salt contents  

Moisture, fat and salt contents were determined using Fourier 

Transformed Infra-Red spectroscopy, in a LactoScope Advanced FTIR (from 

Delta Instruments, Drachten, Netherlands). Five readings were taken of each 

cheese sample. 
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6.1.8.1.2. Weight loss 

Cheese was individually weighed on an automatic electro-balance PM 

1200 (Mettler, Columbus OH, USA), with a precision of ± 0.001 g, at the 

beginning and during the storage period; the relative weight loss, ΔW, was 

calculated as:  

 

ΔW = (Iw0 – Fwi) / Iw0                                                                               (6.6) 

 

where Iw0 is the initial weight and Fwi is the weight at time i. Three readings 

were obtained from each cheese sample. 

 

6.1.8.1.3. pH 

The pH value was measured using a pH meter (Micro pH 2002, from 

Crison, Barcelona, Spain), equipped with a probe for solids inserted directly 

into the cheese sample. Three readings of each cheese sample were 

performed. 

 
6.1.8.1.4. Water activity   

The water activity (aw) of cheese samples was measured using a 

HygroLab 2 (from Rotronic, Bassersdrof, Germany). Pieces of cheese (ca. 20 

g) – representative of the bulk and surface of the cheese, were placed on the 

sample holder of the water activity device; a sealed system was formed by 

placing the water activity probe on top of the sample holder. The probe was 

equipped with a small fan to circulate air inside the sample container, a thin 

film capacitance sensor able to measure RH from 0 to 100±1.5 %, and a 

platinum resistance temperature detector with a precision of ±0.3 °C. When aw 

became constant (which usually took less than 1 h), its value was recorded. 

Calibration resorted to six saturated solutions of known aw (viz. LiCl = 0.114, 
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MgCl2 = 0.329, K2CO3 = 0.443, Mg(NO3)2 = 0.536, NaBr = 0.653 and KCl = 

0.821). Four readings were taken of each cheese sample. 

 

6.1.8.1.5. Texture  

The textural properties of cheese samples were evaluated using a 

texture analyser TA.XT Plus (Stable Micro Systems, Surrey, UK), with a 5 kg 

load cell and a 5 mm-cylindrical plunger, at a constant penetration speed of 

2 mm min−1 (TPA); three penetrations were performed per cheese, at distinct 

locations. This type of test permitted measurement of hardness, defined as the 

maximum peak force during compression (first bite) – a concept that has often 

been substituted by the term firmness (Uprit & Mishra, 2003). The software – 

Texture Expert for Windows v. 1.20 (Stable Microsystems), converted the 

force deformation readings into hardness values. 

 

6.1.8.1.6. Color 

The cheese color was evaluated using a portable Chroma meter CR-

400 (from Minolta Chroma, Osaka, Japan). Changes in color of the cheese 

surface were measured using a CIELab color scale, under D65 (daylight). A 

standard white plate was employed to calibrate the equipment, with color 

coordinates Lstandard = 97.6, astandard = 0.01 and bstandard = 1.60. The total color 

difference (ΔE) was calculated according to:  

ΔE = [(L – L0)2 + (a – a0)2 + (b – b0)2]1/2
            (6.7)        

 

where L0, a0 and b0 were the initial values (by 1 day after coating application) 

obtained for cheese under each experimental condition, and L, a, b were the 

values measured throughout storage of cheese. For each cheese sample, four 

readings were made on each side. 
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6.1.8.2. Microbiological analyses 

Microbiological development on the cheese surface was evaluated via 

enumeration of viable cells, by 1, 10, 20, 40 and 60 days after application of 

said coatings; a 20 g-sample was removed aseptically from a standardized 

area of the cheese surface into a stomacher bag, and was accordingly diluted 

to 1:10 (w/v) in sterile 1 %(w/v) sodium citrate (Merck) and blended in a 

Stomacher 400 Circulator (Seward, West Sussex, UK) for 1.5 min at 260 rpm. 

Subsequently, decimal dilutions were prepared with 0.1 %(w/v) peptone water 

(Sigma) – and plated, in duplicate, on the corresponding media. Lactococcus 

spp. and Lactobacillus spp. were enumerated on M17 Agar (Lab M, Bury, UK) 

and Rogosa agar (Biokar Diagnostics, Pantin, France), respectively, both 

incubated under anaerobic conditions (BBL Gas-Pack System, from Becton 

Dickinson, Maryland MA, USA) at 37 ºC for 72 h; and total mesophilic aerobic 

bacteria on Plate Count Agar (PCA) (Biokar Diagnostics), incubated 

aerobically at 30 ºC for 72 h. Staphylococcus spp. were enumerated on Baird-

Parker Agar, BPA (Lab M), supplemented with egg yolk and telurite emulsion 

(Biokar Diagnostics), as originally proposed by Baird-Parker (1969); and 

Pseudomonas spp. were counted on Pseudomonas agar base, PAB (Lab M), 

adjusted to pH 5 with acetic acid (Merck). Both media were incubated 

aerobically at 37 ºC for 48 h. Enterobacteriaceae were counted on Violet Red 

Bile Glucose Agar, VRBGA (Lab M), incubated aerobically at 37 ºC for 24 h, 

whereas yeasts and molds were determined on Rose Bengal Agar (Lab M), 

with 0.1 g L-1 chloramphenicol (Fluka, Buchs, Switzerland), incubated 

aerobically at 25 º C for 5 days. For all samples and growth media, the surface 

plating technique described by Miles and Misra (1938) was followed, except 

VRBGA – for which the pour plate one was used. 

 
6.1.8.3. Sensory analyses  

Sensory evaluation was carried out in the sensory room of the College 

of Biotechnology (Porto, Portugal), by a trained panel of 15 members, from 
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both genders, with ages ranging between 26 and 40 years-old – and familiar 

with Portuguese regional cheeses. The panel had been previously selected 

and trained from among the staff and students of that institution in the 

evaluation of this product. The sensory trials were intended to assess the 

influence of the antimicrobial edible coatings on color, odor, hardness and 

flavor of coated cheese, as well as compare with cheese coated with 

commercial coating and uncoated cheese. 

Cheese samples (in duplicate) were equilibrated at room temperature 

(20±2 °C) for 1 h before the sensory analysis sessions, and were evaluated 

only upon previous confirmation of microbiological safety. For evaluation of 

cheese appearance, the whole cheese was first analyzed by the panel; then, it 

was cut into slices of ca. 2 cm thickness that were placed on individual plastic 

Petri dishes; they were then coded using random three-digit codes, and 

presented in random order to panellists under white fluorescent light 

(International Dairy Federation, 1997). The panellists used unsalted crackers 

and water to cleanse their palates between samples. 

A 5-point scale was used by the panellists to evaluate ring color 

(1=imperceptible and 5=intense); odor (1=imperceptible and 5=intense); 

hardness (1=very soft and 5=very hard); flavor (1=imperceptible and 

5=intense); and overall acceptability (1=less accepted and 5=most accepted). 

The sensory cards included an “Observations” section, in which the panellists 

were asked to record any defects noticed, or any descriptors considered 

useful to better define the coating attributes. 

