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IV. ABSTRACT 

The development of nanotechnology currently plays a key role in the control of pathogenic 

microorganisms. Chitosan is a polymer which is active against a broad spectrum of 

bacteria. Likewise, plant derivatives such as essential oils are also known to engage in 

antimicrobial activity. The objectives of this doctoral research were to synthetize and 

characterize chitosan nanoparticles and thyme/lime essential oil-loaded chitosan 

nanoparticles by different methods, evaluate their effect on in vitro growth on various 

selected foodborne and two plant pathogenic bacteria, determine the encapsulation 

efficiency and the release kinetics of carvacrol and thymol in the nanoparticles synthesized 

by two methods, and study some possible mechanisms of chitosan nanoparticles and thyme 

essential oil-loaded chitosan nanoparticles on Pectobacterium carotovorum. Overall 

samples were characterized by Scanning Electron Microscopy, Transmission Electron 

Microscopy, Fourier Transform Infrared, Zeta Potential and Dynamic Light Scattering. The 

antibacterial activity was determined by the Minimum Inhibitory Volume. The 

encapsulation efficiency was obtained by the difference between the total amount of thymol 

and the amount of thymol non-encapsulated, and the release study, by release kinetics 

analysis. The cellular viability was carried out following the colorimetric method MTT and 

microscopical observations of cellular changes on P. carotovorum were done by 

Transmission Electron Microscopy. The results showed that the synthetized nanoparticles 

exhibited a spherical shape with an average diameter of 4.2 to 250 nm, and exhibited a 

positive surface charge with a zeta potential value of 10 to 61mV. The chitosan 

nanoparticles and the thyme/lime essential oil-loaded chitosan nanoparticles showed 

notable antimicrobial activity against Staphylococcus aureus, Bacillus cereus, Listeria 
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monocytogenes, Salmonella typhi, Shigella dysenteriae and Escherichia coli, Erwinia 

amylovora and Pectobacterium carotovorum. The highest inhibition halo (4.3 cm) was 

obtained with the highest minimum inhibitory volume (40 μL) for S. aureus. The 

synthetized nanoparticles possessed encapsulation efficiency (EE) in the range of 68 to 

81.4%, and the release of thymol and carvacrol from thyme essential oil-loaded chitosan 

nanoparticles were 360 to 630 min and 390 to 540 min, respectively. Electron microscopy 

showed that the mode of action of the chitosan nanoparticles and the thyme essential oil-

chitosan nanoparticles is at the membrane level, causing a leakage of intracellular 

components and lysis in P. carotovorum. 
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1. INTRODUCTION  

Polymeric nanoparticles have attracted a great deal of attention, especially in the food, 

pharmaceutical and biomedical industries, and recently their applications have been 

focused on controlling pathogenic microorganisms affecting fruits and vegetables (Hosseini 

et al., 2016; Sotelo-Boyás et al., 2016). Chitosan is a non-toxic and biodegradable polymer 

that has been widely used for the control of pathogenic microorganisms, and it is generally 

recognized as being a safe (GRAS) compound. Different techniques such as 

nanoprecipitation, nanoencapsulation, reverse micelle microemulsion and ionic gelation, 

have been developed in order to load bioactive compounds into chitosan nanoparticles 

(O’Callaghan et al., 2016). Recently, the loading of sensitive bioactive compounds such as 

plant essential oils into chitosan nanoparticles has been reported (Chen et al., 2009; 

Hosseini et al., 2016). Thyme and lime essential oils are also GRAS compounds, with 

proven antibacterial properties against foodborne and plant pathogenic bacteria; however, 

these essential oils are volatile compounds. 

Bacteria, the main pathogens causing foodborne diseases such as Staphylococcus aureus, 

Bacillus cereus, Listeria monocytogenes, Salmonella typhi, Shigella dysenteriae and 

Escherichia coli, may be found in numerous fresh, pre-cut and processed horticultural 

commodities and juices. Similarly, Erwinia amylovora and Pectobacterium carotovorum 

are two Gram-negative plant pathogenic bacteria that cause notable economic losses in the 

production of numerous fruits and vegetables.  

The main objective of this research was focused on the synthesis, characterization, 

encapsulation and controlled release of chitosan nanoparticles and thyme/lime essential oil- 

loaded chitosan nanoparticles by different methods, in order to evaluate their effect on the 
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in vitro growth of selected foodborne and plant pathogenic bacteria, including the study of 

the possible action mechanisms. 

The thesis is divided into five chapters. The first chapter consists in depth review of the 

literature about the current state of chitosan nanocompounds for controlling pathogenic 

bacteria. The second chapter is related to the synthesis and characterization of chitosan 

nanoparticles and of thyme/lime essential oil-loaded chitosan nanoparticles, by different 

methods. The third chapter shows the in vitro antibacterial activity of chitosan 

nanoparticles alone, and loaded with the above-mentioned essential oils, on six different 

foodborne and two plant pathogenic bacteria. In the fourth chapter, the encapsulation 

efficiency and release kinetics of the two main components of the thyme essential oil i.e. 

carvacrol and thymol nanoparticles, is determined, and in the fifth chapter the effect of 

chitosan nanoparticles alone and combined with thyme essential oil-loaded nanoparticles on 

cell viability and on the ultrastructure of treated P. carotovorum is considered. 
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CHAPTER 1. Current state of nanotechnology to control pathogenic bacteria 

 

Abstract 

The development of nanotechnology is now playing a key role in the field of the control of 

pathogenic microorganisms. The importance of nanomaterials relies upon its highly 

reactive properties and therefore more effective action. The most evaluated nanomaterials 

in the control of microorganisms have been, silver, gold, zinc oxide and copper. However, 

there are other proposals like nanomaterials synthesized from plant species and from the 

biomolecule chitosan, that may be applied alone or in combination with other materials. 

This chapter presents the importance, origin and definitions of nanotechnology; 

nanotechnology applications in agriculture, the potential of nanotechnology in the control 

of foodborne pathogens, biological activity of synthesized nanoparticles with botanicals 

alone or combined on the development of pathogenic foodborne bacteria and biological 

activity of chitosan and chitosan nanoparticles against bacteria. 
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1.1 Definitions of nanotechnology 

The concept of nanotechnology was first proposed in 1959 by physicist Richard Feynman, 

who explored the possibility of manipulating matter at the scale of atoms and molecules. 

However, this concept was used until 1974 by Norio Taniguchi, a researcher at the 

University of Tokyo, which used it to refer to the ability to manipulate materials at the 

nanoscale (Sahoo et al., 2007). 

Today there is a boom about nanotechnology; definitions regarding this science related to 

size, among which it can be mentioned: Royal Society and Royal Academy of Engineering 

(2009) which states that nanotechnology, is understood as the ability to observe, manipulate 

and control the properties of matter at the nanoscale levels. Nanotechnologists are 

interested in nanoscale (ranging from 100 nanometers (nm) to the size of atoms, about 0.2 

nm), at this scale, properties of materials can be very different than at large scale. 

Also, nanoscience is defined as the study of phenomena and manipulation of materials at 

atomic, molecular and macromolecular scales and nanotechnologies delimit the design, 

characterization, production and application of structures, devices and systems for 

controlling the shape and size nano-scale (Delgado, 2009). Similarly, the European Patent 

Office, defines the term "nanotechnology" as that which applies to entities with controlled 

geometrical size of at least one functional component below 100 nanometers or more 

dimensions susceptible to physical, chemical or just biological intrinsic size (Gulín-

González, 2010). Meanwhile, Roco (2003) defines nanotechnology as a field that applies 

the principles and techniques to understand and transform biosystems that uses biological 

principles and materials to create new devices with nanoscale features. 
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Torras and Reyes (2005) define nanotechnology as the science of the study, collection and 

handling of controlled form of materials, substances and devices, consisting of the smallest 

of matter with very small particles, typically less than one micron, while Sahoo et al. 

(2007) define nanotechnology as the science and engineering involved in the design 

synthesis, characterization and application of materials and devices with nanometer scale 

dimensions. Foladori (2009) mentions that nanotechnology is the basis of a global 

technological revolution that consists of a series of techniques that are characterized by 

manipulating materials on atomic and molecular scale. Recent definitions mentioned that 

nanotechnology is a new science that involves the handling and use of materials with lower 

micrometer which reveals the properties, processes and phenomena of matter in nanometric 

sizes, having the ability to control, manipulate and manufacture new materials with many 

applications (Chen and Yada, 2011).  

1.2. Origin of nanotechnology 

Research on the properties of nano-sized materials dates back to the seventies. In Russia the 

first scientific paper on the behavior of nanostructured materials was published in 1976. 

The ten Chinese plan "Climbing on Nanometer Science Project" was launched in 1990. 

Since the eighties Japan had plans to publish research and development of ultrafine 

particles; and since the end of that decade the UK funded a network of research and 

development in nanotechnology. In the private sector, large corporations of the chemical 

and electronics industry (eg, Dow, DuPont, Bayer, BASF, Motorola, Kodak, Hewlett 

Packard, Texas Instruments, IBM, Xerox), had research laboratories in nanotechnology 

since the eighties and nineties (Roco, 2003). Also, in recognition of the great scientific and 

commercial potential of nanotechnology, President Clinton in the year 2000 established the 
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National Nanotechnology Initiative (NNI, for its acronym in English), which is a global 

program of multiple agencies to build, characterize and understand nanoscale devices 

(Sahoo et al., 2007). 

1.3. Importance of nanotechnology 

The concept of nanoscience encompasses different fields of human knowledge. The ability 

to manipulate the small-scale atoms and their application, is the foundation technology of 

nanotechnologies. Thus, nanoscience and nanotechnology calls have been constituted one 

of the main areas of scientific and technological development in the past twenty years 

(Gulín-Gonzalez, 2010). 

Nanotechnology begins to be presented in every aspect of our lives, for example, in medical 

science, the use of this technology has grown strongly in the last decade, there is talk of 

nanomedicine as a term for the new physical properties, chemical and biological properties 

of these materials, with potential application in prevention, diagnosis and treatment of 

diseases (Takeuchi, 2009). 

The importance of nanotechnology is that the material, when present in nanoscale, has 

physical, chemical and biological properties different from those known in larger sizes; also 

for its large surface area relative to the mass, the nanoparticles are highly reactive. 

According to Foladori (2009) the strength of nanotechnology lies basically in making more 

efficient, multifunctional and sparing raw material products. Nanotechnology has reached 

unimaginable limits currently arriving itself even to the ability to control individual atoms. 

Within the global market in nanotechnology, aspects related to the processing of thin films 

and surfaces, play a predominant role rising interesting nanoparticles and nanocomposites. 
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In recent years it has been expanded the study of so-called nanomaterials and 

nanostructured materials, whose main characteristic as mentioned above is the size of the 

phases involved, which are in the order of nanometers. The importance of these structures 

is that to achieve the very small size scale of world nanoscopic materials exhibit abnormal 

behavior and unique properties, entirely new, different substantially from those present in 

bulk material (Mazo-Zuluaga, 2011). According to Paull (2003) it is estimated that the 

thick of investment in nanotechnology focuses on the development of tools or instruments, 

nanotechnology, new materials, novel devices and nanobiotechnology innovations. 

1.4. Nanotechnology applications in agriculture 

Nanoscale and nanotechnology have shown great potential in the development of important 

new solutions for the agricultural sector. Applications of nanotechnology in the agricultural 

sector are related to agricultural and food production, development of chemical fertilizers, 

herbicides, and monitoring of environmental conditions in crops such as humidity, 

temperature and levels of nutrition. On the other hand, it also seeks to design materials to 

specific applications such as improved irrigation systems or plastic "smart" materials. On a 

more complex level of the talk it is of 'crops precision' (precision farming). That is, the joint 

use of computers, global positioning systems and micro/nano remote sensory devices: real-

time monitoring of environmental and soil conditions as well as the development of 

plantations (including stress) (Rickman et al., 1999; Doyle, 2006; Neethirajan and Jayas, 

2010). 

Another application of nanotechnology considers plant protection, including nanosensors 

for the detection of plant pathogens and pesticides and the use of nanomaterials to stabilize 
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biopesticide (Chen and Yada, 2011; Ghormade et al., 2011). It also includes the study of 

the physical, chemical and biological interactions between cell organelles and various 

diseases caused by pathogens. Nanotechnology has been involved in the development and 

evaluation of new formulations to prevent and control plant and human pathogenic 

microorganisms.   

1.5. Potential of nanotechnology in the control of foodborne pathogens  

The development of new antibacterials is very important because of the recent increase in 

bacteria strains resistant to antibiotics. Currently, there have been evaluated nanoparticles 

of various elements such as zinc oxide, silver and gold on in vitro development of various 

pathogenic bacteria with encouraging results (Table 1).  

Concerning zinc oxide nanoparticles, Narayanan et al. (2012) tested their antimicrobial 

activity over a wide concentration range (20-100 µg/mL) of Staphylococcus aureus, 

Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa and Enterococcus 

faecalis, showing that the bacteria P. aeruginosa was inhibited significantly in a range from 

25 to 30 mm, while the growth of K. pneumoniae, E. coli and E. faecalis was inhibited in a 

range from 13 to 17 mm, both depending on the concentration applied. S. aureus showed 

the maximum inhibition zone of 21 mm with 100 µg of zinc oxide nanoparticles.  

Tayel et al. (2011) also assessed the bactericidal potential of these nanoparticles, 

Salmonella typhimurium and S. aureus gave a zone of inhibition of 21 and 31 mm at a 

minimum inhibitory concentration (MIC) of 22 and 10 µg/mL, respectively, the zinc oxide 

nanoparticles, which showed greater efficiency in the control of gram-negative and gram-

positive bacteria. Meanwhile, Chaudhari et al. (2012) reported that silver nanoparticles 
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prevented the biofilm formation of S. aureus, by inhibiting their growth. In other works, 

Amato et al. (2011) synthesized silver nanoparticles coated biomimetically using cysteine-

glutathione, which were evaluated against E. coli and S. aureus obtaining a MIC of 15 and 

180 µg/mL, respectively while Maity et al. (2012) also obtained significant control over a 

wide range of bacteria such as Bacillus subtilis, B. cereus, P. aeruginosa, including the 

above S aureus and E. coli. 

