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ABSTRACT 

Antioxidant and antimicrobial compounds provide beneficial effects on human health and have an 

important role in avoiding food deterioration and damage caused by free radicals. The rise in the number 

of super resistant bacteria has led to an increase in research for new antibiotics, especially those derived 

from natural sources. Aqueous and ethanol (30, 50 and 80%) extracts obtained after 15 minutes or 24 

hours of extraction, prepared from eleven selected spices and herbs were analysed regarding their 

antioxidant and antimicrobial activities. A high antioxidant activity (above 40 mg TE/g) was observed in 

cinnamon, clove, oregano, guarana and green tea extracts. Whey and aqueous extracts showed an 

inhibitory effect against Micrococcus luteus and ethanol extracts as well as against Serratia marcescens 

and Candida glabrata. Encapsulation of these compounds provides protection and a controlled release 

to the product they are being applied to. Encapsulation was more efficient when liposomes were used 

(yield>95%), compared to alginate and chitosan particles (yield≈70%). Similar percentages were 

obtained in co-encapsulation with Lactococcus lactis. Encapsulation of whey was not as successful: 

64% with chitosan, 23% with alginate and 16% with liposomes. Long-term stability assays showed that 

the particles were stable after two months of storage. Although the alginate particles did not show an 

inhibitory effect, chitosan was inhibitory to M. luteus. Liposomes exhibited antimicrobial effect against 

the three microorganisms tested. Encapsulated extracts showed the ability to retain and release 

polyphenols, thus having potential to be applied in food and cosmetics.  

Keywords 

antimicrobial effect; antioxidant effect; encapsulation; herbs; particle stability; spices  
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RESUMO 

Compostos antioxidantes e antimicrobianos providenciam efeitos benéficos para a saúde do homem e 

têm importantes funções na prevenção da deterioração dos alimentos causada por radicais livres. O 

aparecimento de bactérias super resistentes tem aumentado a procura de novos antibióticos, 

nomeadamente de fontes naturais. Extratos aquosos e alcoólicos (30, 50 e 80%) de onze ervas e 

especiarias, obtidos após tempo de contacto de 15 minutos ou 24 horas, foram analisados 

relativamente às suas atividades antioxidante e antimicrobiana. A melhor atividade antioxidante (acima 

de 40 mg TE/g) foi obtida para extrações de canela, cravinho, guarana e chá verde. Extratos aquosos 

e soro demonstraram efeitos inibitórios contra Micrococcus luteus, extratos alcoólicos adicionalmente 

contra Serratia marcescens e Candida glabrata. A encapsulação destes extratos protege-os e permite 

a sua libertação de forma controlada. A utilização de lipossomas foi mais eficiente (rendimento > 95%) 

do que a encapsulação em alginato e quitosano (rendimento ≈ 70%). Percentagens semelhantes foram 

obtidas na co-encapsulação com Lactococcus lactis. A encapsulação do soro não foi tão eficiente, tendo 

sido obtidos rendimentos de 64, 23 e 16% com quitosano, alginato e lipossomas respetivamente. Nos 

ensaios de estabilidade de longa duração, após dois meses de armazenamento as partículas 

mantiveram a estabilidade. Embora partículas de alginato não tenham demonstrado efeito inibitório, as 

de quitosano exibiram contra M. luteus. Lipossomas apresentaram efeito antimicrobiano contra as três 

espécies testadas. Os extratos encapsulados demonstraram a capacidade de reter e libertar polifenóis, 

tendo assim, potencial de aplicação nas indústrias alimentar e cosmética. 

Palavras-chave 

efeito antimicrobiano; efeito antioxidante; encapsulação; especiarias; estabilidade de partículas; ervas 
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I. INTRODUCTION 

I.1. The need of antioxidant and antimicrobial agents 

Although there are free radicals in nature, for example by the production of reactive oxygen species 

(ROS) in aerobic conditions, anthropogenic factors led to a vast increase of their amount. Nowadays, 

humans carry out such stressful lives that these free radicals rapidly build up inside their bodies. 

Activities such as smoking, over-exercising or consuming some types of food, such as alcoholic drinks 

or not properly cooked food, can accelerate and worsen the damaged caused by free radicals. This in 

vivo oxidative stress drives cellular disruption through the oxidation of their membrane lipids, proteins, 

enzymes and DNA, as is illustrated in Figure I-11. During aerobic metabolism, unsaturated fatty acids in 

phospholipids (from the cell membranes) and cholesterol undergo oxidative reactions. Irreversible 

cellular and tissue damage are then brought about.2 If antioxidant agents are added to food or cosmetics, 

they can react with these free radicals and avoid or diminish their negative impact. 

 

Figure I-1 – Effect of reactive oxygen species on proteins, lipids DNA and cells. (Figure taken from Avery, 20111)  

 

Since harvesting through processing, storage to consumption, once in the presence of air, chemical 

reactions occur in food. Lipid oxidation is responsible for a rancid aroma and for turning food inedible.2,3 

Oxidative rancidity is a major cause of food quality deterioration, including loss of essential amino acids, 

fat-soluble vitamins and other bioactive molecules.2 Lipid hydroperoxides and conjugated dienes or 

trienes are the primary products from lipid oxidation. These molecules are unstable and decompose into 
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secondary oxidation products as alcohols, aldehydes, ketones, hydrocarbons, volatile organic acids and 

epoxy compounds. Some of them are responsible for off-flavours in food.2 Besides, lipid oxidation of 

fats and oil lead to the formation of toxic compounds (lipid peroxides and aldehydes such as 

malondialdehyde), entailing health risks, such as mutagenesis.3,4 If other molecule is available to be 

oxidised instead, food can be exposed to air for longer periods. This “other molecule” is called an 

antioxidant and plays an important role in food preservation.2 For instance, in the case of butter, air 

exposure causes its hydrolysis into, among other compounds, butanoic acid, which is known for its 

rancid flavour. Meat and meat products are also susceptible to lipid oxidation, even when oxygen is not 

available (for instance, when vacuum-packaged). The presence of prooxidants such as ionic iron, 

haemoglobin, NaCl, fat content and fatty acid composition can promote the oxidation of meat, even 

when it would not be expected to occur.5  

I.2. Types of antioxidant and antimicrobial agents 

I.2.1. Antioxidant agents 

During biological oxidation reactions, certain molecules interact with oxygen and create free radicals. 

Those free radicals have an odd number of electrons causing their instability. In order to regain their 

stability, free radicals seek electrons reacting with cellular molecules, for example DNA or cell 

membrane, damaging them. An antioxidant prevents the oxidation of other molecules.3,6 Actually,  

amongst the many methods to control oxidations, the usage of antioxidants is the most effective, 

convenient and economical.2 The role of antioxidants is to donate their electrons, becoming oxidised 

and neutralizing the free radicals. By other words, antioxidants can be defined as redox active molecules 

with the power to eliminate other reactive species responsible for many chronic diseases.7  

Antioxidants can render free radicals, quencher singlet oxygen and secondary oxidation products, 

inactivate reactive oxygen species, form complexes with metal ions3 or inhibit prooxidative enzymes.2 

Considering their mechanism of action, they are classified as primary or secondary. If the antioxidant 

agent inhibits the chain of the oxidation reaction by accepting free radicals generating more stable 

radicals or donates hydrogens, it is a primary antioxidant. In the case of a secondary antioxidant, there 

is a suppression of the oxidant promoter (metal ions, singlet oxygen, prooxidative enzymes) that causes 

a retardation or prevention of the oxidation. Some secondary antioxidants are able to regenerate primary 

by replenishing an hydrogen atom, promote decomposition of hydroperoxides into non-radical species 

or even protect lipids from UV-induced photooxidation by absorbing UV radiation.2 

There are some studies that defend antioxidants from food can work beneficially to human health, not 

only by stabilising free radicals, as through mechanisms of longevity, cell maintenance and DNA 

repair.7,8 From a study about cell maintenance and DNA repair, no evidences about supplements 

(containing also antioxidant agents) and the DNA repair capacity were found. Although there were two 

exceptions when volunteers took carotene capsules and cooked carrots, which are or contain 

antioxidant agents, respectively.9 
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Antioxidants can be classified as natural or synthetic.3,10 In the nature, they are available in different 

types of food, including for instance spices, fruits and vegetables2. Ascorbic acid, carotenoids, Maillard 

reaction products, phenolic compounds, phospholipids, sterols, thiols, tanmins, terpenoids, β-carotene, 

lutein, lycopene, selenium and vitamins A, C and E are examples of natural antioxidants.2,3,6,11,12 The 

most well-studied are polyphenols. The most commonly used synthetic antioxidants are butylated 

hydroxyanisole, butylated hydroxytoluene, propyl gallate and tert-butylhydroquinone.2   

I.2.1.1. Polyphenols 

Polyphenols can be found in plants as secondary metabolites. They have important functions such as 

defence against plant pathogens and unfavourable environmental conditions.12 Due to this, their 

antioxidant, anticancer and anti-inflammatory effects have been investigated.8,12,13 As antioxidants, 

phenols are reducing agents meaning that they donate electrons to other chemical species. In addition, 

some phenolic compounds are able to avoid the catalytic effect of metal ions in oxidant reactions.3   

In their structure, polyphenols contain one or more aromatic rings and hydroxyl groups.12 They can be 

divided in different classes: flavonoids, hydroxycinnamic and hydroxybenzoic acids, lignans and 

stilbenes.14 The structure of this molecules is illustrated in Figure I-2.  

Hydroxybenzoic acid is represented by gallic acid, used as the unit of measure for total phenolic content 

(gallic acid equivalent). The hydroxycinnamic acid is represented by coumaric acid and the lignans by 

secoisolariciresinol. Flavonols are illustrated as a catechin, the unit used for total flavonoid content 

(catechin equivalent). 

Flavonoids are considered highly effective and less toxic than synthetic antioxidants.15 
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Figure I-2 – Structure of polyphenols divided in their classes. The molecule represented as a hydroxybenzoic is 
gallic acid; the hydroxycinnamic acid is coumaric acid; the lignan is secoisolariciresinol; flavonols are represented 
by catechin. Note: in the anthocyanidins, the two (blue) hydroxyl groups (OH) can also be methoxy groups (OCH3) 
and the (red) hydrogen can be substituted by a hydroxyl group (OH). 

I.2.2. Antimicrobial agents 

Antimicrobial agents are an important group of substances, especially in the medicine field, including 

the pharmaceutical industry. They are used to control and, if possible, eliminate pathogenic 

microorganisms. They can be administered intranasally, intraperitoneally or intraventricularly.16 They 

can be natural, synthetic or semi-synthetic. An antimicrobial agent is considered as semi-synthetic when 

it comes from a natural source, and improved by chemical modifications.17 In the food industry, 

antimicrobial agents are also important, especially as preservatives. Campylobacter jejuni, Clostridum 

perfringens, Escherichia coli, Listeria monoxytogenes, Salmonella, Staphylococcus aureus and 

Toxoplasma gondii are some examples of bacteria associated with food known to cause disease.18 
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Antibiotics are divided in classes: aminoglycosides, beta-lactams, macrolides, oxazzolidinones, 

quinolones and tetracyclines.19 In 1928, Alexander Fleming discovered and identified penicillin20,21, a 

beta-lactam antibiotic, whose name derived for the fact the molecules has a beta-lactam ring. The first 

commercialised antibiotic was prontosil, a sulphonamide, which was available since 1932 and 

discovered by Domagk.21 Nowadays prontosil is not used, not only because bacteria developed 

resistance, but also due to its side effects. Aminoglycoside is also one of the oldest classes of antibiotics 

that reaches into the cell cytosol through active transport and, by its action in the ribosomes, interrupts 

bacterial protein synthesis. Its toxicity to the patient is the reason why aminoglycosides are used mainly 

in short-term therapies.16,19   

When an antimicrobial agent is added to a bacterial culture, there are three distinct effects, shown in 

Figure I-3, that can be identified: bacteriostatic, bactericidal and bacteriolytic. Bacteriostatic effect is 

when the microorganism growth is inhibited, however cell death does not occur. Usually they bind to 

ribosomes and block protein synthesis. For the bactericidal effect, although cellular death occurs, lysis 

does not. In the case of bacteriolytic effect, there is cell lysis. Penicillin, which inhibits the cell wall 

synthesis in bacteria, is the most well-known antimicrobial agent with bacteriolytic effect.17  
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Figure I-3 – Comparison of the effect on microorganism growth (number of total cells and number of viable cells) 
after the addition of bactericidal, bacteriostatic or bacteriolytic agents. Adapted from e-escola17 

 

The quantification of antimicrobial activity can be done by estimating the minimum inhibitory 

concentration (MIC). MIC is the minimal concentration of a substance that is capable of inhibit the growth 

of a certain microorganism, and can be measured by different methods: agar well diffusion method, 

broth dilution method or by the use of strips containing a gradient of concentration of the compound 

(known by E-test).17,22   

The broth dilution method can be easily performed in test tubes or in microtiter plates. The culture 

medium is incubated with the microorganism to be tested and supplemented with different 

concentrations of the antimicrobial agent. After the incubation time, the concentration of microorganism 

is compared to the initial. MIC will be the lowest concentration of the antimicrobial agent for which 

microorganism growth is not observed.17 
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Agar diffusion method is performed in an agar plate. A disk with a known concentration of the 

antimicrobial agent is placed on the plate and is incubated with the microorganism being tested. The 

antimicrobial compound will diffuse into the medium and create an inhibitory halo, whose diameter is 

proportional to the agent concentration in the disk, its solubility and diffusivity in the medium, and its 

efficiency against the microorganism.17    

The mechanisms of action of antimicrobial agents have not yet been thoroughly studied.20,23 For 

instance, the antimicrobial activity of silver compounds is attributed to unspecific targets in the cells.20 

In bacteria, five principal mechanisms of action have been identified, including disturbance of cell wall 

synthesis, targets in plasma membrane (cytoplasmic membrane23), antimetabolites, and inhibition of 

protein and nucleic acid synthesis.17,24 The inhibition of cell wall synthesis leads it to be unable to control 

the flow rate of water and nutrients and, as consequence, to lysis and death of the cell.24,25 The lipophilia 

of antimicrobial agents leads them to migrate to membrane structures and increase their fluidity and 

permeability.23 Antimetabolites have bacterial enzymes as targets, and affect bacterial growth.24 DNA 

gyrase is an enzyme that is involved in the control of topological transitions of DNA26, and is one of the 

targets of some antimicrobial compounds. The protein synthesis can be interrupted by inhibition of the 

ribosome subunits 50S or 30S, or even inhibition of t-RNA.17,24 The inhibition of nucleic acid functions 

(transcription and replication) can result in the inability of cell division. 

Although Gram-positive bacteria are more sensitive to antimicrobial agents than Gram-negative, there 

are some agents that are only effective against the latter. In this work, extracts were tested against a 

Gram-positive bacterium, Micrococcus luteus, a Gram-negative bacterium, Serratia marcescens and 

one yeast, Candida glabrata. Candida is a yeast that causes systemic mycoses, mucosal, subcutaneous 

and cutaneous infections.27 

I.2.3. Natural alternatives of antimicrobial compounds  

I.2.3.1. Herbs and spices 

Herbs (leaves) and spices (coming from different parts of a plant) have been an object of study, due to 

their phytochemical qualities, in particular, their antioxidant and antimicrobial activities. Conventional 

classification divides them into four groups, according to their flavour, taxonomy and the part of the plant 

where they come from: hot spices, mild flavour spices, aromatic spices and aromatic herbs.3 

The presence of antioxidants in spices cannot be a surprise, since more than 5,000 years ago, ancient 

Egyptians used them in their everyday routine, not only in food and in medical cares but also a mixture 

of cumin, cinnamon and onion for mummification. Phytochemicals, bioactive chemical compounds 

produced by plants, have structural and defensive functions and are considered to be beneficial to 

human health.3 

At least since 1994, spices and herbs have been studied about their properties.28 Rosemary, sage and 

oregano were demonstrated in some studies to have a high phenolic content, which works as 

antioxidant.3 In 2001, a study was published about the interrelationships of antioxidant activity assays 
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and the spices that had been studied, by the principal components and hierarchical cluster analyses. 

The authors concluded that the principal components analysis showed the first two components to 

represent 73% of the total variability in antioxidant activity and different antioxidant groups. Hierarchical 

cluster analysis classified them in a total of four main groups.29 Another research work revealed that 

supercritical clove extracts have an antioxidant activity comparable to synthetic antioxidants. Interesting 

results were also obtained from blending different spices extracts. There was an improvement of 

antioxidant and antibacterial activities when clove and oregano extracts were combined, in comparison 

with pure extracts.30 Clove and coneflower normal aqueous extracts showed good results for antioxidant 

activity with 46.7 and 45.6 mg of trolox equivalent/g (mg TE/g) respectively.12 Trolox is the 6-hydroxy-

2,5,7,8-tetramethylchroman-2-carboxylic acid, commonly used as an units of measurement of 

antioxidant activity, that allows the comparison of the antioxidant activity measured using different 

methods.2,8,31,32 

Unfortunately, the number of microorganisms developing resistance to antimicrobial agents is increasing 

through the years.19,21,33 For example, some bacteria have developed resistance to antibiotics through 

the production of enzymes capable of breaking down their structure. Fleming, called attention to the fact 

that the abusive use of antimicrobial agents would have consequences such as the creation of multi 

resistant bacteria.20,21 Thereafter, many broad-spectrum antibiotics are losing their effect, creating the 

need for new antibiotic agents.19 

The fact that not all antibiotics are easily dissolved, causing a poor bioavailability12, increases the need 

of finding alternative substances. Several plants are used to fight against some diseases due to their 

antimicrobial, antiseptic and anaesthetic properties.23,27 Garlic, ajwain, black pepper, clove, ginger, 

cumin and caraway are known examples of plants with antibacterial effect. In an article published by 

Arora and Kaur27, both Gram-positive (Bacillus spaericus and Staphylococcus epidermidis) and Gram-

negative bacteria (Enterobacter aerogenes, Pseudomonas aeruginosa and Shigella flexneri) revealed 

to be sensitive to garlic extract and Sh. flexneri also to clove extract. Aqueous extract from garlic showed 

effect against Escherichia coli and Salmonella typhi (Gram-negative), as well as Staphylococcus aureus 

(Gram-positive). The fact that yeasts (strains of Candida, Rhodotorula rubra and Trignopsis variabilis) 

showed a higher inhibition zone with garlic extract than with nystatin was a very interesting result from 

the mentioned study. Nystatin is an antifungal medication, used to control infections caused by fungi.34 

In this work, total phenolic and flavonoid content was measured from extractions under different 

conditions from 11 spices and herbs (cinnamon, pepper, ginger, clove, oregano, star anise, nutmeg, 

mace, guarana, green and black tea).  