 

6.1.9. Statistical analyses  

An Analysis of Variance (ANOVA) was performed to ascertain: 

differences in thickness, surface hydrophobicity, water vapor permeability and 

tensile properties of edible films; as well as in rheological properties of edible 

coatings, made from 10 %(w/w) WPI and 50 %(w/w) glycerol (on a protein 

basis) as affected by guar gum concentration; and differences in spreading 
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coefficient (Ws) of the edible coating matrix previously developed (with the 

selected concentration of guar gum), as affected by sunflower oil and Tween 

20 concentration. Finally, ANOVA was carried out to assess differences 

between the physicochemical, microbiological and sensory properties of 

cheese, coated with the antimicrobial edible coating solutions or commercial 

coating relative to uncoated cheese, by 0, 10, 20, 40 and 60 days of storage. 

The Statistical Package for Social Sciences (SPSS), v. 17.0 (Chicago IL, 

USA), was used as a tool. Duncan’s multiple range test was applied, and 

differences were considered significant at p < 0.05 level. 

 

6.2. Results and discussion 
6.2.1. Film appearance 

Homogeneous, transparent and flexible films were obtained from WPI 

edible films plasticized with glycerol as base matrix, and blended with various 

concentrations of guar gum. Films were easily removed from the teflon plates; 

their surfaces appeared smooth, without visible pores or cracks. These films 

did not undergo any change in appearance when different levels of guar gum 

were tested. Appearance of the two sides of the film was different. The film 

side facing the casting plate was typically shiny, whereas the other was dull; 

this is likely an indication of some type of phase separation in the solution 

during drying. Similar results were previously reported in Chapter 3 (point 

3.2.1) regarding WPI films.  

 

6.2.2. Physical properties  

The contact angle (θ), water vapor permeability (WVP) and tensile 

property values for WPI films (10 %,w/w) with glycerol (50 %,w/w, on a protein 

basis), as affected by guar gum concentration, are depicted in Table 6.1.  

Statistically significant differences (p > 0.05) were not observed on θ 

and WVP when the concentration of guar gum increased from 0.1 to 0.7 
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%(w/w), relative to the WPI base matrix film devoid of this compound (control 

films) – see Table 6.1. However, when 1.0 %(w/w) guar gum was incorporated 

in those films, significant differences (p < 0.05) were produced. This result may 

be explained by the fact that this compound is a water binder, i.e. it attracts 

water molecules (Skurtys et al., 2010) and increases significantly the 

hydrophilic properties of the film, thus limiting its moisture barrier features, as 

well as its surface hydrophobicity at concentrations of ca. 1 %(w/w) – see 

again Table 6.1. 

 
Table 6.1. Physical properties (average ± standard deviation), viz. thickness, contact 
angle (θ), water vapor permeability (WVP), tensile strength (TS), elongation at break 
(EB) and Young’s modulus (YM), of 10 %(w/w) WPI edible films with 50 %(w/w) 
glycerol (on a protein basis) incorporated with different guar gum concentrations. 

Tensile properties Guar gum 
concentration 

%(w/w) 

Thickness
(mm) θ 

WVP      
(g mm m-2 

d-1 kPa-1) TS (MPa) EB (%) YM (MPa) 

0.0 0.13±0.04a 58.5±1.5a 10.11±0.20a 0.66±0.03a 65.77±2.57a 30.00±1.50a 

0.1 0.13±0.03a 58.0±0.9a 10.33±0.34a 0.68±0.02a 63.89±1.67a 32.09±1.36a 

0.2 0.14±0.02a 57.3±1.4a 10.50±0.40a 0.72±0.05a 60.92±3.30a 35.01±3.61a  

0.4 0.15±0.04a 56.5±1.0a 10.64±0.51a 0.69±0.07a 61.71±2.23a 33.52±2.61a 

0.7 0.15±0.02a 56.1±1.2a 10.70±0.59a 0.70±0.03a 64.03±1.45a 31.57±2.08a 

1.0 0.17±0.02a 53.2±1.1b 12.58±0.75b 0.73±0.06a 67.93±1.30a 34.02±2.58a 

Note: a, b Means within the same column, labelled with the same letter, do not statistically differ 
from each other (p > 0.05). 

 

Regarding the tensile properties of WPI matrix films, statistically 

significant differences (p > 0.05) were not obtained for tensile strength (TS), 

Young’s Modulus (YM) or elongation at break (EB), when the concentration of 

guar gum increased – see Table 6.1. This result could be attributed to the fact 

that guar gum (being a neutral polysaccharide) is uncharged, so electrostatic 

interactions did likely not occur with the amino ion (i.e. NH3
+) of the side chains 

of proteins (Fitzsimons, Mulvihill, & Morris 2008); therefore, significant 

changes (p > 0.05) were not observed relative to control films (Table 6.1).   
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On the other hand, the thickness values of WPI films were not 

significantly (p > 0.05) affected by guar gum concentration relative to control 

films, as shown in Table 6.1. Moreover, these values are similar to those 

reported by Kokoszka, Debeaufort, Lenart, and Voilley (2010), Osés et al. 

(2009), and Simelane and Ustunol (2005) – i.e. 0.12±0.08, 0.13±0.01 and 

0.14±0.02 mm, respectively, for the same protein and glycerol concentrations. 

 

6.2.3. Coating characterization 

6.2.3.1. Rheological properties 

The instantaneous viscosity of the WPI matrix coating blended with 

various concentrations of guar gum was analyzed and compared with the 

matrix coating (devoid of this compound) and the commercial coating, as a 

function of shear rate. The results are shown in Figure 6.1.  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1. Instantaneous viscosity (η) (average ± standard deviation) of WPI matrix 
coating (i.e. 10 %,w/w WPI with 50 %,w/w glycerol, on a protein basis) with:  0.0,  
0.1,  0.2,  0.4,  0.7, and  1.0 %(w/w) guar gum, relative to x commercial 
coating, as a function of shear rate at 23 °C. 
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The aforementioned rheological analysis showed that incorporation of 

guar gum increased η of the WPI coating matrix; statistically significant (p < 

0.05) differences were accordingly obtained, except between coating matrix 

incorporated with 0.7 and 1.0 %(w/w) guar gum. Such an increase of η was 

somehow expected since that compound is known to be an excellent thickener 

(Rao et al., 2010; Skurtys et al., 2010). Moreover, when 0.1 and 0.2 %(w/w) 

guar gum was incorporated into the coating matrix, η of these resulting 

coatings decreased with the increase of shear rate – thus displaying a 

behaviour similar to that exhibited by WPI coating matrix (i.e. devoid of this 

compound). However, when 0.4 %(w/w) or a higher content of guar gum was 

incorporated, η remained essentially unchanged with shear rate. In addition, 

when 0.7 or 1.0 %(w/w) guar gum was incorporated, statistically (p > 0.05) 

similar values of η were obtained when compared with the commercial 

coating.   

Concerning the physical and rheological properties measured for the 

film and coating matrices (i.e. 10 %,w/w WPI with 50 %,w/w glycerol, on a 

protein basis), containing various concentrations of guar gum: 0.7 %(w/w) of 

this compound proved best, since it did not significantly (p > 0.05) affect 

thickness, θ and WVP, as well as tensile properties relative to WPI films free 

of this compound. In addition, a significant (p < 0.05) increase in η of the 

coating matrix was observed, which was even similar to that displayed by the 

commercial coating.  