Meanwhile Radzing et al. (2013) evaluated the antibacterial action of silver nanoparticles 

in biofilm formation also in E.coli, and further including Serratia proteamaculans and P. 

aeruginosa. It was observed that inhibition of bacterial biofilms was achieved with 

concentrations of 4-5 mg /mL, 10 to 20 mg/mL, and 10 µg/mL, respectively. Guerra et al. 

(2013) evaluated the application of silver nanoparticles and gold dispersed titanium 

silicalite, as biocides for E. coli and S. typhi, with best results obtained with the latter, since 

the bacteria were removed 100% over no more than 90 min of exposure, compared with the 

nanoparticles of gold and silver, where these microorganisms were not completely 

eliminated. Concerning the gold nanoparticles, Arshi et al. (2011) observed a high 

antibacterial activity in E. coli with the application of these compounds with a zone of 

inhibition of 22 mm. For his part, Gopinath et al. (2015) synthesized silver nanoparticles 

and studied the mode of action on S. aureus, E. coli, B. cereus, P. aeruginosa and 

Helicobacter pylori and evidenced that biogenic nanoparticles could affect the bacterial 

replication, protein leakage and eventually cell death, with zones of inhibition of 11.2, 

12.1,11.0, 12.2 and 8.8 mm, respectively.  

Another studies have focused in a systematic analysis of antibacterial activity of individual 

nanoderivatives, e.g. nanocomposites, in this regard, Habiba et al. (2015) developed 
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nanocomposites of silver nanoparticles decorated with graphene quantum dots, using 

pulsed laser synthesis. The antibacterial activity was evaluated using P. aeruginosa and S. 

aureus, requiring concentration values of 25 and 50 μg/mL respectively, to inhibit the 

growth of such bacteria. Shao et al. (2015) synthesized silver nanoparticles decorated with 

graphene oxide (GO) nanocomposite, the antibacterial properties of the nanocomposite 

were studied against E. coli and S. aureus. In the same way, Zhang et al. (2016) reported a 

novel hybrid nanocomposite that consisted of Pt/Ag bimetallic nanoparticles decorated on 

the porous reduced GO nanosheets and demonstrated antimicrobial property against E. coli. 

Similarly, Jankauskaite et al. (2016) evidenced the antibacterial activity of GO nanosheets, 

as well as combinations of Cu-Ag nanoparticles, and GO-Cu-Ag nanocomposite against E. 

coli, P. aeruginosa, S. aureus and K. pneumoniae. The nanocomposite showed excellent 

antibacterial activity and had a great promise for application in a wide range of biomedical 

applications. 

1.6. Biological activity of synthesized nanoparticles combined with botanicals on the 

development of pathogenic bacteria 

The plants produce secondary metabolites that meet specific functions such as fungicide 

and pesticide. Currently, they are also used for the synthesis, manufacture and stabilization 

of nanoparticles (Table 2). In this regard, Mubarak et al. (2011) used the extract of mint 

(Mentha piperita) for the synthesis of nanoparticles of gold and silver, which were 

evaluated in S. aureus and E. coli. They observed that these nanomaterials had greater 

antibacterial activity on the bacteria E.coli (gram-negative) compared to the gram-positive 

S. aureus. These authors stated that this may be due to variation in the composition of the 

cell wall from both bacteria; however, Kumar et al. (2012) and Mohammad et al. (2013) 
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who used extracts of fruits of Haritaki (Terminalia chebula) and eucalyptus leaves 

(Eucalyptus chapmaniana), for the synthesis of nanoparticles of gold and silver, 

respectively, reported the first authors the bactericidal action in E. coli and S. aureus 

whereas the latters, in addition to test its effectiveness in P. aeruginosa, K. pneumoniae, 

Proteus vulgaris and Candida albicans, they reported an inhibition on S. aureus and          

C. albicans with the use of these two nanomaterials against both Gram-positive and Gram-

negative bacteria. 

Another plant species used for the synthesis of nanoparticles have been the grass of San 

Juan (Artemisia nilagirica), mango (Mangifera indica), pineapple pine (Pinus thunbergii) 

and rosemary (Rosmarinus officinalis). In the first case, Vijayakumar et al. (2013) with 

silver nanoparticles obtained observed the largest zone of inhibition in B. subtilis (3.0 mm), 

followed by S. aureus (2.8 mm), E. coli (2.0 mm) and Proteus subtilis (1.9 mm). Yang and 

Li (2013) also synthesized silver nanoparticles but with extract from mango shell, in order 

to test its effect on E. coli, S. aureus and B. subtilis. A zone of inhibition for each pathogen 

of 13, 14.5 and 11 mm respectively was obtained, demonstrating that the fruit residues can 

be used for synthesis of nanoparticles.  
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Table 1. Application of nanomaterials in controlling foodborne bacteria  

Nanomaterial  
 

Bacteria Control level (%)/ 
Zone of inhibition 
(mm) 

          Reference  

Zinc oxide 
nanoparticles 

Staphylococcus aureus                                                
Escherichia coli                                                            
Klebsiella  pneumoniae                                            
Enterococcus faecalis                                             
Pseudomonas aeruginosa 

21 mm                                                                      
17 mm                                                                 
13 mm                                                                 
16 mm                                                                       
25 mm 

Narayanan et al. (2012) 

Zinc oxide 
nanoparticles 

Salmonella  typhimurium                                                           
S. aureus 

21 mm                                                                          
31mm 

Tayel et al. (2011) 

Silver nanoparticles  
with cysteine and 
glutathione 

E. coli                               
S. aureus 

100% 
100% 

Amato et al. (2011) 

Silver nanoparticles  E. coli 22 mm Arshi et al. (2011) 

Silver nanoparticles Bacillus subtilis 
B. cereus 
P.  aeruginosa                             
S. aureus 
E. coli 

28mm                                                                       
24mm                                                                   
20mm                                                                    
18mm                                                                                      
17 mm 

Maity et al. (2012) 

Silver and gold 
nanopraticles on TS-
titanium silicalite 

E. coli                                                      
Salmonella typhi 

100%                   
100% 

 

Guerra et al. (2013) 

Silver nanoparticles E.coli                                      
Serratia proteamaculans         
P. aeruginosa 

100%                   
100%                    
100% 

Radzing et al. (2013) 

Silver nanoparticles  S. aureus                                   
E.coli                                
B.cereus                     
P.aureginosa             
Helicobacter pylori  

11.2 mm           
12.1mm           
11.0mm            
12.2mm                   
8.5 mm 

Gopinath et al. (2015) 

Nanocomposites/ 
silver nanoparticles 

P.aureginosa                            
S. aureus                                  

100%                   
100% 

Habiba  et al. (2015)  

Nanocomposites/ 
Pt/Ag nanoparticles 

E. coli 100% Zhang et al. (2016) 

Nanocomposites/ 
Cu/Ag nanoparticles 

E.coli                           
P.aureginosa                            
S. aureus                              

100%                   
100%                    
100% 

Jankauskaite et al. 
(2016) 
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In the case of pine cone extract, it was used to react with silver nitrate ions and serve as a 

matrix and stabilize the nanoparticles, the area which showed significant inhibition was 

only on Burkholderia glumae and Xanthomonas oryzae (Velmurugan et al. 2013). 

Meanwhile, Das and Velusamy (2013) synthesized silver nanoparticles using rosemary 

extract and tested their antibacterial effect on P. aeruginosa and S. aureus. The results were 

remarkable, since the growth of P. aeruginosa was inhibited up to 95.5% while that of S. 

aureus was reduced by 62.7% at a concentration of 20 µg /mL. 

Furthermore, the development of nanomaterials combined with plant extracts has also been 

evaluated in a variety of pathogenic bacteria. In this regard, Moulari et al. (2005) reported a 

significant bactericidal activity with the leaf extract of the Haronga (Harungana 

madagascariensis) incorporated in nanoparticles of poly (D, L-lactide-co-glycolide) in 

Micrococcus luteus, Staphylococcus epidermidis and Moraxella sp. The results showed 

100% inhibition in the development of these bacteria with the application of this 

combination. In another related research, Singh et al. (2010) evaluated the effect of silver 

nanoparticles with chicalote leaf extract (Argemone mexicana), noting a significant 

antibacterial effect against E. coli and P. aeruginosa. Kumar et al. (2014) found that the 

silver nanoparticles obtained using purple knight (Alternanthera dentata) leaf extract, 

exhibited antibacterial activity against E. coli, P. aeruginosa, K. pneumonia and, E. 

faecalis. In the same way, Abdel-Aziz et al. (2014) evaluated the antibacterial and 

antioxidant activity of silver nanoparticles biosynthesized using nettle-leaf goosefoot 

(Chenopodium murale) leaf extract. The results indicated that the leaf extract alone did not 

exhibit antimicrobial effect against S. aureus. Silver nitrate showed an appreciable positive 

effect against the tested microorganism. However, plant-silver nanoparticles showed the 
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greatest antimicrobial activity against the tested microorganism. Similarly, Ashokkumar et 

al. (2015) synthesized silver nanoparticles using indian abutilon (Abutilon indicum) leaf 

extract. The obtained nanoparticles showed a notable antibacterial activity against S. 

aureus, B. subtilis, S. typhi and E.coli. 

Another research has also evaluated the potential impact of nanoparticles of plant species, 

as in the study reported by Kotakadi et al. (2013),  where nanoparticles synthesized from 

periwinkle (Vinca rosea) for evaluation against S. aureus, Lactobacillus sp. and P. 

fluorescens showed a significant inhibition compared to control 12, 15 and 13 mm, 

respectively. Mariselvam et al. (2014) synthesized silver nanoparticles using the ethyl 

acetate and methanol extracts from the inflorescence of the coconut palm (Cocous nucifera) 

with significant antimicrobial activity against K. pneumoniae, B. subtilis, P. aeruginosa 

and Salmonella paratyphi. While, Sadeghi et al. (2015) synthesized silver nanoparticles 

using seed aqueous extract of atlas mastic tree (Pistacia atlantica), and its antibacterial 

activity were tested against S. aureus, overall, the results suggested that the silver 

nanoparticles were effective to reduce these microorganisms.  

The silver nanoparticles have also been synthesized with essential oils, within these studies 

it can be mentioned those of Morsy et al. (2014) who evaluated the effectiveness of 

pullulan films containing oregano (Origanum vulgare) and rosemary (Rosmarinus 

officinalis) essential oils and ZnO/Ag nanoparticles against S. aureus and S. typhimurium, 

L. monocytogenes and E. coli. The assays indicated that 2% oregano essential oil was active 

against S. aureus and S. typhimurium and 2% rosemary essential oil, was active against S. 

aureus, L. monocytogenes, E. coli and S. typhimurium. Ahmed et al. (2016) formulated 
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polylactide based films by incorporating polyethylene glycol, selected nanopowders (zinc 

oxide, silver-copper) and various essential oils: cinnamon (Cinnamomum sp), garlic (Allium 

sativum) and clove (Syzygium aromaticum) are testing them against L. monocytogenes and 

S. typhimurium. The results indicated a poor antibacterial activity of the nanopowders, 

observing that only cinnamon and clove essential oils film incorporated, exhibited a 

significant antimicrobial activity against the selected microorganisms. Meanwhile, 

Scandorieiro et al. (2016) evaluated the antibacterial effect of a two-drug combination of 

biologically synthesized silver nanoparticles (bio-AgNP), produced by Fusarium 

oxysporum, and oregano essential oil (OEO) against S. aureus, S. mutans, E. coli, S. 

enterica, K. pneumoniae and S. typhimurium. The OEO and bio-AgNP showed bactericidal 

effects against all strains tested, with MIC ranging from 0.298 to 1.193 mg/mL and 62.5 to 

250 μM, respectively. 
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Table 2. Biological activity of the synthesized nanoparticles from botanical species on 

foodborne bacteria 

Nanomaterial  Botanical species Bacteria Control level 
(%) / Zone 

of inhibition 
(mm) 

Reference 

Poly(D, L-
lactide-co-
glicolide) 
nanoparticles 

 Haronga                   
(Harungana  
madagascariensis) 

Micrococcus luteus                  
Staphylococcus 
epidermidis         
Moraxella  sp. 

100% 
100% 
100% 

Moulari et al. 
(2005)   

Silver  
nanoparticles 
(AgNPs) 

 Chicalote                       
(Argemone 
mexicana) 

E. coli                                          
Pseudomonas  
aeruginosa             
Aspergillus flavus 

100% 
100% 
100% 

Singh et al. 
(2010) 

Au/AgNPs  Mint                                    
(Mentha piperita) 

Staphylococcus aureus                            
E. coli 

100% 
100% 

Mubarak  et al. 
(2011) 

AgNPs Sagebrush                        
(Artemisia 
nilagirica) 

S. aureus,                                                          
Bacillus subtilis                                        
E. coli                                                   
Proteus subtilis 

2.8mm                   
3.0mm                  
2.0mm                   
1.9mm 

Vijayakumar 
et al. (2013) 

AgNPs  Eucalyptus     
(Eucalyptus 
chapmaniana) 

E. coli,                                                    
P. aeruginosa                            
Klebsiella pneumoniae                        
Proteus vulgaris,                     
S. aureus                                       
Candida albicans 

23mm 
3mm 
23mm 
23mm                         
27mm 
25mm 

Mohammad  et 
al. (2013) 

AgNPs  Mango 
(Mangifera 
indica)   

E. coli,                                                         
S. aureus                                             
Bacillus subtilis 

13.0mm 
14.5mm 
11.0 mm 

Yang and Li 
(2013) 

AgNPs Pinecones                             
(Pinus thunbergii) 

Bacillus megaterium,                         
Pseudomonas syringae,                      
Burkholderia glumae,                                 
Xanthomonas oryzae                                           
Bacillus thuringiensis 

1.2mm 
8.9mm 
8.6mm                    
4.2mm 
10mm 

Velmurugan  
et al. (2013) 

AgNPs  Rosemary 
(Rosmarinus 
officinalis) 

P. aeruginosa  
S. aureus 

95.52% 
62.73% 

Das et al. 
(2013) 
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Table 2. (Cont.) Biological activity of the synthesized nanoparticles from botanical 
species on foodborne bacteria 

Nanomaterial  Botanical species Bacteria Control level 
(%) / Zone 

of inhibition 
(mm) 

Reference 

AgNPs Vinca (Vinca 
rosea) 

S. aureus 
Lactobacillus 
Pseudomona 
fluorescens 

12mm 
15mm 
13mm 

Kotakadi et al. 
(2013) 

AgNPs Purple knight 
(Alternanthera 
dentata) 

E. coli  
P. aeruginosa,  
K. pneumonia  
E. faecalis 

100% 
100% 
100% 
100% 

Kumar et al. 
(2014) 

AgNPs Nettle-leaf 
goosefoot 
(Chenopodium 
murale) 

S. aureus 100% Abdel-Aziz et 
al. (2014) 

AgNPs Coconut palm  
(Cocous nucifera) 

K. pneumoniae                                        
B. subtilis                                                  
P. aeruginosa                                 
Salmonella 
paratyphi 

100% 
100% 
100% 
100% 

Mariselvam et 
al. (2014) 

ZnO/ AgNPs Oregano 
(Origanum 
vulgare)  and 
rosemary  

S. aureus                                                  
S. typhimurium                                              
L. monocytogenes                                  
E. coli 

100% 
100% 
100% 
100% 

Morsy et al. 
(2014) 

AgNPs Indian abutilon  
(Abutilon indicum) 

S. aureus 
B. subtilis                                                     
S. typhi                                              
E.coli 

100% 
100% 
100% 
100% 

Ashokkumar et 
al. (2015) 

AgNPs Atlas mastic tree  
(Pistacia atlantica) 

S. aureus 100% Sadeghi et al. 
(2015) 

AgNPs Cinnamon 
(Cinnamomum sp), 
garlic (Allium 
sativum) and clove 
(Syzygium 
aromaticum) 

L. monocytogenes                                     
S. typhimurium 

100% 
100% 

Ahmed et al. 
(2016) 

AgNPs Oregano essential 
oil 

S. aureus                                                 
S. mutans                                                
E. coli                                                                
S. enterica                                                                                               

100% 
100% 
100% 
100% 

Scandorieiro et 
al. (2016) 
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1.7. Biological activity of chitosan and chitosan nanoparticles against pathogenic 

bacteria 

Another natural compound that has been used in the synthesis of nanoparticles is chitosan. 