I.2.3.2. Probiotic cells 

Probiotics are living microorganisms known by their health benefits for humans. They are defined as a 

“live microorganism which when administered in adequate amounts confers health benefits on the host.” 

35–39 Usually, probiotics are applied in conjunction with prebiotics, forming a system called symbiotic.40 

Prebiotics are specific compounds that induce microorganism growth or activity, such as non-digestive 

carbohydrates (fibers, oligosaccharides, proteins or peptides) originated by human digestion.39,41 The 
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efficiency of using probiotics depends not only on the strain as also on the delivery vehicle (free or inside 

capsules).42   

In food, probiotics have shown many health benefits, taking an important role in fight against 

gastrointestinal diseases, in maintaining a good balance and composition of intestinal flora, in reducing 

cholesterol levels and in showing an anti-carcinogenic activity.36,38–40,43 As a matter of fact, food products 

containing probiotics have been used for longer than it is believed. The best examples are dairy 

products, such as ice cream, cheese, milk powder and yogurts.36,43 There are also studies defending 

that probiotics can improve the quality of life, for instance, in people who suffer from allergies, however 

more tests are needed to confirm this information.42  

The production of goods containing probiotics is a challenging field. The biggest problem is to guarantee 

the right probiotic dosage at the time the product is consumed. The processing time and storage until 

its consumption might interfere with the viability of probiotics.36,39,44 Two possible solutions pass though 

improving the resistance of probiotics, for instance by encapsulating them, and modifying the production 

and storage of these products. Fermentation, freezing and drying are common processes in the 

production of food. The process temperature in some unit operations, fermentation in particular, may be 

above 45 ºC, higher than the optimal for probiotics (37-43 ºC) risking their viability.36 The high oxygen 

content is also a problematic issue in the survival of probiotics.38 Although probiotics can be maintained 

for long periods in frozen products, the biggest concert is their loss of viability during the freezing process 

itself. When the product is being frozen, ice crystals are formed and cause mechanical stress to cells, 

which can lead to their death. The problems related to drying processes are very high temperatures, 

mechanical shearing, dehydration and osmotic pressure.36 Another challenge is related with the fact that 

probiotics have to be capable of surviving the digestive system conditions, in particular the low pH in the 

stomach.44 

Nowadays, there are numerous food products containing probiotics. The mostly common species used 

in food are Lactobacillus (L. gasseri) and Bifidobacterium (B. bifidum and B. longum).36,39,42 Besides 

these two microorganisms, other bacteria (Bacillus, Enterococcus, Lactococcus, Leuconostoc, 

Pediococcus and Streptococcus), yeast (Saccharomyces) and filamentous fungi (Aspergillus) are also 

used.36,40 

In this work, Lactococcus lactis, a homofermentative bacterium44, was be used as a probiotic. This 

species is a lactic acid bacterium, that is Generally Recognised as Safe (GRAS) by the US Food and 

Drug Administration (FDA).44,45 Lactococcus have some advantageous characteristics, namely their 

thermostability, viability at a wide pH range and antimicrobial properties, especially against pathogenic 

bacteria (Escherichia coli and Candida albicans).39,43 L. lactis, in particular, have positive effects on 

human intestinal microflora.44 Their ability to inhibit other bacteria is due to the production of organic 

acids (lactic acid), bacteriocins46 and hydrogen peroxide, as a possible competitive behaviour against 

those bacteria.39,47 In addition, the production of lactic acid is responsible for the decrease of pH and 

change of texture, colour and taste, increasing the safety and stability of food, for instance meat 

products.44 L. lactis are also known by their production of nisin. When not at high concentrations, nisin 

is considered a natural food preservative, accepted by FDA.18,46  
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I.2.3.3. Whey 

Whey is a by-product derived from milk. After milk processing, whey proteins stay in the aqueous phase 

separated from casein proteins.48 

Whey was traditionally seen as a waste product.49 However, its consumption has increased due to its 

health benefits, including the prevention of diseases such as cardiovascular disease and osteoporosis. 

More advantages of whey are related with its antimicrobial activity, immunologic modulation and 

improvement of muscle strength.48–50 In fact, nowadays, whey protein is well-known in the society, 

especially by athletes, and is consumed as a dietary protein supplement.   

Whey is composed by α-lactalbumin, β-lactoglobulin, bovine serum albumin, lactoferrin, 

immunoglobulins, lactoperoxidade enzymes, glycomacropeptides, lactose and minerals.49 Lactoferrin, 

in particular, acts as an antimicrobial agent and can help the human immune system defending the body 

against pathogens.48 As such, whey, or purified lactoferrin, can be used as natural antimicrobial 

alternatives. 

In this work, whey and purified fractions were assayed in regards to their antimicrobial activity, allowing 

for the selection of the best purification method among those tested for this particular use. 

I.3. Extraction 

Since polyphenols have been shown to have an efficient antioxidant capacity, methods of their extraction 

have been studied and improved. There is an interest concerning methods that allow not only a high 

extraction yield but also concentration of bioactive compounds. While antioxidant compounds are being 

extracted, other molecules also are. From all known techniques, percolation, soxhlet and supercritical 

fluid extraction are the most used to extract antioxidant from plants. Ultrasound assisted extraction 

(UAE), solvent extraction and steam distillation are other possible methods.4,15,51,52  

Conventional soxhlet extraction (CSE) is preferentially used compared to supercritical fluid extraction 

(SFE), since it is a much simpler technique.51 The use of large amounts of solvents and the impossibility 

of extraction of thermo-susceptible compounds are the biggest disadvantage of CSE. In this type of 

technique, different solvents can be used: acetate, methanol, ethanol (pure or with different 

concentrations), petroleum ether or water (aqueous extraction).4,15 A study done by Brimakr et al. in 

2011 revealed that extractions using methanol and ethanol as solvents have the highest yield and 

petroleum ether the lowest.15 Polar compounds are better extracted when a polar solvent is used. 

SFE use gases above their critical point to extract selective compounds from samples (raw materials). 

While SFE with CO2 cannot be used to extract polar compounds, such as polar phenolic compounds, 

due to its non-polar fluid behaviour (for certain temperatures and pressures), this system is widely used 

in food industry. However, SFE needs a high capital investment.4 A food-grade modification like ethanol 

can work as an alternative to CO2, to increase the polarity of extraction solvent. Flavonoid yield changes 

significantly with the temperature used in the system (40-60 ºC). On the one hand, the increase in 

temperature affects fluid density which leads a depression of solute solubility, on the other hand, it 

speeds mass transfer, increasing extraction yield. Pressure is also an important parameter to be 
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optimised. Comparison of results using 100 to 200 bar, led to the conclusion that extraction yield 

increased with pressure. The higher the pressure, the higher the supercritical CO2 density. However, 

pressures above 200 bar had shown a significant decrease on the extraction yield, probably because 

there is a reduction on diffusion rates of extracted compounds to the supercritical medium.15 

UAE is an efficient extraction technique in laboratory, yet it is not in use at industrial scale. The location 

and nature of the compounds to be extracted, the need or not of a pre-treatment of the sample, the 

effects of ultrasounds in the tissue disruption and conditions of surface mass transfer4 are the points to 

take into account to optimise the extraction and obtain higher yields. Compounds can be located in the 

surface glands or within cells. In the first scenario, mild ultrasonic stressing works as a stimulus to 

release the compound. In the second case, a size reduction will maximise the surface area, which in 

turn will promote a more complete and faster extraction.4 When ultrasonic stressing is being used, 

setting appropriate parameter values in extraction according to the biological proprieties of the sample 

is prominent. There is a recommendation by pharmacopoeia that the greater part of herbal medicine 

extracts is made from dried vegetal materials. Due to desiccation of wall and middle lamella, dry 

processes lead to physical and chemical modifications, such as the loss of their diffusion and osmosis 

capacities. Thus, extractions from dried plants must be performed in two stages. First, the vegetal 

material is soaked in solvent to start the hydration process, and then the mass transfer of soluble 

compounds to the solvent occurs by diffusion and osmotic phenomena. Ultrasound in extractions allows 

for improved mass transfer and induction of penetration and capillary effects by cell disruption. With 

ultrasounds, cavitation bubbles are formed and collapsed near the cell walls, provoking cell disruption 

and, consequently, easier access and extraction of intracellular compounds by the solvent.52 Since UAE 

does not need high temperatures, thermally instable compounds can be extracted without degradation, 

which is a great advantage compared to methods that require solvent boiling.4 As in any industry, 

companies are looking for processes with lower economic cost but which, at the same time, lead to 

higher yields in short extraction time. Methanol, being a toxic solvent, cannot be used in the food 

industry15, however UAE is a promising technology in this field.4  

I.4. Determination of antioxidant activity 

Analytical methods for antioxidant activity through radical scavenging rely on two different mechanisms: 

hydrogen atom transfer (HAT) or single electron transfer (SET).2,53 In the literature, several analytical 

methods are described such as 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS), cupric 

reducing antioxidant capacity (CUPRAC), 2,2-diphenyl-1-picrylhydrazyl (DPPH), ferric reducing 

antioxidant power (FRAP), low-density lipoprotein oxidation (LDLO), oxygen radical absorbance 

capacity (ORAC), photochemiluminescence assay commercialised as PHOTOCHEM, trolox equivalent 

antioxidant capacity (TEAC), total oxidant scavenging capacity (TOSC), total phenolic content (TPC), 

and total radical-trapping antioxidant parameter (TRAP).53 A short comparison between the mentioned 

methods is presented in Table I-1. 

FRAP is a simple coulometric method described since 1996. In this method, the reduction of ferric 2,4,6-

tripyridyl-S-triazine to ferrous-tripyridyltriazine complex (blue) is detected by absorbance at 593 nm. 
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Over a wide concentration range with antioxidant mixtures, the changes in absorbance are linear. This 

method is cheap, fast and highly reproducible. Although reducing power is measured, compounds that 

act by radical quenching cannot be detected by this method.3,53,54 DPPH is also a simple technique 

based on the reducing ability of the antioxidant agent being tested through its electron donation. This 

reduction is measured through absorbance at 517 nm. The end-point occurs when the concentration of 

DPPH decreases by 50% (EC50). The lack of oxygen radicals can be pointed as a disadvantage of this 

method when applied to food or biological systems.2,3  

The ORAC method measures the antioxidant capacity of breaking the radical chain of oxidations by the 

monitorisation of the peroxyl radical oxidation inhibition. Peroxyl radical reacts with fluorescent probes, 

causing a loss of fluorescence that can be followed with a fluorometer. Considering that peroxyl radicals 

are the most responsible for lipid oxidation in food and biological systems, this method is particularly 

relevant for biological processes. TRAP assay is also a HAT-based method and shares the same 

principle of ORAC. The main disadvantage of those two methods is related to the interference of 

pigments or fluorophores from the antioxidant being analysed.2 

Some chemical reactions produce electronically excited species that luminesce (direct) or transfer 

energy to a fluorophore (indirect). Chemiluminescence assays use a chemiluminescent reagent such 

as luminol, lucigenin, oxalates, pyrogallol or luciferin, that will compete against the antioxidant sample, 

to react with an oxidant (usually hydrogen peroxide). The reduction of chemiluminescence is measured 

and the results are expressed as the concentration that reduced chemiluminescence by 50% (EC50).2 

In 1993, a new method for measuring the total antioxidant capacity based on the absorbance of the 

ABTS radical cation was developed by Miller when the author was investigating a technique to measure 

the antioxidant capacity of plasma.32 The assay relies on the formation of the radical cation ABTS. when 

ABTS is added to a peroxidase and hydrogen peroxidase. A radical cation interacting with ferryl 

myoglobin has the maximum absorption at 734 nm. The antioxidant will neutralise the radical cation by 

donating an electron or hydrogen atom. Thus, in the presence of an antioxidant, the absorbance of the 

radical decreases and that can be translated to antioxidant capacity. By this point of view, this method 

allows the monitorisation by the absorbance decay with time or the drop until a certain end-point. Results 

are expressed as trolox equivalents.2,32 The same disadvantage that was mentioned for the DPPH assay 

is pointed to TEAC, due to the use of an artificial ABTS radical cation that is not found in food neither in 

biological systems, these assays do not have a high biological relevance.2  

CUPRAC results from a modification of the FRAP assay. The reducing power of antioxidants is 

measured by the conversion of the copper ion from cupric (Cu2+) to cuprous (Cu+). A complex is formed, 

generally with the ligand neocuproine, and its maximum absorption is at 450 nm. To have a more reliable 

application in food and cosmetics, due to insoluble food matrices and cosmetic products, a modification 

to this method was suggested. In order to make use of the surface reaction between solid and liquid 

material, a solubilisation of the bound antioxidants is forced by the CUPRAC reagents.2 

TPC is very often related to the total antioxidant capacity, generally applied on the evaluation of the 

antioxidant activity from herbs, spices, fruits, cereals, among others. The Folin-Ciocalteu assay, the 

most commonly used, is based on the reduction of the Folin-Ciocalteu reagent by phenolic compounds. 
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It is considered a ET-based assay. As in this work, gallic acid is often used as standard, thus results are 

expressed in gallic acid equivalents. Simplicity, reproducibility and robustness are pointed as the main 

advantages of this method. However there are some disadvantages, for instance a overestimation of 

TPC may happen due to contaminants, such as reducing sugar or some amino acids, in the sample.2  

The most commonly used are FRAP, TPC and DPPH.2,3  

Table I-1 – Comparison of methods for assessing antioxidant capacity. Table adapted from Prior (2005) 53  

 Simplicity  Instrumentation required Biological relevance 

CUPRAC +++ ++++ N/A 

FRAP ++++ +++ -- 

DPPH + + - 

LDL oxidation - +++ +++ 

ORAC ++ + +++ 

PHOTOCHEM + -- (specialized) ++ 

TEAC + + - 

TOSC - - ++ 

TRAP --- -- (specialized) +++ 

 

I.5. Encapsulation of antioxidant and antimicrobial components 

As a protection, components with antioxidant and antimicrobial activities can be encapsulated in 

particles. The aim of this particles is to avoid the direct contact between the substances and the product 

they are being added to (for instance, food, in the case of food industry), and grant a controlled release 

of these compounds. In addition, a controlled drug delivery minimises undesirable effects.55 One of the 

most important factors to take in account, about the encapsulation of antimicrobial agents, is related to 

stability of particles. The release of these compounds must be ensured at the required minimum 

inhibitory concentration.12  

I.5.1. Encapsulation of spices herb extracts and whey 

New systems of drug delivery, including nanoparticles, have been developed and improved.2,12,33 

Encapsulation of antibiotics in nanoparticles has some advantages as their controllable size, usually 

ranging from 1 to 100 nm, which leads a sizeable surface area to mass ratio and high reactivity 

structures.12,56 Nanoparticles can be divided in liposomes, polymeric, nanocrystals and solid lipid 

nanoparticles, according to their composition, morphology and function. 12,57 

I.5.1.1. Liposomes 

From all the nanoparticle systems, liposomes are one of the most studied for drug delivery. They are 

biodegradable, biocompatible and their surface properties can be manipulated. Besides, they are able 

to reduce product toxicity and improve its solubility and stability.12,58 Low encapsulation efficiency, high 
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manufacturing costs, degradation by hydrolysis or oxidation, sedimentation, aggregation or fusion during 

storage are pointed as some disadvantages.12  

Liposomes are lipid vesicles, created by phospholipids (phosphatidylcholine, phosphatidylethanolamine 

and phosphatidylinositol, exemplified in Figure I-4) and cholesterol. Commonly used phospholipids 

come from soya bean lecithin because are safe and are available at a relatively low cost.12  They are 

formed by a thin lipid film or cake that is hydrated and the liquid crystalline bilayers turn fluid and swelled 

by the absorption of moisture. Multilamellar vesicles are formed during agitation by the separation of 

hydrated lipid sheets. At the end, through sonication or extrusion, energy is inputted to reduce particle 

size.59 There are many possible methods and lipid species that can be used in their preparation such 

as ethanol injection, thin film evaporation and ultrasonication.12  
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Figure I-4 – Chemical structure of phospholipids. A- phosphatidylcholine, B- phosphatidylethanolamine, C- 
phosphatidylinositol 

I.5.2. Encapsulation of probiotic bacteria 

As mentioned before, probiotic bacteria are live microorganisms, as such, they require stable conditions 

of temperature, pH and salinity, since the final food preparation until gastrointestinal passage, applied 

to food industry in particular.35 Encapsulating these probiotics is a possible solution to provide them 

protection against rough conditions to which they are exposed. Although encapsulation of antimicrobial 

or antioxidant compounds in nanoparticles are considered as innovative and promising alternatives12, 

they cannot be applied to probiotic bacteria. Since bacteria belong to micrometre scale, they would not 

fit inside nanoparticles. Alginate, chitosan, gelatine, carrageenan, cellulose or maize starch are 

examples of polymers that have been used as capsular wall material. 41 

Alginate, chitosan and starch particles can be prepared by the emulsification method which is based on 

gelation and cross-linking of polymers. Alginate particle formation take advantage of the creation of a 

gel when a water-soluble polymer (sodium alginate) is added to a multivalent cation solution (calcium). 

In the case of chitosan particles, a complex between chitosan and polyanions (tripolyphosphate) is 

formed. Starch particle preparation requires nanoprecipitation in absolute ethanol. Chitosan particles 
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are polycationic and that allows for an interaction with microbial cell walls, which are negatively charged, 

and plasma membranes. This interaction causes an osmotic destabilisation that can lead to membrane 

disruption. Chitosan can also bind to microbial DNA and inhibit mRNA and protein synthesis.12 

I.6. Application of selected antimicrobial compounds in food and 

cosmetics 

In drug application, the majority antimicrobials, available on the market, have a reduced intracellular 

activity because they are transported through cell membranes. If the application happens directly on the 

skin surface, the antimicrobial agents have a controlled release into internal environments.12 Adding 

some of these active substances in cosmetics can be an opportunity in the cosmetic and pharmaceutical 

industries. The wine industry had shown some interest in phenolic compounds because they can give 

particular characteristics, such as colour and flavour.4 Consumers exhibit an increasing preference of 

natural over synthetic compounds, including antioxidants and antibacterial agents. Main reasons are 

safety concerns and the reduction of synthetic food additives used. In addition natural antioxidants 

embrace health benefits,2,4 resulting in increased demand for clean label products.2,3,18,46 In addition 

synthetic antioxidants have been limited by FDA, which contributed to an increase of the demand for 

natural antioxidants.2 

When encapsulation in alginate or chitosan particles is being considered as a way of protection of 

antioxidant and antimicrobial compounds and probiotics, there are at least two parameters to take in 

attention: costs of alginate or chitosan and the size of the obtain particles. Chitosan is more expensive 

than alginate, and because of that its application is limited to cosmetic industry. In food products might 

not be profitable. Alginate is cheaper and due to their stability, can be applied in food. However, alginate 

beads are too big to be used in cosmetic products. 