 

6.2.3.2. Critical surface tension and surface tension of cheese, and 
coating wettability  

The critical surface tension and the surface tension provided 

information about the nature of the cheese surface, which was important to 

rationalize which properties the coating should exhibit – being also useful 

toward development of an appropriate coating to spread on its surface. 
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However, optimization of composition of the coating solution was implemented 

by considering the wettability and the spreading coefficient (Ws) values.  

The cheese surface exhibited a critical surface tension and surface 

tension values of 17.12±0.23 mN·m-1 and 35.23±0.56 mN·m-1, respectively. 

These results show clearly that cheese is a low-energy surface (<100 mN·m-1) 

(Owens & Wendt, 1969; Zisman, 1964) – and displays a high dispersive and a 

low polar (33.53±0.29 mN·m-1 and 6.92±0.21 mN·m-1, respectively) 

components; this demonstrates its ability to participate in hydrophobic 

interactions. Similar values had been previously reported by Cerqueira et al. 

(2009) also for Saloio cheese.  

Surfaces with hydrophobic nature interact primarily with liquids through 

dispersion forces, hence affecting efficient spreading of the coating onto the 

cheese surface (Casariego, Souza, Vicente, Teixeira, Cruz, & Díaz, 2008; 

Cerqueira et al., 2009). On the other hand, the spreading coefficient (Ws) 

determined when analyzing the wettability of the coating matrix previously 

developed (i.e. 10 %,w/w WPI with 50 %,w/w glycerol, on a protein basis, plus 

0.7 %,w/w guar gum), with the various concentrations of sunflower oil and 

Tween 20, showed the best performance arised from incorporation of 10 and 

0.2 %(w/w) sunflower oil and Tween 20, respectively; note that the closer Ws 

values to 0, the better the surface will be coated. The Ws value (i.e. –

26.02±1.42) was statistically (p < 0.05) higher than that obtained with the other 

blends tested of sunflower oil and Tween 20 (results not shown), and 

statistically similar (p > 0.05) to that obtained for the commercial coating (i.e. –

24.72±2.03).  

The presence of sunflower oil in the aforementioned matrix increased 

the values of Ws, except for concentrations above 10 %(w/w). The increase in 

Ws values for the WPI coating matrix with increased concentration of 

sunflower oil may be explained by a higher compatibility (due to a similar 

polarity) of the coating matrix (more hydrophobic) with the cheese surface 

(rich in apolar components – e.g. fat) (Cerqueira et al., 2009). On the other 
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hand, incorporation of 0.2 %(w/w) Tween 20 in the coating matrix appears to 

be enough to assist the interaction between the protein matrix and the 

sunflower oil, through the hydrophilic and hydrophobic parts of this molecule 

(Ojagh et al., 2010). 

 

6.2.4. Cheese analyses 

The physicochemical, microbiological and sensory properties of the 

semi-hard cheeses coated with an edible coating matrix developed here (i.e. 

10 %,w/w WPI with 50 %,w/w glycerol, on a protein basis; plus 0.7 %,w/w guar 

gum and 10 %,w/w sunflower oil and 0.2 %,w/w Tween 20), and further 

incorporated with three antimicrobial solutions: solution 1 (1:1 of 6 g L-1 lactic 

acid and 0.25 g L-1 natamycin), solution 2 (1:1 of 20 g L-1 COS and 0.25 g L-1 

natamycin) and solution 3 (1:1:1 of 6 g L-1 lactic acid, 20 g L-1 COS and 0.25 g 

L-1 natamycin) were compared with cheese coated with commercial coating 

(positive control) and uncoated cheese (negative control) throughout the 60 

days of storage.  

 

6.2.4.1. Appearance of coated cheese 

Appearance of cheese coated with the edible coating matrix (i.e. 10 

%,w/w WPI with 50 %,w/w glycerol, on a protein basis; 0.7 %,w/w guar gum; 

and 10 %,w/w sunflower oil and 0.2 %,w/w Tween 20), incorporated with the 

three antimicrobial solutions mentioned above, were compared with cheese 

coated with commercial coating (positive control) and uncoated cheese 

(negative control) by 0 days of storage – see Figure 6.2. 
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Figure 6.2. Appearance of Saloio cheese of ca. 250 g, with edible coating matrix, A – 
(i.e. 10 %,w/w WPI with 50 %,w/w glycerol, on a protein basis; 0.7 %,w/w guar gum; 
10 %,w/w sunflower oil and 0.2 %,w/w Tween 20) incorporated with three 
antimicrobial solutions: 1 (i.e. 6 g L-1 lactic acid and 0.25 g L-1 natamycin), 2 (i.e. 20 g 
L-1 COS and 0.25 g L-1 natamycin) and 3 (i.e. 6 g L-1 lactic acid, 20 g L-1 COS and 
0.25 g L-1 natamycin), as compared with cheese coated with commercial coating – B 
(positive control), and uncoated cheese – C (negative control), by 0 days of storage.  

 

Cheese coated with solution 1 exhibited a similar, yet slightly clearer 

appearance than uncoated cheese. However, cheese coated with solution 2 

and 3 exhibited a yellow-brownish color – which could be attributed to the 

natural color of COS (<3 kDa), which, in solution, is yellow-brownish. On the 

other hand, cheese with commercial coating was brighter than cheese bearing 

other coatings (Figure 6.2). Moreover, the appearance of the various sides of 

cheese was identical and homogeneous – which was likely a result of an 

efficient application of coatings, following the procedure reported above (i.e. 

dipping for 2 min). 

 Furthermore, the antimicrobial edible coating solutions applied on the 

cheese surface took an identical time to dry relative to the commercial coating 

(ca. 8 h) – thus showing for either coating a similar adhesion to the surface of 

the cheese (based on visual inspection). This observation agrees with the 

similarity found between Ws values of the edible coating matrix (i.e. –

26.02±1.42) and of the commercial coating (i.e. –24.72±2.03), obtained on the 

cheese surface.  

6.2.4.2. Physicochemical profile  

In attempts to find a suitable alternative to commercial coatings, 

physicochemical analyses were performed via comparing the cheese coated 

A1 A2 A3 B C 
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with our edible coating solutions with its commercial coating and uncoated 

counterparts. Physicochemical properties of cheese were assayed by 0, 10, 

20, 40 and 60 days of storage – and are displayed in Figure 6.2.  

Our analyses provided information on how water loss throughout 60 

days of storage was affected by the presence of a coating and by the type of 

the coating. In Figure 6.3 (a), one finds an increase in weight loss for all cases 

throughout storage time; such an increase is statistically higher (p < 0.05) in 

the first 20 days of storage, and for the uncoated cheese. Moreover, 

significant differences (p > 0.05) were not recorded among the antimicrobial 

edible coating solutions, and between those and the commercial coating. 

In terms of moisture content, values decreased significantly (p < 0.05) 

over the first 20 days of storage, and displayed moisture losses ranging from 

ca. 17 to 19 %(w/w) for coated cheese, and ca. 27 %(w/w) for uncoated 

cheese, by 60 days – Figure 6.3 (b). Once again – and as happened with 

weight loss, statistically higher (p < 0.05) values were obtained for uncoated 

cheese, whereas significant (p > 0.05) differences were not attained between 

cheeses bearing different coatings.  