Chitosan is a widely studied, biologically compatible biomacromolecule that is typically 

derived from chitin (2-acetamido-2-deoxy-b-1,4-d-glucan), the main component of the 

exoskeleton of insects and crustaceans, which is biodegradable and nontoxic. Chitosan has 

a broad spectrum of activity and a significant effect in the control of phytopathogenic fungi 

and Gram-positive and Gram-negative bacteria (Martinez-Camacho et al., 2010, 2011; 

Cota-Arriola et al., 2013). 

Among the studies that have been done with chitosan (Table 3) it can be mentioned that Shi 

et al. (2006) achieved a notable in vitro reduction of the development of S. aureus and S. 

epidermidis. Specifically, the number of viable bacterial cells was reduced by 103 times 

when in contact with this type of nanoparticles. It has been showed that the inhibitory effect 

of chitosan nanoparticles depends on several factors. For example, Ali et al. (2011) 

synthesized chitosan nanoparticles by the method of ionic gelation and tested its effect on 

S. aureus. The results indicated that the particle size, concentration and pH influenced the 

antibacterial activity. Research conducted by Younes et al. (2014) make evident that 

chitosan with different acetylation degrees (DA), molecular weights (MW), and different 

pH values, had antimicrobial activity against four Gram-negative bacteria (E. coli, P. 

aeruginosa, K. pneumoniae and S. typhi), and four Gram-positive bacteria (S. aureus, B. 

cereus, E. faecalis and M. luteus). They established that the inhibitory effect depends on the 

type of microorganism and on the chitosan characteristics, with minimum inhibitory 

concentrations (MIC) in the range from 0.001 to 0.1 %. The data showed that the lower DA 
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and the lower pH gave the larger efficiency. Antibacterial activity was further enhanced for 

Gram-negative bacteria with decreasing MW, whereas, opposite effects were observed with 

the Gram-positive. Yang et al. (2014) examined the inhibitory effect and mode of action of 

chitosan against the rice bacterial brown stripe pathogen Acidovorax avenae. The result 

indicated that chitosan solutions at 0.10, 0.20, and 0.40 mg/mL inhibited the in vitro growth 

of A. avenae.   

In subsequent studies, Madureira et al. (2015) produced chitosan nanoparticles with low 

and high MW, the antimicrobial studies proved that the nanoparticles had inhibitory 

activity upon the tested bacteria (B. cereus, E. coli, Listeria innocua, S. aureus, S. 

typhimurium and Yersinia enterocolitica), with high values of inhibition for all the tested 

bacteria (60-90%), with slight differences between them, being slightly better the ones 

produced with high MW. Meanwhile, O'Callaghan and Kerry (2016) evaluated the 

antimicrobial activity of chitosan nanoparticles of different MW (low and medium) in water 

or acetic acid against E. coli, P. fluorescens, S. aureus and B. cereus. The nanoparticles in 

acetic acid had a more stable behaviour, and better antimicrobial activity, with MIC 

corresponding values of 0.022 to 0.028%. In this regard, Mohammadi et al. (2016) 

evaluated the in vitro antibacterial activity of three MW (low, medium and middle-viscous 

crab shells chitosan) of chitosan in the form of micro and nanoparticles, against P. 

fluorescens, Erwinia carotovora and E. coli. The results showed that the antibacterial 

activity was significantly enhanced with the nanoparticles, compared with the 

microparticles, especially for those of middle-viscous crab shells. 

The antibacterial activity of chitosan may be due to the damage of cell membrane, which 

has been evidenced by lysis of the cell by transmission electron microscopy.  
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In this regard, the action mode of quaternized carboxymethyl chitosan/poly (amidoamine) 

nanoparticles against E. coli was investigated by Wen et al. (2015) demonstrating that  

nanoparticles damaged cell wall, showing notable ruptures or pores on the cell surface. 

 Table 3. Application of chitosan nanoparticles in controlling pathogenic bacteria 

  

 

 

Nanomaterial Bacteria Control level (%)/ 
Zone of inhibition 

(mm) 

Reference 
 

Chitosan 
nanoparticles 
(CsNPs) 

S. aureus  
S. epidermidis 

100% 
100% 

Shi et al. (2006) 

CsNPs S. aureus 100% Ali et al. (2011) 
CsNPs E. coli 

P. aeruginosa                
K. pneumoniae  
S. typhi 
S. aureus 
B. cereus 
E. faecalis  
M. luteus 

100% 
100% 
100% 
100% 
100% 
100% 
100% 
100% 

Younes et al. (2014) 

CsNPs A. avenae 100% Yang et al. (2014) 
CsNPs E. coli 100% Wen et al. (2015) 
 B. cereus                 

E. coli                    
L. innocua 
S. aureus 
S. typhimurium   
Y. enterocolitica 

90% 
90% 
90% 
90% 
90% 
90% 

Madureira et al. 
(2015) 

CsNPs E. coli  
P. fluorescens 
S. aureus 
B. cereus 

100% 
100% 
100% 
100% 

 

O'Callaghan and 
Kerry (2016) 

CsNPs P. fluorescens 
E. carotovora  
E. coli 

100% 
100% 
100% 

Mohammadi et al. 
(2016) 
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1.8. Chitosan-metals nanoparticles in controlling pathogenic bacteria  

On the other hand, the inhibitory effect of the combination of chitosan with silver 

nanoparticles has been demonstrated in several studies (Table 4). Sanpui et al. (2008) 

synthesized silver nanoparticles with chitosan and tested their effect against E. coli. The 

results showed that the bacterium was completely inhibited at a minimum concentration of 

≥ 100 mg/ml. In a similar study, Wei et al. (2009) synthesized silver nanoparticles by 

reducing silver nitrate salts and the incorporation of chitosan, showing a significant 

antibacterial activity against these bacteria with MIC of 10 µg/mL, the results also 

indicated that silver chitosan nanoparticles have dual mechanism of action: the bactericidal 

effect of silver nanoparticles and the cationic effect of chitosan, which can be useful for a 

wide variety of biological applications. Meanwhile, Vimala et al. (2010) prepared chitosan 

films impregnated with silver nanoparticles that showed a wide inhibition in E. coli, 

Bacillus sp. and K. pneumoniae of 20, 22, 17 mm, respectively. Lee et al. (2014) evaluated 

the antibacterial activity of chitosan nanofibers with silver nanoparticles to control S. 

aureus and P. aeruginosa. Its effectiveness was proved due to the presence of inhibition 

zones in the range of 15-16 mm. Mohamed and Sabaa (2014) synthesized carboxymethyl 

chitosan nanoparticles supplemented with silver. Their antibacterial activity was showed 

against three Gram-positive bacteria (S. aureus, B. subtilis, and Streptococcus faecalis) and 

three Gram-negative ones (E. coli, P. aeruginosa, and Neisseria gonorrhoeae) and the 

fungus C. albicans, with high antibacterial effect. Inhibition zones were 36, 36, and 25 mm 

for Gram-positive, respectively; 32, 32, 26 mm for Gram-negative; and 19 mm for C. 

albicans. Jia et al. (2015) evaluated the antimicrobial properties of silver/chitosan janus 

nanoparticles (special types of nanoparticles whose surfaces have two or more distinct 
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physical properties), this material exhibited a higher antimicrobial activity against E. coli, 

Salmonella choleraesuis, S. aureus, and B. subtilis. The MIC values were 0.032, 0.064, 

0.064 and 0.032 mg/mL, respectively, while the minimum bactericidal concentration 

(MBC) values were 0.128, 0.256, 0.128, 0.256 mg/mL, respectively. Marta et al. (2015) 

presented such a new hybrid nanomaterial which integrates the antibacterial and physico-

chemical properties of silver nanoparticles, graphene oxide and chitosan biopolymer. The 

three-component nanocomposites exhibited higher antibacterial activity against S. aureus 

with MIC and MBC from 1.09 -1.35 and 3.28 - 4.05 µg/mL respectively. 

Table 4. Chitosan-silver nanoparticles in controlling pathogenic bacteria 
 
Bacteria Control level (%)/  

Zone of inhibition (mm)  
Reference 

 
E. coli 100% Sanpui et al. (2008) 
E. coli 100% Wei et al. (2009) 
E. coli 
Bacillus sp. 
K.pneumoniae 

20 mm  
22 mm                       
17 mm 

Vimala et al. (2010) 
 

S. aureus                  
P. aeruginosa 

15 mm 
16 mm 

Lee et al. (2014) 

S. aureus 
B. subtilis 
S. faecalis  
E. coli 
P. aeruginosa  
N. gonorrhoeae 

36 mm 
36 mm 
25 mm 
32 mm 
32 mm 
26 mm 

Mohamed and Sabaa (2014) 

E. coli 
S. choleraesuis 
S. aureus 
B. subtilis 

100% 
100% 
100% 
100% 

Jia et al. (2015) 

S. aureus 100% Marta et al. (2015) 
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Another authors (Qi et al., 2004), evaluated the effect of chitosan with copper in the 

development of E. coli, S. choleraesuis, S. typhimurium and S. aureus which were inhibited 

at low concentrations: 2, 2, 4, 4 µg/mL, respectively. Rodriguez-Arguelles et al. (2011) 

showed a MIC of 1.3 mg/mL in E. coli and 2.5 mg/mL in K. pneumoniae, Salmonella sp., 

S. aureus and Bacillus cereus. Scortichini (2014) evaluated the field efficacy of a chitosan-

based compound comparing with a copper compound, in order to provide an alternative for 

controlling bacterial canker of kiwifruit, caused by Pseudomonas syringae. Chitosan 

showed an overall higher level of performance than the copper compound in reducing 

disease symptoms. While, Manikandan and Sathiyabama (2015) synthetized copper 

chitosan nanoparticle and they tested their effect against E. coli, S. aureus and B. cereus 

with diameters of inhibition zone of 30 mm, 20 mm and 25 mm respectively. 

For his part, Du et al. (2009) conducted studies with different metal ions such as silver 

nitrate, copper sulfate, zinc sulfate, manganese sulfate and ferric sulphate with chitosan, 

reporting that chitosan with silver ions had higher antibacterial activity in E. coli and S. 

aureus with MIC of 3 and 6 mg/ml, respectively. Otherwise, Xiang et al. (2015) proposed 

an immune sensor based on chitosan/gold nanoparticles composite for sensitive detection of 

Salmonella. The immune sensor exhibited the linear response range from 10 to 105 

CFU/mL. The immune sensor may provide practical applications of clinical immune assay 

for Salmonella. Cai et al. (2016) utilized magnetic Fe3O4 nanoparticles to improve the 

mechanical and antibacterial properties of chitosan/gelatin composite nanofiber 

membranes. The antibacterial activity was evaluated against E. coli and S. aureus, being 

observed the pronounced antimicrobial ability of chitosan with inhibition zones 18-21 mm 

and 17-20 mm, respectively (Table 5).  
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Other reported compounds which increased the bacterial activity of chitosan include some 

food preservatives such as nisin and erythrosine. In this regard, Chueh-Pin et al. (2012) 

investigated the bactericidal capacity of this type of nanoparticles with erythrosine to 

enhance its activity against Streptococcus mutans, P. aeruginosa and C. albicans by 

evaluating photodynamic inactivation. The results showed that bacteria exposed to darkness 

intervals showed no toxicity compared to those exposed to the light, where a significant 

decrease in viable cells was observed, demonstrating that the nanoparticles combined with 

erythrosine improved antimicrobial effect. Meanwhile, Zohri et al. (2013) also investigated 

the effect of chitosan nanoparticles with nisin in the control of S. aureus and Listeria 

monocytogenes, with a reduction in the bacterial population after 7 days of application, 

observing less than 106 forming units of bacteria. Bernela et al. (2014) synthesized nisin 

nanoparticles with alginate chitosan and Pluronic (copolymers composed of 

polyoxypropylene) for controlling Micrococcus luteus, P. aeruginosa, Salmonella enterica, 

and Enterobacter aerogenes. It was observed that the biological activity of nisin continued 

with encapsulation in polymer nanoparticles, showing an inhibitory effect for up to 20 days.  
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Table 5. Chitosan nanoparticles with different metals in controlling pathogenic 
bacteria 

Nanomaterial Bacteria Control level (%)/ 
Zone of inhibition 

(mm)  

Reference 
 

Chitosan with 
copper (Cu) 

E. coli 
S. choleraesuis 
S. typhimurium  
S. aureus 

100% 
100% 
100% 
100% 

Qi et al. (2004) 

Chitosan/Cu P. syringae  Scortichini (2014) 
Chitosan/ Cu E. coli 

S. aureus 
B. cereus 

30 mm 
20 mm 
25 mm 

Manikandan and 
Sathiyabama (2015) 

Chitosan with silver  
copper, zinc,   
manganese and 
ferric sulphate 

E. coli  
S. aureus 

100% 
100% 

Du et al. (2009) 

Chitosan/gold Salmonella 90% Xiang et al. (2015) 
Chitosan/Fe3O4 E. coli  

S.aureus 
17 mm 
20 mm 

Cai et al. (2016) 

 

On the other hand, Abdeen (2014) conducted a study of chitosan nanocomposites with 

montmorillonite, evaluating its activity against a variety of Gram-negative bacteria (E. coli, 

Klebsiella sp., Serratia sp., Salmonella sp., and Pseudomonas sp.) and Gram-positive (S. 

aureus, B. subtilis and Pernela sp.) in which the diameters of the inhibition zones were 15 

mm for Gram-negative bacteria and 20 mm for Gram-positive bacteria. Badawy et al. 