Nevertheless, is important to emphasize a point: high-doses of antioxidants may be responsible for 

some health risks.9 The risk of lung cancer in smokers linked to high doses of β-carotene or the increase 

risks of prostate cancer and haemorrhagic stroke due to high vitamin E doses are examples. In addition, 

antioxidant supplements have been studied about their interaction with certain medications, in particular 

in cancer treatments.11 Finally, it must be noted that all herbs, spices or any other sources of antioxidant 

and antimicrobial agents or probiotics must be GRAS.36 A food additive, any substance that is 

intentionally added to food, to considered GRAS should be approved by FDA. The unfavourable effects, 

that have been observed when probiotics were taken by patients with debilitate immune system, were 

sepsis, fungaemia and gastrointestinal ischemia.40  
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II. AIM OF THE STUDY 

Society is naturally exposed to many dangerous agents, such as microbial agents which are responsible 

for a myriad of different diseases. Even actions which are necessary for living, such as breathing, can 

be damaging, in this case due to the oxidative damage caused by reactive oxygen species, which results 

in rapid ageing of the living tissues. Although the human body contains some innate mechanisms in 

order to defend itself against these threats, sometimes they are not enough and it is necessary to aid 

the natural body defences. Usually, antimicrobial agents are widely used to combat microbial infections, 

but suffer from a multitude of problems, for example, a continuous increase of the number of strains 

which gain resistance against these agents, or other minor drawbacks such as poor bioavailability, due 

to being chemically synthesised and not natural molecules. Effective antioxidant compounds are also a 

great necessity in order to allow, on the one hand, for long-term food storage without spoiling and without 

loss of nutrients, and, on the other hand, to avoid tissue damage. Spices and herbs have been found to 

contain both antimicrobial and antioxidant agents, which are ideal to solve the aforementioned problems 

due to their wide availability and due to their natural origin. The latter is especially advantageous as it 

guarantees these compounds are easily uptaken and well-tolerated by the human body, thus rendering 

them more effective than synthetic compounds. In order to guarantee greater stability and targeted 

release of herb-derived compounds, thus ensuring greater intended effect with minimal side effects, 

they may be encapsulated in particles, such as liposomes or polysaccharides (e.g. alginate, chitosan). 

This project aimed to study the antimicrobial and antioxidant effect of whey and natural spice and herb 

extracts. The first main objective was to extract antimicrobial and antioxidant compounds from whey, 

spices and herbs, and to characterise them by inhibition assays for antimicrobial compounds and 

spectrophotometry, ABTS radical and HPLC/PDA, HPLC/RI and LC/MS for antioxidant compounds. The 

second main objective was to encapsulate the best 4 of these compounds in liposomes and 

polysaccharide (alginate and chitosan) particles. Encapsulation efficiency was determined by an indirect 

method, in which the amount of non-encapsulated polyphenol was measured through 

spectrophotometry. Nanoparticles were characterised regarding their size and stability via electron 

microscopy, DLS and ultracentrifugation, and long-term stability in artificial digestive fluids.  
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III. MATERIALS AND METHODS 

III.1. Extractions  

Extracts were prepared from a selection of herbs and spices (cinnamon, clove, pepper, ginger, star 

anise, oregano, nutmeg, mace, guarana, green tea and black tea), using either distilled water or ethanol 

(Lach-Ner) at different concentrations (30%, 50%, 80%) as solvents. Those herbs and spices were 

bought from the local market in Brno, Czech Republic. The extraction mixtures were prepared at a 

concentration of 0.01 g/mL of extraction liquid, and incubated at 37ºC for 15 min or 24 h, according the 

extraction time under study. Boiling water was used in the case of 15 min of extraction. These were 

filtered through cheesecloth or, for small particles (cinnamon and ginger), centrifuged (Hermle 

Labortechnik GmbH, model Z 36 HK) for 2 min at 11,000 rpm. The total phenolic and flavonoid contents, 

and the antioxidant and antimicrobial activity were analysed. Afterwards, the extracts were 

encapsulated.  

III.2. Encapsulations 

Three different types of encapsulation of the prepared extracts were tested: polysaccharides (alginate 

and chitosan) and liposome particles. 

III.2.1. Polysaccharide particles 

Alginate and chitosan particles were prepared through the emulsification method, which is based on 

gelation and cross-linking of polymers12. In both cases, the Buchi Encapsulator B-395 Pro, with a 450 

µm nozzle, was used. 

Alginate particles were prepared by spraying a mixture of 10 mL 2% sodium alginate (Sigma Aldrich), 5 

mL distilled water and 5 mL extract to 60 mL calcium chloride solution (Lach-Ner). 

Chitosan particles were prepared with 10 mL 2% chitosan (Sigma Aldrich), 5 mL distilled water and 5 

mL extract sprayed in 60 mL of Sodium tripolyphosphate (Sigma Aldrich). 

After the formation of both type of particles, they were filtered using filter paper. Liquid and particles 

were stored at 7 ºC.  

III.2.2. Liposome particles 

Liposome particles were prepared by the ultrasonication method, using an ultrasonic homogeniser 

(Bandelin ssonopuld ultrasonic homogeniser). 20.0 mg of cholesterol (Sigma Aldrich), 180 mg of soya 

bean lecithin (SERVA) and 10 mL of the extract were required. This dispersion was sonicated (80 W, 

20 kHz), inside a cold-water bath working as a cooling system, for 1 min. Prepared particles were stored 

at 7 ºC. 
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III.3. Characteristics determination 

Formed extracts and particles were characterised regarding their total phenolic and flavonoid content 

and antioxidant activity. In case of samples containing whey, the presence of sugars, lactic acid and 

total proteins were also analysed. 

III.3.1. Total phenolic content 

Total phenolic content was measured by the Folin-Ciocalteu colorimetric method, outlined in Figure III-1. 

1 mL 10% Folin-ciocalteu solution in water (Penta Chemicals), 50 µL sample and 1 mL distilled water 

were mixed and left for 5 minutes. Then, 1 mL saturated sodium carbonate solution (Lach-Ner) was 

added, the solution was mixed and left for 15 min before the absorbance was read at 750 nm, in an UV-

Vis spectrophotometer (Boeco Germany, model S-220) using one 1 cm light path cuvette. Quantification 

of total phenolic content was made using a standard curve of Gallic acid (Sigma Aldrich) and the results 

were expressed in mg of Gallic acid equivalent (GAE) per g of sample (herb or spice).  

 

Figure III-1 - Workflow of the protocol for total phenolic content by Folin-Ciocalteu colorimetric method.  

 

In the case of liposome particles, these were centrifuged (Hettich Mikro 120, DJB labcare) at 11,000 

rpm for 1 hour and the total phenolic content was measured from the supernatant. 

III.3.2. Total flavonoid content 

Total flavonoid content was measured by the aluminium chloride colorimetric method, illustrated in 

Figure III-2. In this method, 0.5 mL of sample was mixed with 1.5 mL distilled water and 0.2 mL sodium 

nitrite (Lach-Ner) and left for 5 min. Then, 0.2 mL aluminium chloride (Lach-Ner) was also mixed and 

left for 5 minutes, afterwards, 1 mL distilled water and 1.5 mL sodium hydroxide (Lach-Ner) were added 

and left for 15 min before the absorbance was read at 510 nm using an UV-Vis spectrophotometer. 

Quantification was made using a standard curve of catechin (Sigma Aldrich) and the results expressed 

in mg of catechin equivalent (CE) per g of sample.   
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Figure III-2 - Workflow of the protocol for total flavonoid content by aluminium chloride colorimetric method.  

 

In the case of liposome particles, these were centrifuged (Hettich Mikro 120, DJB labcare) at 11,000 

rpm for 1 h and the total flavonoid content was measured from the supernatant.  

III.3.3. Antioxidant activity 

Antioxidant activity was determined using ABTS radical cation decolorization assay. This method 

requires ABTS to be dissolved in water to a concentration of 7 mM (ABTS stock solution). ABTS radical 

cation was produced by reacting the ABTS stock solution with 2.45 mM potassium persulfate (Sigma 

Aldrich) and kept in the dark for 12-16 h before use. This solution was diluted with ethanol until reaching 

an absorbance of 0.70 at 734 nm. To the time zero sample, 10 µL of the liquid used in the extraction 

were added to 1 mL of the ABTS radical cation and the absorbance was measured. For 10 µL of each 

sample, 1 mL of ABTS radical cation was added, and after exactly 10 min the absorbance at the same 

wave-length was read. Antioxidant activity was determined considering the change in the absorbance 

of time zero to time 10 min and using a calibration curve obtained with Trolox (Sigma Aldrich). Results 

were expressed in mg of Trolox equivalent (TE) per g of sample. 

III.3.4. Sugars 

Sugar content from whey samples, was measured by liquid chromatography. Firstly, the raw whey was 

concentrated by ultrafiltration. High performance liquid chromatography (HPLC) was operated on a 

Thermo Scientific system equipped with RI detector. Analysis was carried out at a temperature of 60 ºC 

using a Phenomenex C18 column of Rezex ROA-SVBD (300 x 7.8 mm). 20 µL of sample were injected 

onto the column. Elution was carried out for 15 min at a flow rate of 1 mL/min, using 5 mM of H2SO4 as 

the mobile phase. Data were evaluated through the Chromeleon programme.  

III.3.5. Lactic acid 

Lactic acid content was also determined by HPLC. Before injection, the sample was centrifuged at 7,000 

rpm for 10 min and filtered through a 45 μm filter (LUT Syringe Filters Nylon, Sigma-Aldrich, 13 mm, 45 

μm). The chromatography was performed at 60 ºC on a Thermo Fisher Scientific system (Ultimate 3000 
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HPLC) with PDA detection at 205 nm and using a C18 Rezex ROA-SVBD column (300 x 7.8 mm). 20 

mL were eluted at 1 mL/min. The results were analysed using the Chromeleon programme. 

III.3.6. Total proteins 

Protein content was determined using the Hartree-Lowry Assay. For this method, three solutions (A, B 

and C) were prepared. Reagent A consisted of 7 mM NaK tartrate, 0.81 M sodium carbonate and 1 M 

NaOH. Reagent B was composed by 70 mM NaK tartrate, 40 mM cooper sulfate, 10 mL OF 1 M NaOH 

and 90 mL H2O. Reagent C was a 1:15 Folin-Ciocalteu solution in water. For the assay, 1 mL of sample 

was mixed with 0.90 mL of reagent A and left to incubate at 50 ºC for 10 min. After cooling down to room 

temperature, 0.1 mL of reagent B were added, mixed and left for 10 min at room temperature. 3 mL of 

reagent C were then added and left to incubate at 50 ºC for 10 min. After cooling to room temperature, 

the absorbance at 650 nm was measured, in a 1 cm light path cuvette. The calibration curve was 

obtained with bovine serum albumin (Sigma-Aldrich). Results were expressed in mg/mL. 

III.3.7. SDS-PAGE electrophoresis 

Samples were characterised by estimation of their molecular weight using the sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) method.60 

In this method, 6 solutions were necessary to prepared, which composition is summarised in the Table 

III-1. 

Table III-1 – Solution required for SDS-PAGE. 

Solution Composition 

A 4.22 M acrylamide + 0.52 M bisacrylamide (stored at 4 ºC) 

B 3 M Tris hydroxy methyl aminomethane (Tris) at pH 8.8 

C 3 M Tris at pH 6.8 

D 0.35 M SDS (stored in the dark) 

E 0.44 M Ammonium persulfate (APS) 

F 0.015 M bromophenol blue 

 

After it was prepared the gel itself with the addition and mixing of the solutions according the Table III-2, 

taking in account that the solution E (APS) must be the last to be added. Lower percentage gels are 

better for resolving very high molecular weight molecules, while much higher percentages of acrylamide 

are needed to resolve smaller proteins. In this system, two gels of different pore size and different buffers 

were applied. One of the gels, the resolving gel had acrylamide concentration of 20% (w/v). Another gel, 

the stacking gel was created on top of the resolving gel (2 cm) and this gel had acrylamide concentration 

only 6% (w/v) 
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Table III-2 – Quantities of solutions used to formation of the electrophoresis gel. 

Solution 
Quantities used to resolving gel 

formation (mL) 
Solution Quantities used to stacking gel 

formation (mL) 
A 10.67 A 2 
B 4 B 0 
C 0 C 2.5 
D 0.16 D 0,08 
E 0,16 E 0,08 
F 0 F 0 

H2O 1 H2O 5.4 
TEMED 0.016 TEMED 0,008 

 

The electrophoresis apparatus (BIO-RAD) was loaded with the gel mixture and approximately 1 mM of 

isopropanol, and the polymerisation reaction started. When it was finished, the water in excess was 

removed and gel was transferred to the support device.  

Electrophoresis running buffer was poured into the lower level of the electrophoresis device and the 

sample buffer in the upper level. The running buffer had a composition of 50 mM of Tris, 250 mM of 

glycine and 6.9 mM of SDS. The sample buffer was prepared with 4.8 mL of solution C, 4 mL of D, 0.2 

mL of solution F (composition on Table III-1), 6 mL of glycerol, 4.8 mL of H2O and 1 mL of 

mercaptoethanol. 20 μL of samples were injected into the holes of the gel as well as 10 μL of the 

molecular mass standard mix (Precision Plus Protein™ Dual Color Standards, BIORAD). 

Electrophoresis took 1 hour at 120 V and 400 mA. 

The gel was stained with three solutions: stabilising, staining and destaining. The composition of which 

are summarised in Table III-3. The gel was immersed in stabilising solution. After 5 min, the solution 

was replaced by the staining solution for 30 min. At the end, the gel was dipped into destaining solution 

for 90 min. All of the procedure was performed under constant mixing. 

Table III-3 – Composition of solutions used to stain the gel after electrophoresis. 

Solutions Composition 

Stabilising 
400 mL H2O 

100 mL methanol 

Staining 

450 mL H2O 

450 mL methanol 

100 mL acetic acid 

0.5 g Coomassie Brilliant Blue 

Destaining 

650 mL H2O 

250 mL methanol 

100 mL acetic acid 
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III.4. Size and stability of particles 

Each set of liposome particles (prepared with aqueous and ethanol extractions) were used to 

determinate their size and stability. Both measurements were performed in a Malver Zetasizer Nano ZS 

equipment. Although the size determination used only a 12 mm square polystyrene cuvette (DTS0012), 

particle stability assay needed a surface zeta potential accessory.  

Particle stability and size were measured by zeta potential (ZP) and dynamic light scattering (DLS), 

respectively.    

III.5. Particles short- and long-term stability in digestive fluids 

Short- and long-term stability in digestive fluids were tested in all particles (alginate, chitosan and 

liposomes). Stability was tested right after the particle formation. Long-term stability was performed 2 

months after particle formation, except for the set of particles with whey, which was tested after only 1 

month. For this study, three solutions to mimic digestive fluids were prepared according to the 

composition in Table III-4. 

Table III-4 – Composition of the artificial digestive fluids used in the stability tests of particles. 

Fluids Composition 

Stomach fluid 

0.25 g of pepsin (SERVA)  

100 mL of H2O 

0.84 mL of 35% hydrochloric acid (Lach-Ner) 

pH 0.9 

Pancreatic fluid 

0.25 g of pancreatin (Sigma-Aldrich) 

1.5 g of natrium hydrogen carbonate (Lach-Ner) 

100 mL H2O 

pH 8.9 

Bile fluid 

0.8 g bile acid salts (Sigma-Aldrich)  

200 mL of phosphate buffer (8.29 g/L of Na2HPO4
.12H2O and 0.532 g/L of 

NaH2PO4
.2H2O [Lach-Ner]) 

pH 8.8 

 

The protocol followed to study this stability is represented in Figure III-3 for alginate and chitosan 

particles. Firstly, 0.2 g of particles were weighted, 1 mL of stomach fluid was added, and the mixture 

was incubated at 37 ºC for 20 min. From this solution, 0.5 mL were taken to measure the TPC. To the 

remaining 0.5 mL, still with the particles, 0.25 mL of the pancreatic fluid and 0.25 mL of the bile fluid 

were added and left to incubate at 37 ºC for 1 hour. Afterwards, TPC from the liquid was measured. 
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Figure III-3 - Workflow of the protocol for stability test applied to alginate or chitosan particles. 

For liposome particles, the protocol described in Figure III-4 was followed. This protocol is very similar 

to the one used to alginate and chitosan particles, but the test is preceded by centrifugation (Hettich 

Mikro 120, DJB labcare)  of 1 mL liposome particles at 10,000 rpm for 1 h and resuspension of the pellet 

in 1 mL of H2O. Additionally, instead of a set weight of particles, 0.5 mL of particle suspension were 

used. Just before starting the method to measure TPC, the liquid was centrifuged at 14,000 rpm for 10 

minutes. 

 

Figure III-4 - Workflow of the protocol for stability test applied to liposome particles. 
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III.6. Antimicrobial tests 

Antimicrobial susceptibility was tested by the broth-dilution method and agar disk-diffusion. For both 

methods, medium was prepared according to Table III-5. In the case of disk-diffusion 20 g/L of agar 

(HiMedia Laboratories) were added to produce solid medium. 

Table III-5 – Composition of medium used in antimicrobial tests. 

Medium 
Preparation conditions 

Nutrient Broth (NB)  25 g/L NB (HiMedia Laboratories) 

Yeast extract peptone D-glucose (YPD) 10 g/L yeast extract powder (HiMedia Laboratories) 

20 g/L peptone aus casein (Carl Roth) 

20 g/L D-glucose (PENTA) 

 

NB medium was used to cultivate Micrococcus luteus and Serratia marcescens. YPD medium was used 

with Candida glabrata. All bacteria used were supplied by the Czech Collection of Microorganisms in 

Brno. 

III.6.1. Agar diffusion method 

Particles made of alginate and chitosan, but not liposomes were submitted to this test. In this method 

petri dishes are filled with 20 mL of medium and when it is dry 100 µL of the microorganism culture 

(approximately 107 CFU/mL) is spread and stayed for 20 minutes. Approximately one small laboratory 

spoon full of particles was placed in the petri dishes and incubated for 24 hours at 37 ºC. 