Comparing our values of moisture loss with those obtained by 

Cerqueira et al. (2009) using galactomannan edible coating by 21 days, our 

were lower – thus ranged between 13.6 (average), 13.8 and 22.0 for cheese 

coated with antimicrobial edible coatings and commercial ones or uncoated 

cheese, respectively; whereas those of Cerqueira et al. (2009) ranged 

between 19.6 % and 23.4 %, for coated and uncoated cheeses, respectively. 

Moreover, the presence of antimicrobial edible coatings decreased the 

weight and moisture loss of cheese by 9.1 and 8.6 %(w/w) on average, 

respectively, whereas the presence of commercial coating decreased by 8.8 

and 8.2 %(w/w), respectively, by the end of the storage period. This result 

suggests that antimicrobial edible coatings were apparently able to retard 

water loss of cheese – so thus represent a suitable alternative to commercial 

coatings.  
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Figure 6.3. Values (average ± standard deviation), of (a) weight loss, (b) moisture, (c) 
fat and (d) salt contents, (e) pH, (f) water activity, (g) hardness and (h) color, for 
cheese with edible coating matrix (i.e. 10 %,w/w WPI with 50 %,w/w glycerol, on a 
protein basis; 0.7 %,w/w guar gum; 10 %,w/w sunflower oil and 0.2 %,w/w Tween 20) 
incorporated with:  6 g L-1 lactic acid and 0.25 g L-1 natamycin,  20 g L-1 COS and 
0.25 g L-1 natamycin, and  6 g L-1 lactic acid, 20 g L-1 COS and 0.25 g L-1 natamycin 
– as well as for  commercial coating and  uncoated cheese, throughout 60 days of 
storage.  
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On the other hand, the presence of coating did not significantly (p > 

0.05) affect the fat and salt content – see Figure 6.2 (c), (d), respectively. 

Moreover, the antimicrobial edible coating solutions exhibited a similar 

performance than that of the commercial coating; statistically significant 

differences (p > 0.05) were not attained between cheeses bearing either 

coating. The content of fat and salt measured in the beginning of storage (0 

days) remained essentially unchanged throughout storage. 

The pH variation during storage time is shown in Figure 6.2 (e); it 

decreased for all samples, but statistically significant differences (p > 0.05) 

were not observed between coated and uncoated cheeses. The pH decrease 

may due to the activity of indigenous cultures of lactic acid bacteria that 

metabolize lactose to lactate, which results in acid production (Fathollahi, 

Hesari, Azadmard, & Oustan, 2010).  

Water activity (aw) is known to be the main factor affecting cheese 

stability in semi-hard cheeses – displaying high values (ca. 0.98); although 

relatively high, this was somehow expected because this type of cheese 

generally has aw close to unity (Pantaleão et al., 2007). During storage, aw was 

not constant – but decreased for coated and uncoated cheeses, until their 

surface reached equilibrium with the surrounding atmosphere. Such decrease 

was statistically higher (p < 0.05) over 20 days of storage, and mainly affected 

by water loss (Cerqueira et al., 2009). In addition, degradation of proteins 

during ripening may have also contributed to the decrease in aw – via 

releasing carboxyl and amino groups through water binding (Sousa, Ardö, & 

McSweeney, 2001). As observed for weight loss and for moisture contents, 

the presence of coating seems to significantly (p < 0.05) reduce aw decrease, 

relative to uncoated cheese. Once again, statistically significant differences (p 

> 0.05) were not noted between cheeses with different coatings – Figure 6.2 

(f). 

The hardness values for cheese samples throughout storage are 

depicted in Figure 6.2 (g) – thus showing that coated cheese displayed the 
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lower values; statistically significant (p < 0.05) differences were observed 

between uncoated and coated cheeses. However, significant (p > 0.05) 

differences were not attained between cheeses bearing either coating. 

Moreover, a significant increase (p < 0.05) was obtained over 20 days of 

storage, corresponding to the period during which the greatest loss of water 

was observed. The hardness values measured were lower than those 

reported by Cerqueira et al. (2009) for the same period of storage; this was 

most probably a result of the lower water loss measured in our cheese 

samples.  

Color analysis, based on color difference (ΔE), showed that all cheese 

samples changed their color throughout storage; however, statistically 

significant (p < 0.05) differences were recorded between them – see Figure 

6.2 (h). Uncoated cheese exhibited the highest values of ΔE (p < 0.05), 

showing that the differences relative to coated cheese were more and more 

relevant (p < 0.05) during the first 20 days – and such a difference (p < 0.05) 

was observed throughout the remaining storage time. Said color change can, 

in part, be attributed to cheese oxidation – which is lower in cheeses 

possessing a coating, due to protection from oxygen and light oxidation – as 

provided by the oxygen barrier and opacity of the coating (Cerqueira et al., 

2009). On the other hand, it may be associated to the rate of cheese 

dehydration – which was lower in coated cheese, thus resulting in a cheese 

rind being less dry and therefore less dark. 

Cheese coated with the antimicrobial edible coating solutions showed 

significantly (p < 0.05) lower values of ΔE relative to their commercial 

counterparts. Moreover, statistically significant (p < 0.05) differences were 

attained among antimicrobial edible coating solutions. Cheese coated with the 

edible coating incorporating COS showed the lowest (p < 0.05) ΔE values – 

most probably due to the yellow-brownish color exhibited by those coatings by 

0 days of storage, being therefore less susceptible to light oxidation. The 

statistically (p < 0.05) lower ΔE values observed for the edible coating 
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incorporating 6 g L-1 lactic acid, 20 g L-1 COS and 0.25 g L-1 natamycin than for 

that incorporating 20 g L-1 COS and 0.25 g L-1 natamycin, or for the edible 

coating incorporating 6 g L-1 lactic acid and 0.25 g L-1 natamycin, than the 

commercial coating may be attributed to the presence of lactic acid and its 

acidulant feature – which hampers color changes (Cagri, Ustunol, & Ryser, 

2004). 

 
6.2.4.3. Microbiological profile 

Microbiological analysis of cheese samples (Tables 6.2) showed that, 

by 0 days of storage, there was no detectable growth of pathogenic or 

contaminant (<100 CFU g-1) microorganisms. On the other hand, lactic acid 

and total mesophilic aerobic bacteria growth (reflecting the lactic acid bacteria 

counts) was detectable ranged 6-8 log(CFU g-1). These results are in 

agreement data pertaining to Mozzarella or Turkish white cheeses (Duan et 

al., 2007; Öner, Karahan, & Aloglu, 2006).  

From inspection of Table 6.2, one observes that counts of Lactococcus 

spp., Lactobacillus spp. and total mesophiles are high for all cheese samples 

– thus confirming the presence of a controlled starter culture in cheese that 

was also able to grow on PCA. Moreover, a significant (p < 0.05) increase of 

the aforementioned microorganisms occurred at early stages of ripening (i.e. 

the first 20 days of storage), and a slight, (although not significant) (p > 0.05) 

decrease at later stages was also observed. Similar results were reported by 

Manolopoulou et al. (2003) for Feta cheese. These results mean that our 

edible antimicrobial coatings did not inhibit the starter microflora, which was 

kept at high levels throughout storage time.   