(2014) evaluated the antimicrobial and inhibitory activity of N-(benzyl) and quaternary N-

(benzyl) chitosan derivatives against the crop-threatening bacteria Agrobacterium 

tumefaciens and E. carotovora, the results proved that the derivatives of chitosan molecule 

was successful in inhibiting the microbial growth with MIC that ranged from 800 to 1780 

mg/L for A. tumefaciens and from 700 to 1550 mg/L for E. carotovora. Torabi et al. (2016) 

developed a new method for preparation of films with acrylic/chitosan nanoparticles, which 
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revealed antibacterial activity against S. areus and E. coli with an inhibition zone of 11.3 

mm and 4.5 mm respectively. Zhang et al. (2016) used β-chitosan nanoparticles to 

encapsulate catechins or catechins-Zn and evaluated the antibacterial activity against E. coli 

and L. innocua, reporting the MIC and MBC of 0.125, 0.50, and 0.031.0.125, respectively. 

For his part, Jamil et al. (2016) developed cefazolin loaded chitosan nanoparticles as a 

potential tool against K. pneumoniae, P. aeroginosa and E. coli, with 200, 800 and 2000 

µg/mL of drug concentration, indicating zones of inhibition of 15, 16, 22 mm for E.coli, 15, 

16, 20 mm for K. pneumoniae and 18, 19, 20 mm for P. aeroginosa respectively. 

Kumar et al. (2016) reported a straightforward method to synthesize a model drug 

ciprofloxacin loaded genipin cross-linked chitosan/heparin nanoparticles, to demonstrate a 

sustained drug delivery in simulated gastro-intestinal system to target enteropathogenic 

bacteria such as E. coli, this model showed a MIC value of 0.125 μg/mL. Hence this 

combination can be efficiently used for the drug delivery purpose. 

 

1.9. Essential oils loaded-chitosan nanoparticles in controlling pathogenic bacteria 

On the other hand, the unparalleled and functional properties of essential oils have been 

reported (Table 6). In this regard, Altiok et al. (2010) evaluated chitosan films incorporated 

with thyme (Thymus vulgaris) essential oil against E. coli, K. pneumoniae, P. aeruginosa 

and S. aureus. The minimum thyme oil concentration in chitosan films showing the 

antimicrobial activity on all microorganisms was 1.2 % (v/v), showing an inhibition zone of 

17, 19, 16 and 16 mm, respectively. While Rieger and Schiffman (2014) incorporated 

cinnamaldehyde essential oil in chitosan nanofibers of poly (ethylene oxide), testing its 

effect on E. coli and P. aeruginosa. The results showed a high level of inactivation of both 
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bacteria after only 30 min of contact with the nanofibers. Esmaeili and Asgari (2015) 

synthesized chitosan nanoparticles with ajwain (Carum copticum) essential oil, and 

indicated their antibacterial activity against S. aureus, S. epidermidis, B. cereus, E. coli, S. 

typhimurium and P. vulgaris with and inhibition zone of 11.3,12.3,10.7,10,9.5, and 8.0 mm, 

respectively. Meanwhile, Caro et al. (2016) developed a new active packaging films based 

on chitosan/quinoa protein and chitosan-nanoparticles loaded with thymol. This films 

exhibited higher antimicrobial activity against, S. aureus, E. coli, E. aerogenes with MIC of 

0.312 gL-1 and against S. typhimurium, P. aeruginosa, and L. innocua with 0.624 gL-1. 

Hosseini et al. (2016) proved that chitosan nanoparticles incorporated with origanum 

(Origanum vulgare) essential oil, exhibited distinctive antimicrobial activity against S. 

aureus, L. monocytogenes, S. enteritidis and E. coli with an inhibition zone of 26.3, 26.6, 

30.3 and 33.3 mm, respectively. Feyzioglu and Tornuk (2016) produced chitosan 

nanoparticles loaded with summer savory (Satureja hortensis) essential oil, loaded 

nanoparticles exhibited strong antibacterial activity against S. aureus, L. monocytogenes 

and E. coli with ˂1.00 cfu/mL. 
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Table 6. Chitosan nanoparticles addition with essential, oils in controlling pathogenic 
bacteria  

Essential oil Bacteria Control level 
(%)/ Zone of 

inhibition (mm)  

Reference 
 

Thyme  
(Thymus vulgaris) 

E. coli 
K. pneumoniae 
P. aeruginosa  
S. aureus 

17 mm 
19 mm 
16 mm 
16 mm 

Altiok et al. (2010) 

Cinnamaldehyde 
(Organic compound 
of the genus 
Cinnamomum sp) 

E. coli  
P. aeruginosa 

90% 
90% 

Rieger and Schiffman 
(2014)  

Ajwain  
(Carum copticum) 

S. aureus 
S. epidermidis 
B. cereus 
E. coli 
S. typhimurium  
P. vulgaris 

11.3 mm 
12.3 mm 
10.7 mm 
10.0 mm 
9.5 mm 
8.0 mm 

Esmaeili and Asgari 
(2015) 

Thymol 
(Natural 
monoterpene of 
Thymus vulgaris) 

S. aureus 
E. coli  
E. aerogenes  
S. typhimurium  
P. aeruginosa 
L. innocua  

90% 
90% 
90% 
90% 
90% 
90% 

Caro et al. (2016) 

Origanum  
(Origanum vulgare) 

S. aureus  
L. monocytogenes 
S. enteritidis                  
E. coli  

26.3 mm  
26.6 mm 
30.3 mm 
33.3 mm 

Hosseini et al. (2016) 

Summer savory 
(Satureja hortensis) 

S. aureus 
L. monocytogenes 
E. coli 

90% 
90% 
90% 

Feyzioglu and Tornuk 
(2016) 
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1.10. Conclusions  

 

Nanotechnology can find many applications in various sectors of agriculture. Nowdays, 

nanomaterial formulations with natural and biodegradable compounds including among 

others, botanical species, chitosan and essential oils have shown excellent antimicrobial 

properties, mainly for controlling foodborne bacteria; however, there are relative few 

studies focused on the control of diseases caused by pathogenic bacteria in horticultural 

commodities. To design, evaluate, and implement the use of nanotechnology for controlling  

pre and postharvest plant diseases, and to determine its potentiality for its inclusion in 

agriculture, is of relevant importance. Nanoscience might provide us with other alternative 

solutions, novel and more accurate, to control pathogenic plant microorganism. 
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CHAPTER 2. Synthesis and characterization of chitosan nanoparticles, thyme 

essential oil-loaded chitosan nanoparticles and lime essential oil-loaded chitosan 

nanoparticles 

 

Abstract 

In this study, lime and thyme essential oils were incorporated into chitosan nanoparticles by 

ionic gelation, nanoprecipitation, reverse micelle microemulsion and nanoencapsulation 

methods. The success of essential oils encapsulation was confirmed by Fourier transform 

infrared (FT-IR), showing characteristic absorption bands at 1017 cm-1 (C-O-C stretching), 

at 1375 cm-1 for -CH deformation, 1470 cm-1 (amide I) and 2900 cm-1 (CH stretching). The 

obtained nanoparticles exhibited a spherical shape with size range of 4.2 to 250 nm as 

observed by scanning electron microscopy (SEM) and transmission electron microscopy 

(TEM).The particles exhibited a zeta potential with values ranging from +10 to +61 mV. 
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2.1. Introduction  

Chitosan is a biologically compatible biomacromolecule widely studied, which is typically 

derived from chitin (2-acetamido-2-deoxy-β-1, 4-D-glucan), the main component of the 

exoskeleton of insects and crustaceans, it is biodegradable, and nontoxic (Carlson, 2008; 

Salazar-Leyva et al., 2014). 

On the other hand, essential oils extracted from plants are rich sources of biologically 

active compounds, such as terpenoids, esters, aldehydes, and phenolic compounds, 

conferring medicinal, antibacterial and antifungal properties, being an alternative to the 

conventional system of pesticides (Oussalahlos, 2007; Bakkali et al., 2008). 

 

Therefore, due to the chemical properties of chitosan, this may be combined with essential 

oils, which are complex mixtures of various aromatic and volatile oily liquids, products of 

secondary metabolism of plants. These are typically formed in special cells or groups of 

cells, which are found in the leaves, stems, bark and/or fruits.  

 

Within the wide variety of essential oils, thyme and lime have gained acceptance due to its 

abundance, low cost and antimicrobial properties (Çetin et al., 2011; Ramos-García et al., 

2012). Moreover, they are considered GRAS (generally recognized as safe). However, 

despite its important properties, essential oils are volatile compounds that evaporate easily 

and/or decompose due to direct exposure to heat or light. In order to overcome the 

sensitivity and improve the stability of these bioactive compounds, encapsulation within 

nanoparticles arises (Hosseini et al., 2013).  
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Diverse methods of synthesis have been used in order to obtain chitosan nanoparticles:  

ionic gelation, nanoprecipitation, reverse micelle microemulsion, nanoencapsulation, 

among others. 

Ionic gelation method is used for obtaining nanoparticles, this method is not toxic and uses 

organic compounds. The formation is accomplished by electrostatic interactions between 

positively charged groups of chitosan and the negatively charged groups tripolyphosphate 

(TPP). (Calvo et al., 1997; Yoksan et al., 2010). 

 

Nanoprecipitation method (or solvent displacement), has many advantages: it is quick and 

easy to perform and the whole procedure is carried out in one step. Moreover, the formation 

of nanoparticles is instantaneous (Bilati et al., 2005; Luque-Alcaraz et al., 2012). 

 

Reverse micelle microemulsion consists in tiny aqueous droplets dispersed in a continuous 

oily phase and stabilized by surfactant molecules at the water/oil interface. These tiny 

droplets form a confined reaction medium to control the shape and size distribution of the 

particles acting as a microreactor for the formation of the nanoparticles inhibiting 

aggregation. Advantages: reverse microemulsion is a transparent, isotropic and 

thermodynamically stable dispersion of oil in water, stabilized by surfactant molecules (Liu 

et al., 2007; Krishna and Amareshwar, 2011).  

  

Nanoencapsulation of bioactive compounds represents a viable and efficient approach to 

increase the physical stability of active substances, protecting them from the interactions 

with the other ingredients and allowing controlled release. Among the variety of 
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biodegradable nanocarriers designed for the delivery of substances, attention have been 

focused on biopolymer nanocapsules and nanoparticles like chitosan (Rivera-Rodríguez et 

al., 2013; Saloko et al., 2014). 

 

 The aim of this chapter was to synthesize and characterize chitosan nanoparticles, thyme 

essential oil-loaded chitosan nanoparticles and lime essential oil-loaded chitosan 

nanoparticles by the ionic gelation, nanoprecipitation, reverse micelle microemulsion and 

nanoencapsulation methods. 

 

2.2. Methodology 

2.2.1. Materials  

Medium molecular weight chitosan (deacetylation degree 75-85%) was purchased from 

Sigma-Aldrich (St. Louis, MOUSA), methanol and glacial acetic acid were supplied by 

Fermont Chemicals Inc. Monterrey (Colonia Mirador Monterrey N.L.). Essential oils 

(white thyme and Mexican lime 91 061 91031) were purchased from Essential Oils-

esencefleur (Lake Victoria No. 52. Col. Granada, Mex. DF). Sodium tripolyphosphate and 

miglyol were purchased from Sigma-Aldrich. Sodium dodecyl sulphate (SDS) was 

obtained from Reasol. Sodium hydroxyl (1N) and Tween 20 were purchased from Hycel.  

Octanol and cyclohexane were supplied by Meyer. Lecithin (Epikuron 145 V) was obtained 

from Cargill. Acetone and ethanol were acquired from J.T. Baker. 
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2.2.2. Synthesis of Chitosan Nanoparticles  

2.2.2.1. Ionic gelation method 

The methodology followed for ionic gelation consisted on the preparation of the chitosan 

solution 0.08% w/v and 0.18% w/v in aqueous acetic acid (1% v/v) at room temperature 

(23 ± 2°C). Essential oils were prepared at a concentration of 1% and 2% v/v by adding 

Tween 80 (0.5% v/v) and distilled water and subsequently incorporated into the aqueous 

chitosan solution to obtain an oil-water emulsion. The solutions to be tested (0.2%, 0.5% 

and 1% v/v) of sodium tripolyphosphate (130 mL) were stirred and added to the mixture of 

chitosan with essential oil (90 mL) using a spray and stirring for 10 min. Subsequently, the 

samples was sonicated (Fisher Scientific Sonic desmembrator 500) in an ice bath for 5 min. 

Finally the samples were immediately lyophilized (Labconco Freezone 6) and the 

nanoparticles were also refrigerated (4°C) for future analysis.  

