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Abstract 

Consumer demand for fresh-like, sustainable, minimally processed, and clean label 

food products has been increasing significantly. However, removing chemical 

preservative and additives from food products significantly reduces their shelf life. To 

address this challenge, natural antimicrobial nanomaterials can be used to inhibit food 

spoilage microorganisms and extend the shelf life of food products. This thesis aims 

to investigate the development of nanomaterials of several of the most effective natural 

antimicrobial materials including; plant essential oils, antimicrobial polysaccharides, 

and organic acids and also aims to assess their antimicrobial activity and the 

application of these natural antimicrobials as coatings either directly or indirectly on 

food products.  

Chapter 1 reviews several of the most effective natural antimicrobials including; plant 

essential oils, antimicrobial polysaccharides, organic acids and bacteriocins and also 

aims to review the extrinsic and intrinsic factors that affect their antimicrobial activity, 

their mode of antimicrobial activity and the application of these natural antimicrobials 

as coatings either directly or indirectly on food products. Furthermore, this chapter 

also summarises some commercially available active packaging products and novel 

surface modification techniques that can be used to develop antimicrobial active 

packaging systems using natural antimicrobials. 

Chapter 2 evaluated the effects of the initial concentrations of chitosan (CS) and 

sodium tripolyphosphate (TPP), the CS:TPP mass ratio, the CS molecular weight 

(MW) and pH on the synthesis of CS nanoparticles (CS NPs). The particle size of the 

synthesised CS NPs was significantly affected (P <0.05) by these parameters. When 

higher concentrations of CS were used, application of external forces (tip sonication 
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were significantly (P<0.05) more effective compared to their organic acid salt 

counterpart with respect to both planktonic and biofilm cultures. However, biofilms 

of Staphylococcus aureus, Pseudomonas fluorescens and chicken microflora were 

significantly (P<0.05) more resistant to both organic acids salts and nano-solubilisates 

compared to the planktonic cultures.  

Finally, Chapter 7 provides a general overview of the conclusion of each chapter and 

an outlook to the future of the field. 
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1.1 Abstract 

Consumer demand for fresh-like, sustainable, minimally processed, and clean label 

food products has been increasing significantly. However, removing chemical 

preservative and additives from food products significantly reduces their shelf life. To 

address this challenge, antimicrobial active packaging systems which contain 

materials within or on the packaging that actively inhibit food spoilage 

microorganisms can be used to extend the shelf life of food products. This book 

chapter aims to review several of the most effective natural antimicrobials including: 

plant essential oils, antimicrobial polysaccharides, organic acids and bacteriocins and 

also aims to review the extrinsic and intrinsic factors that affect their antimicrobial 

activity, their mode of antimicrobial activity and the application of these natural 

antimicrobials as coatings either directly or indirectly on food products. Furthermore, 

this review will also summarise commercially available active packaging products and 

novel surface modification techniques that can be used to develop antimicrobial active 

packaging systems using natural antimicrobials. 

1.2 Introduction 

Global food security challenges such as an increasing global population (estimated to 

reach 9 billion by 2050), increasing rural to urban migration, climate change and the 

waste of packaged food through microbial decomposition and contamination are 

putting increased pressure on global food production. The Food & Agriculture 

Organisation (FAO) have estimated that one-third or over 1.3 billion metric tons of all 

edible food produced for human consumption is either lost or wasted annually 

throughout the supply chain (FAO, 2011). Given the resource intensive nature of 

growing, producing, processing, and packaging food products, this loss represent a 

significant cost to the food industry. Reducing food losses, minimising waste, and 
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1.3.1.1.1.2 Sonication of Essential Oil Emulsions 

High energy sonication with a frequency greater than 20 Hz has also been 

demonstrated to create nanoemulsions through an acoustic energy (Figure 1.3) (V. 

Ghosh, et al., 2013). This technique uses acoustic energy to create rapidly collapsing 

bubbles in solution which generates a high pressure gradient and high velocity in the 

liquid creating a shear force that will break up the coarse O/W emulsion into a 

nanoemulsion (V. Ghosh, et al., 2013).  

 

Figure 1.3 Schematic of high pressure homogenisation of essential oils 

nanoemulsions. 

1.3.1.1.2 Low Energy Techniques  

More recently, low energy techniques have been investigated such as Phase Inversion 

Temperature (PIT) or Emulsion Inversion Point (EIP). These techniques primarily use 

the manipulation of composition and temperature of an emulsion to change the 

surfactants physicochemical properties. These methods are seen as more commercially 

favourable as they require less energy to form to form an emulsion; however, are 

generally limited to use with small non-ionic surfactants (Komaiko, et al., 2016).  



Chapter 1: Natural Antimicrobials Materials for use in Food Packaging 
 

17 
 

1.3.1.1.2.1 Phase Inversion Temperature formation of Essential Oil 

Nanoemulsions 

Phase inversion temperature (PIT) uses the change in solubility of non-ionic 

surfactants as a result of changes in temperature to generate nanoemulsions (Figure 

1.4) (Moraes-Lovison, et al., 2017). At low temperature, the hydrophilic headgroup is 

fully hydrated; however, as temperature increases this hydrophilic headgroup becomes 

dehydrated and more hydrophobic resulting in a change of emulsion phase from O/W 

to W/O at which point rapid cooling results in ultrafine nanoemulsions. This technique 

takes advantage of the reduced interfacial tension at higher temperature which forms 

an intermediate bicontinous layer and when rapidly cooled the change in interfacial 

tension coupled with the turbulent flow results in nanoemulsions (Rao & McClements, 

2010; Walker, et al., 2015).  

 

Figure 1.4 Schematic of phase inversion temperature (PIT) formation of 

nanoemulsions 

1.3.1.1.2.2 Emulsion Inversion Point formation of Essential Oil Nanoemulsions 

In this method, the surfactant and oil are added first, followed by the gradual addition 

of the aqueous phase over time and under constant agitation (Figure 1.5). The gradual 

addition of water results in the W/O emulsion turning into an O/W emulsion at a 
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Figure 1.7 Schematic representation of the synthesis of chitosan nanoparticles from 

chitin 
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mode of antimicrobial action of CS is not fully understood (Rabea, et al., 2003), 

several modes of action have been proposed: 

i. Positively charged CS will interact with the negatively charged components of the 

bacterial cell wall, resulting in cytoplasm leakage from the microorganism (Dutta, 

Tripathi, Mehrotra, & Dutta, 2009). 

ii. Because of the strong chelating ability of chitosan, it is able to bind to metal ions 

such as Ni2+, Fe2+ or Cu2+ present in the cell inhibiting the growth of the 

microorganism (Raafat & Sahl, 2009). 

iii. CS may also form a layer over the bacterial cell that will inhibit the absorption of 

nutrients, therefore, causing cell death (Kong, et al., 2010)). 

iv. Low molecular weight CS has been proposed to be able to bind to DNA and inhibit 

RNA replication due to its ability to penetrate towards the nuclei of 

microorganisms (Rabea, et al., 2003). 

v. The mode of action may also be affected by the bacterial Gram stain as high 

molecular weight CS can form a film on Gram-positive bacteria  preventing uptake 

of nutrients while low molecular weight CS could interfere with cellular 

metabolism on Gram-negative bacteria due penetration of CS into the cell (Zheng 

& Zhu, 2003). 

CS can also reduce lipid oxidation reactions can that cause food quality deterioration, 

including: off-odours, off-flavours, nutritional losses, colour or textural changes and 

these changes can significantly reduce the consumer acceptability of  food products, 

increase the deterioration rate of food, decrease the shelf-life and lead to food losses 

(Lopez-de-Dicastillo, Alonso, Catala, Gavara, & Hernandez-Munoz, 2010; Tian, 

Decker, & Goddard, 2013). 





Chapter 1: Natural Antimicrobials Materials for use in Food Packaging 
 

42 
 

thin film containing the antimicrobial. Silver carp (H. molitrix) coated with chitosan 

retained good microbiological, chemical (pH, TBA, TVB-N, K-value), and sensory 

quality characteristics and extended the shelf life of this products during frozen storage 

at -3°C (W. J. Fan, et al., 2009). Similar results were reported for eel fillets dip coated 

in aqueous solutions of the extracted and commercial chitosan. The coating  did not 

affect significantly colour of eel fillets (except a* values); however, significant 

positive effects on sensorial and microbial qualities were observed on chitosan coated 

eel fillets compared to control samples and an extended shelf life of eel fillets was 

obtained when products were coated with chitosan (Küçükgülmez, Yanar, Gerçek, 

Gülnaz, & Celik, 2013). 

Edible coating have been applied onto various food products including  strawberries 

(Han, Lederer, McDaniel, & Zhao, 2005), mangoes (Jongsri, Wangsomboondee, 

Rojsitthisak, & Seraypheap, 2016), papaya (Dotto, et al., 2015), muscle based products 

such as frozen ready-to-eat (RTE) shrimp (M. Guo, Jin, Scullen, & Sommers, 2013), 

oysters (Rong, Qi, Yin, & Zhu, 2010), salmon (B. W. Souza, et al., 2010), Herring and 

Atlantic cod (You-Jin Jeon, 2002), RTE chicken balls, chicken seekh kebabs and 

mutton seekh kebabs (Kanatt, Rao, Chawla, & Sharma, 2013) and pork (Darmadji & 

Izumimoto, 1994) among other products. 

CS edible films can be manufactured through solvent casting and applied to food 

products; however, CS can also be combined with other biocompatible film forming 

polymers such as cellulose and/or NAMs. CS films containing a plasticiser (such as 

sorbital or glycerol) have been used to develop AAP films and it has been shown to 

have good antimicrobial activity against a wide range of spoilage and pathogenic 

microbes such as L. innocua, L. monocytognees, S. typhimurium, S. aureus and E. coli 
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an edible CS film then vacuum packed in polyethylene film bags. The shelf life of 

samples vacuum packed with CS films had a shelf life of 25 days compared to control 

samples which have a maximum shelf life of 5 days. 

As stated previously CS NPs favourable properties have seen it applied on foods such 

as: edible coatings (Pilon, et al., 2015), on cheese (O' Callaghan, et al.), coating shrimp 

(Y. B. Wang, et al., 2015) and as a carrier for other more volatile antimicrobials such 

as essential oils (Feyzioglu, et al., 2016) or as a feed additive for livestock (Y. Wang 

& Li, 2011). 

1.3.4 Organic Acids 

Organic acids occur naturally in many fruits or plants and are commonly used as a 

food preservative in the development of AAP. Commercially available organic acids 

include acetic, citric, lactic, succinic and tartic acids among others (Figure 1.9).  

Figure 1.9 Commonly used organic acids in the food industry 











Chapter 1: Natural Antimicrobials Materials for use in Food Packaging 
 

50 
 

conventional plastic-based food packaging. However, in vitro cultures were more 

susceptible to antimicrobials than food matrixes as the antimicrobials interact with the 

lipids and proteins present in food. 

Organic acids have also been used in conjunction with other antimicrobials to enhance 

shelf life of food products (hurdle approach). Schirmer, et al. (2009) packed fresh 

salmon with CO2 in brine with both citric acid and acetic acid and cinnamaldehyde 

and observed that no significant microbial growth after 14 days chilled storage (4°C 

compared to untreated salmon).  Wan Norhana, Poole, Deeth, & Dykes, (2012) used 

a combination of nisin, EDTA, and organic acids salts (sodium benzoate, potassium 

sorbate and sodium diacetate) with vacuum packaging on shrimp and found that during 

chilled storage (4°C) for 7 days the microbial spoilage was lower than that of control 

samples (vacuum packed only). Blana, Polymeneas, Tassou, & Panagou, (2016) 

packed fermented olives coated with brine (9%, w/v, NaCl), acidified with 2% (w/v) 

citric acid and 1.5% (w/v) ascorbic acid into polyethylene (PE) pouches and stored at 

4 or 20 °C for 357 days. It was observed that after this period the counts of 

Lactobacillus pentosus (B281) and Lactobacillus plantarum (B282) on olives were 

lower than control (only in PE pouch). Mastromatteo, Conte, Faccia, Del Nobile, & 

Zambrini, (2014) used a combination of MAP (75% CO2 / 25% N2) with alginate films 

loaded with potassium sorbate stored at 4 °C where shelf life of mozzarella cheese was 

extended to 160 days compared to unpackaged control shelf life of 52 days. 

Hurdle technology including AAP containing organic acids on packaging materials, 

have been used extend the shelf life of a wide variety of products such as buffalo meat 

(Malik & Sharma, 2014), cooked turkey meat (Contini, et al., 2014),  salami (Adela & 

Peter, 2014), sugar snaps (Van Haute, Uyttendaele, & Sampers, 2013), carrots 

(Pushkala, Parvathy, & Srividya, 2012), beef steak (La Storia, et al., 2012), French 
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containing nisin as an antimicrobial have been applied to extend the shelf life of a 

variety of food products such as strawberries (Duran, et al., 2016), dry cured ham 

(Hereu, Bover-Cid, Garriga, & Aymerich, 2012), bread (Balaguer, Lopez-Carballo, 

Catala, Gavara, & Hernandez-Munoz, 2013), cheese (Resa, Gerschenson, & Jagus, 

2014) and milk (Black, et al., 2005). 