Moreover, the counts of Lactococcus spp. and Lactobacillus spp. were 

significantly (p < 0.05) higher (by ca. 1 log cycle) for coated cheese than for 

uncoated counterparts. Hence, the presence of coating favours growth or 

survival of those bacteria; this result may be rationalized by the fact that the 

presence of a coating reduces the permeability to oxygen and increases aw – 
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which could limit their growth on uncoated cheese. However, statistically 

significant (p > 0.05) differences were not recorded among cheese bearing 

different coatings, which may confirm that edible coatings possessing 

antimicrobial compounds (unlike the commercial one that only incorporates 

natamycin) did not disturb the natural microbial equilibrium on cheese.  

In the case of total mesophilic aerobic bacteria counts, statistically 

significant (p < 0.05) higher values were obtained for uncoated cheese, soon 

after 10 days of storage, than for its coated counterparts – which may reflect 

the higher growth of contaminant bacteria, as confirmed on selective media. 

Once again, statistically significant (p > 0.05) differences could not be attained 

among cheeses with different coatings.  

Cheese coated with commercial coating did not exhibit growth of 

yeasts and molds when compared with uncoated cheese; this demonstrates 

the effectiveness of such a coating against these microorganisms. This result 

was somehow expected, since commercial coating includes natamycin as 

active compound – which is a natural antimycotic polyene, with well 

established success in preventing growth of yeasts and molds on cheese 

surfaces (Amefia, Abu-Ali, & Barringer, 2006). 
 
Table 6.2. Viable cell counts (average ± standard deviation), in log(CFU g-1), of 
cheese samples coated with an edible coating matrix (i.e. 10 %,w/w WPI with 50 
%,w/w glycerol, on a protein basis; 0.7 %,w/w guar gum; 10 %,w/w sunflower oil and 
0.2 %,w/w Tween 20), containing various antimicrobial solutions: solution 1 (i.e. 6 g L-1 
lactic acid and 0.25 g L-1 natamycin), solution 2 (i.e. 20 g L-1 COS and 0.25 g L-1 
natamycin) and solution 3 (i.e. 6 g L-1 lactic acid, 20 g L-1 COS and 0.25 g L-1 
natamycin) compared with cheese with commercial coating and uncoated cheese, 
during 60 days of storage at 10 ºC and 85 % RH. 

Storage time (days) 
 

Type of 
coating 
solution 0 10 20 40 60 

1 7.23±0.22a,a8.46±0.44b,a8.77±0.32b,a8.43±0.38b,a8.22±0.43b,a

2 7.36±0.38a,a8.54±0.36b,a8.89±0.46b,a8.63±0.33b,a8.35±0.35b,a

3 7.29±0.43a,a8.32±0.44b,a8.60±0.35b,a8.33±0.23b,a8.19±0.35b,a 

Commercial 7.24±0.20a,a8.33±0.29b,a8.71±0.35b,a8.50±0.35b,a8.37±0.41b,a

M
ic

ro
or

ga
ni

sm
s 

 

La
ct

oc
oc

cu
s 

 
sp

p.
 

None 7.33±0.28a,a7.51±0.19a,b7.79±0.35a,c7.58±0.20a,b7.41±0.22a,b
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1 6.80±0.33a,a7.43±0.34b,a7.92±0.37b,a7.55±0.35b,a 7.32±0.43b,a

2 6.63±0.38a,a7.68±0.30b,a8.16±0.46b,a7.75±0.33b,a7.52±0.35b,a

3 6.74±0.43a,a7.50±0.45b,a8.09±0.23b,a7.63±0.41b,a7.68±0.31b,a

Commercial 6.71±0.20a,a7.71±0.20b,a8.13±0.41b,a7.59±0.38b,a7.35±0.50b,a

La
ct

ob
ac

ill
us

  
sp

p.
 

None 6.49±0.15a,a6.81±0.20b,b7.29±0.31b,b6.89±0.11b,b6.53±0.10a,b

1 6.53±0.22a,a7.41±0.33b,a7.85±0.41b,a7.53±0.28b,a7.35±0.27b,a

2 6.46±0.18a,a7.33±0.43b,a7.97±0.36b,a7.48±0.20b,a7.26±0.41b,a

3 6.50±0.23a,a7.39±0.41b,a8.06±0.32b,a7.65±0.34b,a7.41±0.38b,a

Commercial 6.37±0.19a,a7.21±0.30b,a7.79±0.39b,a7.42±0.19b,a6.21±0.26b,a

M
es

op
hi

le
s 

None 6.40±0.20a,a8.31±0.29b,b8.90±0.40b,b8.51±0.40b,b8.20±0.32b,b

1 <2.00a,a <2.00a,a <2.00a,a <2.00a,a <2.00a,a 

2 <2.00a,a <2.00a,a <2.00a,a <2.00a,a <2.00a,a 

3 <2.00a,a <2.00a,a <2.00a,a <2.00a,a <2.00a,a 

Commercial <2.00a,a <2.00a,a 2.50±0.29a,b3.33±0.31b,b4.22±0.43c,b 

S
ta

ph
yl

oc
oc

cu
s 

sp
p.

 

None <2.00a,a 2.82±0.31b,b3.97±0.43c,c4.82±0.28d,c 6.02±0.51e,c 

1 <2.00a,a <2.00a,a <2.00a,a <2.00a,a <2.00a,a 

2 <2.00a,a <2.00a,a <2.00a,a <2.00a,a <2.00a,a 

3 <2.00a,a <2.00a,a <2.00a,a <2.00a,a <2.00a,a 

Commercial <2.00a,a <2.00a,a <2.00a,a <2.00a,a 2.12±0.32b,b

P
se

ud
om

on
as

  
sp

p.
 

None <2.00a,a <2.00a,a 2.32±0.12b,b2.95±0.33c,b 3.72±0.21d,c 

1 <2.00a,a <2.00a,a <2.00a,a <2.00a,a <2.00a,a 

2 <2.00a,a <2.00a,a <2.00a,a <2.00a,a <2.00a,a 

3 <2.00a,a <2.00a,a <2.00a,a <2.00a,a <2.00a,a 

Commercial <2.00a,a <2.00a,a 2.87±0.35b,b3.61±0.40c,b 4.42±0.21d,b

En
te

ro
ba

ct
er

ia
ce

ae
 

None <2.00a,a 2.25±0.21b,b3.75±0.33c,c4.82±0.21d,c 6.12±0.41e,c 

1 <2.00a,a <2.00a,a <2.00a,a <2.00a,a <2.00a,a 

2 <2.00a,a <2.00a,a <2.00a,a <2.00a,a <2.00a,a 

3 <2.00a,a <2.00a,a <2.00a,a <2.00a,a <2.00a,a 

Commercial <2.00a,a <2.00a,a <2.00a,a <2.00a,a <2.00a,a 

Y
ea

st
s 

an
d 

m
ol

ds
 

None <2.00a,a 3.82±0.24b,b4.65±0.43c,b5.72±0.33d,b6.62±0.53e,b

Note: a, b, c, d, e Means within the same line and column (a,a, respectively), for each 
microorganism, labelled with the same letter, do not statistically differ from each other (p > 
0.05). 