 

2.2.2.2. Nanoprecipitation method  

Nanoprecipitation particles were prepared according to the methodology proposed by 

Luque-Alcaraz et al. (2012). The solvent or aqueous phase was prepared by dissolving 

chitosan (0.05% w/v) in acetic acid. Then 2.5 mL of the solvent phase was added to the 

non-solvent phase composed of 20% v/v lime, 5% v/v of thyme and methanol (40 mL) 

under moderate magnetic stirring by using a peristaltic pump (Bio-Rad, EP-1 Econo 

Pump). The obtained solution was placed in a rotary evaporator at 40°C with a speed of 50 

rpm (Rotary Evaporator RE 300, BM 500 Water Bath, Yamato CF 300) and stored under 

refrigeration (4°C) for further analysis. 
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2.2.2.3. Reverse micelle microemulsion method 

Chitosan nanoparticles by reverse microemulsion were synthetized according to the 

methodology of Liu et al. (2007) with some modifications. About 6 mL of chitosan (0.5 % 

w/v) solution was dropped in 24 mL of Tween/octanol/cyclohexane (7/8/9 v/v/v) mixture 

and subsequently vortexed for 10 min at room temperature, to obtain an optically 

transparent chitosan microemulsion. Then, 6 mL of NaOH (0.1 N) solution containing a 

small amount of SDS was added, and the completion of the reaction was recognized when 

the reverse micelle solvent became turbid (Krishna and Amareshwar, 2011). The essential 

oil was added in the same percentages as for nanoprecipitation method. The samples were 

centrifuged (Damon/IEC Division IEC HN-SII) and washed for further analysis. 

 

2.2.2.4. Nanoencapsulation method 

The methodology followed for nanoencapsulation elaboration was as follows:  about 30 mg 

of lecithin were dissolved in 0.5 mL of ethanol. Afterwards, 0.125 mL of Migliol oil, 0.125 

mL of essential oil were added and vortexed until the solution was homogeneous, 

afterwards 9.5 mL of acetone were added. The organic phase was incorporated into 20 mL 

of chitosan (0.5% w/v) under constant agitation for 10 min. The obtained solution was 

placed in a rotary evaporator (Buchi Rotavapor Collegiate Evaporation Systems) at 40°C 

with a speed of 50 rpm, and stored under refrigeration at 4°C. The formation of the system 

was instantaneous, which was evident due to milky appearance of the mixture (Lozano et 

al., 2008). 
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2.2.3. Characterization 
 

2.2.3.1. Scanning Electron Microscopy (SEM) 

The morphology of the nanoparticles was analyzed by scanning electron microscopy 

(SEM) using a JEOL electron microscope JSM-6390 LV 2010. A drop of each sample was 

placed on metal cylinder containing carbon tape and dried at room temperature. This was 

coated with gold-palladium metal for 60 s at high vacuum and examined. Also, the energy 

dispersive spectroscopy (EDS) was determined. 

 
2.2.3.2. Transmission Electron Microscopy (TEM) 
 
For TEM observation, a drop of the sample suspension was deposited on a copper grip. The 

morphology of the nanoparticles was observed using a Transmission Electron Microscope 

(JEOL-JEM 2010), with an acceleration voltage operating at 200 kV.  Average particle size 

was calculated from TEM images using the ImageJ program. 

 

2.2.3.3. Fourier Transform Infrared Spectroscopy (FTIR) 

Infrared spectroscopy analysis of commercial chitosan (Aldrich), chitosan nanoparticles, 

thyme essential oil-loaded chitosan nanoparticles and lime essential oil-loaded chitosan 

nanoparticles were performed in a spectral range of 500-4000 cm-1, using a Shimadzu FTIR 

spectrophotometer, Affinity model, equipped with an ATR module of zinc selenide. For 

measurement, a drop of sample was placed in the center of the spectrophotometer. 
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2.2.3.4. Zeta Potential 

To determine the Zeta potential and distribution of the nanoparticles by dynamic light 

scattering (DLS), a Zetasizer Nano-ZS90 (Malvern Instruments) was used.  About 3 mL of 

each sample were placed in a quartz cell and analyzed. 

2.3. Results and discussion 

2.3.1. Characterization of chitosan nanoparticles with essential oils 

2.3.1.1. SEM  

The morphology of the nanoparticles of the ionic gelation and nanoprecipitation method 

was analyzed by scanning electron microscopy (SEM). 

The chitosan nanoparticles of the ionic gelation method showed an average size in the 

range from 129 to 183 nm (Figure 1a). In Figure 1b, lime essential oil-loaded chitosan 

nanoparticles presented average sizes from 141 to 250 nm. While thyme essential oil-

loaded chitosan nanoparticles presented particles with an average size of 37-101 nm. In the 

EDS there were observed similar elements for the three types of nanoparticles, confirming 

the presence of carbon with an average atomic weight of 28.32 to 39.46%, oxygen with 

35.13 to 45.07% and N, Na, Ca and P in minor proportions (Figure 1c).   

For the nanoparticles synthetized by the nanoprecipitation method, the micrographs of the 

chitosan and chitosan added with oils showed a spherical shape with an average size of 117 

to 250 nm. In Figure 2a, chitosan nanoparticles are observed. In Figure 2b, lime essential 

oil-loaded chitosan nanoparticles showed a spherical morphology and 250 nm to 1 micron 

in size. On the other hand, in Figure 2c, thyme essential oil-loaded chitosan nanoparticles 
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presented average sizes from 117 to 226 nm. The EDS of chitosan nanoparticles and 

chitosan nanoparticles with oils addition confirmed the presence of carbon, with an average 

atomic weight of 37.20 to 68.95%, oxygen with 28.50 to 39.96% and other elements such 

as Na, Al, Mg, Si, Cl, K, Zn and Ca in minor proportions. 

The morphology of the nanoparticles were determined in the first instance by SEM, 

however, as shown in Figures 1 and 2, this is not properly appreciated, so it was decided to 

determine the morphology by TEM. 

2.3.1.2 .TEM 
 
 Figure 3 shows TEM micrographs of chitosan nanoparticles synthesized using the three 

methods. Figure 3a, corresponds to nanoprecipitation, 3b to reverse micelle emulsion and 

3c to nanoencapsulation (nanocapsules). Average particle size for nanoprecipitation was 

4.2±1.2 nm, for reverse micelle emulsion was 4.5±1.8 nm, and for nanoencapsulation, it 

was 10.2±0.2 nm. Particle size was similar for nanoprecipitation and reverse micelle 

emulsion, being higher for the nanocapsules. Evidence of hollow nanocapsules is shown in 

the inset of the Figure 3c. 

 

In Figure 4, the TEM micrographs of the thyme essential oil-loaded chitosan nanoparticles 

and nanocapsules are observed. In Figure 4a, b, c spherical nanoparticles from 

nanoprecipitation, reverse micelle emulsion and nanoencapsulation methods are observed. 

Average particle size for nanoprecipitation was 6.4±0.5 nm, for reverse micelle emulsion it 

was 7.6±1.7 nm and for nanocapsules it was 9.1±1.6 nm.  
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Figure1. (Left) SEM Micrographs (ionic gelation method) of chitosan nanoparticles (a), 
lime essential oil-loaded chitosan nanoparticles (b) and thyme essential oil-loaded chitosan 
nanoparticles (c). (Right) EDS analysis. 

  

  

  

(a) 

(b) 

(c) 
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Figure 2. (Left) SEM Micrographs (nanoprecipitation) of chitosan nanoparticles (a), lime 
essential oil-loaded chitosan nanoparticles (b) and thyme essential oil-loaded chitosan 
nanoparticles (c). (Right) EDS analysis. 
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TEM micrographs for the lime essential oil-loaded chitosan nanoparticles are seen in Figure 

5. For nanoprecipitation method, monodisperse and spherical nanoparticles are observed in 

Figure 5a. Average particle size was 6.1±0.4 nm. When nanoparticles are synthesized using 

the reverse micelle emulsion method, oval and round particles with size of 13.8±5.1 nm 

were seen (Figure 5b). Average nanocapsules size of 6.1±0.4 nm are observed in Figure 5c. 

It can be seen that the size of the nanoparticles and nanocapsules was increased after thyme 

and lime essential oil incorporation, compared to chitosan nanoparticles. 
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Figure 3. TEM micrographs of chitosan nanoparticles: a) nanoprecipitation, b) reverse 
micelle emulsion, and c) nanoencapsulation 

a) 

b) 

c) 
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 Figure 4. TEM micrographs of the thyme essential oil-loaded chitosan nanoparticles:         
a) nanoprecipitation, b) reverse micelle emulsion, and c) nanoencapsulation 
 

a) 

b) 

c) 
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Figure 5. TEM micrographs of lime essential oil-loaded chitosan nanoparticles:                  
a) nanoprecipitation, b) reverse micelle emulsion, and c) nanoencapsulation 
 

b) 

a) 

c) 
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2.3.1.3. FTIR 

In Figure 6, thyme essential oil FTIR is observed. There is a broad band between 3540-

3370 cm-1 due to –OH stretching, at 2930 cm-1 (CH stretching), at 1620-1380 cm-1 (C=C 

aromatic ring). The most characteristic IR bands of carvacrol and thymol, which are the 

major compounds of thyme essential oil, were seen at 804 cm-1 and 811 cm-1 respectively 

(Schulz et al., 2005). 

 

Fig 6.  FTIR spectra of thyme essential oil 

In Figure 7, lime essential oil FTIR spectra are observed. There is a broad band between 

3685-3130 cm-1 due to –OH stretching, a sharp peak around 2900 cm-1 due to –CH 

stretching, and peaks at 1643, 1465 and 1390 cm-1 due to C=C aromatic ring and at 805  

cm-1  due to CH bending of aromatic ring (Tongnuanchan et al., 2012; Aldama et al., 

2015). 
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Fig.7. FTIR spectra of lime essential oil 

In Figure 8, it is shown the infrared spectra for ionic gelification method of commercial  

chitosan (Aldrich), chitosan nanoparticles; lime essential oil-loaded chitosan nanoparticles 

and thyme essential oil-loaded chitosan nanoparticles. The infrared spectrum of commercial 

chitosan showed characteristic peaks at 1377 cm-1 (CH deformation), 1470 cm-1 (amide I) 

and 2900 cm-1 (CH stretching). The spectrum of chitosan nanoparticles showed peaks at 

1024 cm-1 (COC), at 1258 cm-1 group (PO) was observed, at 1738 cm-1 (C=O), 2311-2967 

cm-1 (CH stretching), spectrum of lime essential oil-loaded chitosan nanoparticles showed 

characteristic peaks at 889 cm-1 (aromatic ring) and 1067cm-1 (COC), 1530 cm-1 (amide I), 

1637cm-1 (C=O), while the thyme essential oil-loaded chitosan nanoparticles showed the 

presence of the aromatic ring at 804 cm -1, COC in the absorption bands at 1094 cm-1, the 

amide was observed at 1547 cm-1 and CH at 2967 cm- 1. In table 1, it is shown the 

vibrational modes of each sample, where it can be seen that the chitosan nanoparticles, 

presented the group (P O), which is reported when the ionic gelation method was used. The 

presence of peaks was also observed in the same wavelength, indicating that essential oils 

could be encapsulated in the chitosan nanoparticles. 
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Figure 8. FTIR spectra of a) commercial chitosan (Aldrich), b) chitosan nanoparticles; c) 
lime essential oil-loaded chitosan nanoparticles and d) thyme essential oil-loaded chitosan 
nanoparticles. 

Table 1. Vibrational modes of commercial chitosan (Aldrich), chitosan nanoparticles, 
lime essential oil-loaded chitosan nanoparticles and thyme essential oil-loaded 
chitosan nanoparticles. 

Commercial 
chitosan 
(Aldrich) 

Chitosan 
nanoparticles  

Lime essential 
oil-loaded 
chitosan 
nanoparticles           

Thyme 
essential oil-
loaded chitosan 
nanoparticles  

Assignment 

 

 (cm-1)  (cm-1)  (cm-1)  (cm-1)  

----- ----- 889 804   Aromatic ring 

----- 1024 1067 1094 C O C 

----- 1258 ----- ----- PO 

1377 1375 1375 1375 CH  
deformation  

1470 1457 1530 1547 Amide I 

------ 1738 1637 1644  C=O 

2900 2311 2308 2306 CH stretching  

2967 2967 2967 2967 CH  stretching 
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Figure 9, shows the infrared spectra for nanoprecipitation method .The infrared spectrum of 

the chitosan nanoparticles showed absorption bands at 1017 cm-1 (C-O-C stretching), at 

1375 cm-1 for -CH deformation, and new peaks located at 1644 cm-1 and at 2314 cm-1, 

related to (C=O) and (-CH), respectively. In the infrared spectra of thyme essential oil-

loaded chitosan nanoparticles (Figure 9a), the characteristic peaks at 910 cm-1 and 935 cm-1 

corresponding to the formation of the pyranoside ring were identified. The band located at 

3354 cm-1 indicated the formation of hydrogen bonds with the formation to the -OH and -

NH groups, which were not observed in the spectrum of chitosan nanoparticles. 

In Figure 9b FTIR spectra of lime essential oil-loaded chitosan nanoparticles is observed. In 

comparison with the FTIR spectrum of chitosan nanoparticles (Figure 9), the CH stretching 

band at 2920-2925 cm-1 increased with incorporation of the lime essential oil (Figure 9c). 

This band is related to methylene asymmetrical and symmetrical stretching vibration of the 

aliphatic -CH in -CH2 and -CH3 groups. The increment of the -CH stretching peak intensity 

might be a result of lime essential oil encapsulation. Moreover, the peak at 1700 cm-1 is 

increased, this peak is associated to the C=O stretching vibration of carbonyl groups 

belonging to different compounds present in the lime essential oil (Tongnuanchan et al., 

2012; Woranuch  et al., 2013). The same behavior was observed for reverse micelle 

microemulsion (Figure 10) and nanoencapsulation (Figure 11).  

 

61 

 



 

Figure 9. FTIR spectra of chitosan nanoparticles (nanoprecipitation) 
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Figure 9a. FTIR spectra of nanoparticles prepared by nanoprecipitation a) chitosan 
nanoparticles, b) thyme essential oil, and c) thyme essential oil-loaded chitosan 
nanoparticles. Figure 9b, corresponds to the spectra of a) chitosan nanoparticles, b) lime 
essential oil, and c) lime essential oil-loaded chitosan nanoparticles. Figure 9c, is a detail of 
CH stretching band (2920-2925 cm-1). 
 

a)
 

b) 

c) 
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Figure 10 shows the FTIR spectra of chitosan nanoparticles (reverse micelle emulsion). The 

chitosan characteristic absorption bands are at 3451 cm-1 for –OH and NH2 stretching, at 

2921 cm-1 (-CH stretching), at 1646 cm-1 (amide I), at 1105 cm-1 (C-O-C stretching) and at 

890 cm-1 (pyranoside ring stretching vibration) (Yoksan et al., 2010; Hosseini et al., 2013; 

Woranuch et al., 2013). 