Studies have shown nisin is effective as part of hurdle technology. Guo, Jin, Wang, 

Scullen, & Sommers, (2014) coated  edible antimicrobial coating solutions containing 

chitosan, lauric arginate ester (LAE) and nisin on PLA films and used these in 

combination with flash pressurisation to inactivate L. innocua inoculated RTE deli 

meat and found that L. innocua was significantly reduced. Nisin has been also used in 

combination with high pressure treatment (Black, et al., 2005), vacuum packaging 

(Neetoo, et al., 2008) and MAP (Economou, Pournis, Ntzimani, & Savvaidis, 2009) 

to preserve milk, salmon and chicken respectively. 

1.3.5 Comparison of Silver Nanoparticles and Food-derived Nanoparticles  

Compared to CS NPs, which is one of the most effective NAMs, silver nanoparticles 

(Ag NPs) have shown greater antimicrobial activity against pure culture and food 

derived microflora. When CS NPs and Ag NPs were tested against Gram-negative and 

Gram-positive bacteria it was found that; up to 4.7 times and 1.5 times more CS NPs 

were needed respectively to exhibit an antimicrobial effect comparable to Ag NPs. 

While both CS NPs and Ag NPs have a wide range of antimicrobial activity, Ag NPs 

were shown to have better antimicrobial activity against Gram-negative than Gram-

positive bacteria (Cruz-Romero, et al., 2013a; Cruz-Romero, et al., 2013b; O' 

Callaghan & Kerry, 2014). In general microflora derived from food such as: raw 

chicken, raw beef, cooked ham or cheese were more resistant than pure cultures and 

the resistance was dependent on the food from which the microflora was isolated. This 
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was explained by the fact that microflora derived from food are more complex systems 

with heterogeneous populations of Gram-positive and Gram-negative bacteria which 

may have different resistances to antimicrobials compared to pure cultures of bacteria 

(Azlin-Hasim, et al., 2016). The difference in antimicrobial resistances between Gram-

negative and Gram-positive can be explained by the properties of the bacterial cell 

membrane which are highly specific to the respective bacterial strain (Azlin-Hasim, et 

al., 2016). 

When Ag NPs and CS NPs were applied on real food products, a significant increase 

in the shelf life of these products was observed. Azlin-Hasim, et al. (2015) 

manufactured LDPE films containing 0.5 and 1 w/w% Ag via extrusion and applied 

these onto fresh chicken breasts fillets in combination with MAP (40 % CO2:60 % N2) 

to extend the shelf life of chicken breast fillets. These composite films were able to 

significantly increase the shelf life of chicken breast fillets from a control (without 

Ag) of 6 days to 8 days. Similarly, AAP systems have applied Ag NPs to extend the 

shelf life of a wide variety of food products including beef (Fernández, Picouet, & 

Lloret, 2010), rice (L. Li, et al., 2017) and eggs (Viswanathan, Priyadharshini, 

Nirmala, Raman, & Raj, 2016) among others. Likewise, CS NPs in AAP systems were 

able to extended shelf-life of food products as outlined in section 1.3.2.5.  

When compared to NAMs, the enhanced antimicrobial activity of Ag NPs could be 

due to the multi-target mode of action reducing the probability of microbes developing 

antimicrobial resistance. While exact mode of Ag antimicrobial action is unclear, 

several mechanisms have been proposed (de Azeredo, 2013) such as: the gradual 

release of metal ions has been reported to inhibit ATP production and DNA replication 

(Maillard, et al., 2013), damage to the cellular membrane through electrostatic 

interactions with thiol, phosphates, hydroxyls, indoles or amine in the cell impairing 
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Studies have reported that Ag can migrate from food contact materials into food 

matrices in above levels currently allowed; however, the degree of migration will 

depend on the technology employed to coat/manufacture the AAP systems and the 

concentration of antimicrobial used. Furthermore, extrinsic environmental factor such 

as temperature and time will also affect release of antimicrobial substances into the 

food product (J. C. Hannon, et al., 2016; Joseph Christopher Hannon, et al., 2016). 

1.4. Development of Active Packaging systems 

Numerous strategies have been developed for the delivery of NAMs into AAP 

systems; however, the physicochemical characteristic of NAM such as volatility and 

thermal sensitivity must be taken into account. Depending on the intended delivery 

method of the NAM to the food product, the development of AAP systems can be 

grouped into four different categories (Fang, et al., 2017; Paola Appendini, 2002): 1) 

incorporation of antimicrobial substances into a sachets/pads; 2) direct incorporation 

into polymeric packaging matrix; 3) coating the antimicrobial onto packaging 

materials surface and 4) using inherently antimicrobial film forming polymers (such 

as CS). 

1.4.1 Natural Antimicrobials incorporated into Sachets and Pads 

Carrier/emitter sachets and pads involves the adsorption of an antimicrobial compound 

into a carrier sachet or pad, contingent on the physicochemical properties of the NAM 

used and the antimicrobial activity of the sachets/pads can be either in direct contact 

with food products or through the release of volatile antimicrobials into the packaging 

headspace (Kerry, et al., 2006; Otoni, et al., 2016). Emitting sachets can be used 

impregnated a wide range of antimicrobials and one commercially as available product 

is EthicapTM which contains ethanol in silicon dioxide powder and released into the 

packaging headspace (Otoni, et al., 2016). Absorbent pads are widely used in modified 
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Chitosan Thyme, clove, 
cinnamon EO 

Agar diffusion 
method 

Solvent 
casting 

L. monocytogenes, S. 
aureus, S. enteritidis & 

P. aeruginosa 

P. aeroginosa & L. 
monocytogenes 
were the most 

resistant & most 
susceptible, 

respectively to EO 

(M. Hosseini, 
Razavi, & Mousavi, 

2009) 

Methyl 
cellulose 

Olive leave 
extract 

Agar diffusion 
method - kasar 
cheese enriched 

bacteria 

Solvent 
casting E. coli & S. aureus ~1.9-2.2 log 

reductions 
(Ayana & Turhan, 

2009) 

Carboxymethyl 
cellulose 
(CMC) 

Potassium 
sorbate 

Agar diffusion 
method 

Solvent 
casting 

A. flavus & A. 
parasiticus 

4% the maximum 
inhibition zone 

(Sayanjali, 
Ghanbarzadeh, & 
Ghiassifar, 2011) 

PVA Nisin 

Shelf-life - 
fermented 
sausage 
enriched 
Bacteria 

Solvent 
casting 

L. monocytogenes, 
Enterobacteriaceae, & 

LAB 

Reduction depends 
on the bacteria 

(Marcos, et al., 
2013) 

PLA/pectin Nisin 
Agar diffusion 
method/liquid 

culture test 

Twin-screw 
extrusion Lactobacillus plantarum 

Synergystic effect 
on with 

pectin/PLA + 
nisin, ~9 log 
reductions 

(L. S. Liu, et al., 
2007) 

LDPE Sorbic acid Shelf-life of 
pastry dough - 

Psychotropic, 
filamentous fungi & 

yeasts 
1 log reduction 

(Silveira, Soares, 
Geraldine, Andrade, 
& Goncalves, 2007) 
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extend shelf-life of food products is shown in Table 1.3. For non-volatile 

antimicrobials to be effective when applied these types of packaging systems  direct 

contact with the food surface is required, and since the NAM will have to diffuse from 

the packaging to the food, they need a relatively high concentration compared to the 

direct attachment onto the packaging surface which would require less NAM. 

1.4.3 Edible Coatings and Films 

Edible films and coatings are made from biodegradable, biocompatible and edible 

materials such as lipids (beeswax, shellac), polysaccharides (chitosan, alginate, 

cellulose) and proteins (casein, whey protein, gelatine) either individually or in 

combination to augment barrier properties (Lin & Zhao, 2007). Edible coatings are 

food grade suspensions which may be delivered by spraying or dipping directly onto 

the surface of the food product whereupon drying a clear thin layer over the food 

surface is formed. Edible films are film forming solutions that are usually cast over an 

inert surface, allowed to dry and then placed in contact with a food surface (Sanchez-

Ortega, et al., 2014). Film formation of edible coatings and films on food products is 

dependent on several factors including coating characteristics (composition, chemical 

structure, viscosity of the coating solutions, coating thickness, degree of crosslinking), 

coating processing conditions (temperature, pH, type of solvent), and type and 

concentration of additives (emulsifiers, plasticizers, or cross-linking agents) (Aloui, et 

al., 2016). 

To enhance functionality of edible coatings and films, NAMs are added, as NAM can 

be gradually released over time from these films and coatings. AAP edible coatings 

and films have been applied to preserve foods such as: strawberries (Garcia, et al., 

2012), mango (Jongsri, et al., 2016), papaya (Dotto, et al., 2015) and muscle foods 

such as chicken, beef, pork and salmon (Antoniewski, Barringer, Knipe, & Zerby, 
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1.4.7 Sol-Gel 

Hybrid inorganic-organic materials are a promising system for a variety of 

applications due to their properties based on the combination of different building 

blocks. The ideal procedure for the generation of hybrid inorganic-organic materials 

is the sol-gel process which involves a molecular precursor as a starting material, 

followed by the formation of oxide frameworks by hydrolysis and condensation 

reaction (Kickelbick, 2003). The sol-gel process is particularly attractive because it 

presents advantages such as high purity of reactants and final products, mild 

processing conditions and it is possible to control connectivity and morphology by 

suitable choice of reactants, catalyst and reaction conditions. Additionally, it is 

transparent due to the nano-sized organic and inorganic domains, easy to apply on any 

kind of substrates and easy inclusion of suitable organic or inorganic of active 

substances for the preparation of functional hybrid materials (Marini, De 

Niederhausern, et al., 2007).  

The disadvantage of the sol-gel process is that long reaction times are required to 

achieve a high cross-linking degree as sol-gel reactions are carried out under mild 

conditions. However, Geppi, et al. (2007) has proposed that the long reaction times of 

sol-gel could be reduced from 7 h to 1 min using microwave heating. The use of sol-

gel has the potential to modify the surface of polymer films without using any pre-

treatment and the coated materials have good adhesion onto the polymer film surface.  
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LDPE Sorbic 
acid/lacquer Coating Liquid culture 

test - 

E. coli, L. 
monocytogenes & 
Saccharomyces 

cerevisiae 

5.4-6.5 log 
reductions 

(Hauser, et 
al., 2011) 

PP/EVOH Lys Bioconjugation Liquid culture 
test/MIC 

UV 
irradiation 

Micrococcus 
lysodeikticus & L. 

monocytogenes 

0.95-1.34 log 
reductions 

(Muriel-
Galet, 

Talbert, 
Hernandez-

Munoz, 
Gavara, & 
Goddard, 

2013) 

PET Lys 
Sol-gel 

deposition - dip 
coating 

Agar diffusion 
method Cold plasma Micrococcus 

lysodeikticus 

Higher DIZ with 
the presence of 

Lys 

(Corradini, et 
al., 2013) 

Corn 
starch 

Peptide 
dermaseptin Coating Shelf-life - 

Cucumber - Moulds & Aerobic 
bacteria 

~1.3 log 
reductions 

(Miltz, 
Rydlo, Mor, 
& Polyakov, 

2006) 

LDPE Nisin Coating 

Agar diffusion 
method & milk 

enriched 
bacteria 

- Micrococcus 
luteus 

0.9-1.3 log 
reductions 

(Mauriello, 
De Luca, La 

Storia, 
Villani, & 
Ercolini, 

2005) 
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PP Nisin/protein Coating - Corona 
discharge - - (Lee, Son, & 

Hong, 2008) 

HDPE Nisin/organic 
acid/EDTA Coating Shelf-life - beef 

steak - 

TVC, 
Enterobacteriac 

eae, LAB, 
Pseudomonas spp. 

& B. 
thermosphacta 

~1 log reduction 
of TVC & > 3 
log reductions 

with MAP 

(La Storia, et 
al., 2012) 

Surlyn® Nisin-chitosan Coating 
Smoked salmon 

enriched 
bacteria 

- L. monocytogenes 0.9-2.1 log 
reductions 

(Ye, Neetoo, 
& Chen, 

2008) 

Zein/fibre Chitosan Electrospin- 
ning 

Liquid culture 
test - S. aureus > 4 log 

reductions 

(Torres-
Giner, Ocio, 
& Lagaron, 

2009) 

LDPE Enterocin Sol-gel 

Agar diffusion 
assay/Liquid 
culture test 

/food contact 
assay 

frankfurters & 
cheese 

- L. monocytogenes 

1.5 log 
reductions after 
72 h for liquid 
culture test, & 

decreased 
bacterial growth 
during storage of 

frankfurters & 
cheese 

(Iseppi, et al., 
2008) 
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Figure 1.11 Schematic of a jet nebulizer cup 

The most commonly used nebulizer are atomisers (also known as jet nebulizers) and 

the working principle of an atomiser is based on Bernoulli principle by which 

compressed gas (air or oxygen) is passed through a narrow orifice, creating a low-

pressure area at the adjacent liquid feed tube This evacuates the solution, with the 

antimicrobial being drawn up from the reservoir solution and aerosolises the 

antimicrobial materials into fine droplets (Figure 1.11) (Mukherjee, et al., 2017). 