  



Improvement, application and evaluation of antimicrobial whey protein isolate coatings on cheese Chapter 6                        

251 

However, the smaller increase in pathogenic and contaminant bacteria 

counts on cheese coated with commercial coating, relative to uncoated 

cheeses, may be explained by the protective effect of the coating itself – which 

reduces the gas permeability and decreases the oxygen transfer rate into the 

cheese; therefore, oxygen becomes less available for growth of aerobic 

bacteria. At the same time, commercial coating protects from water loss, and 

consequently from a reduction of aw – which is a nuclear factor for bacterial 

growth. Moreover, as commercial coating only possess natamycin, bacterial 

growth started after 20 days for Enterobateriaceae and Staphylococcus spp., 

and by 60 days for Pseudomonas spp. 

On the other hand, cheese coated with the antimicrobial edible 

coatings did not show growth (<100 CFU g-1) of Staphylococcus spp., 

Pseudomonas spp., Enterobacteriaceae, or yeasts and molds; this unfolds the 

ability of the antimicrobial compounds (namely, lactic acid and COS) in edible 

coatings to assure safety of cheese for, at least, 60 days of storage.  

 
6.2.4.4. Sensory profile 

The results observed in terms of sensory analysis of cheese samples 

coated with antimicrobial edible coating solutions and with commercial ones 

(or none) are presented in Table 6.3. Sensory assessments were not 

performed for uncoated cheese after 10 days of storage, since those samples 

displayed growth (>100 CFU g-1) of yeasts and molds and other contaminant 

bacteria – as apparent in Table 6.2; therefore it was decided they were not 

fully safe for sensory evaluation. On the other hand, cheese coated with 

commercial coating showed growth of Staphylococcus spp. and 

Enterobacteriaceae, ca. 2.50 and 2.87 log(CFU g-1), respectively, over 20 

days of storage; similarly, those samples were found not safe for flavor 

evaluation, so only external sensory attributes were assessed.  
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Table 6.3. Sensory differences (average ± standard deviation) assessed by a group of 
trained panellists using a 5-point scale, between cheese coated with an edible coating 
matrix (i.e. 10 %,w/w WPI with 50 %,w/w glycerol, on a protein basis; 0.7 %,w/w guar 
gum; 10  %,w/w sunflower oil and 0.2 %,w/w Tween 20), containing various 
antimicrobial solutions: solution 1 (i.e. 6 g L-1 lactic acid and 0.25 g L-1 natamycin), 
solution 2 (i.e. 20 g L-1 COS and 0.25 g L-1 natamycin) and solution 3 (i.e. 6 g L-1 lactic 
acid, 20 g L-1 COS and 0.25 g L-1 natamycin), and cheese coated with commercial 
coating and uncoated cheese, during 60 days of storage. 

Storage time (days) Attribute Type of coating 
solution 0 10 20 40 60 

1 2.1±0.3a,a 2.4±0.1a,a 2.8±0.2b,a 3.1±0.2b,a 3.3±0.2b,a 
2 4.1±0.3a,b 4.3±0.3a,b 4.5±0.3a,b 4.6±0.2a,b 4.6±0.2a,b 
3 3.8±0.2a,b 3.9±0.2a,b 4.0±0.2a,b 3.8±0.3a,c 3.9±0.2a,c 

Commercial 2.2±0.1a,a 2.8±0.2b,c 3.3±0.2c,c 3.9±0.2d,c 4.2±0.1d,c C
ol

or
 

None 1.7±0.2a,a − − − − 
1 2.0±0.2a,a 1.9±0.2a,a 2.0±0.1a,a 1.8±0.2a,a 1.7±0.3a,a 
2 2.2±0.3a,a 2.4±0.3a,a 2.2±0.2a,a 2.1±0.2a,a 2.2±0.2a,a 
3 2.1±0.2a,a 2.3±0.4a,a 2.0±0.1a,a 1.9±0.1a,a 1.9±0.2a,a 

Commercial 4.0±0.1a,b 3.5±0.2b,b 3.1±0.1c,b 2.7±0.2d,b 2.6±0.1d,b O
do

r 

None 1.7±0.2a,a − − − − 
1 3.0±0.2a,a 3.4±0.2a,a 3.9±0.2b,a 4.1±0.2b,a 4.5±0.1c,a 
2 3.3±0.3a,a 3.6±0.2a,a 4.1±0.2b,a 4.3±0.1b,a 4.6±0.3b,a 
3 3.1±0.2a,a 3.5±0.2a,a 4.2±0.1b,a 4.4±0.1b,a 4.5±0.2b,a 

Commercial 3.0±0.1a,a 3.7±0.3b,a 4.3±0.2c,a 4.5±0.3c,a 4.8±0.2c,a 

H
ar

dn
es

s 

None 1.7±0.2a,b − − − − 
1 1.7±0.3a,a 1.9±02a,a 2.0±0.2a,a 2.2±0.2a,a 2.1±0.3a,a 
2 3.5±0.3a,b 3.7±0.2a,b 3.9±0.2a,b 4.0±0.3a,b 3.9±0.4a,b 
3 3.3±0.3a,b 3.5±0.2a,b 3.7±0.2a,b 3.8±0.3a,b 3.9±0.3a,b 

Commercial 4.2±0.1a,c 4.4±02a,c − − − Fl
av

or
 

None 1.5±0.2a,a − − − − 
1 4.0±0.3a,a 3.8±0.2a,a 3.9±0.2a,a 3.7±0.2a,a 3.8±0.2a,a 
2 2.8±0.3a,b 3.0.±0.2a,b 3.1±0.2a,b 2.9±0.3a,b 2.8±0.3a,b 
3 3.0±0.2a,b 3.2±0.1a,b 3.4±0.2a,b 3.2±0.2a,b 3.3±0.2a,b 

Commercial 3.1±0.2a,b 3.3±0.2a,b 3.4±0.2a,b 3.2±0.2a,b 3.3±0.1a,b O
ve

ra
ll 

ac
ce

pt
ab

ilit
y 

None 4.2±0.2a,a − − − − 
Note: a, b, c, d Means within the same line and column (a,a, respectively), for each sensory 
attribute, labelled with the same letter, do not statistically differ from each other (p > 0.05); − 
undetermined sensory analysis due to microbiological growth.  

 

From inspection of Table 6.3, it was possible to observe that, by 0 days 

of storage, the rind color was less intense for uncoated cheese, and for 

cheese coated with edible coating containing solution 1 (i.e. 6 g L-1 lactic acid 

and 0.25 g L-1 natamycin) or with commercial coating; statistically significant (p 

> 0.05) differences were not perceived. Throughout storage time, color 

became more intense for all cheese samples; however, edible coatings 
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containing solution 1 exhibited, by 60 days of storage, the lowest intensity of 

color, whereas the edible coating containing solution 3 (i.e. 6 g L-1 lactic acid, 

20 g L-1 COS and 0.25 g L-1 natamycin), followed by solution 2 (i.e. 20 g L-1 

COS and 0.25 g L-1 natamycin) showed the lowest increase in color intensity 

throughout storage. These results are consistent with the ΔE values obtained 

above regarding color measurement. On the other hand, cheese with 

commercial coating displayed the highest increase in color (i.e. 2.0 points) – 

which, according to the panellists, became more and more yellow.   

In the case of rind odor, cheese coated with edible coating containing 

either solution 1, 2 or 3 exhibited the lower odor intensity during storage time. 