 

 
 

Figure 10. FTIR spectra of chitosan nanoparticles (reverse micelle emulsion) 
 
 

 

 

 
 
Figure 10a. FTIR spectra of nanoparticles prepared by reverse micelle microemulsion a) 
chitosan nanoparticles, b) thyme essential oil, and c) thyme essential oil-loaded chitosan 
nanoparticles. Figure 10b corresponds to the spectra of a) chitosan nanoparticles, b) lime 
essential oil, and c) lime essential oil-loaded chitosan nanoparticles. 
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Figure11. FTIR spectra of chitosan nanoparticles (nanoencapsulation) 
 
 
 

 

 

 
 
Figure 11a. FTIR spectra of nanoparticles prepared by nanoencapsulation a) chitosan 
nanoparticles, b) thyme essential oil, and c) thyme essential oil-loaded chitosan 
nanoparticles. Figure 11b corresponds to the spectra of a) chitosan nanoparticles, b) lime 
essential oil, and c) lime essential oil-loaded chitosan nanoparticles. 
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2.3.1.4. Zeta potential 
 
The zeta potential is the charge on the surface of the suspended particles and the 

electrostatic repulsion between the particles which can greatly influence its stability when 

kept in suspension (Qi et al., 2004). On the other hand, polydispersity index (PdI) is used to 

describe the width of the nanoparticle size distribution. A lower PdI indicates a narrower 

size distribution and usually, samples with a PdI <∼ 0.2 are considered to be monodisperse 

(Velasco-Rodríguez et al., 2011). Table 2, shows the values of zeta potential and PdI for 

the  chitosan nanoparticles, thyme essential oil-loaded chitosan nanoparticles and lime 

essential oil-loaded chitosan nanoparticles prepared by ionic gelification, nanoprecipitation, 

reverse micelle emulsion and nanoencapsulation. 

Table 2. Zeta potential and polydispersity index values of chitosan nanoparticles, 
thyme essential oil-loaded chitosan nanoparticles and lime essential oil-loaded 
chitosan nanoparticles. 

 
Sample/Method  

Zeta potential (mV) / Polydispersity index (PdI) 
Ionic 

gelification 
Nanoprecipitatio

n  
Reverse micelle 

emulsion 
Nanoencapsu- 

lation 
Chitosan nanoparticles +30 1.0 +20 1.000 -31 0.652 +61 0.826 
Thyme essential oil-
loaded chitosan 
nanoparticles 

+20 0.812 +27 0.766 -47 0.671 +58 0.740 

Lime essential oil-
loaded chitosan 
nanoparticles 
 

+19 0.748 +10 0.659 -20 0.551 +57 0.693 

 

As seen in Table 2, chitosan nanocapsules (nanoencapsulation) showed higher values of 

zeta potential compared to chitosan nanoparticles prepared by ionic gelification, 

nanoprecipitation and reverse micelle emulsion methods. On the other hand, addition of 

essential oil to chitosan nanoparticles (ionic gelation and nanoprecipitation), decreased the 

zeta potential, similar results were reported by Keawchaoon and Yoksan (2011) who 
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mentioned that the loading of the essential oils reduced the surface positive charge and 

diminished the stability of the nanoparticles. The reduction of the zeta potential value might 

be to some extent the result of essential oil coating on particle surfaces. The negative Zeta 

potential found for the reverse micelle microemulsion nanoparticles, can be attributed to the 

presence of remaining solvents. For the nanocapsules the zeta potential values were not 

affected significantly, but decreased the PdI. In Figures 12-15, it is shown the zeta potential 

and particle size distribution related to PdI, where it seen that all the PdI were > 0.2, 

indicating the formation of polydisperse mixtures of nanoparticles. 

On the other hand, the distribution of the nanoparticles by dynamic light scattering (DLS) 

for chitosan nanoparticles prepared by ionic gelification method, showed a multimodal 

distribution with particle sizes from 50 to 100 nm for the smallest particles, and in the range 

from 200 to 6000 nm for the biggest ones. (Figure 12a). For the thyme essential oil-loaded 

chitosan nanoparticles, the smallest particles were between 60 and 500 nm and the biggest 

ones between 600 and 7000 nm (Figure 12b) and for the lime essential oil-loaded chitosan 

nanoparticles, the smallest particles were in a range of 50- 600 nm  and the biggest between 

700 and 7000 nm (Figure 12c).  

For chitosan nanoparticles for the nanoprecipitation method, there is a bimodal distribution 

with particle sizes ranging from 5 to 20 nm for the smallest particles and in the range of 60 

to 1000 nm for the biggest. (Figure13a). For the thyme essential oil-loaded chitosan 

nanoparticles, there is a unimodal distribution, the particles sizes were between 200 and 

1000 nm (Figure 13b). The bimodal distribution of lime essential oil-loaded chitosan 

nanoparticles, ranging from 20 to 50 nm for the smallest and from100 to300 nm for the 

biggest (Figure 13c).  
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Figure 12.  Zeta potential and  size distribution of chitosan nanoparticles (ionic gelification) 
a) chitosan nanoparticles, b) thyme essential oil-loaded chitosan nanoparticles, c) lime 
essential oil-loaded chitosan nanoparticles. 
 

 

0

20000

40000

60000

80000

100000

120000

-100 0 100 200

T
o
ta

l 
C

o
u
n
ts

Apparent Zeta Potential (mV)

Zeta Potential Distribution

    

0

50000

100000

150000

-100 0 100 200

T
o
ta

l 
C

o
u
n
ts

Apparent Zeta Potential (mV)

Zeta Potential Distribution

   

0

20000

40000

60000

80000

100000

120000

-100 0 100 200

T
o
ta

l 
C

o
u
n
ts

Apparent Zeta Potential (mV)

Zeta Potential Distribution

   

0

2

4

6

8

10

12

0.1 1 10 100 1000 10000

In
te

n
s
it
y
 (

P
e
r
c
e
n
t)

Size (d.nm)

Size Distribution by Intensity

     

0

2

4

6

8

10

12

0.1 1 10 100 1000 10000

In
te

n
s
it
y
 (

P
e
r
c
e
n
t)

Size (d.nm)

Size Distribution by Intensity

     

0

5

10

15

0.1 1 10 100 1000 10000

In
te

n
s
it
y
 (

P
e
r
c
e
n
t)

Size (d.nm)

Size Distribution by Intensity

     

a)
 

b) 

c)
 

67 

 



For chitosan nanoparticles (reverse micelle emulsion), a unimodal distribution is observed 

where the particles had values of 300 to 1000 nm (Figure 14a). For thyme essential oil-

loaded chitosan nanoparticles (Figure 14b), the particle sizes were among 80 to 300 for 

smallest and 400 to 2000 nm for the biggest. For the lime essential oil-loaded chitosan 

nanoparticles, the smallest particles showed values among 60 to 200 nm and the biggest 

ranging from 300 to 1000 nm (Figure 14c). 

 

On the other hand, for chitosan nanocapsules (nanoencapsulation), a unimodal and 

narrower particle size distribution was observed. Values ranging from 500 to 1000 nm 

(Figure 15a). For thyme essential oil-loaded chitosan nanocapsules (Figure 15b), the 

particle size were from 300 to 3000 nm. For the lime essential oil-loaded chitosan 

nanocapsules a bimodal distribution was also observed and the particles showed values of 

200 to 600 from the smallest and 700 to 6000 nm from the biggest (Figure 15). 

As can be seen by DLS, nanoparticles show larger sizes than those observed by SEM or 

TEM. Similar results were reported by Yang et al. (2009), Woranuch and Yoksan (2013), 

Keawchaoon and Yoksan (2011) and Luque-Alcaraz (2016), who obtained nanoparticles of 

chitosan and essential oil-loaded chitosan nanoparticles diameters with average values of 

210 to 500 and 260 to760 nm, respectively (using DLS). On comparison between the 

nanoparticles size obtained by SEM/TEM (40-100 nm), indicating differences in this 

parameter. The outcome reported by these authors could be due to the sampling process. 

For SEM/TEM evaluation, the sample is dry prepared and the size is individually measured 

while for DLS, the sample is in solution and might be due of the nanoparticle swelling and 

aggregation during its dispersion in an aqueous medium. 
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Figure 13.  Zeta potential and size distribution of chitosan nanoparticles (nanoprecipitation) 
a) chitosan nanoparticles, b) thyme essential oil-loaded chitosan nanoparticles, c) lime 
essential oil-loaded chitosan nanoparticles. 
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Figure 14. Zeta potential and size distribution of chitosan nanoparticles (reverse micelle 
emulsion). a) chitosan nanoparticles, b) thyme essential oil-loaded chitosan nanoparticles, 
c) lime essential oil-loaded chitosan nanoparticles. 
 
 

0

20000

40000

60000

80000

100000

120000

140000

-100 0 100 200

T
o
ta

l 
C

o
u
n
ts

Apparent Zeta Potential (mV)

Zeta Potential Distribution

   

0

50000

100000

150000

200000

-100 0 100 200

T
o
ta

l 
C

o
u
n
ts

Apparent Zeta Potential (mV)

Zeta Potential Distribution

    

0

50000

100000

150000

200000

-100 0 100 200

T
o
ta

l 
C

o
u
n
ts

Apparent Zeta Potential (mV)

Zeta Potential Distribution

   

0

5

10

15

20

25

0.1 1 10 100 1000 10000

In
te

n
s
it
y
 (

P
e
r
c
e
n
t)

Size (d.nm)

Size Distribution by Intensity

   

0

5

10

15

0.1 1 10 100 1000 10000

In
te

n
s
it
y
 (

P
e
r
c
e
n
t)

Size (d.nm)

Size Distribution by Intensity

    

0

2

4

6

8

10

12

0.1 1 10 100 1000 10000

In
te

n
s
it
y
 (

P
e
r
c
e
n
t)

Size (d.nm)

Size Distribution by Intensity

    

a)
 

b) 

c)
 

70 

 



 

 

 

 

 

 
 
Figure 15. Zeta potential and size distribution of chitosan nanoparticles 
(nanoencapsulation). a) chitosan nanoparticles, b) thyme essential oil-loaded chitosan 
nanoparticles, c) lime essential oil-loaded chitosan nanoparticles. 
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2.4 Conclusions  

 

The loading of essential oils into chitosan particles was successfuly achieved for the four 

methods tested, as confirmed by the intensity increment of the CH stretching peak at 2900- 

2925 cm-1 (FTIR technique).  The particles were spherical with an average size of 37 to 250 

nm for the ionic gelification method as observed by SEM and by means of TEM were 

observed particles ranging from 4.2±1.2 to 6.4±0.5 nm for nanoprecipitation; 4.5±1.5 to 

13.8±5.1 nm for reverse micelle emulsion and 6.1±0.4 to 10.2 ±0.2 nm for the 

nanoencapsulation method, indicating differences in this parameter when the particles was 

analyzed by DLS. The particles exhibited positively surface charge with zeta potential 

values ranging from +10 to 61 mV, but the zeta potential was negative for reverse micelle 

microemulsion nanoparticles, with values ranging from -20 to -47 mV. 
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CHAPTER 3. In vitro antibacterial activity of chitosan nanoparticles, thyme essential 

oil-loaded chitosan nanoparticles and lime essential oil-loaded chitosan nanoparticles 

obtained by different methods 

 

Abstract 

Essential oils and chitosan nanoparticles have shown antibacterial activity against a broad 

spectrum of bacteria. In this chapter, the results for the in vitro antibacterial activity of 

chitosan nanoparticles, thyme essential oil-loaded chitosan nanoparticles and lime essential 

oil-loaded chitosan nanoparticles in two phytopathogenic bacteria ( Erwinia amylovora and 

Pectobacterium carotovorum) and six foodborne bacteria (Staphylococcus aureus, Bacillus 

cereus, Listeria monocytogenes, Salmonella typhi, Shigella dysenteriae and Escherichia 

coli) are presented. The results revealed that the minimum inhibitory concentration (MIC) 

of chitosan and essential oils was dependent on the applied concentration, but in general, 

they were more sensitive to chitosan than to essential oils application. Growth inhibition of 

the tested bacteria was significantly different among treatments. The inhibition halo (IH) 

increased as the minimum inhibitory volume (MIV) increased. The highest value of MIV 

was 40 μL with an IH of 4.3 cm for S. aureus. All treatments had antibacterial activity 

against eight bacteria tested, but thyme essential oil-loaded chitosan nanoparticles showed 

the highest antibacterial activity. 
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3.1. Introduction  

Most agricultural products are susceptible to be infected by pathogenic microorganisms. 

Among them, pathogenic bacteria (microscopic single-celled organisms) can affect directly 

plant growth or appear until their postharvest life causing rots during storage or serious 

foodborne illness when food is consumed.  

Erwinia amylovora and Pectobacterium carotovorum are two Gram-negative plant 

pathogenic bacteria that cause notable economic losses in numerous fruit and vegetables.  

Erwinia amylovora causes fire blight that is a devastating necrogenic disease and is 

considered the most important bacterial disease of apple, pear, and other plant members of 

the Rosaceae family, including important ornamental species, capable of infecting 

blossoms, fruits, vegetative shoots, woody tissues, and rootstock crowns. Erwinia 

amylovora is characterized by its fast multiplication and rapid dispersion throughout the 

plant via the vascular tissue, and causes necrosis of the plant tissue or it can reside in 

symptomless tissue (Holtappels et al., 2016; Johson et al., 2016).  

Pectobacterium carotovorum, produces the disease commonly named “soft rot” (Lee et al., 

2014). This disease occurs most often, among others in fleshy vegetables with soft tissues, 

such as potatoes, carrots, radishes, onions, cucumbers, squash, eggplant, peppers, cabbage 

and tomato. This disease can occur in the field and during transport, mainly in storage. This 

bacterium enters plant tissues through wounds, often created by insect feeding or bruising 

at harvest or during postharvest handling, being favored with increasing temperature, 

resulting in tissue breakdown (Agrios, 2005; Zhao et al., 2013). 