Currently, most studies involving aerosolisation treatment systems have focused on 

organic acid sanitisers and disinfectants such as peroxyacetic acid and sodium 

hypochlorite due to their water solubility and broad antimicrobial activity and have 

been applied on to various fruits such as cherry tomatoes (Y. B. Jiang, et al., 2017) 

and strawberries (Vardar, Ilhan, & Karabulut, 2012). However, nanotechnology may 

allow for the increase in scope of materials that could be applied via aerosolisation 

due to their small size features which can be easily dispersed as a particle, colloid or 
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micelle in an aqueous solution. Nanotechnology is a broad interdisciplinary area of 

research, development and industrial activity that involves the manufacture, 

processing and application of materials that have one or more dimensions of the order 

of 100 nanometres (nm) or less (Chaudhry, et al., 2008). 

1.5. Conclusions 

Considerable progress has been made in developing NAMs as active agents for 

extension of the shelf-life of foods. Herein this chapter has summarised the field to 

date. It is clear that there are a number of potential strategies and materials for 

achieving significant effects.  However, one of the difficulties in this field is making 

direct comparisons of work from different laboratories since there is no uniform 

method of testing and no agreed standards on which to base quantitative comparisons. 

Furthermore, the possibility of a proper comparison is more complex because the 

spectrum of NAMs antimicrobial activity against pathogens varies depending in the 

climate in which they were grown and their geographical source (Calo, et al., 2015). 

Thus, it is hard to identify the most effective NAMs or combination thereof. 

The commercial uptake of AAP as an effective technology for reducing spoilage is 

somewhat limited. This is partly because of lack of quantitative data, a variety of 

processing methods and some of the challenges these bring, as well as both product 

and capital equipment costs. However, there are examples here where the benefits in 

terms of reducing spoilage and maintaining freshness can be cost-effective.  There are 

clear choices to be made, can these NAMs be directly applied to the food (Dotto, et 

al., 2015), applied into storage pads (Otoni, et al., 2016) or directly applied to 

packaging materials using either inclusion (Javidi, et al., 2016) or coatings (Goddard, 

et al., 2007). For effective inclusion of materials into polymers, the NAM and the 

polymer must share similar solubility parameters (Paola Appendini, 2002). If it is not 
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included in the polymer processing process (e.g. extrusion) than solvent swelling may 

be used but this may have a deleterious effect on the optical, barrier and mechanical 

properties of the polymer (Aloui, et al., 2016).  

Despite technical roadblocks, more widespread use of NAMs is expected.  As, for 

example, food security becomes ever more urgent, legislation increases and customer 

demand increases for fresh food, the need to find solutions to these roadblocks will 

become more pressing. However, for the reasons given above, there will be no single 

solution but instead a myriad of methods targeting product type, location and 

export/domestic requirements.  Niche applications will provide entry points to markets 

and there is the potential for innovation and the development and start-up of small and 

medium enterprises where the market can bear the cost of price differentials between 

the NAM technology and the established materials. There will be a constant need to 

improve both the materials (by combination with other NAMs, through size 

optimization, material properties (such as molecular weight, purity etc.)) as well as 

processing (coating, extrusion techniques etc.). Whilst this is becoming a well-

established area of research, it is only to be expected that the research effort will be 

magnified in both academic and industry laboratories. 

1.6. Thesis Aims and Rationale 

The aim of this thesis was to develop natural antimicrobial nanomaterials from food-

derived sources and to apply these antimicrobial materials onto food products to 

enhance shelf-life. Currently, one of the main methods for food preservation is through 

the use of chemical preservatives but the use of these preservative have come under 

increased scrutiny due to their potential to have long term adverse effects on health 

(e.g. nitrate and nitrites). Similarly, metal ion nanoparticles as antimicrobial agents in 

food systems have been widely reported on; however, an increased number of studies 
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the wide variety of microorganisms that exist on fish products. To the best of our 

knowledge, none have reported on the application of NAM nanomaterials on fish 

products elsewhere. In fact, this method several advantages over conventional coating 

methods as firstly: it uses small volumes of antimicrobial solution, has good coverage 

on the food product surface, and is directly applied to the food surface without affect 

the proximal composition properties of the food product. The application of CS 

materials using aerosolisation, as part of a hurdle strategy, was covered in chapter 3 

while the application of oregano nanoemulsions was covered in chapter 4. Finally in 

chapter 5, an alternative method to incorporate oregano into food systems was 

investigated. In this method, the oregano essential oil was directly loaded into a 

siliceous reservoir that has been attached to a surface.  

Overall, this thesis aims to develop various natural antimicrobial nanomaterials for 

food packaging applications and in particular:  

�x Develop nanomaterials from different NAM sources and to assess their 

physicochemical properties 

�x Assess their antimicrobial activity against common Gram-negative and 

Gram-positive food spoilage microorganisms. 

�x Develop an aerosolisation method for the NAM treatment of food products as 

part of a hurdle strategy 

�x To investigate the shelf-life enhancement using aerosolisation as an 

antimicrobial active packaging technology 

�x To develop a siliceous reservoir attached to a surface, for oregano oil 

loadings 

�x To investigate the effect of commercially-available organic acid nano-

solubilisates against planktonic and biofilm cultures 
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2015), through reverse micelle medium methods (Kafshgari, Khorram, Mansouri, 

Samimi, & Osfouri, 2012) or through the polymerisation of CS with methacrylic acid 

(PMAA) to make CS-PMAA NPs (de Moura, Aouada, & Mattoso, 2008). Top-down 

techniques have also been employed such as the wet milling process (Zhang, Zhang, 

& Xia, 2012) and high intensity ultrasound (Souza, et al., 2013).  

Currently the most widely used synthesis of CS NPs is through ionic gelation (Calvo, 

Remuñan-López, Vila-Jato, & Alonso, 1997), a bottom-up process whereby an anionic 

crosslinker such as sodium tripolyphosphate (TPP) is added to a solution of CS 

whereupon CS and TPP self-assemble into CS NPs. While many anionic crosslinkers 

such as glutaraldehyde (a toxic substance) can be used, TPPs favourable properties 

such as its biocompatibility and biodegradability make TPP a more suitable 

crosslinker for food applications. A facile top-down approach to particle size reduction 

is through the application of high intensity sonication techniques which reduce the 

overall particle size either through physical breakdown (cavitation mechanism) 

(Gokce, Cengiz, Yildiz, Calimli, & Aktas, 2014) or through free radical initiated 

polymer degradation (random schism model) (Wu, Zivanovic, Hayes, & Weiss, 2008). 

Recent studies have reported increasing applications of CS NPs directly on food 

products and packaging materials as an antimicrobial in edible coatings (Pilon, et al., 

2015), against cheese microflora (O' Callaghan & Kerry), as a coating on Pacific 

whiteleg shrimp (Y. B. Wang, et al., 2015)and on red meats (Park, Marsh, & Dawson, 

2010). Furthermore, due to CS NPs strong chelation ability they have been used as a 

carrier for both volatile antimicrobials such essential oils or extracts and polyphenols 

(Feyzioglu & Tornuk, 2016; Madureira, et al., 2015) and in combination with metal 

ion nanoparticles such as silver and copper (Du, Niu, Xu, Xu, & Fan, 2009; Tran, et 

al., 2010; Zain, Stapley, & Shama, 2014). These type of composite NPs have been 
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Table 2.1 Effects of pH and chitosan molecular weight on the particle size distribution, 

polydispersity index and zeta potential during synthesis of chitosan nanoparticles 

synthesised from 0.1 % w/v low or medium molecular weight chitosan at pH 2.8, 4.6, 

or 5.5 using 3:1 CS:TPP mass ratios.* 

 
Particle size 

distribution (nm) 
PDI 

Zeta potential 

(mV) 

A: MW    

L.MW 120.057a 0.266a 29.46a 

M.MW 186.006b 0.481b 26.21b 

B: pH    

pH2.8 224.042a 0.679a 44.14a 

pH4.6 104.793b 0.235b 25.96b 

pH5.5 130.258c 0.207c 13.39c 

Interaction (A × 

B) 
   

L.MW,pH2.8 143.07 ± 2.46a 0.462 ± 0.007a 42.28 ± 186a 

L.MW,pH4.6 92.92 ± 6.69b 0.155 ± 0.038b 30.15 ± 2.45b 

L.MW,pH5.5 120.58 ± 10.82c 0.173 ± 0.017c 15.93 ± 1.20c 

M.MW,pH2.8 305.02 ± 27.82d 0.896 ± 0.036d 46.00 ± 1.52d 

M.MW,pH4.6 113.07 ± 8.09e 0.307 ± 0.067e 21.80 ± 1.98e 

M.MW,pH5.5 139.93 ± 9.09f 0.242 ± 0.049f 10.84 ± 0.77f 

LSD 3.122 0.0096 0.405 

*All values are means of triplicate measurements from two independent experiments 
(n=6)  
a,b,c,d,e,f different subscripts in the same column indicate significant differences (P< 
0.05). 
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in a complex manner. The 6:1, 3:1 and 1:1 CS:TPP mass ratios (maintaining a constant 

CS concentration of 0.1 % w/v (Table 2.2)) indicated that the most stable CS:TPP 

mass ratio for the formation of CS NPs was 3:1 since CS NPs formed using this mass 

ratio had the smallest average particle diameter (90.5 nm) and PDI (0.164) while 

having the highest zeta potential (30.15 mV). This represents the basic CS NP colloid 

unit and when parameters (such as mass ratio or concentration) are changed, 

aggregation of CS NPs into larger agglomerates occurs. Comparatively, mass ratios of 

6:1 and 1:1 showed significantly (P < 0.05) larger PDI values and lower zeta potential 

measurement (Table 2.2) while 1:1 samples also had significantly (P<0.05) larger 

particle size distribution than 3:1 and 6:1 samples. A study carried out by Antoniou et 

al. (Antoniou, et al., 2015) used concentrations of 0.5 mg mL-1 L. MW CS and 0.7 mg 

mL-1 TPP in different mass ratios to synthesise CS NPs and found that the CS NPs 

particle size distribution decreased when the mass ratio CS:TPP up to 9:1 was used; 

however, when larger concentration of CS than 9:1 mass ratios were used, larger CS 

NPs were formed.   

In this study, CS NP solutions made using a mass ratio of 6:1 were transparent while 

solutions made using a 3:1 mass ratio were slightly opaque; however, solutions with a 

mass ratio of 1:1 were turbid and large agglomerates were observed (Figure 2.2). Since 

CS NPs are polymers, their nucleation mechanism of formation will differ if compared 

to metallic ion nanoparticles. (Rathi & Gaikar, 2017) reported that higher CS 

concentration leads to the generation of many nuclei; however, these nuclei have 

higher growth rates due to repulsion between the CS chains and result in the formation 

of bigger CS NPs.   
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Table 2.4 Effect of tip sonication treatment on the particle size distribution, 

polydispersity index and zeta potential of freeze-dried of chitosan nanoparticles 

synthesised from 0.1 % w/v low molecular weight chitosan at pH 4.6 using a 3:1 

CS:TPP mass ratios dissolved at pH 7, 4.6 or 3.* 

 

Particle Size 

Distribution 

(nm) 

PDI 
Zeta Potential 

(mV) 

0.1 % w/v CS NPs 

(Freeze-dried, pH 7) 
1287.92 ± 424.55a 0.855 ± 0.109a 13.07 ± 12.87a 

0.1 % w/v CS NPs 

(Freeze-dried, pH 4.6) 
317.55 ± 71.08b 0.350 ± 0.045b 22.68 ± 1.79b 

0.1 % w/v CS NPs 

(Freeze-dried, pH 3) 
677.27 ± 109.08c 0.693 ± 0.05)2c 39.73 ± 0.98c 

*All values are means of triplicate measurements from two independent experiments 

(n=6) 

a,b,c, Mean values in the same row with different superscripts are significantly different 

(P< 0.05). 