One set of alginate and chitosan particles were after tested with broth dilution method.   

III.6.2. Broth dilution method 

This method was used to test antimicrobial susceptibility to alginate, chitosan and liposome particles. 

After centrifuging 1 mL of liposome samples at 11,000 rpm for 1 h, the resultant pellet was resuspended 

in 1 mL of H2O. 50 µL of sample were added to 150 µL of microorganism previously diluted 10x from a 

cultivation prepared the day before (approximately 106 CFU/mL). Absorbance (λ = 630 nm) was 

measured at time zero and after 24 h. Plates were incubated at 37 ºC. 

For alginate and chitosan particles, 0.1 g of particles were added to 5 mL of medium and 100 µL of 

microorganisms. 

III.7. Particle analysis  

III.7.1. Optical microscope 

Light microscopy (Labomed Lx 500, Labomed Inc.) was used to analyse the morphology of prepared 

particles, estimative particle size and encapsulation efficiency (Especially in the case of bacterial 
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encapsulation.). A small sample from the prepared particles was taken and observed directly on the 

microscope. 

III.7.2. Florescence microscope 

Viability of bacteria encapsulated into particles was assayed by fluorescence microscope (Labomed Lx 

500, Labomed Inc). Capsules with bacterial cells were stained with 1mL of water with 5 µL of propidium 

iodide (1 mg/1 mL H2O). 

III.8. Flow cytometry 

Viability of bacteria used in encapsulation was assayed by flow cytometry (Apogee Flow Systems, 

Hemel Hempstead). Lactococcus lactis was the bacterial stain used in co-encapsulation with spices in 

alginate and chitosan particles. At the day prior to encapsulation, bacteria were inoculated for 24 hours 

at 30 ºC. Before flow cytometry, the culture suspension was centrifuged for 5 min at 5,000 rpm. Cells 

were stained with 5 µL of propidium iodide (1 mg/1 mL H2O) per mL of sample. 

III.9. Statistical analysis 

All tests were performed at least in triplicate. Statistical analysis was carried out with Excel or GraphPad 

Prism 6. Results are expressed as mean ± standard deviation.  

 

 





27 

IV. RESULTS AND DISCUSSION 

The main aim of this work was to characterise herb and spice extracts and associate their phenolic 

amount with their antimicrobial and antioxidant effect. In this section, the obtained results will be 

presented and discussed. Whenever required, extra tables with certain data and/or information (for 

instance calibration curves) are presented in the attachments (section VIII). 

IV.1. Characterisation of selected antimicrobial components 

Two different types of samples were analysed before their encapsulation. Eleven herb and spice extracts 

and whey were characterised. 

IV.1.1. Characterisation of herbs and spices extracts 

Cinnamon, black pepper, ginger, clove, oregano, star anise, nutmeg, mace, guarana, green and black 

tea were extracted and characterised regarding their total phenolic and flavonoid content. The four 

spices with the highest total phenolic content (TPC) were afterwards encapsulated in alginate, chitosan 

and liposome particles. TPC outside of those particles was measured in order to calculate encapsulation 

efficiency. 

Extractions were performed in aqueous phase and with 30%, 50% and 80% ethanol solutions during 15 

min or 24 h. Following extraction, TPC and TFC of these extractions were measured. Antioxidant activity 

(AA) was only measured in 24 h extracts.  

As mentioned in the introduction (I.2.1 Antioxidant agents, page 2), polyphenols cover different classes, 

such as flavonoids. In this work, only TPC and TFC were measured. Although it is expected that samples 

have a higher amount of total polyphenols than total flavonoids, this comparison cannot be done directly. 

TPC is measured in mg of gallic acid equivalent per g of dry sample and TFC in mg of catechin 

equivalent per g of dry sample, thus not covering the whole range of polyphenols and flavonoids, 

respectively. 

IV.1.1.1. Determination of antioxidant activity, total phenolic content and total 

flavonoids content of selected herb and spice extracts 

IV.1.1.1.1. Aqueous extracts  

The results from the 15 min and 24 h extraction in aqueous phase are summarised in Table IV-1. With 

the aim of aiding the extraction process, the 15 min extraction was started with boiling water. In the case 

of the 24 h extraction, room temperature water was used. 
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Table IV-1 - Summary of the results obtain for the aqueous extraction of selected herbs and spices. Total phenolic 
content (TPC) is expressed in mg of gallic acid equivalent per g of dry sample (mg GAE/g) and total flavonoid 
content (TFC) is expressed in mg of catechin equivalent per g of dry sample (mg CE/g) for 15 minutes and 24 hours 
of extraction and antioxidant activity (AA) is expressed in mg of trolox equivalent per g of dry sample (mgTE/g) only 
for 24 hours of extraction. Values of each sample were obtained from three different readings. 

Aqueous extract - 15 minutes 

  Cinnamon Pepper Ginger Clove Oregano Star anise 

TPC (mgGAE/g) 44.6 ± 2.6 4.8 ± 0.2 9.5 ± 0.3 41.5 ± 1.0 30.3 ± 0.1 7.0 ± 0.2 

TFC (mgCE/g) 34.6 ± 0.5 3.1 ± 0.1 18.1 ± 0.2 0.7 ± 0.0 20.9 ± 0.5 5.5 ± 0.2 

  Nutmeg Mace Guarana Green tea Black tea   

TPC (mgGAE/g) 5.2 ± 0.1 3.3 ± 0.0 28.1 ± 1.6 41.6 ± 1.0 a 9.7 ± 2.3   

TFC (mgCE/g) 2.3 ± 0.1 1.2 ± 0.0 50.6 ± 12.1 13.8 ± 0.2 1.7 ± 0.1   

Aqueous extract - 24 hours  

  Cinnamon Pepper Ginger Clove Oregano Star anise 

TPC (mgGAE/g) 48.6 ± 1.3 a 4.8 ± 0.0 12.4 ± 1.0 41.7 ± 7.3 38.7 ± 0.7 3.2 ± 0.2 

TFC (mgCE/g) 40.5 ± 11.3 3.7 ± 1.2 3.7 ± 0.8 13.0 ± 0.7 16.5 ± 4.3 1.3 ± 0.1 

AA (mgTE/g) 48.5 ± 0.7 3.5 ± 1.3 9.1 ± 3.4 51.6 ± 0.9 42.8 ± 2.4 - 

  Nutmeg Mace Guarana Green tea Black tea   

TPC (mgCE/g) 8.7 ± 0.2 4.9 ± 0.1 42.6 ± 0.6 59.4 ± 0.6 13.8 ± 0.1   

TFC (mgCE/g) 7.6 ± 0.1 2.9 ± 0.1 35.7 ± 4.4 18.5 ± 1.4 3.3 ± 0.1   

AA (mgTE/g) - - 49.2 ± 0.4 45.6 ± 0.0 5.8 ± 2.6   
aOnly two readings were performed. -Result was zero or not significant.  

These data show that green tea (59.4 ± 0.6 mg GAE/g), cinnamon (48.6 ± 1.3 mg CAE/g), clove (41.7 

± 7.3 mg GAE/g) and guarana (42.6 ± 0.6 mg GAE/g), following 24 h of extraction, have the greatest 

TPC. The highest TFC was obtained also following 24 h of extraction from cinnamon (40.5 ± 11.3 mg 

CE/g) and guarana (35.7 ± 4.4 mg CE/g). Although 15 min aqueous extraction of guarana also showed 

high TPC and TFC, this can be result of an interference during measurements.  

Comparing the results, the 15 min extracts reveal a higher flavonoid content than the 24 h extracts, 

which was not to be expected. The longer the extraction, the higher the quantity of compounds which 

can be extracted until a certain limit, as such, 24 h extractions are expected to lead to a greater or equal 

compound release than just 15 minutes from the same sample. In general, studied spice and herb 

samples show a better release of antioxidant compounds when submitted to 24 h extraction.  

As expected, higher phenolic content leads to a higher antioxidant activity. This conclusion is taken by 

comparison of highest and lowest TPC and AA following 24 h of extraction. Green tea had the highest 

TPC and one of best results for AA. With the worst TPC (3.2 ± 0.2 mg GAE/g), star anise had none 

antioxidant activity. 

IV.1.1.1.2. Ethanol extracts 

As an alternative, ethanol extractions were done to evaluate if it would be possible to have a larger 

release of antioxidant compounds than the obtained using aqueous extractions. Three ethanol 

concentrations (30%, 50% and 80%) were used with 15 min and 24 h of extraction.  
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The first tested ethanol concentration regarding TPC, TFC and AA was 30%; those results are 

summarised in Table IV-2.  

Table IV-2 - Summary of the results obtain for the 30% ethanol extraction of selected herbs and spices. Total 
phenolic content (TPC) is expressed in mg of gallic acid equivalent per g of dry sample (mg GAE/g) and total 
flavonoid content (TFC) is expressed in mg of catechin equivalent per g of dry sample (mg CE/g) for 15 minutes 
and 24 hours of extraction and antioxidant activity (AA) is expressed in mg of trolox equivalent per g of dry sample 
(mgTE/g) only for 24 hours of extraction. Values of each sample were obtained from three different readings. 

30% Ethanol extract - 15 minutes 

  Cinnamon Pepper Ginger Clove Oregano Star anise 

TPC (mgGAE/g) 46.6 ± 1.3 2.7 ± 0.3 11.4 ± 0.4 22.3 ± 1.1 30.6 ± 1.0 5.9 ± 0.7 

TFC (mgCE/g) 43.5 ± 0.9 0.8 ± 0.5 6.1 ± 0.2 13.2 ± 0.7 17.8 ± 0.6 2.2 ± 0.1 

  Nutmeg Mace Guarana Green tea Black tea   

TPC (mgGAE/g) 14.3 ± 0.4 10.7 ± 1.6 51.3 ± 1.7 25.2 ± 1.3 6.4 ± 2.0   

TFC (mgCE/g) 9.0 ± 0.2 4.9 ± 0.3 45.6 ± 2.2 5.6 ± 0.4 0.3 ± 0.2   

30% Ethanol extract - 24 hours  

  Cinnamon Pepper Ginger Clove Oregano Star anise 

TPC (mgGAE/g) 55.9 ± 2.1 6.9 ± 0.3 12.5 ± 2.1 59.2 ± 2.0 53.9 ± 1.8 10.9 ± 0.3 

TFC (mgCE/g) 47.9 ± 47.9 3.3 ± 3.3 11.0 ± 0.3 13.6 ± 0.6 27.4 ± 0.6 9.9 ± 0.5 

AA (mgTE/g) 54.2 ± 0.0 12.3 ± 2.8 20.1 ± 2.2 53.2 ± 0.0 55.2 ± 0.1 13.8 ± 0.5 

  Nutmeg Mace Guarana Green tea Black tea   

TPC (mgCE/g) 14.4 ± 0.9 14.1 ± 0.1 46.5 ± 2.9 80.3 ± 21.2 19.8 ± 3.8   

TFC (mgCE/g) 7.0 ± 0.3 14.8 ± 0.7 11.0 ± 0.3 48.7 ± 2.1 30.0 ± 0.4   

AA (mgTE/g) 22.3 ± 1.0 21.5 ± 1.2 56.3 ± 0.2 57.7 ± 0.1 54.3 ± 0.2   

 

Similarly to aqueous extraction, with a longer extraction period, TPC, TFC and AA were better. Clove, 

oregano and green tea extracts present a huge improvement. Those changes were from 22.3 ± 1.1 to 

59.2 ± 2.0 mg GAE/g in TPC from clove extract, 30.6 ± 1.0 to 53.9 ± 1.8 mg GAE/g and 17.8 ± 0.6 to 

27.4 ± 0.6 mg CE/g in TPC and TFC of oregano extract respectively and from 25.2 ± 1.3 to 80.3 ± 21.2 

mg GAE/g and 5.6 ± 0.4 to 48.7 ± 2.1 mg CE/g to TPC and TFC of green tea extract.  

Once again, larger amounts of phenolic compounds are correlated with better results in antioxidant 

activity, as it is visible in cinnamon, clove, oregano, guaran and green tea. Black tea extract shows an 

interesting result. On the one hand TPC does not suggest for a very high antioxidant activity, on the 

other hand, this extract features one of the best AA observed.  

A particular herb which deserves special attention is guarana. Although all four 24 h extractions of 

guarana showed a great result in the antioxidant activity test, around 50 mg TE/g, the TFC results are 

not in agreement with this, even when TPC are. For instance, in the case of 30% ethanol extraction 

(Table III-2), the TPC and AA obtained were ones of the best, 46.5 ± 2.9 mg GAE/g and 56.3 ± 0.3 mg 

TE/g respectively, but the TFC was just 11.0 ± 0.3 mg CE/g. In addition, in some cases, TPC or TFC 

were lower with 24 h of extraction than with 15 min. As such, guarana may have interfered with the TFC 

readings, or some operational errors may have affected these results. 

The second concentration of ethanol used in extractions was 50%, those results are showed in Table 

IV-3.  
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Table IV-3 - Summary of the results obtain for the 50% ethanol extraction of selected herbs and spices. Total 
phenolic content (TPC) is expressed in mg of gallic acid equivalent per g of dry sample (mg GAE/g) and total 
flavonoid content (TFC) is expressed in mg of catechin equivalent per g of dry sample (mg CE/g) for 15 minutes 
and 24 hours of extraction and antioxidant activity (AA) is expressed in mg of trolox equivalent per g of dry sample 
(mgTE/g) only for 24 hours of extraction. Values of each sample were obtained from three different readings. 

50% Ethanol extract - 15 minutes 

  Cinnamon Pepper Ginger Clove Oregano Star anise 

TPC (mgGAE/g) 59.8 ± 2.8 4.2 ± 2.6 11.0 ± 0.4 32.7 ± 0.1 27.4 ± 0.2 4.7 ± 0.2 

TFC (mgCE/g) 61.6 ± 0.9 1.1 ± 0.2 5.5 ± 0.6 11.9 ± 0.2 15.5 ± 0.5 1.6 ± 0.2 

  Nutmeg Mace Guarana Green tea Black tea   

TPC (mgGAE/g) 19.3 ± 0.3 16.8 ± 0.3 31.3 ± 1.0 28.9 ± 0.8 11.4 ± 2.5   

TFC (mgCE/g) 15.1 ± 0.1 11.1 ± 0.6 28.4 ± 0.6 8.1 ± 0.7 1.5 ± 0.1   

50% Ethanol extract - 24 hours  

  Cinnamon Pepper Ginger Clove Oregano Star anise 

TPC (mgGAE/g) 61.0 ± 5.9 14.2 ± 3.0 15.5 ± 2.3 70.5 ± 10.7 53.8 ± 1.6 14.3 ± 0.3 

TFC (mgCE/g) 64.1 ± 2.3 7.7 ± 0.8 6.8 ± 0.9 15.7 ± 0.7 27.5 ± 0.7 10.1 ± 0.5 

AA (mgTE/g) 56.6 ± 0.0 14.5 ± 2.0 31.6 ± 5.6 55.0 ± 0.2 50.4 ± 1.0 22.5 ± 5.0 

  Nutmeg Mace Guarana Green tea Black tea   

TPC (mgCE/g) 25.8 ± 2.3 21.7 ± 0.2 30.9 ± 1.1 98.6 ± 3.4 a 39.6 ± 1.4   

TFC (mgCE/g) 22.2 ± 0.8 14.9 ± 0.9 52.8 ± 2.0 32.4 ± 0.6 9.3 ± 0.5   

AA (mgTE/g) 32.6 ± 2.9 28.6 ± 4.3 55.5 ± 0.0 53.1 ± 0.2 48.0 ± 3.1   

     aOnly two readings were performed.  

Analysing this table, the results are very similar to the ones analysed before (Table IV-1 and Table IV-2). 

Taking in account just the 15 min extracts, the best TPC results are cinnamon (59.8 ± 2.8 mg GAE/g), 

clove (32.7 ± 0.1 mg GAE/g) and guarana (31.3 ± 1.0 mg GAE/g). Cinnamon (61.6 ± 0.9 mg CE/g) and 

guarana (28.4 ± 0.6 mg CE/g) extracts also present the greatest TFC. Looking only to thr 24 h extracts, 

green tea (98.6 ± 3.4 mg GAE/g), clove (70.5 ± 10.7 mg GAE/g) and cinnamon (61.0 ± 5.9 mg GAE/g) 

drive to the best TPC, however only the cinnamon (64.2 ± 2.3 mg CE/g) and guarana (52.8 ± 2.0 mg 

CE/g) extracts resulted in measurements higher than 50 mg CE/g to TFC. 

Of the four extractions made, clove obtained the higher TPC with 50% ethanol (70.5 ± 10.7 mg GAE/g), 

however, this content is very far from the 530.56 mg GAE/g30 obtained by other study using supercritical 

extraction. 

To conclude the study of ethanol extractions, a concentration of 80% was used. This data is present in 

Table IV-4. 
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Table IV-4 - Summary of the results obtain for the 80% ethanol extraction of selected herbs and spices. Total 
phenolic content (TPC) is expressed in mg of gallic acid equivalent per g of dry sample (mg GAE/g) and total 
flavonoid content (TFC) is expressed in mg of catechin equivalent per g of dry sample (mg CE/g) for 15 minutes 
and 24 hours of extraction and antioxidant activity (AA) is expressed in mg of trolox equivalent per g of dry sample 
(mgTE/g) only for 24 hours of extraction. Values of each sample were obtained from three different readings. 

80% Ethanol extract - 15 minutes 

  Cinnamon Pepper Ginger Clove Oregano Star anise 

TPC (mgGAE/g) 52.8 ± 3.0 6.0 ± 2.7 14.1 ± 2.0 20.3 ± 1.9 22.2 ± 3.3 3.6 ± 0.1 

TFC (mgCE/g) 41.7 ± 5.2 0.8 ± 0.5 8.8 ± 0.3 9.9 ± 0.1 9.1 ± 0.1 1.7 ± 0.0 

  Nutmeg Mace Guarana Green tea Black tea   

TPC (mgGAE/g) 17.4 ± 1.6 19.9 ± 0.6 30.5 ± 1.1 17.3 ± 0.7 1.7 ± 0.3   

TFC (mgCE/g) 19.2 ± 0.3 19.9 ± 3.1 5.4 ± 0.1 5.5 ± 0.3 -   

80% Ethanol extract  - 24 hours  

  Cinnamon Pepper Ginger Clove Oregano Star anise 

TPC (mgGAE/g) 95.2 ± 5.8 12.9 ± 0.3 18.3 ± 1.1 29.8 ± 0.4 43.8 ± 2.5 10.8 ± 0.6 

TFC (mgCE/g) 56.9 ± 3.6 3.3 ± 0.2 10.3 ± 0.7 17.3 ± 0.2 25.1 ± 1.6 3.3 ± 0.3 

AA (mgTE/g) 52.6 ± 2.1 2.4 ± 4.1 13.3 ± 6.5 56.4 ± 1.2 38.7 ± 5.4 - 

  Nutmeg Mace Guarana Green tea Black tea   

TPC (mgCE/g) 22.7 ± 0.4 20.3 ± 0.7 50.3 ± 5.5 98.6 ± 3.4 29.1 ± 4.1   

TFC (mgCE/g) 21.1 ± 0.4a 19.8 ± 0.1a 51.6 ± 0.3a 182.2 ± 25.5 1.0 ± 1.7   

AA (mgTE/g) 15.9 ± 3.7 24.7 ± 6.9 54.9 ± 1.1 54.8 ± 1.5 9.1 ± 3.3   
aOnly two readings were performed. -Result was zero or not significant. 