On the other hand, the main pathogens causing foodborne illnesses are among others, 

Escherichia coli, Salmonella spp., Listeria monocytogenes, Bacillus cereus and Shigella 
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spp. and maybe found in numerous fresh, pre-cut and processed horticultural commodities 

and juices (Mercanoglu and Halkman, 2011). For example, E. coli, have been associated to 

leafy green vegetables, including spinach and coriander, sprout seeds such as radishes and 

alfalfa. Various serotypes of Salmonella have been linked to the consumption of melons, 

tomato, mango and different cvs. of peppers, while L. monocytogenes is reported to be 

found in lettuce, broccoli and coleslaw (Lynch et al., 2009; Berger et al., 2010; Aytac et al., 

2010).  

In general, control of diseases caused by bacteria, depends primarily on the use of synthetic 

bactericides. However, the increase in public concern about food safety and the 

environment, in addition to the acquired bacterial resistance has led to the cancellation of 

some chemical bactericides. Therefore, research has been focused on the development of 

alternative methods of disease control, implementing the use of new technologies including 

nanotechnology, combined with other control methods with recognized antimicrobial 

activity, such as chitosan and essential oils. On this, there are numerous studies about the 

notable bactericidal potential of these natural compounds when applied alone or combined 

(Du et al. 2009; Sánchez-González et al., 2010, 2011; Ramos-García et al., 2012). 

Chitosan nanoparticles are known to be more reactive and therefore, they are more efficient 

in their antimicrobial activity (Sanpui et al., 2008; Chen et al., 2009), due to the larger 

contact surface with the microbial membrane and the consequent agglomeration on the 

surface of the bacterial cell wall (Radzig et al., 2013) having a broad spectra of activity and 

a significant effect on foodborne Gram-positive including B. cereus, L. innocua and 

Staphylococcus aureus and Gram-negative such as E. coli, S. typhimurium, Yersinia 

enterocolitica, Pseudomonas fluorescens and Klebsiella pneumonia bacteria (Altiok et al., 
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2010; Ali et al., 2011; Madureira et al., 2015; O'Callaghan and Kerry 2016). Also on plant 

pathogenic bacteria such as Acidovorax avenae and E. carotovora (Yang et al., 2014; 

Mohammadi et al., 2016). 

Chitosan nanoparticles loaded with essential oil have demonstrated their antibacterial 

activity. For example, combined with cinnamaldehyde essential oil, against E. coli and 

Pseudomonas aeruginosa (Rieger and Schiffman 2014), with ajwain (Carum copticum) 

essential oil, against S. aureus, S. epidermidis, B. cereus, E. coli, S. typhimurium and 

Proteus vulgaris (Esmaeili and Asgari 2015), added with thymol essential oil on S. aureus, 

E. coli, Enterobacter aerogenes S. typhimurium, P. aeruginosa and L. innocua (Caro et al., 

2016), with origanum (Origanum vulgare) essential oil, against S. aureus, L. 

monocytogenes, S. enteritidis and E. coli (Hosseini et al., 2016) and with summer savory 

(Satureja hortensis) essential oil, against S. aureus, L. monocytogenes and E. coli 

(Feyzioglu and Tornuk 2016). 

The aim of this research was then to evaluate the activity of chitosan nanoparticles, thyme 

essential oil-loaded chitosan nanoparticles and lime essential oil-loaded chitosan 

nanoparticles, in two phytopathogenic bacteria and six foodborne bacteria. 

3.2. Materials and methods  

3.2.1. Materials  

Glycerol was supplied by J.T Baker (Baker Analyzed ACS). Nutrient agar (AN), brain 

heart infusion broth, and Tryptone Soya agar (TSA) were purchased to Bioxon (Becton 

Dickinson de México). 
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3.2.2. Phytopathogenic bacteria activation 

The strains of E. amylovora and P. carotovorum were donated by Dr. Sergio Aranda from 

the Bacteriology Laboratory Graduate School, Montecillo, Texcoco. They were stored in a 

cryogenic mixture (glycerol/ Svelty skim milk, Nestlé) at -70°C. For activation, the bacteria 

were grown in tubes containing 3 mL of brain heart infusion broth and incubated for 24 h at 

30°C. To confirm the purity of the strain a seeding groove on TSA plates was performed, 

once the purity was verified, a strain culture was replanting in inclined test tubes, adding 

TSA and incubated at 30°C for 24 h (Lara-Cortez, 2006). 

3.2.3. Foodborne bacteria activation  

The three strains of Gram-positive (Staphylococcus aureus, Bacillus cereus and Listeria 

monocytogenes) and three Gram-negative (Salmonella typhi, Shigella dysenteriae and 

Escherichia coli) bacteria were used as test microorganisms. Bacterial strains were obtained 

by clinical isolation from CINVESTAV-IPN and UPIBI-IPN research institutes. All 

bacteria were inoculated on AN at 37°C for 24 h. The concentration of culture suspensions 

was adjusted to 108 CFU/mL. 

3.2.4. Determination of Minimum Inhibitory Concentration (MIC) of chitosan and 

essential oils, using the agar plate method 

First, the MIC of each of the compounds (chitosan and thyme and lime essential oils) that 

inhibited the growth of the eight bacterial strains was determined. Concentrations in 

different percentages for chitosan (3.0, 2.0, 1.5 1.0, 0.5%) and essential oils (100, 11.2, 5.6, 

2.8, 1.4, 0.7 %) were prepared. Six replicates of each treatment were done. This was carried 

out by the agar plate technique: 10 ml of TSA was placed in Petri dishes. The TSA medium 

was allowed to solidify and then a 20 µL bacterial suspension previously added to the 
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semisolid agar (10 mL) was incorporated into Petri diches. Once solidified, cavities were 

made on the agar plates (5 mm in diameter). Subsequently, 20 µL of the solution with the 

bioactive compound to be tested (chitosan and essential oils) were placed in each small 

well. Finally, the Petri diches were sealed and incubated for 24 h at 30°C. After that time, 

the halo of inhibition (IH) (lighter areas around the well) that indicated death or bacterial 

growth inhibition were measured (Figure 1) (Colome, et al., 1998; Lara-Cortez, 2006). 

Figure 1. Determination of MIC by agar plate method, a) Application of chitosan and 
essential oils in each well, b) incubation of plates for 24 h at 30°C, c) measurement of 
inhibition halo.  

3.2.5. Determination of the Minimum Inhibitory Volume (MIV) of chitosan 

nanoparticles, thyme essential oil-loaded chitosan nanoparticles and lime essential oil-

loaded chitosan nanoparticles obtained by three methods 

 

According to the MIC of each compound (chitosan and essential oils), the synthesis of 

nanoparticles was performed. The corresponding methodology for the obtention of 

nanoparticles (nanoprecipitation, reverse micelle microemulsion and nanoencapsulation) 

has been explained in Chapter 2 of this thesis. The bactericidal effect of the nanoparticles 

prepared by the three methods involved was also determined by agar plate method. The 

following four treatments with six replicates were tested: 1. Chitosan nanoparticles, 2. 

Thyme essential oil-loaded chitosan nanoparticles, 3. Lime essential oil-loaded chitosan 

   

 

a) b) c) 
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nanoparticles, and 4. Control. Volumes ranging from 2.5 to 40 μL were tested, to establish 

the Minimum Inhibitory Volume (MIV). 

3.2.6. Statistical analysis 

Analysis of variance (ANOVA) with a significance level of P <0.05 was applied. Similarly, 

when significant differences were found, a comparison of means was performed using a 

Tukey's multiple comparison tests. A confidence interval of 95% was employed. The 

analysis was performed using the SigmaStat 3.5 program. 

3.3. Results and discussion 

3.3.1. Determination of Minimum Inhibitory Concentration (MIC) of chitosan and 

essential oils 

The antibacterial activity of chitosan and thyme and lime essential oils was dependent on 

the applied concentration, but in general, they were more sensitive to chitosan than to 

essential oils application. There were significant differences (P < 0.05) of IHs among the 

bacteria tested. The lowest MIC that inhibited bacterial growth of chitosan was of 0.5%, 

while the lowest for thyme and lime essential oils were of 2.8% and 5.6%, respectively. 

Overall, for most bacteria tested as MIC concentration increased, inhibition increased, for 

the three tested compounds.  

For chitosan, IHs were present from 0.5% concentration to 3.0 mm (Table 1). The highest 

IH at MIC of 0.5%, was for P. carotovorum with a corresponding value of 1.8 mm, at 

MICs of 1.0% and 1.5%, the highest corresponding IH was for E. amylovora, and S. 

dysenteria, with IH of 4.6 mm, while at 2.0% and 3.0%, L. monocytogenes had the IHs of 

6.8 mm and 7.1mm, respectively. 
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Table 1. Minimum inhibitory concentration (MIC) of chitosan  

Bacteria Concentration (%) / Inhibition halo (mm) 
 

0.5 1.0 1.5 2.0 3.0 
E. amylovora 1.2±0.28a 4.6±0.48b 4.6±0.51a 5.9±0.10b 6.8±0.22a 
P. carotovorum 1.8±2.8a 5.2± 0.9a 3.9± 3.1b 6.3± 0.5a 7.0± 1.4a 
S. aureus 1.3± 0.14a 4.0±0.89d 3.5±0.54b 6.2±0.29a 7.1±0.39a 
B. cereus 0.96± 0.2a 3.9±0.10d 3.6±0.41b 6.0±0.18a 6.6±0.38a 
L. monocytogenes 1.2±0.19a 4.2±0.41c 4.2±0.38a 6.8±0.14a 7.0±0.17a 
S. typhi 1.3± 0.23a 4.3±1.0c 3.9±0.08b 5.3±0.51b 6.8±0.43a 
S. dysenteriae 1.2±0.23a 4.6±0.36b 4.6±0.35a 6.5±0.36a 7.1±0.12a 
E. coli 1.1± 0.17a 4.5±0.42b 4.4±0.39a 5.5±0.54b 7.0±0.18a 

Means marked with different letters in each concentration column, indicate a significant 
difference, ANOVA and Tukey´s test (P < 0.05). Data represented as mean ± standard 
deviation.  
 
The initial bacterial inhibition when tested the thyme essential oil was observed from 2.8% 

to 100% (Table 2). No IH were observed at MICs of 0.7% and 1.4%. The most sensitive 

bacterium to this essential oil was S. aureus having a final IH of 29.3mm (MIC = 100%), 

followed by P. carotovorum and E. amylovora with corresponding final IHs values of 28.1 

mm and 26.3 mm, respectively.  

Table 2. Minimum inhibitory concentration (MIC) of thyme essential oil 

Bacteria Concentration (%) / Inhibition halo (mm) 
 
0.7 1.4 2.8 5.6 11.2 100 

E. amylovora NI NI 8.7±0.41b 11.4±0.80a 10.8±0.75b 26.3±1.0a 
P. carotovorum NI NI 8.5± 1.7b 11.6± 2.0a 10.9 ± 2.5b 28.1 ± 7.9a 
S. aureus NI NI 9.3±0.53a 12.5±0.45a 12.5±0.54a 29.3±0.81a 
B. cereus NI NI 9.0±0.36a 12.1±0.75a 12.6±0.51a 24.3±0.51a 
L. monocytogenes NI NI 8.0±0.46b 11.1±0.98a 12.0±0.63a 20.5±0.54b 
S. typhi NI NI 9.2±0.40a 12.3±0.81a 12.6±0.51a 17.9±7.9c 
S. dysenteriae NI NI 9.2±0.49a 11.8±0.40a 12.8±0.75a 21.0±0.89b 
E. coli NI NI 8.4±0.46b 11.8±0.75a 12.3±1.0a 21.1±0.75b 

Means marked with different letters in each concentration column, indicate a significant 
difference, ANOVA and Tukey´s test (P < 0.05). Data represented as mean ± standard 
deviation. NI = Not inhibited. 
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For the lime essential oil, the MIC was observed from 5.6% to 100%. At MIC of 5.6%, 

only S. aureus, S. dysenteriae and E. coli showed inhibition (Table 3). However, the 

highest final IHs values were for E. coli (18.8 mm) S. typhi (18.6 mm) and S. dysenteriae 

(18.5 mm). 

Table 3. Minimum inhibitory concentration (MIC) of lime essential oil 

Bacteria Concentration (%) / Inhibition halo (mm) 
 
0.7 1.4 2.8 5.6 11.2 100 

E. amylovora NI NI NI NI 6.9±0.47a 16.8±1.16a 
P. carotovorum NI NI NI NI 7.8 ± 3.4a 17.0 ±7 .3a 
S. aureus NI NI NI 3.3±0.40a 7.5±0.59a 17.9±0.66a 
B. cereus NI NI NI NI 6.9±0.38a 15.8±2.31b 
L. monocytogenes NI NI NI NI 6.8±0.16a 17.5±0.54a 
S. typhi NI NI NI NI 7.9±0.08a 18.6±1.75a 
S. dysenteriae NI NI NI 3.7±0.38a 7.8±0.17a 18.5±0.46a 
E. coli NI NI NI 3.6±0.35a 7.9±0.07a 18.8±1.49a 

Means marked with different letters in each concentration column, indicate a significant 
difference, ANOVA and Tukey´s test (P < 0.05). Data represented as mean ± standard 
deviation. NI = Not inhibited. 
 

3.3.2. Determination of the Minimum Inhibitory Volume (MIV) of chitosan 

nanoparticles, thyme essential oil-loaded chitosan nanoparticles and lime essential oil-

loaded chitosan nanoparticles obtained by three methods on E. amylovora and P. 

carotovorum   

 

Growth inhibition of E. amylovora was significantly different (P <0.05) among treatments 

(Figure 2a, b, c). For all compounds tested (chitosan nanoparticles, thyme essential oil-

loaded chitosan nanoparticles and lime essential oil-loaded chitosan nanoparticles), the IH 

increased as the MIV increased and the highest MIV of 40 μL gave the highest significant 

IH by the reverse micelle microemulsion obtainment method.  
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For the MIV of 40 μL, the effect of chitosan nanoparticles (Figure 2a) was greater (IH = 1.9 

cm) in those prepared by the reverse micelle microemulsion method, followed by 

nanoprecipitation (IH = 1 cm) and finally by nanoencapsulation (IH = 0.7 cm). No IH was 

observed at MIV of 2.5 μL. For thyme essential oil-loaded chitosan nanoparticles (Figure 

2b), the highest IH was of 2.5 cm by the reverse micelle microemulsion, followed by 

nanoencapsulation (2.0 cm) and nanoprecipitation (1.8 cm). As for lime essential oil-loaded 

chitosan nanoparticles (Figure 2c), the highest IH was obtained by the micelle 

microemulsion method (2.0 cm). 