2.4.2 Morphological and Topographical Analysis of Chitosan Nanoparticles  

The morphological features of native L. MW CS and CS NPs synthesised using 

bottom-up and top- down techniques are shown in Figure 2.3 while topographical 

features of 0.1 and 0.5 % w/v L. MW CS NPs made using L. MW CS at pH 4.6 are 

shown in Figure 2.4. Native L. MW CS at an initial concentration of 0.1 % w/v has 

semi-crystalline nature with a fibril and irregular morphology and a wide particle size 

distribution (Figure 2.3.a). CS NPs synthesised through a bottom-up self-assembly 
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process using an initial concentration of 0.1 w/v% L. MW CS at pH 4.6 using a 3:1  

CS to 0.1 % w/v TPP mass ratio had a regular spherical morphology and a 

monodisperse particle size distribution typical of rapid solution processing (Figure 

2.3.b). However, when the initial concentration of CS was increased to 0.5 % w/v 

agglomeration of CS NPs was observed (Figure 2.3.c).  Therefore, tip sonication was 

applied to CS NPs and resulted in NP with rod-like morphologies and a significant 

particle size reduction and an increase in monodispersity (Figure 2.3.d). Furthermore, 

CS NPs synthesised using 0.5 % w/v CS also showed larger average particle diameter 

Figure 2.3 SEM micrograph of native low molecular weight chitosan (a), 0.1 % w/v 

chitosan nanoparticles (b), untreated 0.5 % w/v chitosan nanoparticles (c) and tip 

sonicated treated 0.5 % w/v chitosan nanoparticles. Chitosan nanoparticles were 

synthesised from low molecular weight chitosan at pH 4.6 using a 3:1 CS:TPP mass 

ratio. 
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compared to NPs synthesised using 0.1 % w/v CS. For AFM analysis, due to the 

irregular and large size features of native CS, topographical imaging was carried out 

only on 0.1 and 0.5 % w/v CS NPs and the results showed that the average particle 

diameter of CS NPs were 26.59 and 34.18 nm, respectively (Figure 2.4). The particle 

size obtained using AFM analysis was up to 70.6 or 92.2 % smaller for 0.1 and 0.5 % 

w/v CS NPs, respectively than the results obtained by the Zetasizer. Due to the 

hygroscopic nature of the CS NPs, apparently the drying effect of absolute EtOH used 

as dispersant of the CS NPs significantly (P < 0.05) reduced overall particle size 

obtained using the AFM compared to the particle size obtained using the 

hydrodynamic analysis technique. This results suggests that CS NPs are extremely 

Figure 2.4 AFM images (2 × 2 µm) of 0.1 (a) and 0.5 (b) w/v% chitosan nanoparticles 

synthesised from low molecular weight chitosan at pH 4.6 using a 3:1 CS:TPP mass 

ratio showing both 2D and 3D topographical images 
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the potential ability to interact with bacterial cell component reducing the 

antimicrobial activity of the CS NPs. Furthermore, when CS and CS NPs were 

compared on a percent weight by weight basis (% w/w), the concentration of CS in 

CS NPs was lower due to a different structural composition of CS NPs and native CS 

as CS NPs have in their structure antimicrobial CS and TPP as they were synthesised 

using a 3:1 (CS:TPP) mass ratio which may decrease  the antimicrobial activity of CS 

NPs if compared to a similar weight of native CS. In addition the different structural 

composition of CS NPs may perhaps explain the reduced toxicity of CS NPs as (Y. 

Wang, et al., 2016) found that CS NPs were less toxic than native CS and as reported 

herein native CS and CS NPs have the similar antimicrobial activity which may 

apparently make the application of CS NPs in food more favourable compared to CS 

(Y. Wang, et al., 2016). Nevertheless, studies have reported that CS NPs showed 

enhanced antimicrobial properties compared to their non-nano equivalents (Ngan, et 

al., 2014; Qi, et al., 2004).  Enhanced antimicrobial activity of CS NPs was attributed 

to the increased surface area compared to their bulk counterpart thus allowing more 

interaction with the bacterial cell components (Maillard & Hartemann, 2013). 

Additionally, it has been reported that the antimicrobial activity of native CS is not 

only affected by pH and MW but also by other intrinsic and extrinsic factors such as 

degree of deacetylation (DD) of CS and bacterial type (e.g. Gram stain). The effects 

of the DD on the antimicrobial activity of CS were reported to be due to the greater 

number of amine groups that can be protonated (Li, Wu, & Zhao, 2016). In general an 

increased DD was reported to have an increased antimicrobial activity; however, when 

DD > 85 %, antimicrobial efficacy of CS does not significantly increase (Li, et al., 

2016). The Gram strain of the bacteria has also been reported to affect CS 

antimicrobial efficacy. Herein, within the Gram-negative bacteria tested P. fluorescens 
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was the most susceptible to native CS compared to E. coli. Concerning Gram-positive 

bacteria, it was found that B. cereus was more susceptible to native CS than S. aureus. 

It has been reported that Gram-negative bacteria such as Pseudomonas spp. are more 

susceptible due to polycationic CS that can compete with stabilising divalent metals 

(e.g. Mg2+, Ca2+) in the cell wall of Gram-negative bacteria leading to structural 

destabilisation (Cruz-Romero, et al., 2013). However, other studies have reported that 

CS is more antimicrobially active against Gram-positive bacteria such as S. aureus 

due to CS ability to form linkages with lipoteichoic acid on the cell surface of Gram-

positive bacteria, disrupting membrane functions (Goy, Morais, & Assis, 2016). 

Regarding CS NPs, Gram-positive bacteria such as B. cereus may show less 

susceptibility owing to the positive zeta potential of CS NPs hindering interaction with 

Figure 2.7 Effects of pH (2.8, 4.6 or 5.5) or molecular weight (low or medium 

molecular weight) of chitosan and low molecular weight chitosan nanoparticles at pH 

4.6 on the antimicrobial activity (Minimum inhibition concentration (mg mL-1)). 
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3.1 Abstract  

The objectives of this study were to investigate the effectiveness of aerosolisation as 

a novel coating method of nano and non-nano natural antimicrobials solutions of 

chitosan (CS), chitosan nanoparticles (CS NP) and commercially available carnosolic 

acid nano-solubilisate (CASB) as an additional hurdle to extend the shelf-life of 

vacuum skin packaging (VSP) European Hake (Merluccius merluccius) fillets caught 

off the Irish sea. The aerosolisation of hake fillets with natural antimicrobial solutions 

of 0.1 % w/v CS, 0.1 % w/v CS NP, or 0.8 % w/v CASB extended significantly 

(P<0.05) the shelf-life of VSP hake fillets by up to 40, 50 and 55 %, respectively 

compared to untreated control samples. The pH of hake fillets was significantly 

increased by CS and CS NP treatments compared to untreated control and CASB 

treatments. The colour parameters of treated hake fillets increased significantly 

throughout storage, independent of treatment; however, lightness was significantly 

(P<0.05) reduced by CASB treatments, redness was significantly (P<0.05) increased 

by CS NP treatments, and yellowness was significantly (P<0.05) increased with all 

CS, CS NP, and CASB treatments. In addition, the whiteness index (WI) of hake fillets 

was reduced significantly (P<0.05) when aerolised with CS, CS NP, and CASB 

treatments. The lipid oxidation (TBARS) of hake fillets, independent of the 

antimicrobial treatment, decreased significantly (P<0.05) throughout storage. The 

results from this study indicates that aerosolisation of natural antimicrobial materials 

can effectively extend the shelf-life of fish products.  

3.2 Introduction 

Hake fillets (Merluccius merluccius) are a prime fish product, predominantly 

consumed in European markets. However, hake, like many other fish products, are 
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hydroxide (NaOH) and sodium tripolyphosphate (TPP) were purchased from Sigma-

Aldrich (St. Louis, MO, USA) and used as received. NovaSOL® Rosemary, a 

commercially available novel water and fat soluble 6% carnosolic acid nano-

solubilisate (CASB) was obtained from AQUANOVA ® (AQUANOVA AG, 

Darmstadt, Germany). Media for microbiological analysis including: plate count agar, 

De Man, Rogosa and Sharpe (MRS) agar and Pseudomonas Agar Base with selective 

supplement CFC (cetrimide, fucidin, cephaloridine) (SR0103) were purchased from 

Oxoid, Trytic Soy Agar was purchased from Merck and Compact Dry-EC 

chromogenic plates were obtained from Nissui Pharmaceutical (Co. Ltd. Japan). 

Lyngby agar was made using (g L-1): peptone (20), bacteriological agar (15), sodium 

chloride (5), sodium thiosulfate (0.3), yeast extract (3), beef extract (3), L-cysteine 

(0.6) and ferric citrate (0.3) which were all purchased from Sigma Aldrich.  

3.3.2 Preparation and Aerosolisation of Antimicrobials onto Hake Fillets 

3.3.2.1 Preparation of Natural Antimicrobial Solutions 

Solutions of 0.1 % L. MW CS and CS NP were prepared as previously outlined by (D. 

J. Sullivan, et al., 2018).  Briefly, 0.1 % CS solutions were prepared by dissolving CS 

in a 1 % v/v aqueous acetic acid solution and then the pH adjusted to 4.6. CS NPs were 

prepared by dissolving L. MW CS into 1 % v/v aqueous acetic acid solution 

whereupon TPP was added in a 3:1 CS:TPP ratio and subsequently the pH of the 

solution was adjusted to 4.6 using 1 M NaOH. For the nano-solubilisate, the 6 % 

CASB was heated to 40°C prior to diluting with sterile distilled water to a final 

concentration of 0.8% of the active component (carnosolic acid) as this was the highest 

aerosolisable concentration.  
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3.3.2.2 Preparation, Aerosolisation and Vacuum Skin Packaging of Hake Fillets 

Using a sterile knife, hake fillets were cut into ca. 150 g portions and then four pieces 

of the portioned fish were individually placed on a sterilized custom designed grated 

shelf that was placed inside a specially modified 7 L container (Sistema, New Zealand) 

to hold the fish fillets and allow the permeation of the aerosolised antimicrobials on 

the surface of the hake fillets (Figure 3.1). The lid of the container was tightly closed 

and 10 mL of 0.1 % w/v CS, 0.1 % w/v CS NP or 0.8 % CASB antimicrobial solutions 

were loaded into the receiver cup of the atomiser nebuliser (3A, Lonato del Garda, 

Italy) and aerosolised for 30 min at a rate of 0.35 mL min-1. The aerosolised hake 

fillets were then removed aseptically from the chamber, and individually placed onto 

a recyclable polyethylene terephalate (rPET/PE) tray (590 mm × 390 mm × 475 mm; 

ES Plastic GmbH & Co KG, Germany) and then vacuum skin packed with a 

coextruded SkinFreshTop 80 PE/EVOH/PE film (oxygen permeability of < 5 cm3 m-2 

dbar) using an ILPRA FP Basic VG machine (Vigevano, Italy). VSP hake fillets were 

stored at 4 °C until use and sampling was carried out every three days and for each 

sampling day, two trays were randomly selected for microbiological and 

physicochemical analysis. The whole experiment was repeated independently three 

times and results are the average of 6 replicates. 

Figure 3.1 Schematic set up of the aerosolisation apparatus 
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reported that variations in the initial pH values on fish may be affected by the species 

of fish, season, and diet, level of activity or stress during the catch as well as type of 

muscle (Ocano-Higuera, et al., 2011).  

3.4.3 Colour of Hake Fillets during Storage 

The effect of control, CS, CS NPs or CASB treatments on the CIE L-value (lightness), 

a-value (redness), b-value (yellowness) and whiteness index (WI) of hake fillets can 

be seen in Figure 3.3. During storage, independent of the treatment used, lightness (L-

values) were found to increase significantly (P<0.05) until day 9, after which the 

lightness began to decrease. In addition, CS, CS NP or CASB treated hake fillets were 

observed to be significantly (P<0.05) darker than untreated control hake fillets and a 

significant (P<0.05) difference between CS and CS NP or CASB treated hake fillets 

was observed. Lower lightness of CS and CS NP treated hake fillets may perhaps be 

due to the low pH  of the solutions used as CS and CS NP were dissolved in 1% acetic 

acid solution before aerosolisation treatment which may resulted in the leaching of 

muscle pigments (Mohan, Ravishankar, Lalitha, & Srinivasa Gopal, 2012). In relation 

to CASB, the dark brown/olive colour of the aerosolisable solution may perhaps be 

reducing the lightness on the hake fillet surface (Figure 3.3 a.). Regarding redness (a-

values), independent of the treatment used, the a-values decrease significantly 

(P<0.05) after day 9 (Figure 3.3 b). Moreover, CS NPs treated hake fillets had 

significantly (P<0.05) higher a-values compared to untreated control, CS or CASB 

treated hake fillets and may perhaps be due to the strong chelating ability of CS NPs 

coordinating to pro-oxidant materials decreasing lipid oxidation (Yen, Yang, & Mau, 

2008) while also increasing the stability of any red pigments present (Sickler, Claus, 

Marriott, Eigel, & Wang, 2013). Furthermore, it has been reported that the TPP 

component of CS NPs can improve redness, potentially due to it delaying the 
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the TBARS remained below the 1.5 mg MDA kg-1 limit beyond which fish will 

normally develop objectionable odours/tastes (M. Cruz-Romero, Kelly, & Kerry, 

2008); however, other authors such as Ojagh, et al., (2010) have suggested that this 

limit may even be as high as 5 mg MDA/kg for fresh fish. The results reported in this 

study are in agreement with the results reported by Garcia-Soto, et al., (2013) who 

found that lipid oxidation is not an important deterioration parameter during chilled 

storage of lean white fish species such as hake fillets.  