Considering just 15 min extractions, the best TPC and TFC results are both from cinnamon, 52.8 ± 3.0 

mg GAE/g and 41.7 ± 5.2 mg CE/g respectively. The lowest are from black tea, which obtained 1.7 ± 

0.3 mg GAE/g to TPC and zero to TFC.  

Taking into account 24 h extracts, cinnamon presents a very high amount of phenolic and flavonoid 

compounds (95.2 ± 5.8 mg GAE/g and 56.9 ± 3.6 mg CE/g) and one of the best antioxidant activity 

observed (52.6 ± 2.1 mg TE/g). Green tea originated the best TPC (98.6 ± 3.4 mg GAE/g) and TFC 

(182.2 ± 25.5 mg CE/g). Its AA (54.8 ± 1.5 mg TE/g) is also one of the highest. Results related to green 

tea are probably not the most reliable, first because they show a large standard deviation and second 

because the mean is much higher than in other conditions. This can be related to some operational 

error.  

IV.1.1.2. Selection of the best extracts 

By the way of example 24h aqueous extraction data was chosen to illustrate how TPC and TFC relate 

to AA, as showcased in Figure IV-1.   
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Figure IV-1 – Total phenolic content (TPC) in mg of gallic acid equivalent per g of dry sample (mg GAE/g), total 
flavonoid content (TFC) in mg of catechin equivalent per g of dry sample (mg CE/g) and antioxidant activity (AA) in 
mg of trolox equivalent per g of dry sample (mg TE/g) measured in 24 h aqueous extracts from selected spices and 
herbs.  

 

By analysing data present in Figure IV-1 it is clear that whenever there is a peak of TPC or TFC, AA 

also presents a higher value. This means that AA is strongly related to phenolic compounds. In addition, 

when TPC and consequently TFC are not the greatest, AA is not either. For instance, measurements of 

TPC or TFC referring to pepper or star anise extracts are not as high when compared to cinnamon or 

green tea, and consequently their AA is also low. 

In some samples, a large TPC is not followed by a high TFC. This data can be explained by the fact that 

not all phenolic compounds are flavonoids, and in this work only TFC was measured besides TPC. 

Clove, oregano and green tea extracts demonstrate that although TFC is not high, TPC and AA are. 

This three particular samples show how AA is not directly dependent on TFC, but on TPC. If the case 

of a low TPC and a high AA were obtained to the same sample, it would be explained by the fact that 

these extractions do not only extract polyphenols, but also other molecules. These other molecules were 

not quantified neither identified, however they can have antioxidant activity. 

Next step in this work is to encapsulate some of the extracts produced. In order to help choose the four 

best extracts, the graph showed in Figure IV-2 was plotted.  
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Figure IV-2 – Total phenolic content (TPC) expressed in mg of gallic acid equivalent per g of dry sample (mg 
GAE/g) measured from selected spice and herb extracts. Extractions were performed under four different conditions 
(aqueous and ethanol extractions) for 24 h.  

 

In a published review paper by Milda Embuscado3, black pepper and nutmeg had a maximum TPC of 

5.1 and 17.6 mg/g each, less than the obtained in the best extraction in this work. Ginger obtained a 

very similar TPC (17.7 mg/g mentioned in the review paper), Cinnamon, clove and oregano did not 

achieve close TPC. Cinnamon got less than 100 mg/g against 183 mg/g in the article, clove less than 

60 against 296 and oregano less than 50 against 82.3 mg/g.3 

By analysing the best method of extraction, green or orange columns tend to be taller than the others, 

which means, 50% or 80% ethanol solutions drive to better extractions. In spite of that, neither alginate 

nor chitosan particles with ethanol extracts worked. Probably, ethanol does not allow the creation of 

stable particles. So, spice or herb extracts for encapsulation have to be chosen from aqueous 

extractions, which means, from the blue columns. Green tea, guarana and cinnamon are the three best. 

The fourth would be either clove and oregano. Both have very similar TPC, however, clove has a 

significant standard deviation, and taking it in account, oregano can result in a higher TPC. As such, the 

latter was selected. 

Some extractions revealed a higher standard deviation, for instance, clove and green tea. This can be 

due to a natural difference in antioxidant concentration in the sample, derivate of variety, location where 

plants were grown, fertilization, weather.3 

IV.1.1.3. Determination of antimicrobial activity of herbs and spices extracts 

To analyse the antimicrobial activity of free herb and spice extracts, the broth dilution method, described 

in page 24, was used. Figures IV-3, IV-4 and IV-5 summarise the obtained data of both aqueous and 

ethanol extracts against the three microorganisms tested. Absorbance (Abs) was measured at time zero 

and after 24 h of incubation in order to verify their variation (Abs t24 – Abs t0). Results were normalised 

such that the negative control value is equal to 1. The negative control consisted in the same amount of 
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culture broth, and extraction liquid, water or ethanol. Antimicrobial activity was determined against 

Micrococcus luteus, Serratia marcescens and Candida glabrata.  

An initial analysis of Figure IV-3 reveals values both lower and greater than 1 to occur, some of them 

even being negative. When the value is equal to 1, microorganism grow as much as the negative control, 

which means the extract did not have any effect. In the case of a higher value than 1, the extract 

somehow favoured the culture broth. The desired result, lower than 1, indicates that there was an 

inhibitory effect. Negative data suggests the extracts to have caused not only inhibition but also cell 

death, having led to a decrease in the absorbance after 24 h of incubation. To a simpler analysis of 

graphs illustrated in Figures IV-3, IV-4 and IV-5, left Y axis is only showed in the range between -0.5 

and 1.5. 
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Figure IV-3 – Antimicrobial activity of aqueous and ethanol (30, 50 and 80% EtOH) extracts from selected herbs 
and spices (24h) against M. luteus. Data were normalised so that the negative control absorbance variation is equal 
to one. Numerical data in Table VIII-2 (page 63). 

 

Starting to analyse the data obtained from M. luteus with aqueous extracts, only clove showed to have 

an inhibitory effect. Guarana and green tea had no significant effect, very close to negative control. 

Besides these three, all other aqueous extracts show a considerable growth in comparison with negative 

control. This huge difference from negative control was not foreseeable. With ethanol extracts, the 

obtained data was better. Cinnamon, guarana, green tea, clove and star anise extracts done with 30% 

ethanol solution were the ones in which M. luteus managed to grow. It is interesting that 50% and 80% 

ethanol extractions from those spices and herbs exhibited an inhibition on M. luteus, except two cases. 

Pepper resulted in a much higher growth from 50% ethanol extraction than 30% and 80%. This result is 

not expected, from Figure IV-2, page 33, 50% ethanol pepper extract presented the largest TPC, which 

should correspond to a greater inhibition. Mace extract with 80% ethanol had almost no effect. 
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Figure IV-4 - Antimicrobial activity of aqueous and ethanol (30, 50 and 80% EtOH) extracts from selected herbs 
and spices (24h) against S. marcescens. Data were normalised so that the negative control absorbance variation 
is equal to one. Numerical data in Table VIII-2 (page 63). 

 

Regarding aqueous extracts in Figure IV-4, only clove (0.85) and pepper (0.98) show some antimicrobial 

activity against S. marcescens. In the literature it had been mentioned extracts from clove that revealed 

antimicrobial inhibition against Shigella flexneri, another Gram-negative bacterium.27 All the other spices 

and herbs do not have any inhibitory effect in this Gram-negative bacterium. Pepper is a special case, 

considering that with ethanol extractions no decrease in bacterial growth is visible. It is noteworthy that 

in Figure IV-2 (page 33), pepper is one of the spices with less TPC released. Apart from guarana, green 

tea and black tea, all extracts exhibited a high inhibitory activity against S. marcescens.  

Data obtained from 50% ethanol extracts are a little strange and not predictable, as the aqueous 

extraction results against M. luteus. One explanation can be related with absorbance measured in 

negative control. In this microtiter plate, negative control to 50% did not grow after 24 h of incubation as 

in the other tests.  
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Figure IV-5 - Antimicrobial activity of aqueous and ethanol (30, 50 and 80% EtOH) extracts from selected herbs 
and spices (24h) against C. glabrata. Data were normalised so that the negative control absorbance variation is 
equal to one. Numerical data in Table VIII-2 (page 63). 

 

From Figure IV-5 it is perceptible that this type of ethanol extracts drive to better results against C. 

glabrata. Following yellow bars, apart from oregano, guarana, green and black tea, all the other 30% 

ethanol extracts did not allow C. glabrata to grow as much as the negative control. 50 and 80% ethanol 

extracts promoted an inhibition of C. glabrata growth rate. The only exception belongs to star anise from 

50% extraction, however this is probably an error. Regarding the previous data about phenolic content 

on Figure IV-2 on page 33, star anise achieved its largest phenolic content with 50% ethanol, so this 

extract was expected to have higher inhibition against C. glabrata. All 80% extracts exhibited a 

significant antimicrobial activity against C. glabrata; for instance, pepper, star anise and black tea are 

the most surprising results in view of the fact neither of those did revealed a considerable TPC. That 

cannot be explained by the use of 80% ethanol, because those results were normalised such that a 

negative control, using 80% ethanol solution instead of the sample, was equal to one. The reason that 

explains a relative low increase of absorbance with this samples can be a synergy between this 

concentration of ethanol and the extracts. Ethanol could had interfered with the microorganism defences 

and allowed a stronger inhibitor effect from extracts. It may even be attributed to the presence of other 

antimicrobial agents which were not the scope of this project. 

In those antimicrobial tests, 50 µL of extract were used for 150 µL of microorganism suspension, which 

is a possible explanation to the low or no inhibitory effect from aqueous extracts.  

IV.1.2. Characterisation of whey 

Apart from herbs and spices, whey was also encapsulated and tested for its antimicrobial activity. Whey 

is an animal product, and contains lysozyme, an antimicrobial enzyme. Before encapsulation, whey had 

to be characterised regarding protein, carbohydrate and lactic acid content.  
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IV.1.2.1. Determination of protein content of whey 

The Hartree-Lowry method was used to determine total protein content in whey samples. As shown in 

Table IV-5, whey was tested directly, after concentration by ultrafiltration (concentrate and filtrate) and 

fractionation. Proteins were fractionated using 30, 50 and 70% saturation of ammonium sulfate. 

Antimicrobial whey proteins have a low molecular weight and thus require a higher percentage of 

ammonium sulfate in order to be able to precipitate.    

Table IV-5 - Summary of the results obtained for protein content expressed in mg per mL of sample. 

Sample Total protein content (mg/mL) 

Whey 8.6 ± 0.4 

Fractionation 

30% saturation of ammonium sulfate 0.68 ± 0.05 

50% saturation of ammonium sulfate 0.09 ± 0.01 

70% saturation of ammonium sulfate 0.15 ± 0.02 

Fractionation (50% saturation of ammonium sulfate) + ultrafiltration 

Concentrate 2.7 ± 0.1 

Filtrate 0.02 ± 0.00 

Ultrafiltration 

Concentrate 49.3 ± 1.0 

 

Inhibition assays present in Table IV-8, on page 39, demonstrate 50% saturation of ammonium sulfate 

to be the optimal percentage among those tested. Table IV-5, however, shows this fractionation led to 

the lowest total protein content (0.09 ± 0.01 mg/mL), as such, total protein is not correlated directly with 

lysozyme content. This fractionation is then expected to have a higher relative amount of lysozyme than 

the others. 

Since 50% saturation of ammonium sulfate resulted in better antimicrobial activity, this concentration 

was selected for further experiments. After ultrafiltration, the concentrate (2.7 ± 0.1 mg/mL) kept a larger 

amount of proteins than the filtrate (0.02 ± 0.00 mg/mL). The aim of doing an ultrafiltration is to get a 

more concentrate sample regarding proteins.  

IV.1.2.2. SDS-PAGE from whey samples 

The whey fractionation from 50% saturation of ammonium sulfate was also characterised by SDS-

PAGE, as illustrated in Figure IV-6. A whey sample is expected to contain mainly lysozyme proteins. 

This enzyme takes part of innate immune system of animals. Consulting the Brenda61 website, the 

molecular weight of lysozyme is approximately 14 kDa (Table VIII-1 in page 62).  
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Figure IV-6 - SDS-PAGE gel after electrophoresis. The 2nd and 3rd wells correspond to a duplicate of the whey 
sample, the 10th well contains the protein standard. 

 

In Figure IV-6, both replicates show one band corresponding to one protein of approximately 13 kDa. 

With this molecular weight, this protein might correspond to lysozyme. In order to confirm the identity of 

this protein, the observed band could be excised and assayed through mass spectrometry. 

IV.1.2.3. Determination of lactic acid and sugar content from whey samples 

Whey samples were directly tested about their lactic acid and sugar (glucose, galactose and lactose) 

content by HPLC. The correspondent results are showcased in Table IV-6. The whey fractionation from 

50% saturation of ammonium sulfate after concentration was also submitted to HPLC. 

Table IV-6 - Summary of the results obtained for sugar and lactic acid content expressed in mg per mL of sample. 

 Whey 
Whey fractionation 

(filtrate) 

Whey fractionation 

(concentrate) 

Lactose (mg/mL) 125.01 ± 2.05 24.93 ± 1.00 23.84 ± 0.95 

Glucose (mg/mL) 0.90 ± 0.07 0.22 ± 0.05 0.25 ± 0.04 

Galactose (mg/mL) 3.50 ± 0.18 0.67 ± 0.05 0.47 ± 0.03 

Lactic acid (mg/mL) 5.29 ± 0.15 1.38 ± 0.08 2.64 ± 0.10 

 

This result shows some differences in the sugar content of the filtrate and the concentrate, although 

these are not significant. The filtrate whey fraction contains more lactose and galactose. Lactic acid 

content is greater in concentrate whey fraction. Glucose content is similar in both fractions.     

IV.1.2.4. Antimicrobial activity of whey samples 

Before testing the antimicrobial activity of whey samples, lactic acid, lysozyme and nisin antimicrobial 

effect was assayed. Opposite to aqueous and ethanol extracts, the ability of these components to inhibit 

microbial growth was only tested against M. luteus and S. marcescens. Tests were performed in agar 

discs, and microbial inhibition was determined by the measurement of the diameter (mm) of the zone 

where there was inhibition around the disc. Correspondent data is present in Table IV-7. 
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Table IV-7 – Antimicrobial activity of lactic acid, lysozyme and nisin against M. luteus and S. marcescens. Different 
concentrations of each compound were tested. Inhibition zone data expressed in mm.  

  Micrococcus luteus Serratia marcescens 

c (mg/ml) lactic acid lysozyme nisin lactic acid lysozyme nisin 

100 NM 26 ± 3 15 ± 2 NM 4 ± 1 2 ± 0 

50 18 ± 3 20 ± 3 12 ± 2 14 ± 2 2 ± 1 1 ± 0 

10 13 ± 2 15 ± 3 10 ± 2 10 ± 1 0 0 

5 6 ± 1 NM NM 6 ± 2 NM NM 

1 4 ± 0 5 ± 1 3 ± 1 3 ± 1 0 0 

NM - Not measured  

Lactic acid prevents the growth of bacteria (M. luteus and S. marcescens) even at the concentration of 

1 mg/mL. Although lysozyme has a significant inhibitory effect against M. luteus even at low 

concentrations, S. marcescens inhibition required a concentration of at least 50 mg/mL, the same was 

observed with nisin. Even using 50 mg/mL of lysozyme or nisin, the inhibition zone in S. marcescens is 

not as big as observed with 1 mg/mL for M. luteus. Table IV-8 summarises the data obtained for whey 

samples tested against M. luteus and S. marcescens. Whey was tested directly, diluted two or ten times, 

and after fractionation with 30, 50 or 70% of saturated ammonium sulfate.  

Table IV-8 – Antimicrobial activity of whey samples against M. luteus and S. marcescens. Inhibition zone measured 
in mm.  

 Micrococcus luteus Serratia marcescens 

Whey 15 ± 2 6 ± 1 

Whey 2x diluted 10 ± 3 1 ± 0 

Whey 10x diluted 6 ± 1 0 

Whey fractionation – 30% saturation 2 ± 1 0 

Whey fractionation – 50% saturation 12 ± 1 0 

Whey fractionation – 50% saturation (concentrate) 11 ± 3 3 ± 1 

Whey fractionation – 70% saturation 7 ± 1 0 

 

M. luteus appears to be more susceptible to whey than S. marcescens. M. luteus is a Gram-positive 

bacterium, known for being more sensitive to antibiotics. This type of bacteria is physically protected 

against potentially damaging extracellular compounds only by a thick peptidoglycan layer, the 

periplasmatic space and the plasma membrane. On the other hand, S. marcescens is Gram-negative, 

therefore it contains an outer membrane, the periplasmatic space, a thin peptidoglycan layer and a 

cytoplasmic membrane. Therefore, Gram-positive bacteria have a higher resistance to physical 

disruption, but a lower resistance to antibacterial agents.62 

Comparing the obtained diameter of growth inhibition after fractionation of whey, the greatest inhibitory 

effect was obtained with whey fraction resulting from 50% saturation of ammonium sulfate. S. 

marcescens was resistant to this whey sample after its fractionation. 
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IV.2. Encapsulation of natural antimicrobial components  

After characterisation of natural compounds regarding their phenolic and flavonoid contents, antioxidant 

and antimicrobial activities, four of the herbs and spices which presented the best results were chosen 

to be encapsulated in polysaccharide (alginate and chitosan) and liposome particles. The selected 

spices and herbs were cinnamon, oregano, guarana and green tea, all following 24 h of extraction. 