Conversely, cheese coated with the commercial coating displayed the most 

intense odor; statistically significant (p < 0.05) differences were obtained 

among these cheese samples. Moreover, the panellist described, in the 

observation section, that cheese with commercial coating presented, by 0 

days of storage, an odor similar to glue. However, as storage time elapsed, 

the intensity of this odor decreased significantly (p < 0.05), to attain ca. 1.4 

points lower by 60 days (Table 6.3).    

          In terms of texture, hardness appeared as an important property to 

differentiate between coated than uncoated cheeses. The latter were 

significantly softer (p < 0.05) than coated cheeses, by 0 days of storage. 

Moreover, statistically significant (p > 0.05) differences were not obtained 

among cheeses bearing either coating. Throughout storage, hardness 

increased significantly (p < 0.05) for all coated samples (ranging from 1.5 to 

1.8 points) – see Table 6.3. These results are consistent with the behaviour of 

those cheeses during hardness measurements – as reported before.  

Concerning the rind flavor, cheese coated with edible coating 

containing solution 1 displayed the lowest (p < 0.05) flavor intensity with 

regard to all coated cheese samples, and similar (p > 0.05) flavor intensity to 

the uncoated cheeses, by 0 days of storage. In the case of cheese coated with 

commercial coating, the rind was not tasted; only the flavor of the cheese 
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mass was evaluated by 10 days of storage. According to the panellists, the 

mass of those cheeses exhibited a high flavor intensity, which was similar to 

that of gum. This result showed that the flavor of gum was transmitted from 

the rind of cheese coated with commercial coating to the inner mass. In turn, 

cheese coated with edible coatings containing solution 2 and 3 displayed a 

similar (p > 0.05) flavor intensity during the whole storage period. According to 

the panellists, cheese coated with these edible coating solutions exhibited a 

bitter flavor and a high astringency. 

Finally, in terms of overall acceptability, cheese coated with edible 

coating containing solution 1 showed a statistically similar (p > 0.05) 

acceptability when compared with uncoated cheese by 0 days of storage. In 

addition, cheese coated with edible coating containing solution 1 was among 

the coated cheese samples, mostly accepted by the panellists throughout 60 

days of storage. The cheese coated with the remaining edible and commercial 

coatings showed a similar (p > 0.05) acceptability over the storage time.    

 

6.3. Conclusions  
Development of an edible coating matrix showed that inclusion of guar 

gum (0.7 %,w/w) increased viscosity of the base matrix composed by WPI (10 

%,w/w) and glycerol (50 %,w/w), on a protein basis, toward values similar to 

the commercial coating. The critical surface tension, surface tension and 

dispersive and polar components allowed a better account of the nature of the 

cheese surface, and therefore guided the development of a coating matrix with 

similar polarity. The spreading coefficient led to selection of the more 

appropriate sunflower oil and Tween 20 concentrations. 

The presence of coating decreased water loss (ca. 10 %,w/w), 

hardness and color changes, as well as the microbial development on cheese 

samples throughout storage time. Antimicrobial edible coating solutions could 

apparently be used as a suitable alternative to commercial coating, since 

cheese samples coated with either coatings displayed similar (p > 0.05) values 
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in terms of physicochemical properties – except for color analysis that attained 

a lower change in the case of antimicrobial edible coating solutions; however 

coating incorporating COS exhibited a different color that may constrain its 

application in certain type of cheese, but may be used to produce cheeses 

with new and differentiated appearance. In addition, antimicrobial edible 

coating solutions prevented growth of pathogenic and contaminant 

microorganisms, and did not inhibit lactic acid bacteria for at least 60 days. 

The commercial coating, in turn, inhibited growth of only yeasts and molds, 

thus allowing growth of bacterial contaminants to some extent. Sensory 

analyses correlated well with physicochemical measurements, for both surface 

color and hardness; and the antimicrobial edible coating containing natamycin 

and lactic acid was selected as the best solution for cheese coating. 
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7. General conclusions 

The main objective of the work described in this dissertation was the 

characterization of whey proteins; first, whey protein products – in order to 

better understand how composition affects their features, and thus the 

underlying molecular mechanisms; and second, whey protein films – in order 

to develop technologies to produce edible films and coatings with improved 

properties, from a low value renewable raw material widely available. 

Recalling the need for food safety and the convenience of extending the self-

life of food products to face the growing problems of food contamination, an 

important part of this thesis aimed at developing antimicrobial whey protein 

films and coatings to improve the quality and safety of food products – cheese 

in particular.  

Depending of the whey protein product chosen (i.e. WPI, WPC 80A, 

WPC 80B and WPC 50), significant differences (p < 0.05) in chemical and 

protein contents were obtained; they directly affect denaturation and 

aggregation, and so such gelation features as gel strength. The simultaneous 

utilization of two alternative techniques – i.e. µDSC and rheology, provided a 

more complete understanding of the gelation phenomena induced by heat, 

coupled with the underlying molecular mechanisms responsible for specific 

functional properties.  

Gelation of those whey products upon heating involves two separate 

stages: the first corresponds to partial denaturation of the native globular 

structure, whereas the second entails intermolecular aggregation – which is 

much slower than denaturation. The μDSC heating scans provided a useful 

method to resolve endothermic and exothermic phenomena; however, these 

processes are only present as separate transitions at pH 5. Acidic conditions 

increased the thermal stability of whey protein products; the dominant 

endothermic process associated with thermal transition of β-Lg occurred at 

higher temperature when pH was lower. 
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The strength of heat-induced gels prepared from WPI was higher than 

that from WPCs, irrespective of pH. At pH 5, the gel strength was higher for all 

whey products than at other pH values. The better gelation properties of WPI 

arose most probably from their higher purity, coupled with the lower content of 

insoluble protein and aggregates – as well as from the higher β-Lg/α-La and 

Ca/Na ratios.  

The presence of 0.3 %(w/w) soy lecithin in WPC 80B did not increase 

Ttr(end) or gel strength (regarding μDSC and rheology analyses, respectively) 

when compared with WPC 80A (with similar composition but without lecithin). 

In the case of WPC 50, no gelation was observed at all. Therefore, the whey 

protein products that exhibited the highest gel strength (i.e. WPI, followed by 

WPC 80A) were used at 10 %(w/w) to produce edible films; three different 

levels of glycerol (as plasticizer) – i.e. 40, 50 and 60 %(w/w), on a protein 

basis, were added, and such films were characterized extensively. 

The physical properties measured for WPI and WPC 80A films 

containing various level of glycerol (i.e. 40, 50 and 60 %,w/w, on a protein 

basis) were influenced by the purity of the whey protein product, and by the 

glycerol content. Hence, the film appearance, stability, consistence and barrier 

properties can be manipulated to some extent by choosing the departing whey 

protein product and the level of glycerol added. The main differences 

observed in the physical properties of whey protein films are apparently 

affected by the levels of contaminants (e.g. lactose, lipids and minerals) of the 

starting WPI or WPC 80A product. 