3.4.5 Microbiological Analysis of Hake Fillets 

From a microbiological perspective, the upper acceptable limit for the TVC of fish 

products is 7 log CFU g-1 (Carrion-Granda, et al., 2018). However, in this study, a 

TVC value of 6 log CFU g-1 was set as the maximum limit of acceptability. The effect 

of antimicrobial treatments in combination with VSP stored at 4°C on the microbial 

counts of TVC, anaerobes, psychrotrophs, Pseudomonas spp., H2S-producing 

bacteria, LAB, E. coli, and coliforms are shown in Figure 3.5. Over the storage period, 

a significantly (P<0.05) lower bacterial population of TVC, anaerobic and coliform 

bacteria was observed in hake fillets that were aerolised with CS, CS NP or CASB 

compared to untreated control hake fillets. While higher microbial populations of 

LAB, Pseudomonas spp., psychrotrophs, E. coli, and H2S-producing bacteria were 

observed in untreated control treatments compared to CS, CS NP or CASB treated 

hake fillets; however, these differences were not found to be statistically significant 

(P>0.05). 

Regarding TVC, the initial bacterial count for control hake fillets was 4.40 log CFU 

g-1, while the TVC for hake fillets immediately after treatment with CS, CS NP or 

CASB, were 4.15, 4.15 and 4.04 log CFU g-1, respectively (Figure 3.5 a.). However, 

the initial microbial count found in this study was relatively high compared to the 
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initial TVC of untreated hake fillets caught off the Galician Atlantic coast (North-

Western Spain) which was 2.46 log CFU g-1(Garcia-Soto, et al., 2013). The higher 

initial TVC of hake fillets observed herein may perhaps be due to poor handling 

practises post-mortem such as: manual processing, handling, storage conditions, the 

skinning process, the time taken to reach the fishery plant, and the hygiene condition 

of the fishery/processing plant during harvesting (Carrion-Granda, et al., 2018; Günlü, 

et al., 2013). Untreated control hake fillets reached the set limit of acceptability on day 

6; however, hake fillets treated with CS, CS NP or CASB reached the acceptability 

limit after 8, 8.5 and 9 days of storage, respectively. This represents a significant 

(P<0.05) extension of the shelf-life of CS, CS NP, and CASB treated hake fillets upon 

untreated control fillets of 41, 50 and 55 %, respectively. The longest shelf life was 

obtained on hake samples treated with CASB; however, this shelf life extension was 

not significantly different compared to hake fillets treated with CS or CS NPs. While 

it has been widely reported that CS and CS NPs are more effective antimicrobials 

materials than essential oil based antimicrobials (L. Wang, et al., 2011), the increased 

shelf life observed in hake fillets treated with CASB may be due to the higher 

concentration of CASB used compared to fillets treated with CS or CS NPs in order 

to exhibit a similar antimicrobial response. However, possible application of a higher 

concentration of CS or CS NPs solutions for aerosolisation may be required to be 

studied to increase antimicrobial activity; however, concentration increases of CASB 

are limited as higher concentrations than 0.8 % are difficult to aerosolise due to an 

increased viscosity of the solution.  

With respect to anaerobic microbial population, a statistical (P<0.05) difference 

between untreated control and CS, CS NP or CASB treated hake fillets was observed 

(Figure 3.5 b.). The initial anaerobic bacterial count was 6.20, 5.49, 5.43, and 5.46 log 
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CFU g-1 for untreated control, CS, CS NP, and CASB treated hake fillets, respectively. 

The initial microbial count of anaerobic bacteria observed herein was high, as other 

authors such as, Perez-Alonso, et al., (2004), who packaged and stored Atlantic 

pomfret (Brama brama) using VSP at 4 °C found that the initial anaerobe colonies 

was 4.11 log CFU g-1. The high initial loadings may perhaps be due afore mentioned 

handling conditions. Nonetheless, a significant (P<0.05) reduction in the anaerobic 

population of CS, CS NP or CASB treated hake fillets were observed compare to 

untreated control hake fillet samples.  

Regarding psychrotrophic bacteria, results indicate that untreated control hake fillets 

had greater spoilage compared to CS, CS NP and CASB treated hake fillets; however, 

this difference was not statistically significant (P>0.05) (Figure 3.5 c.). In addition, it 

was reported that the rate of growth of psychrotrophic bacteria over the storage period 

was higher compared to TVC and may perhaps be due to the chilled storage of hake 

fillets at 4 °C  preferentially encouraging the growth of psychrotrophic bacteria over 

mesophilic bacteria (TVC) (Azlin-Hasim, et al., 2015).  

Similarly, results from Pseudomonas spp. bacteria, indicate that  untreated control 

hake fillets had higher microbial spoilage compared to CS, CS NP and CASB treated 

hake fillets; however, this was not a statistically significant (P>0.05) difference 

(Figure 3.5 d.).From a microbiological perspective the upper limit of 7 log CFU g-1 

for Pseudomonas spp. (Shahbazi, et al., 2018) bacteria  was not  surpassed until day 6 

for untreated control hake fillets and  day 12 for CS treatments while neither CS NP 

or CASB treated hake fillets surpassed the upper limit perhaps due to the antimicrobial 

effect of the treatments.  
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3.5 Conclusions 

Results obtained herein indicate that the microbiological and physiochemical properties 

of hake fillets aerosolised with CS, CS NP or CASB antimicrobial coating solutions as 

part of a hurdle strategy significantly (P<0.05) enhanced shelf life in comparison to 

control treated hake fillets. The best shelf life was observed using CASB treatments which 

increased the shelf life by up to 50 % upon control treatments. The physiochemical 

properties were also improved after the application of aerosolised antimicrobial materials 

and without a significant effect on the proximate composition of hake fillets. Therefore, 

aerosolisation treatment of hake fillets with NAM antimicrobial solutions was an effective 

hurdle in VSP packed hake fillets. This research highlights the potential of aerosolisation 

treatments which require small volumes of antimicrobial solutions, give good coating 

coverage, and have a minimal impact on physiochemical parameters such as proximal 

analysis. Moreover aerosolisation treatment could be a suitable method to treat a diverse 

range of high value or perishable food products including: fruits, vegetables, chicken, beef 

and seafood. Additionally, the shelf extension from aerosolisation treatments could be 

further improved upon through the manipulation of aerosolisation parameters such as flow 

rate, antimicrobial solution concentration and exposure times and use of other 

antimicrobial nanomaterial solutions such as EO nanoemulsions and these require further 

studies. Overall the results of this study demonstrate that the aerosolisation treatments of 

nano and non-nano natural antimicrobial materials are an effective hurdle to extend the 

shelf-life of hake fillets. 
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by physicochemical properties of the oil and emulsifier, their relative concentrations to 

each other, the interfacial tension and viscosity and these factors will also influence the 

amount of energy required to form nanoemulsions (Donsì & Ferrari, 2016; Komaiko & 

McClements, 2016). Regarding their stability, nanoemulsions are more stable than 

microemulsions as they are less susceptible to the effects of gravitational forces and 

sedimentation due to greater Brownian motion and diffusion rate, however, they are more 

susceptible to Ostwald ripening (McClements, 2011; Tadros, Izquierdo, Esquena, & 

Solans, 2004). Nevertheless, the application of EO nanoemulsions on food products has 

steadily increased in recent years and they have been applied or incorporated on various 

food products, such as: lettuce via dip-coating (Bhargava, Conti, da Rocha, & Zhang, 

2015), green beans using spray-coating (Severino, et al., 2015), milk (Hilbig, Ma, 

Davidson, Weiss, & Zhong, 2016), chicken pate (Moraes-Lovison, et al., 2017) and on 

chicken breast as an edible coating (Noori, et al., 2018). 

Additionally, the unique physicochemical properties of nanoemulsions, such as their 

nano-scale droplet size make them ideal candidate materials for application via 

aerosolisation. Aerosolisation is defined as the dispersion of a liquid material into air, in 

the form of fine mist, usually for sanitary purposes, especially for respiratory medical 

treatments and room disinfection (Andersen, et al., 2006). This type of delivery offers a 

number of advantages, including relative ease of application and higher surface coverage 

owing to the small droplet size compared to conventional spray-coating size (Jiang, et al., 

2017). Currently, this treatment method has been limited to organic acid sanitisers and 

disinfectants, such as peroxyacetic acid and sodium hypochlorite, due to their water 
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4.3.5 Preparation and Aerosolisation of Antimicrobials onto Hake Fillets 

4.3.5.1 Preparation of Oregano Essential Oil Nanoemulsion Solution 

From the results of this study, T20-OEO (1:1) was chosen as the antimicrobial solution 

for nebulisation due to its small droplet size and good antimicrobial activity and was 

formulated as outlined previously. 

4.3.5.2 Preparation, Aerosolisation and Vacuum Skin Packaging of Hake fillets  

Using a sterile knife, hake fillets were cut into ca. 150g portions and then four pieces of 

the portioned fish were individually placed on a sterilized custom designed grated shelf 

that was placed inside a specially modified 7L container (Sistema, New Zealand) to hold 

the fish fillets and allow the permeation of the nebulised antimicrobials on the surface of 

the hake fillets. The lid of the container was tightly closed and 10mL of T20-OEO (1:1) 

antimicrobial solution was loaded into the receiver cup of the atomiser nebuliser (3A, 

Lonato del Garda, Italy) and nebulised for 30min at a rate of 0.35 mL min-1. The nebulised 

hake fillets were then removed aseptically from the chamber, and individually placed onto 

a recyclable polyethylene terephalate (rPET/PE) tray (590mm × 390mm × 475mm; ES 

Plastic GmbH & Co KG, Germany) and then vacuum-skin packed with a coextruded 

SkinFreshTop 80 PE/EVOH/PE film (oxygen permeability of <5cm3 m-2 day at standard 

pressure and temperature) using an ILPRA FP Basic VG machine (Vigevano, Italy). VSP 

hake fillets were stored at 4°C until use and sampling was carried out every three days 

and for each sampling day, two trays were randomly selected for microbiological and 

physicochemical analysis. The whole experiment was repeated independently three times 

and results are the average of 6 replicates. 
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4.3.5.4 Microbiological Analysis 

In order to obtain a representative sample, 10g of hake flesh muscle was taken, aseptically, 

from the top and bottom parts of the hake fillet and placed in a sterile stomacher filter bag. 

Then, 90mL of sterile MRD was added aseptically into the stomacher bag and 

homogenised for 180s using BA6021 stomacher 400 (Colworth, Bury St. Edmunds, UK). 

The homogenate was then ten-fold diluted and used for enumeration of total viable counts 

(TVC), psychrotrophic bacteria, Pseudomonas spp., lactic acid bacteria (LAB), total 

coliforms and Escherichia coli (E. coli), anaerobe bacteria and Lyngby agar (H2S 

producing bateria. Total viable count and psychotropic bacteria analysis was carried out 

using the pour-plate method using PCA and stored at 37°C for 48h and 4°C for 1 week 

respectively. Lactic acid bacteria (LAB) enumeration was carried out using a pour-plate 

method with an overlay using De Man, Rogosa and Sharpe (MRS) agar and stored at 30°C 

for 48hr. Anaerobic bacteria was enumerated using spread-plate method on tryptic soy 

agar (TSA) + 0.6% yeast extract in an anaerobiosis jar for 72h at 30°C. Lyngby iron agar 

was used to enumerate presumptive Shewanella putrefaciens (black colonies) and 

Pseudomonas fluorescens (white colonies) and incubated at 30°C for 72h. Pseudomonas 

spp. was enumerated after 2 days incubation at 30°C on Pseudomonas agar base to which 

CFC 0103 supplement was added using spread-plate method. For the enumeration of total 

coliforms and E. coli, 1mL of the appropriate dilution was placed in duplicate onto the 

centre of Compact Dry-EC chromogenic plates and incubated at 37°C for 24hr. Blue 

colonies were counted as E. coli and the total coliforms included red and blue colonies, 

as indicated by the manufacturer. 
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4.3.6 Statistical Analysis  

All data was analysed for means and standard deviations, and analysis of variance. An 

analysis of variance of data using Multivariate ANOVA methods was carried out using 

the SPSS 22 for Windows (SPSS Statistical software, IBM Corp., Armonk, NY, USA) 

software package. A difference between pairs of means was resolved by means of 

confidence intervals using Duncan tests; the level of significance was set at P<0.05. 

4.4 Results and discussion  

4.4.1 Effect of Surfactant, Surfactant-to-oil ratio and Physical Treatment on the 

Particle Size Distribution, Polydispersity Index and Zeta Potential of T20 and P127 

Nanoemulsions 

The effect of the surfactant, SOR and size reducing treatments on the droplet size, 

polydispersity index (PDI) and zeta potential of T20 and P127 nanoemulsions are shown 

in Table 4.1. These parameters affected (P<0.05), particle size, PDI and zeta potential of 

the developed oregano nanoemulsions. Overall, non-treated OEO-P127 (1:2) produced 

the smallest droplet size. The smaller droplet sizes observed for P127 nanoemulsions 

compared to T20 nanoemulsions may have resulted from the Pluronic® based surfactant 

possessing two hydrophilic moieties to one lipophilic moiety which may force the oil to 

interact in a more compact way (Wulff-Pérez, Torcello-Gómez, Gálvez-Ruíz, & Martín-

Rodríguez, 2009). Conversely, T20 is a non-ionic surfactant with one hydrophilic moiety 

and one lipophilic moiety (Donsì, et al., 2016). 