Ethanol extracts were only encapsulated in liposomes, as alginate and chitosan particles were not stable 

when encapsulating these extracts. Whey was also encapsulated alone and co-encapsulated with 

probiotics. At the end, three spices were co-encapsulated with Lactococcus lactis. 

IV.2.1. Encapsulation efficiency 

Encapsulation efficiency was determined for all prepared particles - alginate, chitosan and liposomes 

encapsulating four herbs or spices aqueous extracts (cinnamon, oregano, guarana and green tea) or 

whey; liposomes with 30, 50 and 80% ethanol extracts from the same sources; alginate and chitosan 

particles co-encapsulating probiotics and extracts (aqueous from cinnamon, green tea and clove) or 

whey. 

IV.2.1.1. Determination of encapsulation efficiency of herb and spice extracts  

In order to determine the encapsulation efficiency of herb and spice extracts, TPC outside the prepared 

particles had to be measured first. Once the TPC of extracts was known (Table IV-1 on page 28), the 

measurement outside of particles allows to estimate the encapsulation efficiency by difference. Results 

shown in Table IV-9 allows the comparison of the encapsulation efficiency of alginate, chitosan and 

liposome particles. 

Table IV-9 – Percentages of encapsulation efficiency, in percentage, of ethanol extracts, of spices and herbs, in 
liposomes or aqueous extracts in alginate, chitosan and liposomes particle, concerning total phenolic content of 
extracts and outside particles.    

 

Alginate Chitosan 
Liposomes 

 
Aqueous 30% EtOH 50% EtOH 80% EtOH 

Cinnamon 80.2 ± 4.0 90.5 ± 2.4 95.9 ± 1.1 96.0 ± 0.4 98.6 ± 0.0 98.8 ± 0.1 

Oregano 72.0 ± 4.9 71.9 ± 4.3 95.1 ± 0.4 97.2 ± 0.2 97.1 ± 0.1 96.5 ± 0.1 

Guarana 77.1 ± 4.3 76.4 ± 4.8 96.0 ± 0.4 96.6 ± 0.2 93.6 ± 0.4 96.0 ± 0.2 

Green tea 54.7 ± 6.0 68.2 ± 7.9 94.9 ± 0.7 97.2 ± 0.1 97.0 ± 0.3 98.2 ± 0.0 

 

Taking in account that one disadvantage of liposome encapsulation is low efficiency12, it is expected a 

better encapsulation with alginate and chitosan particles. From the comparison between particles, in 

contrast to what would be expected, liposomes allow for much higher efficiencies than alginate or 

chitosan. All liposomes prepared led to over 90% of encapsulation efficiency. The best encapsulation 

efficiency for alginate and chitosan were obtained with cinnamon extract (80.2 ± 4.05% to alginate and 

90.5 ± 2.4% to chitosan). The preparation of alginate and chitosan particles is very similar and strongly 

dependent on the operator. The first particles formed are more heterogeneous in size (chosen by the 
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selected nozzle) and can originate particles big enough to not be stable, thus releasing the extract and 

decreasing efficiency. For this reason, the low efficiency and high standard deviation can be explained. 

Taking in account those low results, there is a need to evaluate if it is enough to cause an inhibitory 

effect against the tested microorganisms, as will be later discussed on chapter IV.2.4.1 (page 46).   

IV.2.1.2. Determination of encapsulation efficiency of whey 

After being diluted tenfold, whey was encapsulated and the protein content outside the particles was 

measured. With those results and the protein content previously measured from whey samples (Table 

IV-5 on page 37), the encapsulation efficiency was calculated (Table IV-10). 

Table IV-10 - Encapsulation efficiency of whey and lysozyme in alginate, chitosan and liposome particles, 
concerning total protein content of samples and outside particles. 

 Alginate Chitosan  Liposomes 

Whey 10x diluted 23.4 ± 3 64.5 ± 2.8 16.3 ± 2.9 

Whey fractionation – 50% saturation (concentrate) 13.6 ± 1.0 40.6 ± 1.2 17.7 ± 2.1 

Lysozyme (10 mg/mL) 17.1 ± 1.5 64.2 ± 3.5 11.6 ± 1.4 

 

In the case of whey, the encapsulation efficiency was not very high, being always below 25%, except 

for chitosan. The percentage of encapsulation efficiency of whey in chitosan was in the range from 40 

to 64%. One possible explanation derived from the size of particles. Whey proteins have a molecular 

weight between 7 and 80 kDa.63,64 Phenolic compounds have its molecular mass ranging from 0.5 to 4 

kDa.13 The larger size of whey proteins compared to polyphenols can be responsible for a lower 

encapsulation efficiency. Larger molecules are harder to encapsulate than smaller ones. In the same 

line of thought, smaller molecules are released faster than larger molecules, which is an advantage if 

the objective is to induce an inhibitory effect, or a disadvantage in case of long-term storage.   

IV.2.1.3. Determination of encapsulation efficiency of probiotics  

Lactococcus lactis, a probiotic bacterium, was co-encapsulated in alginate or chitosan with three of the 

best spice extracts regarding antioxidant activity (Table IV-1 on page 28), clove, cinnamon and green 

tea. Liposomes were not prepared because their size has an order of magnitude rounding the nanometre 

(as will be discussed later regarding Table IV-12 on page 43), and L. lactis is a 2–10 μm bacterium. The 

TPC outside of the prepared particles was measured and was used to calculate the correspondent 

encapsulation efficiency, shown in Table IV-11. 

The bacterial cells (after 24 h cultivation) were harvested by centrifugation at 5000 rpm for 5 min at low 

temperature (4 °C) and the cell pellet was washed with sterile distilled water. Cells were next mixed with 

sodium alginate or chitosan solutions with tested extracts. The final concentration of cell cultures was 

108 CFU/mL. This concentration and viability of bacteria was followed by flow cytometry before 

encapsulation.  
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Table IV-11 – Efficiency of co-encapsulation of spice or herb aqueous extracts (24h) with Lactococcus lactis in 
alginate and chitosan particles, concerning total phenolic content measured from extracts and outside prepared 
particles.  

 
Alginate Chitosan 

Cinnamon 84.7 ± 0.9 90.6 ± 7 

Green tea 50.1 ± 1.4 78.1 ± 0.4 

Clove 47.1 ± 0.6 59.5 ± 2.2 

 

Encapsulation efficiency of bacterial cells was monitored by microscopy and in all cases nearly 100% 

encapsulation efficiency was detected.  

Encapsulation efficiency regarding TPC measurements was relatively similar with or without L. lactis. 

This means that the bacterium did not influence, neither positive nor negatively, the encapsulation of 

polyphenolic compounds. 

IV.2.2. Size and stability of prepared particles 

Particle size and polydispersity were measured by dynamic light scattering (DLS) and were the 

parameters used to evaluate the physical stability of liposomes. Size of polysaccharide particles, which 

was chosen by the size of the nozzle, was also confirmed by microscopic observations. Zeta potential 

is widely used to predict suspension stability since it is the electric potential in the shear plane which is 

the boundary of the surrounding liquid layer attached to the moving particles in the medium.57 Data 

expressed as mean ± standard deviation is summarised in Table IV-12. 
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Table IV-12 – Summary of the results for size (in nanometres), polydispersity and zeta potential (in millivolts) of 
prepared liposomes with encapsulated herb and spice aqueous or ethanol extracts, based on dynamic light 
scattering measurements.  

Extraction   Cinnamon Oregano Guarana Green tea 

H
2
O

 

Size (d.nm) 210.6 ± 0.8 198.4 ± 0.8 158.2 ± 0.8 163.0 ± 0.9 

Polydispersity 0.348 ± 0.006 0.233 ± 0.004 0.227 ± 0.017 0.203 ± 0.010 

Zeta potential (mV) -45.0 ± 1.3 -43.5 ± 0.4 -47.5 ± 0.8 -46.6 ± 1.0 

3
0
%

 E
tO

H
 Size (d.nm) 88.7 ± 0.2 101.9 ± 0.7 68.7 ± 0.6 73.7 ± 0.5 

Polydispersity 0.203 ± 0.003 0.183 ± 0.004 0.162 ± 0.010 0.157 ± 0.016 

Zeta potential (mV) -50.7 ± 0.7 -52.5 ± 2.7 -50.8 ± 2.8 -56.6 ± 5.8 

5
0
%

 E
tO

H
 Size (d.nm) 290.1 ± 6.7 299.1 ± 6.2 399.4 ± 14.5 229.0 ± 1.3 

Polydispersity 0.508 ± 0.022 0.534 ± 0.013 0.675 ± 0.034 0.478 ± 0.010 

Zeta potential (mV) -49.4 ± 1.6 -57.9 ± 0.8 -56.9 ± 1.3 -49.9 ± 1.7 

8
0
%

 E
tO

H
 Size (d.nm) 70.8 ± 2.9 91.5 ± 1.3 66.8 ± 0.8 66.8 ± 0.8 

Polydispersity 0.352 ± 0.064 0.186 ± 0.030 0.291 ± 0.011 0.438 ± 0.021 

Zeta potential (mV) -35.8 ± 1.8 -30.1 ± 2.9 -40.6 ± 5.2 -46.3 ± 1.3 

 

The average size of liposomes containing 30 or 80% ethanol extracts was the smallest. The 

polydispersity index between 0.1 and 0.25 points out a narrow size distribution, and a value greater than 

0.5 suggests a broad size distribution.12 Only encapsulated 30% ethanol extracts originated a 

polydispersity index below 0.25, and 50% ethanol superior to 0.5.  

Suspensions are more stable when the absolute value of their zeta potential is higher. In particular, zeta 

potentials above 60 mV mean an excellent stability, between 20 and 30 mV result in a good stability and 

under 5 mV are associated with a fast particle aggregation.57 With regard to the zeta potential data, all 

prepared liposomes showed a very good stability. 

Particles with the largest average size were obtained when prepared with 50% ethanol extracts, which 

is not a predictable result when compared with particles prepared with other ethanol extracts. In addition, 

those large, on average, particles had also the highest polydispersity and zeta potential in absolute 

value. Polydispersity data reveals that some of those particles aggregated, creating particles with very 

different sizes, which is not in agreement with zeta potential, its value of about -50 mV suggesting no 

aggregation of particles. A higher zeta potential means more stable particles, as such, liposomes 

prepared with 50% ethanol extracts were the most stable amongst the prepared particles. In spite of 

that, considering the graphs present in the attachments (page 63), it is clear that liposomes containing 

50% ethanol extracts are the ones that showed a higher polydispersity. 
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IV.2.3.  Long-term stability of particles in model digestive fluids                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

Long-term stability of prepared particles was studied regarding the phenolic content released from 

particles after being exposed to artificial stomach, pancreatic and bile fluids.  

The percentages shown in Figure IV-7 do not correspond to real percentages of released mass of 

polyphenols. Polyphenols were measured before and after particles formation and after exposer to 

artificial fluids. However, particles were not weighted after their formation, just right before being 

exposed to artificial body fluids, as described in Materials and Methods on page 22. In this situation, it 

is not possible to know the exact quantity of polyphenols per gram of particles used in this particular 

study. For comparison purposes, it was assumed that, when formed, alginate and chitosan particles had 

a weight of five grams. Those percentages can only be compared between themselves and not with 

other data. Liposome particles are an exception because their volume was measured. Released mass 

of polyphenols per gram of particles can be verified in Table VIII-3 on page 65. 
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Figure IV-7 – Percentage (%) of polyphenols released from alginate and chitosan particles (containing aqueous 
extracts from selected herbs and spices) after being exposed to artificial stomach (S), pancreatic and bile fluids 
(P&B). Particles were tested right after their formation, after 1 month (only in the case of particles co-encapsulating 
herb extracts and Lactococcus), and after 2 months of storage at 4 ºC. A - Alginate particles, B - chitosan particles, 
C – alginate and chitosan particles co-encapsulating Lactococcus. Note: percentages are estimated just for 
comparison in this graph, precise data is shown in Table VIII-3 on page 66. 

 

Alginate particles are stable after 2 months of storage, since their release of polyphenols at time zero is 

very similar to after 2 months in both stomach and pancreatic and bile fluids exposition. Extracts from 

oregano were the less stable ones, they had the greatest release at time zero and the lowest after 2 

months. During storage, those particles were losing their phenolic content. Using those particles on food 

for instance, would not contribute to a longer shelf life. 

Chitosan particles had an interesting result, all prepared particles showed the same relative release of 

compounds at time zero when submitted to stomach or pancreatic and bile fluids. After the storage 

period, a small decrease of polyphenol release was observed.  

The cases when a greater release after 2 months of storage when compared with time zero was 

observed can be due to particles used for time zero and after 2 months not being the exact same ones, 

but prepared in different times, or due to experimental errors measuring polyphenol content (by the 

operator or interferences from the samples). The comparison between time zero and one month of 
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storage cannot be done in the case of alginate and chitosan particles co-encapsulating probiotics and 

extracts, since particles were only tested after one month of storage. Although, if an increase of 

polyphenols inside particles was observed, through a higher release after storage, it could be explained 

due to the presence of Lactococcus. These lactic bacteria produce lactic acid, bacteriocins and 

antimicrobial proteins, such as nisin.65 Nisin is a bioactive peptide that reacts with the Folin-Ciocalteu 

reagent, the reagent used in one of the possible methods for determination of the total protein content. 

This reagent was used to measure TPC which could have contributed to increase TPC result. 
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Figure IV-8 - Percentage (%) of polyphenols released from liposome particles, containing aqueous and ethanol 
extracts from selected herbs and spices, after being exposed to artificial stomach (S), pancreatic and bile fluids 
(P&B). Particles were tested right after their formation and after 2 months of storage at 4 ºC in case of liposomes 
with aqueous extracts. A – Liposome particles encapsulating aqueous extracts, B - Liposome particles 
encapsulating ethanol extracts. 

 

Liposome particles with aqueous extracts showed a release between 20 and 40% after being exposed 

to stomach fluid on time zero and less than 20% after 2 months of storage, which means a decrease to 

half. Once again, the oregano extract showed the highest release of polyphenols after being exposed 

to all artificial digestive fluids. Since this extract did not have the greatest TPC (Table IV-1 on page 28) 

neither the highest encapsulation efficiency (Table IV-9 on page 40), this difference to the other extracts 

was not expected. Oregano having different types of polyphenols, some of them easily expelled from 

liposomes, is one possible explanation. 

Ethanol extracts encapsulated in liposomes also presented about 20-40% of polyphenol release after 

exposure to all digestive fluids. The concentration of ethanol does not have a significant effect on the 

release of compounds from liposomes after pancreatic and bile fluids. Only particles with 50% ethanol 

extract from guarana resulted in a higher release. In the case of stomach fluid, 30% ethanol extracts 

had more polyphenols released than 50 or 80% ethanol.  



46 

IV.2.4. Antimicrobial activity of particles 

IV.2.4.1. Determination of antimicrobial activity of prepared particles with herb and 

spice extracts and probiotics 

In this part of work antimicrobial activity was not studied in extracts, but only after their encapsulation in 

their encapsulated form. Initially, alginate and chitosan particles had their antimicrobial activity evaluated 

by the agar diffusion method. Next, alginate, chitosan and liposomes were tested by the broth dilution 

method. 

IV.2.4.1.1. Agar diffusion method 

Alginate and chitosan particles encapsulating aqueous extracts were submitted to agar diffusion method 

with the aim of enquiring about their inhibitory effect on M. luteus, S. marcescens and C. glabrata. After 

24 h of incubation, the diameter of inhiation zone was measured and is shown in Table IV-13. 

Table IV-13 – Size of inhibition zones, measured in mm, obtained in antimicrobial tests for alginate and chitosan 
particles prepared with aqueous extracts, using the agar diffusion method. 

  Micrococcus luteus Serratia marcescens Candida glabrata 

Alginate 

Cinnamon 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Oregano 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Guarana 0.6 ± 1.0 0.0 ± 0.0 0.0 ± 0.0 

Green tea 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Chitosan 

Cinnamon 0.8 ± 0.2 0.0 ± 0.0 0.0 ± 0.0 

Oregano 0.8 ± 0.5 0.1 ± 0.2 0.2 ± 0.2 

Guarana 0.8 ± 0.4 0.3 ± 0.1 0.3 ± 0.5 

Green tea 0.7 ± 0.4 0.1 ± 0.2 0.1 ± 0.1 

 

In general, only chitosan particles showed some inhibitory effect, in particular against Micrococcus 

luteus. This obtained data was not the expected, since before encapsulation the best aqueous extracts 

regarding phenolic content were chosen. As it was mentioned in the antimicrobial tests with aqueous 

extracts, it is possible that the quantity of particles used was not enough to generate any inhibitory effect. 

To detect if these encapsulated extracts can inhibit the growth of microorganism, the particles were 

submitted to the broth dilution method. 

IV.2.4.1.2. Broth dilution method 

Alginate and chitosan particles encapsulating the aqueous extracts alone and co-encapsulating those 

with Lactococcus lactis were only tested against M. luteus, since they were the only ones that showed 

some inhibition on agar diffusion method. The subtraction between the absorbances at time zero and 

after 24 h is present in Figure IV-9. 
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Figure IV-9 - Antimicrobial activity of encapsulated aqueous extracts from selected herbs and spices (24h) and co-
encapsulation with Lactococcus lactis in alginate and chitosan particles, against Micrococcus luteus. Data were 
normalised so that the negative control absorbance variation is equal to one. Numerical data in Table VIII-6 on page 
69. 

 

The same result as in agar diffusion method was observed (Table IV-13 on page 46), there are no 

alginate particles containing extracts showing inhibitory effect against M. luteus, however, co-

encapsulates had a very small inhibitory effect, especially green tea. As was observed in the diffusion 

method, almost all chitosan particles caused a significant decrease on absorbance after 24 h of 

incubation. This inhibition of M. luteus could be explained by an effect of the chitosan itself. On the one 

hand, chitosan showed a strong bacterial effect against M. luteus,66 on the other chitosan particles only 

with water were prepared and submitted at the same time and did not have a strong effect (Abs t24 - Abs 

t24 = 1.0 ± 0.2). There probably was a cumulative effect between the chitosan itself and the extracts that 

were encapsulated. 

Also, the expected increase of antimicrobial activity in the presence of nisin-producing Lactococcus 

lactis was not observed. Probably bacterial cells were inhibited by nutrient deficiency. This was 

confirmed during long-term storage, where significant decrease of cell viability (only 10-20% live cells 

after two months of storage) was observed. 
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Figure IV-10 - Antimicrobial activity of encapsulated aqueous and ethanol (30, 50 and 80%) extracts from selected 
herbs and spices (24h) in liposome particles, against Micrococcus luteus (A), Serratia marcescens (B) and Candida 
glabrata (C). Data were normalised so that the negative control absorbance variation is equal to one. Numerical 
data in Table VIII-7 on page 69.  