Simultaneous utilization of two thermal analysis techniques – i.e. DSC 

and TGA, provided a more complete information about the thermal stability of 

these edible films, thus showing a good compatibility between protein and 

glycerol. Moreover, the spectral regions selected for the FTIR analysis 

appeared essential for a better understanding of the effects of whey protein 

and glycerol components (and their interactions) upon the physical properties 

exhibited by those films.  
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WPI films obtained were stronger and more stable, and exhibited better 

physical properties than WPC 80A films – for the same content of glycerol. On 

the other hand, when the content of glycerol increased (from 40 to 60 %,w/w, 

on a protein basis), films from both whey products increased their MC, S and 

barrier properties, as well as decreased their thermal and mechanical 

resistance, and also their stiffness. However, those films with 50 %(w/w) 

glycerol, on a protein basis, shower a higher extensibility and a slightly higher 

transparency than when other glycerol contents were tested. Consequently, 

10 %(w/w) WPI added with 50 %(w/w) glycerol, on a protein basis, was 

chosen as base formulation – since it proved the best compromise of 

technological features (particularly in terms of film extensibility) for 

development of antimicrobial edible films and coatings. 

The antimicrobial activities of the various chemical compounds (i.e. 

lactic, citric and propionic acids, nisin, chitooligosaccharide – COS <3 kDa, 

sodium benzoate and natamycin) incorporated in the base matrix (i.e. 10 

%,w/w WPI, added with 50 %,w/w glycerol, on a protein basis) of edible 

coatings and films were strongly dependent on the type of target 

microorganism (Gram-negative versus -positive bacterium, or yeast) and the 

antimicrobial agent itself.  

Edible coatings tested with lactic and citric acids, nisin, COS <3 kDa, 

and sodium benzoate exhibited the greatest activity against the Gram-positive 

and -negative bacteria, incorporating lactic acid (6 g L-1) and COS (20 g L-1), 

respectively, whereas yeast was strongly inhibited by sodium benzoate (30 g 

L-1) and COS (20 g L-1) – which displayed a similar activity throughout 

incubation time. Duplication of individual concentration of each antimicrobial 

compound did not lead to any significant increase in said antimicrobial activity, 

thus revealing a poor effect of concentration. On the other hand, the 

combination of 6 g L-1 lactic acid with 20 g L-1 COS led to the highest inhibition 

against every microorganism. This formulation was therefore assessed for its 

efficacy for coating cow’s cheeses – and proved successful towards 
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improvement of cheese shelf-life in terms of impairment of bacterial agents, 

but was less effective against yeasts and molds when compared with 

commercial coatings. Moreover, the antimicrobial edible coating took longer to 

dry on the cheese surface, thus revealing a poorer adhesion than that 

exhibited by the commercial coating. Finally, the method used for application 

of the coating (i.e. by brushing) did not produce a good homogeneity on the 

cheese surface. 

With regard to the antimicrobial compounds tested in edible coatings 

and films, lactic acid (6 g L-1) and COS <3 kDa (20 g L-1) showed the highest 

antimicrobial activity against Gram-positive and -negative bacteria, 

respectively, in both systems. When the same antimicrobial compounds were 

incorporated in the two coatings and films – i.e. lactic acid (6 g L-1) and COS 

<3 kDa (20 g L-1), and were tested against the same microorganisms (i.e. E. 

coli, S. aureus and Y. lipolytica), a greater inhibitory effect was noted when 

added to the coatings. 

The complementary utilization of two assays for assessment of the 

antimicrobial activity in whey protein films – one more qualitative and one 

more quantitative in nature, provided a more complete information about the 

antimicrobial effectiveness of each compound. Moreover, the viable cell count 

assay, based on the AATCC test method 100-2004, was successfully adapted 

to evaluate the antimicrobial activity of active edible films – and demonstrated 

a high sensitivity and a good reproducibility, thus allowing a better 

differentiation between the various antimicrobial edible films than the agar 

diffusion assay.   

The MC, S, ρs, aw and water vapor permeability (WVP), as well as the 

tensile and optical properties of WPI films were affected by the antimicrobial 

compound incorporated. Lactic acid and natamycin produced the lowest 

change in MC, S, ρs, WVP, tensile and transparency properties, whereas 

incorporation of COS and propionic acid led to the highest change (p < 0.05) 

in optical and tensile properties, respectively. 
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The addition of guar gum (0.7 %,w/w) to the edible coating matrix base 

(i.e. 10 %,w/w WPI and 50 %,w/w glycerol, on a protein basis) increased their 

viscosity values towards those of the commercial coating. The critical surface 

tension, surface tension, and dispersive and polar components allowed 

rationalization of the nature of the cheese surface, and therefore towards a 

more optimized development of a coating matrix with similar polarity. The 

spreading coefficient allowed a better selection of sunflower oil and Tween 20 

concentrations. Following the results obtained with the antimicrobial edible 

coatings and films, the combinations of antimicrobial compounds – i.e. 

natamycin (0.25 g L-1) and lactic acid (6 g L-1), natamycin (0.25 g L-1) and COS 

(20 g L-1), and natamycin (0.25 g L-1), lactic acid (6 g L-1) and COS (20 g L-1), 

were incorporated in the edible coating developed – and the resulting 

solutions were applied on the surface of commercial Saloio cheeses – which 

were evaluated throughout 60 days of storage.  

The presence of coating on the cheese surface decreased water loss 

(ca. 10 %,w/w), hardness and color changes, as well as microbial growth. The 

antimicrobial edible coating solutions can thus be used as suitable alternatives 

to commercial coatings, since cheese samples coated with either of them 

displayed similar (p > 0.05) values for their physicochemical properties – 

except color, which attained a lower change in the case of antimicrobial edible 

coating solutions. However, the coating incorporating COS exhibited a 

different color that may constrain its application to certain types of cheese – 

but which may, in turn, be used to manufacture cheeses with new and 

differentiated appearance. In addition, antimicrobial edible coating solutions 

prevented growth of pathogenic and contaminant microorganisms, and did not 

inhibit lactic acid bacteria for at least 60 days of storage. The commercial 

coating inhibited growth of only yeasts and molds, thus allowing growth of 

bacterial contaminants to a considerable extent. The sensory analyses 

correlated well with physicochemical measurements of both surface color and 
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hardness, and enabled one to select the antimicrobial edible coating 

containing natamycin and lactic acid as the best solution for cheese coating. 
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8. Future prospects 
The studies pursued in this PhD thesis possess a degree of novelty in 

what concerns formulation of the matrix developed; however, opportunities for 

further research exist, if the major goal is to send said packaging to the 

market. For instance, the inclusion of surfactants, emulsifiers and cross-linkers 

to obtain films and coatings with even better features, as well as 

nutraceuticals, flavors and colorants, is worthy of testing. However the 

interactions of such compounds with edible whey protein films and coatings 

should be studied in further depth.  

Due to their renewable origin, whey protein edible films and coatings 

constitute surely one of the futures of food packaging. However, such 

innovative materials are not expected to fully replace conventional food 

packaging materials on the short run – owing to cost, and to applicability only 

to products with limited barrier requirements. It is obvious that further work is 

needed to make such edible packaging a fully competitive alternative on the 

long run. Directions for development entail improvement of barrier and 

mechanical properties thereof, by applying nanocomposites obtained from 

natural polymers, or by using edible biofillers derived from renewable 

resources, e.g. natural fiber, starch and protein. It is expected that such edible 

and biodegradable packaging will be applicable with modified atmosphere as 

well – thus extending considerably their usage range.     

In terms of the film and coating production technique, one aspect 

requiring additional research for future scale-up is its efficient drying – that is 

fast enough to avoid damage of the surface of the film, without compromising 

the safety of the food, especially when applied on the surface of fresh 

products (in the case of coatings). 
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