Regarding SOR, a decrease (P<0.05) in droplet size with increasing SOR was observed, 

with exceptions being noted for OEO-T20 (2:1) and OEO-T20 (1:1). These results are in 

agreement with previous findings of Nejadmansouri, Hosseini, Niakosari, Yousefi, & 
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Golmakani, (2016), which showed that smaller droplet sizes from an increasing SOR are 

due to the concentration of surfactant effecting the interfacial tension and therefore, the 

mobility of the oil-water interfaces where the oil droplets are formed. Consequently, at 

higher surfactant concentrations, more diffusion of surfactant material from the lipid 

phase into the aqueous phase occurs, promoting the formation of smaller oil droplets at 

the oil-water boundary. However, concerning the effect of SOR on PDI, a dimensionless 

measure of the homogeny of the particle size distribution and stability of the droplet size 

calculated from the cumulant analysis (Sugumar, Ghosh, Nirmala, Mukherjee, & 

Chandrasekaran, 2014; Sullivan, Cruz-Romero, et al., 2018), and zeta potential (a 

measure of the electrical charge around a colloidal or micellular material suspended in a 

solution), no discernible zeta potential or PDI trends were apparent.  

With respect to physical treatments, smaller (P<0.05) droplet sizes were produced using 

tip-sonication or IKA when compared to untreated emulsions (Table 4.1). For untreated 

emulsions, T20 nanoemulsions has a larger (P<0.05) droplet size and PDI compared to 

IKA and tip-sonicated nanoemulsions. Concerning zeta potentials, OEO- T20 (2:1) was 

found to have a smaller (P<0.05) zeta potential than OEO-T20 (1:1) and OEO-T20 (1:2). 

This may be due to the lower surfactant composition affecting the interaction of oil and 

surfactant and therefore, reducing its zeta potential (A. Acevedo-Fani, Salvia-Trujillo, 

Rojas-Grau, & Martin-Belloso, 2015). Nonetheless, untreated OEO-T20 (1:1) and OEO-

T20 (1:2) values remained above ± 30mV and are considered as moderately stable 

micelles and are therefore, electrostatically-stable and less susceptible to agglomeration 

and destabilisation forces such as van der Waals forces, Brownian motion or particle-

particle interactions (Sullivan, Cruz-Romero, et al., 2018). 
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In relation to untreated P127 nanoemulsions, larger droplet size was observed with the 

exception of untreated OEO-P127 (1:2) emulsions which were observed to be smallest 

droplets. No apparent trend was observed in relation to the zeta potential of P127 

emulsions; however, all were below the stability threshold of 30mV, indicating poor long-

term stability. Nonetheless, other authors Wulff-Pérez, et al. (2009) have reported that 

due to the central polypropylene glycol (PPO) moiety linking to the OEO droplet and 

because of its hydrophobicity, two lateral hydrophilic polyethylene oxide (PEO) moieties 

remain in the aqueous phase, thereby stabilizing the droplets by steric hindrance. 

For IKA treatments, both T20 and P127 nanoemulsions had a smaller (P<0.05) droplet 

size compared to untreated emulsions. In particular, IKA treatments significantly reduced 

the PDI, in comparison to untreated emulsions for T20 nanoemulsions. However, for the 

zeta potential of T20 nanoemulsions, no apparent trend was observable. Regarding the 

PDI and zeta potentials of IKA-treated P127 nanoemulsions, no trends were evident. 

Overall, the lower droplet size and greater monodispersity of IKA-treated hake fillets can 

be attributed to the rotor-stator principle, where droplet size reduction occurs via the high 

circumferential speed drawing the emulsion axially into the dispersion head of the tube 

and then forcing the emulsion radially through the slots and the minimal gaps between the 

rotor and the stator to produce an extremely strong shear force (Spinelli, et al., 2010).    

Regarding tip-sonication treatments, T20 nanoemulsions had smaller (P<0.05) droplet 

size compared to IKA and untreated emulsions. Concerning PDI results for T20 

nanoemulsions, a reduction (P<0.05) in PDI occurred compared to both untreated and 

IKA-treated nanoemulsions; however, in relation to zeta potentials, no trend was apparent. 

This may perhaps be due to the droplet size reduction mechanism of sonication which 
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occurs via a high energy wave with a frequency greater than 20Hz which creates rapidly 

collapsing bubbles in the aqueous solution, thereby generating a high pressure gradient 

and high velocity in the liquid which results in an internal shear force that will break up 

the coarse O/W emulsion into a nanoemulsion (Ghosh, Mukherjee, & Chandrasekaran, 

2013). For P127 nanoemulsions, no difference (P>0.05) in droplet size was observed 

compared to untreated or IKA-treated emulsions and no apparent effect on PDI or zeta 

potential was discerned. 

Additionally, the emulsification process is also affected by other factors such as the 

viscosity of the disperse oil phase with respect to the viscosity of the continuous aqueous 

phase: the closer to unity is the ratio of dispersed phase to continuous phase viscosity, the 

more efficient is the mechanical emulsification process (Donsì, et al., 2016). Moreover, 

other factors contribute to control achievable emulsion size, such as the kinetics of 

surfactant adsorption onto the O/W interface (Donsì, et al., 2016). 

4.4.2 AFM analysis of oregano essential oil nanoemulsions 

The morphological and topographical features of tip-sonicated T20 and P127 

nanoemulsions were assessed due to their beneficial droplet size and monodispersity 

(Figure 4.1). Overall, it was observed that T20 emulsions were larger than P127 

emulsions; however, both were observed to have a spherical micellular morphology which 

was in agreement with a number of other studies (Ma, et al., 2016)(Ghosh, et al., 2013).  
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Figure 4.1 AFM topography (2 × 2 µm)  of OEO-T20 (2:1) (a.), OEO-T20 (1:1) (b.), 

OEO-T20 (1:2) (c.), OEO-P127 (2:1) (d.),  OEO-P127 (1:1) (e.), and OEO-P127 (1:2) 

(f.). 

Droplet size analysis from AFM showed that the droplet diameters for tip-sonicated T20 

nanoemulsions was 96.47, 75.45 and 70.13 nm for OEO-T20 (2:1), OEO-T20 (1:1), and 

OEO-T20 (1:2), respectively. Regarding P127 nanoemulsions, particle size was observed 

to be 71.87, 69.80, and 50.47 nm for OEO-P127 (2:1), OEO-P127 (1:1), and OEO-P127 

(1:2), respectively. The smaller sizes observed from AFM analysis, in comparison to 

hydrodynamic measurements, may perhaps be as a result of the hydrophilic moiety of the 

surfactant polymer, which is encapsulating the oil, deswelling in the absence of water, 

thereby reducing overall droplet size. Conversely, for OEO-P127 (1:2), the increased 

droplet size compared to hydrodynamic measurements may perhaps be due to the 
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 in the composition of hake fillets to environmental and physiological factors including: 

the nutrition, catching season (spawning cycles), sexual variation, fish size, living area, 

as well as the other environmental conditions (Dominguez-Petit, Saborido-Rey, & 

Medina, 2010).  

4.4.5.2 pH of Hake fillets during storage 

The pH of control and OEO-T20 (1:1) treated vacuum skin packed hake fillets stored at 4 

°C are shown in Figure 4.3. Independent of the type of treatment used, the pH values of 

the hake fillets increased significantly (P<0.05) throughout storage until day 6. While the 

pH was found to be lower for OEO-T20 (1:1) treated fillets than untreated control hake 

fillets, with results not being significant (P>0.05). Conversely, Quitral, et al. (2009) 

reported that incorporating oregano extracts during the chilled storage of Chilean jack 

mackerel (Trachurus murphyi) reduced (P<0.05) the pH of the fish muscle. Nevertheless, 

the pH of the hake fillets herein did not surpass a pH of 7.0 which is considered as the 

acceptability limit as above this pH the hake fillet organoleptic properties deteriorate due 

to the dissociation of carbonic acid and an accumulation of undesirable alkaline 

compounds such as such as ammonia and trimethylamine (TMA), which primarily arise 

as a result of increased microbial action from longer storage times (Garcia-Soto, et al., 

2013; Volpe, et al., 2015). However, variation in the initial pH of hake fillets can occur 

depending on the species, season, diet, level of activity or stress during the catch as well 

and the type of muscle for consumption. (Ocano-Higuera, et al., 2011).  
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Nonetheless, independent of the treatment used and throughout storage, the TBARS 

remained below the 1.5 mg MDA kg-1 limit beyond which fish will normally develop 

objectionable odours/tastes (M. Cruz-Romero, Kelly, & Kerry, 2008); however, Ojagh, et 

al. (2010) have suggested that this limit may even be as high as 5 mg MDA/kg for fresh 

fish. The results reported herein were in agreement with Garcia-Soto, et al. (2013) who 

found that lipid oxidation is not a known or important damage pathway during chilled 

storage of lean white fish species such as hake fillets. 

4.4.5.5 Microbiological analysis of Hake Fillets 

From a microbiological perspective, the upper acceptable limit for the TVC of fish 

products is 7 log CFU g-1 (Carrion-Granda, et al., 2018). However, in this study, a TVC 

value of 6 log CFU g-1 was set as the maximum limit of acceptability. The effect of OEO-

T20 (1:1) treatments in combination with VSP stored at 4°C on the microbial counts of 

TVC, anaerobes, psychrotrophs, Pseudomonas spp., H2S-producing bacteria, LAB, E. 

coli, and coliforms are shown in Figure 4.5. A reduction (P<0.05) in the populations of 

TVC, anaerobic and coliform bacteria was observed for hake fillets treated with OEO-

T20 (1:1) compared to untreated control hake fillets. While higher microbial populations 

of LAB, Pseudomonas spp., psychrotrophs, E. coli, and H2S-producing bacteria were 

observed in untreated control treatments compared to OEO-T20 (1:1) treated hake fillets; 

however, these differences were not found to be statistically significant (P>0.05).  

Regarding TVC, the initial bacterial count for control hake fillets was 4.40 log CFU g-1, 

while the TVC for hake fillets treated with OEO-T20 (1:1), was 4.16 log CFU g-1. 

However, the initial microbial count was relatively high compared to the initial TVC of 

untreated hake fillets caught off the Galician Atlantic coast (North-Western Spain) which  
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was 2.46 log CFU g-1(Garcia-Soto, et al., 2013). The higher initial TVC of hake fillets 

observed herein may perhaps be due to poor handling practises post-mortem such as: 

manual processing, handling, storage conditions, the skinning process, the time taken to 

reach the fishery plant, and the hygiene condition of the fishery/processing plant during 

harvesting (Carrion-Granda, et al., 2018; Günlü & Koyun, 2013). Untreated control hake 

fillets reached the set limit of acceptability on day 6; however, hake fillets treated with 

OEO-T20 (1:1) reached the acceptability limit after 8.5 days of storage. This represents 

an extension (P<0.05) of the shelf-life of OEO-T20 (1:1) treated hake fillets upon 

untreated control fillets of up to 50 %.  

With respect to anaerobic microbial population, a difference (P<0.05) between untreated 

control and OEO-T20 (1:1) treated hake fillets was observed (Figure 4.5 b.). The initial 

anaerobic bacterial count was 6.20 and 5.45 log CFU g-1 for untreated control and OEO-

T20 (1:1) treated hake fillets, respectively. The initial microbial count of anaerobic 

bacteria observed herein was high, as other authors such as, (Perez-Alonso, et al., 2004), 

who packaged and stored Atlantic pomfret (Brama brama) using VSP at 4 °C found that 

the initial anaerobe colonies was 4.11 log CFU g-1. The high initial loadings may perhaps 

be due afore mentioned handling conditions. Regarding coliforms, a difference (P<0.05) 

between untreated control fillets and OEO-T20 (1:1) treated fillets was observed (Figure 

4.5 c.). Low initial counts of coliform bacteria have been reported elsewhere by Volpe, et 

al. (2015) who coated rainbow trout fillets with a carrageenan enriched with essential 

lemon oil. These result indicate good hygiene conditions in the fishery plant (Shahbazi, 

et al., 2018).  
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aerosolisation applications on hake fillets as part of a hurdle strategy to extend their shelf 

life. Moreover, aerosolisation treatments have many favourable attributes including; 

requiring small volumes of antimicrobial solutions, good coverage, facile application, 

relative cheap cost, minimal impact on physiochemical parameters such as proximal 

analysis, and fulfilling clean label criteria and therefore, could be used to treat a diverse 

range of high value or perishable food products including; fruits, vegetables, chicken, beef 

and seafood.  
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5.1 Abstract 

Essential oils have been proposed as suitable antimicrobials in food packaging.  However, 

binding these to a surface is challenging.  The objective of this study was to develop a 

simple method to attach an antimicrobial essential oil support material to a surface via a 

high surface area carrier which could be bound to the surface chemically. Hence, SBA-

15 (a mesoporous silica) was functionalized with (3-aminopropyl)triethoxysilane 

(APTES) via a post-synthetic reaction and then attached to a 3-

glycidyloxypropyltrimethoxysilane (GPTS) modified surface. The functionalisation of 

SBA with APTES was assessed using elemental analysis, TGA, N2 adsorption, FTIR 

while the functionalisation to GPTS modified surface was characterised using XPS, 

dynamic contact angle, AFM, ellipsometry and SEM. Results indicate that SBA 

functionalised with APTES was successfully bound to the GPTS modified surface. 