 

Almost all extracts encapsulated in liposomes reduced the growth of M. luteus in around 50%. Only 30% 

ethanol extracts failed to show an inhibitory affect against this microorganism. Considering TPC results 

from Figure IV-2 on page 33, 30 and 50% ethanol extracts from cinnamon and oregano were expected 

to drive to a more similar inhibition, since both had around 60 and 50 mg GAE/g, respectively. The same 

was expected for guarana extracts using aqueous phase and 30% ethanol. Green tea TPC had a large 

standard deviation, so no specific result was anticipated. Regarding antimicrobial activity of free extracts 

(Figures IV-3 to IV-5 on pages 34-36), only the 30% ethanol extract from oregano showed to inhibit M. 

luteus. Serratia marcescens concentration did not increase in the presence of encapsulated 50% 

ethanol extracts (indicated by the absence of orange bars in Figure IV-10B). The second-best result 

was obtained with guarana and green tea extracts from 80% ethanol. Aqueous extracts consistently 

showed high results. Lastly, C. glabrata was more inhibited by 50% followed by 80% ethanol extracts. 

M. luteus overall showed to be the most sensitive microorganism to the studied extracts encapsulated 

in liposomes. 

Polyphenols are known by their antimicrobial properties.13,67 Figure IV-11 allows for an easier 

comparison between the TPC and antimicrobial activity of studied extracts. In this plot, Abs (t24)- Abs 

(t0) has as maximum value of 1, so in the case of higher values for this variable, a value of 1 was 

presented, meaning that the sample did not show any inhibition against the microorganism. Liposome 

particles were chosen as an example for two reasons. Firstly, because liposomes showed the best 

encapsulation efficiency (very close to 100%), compared to alginate and chitosan, and then because 

broth dilution method was not used on alginate and chitosan against S. marcescens and C. glabrata. 
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Figure IV-11 – Total phenolic content (TPC) expressed in mg of gallic acid per g of sample (mg GAE/g) on the right 
Y axis and antimicrobial tests of extracts encapsulated in liposome particles against M. luteus, S. marcescens and 
C. glabrata on the left axis. Note: In the cases that Abs (t24)-Abs (T0) is higher than 1, a value of 1 is presented, 
for a clearer graph.    

 

TPC detected in these aqueous extracts are not very divergent, since only the best samples, regarding 

phenolic content, were encapsulated. Although the TPC is not considerably different between them, a 

small improvement in antimicrobial activity against M. luteus and S. marcescens is visible. According to 

this data, C. glabrata is not affected by liposomes that are encapsulating aqueous extracts from 

cinnamon, oregano, guarana or green tea.  

IV.2.4.2. Determination of antimicrobial activity of prepared particles with whey 

Whey encapsulated samples were only tested about their antimicrobial activity using agar diffusion 

method; the corresponding results are summarised on Table IV-14.  

Table IV-14 - Antimicrobial activity of whey samples encapsulated in alginate, chitosan and liposome particles 
against M. luteus and S. marcescens. Inhibition zone measured in mm.  

 Samples 
Micrococcus 

luteus 
Serratia 

marcescens 

Alginate 

Whey 10x diluted 6 ± 1 0 

Whey fractionation  5 ± 1 0 

Lysozyme (10 mg/mL) 13 ± 2 0 

Chitosan 

Whey 10x diluted 13 ± 2 7 ± 2 

Whey fractionation – 50% saturation (concentrate) 12 ± 2 0 

Lysozyme (10 mg/mL) 30 ± 3 2 ± 1 

Liposomes 

Whey 10x diluted 8 ± 1 0 

Whey fractionation – 50% saturation (concentrate) 5 ± 2 0 

Lysozyme (10 mg/mL) 10 ± 2 3 ± 1 
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M. luteus was more susceptible to all samples than S. marcescens. In its free form (Table IV-7 on page 

39), against M. luteus, 10 mg/mL of lysozyme had resulted in a zone with a radius of 15 ± 3 mm. For 

the same concentration, there was a small decrease to 13 ± 2 using alginate and to 10 ± 2 mm using 

liposomes. Chitosan, however, led to a huge improvement, probably due to the cumulative antimicrobial 

effect of lysozyme itself and chitosan. Against S. marcescens, in its free form, lysozyme did not show 

any inhibition zone, however, when encapsulated, there was some inhibition for chitosan and liposome 

encapsulations. With a tenfold dilution, whey showed an inhibitory zone with similar radii (6 ± 1 mm for 

M. luteus and 0 for S. marcescens), when compared with the alginate sample. Once again, chitosan 

and liposomes led to a higher inhibitory zone. Regarding whey fractionated with 50% ammonium sulfate, 

there was only an effect against the Gram-positive bacterium.    
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V. CONCLUSIONS 

The demand for natural products, including antimicrobials and antioxidants, has been increasing over 

time. This demand is especially due to the emergence of bacterial strains resistant to existing antibiotics, 

and the search for natural products that protect against ageing and improve general health. One possible 

solution to meet this demand is the use of plants or parts of them, like herbs and spices. In fact, in the 

past, herbs were often used in medicine because people believed on their antimicrobial properties. In 

addition, this natural source of phytochemicals can also contain polyphenols, molecules with antioxidant 

activity, which can be used to prevent oxidative reactions responsible for cellular damage and food 

deterioration.  

The main objective of this work was to test eleven selected herbs and spices concerning their antioxidant 

or antimicrobial activities and to test different encapsulation methods for those samples with higher 

antioxidant and/or antimicrobial activities. Results from polyphenol and antioxidant activity 

measurements revealed that extracts prepared (using contact time of 24h) from cinnamon, clove, 

guarana, oregano and green tea contained more than 40 mg GAE/g and 50 mg TE/g, respectively. 

Extraction using 24 h of contact led to a higher release of phenolic compounds when compared to 

extraction using only 15 minutes of contact. Longer contact times for extractions were not tested, 

although enhanced extraction might occur. The higher the total phenolic content measured in samples, 

the higher is the antioxidant activity obtained for the same samples.  

For all the aqueous extracts prepared and tested, only clove extracts exhibited a modest antimicrobial 

activity against all sample microorganisms (M. luteus, S. marcescens and C. glabrata). In general, 

ethanol extracts exhibited a higher antimicrobial activity when compared to aqueous extracts. 

Total protein content from whey samples was compared after its fractionation using three different 

percentages of ammonium sulfate saturation (30, 50 and 70%). Although the highest protein content 

was obtained for fractions obtained with 30% saturation of ammonium sulfate, fractions obtained with 

50% concentration exhibited a higher antimicrobial activity against M. luteus and S. marcescens. 

Lysozyme, a protein present in whey, is a powerful enzyme that can break the chemical bonds in cell 

wall of bacteria, in particular, the peptidoglycan layer, contributing to the observed whey antimicrobial 

activity. 

After encapsulation of four of the best extracts, its efficiency was determined, regarding the polyphenols 

inside these particles. Liposome particles were capable of encapsulating both aqueous and ethanol 

extracts.  Liposomes were associated with higher efficiencies of encapsulation (the majority above 95%). 

Alginate and chitosan particles showed similar efficiencies of about 70%, below those found for 

liposomes. Different results were obtained for whey encapsulation. Whey was encapsulated with a 

higher efficiency in chitosan (about 60%) than in alginate or liposomes (about 20%). L. lactis was co-

encapsulated with extracts from cinnamon, green tea and clove, only inside alginate and chitosan. This 

efficiency, also determined according to phenolic content, was higher using chitosan, exceeding 90% 

for cinnamon.  
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The size of liposomes was measured for the four types of extracts (aqueous and ethanol). When 

encapsulated, ethanol extracts led to particles smaller than aqueous extracts. The exception was the 

extract prepared with 50% ethanol, which led to liposomes with over 200 nm of diameter, probably due 

to an operational problem when particles were prepared. In addition, all liposomes showed a very good 

stability, as proven by the absolute values of zeta potential exceeding 40 mV. In long term-stability tests, 

the comparison of the release of polyphenols between time zero and 2 months from the preparation of 

particles, demonstrate that the particles are still stable after this storage period.  

From the agar diffusion method, it is not possible to conclude about the antimicrobial activity of 

encapsulated extracts in alginate, since the diameter of the inhibitory halos was not significant. When 

extracts were encapsulated in chitosan particles, an inhibitory halo was formed, however, once again 

not large enough to conclude about their antimicrobial activity. Broth dilution method was used in order 

to quantify the antimicrobial activity of the prepared particles. Alginate particles did not show effect on 

M. luteus, which means more particles would be needed or alginate did not allow the release of 

polyphenols to the medium in enough concentration to cause a significative effect against the bacteria. 

On the other hand, extracts encapsulated in chitosan demonstrated an inhibitory effect against M. luteus. 

In the case of liposome particles with the extracts inside, the best antimicrobial activity was observed 

against M. luteus and S. marcescens. Encapsulated whey showed to be more efficient against M. luteus 

than S. marcescens, in alginate, chitosan and liposomes. 

The use in food and cosmetic industries of products of natural sources of antioxidants and /or 

antimicrobials, such as herbs or spices, present several advantages. People have become more 

concerned about clean label products that do not use synthetic compounds. In conclusion, spices and 

herbs can be used not only for flavour and aroma, but also on preservation of food and as antioxidant 

in cosmetics. The presence of controlled concentrations of antioxidants in food or in the human body 

can prevent or at least detain oxidative processes, guaranteeing food quality and avoiding the 

propagation of degenerative diseases. Their encapsulation can, on the one hand, protect polyphenols 

during the production and storage of the products, and on the other hand, allow the controlled release 

of these compounds. 

As such, the results obtained in this project are an important step in determining the optimal set of 

conditions, regarding which spice/herb to use, the extraction and the encapsulation methods, in order 

to strive for natural supplements of food and cosmetics which can complement, and eventually replace, 

the currently used artificial flavours and preservatives. Still, much more work must be done in this area 

in order to reach industrial application. 
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VI. FUTURE WORK 

Although the research for new antibiotics and antioxidant compounds in natural sources is not an entirely 

new field, the optimisation of the extraction methods has not been widely mentioned in literature. In this 

study polyphenol extraction was more successful after 24 h than 15 min, however, this does not mean 

24 h are needed for the protocol, since it is expected that the quantity of polyphenols extracted reaches 

a plateau, which may have already been reached. In fact, companies would prefer less time of extraction 

than longer extractions, because it is more profitable. An optimisation study about the extraction time 

would be required. For instance, a 12 h long extraction might be enough to extract the needed amount 

of this compounds. Alternatively, it may also be found that certain samples require even longer extraction 

times. 

Regarding encapsulation, alginate and chitosan particles were only prepared using a 450 µm diameter 

nozzle. In the food industry, particles with other sizes could be more advantageous, depending on the 

type of product in which they would be applied. A suitable particle size for juice will not be the same for 

a yogurt, for example. The repetition of encapsulation efficiency, antimicrobial activity and long-term 

stability assays would have to be performed with other nozzle sizes.  

Companies must be interested in knowing the exact quantity of polyphenols that should be 

encapsulated. With this information, they can save money reducing the extraction time or avoiding 

loading products with excess polyphenols. The minimal inhibitory concentration, also known by MIC, 

against M. luteus, S. marcescens and C. glabrata and other common microorganism species would give 

plausible range for polyphenol concentration. 

Food and cosmetics are very sensitive industries. Products are always being verified to know if they are 

safe for the consumers. A very important test for identifying encapsulated natural extracts as safe is the 

potential toxicity test, which could be done via cytotoxicity assays using animal models, in addition to 

different type of human cells or tissues.   

Encapsulated extracts were only tested under laboratory conditions. Free and encapsulated extracts 

must be applied in real foods and beverages, and also in cosmetic products, with the purpose of knowing 

if they are effective in these conditions. Finally, the metabolism and mechanism of action of polyphenols, 

present in spices and herbs, as antimicrobial and antioxidant compound must be studied. Only a 

thorough understanding of the mechanisms by which the beneficial effects of polyphenols are exerted 

can allow for a more efficient optimisation of these effects. 

Robust studies addressing the referred points will allow for the production of natural extracts 

encapsulated in particles with usage in the food and cosmetic industries, and solidify their use as 

alternatives to artificial compounds which are met with more resistance every day. 

  

  
 





55 

VII. REFERENCES 

1. Avery, S. V. Molecular targets of oxidative stress. Biochem. J. 434, 201–210 (2011). 

2. Shahidi, F. & Zhong, Y. Measurement of antioxidant activity. J. Funct. Foods 18, 757–781 (2015). 

3. Embuscado, M. E. Spices and herbs: Natural sources of antioxidants - A mini review. J. Funct. 

Foods 18, 811–819 (2015). 

4. Vilkhu, K., Mawson, R., Simons, L. & Bates, D. Applications and opportunities for ultrasound 

assisted extraction in the food industry - A review. Innov. Food Sci. Emerg. Technol. 9, 161–169 

(2008). 

5. Min, B. & Ahn, D. U. Mechanism of Lipid Peroxidation in Meat and Meat Products -A Review. 

Food Sci. Biotechnol. 14, 152–163 (2005). 

6. Penta, S., Rao, V. R., Satish, G. & Sharma, A. Advances in structure and activity relationship of 

coumarin derivatives. (2015). 

7. Carlsen, M. H. et al. The total antioxidant content of more than 3100 foods, beverages, spices, 

herbs and supplements used worldwide. Nutr. J. 9, 3 (2010). 

8. Huang, D., Boxin, O. U. & Prior, R. L. The chemistry behind antioxidant capacity assays. J. Agric. 

Food Chem. 53, 1841–1856 (2005). 

9. Astley, S. B., Elliott, R. M., Archer, D. B. & Southon, S. Evidence that dietary supplementation 

with carotenoids and carotenoid-rich foods modulates the DNA damage: repair balance in human 

lymphocytes. Br. J. Nutr. 91, 63–72 (2004). 

10. Shahidi, F. & Zhong, Y. Novel antioxidants in food quality preservation and health promotion. 

Eur. J. Lipid Sci. Technol. 112, 930–940 (2010). 

11. MedlinePlus. Available at: https://medlineplus.gov/antioxidants.html. (Accessed: 5th October 

2017) 

12. Matouskova, P., Marova, I., Bokrova, J. & Benesova, P. Effect of encapsulation on antimicrobial 

activity of herbal extracts with lysozyme. Food Technol. Biotechnol. 54, 304–316 (2016). 

13. Quideau, S., Deffieux, D., Douat-Casassus, C. & Pouységu, L. Plant polyphenols: Chemical 

properties, biological activities, and synthesis. Angew. Chemie - Int. Ed. 50, 586–621 (2011). 

14. Cassidy, A., Hanley, B. & Lamuela-Raventos, R. M. Isoflavones, lignans and stilbenes–origins, 

metabolism and potential importance to human health. J. Sci. Food Agric. 80, 1044–1062 (2000). 

15. Bimakr, M. et al. Comparison of different extraction methods for the extraction of major bioactive 

flavonoid compounds from spearmint (Mentha spicata L.) leaves. Food Bioprod. Process. 89, 

67–72 (2011). 

16. Avent, M. L., Rogers, B. A., Cheng, A. C. & Paterson, D. L. Current use of aminoglycosides: 

Indications, pharmacokinetics and monitoring for toxicity. Intern. Med. J. 41, 441–449 (2011). 



56 

17. e-escola Instituto Superior Técnico. Available at: http://e-escola.tecnico.ulisboa.pt. (Accessed: 

13th October 2017) 

18. Cleveland, J., Montville, T. J., Nes, I. F. & Chikindas, M. L. Bacteriocins: Safe, natural 

antimicrobials for food preservation. Int. J. Food Microbiol. 71, 1–20 (2001). 

19. Bush, K. Improving known classes of antibiotics: An optimistic approach for the future. Curr. 

Opin. Pharmacol. 12, 527–534 (2012). 

20. Cardoso, J. M. S. et al. Antibacterial activity of silver camphorimine coordination polymers. Dalt. 

Trans. 45, 7114–7123 (2016). 

21. Bentley, R. Different roads to discovery; Prontosil (hence sulfa drugs) and penicillin (hence β-

lactams). J. Ind. Microbiol. Biotechnol. 36, 775–786 (2009). 

22. Andrews, J. M. Determination of minimum inhibitory concentrations. J. Antimicrob. Chemother. 

48 Suppl 1, 5–16 (2001). 

23. Trombetta, D. et al. Mechanisms of Antibacterial Action of Three Monoterpenes Mechanisms of 

Antibacterial Action of Three Monoterpenes. J. Antimicrob. Agents Chemother. 49, 2474–2478 

(2005). 

24. Hampstead Science - The Medicinal Chemistry of Antibiotics. Available at: 

http://www.hampsteadscience.ac.uk/TheMedicinalChemistryofAntibiotics.pdf. (Accessed: 13th 

October 2017) 

25. Patrick, T. B. Medicinal Chemistry. in Organic and Biological Chemistry 335–353 (Rinton Press, 

2001). 

26. Reece, R. J. & Maxwell, A. DNA Gyrase: Structure and Function. Crit. Rev. Biochem. Mol. Biol. 

26, 335–375 (1991). 

27. Arora, D. S. & Kaur, J. Antimicrobial activity of spices. Int. J. Antimicrob. Agents 12, 257–262 

(1999). 

28. Cuvelier, M. E., Berset, C. & Richard, H. Antioxidant Constituents in Sage (Salvia officinalis). J. 

Agric. Food Chem. 42, 665–669 (1994). 

29. Hossain, M. B., Patras, A., Barry-Ryan, C., Martin-Diana, A. B. & Brunton, N. P. Application of 

principal component and hierarchical cluster analysis to classify different spices based on in vitro 

antioxidant activity and individual polyphenolic antioxidant compounds. J. Funct. Foods 3, 179–

189 (2011). 

30. Ivanovic, J., Dimitrijevic-Brankovic, S., Misic, D., Ristic, M. & Zizovic, I. Evaluation and 

improvement of antioxidant and antibacterial activities of supercritical extracts from clove buds. 

J. Funct. Foods 5, 416–423 (2013). 

31. Carlsen, M. H., Halvorsen, B. L. & Blomhoff, R. Antioxidants in Nuts and Seeds. in Nuts and 

Seeds in Health and Disease Prevention 55–64 (Academic press, 2011). doi:10.1016/B978-0-

12-375688-6.10001-5 



57 

32. Miller, N. J., Rice-Evans, C., Davies, M. J., Gopinathan, V. & Milner, A. A Novel Method for 

Measuring Antioxidant Capacity and its Application to Monitoring the Antioxidant Status in 

Premature Neonates. Clin. Sci. 84, 407–412 (1993). 