Mesoporous SBA-15 has been proposed as smart delivery device capable of loading and 

releasing large amounts of antimicrobial oregano essential oil (OEO) and herein the 

antimicrobial activity of OEO loaded into SBA-15 (SBA-OEO), SBA-APTES, and SBA-

APTES attached to a GPTS modified surface loaded with OEO were assessed against 

common food spoilage microorganisms Escherichia coli, Bacillus cereus, Staphylococcus 

aureus and Pseudomonas fluorescens. Results indicate that functionalization of the SBA-

15 with APTES resulted in greater antimicrobial activity than SBA-OEO; however, when 

attached to a GPTS modified surface no antimicrobial activity was observed. Nonetheless, 

this study has demonstrated that SBA-APTES was successfully bound to a GPTS 

modified surface and may find applications in other sectors such as biomedical devices, 

nutraceuticals etc.  
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5.3.2 Functionalisation of SBA-15 with APTES 

APTES was grafted to the surface of the SBA-15 by weighing out 1 g of mesoporous 

silica which was then placed into a 50 ml receiver flask with a magnetic stir bar to which 

20 ml of DMSO and 2 ml of APTES was added (dropwise). The reaction was allowed to 

take place over a 20 h period before being removed, filtered and washed with 20 ml 

DMSO, 20 ml 2-propanol and finally 3 aliquots of 20 ml of deionised water. The SBA 

functionalised with ATPES (SBA-ATPES) was then dried in a vacuum oven 90 °C for 1 

h. 

5.3.3 Preparation of Si-GPTS 

To prepare Si coupons for GTPS attachment, the Si substrate was cut into 1 cm2 wafers 

and placed in a round bottom flask with 80 mL of piranha solution (3:1; H2SO4/H2O2) for 

1 h at 100 °C under constant stirring. Once complete, the hydroxylated Si wafers were 

removed from piranha solution, washed with deionised water, and dried under a stream 

of N2 gas, and placed in sample holders until functionalised within an hour. To attach 

GPTS onto the hydroxylated Si wafers, the wafers were submersed in a 9 % GTPS in 

DMSO solution and the reaction was carried out over 20 h at 90 °C. Once complete, the 

wafers were removed, washed with deionised water and dried using N2 gas and placed in 

sample holders until further use. 



Chapter 5: Development of a Simple Method to Deliver Antimicrobial Oil into a Food System: Possible Attachment to 
Food Packaging? 

223 
 

5.3.4 Attachment of Si-GPTS with SBA-APTES 

The SBA mesoporous silica material functionalised with amine terminal group were 

attached to the wafers functionalised with GTPS epoxide functional group (Figure 5.1). 

To achieve this, the wafers were submerged in 25 mL of deionised H2O to which 1 g of 

SBA-ATPES was added. The solution was then allowed to stir for 2 hours at 90 °C where 

upon the wafers were removed, washed with deionised water to remove unbound SBA-

APTES and, dried with N2 gas.   

5.3.5 Loading of Oregano essential oil into SBA 

5.3.5.1 Loading of SBA and SBA-ATPES 

SBA and SBA-ATPES were loaded with OEO by dissolving 1 mL of OEO in 10 mL of 

absolute ethanol. And was added to either 0.5 g of SBA or SBA-ATPES and allowed to 

dry at room temperature (21 °C) in a partially closed container for 72 h, to ensure full 

evaporation of ethanol. Samples were weighed before and after loading. 

Figure 5.1 Schematic representation of the synthesis of Si-GPTS-APTES-SBA 

modified surfaces. 
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antimicrobials (Almasoud, Hettiarachchy, Rayaprolu, Horax, & Eswaranandam, 

2015). Food processing and packaging environments can provide ideal conditions for 

the rapid growth of planktonic microorganism; however, modern cleaning techniques 

and practices have significantly reduced potential sources of contamination (Simões, 

Simões, & Vieira, 2010). While planktonic bacteria remain a source of contamination 

that can result in food spoilage, it has been reported that the majority of food spoilage 

from microorganisms arises from biofilms which are the source of up to 65 % of food 

contamination (Paraje, 2011). A biofilm is a community of microbes that collate 

together and attach on a surface and forms a self-produced, protective outer layer made 

from extracellular polymeric substances (EPS) (Donlan, 2002; Pande, McWhorter, & 

Chousalkar, 2018). Biofilms can be made up of either a homogeneous or 

heterogeneous combinations of Gram-positive and Gram-negative bacteria (Kumar & 

Anand, 1998) and can attach onto surfaces through either a passive mechanisms such 

as gravity, electrostatic forces or van der Waals interactions or through an active 

mechanism via the pili or flagella structures of these microorganisms. Typically, 

biofilms will preferentially attach to lipophilic surfaces such plastics, rubbers and 

polytetrafluoroethylene (PET) (Brooks & Flint, 2008; Frank, 2003; Simões, et al., 

2010). Nonetheless, biofilms are also found to form on various materials used in food 

processing and packaging industry including; stainless steel or glass (Brooks & Flint, 

2008; Chae, Schraft, Truelstrup Hansen, & Mackereth, 2006; Srey, Jahid, & Ha, 

2013). Food packaging and processing environments provide suitable conditions for 

the formation of biofilm such as temperature, pH (Brooks & Flint, 2008), relative 

humidity (Lee, Bae, Lee, & Lee, 2015), and the availability of minerals and nutrients 

(Donlan, 2002). Upon the formation of a biofilm mass on a substrate, the gene 

expression of the collated bacteria changes to allow the growth of EPS which protects 
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hydrophobic interactions while electrostatic interaction are predominantly seen in 

hydrophilic surfaces such as stainless steel (Di Ciccio, et al., 2015; Dutta, et al., 2011). 

Furthermore, authors such as Peeters, Nelis, & Coenye, (2008) and Stepanovic et al., 

(2000) have reported that the iodine dye used in crystal violet staining assay can also 

stain inactive cells and this may increase the observed OD. 

6.4.3 Antimicrobial Activity of Organic Acids and Nano-solubilisates 

The antimicrobial activity of BAS, SAS, BASB and SASB against planktonic and 

biofilms cultures of S. aureus, P. fluorescens and chicken microbiota were assessed 

using a minimum inhibition concentration (MIC) assay (Figure. 6.5 a & b). Particle 

size and the type of bacteria (Gram-positive or Gram-negative) affected significantly 

(P<0.05) the antimicrobial activity of BAS, SAS, BASB and SASB against planktonic 

and biofilms cultures. As expected, planktonic cultures of S. aureus, P. fluorescens, 

and chicken microbiota were more susceptible to BAS, SAS, BASB and SASB than 

their respective biofilms. Of the planktonic cultures, chicken microbiota was the least 

susceptible to the tested antimicrobial agents of which SASB was the most effective 

antimicrobial while SAS the least effective antimicrobial. The most susceptible culture 

was S. aureus where SASB was the most effective antimicrobial while the least 

effective was BASB. Furthermore, the MBC assay showed a higher antimicrobial 

efficacy of nano-solubilisates compared to their respective salt (Figure 6.5.c). Against 

S. aureus, it was observed that 1.27 and 2.3 times more BAS and SAS was required to 

have the same bactericidal effect compared to their respective nano-solubilisates. 

Similarly, 5 and 3.3 times more salt was required than nano-solubilisates against P. 

fluorescens and 4.2 and 3.07 times more salt than their respective nano-solubilisates 

was required against chicken microbiota. 
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membrane (Mani-López, et al., 2012). Moreover, apparently the physical properties of the 

organic acids were found to affect the antimicrobial properties. When comparing the 

antimicrobial properties of the organic salts and nano-solubilisates, it was observed that 

nano-solubilisates were more effective against both planktonic and biofilm cultures of S. 

aureus, P. fluorescens and chicken microbiota. The greater observed antimicrobial 

activity of nano-solubilisates may be attributed to its physical properties such as smaller 

particle size (nano vs non-nano) and the greater surface area of nano-solubilisates 

compared to their bulk salt materials as reported by Yu, Ang, Yang, Zheng, & Zhang, 

(2017) and Cruz-Romero, et al., (2013a). 

With respect to the antimicrobial activity against biofilms, BAS and SAS had no 

antimicrobial activity against biofilms of S. aureus due to the concentrations required to 

inhibit their growth being over their 3400 and 1560 mg L-1 solubility parameters in water, 

respectively. Furthermore, BASB and SASB were found to be significantly (P<0.05) less 

effective against S. aureus biofilms compared to biofilms of P. fluorescens and chicken 

microbiota.  This may be due to the more complex structure and composition of biofilms, 

as outlined previously. Unexpectedly, chicken microbiota biofilms were the most 

susceptible to the organic acid salts and nano-solubilisates. This may be due to the chicken 

microbiota being a complex heterogeneous mix of different Gram-positive and Gram-

negative bacteria which compete with each other for nutrients and therefore, inhibit 

optimal growth where as pure isolates of bacteria have no competition and will form a 

homogenous biofilm (Pande, et al., 2018).  

When the susceptibility of planktonic and biofilms cultures to organic acid antimicrobials 

was compared, it was observed that for SASB up to 15.3, 1.37 and 1.5 times more 



Chapter 6: Antimicrobial Effect of Benzoic and Sorbic Acid Salts and Nano-solubilisates against Staphylococcus 
aureus, Pseudomonas fluorescens and Chicken Microbiota Biofilms 

266 
 

antimicrobial material was required against biofilms of S. aureus, P. fluorescens and 

chicken microbiota,  respectively. For BASB, the MIC was 11 and 1.64 times higher 

against S. aureus and chicken microbiota biofilms compared to their planktonic 

counterpart; however, 0.2 times less BASB was needed against biofilms than pure cultures 

of P. fluorescens. Regarding organic acid salts, for BAS 5.26 and 7.29 times more was 

necessary against P. fluorescens and chicken microbiota and for SAS 9.21 and 7.29 more 

was necessary against P. fluorescens and chicken microbiota. These results are in 

agreement with Surdeau, Laurent-Maquin, Bouthors, & Gellé, (2006) who used the 

disinfectant Oxsil® 320N on planktonic and biofilm cultures of S. aureus and 

Pseudomonas aeruginosa and also observed that biofilms were less susceptible than 

planktonic bacteria. Moreover, it has been reported that biofilms can be up to a thousand 

times more resistant to antimicrobials than planktonic cells of the same strain (Akbas & 

Cag, 2016). This may in part be due to the ability of biofilms to form protective EPS layer 

and in addition their slow rate of growth and metabolism will reduce the absorption of 

organic acid antimicrobials (Djordjevic, Wiedmann, & McLandsborough, 2002). A 

proposed mode of antimicrobial activity of nano-solubilisates against biofilms is thorough 

amphiphilic interactions, facilitating the diffusion of nano-solubilisates into the biofilm 

matrix and resulting in individual cell membranes death (Dutta, et al., 2011). 

6.5 Conclusion 

Herein we have investigated the antimicrobial effect of organic acid salts and nano-

solubilisates on planktonic and biofilm cultures of the food spoilage microorganisms S. 

aureus, P. fluorescens and on the microbiota isolated from locally sourced chicken fillets. 

Results from this study indicate that the assessed organic acid salts and nano-solubilisates 
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monodispersity and reduce the particle size; however, the particle size reductions was > 

300 nm. The antimicrobial activity assessment indicated that no significant (P<0.05) 

differences between native CS and CS NPs, compared on their weight per weight basis, 

was observed against common food spoilage microorganisms E. coli, B. cereus, S. aureus, 

and P. fluorescens. Nonetheless the unique physiochemical properties of CS NPs such as 

their monodispersity and small particle size suggest that their application in food 

packaging would be more favourable. To this end in Chapter 3, we have evaluated the 

effects of the aerosolisation of antimicrobial solutions of native CS and monodisperse CS 

NPs developed in chapter 2 in conjunction with a commercially available nano-

solubilisate (CASB) as a means to deliver an antimicrobial coating to extend the shelf life 

of VSP hake fillets. Throughout storage, the microbiological (TVC, anaerobes, 

psychrotrophs, Pseudomonas spp., H2S-producing bacteria, LAB, E. coli, and coliforms) 

and physicochemical (proximal composition, colour, pH, and lipid oxidation) properties 

of the hake fillets were assessed using recommended microbiological limits of 

acceptability set with reference to TVC. Aerosolisation treatments of antimicrobial 

solutions of CS, CS NP and CASB extend significantly the shelf life of VSP hake fillets 

by 40, 50 and 55 %, respectively compared to untreated control samples. The pH and 

colour physicochemical characteristics of hake fillets increased significantly (P<0.05) 

throughout storage; however, the TBARS values decreased significantly (P<0.05) and 

subsequently were below the acceptability limits. In addition, the proximate composition 

of hake fillets were unaffected by aerosolisation of NAM antimicrobial solutions. These 

results highlighted the potential of aerosolisation of antimicrobial solutions of NAM 

nanomaterials as part of the hurdle strategy for extending the safety and shelf-life of hake 
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In chapter 5 the objective was to assess the antimicrobial loading ability of SBA-APTES 

with OEO and to covalently attach the APTES functionalised SBA to GPTS modified 

surface as a support material for OEO. To achieve this, SBA surfaces were initially 

functionalised with APTES to give an amine terminal groups on the SBA. Concurrently, 

Si wafers were piranha treated and functionalised with GPTS, to give an epoxy 

functionalised surface. The SBA-APTES was then bound to the surface through a 

suspected ring opening reaction to covalently bind the SBA to the surface. These materials 

and both SBA and SBA-APTES were loaded with antimicrobial oregano essential and 

their antimicrobial activity was assessed. Functionalisation of SBA with APTES was 

found to marginally improve the antimicrobial activity, compared to unmodified SBA, 

against common food spoilage microorganisms E. coli, B. cereus, S. aureus, and P. 

fluorescens. However, when SBA-APTES was attached to a GPTS modified surface no 

antimicrobial activity was observed, as a result of insufficient SBA support coverage.  

In chapter 6 we have evaluated and compared the antimicrobial activity of sorbic and 

benzoic acid salt and their commercially available nano-sized solubilisates against 

planktonic and biofilm cultures of S. aureus, P. fluorescens and the microflora isolated 

from locally sourced chicken fillets. Results indicate that both organic acid salts and nano-

solubilisates showed good antimicrobial activity against planktonic cultures; however, 

more antimicrobial resistance was observed against biofilms due to their more complex 

structure. Nevertheless, when comparing organic acid salts and nano-solubilisates to each 

other, the nano-solubilisate were the significantly (P<0.05) more effective as an 

antimicrobial agent against both planktonic and biofilm cultures.  
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7.2 Scientific and Industrial relevance 

The output of this thesis has both scientific and industrial relevance. Regarding the 

scientific relevance, this research has added knowledge to the field. For instance, we have 

developed CS NPs with a particle size of 90 nm through bottom-up self-assembly and 

showed the interactive effect of CS molecular weight and pH on the particle size and 

monodispersity of CS NPs. Furthermore, contrary to reports by authors such as Qi, Xu, 

Jiang, Hu, & Zou, (2004) and Ngan, et al. (2014), who found that antimicrobial activity 

of CS NP was greater than native CS, we observed that native CS and CS NPs have a 

similar antimicrobial activity. Moreover, we have demonstrated that the aerosolisation of 

NAM nanomaterial solutions (such as CS NPs) are an effective hurdle in enhancing the 

shelf life and improving the safety of food products. Moreover, to the best of our 

knowledge, the findings of this study have not been reported elsewhere. This thesis also 

reported on a method to graft an amine functionalised SBA support material to a GPTS 

modified surface for essential oils is possible. Lastly we assessed the antimicrobial 

effectiveness of organic acid salts and nano solubilisates against planktonic and biofilm 

cultures of S. aureus, P. fluorescens and the microflora isolated from locally sourced 

chicken fillets, showing that nano-solubilisates had greater antimicrobial effect and could 

be used to improve food safety. 

Regarding the industrial relevance of this work, the focus on NAMs would perhaps make 

their use in food products more acceptable to the consumer. The physicochemical 

properties of these materials such as their biocompatible and biodegradability make them 

ideal candidates for use in food packaging and products. Moreover, the nanomaterials 

outlined herein can be synthesised with relative ease from cheap and naturally abundant 
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material such as: plants and shrimp shells. In particular self-assembly of CS NPs would 

be a favourable route due to their low cost nature and relative little impact on food, as 

highlighted in Chapter 3. However, the application of oregano nanoemulsions will require 

a more nuanced approach due to their strong impact on organoleptic properties, 

nonetheless, they also can be used as a multifunctional additive (i.e. as both an 

antimicrobial, antioxidant, and as a flavour enhancement).  

One of the key findings of this thesis is the effectiveness of aerosolisation of antimicrobial 

NAM nanomaterials as a method of treatment to enhance shelf-life (Chapter 3 and 4). 

From an industrial perspective this technology may be suitable due to the low volumes of 

antimicrobial solution required, relative ease of application, and good coating coverage. 

Furthermore, this technology could be used on a wide variety of delicate, perishable, and 

high-value products such as fruits, raw meats and vegetables. Another industrially 

relevant finding from this thesis was the greater antimicrobial efficacy of organic acid 

nano-solubilisates over their counterpart salts and against planktonic and biofilm cultures 

of S. aureus, P. fluorescens and the microflora isolated from locally sourced chicken 

fillets. 

It is also important to stress that the methods outlined here could form one part of strategy 

to significantly extend shelf-life.  The NAMs formed an effective method for mitigating 

spoilage at the product surface (since they are applied as a fine spray coating). Moreover, 

their use does not have any implications in terms of regulation and should be a consumer 

friendly mitigation methods. Antimicrobial packaging could be used with perhaps strong 

antimicrobials (such as silver, however, affords problems in terms of regulation) at the 

exterior surface of the package to prevent ingress of microbial contamination. Coupled to 
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7.4 Conclusions 

This thesis clearly shows that NAMs can be used to reduce microbial food spoilage. It 

definitively shows this is an important avenue of research to pursue and may form an 

important technology for the innovation of food packaging. This thesis has presented 

methods to develop nanomaterials from two of the most potent NAMs. These materials 

were synthesis using facile methods such as bottom-up self-assembly for CS NPs (Chapter 

2) or via top-down methodology such as tip sonication or IKA ultra-turrax (both Chapter 

2 and Chapter 4) Moreover, we have demonstrated that physical properties of the 

materials such as their particle size could be controlled through manipulation of intrinsic 

and extrinsic parameters or with external forces where necessary.  

This work has also demonstrated the use of aerosolisation of NAM nanomaterials 

solutions as a novel and effective hurdle to enhance the shelf life of VSP hake fillets 

(Chapter 3 and Chapter 4). Moreover, this work has demonstrated that the attachment of 

modified support SBA materials to surfaces was achievable; however, no antimicrobial 

activity was observed due to low concentrations of support materials on the surface 

(Chapter 5). Finally, we demonstrated that organic acid nano-solubilisates are more 

effective antimicrobials than organic acids salts against both planktonic and biofilms 

cultures of S. aureus, P. fluorescens and the microflora isolated chicken fillets. (Chapter 

6). Overall this thesis has outlined strategies to develop and apply NAM nanomaterials 

for food packaging applications. 
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Appendix 

A.1 Overview of characterisation techniques 

In this section, the theory behind the characterisation techniques used in this thesis has 

been briefly outlined. 

A.1.1 Atomic Force Microscopy 

Atomic Force Microscopy (AFM) employs the use of a nanomeric tip mounted on a 

cantilever that is dragged across a sample surface to generate a line image of the 

topography of the surface (Figure A.1).  

 

Figure A.1 Schematic diagram of the basic working principle of AFM. Adapted from Guo, 

Xie, & Luo, (2013). 

AFM takes advantage of the Lennard-Jones potential, which describes that as two surfaces 

approach each other (i.e. an AFM tip and a the sample surface), there is an initial attraction 

due to van der Waals forces; however, as the tip further approaches the sample surface, 

these forces become repulsive due to the elemental composition sample surface (as at this 
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distance the electrons begin to repel on another as described by the Pauli exclusion 

principle) (see Figure A.2). AFM can be carried out in three modes: contact, tapping and 

non-contact modes.  

 

Figure A.2 Lennard-Jones potential showing Forces between tip and sample in 

dependence of the distance 

A.1.2 Brunauer, Emmett and Teller (BET)  Surface Area Measurement 

The total internal and external surface area of a sample can be determined by the 

isothermal adsorption of nitrogen. This method is called the Brunauer, Emmett and Teller 

(BET) method where the uptake of nitrogen at various partial pressures is measured and 

used to form a plot called an isotherm. From the shape of the isotherm a variety of 
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A.1.5 Disk Diffusion 

Disk diffusion by the Kirby-Bauer method is a standardized technique for testing rapidly 

growing pathogens. Briefly, a standardized inoculum (i.e., direct suspension of colonies 

to yield a standardized inoculum is acceptable) is swabbed onto the surface of nutrient 

agar (i.e., 150-mm plate diameter). Because reproducibility depends on the log growth 

phase of organisms, fresh subcultures are used. Filter paper disks impregnated with a 

standardized concentration of an antimicrobial agent are placed on the surface, and the 

size of the zone of inhibition around the disk is measured after overnight incubation. 

Specific incubation time ranges are outlined in the Clinical and Laboratory Standards 

Institute [CLSI] documents (Christenson, Korgenski, & Relich, 2018). 

A.1.6 Elemental Analysis 

Elemental analysis is the classical method to obtain information about the elemental 

composition of an unknown substance. A known amount of unknown substance is 

converted to simple, known compounds containing only the element to be quantified 

(Sellergren & Hall, 2001).   

A.1.7 Ellipsometry 

Ellipsometry is a materials evaluation technique that derives its name from the 

measurement of the ellipse of polarization generated when a polarized light beam reflects 

obliquely from the specular surface of a sample (Figure A.6). The ellipsometry 

experiment entails five steps: (i) generation of a light beam in a known polarization state 

using optical components such as polarizers and compensators, (ii) oblique specular 

reflection of the beam from a sample leading to an emergent beam in an altered 

polarization state, (iii) analysis of this new polarization state, (iv) determination of 
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Figure A.13  Schematic drawing of (a) the typical Scanning Electron Microscope (SEM) 

column, and (b) sample-beam interactions within a SEM. Adapted from Walock (2012). 

A.1.16 Shelf-life of foods 

The shelf life of food products is an important feature for both manufacturers and 

consumers. The most important factor for shelf life evaluation of food is safety, followed 

by quality including physical, chemical, and sensorial properties (Phimolsiripol & 

Suppakul, 2016). 

A.1.17 UV-Visible Spectroscopy  

UV-Visible spectroscopy is also an important analytical tool and is widely used to in 

determining the structural characterisations of nanomaterials. UV-Vis spectroscopy 

works by irradiating a sample with UV-Visible light and at certain wavelengths, the 
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Figure A.15 Illustration of a typical experimental configuration for X-ray photoelectron 

spectroscopy experiments, together with the various types of measurements possible, 

including (a) simple spectra or energy distribution curves, (b) core-level photoelectron 

diffraction, (c) valence-band mapping or binding energy vs  plots, (d) spin-resolved 

spectra, (e) exciting with incident X-rays such that there is total reflection and/or a 

standing wave in the sample, (f) using much higher photon energies than have been typical 

in the past, (g) taking advantage of space and/or time resolution, and (h) surrounding the 

sample with high ambient sample pressures of several torr. Adapted from Fadley, (2010). 

A.1.19 Zetasizer 

A zetasizer is an instrument that provides both dynamic light scattering and zeta-potential 

measurements, making this tool extremely useful tool for the characterisation of 

nanomaterials suspended in a solution. Dynamic light scattering (DLS), also known as 
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Figure A.16 Schematic of a negatively charged hard particle, a charged particle with a 

thick negatively charged polyelectrolyte layer, and a charged particle with a thin 

negatively charged polyelectrolyte layer showing the charge distribution. Adapted from 

Lowry, et al. (2016). 
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A.2 List of commonly used acronyms  

Acronym Full name 

% Percentage 

% v/v Volume per volume 

% w/v Weight per volume 

° Degree 

°C Celsius 

AFM Atomic force microscopy 

ANOVA Analysis of variance 

APTES (3-Aminopropyl)triethoxysilane 

B. cereus Bacillus cereus 

BAS Benzoic acid salt 

BASB Benzoic acid nano-solubilisate 

CASB Carnosolic acid nano-solubilisate 

CFU Colony forming units 

CFU g-1 Colony forming units per gram 

CFU mL-1 Colony forming units per millilitre 

cm centimetre 

CS Chitosan 

CS NP Chitosan nanoparticle 

Da Daltons 

E. coli Escherichia coli 

EO Essentail oil 
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eV electron volts 

g gram 

GPTS (3-Glycidyloxypropyl)trimethoxysilane 

h hour 

HOAc Acetic acid 

kg Kilogram 

L.MW CS Low molecular weight chitosan 

LDPE Low density polyethylene 

log logarithm 

m metre 

M.MW CS Medium molecular weight chitosan 

MAP Modified atmoshperic packaging 

mg mL-1 miligram per millilitre 

MHB Mueller-hinton broth 

MIC Minimum inhibition concentration 

min Minute 

mL Millilitre 

mm millimetre 

MRD Maximum recovery diluent 

mV Millivolt 

NAM Natural antimicrobial  

NaOH Sodium hydroxide 

nL Nanolitre 
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