33. Sharma, A., Kumar Arya, D., Dua, M., Chhatwal, G. S. & Johri, A. K. Nano-technology for 

targeted drug delivery to combat antibiotic resistance. Expert Opin. Drug Deliv. 9, 1325–1332 

(2012). 

34. Drugs.com. Available at: www.drugs.com/mtm/nystatin.html. (Accessed: 13th October 2017) 

35. Sathyabama, S., Ranjith kumar, M., Bruntha devi, P., Vijayabharathi, R. & Brindha priyadharisini, 

V. Co-encapsulation of probiotics with prebiotics on alginate matrix and its effect on viability in 

simulated gastric environment. LWT - Food Sci. Technol. 57, 419–425 (2014). 

36. Tripathi, M. K. & Giri, S. K. Probiotic functional foods: Survival of probiotics during processing 

and storage. J. Funct. Foods 9, 225–241 (2014). 

37. Araya, M. et al. Health and Nutritional Properties of Probiotics in Food including Powder Milk with 

Live Lactic Acid Bacteria. (2001). doi:10.1201/9781420009613.ch16 

38. Krasaekoopt, W. & Watcharapoka, S. Effect of addition of inulin and galactooligosaccharide on 

the survival of microencapsulated probiotics in alginate beads coated with chitosan in simulated 

digestive system, yogurt and fruit juice. LWT - Food Sci. Technol. 57, 761–766 (2014). 

39. Campana, R. et al. Influence of Aphanizomenon flos-aquae and two of its extracts on growth 

ability and antimicrobial properties of Lactobacillus acidophilus DDS-1. LWT - Food Sci. Technol. 

81, 291–298 (2017). 

40. Fijan, S. Microorganisms with claimed probiotic properties: An overview of recent literature. Int. 

J. Environ. Res. Public Health 11, 4745–4767 (2014). 

41. Matoušková, P. et al. Co-encapsulation of probiotics with prebiotics into polysaccharide particles 

and its effect on viability in simulated gastrointestinal fluid. NANOCON 2014 57, (2014). 

42. Dennis-Wall, J. C. et al. Probiotics (Lactobacillus gasseri KS-13, Bifidobacterium bifidum G9-1, 

and Bifidobacterium longum MM-2) improve rhinoconjunctivitis-specific quality of life in 

individuals with seasonal allergies: a double-blind, placebo-controlled, randomized trial. Am. J. 

Clin. Nutr. 105, 758–767 (2017). 

43. Anjum, N. et al. Lactobacillus acidophilus: Characterization of the Species and Application in 

Food Production. Crit. Rev. Food Sci. Nutr. 54, 1241–1251 (2014). 

44. Frece, J., Cvrtila, J., Topič, I., Delaš, F. & Markov, K. Lactococcus lactis ssp. lactis as potential 

functional starter culture. Food Technol. Biotechnol. 52, 489–494 (2014). 

45. Hwanhlem, N., Ivanova, T., Haertlé, T., Jaffrès, E. & Dousset, X. Inhibition of food-spoilage and 

foodborne pathogenic bacteria by a nisin Z-producing Lactococcus lactis subsp. lactis KT2W2L. 

LWT - Food Sci. Technol. 82, 170–175 (2017). 

46. Malathi, V. B. & Selvakumar, D. Bacteriocin Production by Lactococcus Lactis MTCC 440. 19, 



58 

43–51 (2016). 

47. Likotrafiti, E. et al. Molecular identification and anti-pathogenic activities of putative probiotic 

bacteria isolated from faeces of healthy elderly individuals. Microb. Ecol. Health Dis. 16, 105–

112 (2004). 

48. Marshall, K. Therapeutic applications of whey protein. Altern. Med. Rev. 9, 136–156 (2004). 

49. Walzem, R. L., Dillard, C. J. & German, J. B. Whey components: Millennia of evolution create 

functionalities for mammalian nutrition: What we know and what we may be overlooking. Crit. 

Rev. Food Sci. Nutr. 42, 353–375 (2002). 

50. Esmaeilpour, M., Ehsani, M. R., Aminlari, M., Shekarforoush, S. & Hoseini, E. Antimicrobial 

Peptides Derived from Goat’s Milk Whey Proteins Obtained by Enzymatic Hydrolysis. J. Food 

Biosci. Technol. 7, 65–72 (2017). 

51. Grigonis, D., Venskutonis, P. R., Sivik, B., Sandahl, M. & Eskilsson, C. S. Comparison of different 

extraction techniques for isolation of antioxidants from sweet grass (Hierochloe odorata). J. 

Supercrit. Fluids 33, 223–233 (2005). 

52. Toma, M., Vinatoru, M., Paniwnyk, L. & Mason, T. J. Investigation of the effects of ultrasound on 

vegetal tissues during solvent extraction. Ultrason. Sonochem. 8, 137–142 (2001). 

53. Prior, R. L., Wu, X. & Schaich, K. Standardized methods for the determination of antioxidant 

capacity and phenolics in foods and dietary supplements. J. Agric. Food Chem. 53, 4290–4302 

(2005). 

54. Benzie, I. F. F. & Strain, J. J. The Ferric Reducing Ability of Plasma (FRAP) as a Measure of 

‘Antioxidant Power’: The FRAP Assay. Anal. Biochem. 239, 70–76 (1996). 

55. Zhang, L., Pornpattananangkul, D., Hu, C.-M. & Huang, C.-M. Development of Nanoparticles for 

Antimicrobial Drug Delivery. Curr. Med. Chem. 17, 585–594 (2010). 

56. Zhai, Y. & Zhai, G. Advances in lipid-based colloid systems as drug carrier for topic delivery. J. 

Control. Release 193, 90–99 (2014). 

57. Wu, L., Zhang, J. & Watanabe, W. Physical and chemical stability of drug nanoparticles ☆. Adv. 

Drug Deliv. Rev. 63, 456–469 (2011). 

58. Akbarzadeh, A., Rezaei-sadabady, R., Davaran, S., Joo, S. W. & Zarghami, N. Liposome : 

classification , preparation , and applications. Nanoscale Res. Lett. 8, 1 (2013). 

59. Avanti Polar lipids, Inc. Available at: https://avantilipids.com/tech-support/. (Accessed: 6th 

October 2017) 

60. BIO-RAD. Mini-PROTEAN ® Tetra Cell Instruction Manual. in 

61. BRENDA. Available at: http://www.brenda-enzymes.org/. (Accessed: 23rd September 2017) 

62. Diffen. Available at: http://www.diffen.com. (Accessed: 20th September 2017) 



59 

63. Madureira, A. R., Pereira, C. I., Gomes, A. M. P., Pintado, M. E. & Xavier Malcata, F. Bovine 

whey proteins - Overview on their main biological properties. Food Res. Int. 40, 1197–1211 

(2007). 

64. Tello, P. G., Camacho, F., Jurado, E., Páez, M. P. & Guadix, E. M. Enzymatic hydrolysis of whey 

proteins. II. Molecular‐weight range. Biotechnol. Bioeng. 44, 529–532 (1994). 

65. De Vuyst, L. & Vandamme, E. J. Influence of the carbon source on nisin production in 

Lactococcus lactis subsp. lactis batch fermentations. J. Gen. Microbiol. 138, 571–578 (1992). 

66. Moussa, S. A., Farouk, A. F., Opwis, K. & Schullmeyer, E. Production , Characterization and 

Antibacterial Activity of Mucor rouxii DSM-119 Chitosan. Text. Sci. Engeneering 1, 1–5 (2011). 

67. Daglia, M. Polyphenols as antimicrobial agents. Curr. Opin. Biotechnol. 23, 174–181 (2012). 





61 

VIII. ATTACHMENTS 

VIII.1. Calibration of Folin-Ciocalteu colorimetric method (total 

phenolic content) 
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Figure VIII-1 - Calibration curve for Absorbance in function of the total phenolic content in mg of Gallic acid 
equivalent per mL of sample (mg GAE/mL) 

VIII.2. Calibration of Aluminium chloride colorimetric method (total 

flavonoids content)  
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Figure VIII-2 - Calibration curve for Absorbance in function of the total flavonoid content in mg of Catechin 
equivalent per mL of sample (mg CE/mL) 
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VIII.3. Calibration of Hartree-Lowry assay (total proteins content) 
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Figure VIII-3 - Calibration curve for absorbance in function of total protein content in mg per mL of sample (mg/mL) 

VIII.4. Molecular weight of lysozyme  

Table VIII-1 - Molecular weight of lysozymes taken from Uniprot website 61 
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VIII.5. Antimicrobial activity of herbs and spices extracts 

Table VIII-2 - Antimicrobial activity of aqueous and ethanol (30, 50 and 80% EtOH) extracts from selected herbs 
and spices (24h) against Micrococcus luteus, Serratia marcescens and Candida glabrata. Data is expressed 
normalised such that negative control is equal to 1. 

 
Micrococcus luteus Serratia marcescens Candida glabrata 

 
H2O 30% 50% 80% H2O 30% 50% 80% H2O 30% 50% 80% 

Cinnamon 2.24 1.25 1.35 0.51 1.16 0.81 4.97 0.23 0.92 0.89 0.76 0.22 

Oregano 6.06 0.51 0.89 0.07 1.09 0.39 0.62 0.52 1.17 1.03 0.88 0.12 

Guarana 1.08 1.48 0.43 0.41 1.23 2.24 1.78 0.61 0.99 1.07 0.28 0.15 

Green tea 1.14 1.18 1.83 0.27 1.37 2.24 7.15 1.18 0.92 0.99 0.94 0.10 

Pepper 3.81 0.69 1.51 0.59 0.98 1.57 11.54 1.30 1.03 0.72 0.72 0.03 

Ginger 8.00 0.46 0.77 0.00 1.09 0.33 14.64 0.65 1.03 0.70 0.81 0.03 

Clove 0.77 1.49 0.82 0.18 0.85 0.65 7.84 1.70 0.76 0.72 0.54 0.13 

Star anise 3.69 1.15 0.17 -0.07 1.16 0.38 18.74 -0.47 0.99 0.94 1.15 -0.04 

Nutmeg 3.03 0.57 0.32 0.44 1.08 0.40 -0.14 0.12 1.00 0.86 0.12 0.04 

Mace 3.33 0.52 -0.14 1.08 1.09 0.93 -0.14 1.36 1.00 0.88 0.14 0.28 

Black tea 4.05 0.77 0.91 0.31 1.18 1.53 1.96 0.04 1.00 1.00 0.94 0.05 

 

VIII.6. Polydispersity of liposomes containing aqueous and ethanol 

extracts from selected herbs and spices 

Aqueous extract from cinnamon 

 

Aqueous extract from Oregano 

 

Aqueous extract from guarana 

 

Aqueous extract from green tea 
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30% ethanol extract from cinnamon 

 

30% ethanol extract from oregano 

 

30% ethanol extract from guarana

 

30% ethanol extract from green tea 

 

50% ethanol extract from cinnamon 

 

50% ethanol extract from oregano 

 

50% ethanol extract from guarana 

 

50% ethanol extract from green tea 

 

80% ethanol extract from cinnamon 

 

80% ethanol extract from oregano 
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80% ethanol extract from guarana 

 

80% ethanol extract from green tea 

 

Figure VIII-4 – Polydispersity of liposome particles encapsulating aqueous and ethanol (30, 50 and 80%) extracts 
from selected herbs and spices. 
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VIII.7. Long-term stability of prepared alginate, chitosan and 

liposome particles in artificial digestive fluid 

Table VIII-3 - Released mass of polyphenols from aqueous and ethanol (30, 50 and 80%) extracts encapsulated in 
alginate, chitosan and liposome particles following treatment with stomach, on time zero, after 1 month (in case of 
co-encapsulation of Lactococcus lactis with extracts) and after 2 months. 

Stomach fluid 

Particles Spices 0 months 1 month 2 months 

Alginate 

cinnamon 0.098 ± 0.088 0.179 ± 0.005 0.301 ± 0.012 

oregano 0.115 ± 0.100 - 0.217 ± 0.017 

guarana 0.176 ± 0.165 - 0.335 ± 0.022 

green tea 0.337 ± 0.046 0.155 ± 0.142 0.374 ± 0.035 

Clove - 0.297 ± 0.029 - 

Chitosan 

cinnamon 0.355 ± 0.017 0.490 ± 0.042 0.394 ± 0.011 

oregano 0.332 ± 0.013 - 0.381 ± 0.019 

guarana 0.396 ± 0.025 - 0.432 ± 0.061 

green tea 0.352 ± 0.02 0.313 ± 0.081 0.378 ± 0.014 

Clove - 0.316 ± 0.036 - 

Liposomes (aqueous 
extraction) 

cinnamon 0.036 ± 0.010 - 0.019 ± 0.000 

oregano 0.045 ± 0.006 - 0.019 ± 0.000 

guarana 0.064 ± 0.008 - 0.069 ± 0.016 

green tea 0.072 ± 0.006 - 0.079 ± 0.012 

Liposomes (30% 
ethanol extraction) 

cinnamon - - 0.380 ± 0.069 

oregano - - 0.642 ± 0.234 

guarana - - 0.660 ± 0.398 

green tea - - 0.404 ± 0.050 

Liposomes (50% 
ethanol extraction) 

cinnamon - - 0.249 ± 0.029 

oregano - - 0.246 ± 0.027 

guarana - - 0.264 ± 0.008 

green tea - - 0.366 ± 0.024 

Liposomes (80% 
ethanol extraction) 

cinnamon - - 0.209 ± 0.014 

oregano - - 0.227 ± 0.007 

guarana - - 0.266 ± 0.030 

green tea - - 0.390 ± 0.098 
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Table VIII-4 - Released mass of polyphenols from aqueous and ethanol (30, 50 and 80%) extracts encapsulated in 
alginate, chitosan and liposome particles following treatment with pancreatic and bile fluids (after stomach), on time 
zero, after 1 month (in case of co-encapsulation of Lactococcus lactis with extracts) and after 2 months.   

Stomach fluid 

Particles Spices 0 months 1 month 2 months 

Alginate 

cinnamon 0.106 ± 0.020 0.124 ± 0.012 0.117 ± 0.025 

oregano 0.148 ± 0.044 - 0.124 ± 0.009 

guarana 0.109 ± 0.007 - 0.15 ± 0.032 

green tea 0.125 ± 0.014 0.158 ± 0.001 0.192 ± 0.055 

Clove - 0.170 ± 0.028 - 

Chitosan 

cinnamon 0.193 ± 0.026 0.190 ± 0.022 0.325 ± 0.064 

oregano 0.166 ± 0.009 - 0.293 ± 0.025 

guarana 0.209 ± 0.029 - 0.359 ± 0.091 

green tea 0.231 ± 0.008 0.190 ± 0.000 0.136 ± 0.030 

Clove - 0.211 ± 0.053 - 

Liposomes (aqueous 

extraction) 

cinnamon 0.056 ± 0.008 - 0.085 ± 0.042 

oregano 0.046 ± 0.004 - 0.063 ± 0.012 

guarana 0.043 ± 0.004 - 0.067 ± 0.006 

green tea 0.045 ± 0.005 - 0.071 ± 0.005 

Liposomes (30% 

ethanol extraction) 

cinnamon - - 0.053 ± 0.006 

oregano - - 0.052 ± 0.021 

guarana - - 0.123 ± 0.072 

green tea - - 0.04 ± 0.003 

Liposomes (50% 

ethanol extraction) 

cinnamon - - 0.077 ± 0.016 

oregano - - 0.061 ± 0.011 

guarana - - 0.127 ± 0.017 

green tea - - 0.067 ± 0.028 

Liposomes (80% 

ethanol extraction) 

cinnamon - - 0.097 ± 0.061 

oregano - - 0.047 ± 0.024 

guarana - - 0.071 ± 0.018 

green tea - - 0.086 ± 0.028 
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VIII.8. Antimicrobial activity of prepared alginate and chitosan 

particles by agar diffusion method 

Table VIII-5 – Results of the inhibition assay performed against Micrococcus luteus, Serratia marcescens and 
Candida glabrata using agar diffusion method.  

 Without inhibition With inhibition 

Micrococcus luteus 

A 

 

B 

 

Serratia marcescens 

C 

 

D 

 

Candida glabrata 

E 

 

F                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
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VIII.9. Antimicrobial activity of herbs, spices and Lactococcus lactis 

encapsulated in alginate, chitosan and liposome particles 

Table VIII-6 - Antimicrobial activity of aqueous extracts from selected herbs and spices (24h), encapsulated in 
alginate and chitosan particles, against Micrococcus luteus. Data were normalised so that the negative control 
antimicrobial activity is equal to one. 

Micrococcus luteus  

  Alginate Chitosan 

Cinnamon 1.7 ± 0.1 1.0 ± 0.1 

Oregano 1.4 ± 0.2 0.7 ± 0.0 

Guarana 1.7 ± 0.1 0.6 ± 0.0 

Green tea 1.4 ± 0.0 0.6 ± 0.0 

Cinnamon + L. lactis 1.1 ± 0.2 0.8 ± 0.1 

Green tea L. lactis 0.9 ± 0.1 1.1 ± 0.5 

 Clove + L. lactis 1.1 ± 0.1 1.1 ± 0.3 

Whey + L. lactis 1.1 ± 0.2 1.1 ± 0.1 

 

 

Table VIII-7 - Antimicrobial activity of aqueous and ethanol extracts from selected herbs and spices (24h), 
encapsulated in liposome particles, against M. luteus, S. marcescens and C. glabrata. Data were normalised so 
that the negative control antimicrobial activity is equal to one. 

  H2O 
30% 
EtOH 

50% 
EtOH 

80% 
EtOH 

Micrococcus luteus 

Cinnamon 0.476 1.811 0.627 0.621 

Oregano 0.594 0.932 0.608 0.737 

Guarana 0.648 0.976 0.465 0.721 

Green tea 0.511 1.388 0.679 0.807 

Serratia marcescens 

Cinnamon 0.652 0.955 0.012 1.049 

Oregano 0.720 0.863 -0.262 0.927 

Guarana 0.677 0.979 -0.080 -0.128 

Green tea 0.642 0.975 -0.392 -0.009 

Candida glabrata 

Cinnamon 1.098 1.105 0.495 0.936 

Oregano 1.130 0.950 0.427 0.935 

Guarana 1.208 1.085 0.500 0.919 

Green tea 1.127 1.043 0.364 0.882 

 