With respect to P. carotovorum, the IHs were significantly different (P <0.05) among 

treatments (Figure 3a, b, c). For this bacterium, overall growth control was more efficient 

with the compounds obtained by the nanoprecipitation method, followed by the reverse 

micelle microemulsion and then nanoencapsulation. Same as E. amylovora, the highest IH, 

corresponded to the MIV of 40 μL, regardless of the nanocompound tested. For chitosan 

nanoparticles, the highest IH was of 2.2 cm, (Figure 3a), for thyme essential oil-loaded 

chitosan nanoparticles, the IH was of 2.8 cm (Figure 3b) while for lime essential oil-loaded 

chitosan nanoparticles, it was of 2.0 cm (Figure 3c). 
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Figure 2. In vitro evaluation of chitosan nanoparticles (a), thyme essential oil-loaded 
chitosan nanoparticles (b), lime essential oil-loaded chitosan nanoparticles (c) on E. 
amylovora. Means marked with different letters in each volume indicate a significant 
difference, ANOVA  and Tukey´s test (P < 0.05). 
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Figure 3. In vitro evaluation of chitosan nanoparticles (a), thyme essential oil-loaded 
chitosan nanoparticles (b), lime essential oil-loaded chitosan nanoparticles (c) on P. 
carotovorum. Means marked with different letters in each volume indicate a significant 
difference, ANOVA and Tukey´s test (P < 0.05). 
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3.3.3. Determination of the Minimum Inhibitory Volume (MIV) of chitosan 

nanoparticles, thyme essential oil-loaded chitosan nanoparticles and lime essential oil-

loaded chitosan nanoparticles obtained by three methods on foodborne bacteria  

The in vitro antibacterial activity of chitosan nanoparticles was tested against S. aureus, L. 

monocytogenes, B. cereus, S. typhi, S. dysenteriae and E. coli. In Figures 4a, b, c, d, e, f, it 

is shown the IH with respect to the MIV applied. For each microorganism, the IH was 

significantly different (P <0.05) among treatments. The IH of most bacteria tested 

increased as the MIV increased. Overall, it can be observed that the antibacterial activity of 

the evaluated compound was more effective when it was obtained by the nanoprecipitation 

and reverse micelle microemulsion methods. The highest IH were for chitosan 

nanoparticles prepared by nanoprecipitation at 40 μL, with corresponding values of 3.3 cm 

(S. aureus), 2.5 cm (B. cereus), 2.0 cm (S. typhi), 3.1 cm (S. dysenteriae) and 2.8 cm (E. 

coli), while for the reverse micelle microemulsion, the highest IH were for L. 

monocytogenes and B. cereus with corresponding values of 2.0 cm and 2.5 cm, 

respectively. 

Chitosan nanoparticles obtained by the nanoencapsulation method were effective in 

controlling S. aureus, L. monocytogenes, B. cereus and S. typhi and ineffective at all 

volumenes for S. dysenteriae and E. coli since no IHs were obtained.  
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 Figure 4. In vitro evaluation of chitosan nanoparticles on: a) S. aureus, b) L.monocytogenes, c) B.cereus, d) S. typhy, e) S.dysenteria and  f) E.coli. 

Means marked with different letters in each volume indicate a significant difference, ANOVA and Tukey´s test (P < 0.05). 
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Figure 5a, b, c, d, e, f shows the MIVs and corresponding IH of S. aureus, L. 

monocytogenes, B. cereus, S. typhi, S. dysenteriae and E. coli when grown on thyme 

essential oil-loaded chitosan nanoparticles, obtained by three methods. For all bacteria, the 

compound obtained by the nanoprecipitation method was the most effective to inhibit 

growth, followed by reverse micelle microemulsion and nanoencapsulation. The highest IH 

were obtained with the highest MIV (40 μL), the IH for the bacteria were as follows: S. 

aureus (4.3 cm), L. monocytogenes (3.8 cm), B. cereus (4 cm), S. typhi (4 cm), S. 

dysenteriae (4.1 cm) and E. coli (3.3 cm). The bacteria most sensitive to thyme essential 

oil-loaded chitosan nanoparticles, was S. typhi, since growth inhibition was observed from 

the lowest MIV applied (2.5 μL) when it was obtained by the three methods involved. 

 

Results of the lime essential oil-loaded chitosan nanoparticles are shown in Figures 6a, b, c, 

d, e and f. There were significant differences among treatments for each bacterium tested 

and the IH increased as the MIV increased. For most bacteria, the nanoprecipitation method 

was the most effective in reducing bacterial growth, followed by reverse micelle emulsion 

and nanoencapsulation. The highest IH values of lime essential oil-loaded chitosan 

nanoparticles obtained by the nanoprecipitation method at MIV of 40 μL were as follows: 

S. aureus (3.0 cm), L. monocytogenes (3.3 cm), B. cereus (2.4 cm), S. typhi (2.8 cm), S. 

dysenteriae (3.5 cm) and E. coli (3.0 cm).  Most bacteria tested were sensitive to this 

compound regardless the obtention method, IH were observed at any MIV applied.
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Figure 5. In vitro evaluation of thyme essential oil-loaded chitosan nanoparticles on a) S. aureus, b) L.monocytogenes, c) B.cereus, d) 
S. typhy, e) S. dysenteria and f) E.coli. Means marked with different letters in each volume indicate a significant difference, ANOVA 
and Tukey´s test (P < 0.05). 
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Figure 6. In vitro evaluation of lime essential oil-loaded chitosan nanoparticles on a) S. aureus, b) L.monocytogenes, c) B.cereus,        
d) S. typhy, e) S. dysenteria and f) E.coli. Means marked with different letters in each volume indicate a significant difference, 
ANOVA and Tukey´s test (P < 0.05). 
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As aforementioned, antibacterial properties of chitosan (Meng et al., 2008; Sánchez-

Domínguez et al., 2011) and thyme and lime essential oils (Mahmud, 2009; Raut and 

Karuppayil 2014; Sánchez et al., 2015) have been well proved. From the results, it can be 

seen a synergistic effect of the tested components: chitosan and essential oils. In the preset 

study, the thyme essential oil-loaded chitosan nanoparticles showed the highest 

antibacterial activity for most microorganisms tested.  

Various studies concerning thyme essential oil (Smith-Palmer et al., 1998; Bosnić et al., 

2006); have shown that this oil possesses strong antibacterial activity; which could be 

attributed to their high percentage of phenolic compounds and specifically, carvacrol and 

thymol. In agreement with these results,  Nezhad et al. (2012) tested different essential oils 

including coriander (Coriandrum sativum), thyme, cumin (Cuminum cyminum), rosemary 

(Rosmarinus officinalis) and eucalyptus (Eucalyptus globulus) against P. carotovorum, 

finding that the most active essential oil against this bacterium was thyme with IHs of 0.7 

to 1.6 mm at concentrations of 0.5 to 100% respectively.  

Over the last two decades several in vitro studies have shown that thymol possesses 

antibacterial properties against S. aureus, L. monocytogenes, B. cereus, S. typhy and E.coli 

among others. The results showed that the most susceptible microorganism was L. 

monocytogenes with IHs of 35.6 mm, followed by S. typhy (33.3 mm) S. aureus (25 mm) 

and  E. coli with (13 mm) (Marchese et al., 2016).  

Up to the present time, there are few studies associated with the subject of nanoparticles 

and their effect on controlling plant pathogenic bacteria. On the subject, Joe et al. (2015) 

reported that application of water-sunflower oil nanoemulsion produced an IH of 2.9 cm 

against P. carotovorum. Also, studies carried out by Mohammadi et al. (2016) showed that 
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chitosan micro and nanoparticles at MIC of 0.037% ensured complete inhibition of this 

bacterium, while Abou et al. (2016) evaluated the antimicrobial activity of nano-silver 

chitosan/polyacrylamide membranes against E. amylovora, reporting that the manufactured 

membranes were found to successfully inhibit the growth with corresponding IH of 4 to 7 

mm. In this study, chitosan nanoparticles and thyme essential oil-loaded chitosan 

nanoparticles, obtained by reverse micelle microemulsion and nanoprecipitation methods, 

gave the best in vitro control of E. amylovora and P carotovorum, with an IH of 1.9 cm and 

2.2 cm respectively.  

On the other hand, studies of chitosan nanoparticles associated with foodborne pathogens, 

have reported that they are slightly more active against Gram-positive bacteria 

(Keawchaoon and Yoksan 2011), while Lin et al. (2009) did not find differences against 

Gram-positive or Gram-negative bacteria. As seen in Figures 4-6, about the bactericidal 

effect of the tested compounds, no differences were found among Gram-positive (S. 

aureus, B. cereus, L. monocytogenes) or Gram negative bacteria (S. typhi, S. dysenteriae, E. 

coli). It seems that the main effect observed was more associated with particle size and Z 

potential than with the type of bacteria (Ali et al., 2011). Studies carried out by Gan et al. 

(2005) and Qi et al. (2004) reported that the particle size and zeta potential are the 

important properties which may influence the antibacterial activity of chitosan 

nanoparticles, due to their small and compact particle size as well as high surface charge, 

because the negatively charged plasma membrane is the main target site of polycation. 

Therefore, the polycationic chitosan nanoparticles with high surface charge will interact 

more effectively with bacterium, compared with free form of chitosan polymer (Chen et al., 

2010). 
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Small nanoparticles appear to be the most capable of penetrating into bacterial cell bodies. 

Interference with cell membranes and subsequent loss of cell viability, is attributed to 

nearly all varieties of nanoparticles, but particularly those with small diameter and positive 

Zeta potential (Lin et al., 2009; Zhang et al., 2016). From the results, we observed that the 

antibacterial activity of nanoparticles prepared by nanoprecipitation method were more 

effective. They showed by TEM studies (See Chapter 2) the smallest particle size (4.2±1.2 

to 6.4±0.5 nm), followed by those from reverse micelle (4.5±1.5 to 11.1±2.5) and by 

nanoencapsulation (6.1±0.4 to 10.2 ±0.2 nm) methods. Also, the Zeta potential for 

nanoparticles prepared by nanoprecipitation was positive.  

However, by nanoencapsulation, the nanoparticles had the highest Zeta potential (See 

Chapter 2). A study carried out by Seil et al. (2012) reported the Z potential of submicron 

chitosan nanoparticles and its role on agglomeration of bacteria. The particles synthetized 

with the highest Z potential were more effective in promoting the agglomeration of E. coli 

in cell suspensions than those with low Z potential submicron chitosan nanoparticles, 

conversely, chitosan coated-alginate particles with a negative Zeta potential, did not 

promote agglomeration of the E. coli. The degree of bacteria agglomeration in the presence 

of particles with a positive Z potential, was dependent on the concentration of chitosan 

particles (Seil et al., 2012).  

 

In this study, the low antibacterial activity found for the nanoencapsulated nanoparticles 

may be the result of bacterial agglomeration, due to the higher Zeta potential value obtained 

and therefore, chitosan nanocapsules were less effective against all bacteria tested. There 

may be other factors involved in the antibacterial activity obtained in other studies, such as 
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the components added to the nanoparticles, as is the case of the chitosan nanoparticles 

loaded silver and metal ions such as silver nitrate, copper sulfate, zinc sulfate, manganese 

sulfate and iron sulfate, which have been shown to have inhibitory effect against bacteria 

such as S. aureus, E. coli, Klebsiella pneumoniae and Salmonella sp, among others (Shi et 

al., 2006; Sanpui et al., 2008; Du et al., 2009).  To date, there are few studies related to the 

evaluation of chitosan nanoparticles loaded with essential oils for the control of plant 

phytopathogenic and foodborne bacteria. In this work, there was a significant decrease of 

bacteria when grown in a medium with chitosan nanoparticles and thyme essential oil-

loaded chitosan nanoparticles, showing their high antimicrobial potential. 
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3.4. Conclusions 

 

In this study, the obtained nanoparticles showed notable antibacterial activity on 

phytopathogenic and foodborne bacteria. For all compounds tested, growth inhibition 

increased as the MIV increased. The nanoparticles obtention methods influenced the 

antibacterial activity of the compounds tested, showing that the reverse micelle 

microemulsion and the nanoprecipitation obtention methods, had the highest effect. 

Chitosan nanoparticles and thyme essential oil-loaded chitosan nanoparticles, showed the 

highest antibacterial activity for most bacteria tested. 
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CHAPTER 4. Encapsulation and release study of thyme essential oil-loaded chitosan 

nanoparticles  

 

Abstract 

The antibacterial properties of thyme essential oil-loaded chitosan nanoparticles were 

showed in the previous chapter. Thyme essential oil exhibit antimicrobial effect due to its 

main components, thymol and carvacrol. In this chapter, the encapsulation efficiency and 

release kinetics of these components from the nanoparticles synthetized by 

nanoprecipitation (nanoparticles) and nanoencapsulation (nanocapsules) methods, were 

evaluated. The results showed a percentage of encapsulation of carvacrol of 80.5% and 

81.4% for the nanoparticles and nanocapsules, respectively. For thymol, percentage of 

encapsulation was 68% for nanoparticles and 72% for the nanocapsules. In the case of 

nanoparticles, thymol was released after 360 min and for carvacrol, it was released after 

390 min. For nanocapsules, the release time for thymol was 630 min and for carvacrol it 

was 540 min. The release kinetics data were fitted to three analytical kinetic models and no 

statistical differences were found among them. 
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4.1. Introduction  

Thyme essential oil has considerable antioxidative and antimicrobial effect (Sachetti et al., 

2005). It contains mainly carvacrol and thymol, p-cymene and gamma-terpinene. However, 

carvacrol and thymol displayed favorable bacteriostatic and bactericidal properties (Siroli  

et al., 2015). The encapsulation of essential oils allows optimization of its functionality, a 

factor that enables an extended action of its active principle, since essential oils are 

characterized by their high volatility (Silva et al., 2010; Juárez et al., 2015; Pesavento         

et al., 2015). 

Researchers have been recently exploring the use of chitosan as an encapsulating agent 

(Natrajan et al., 2015; Pinheiro et al., 2015) and their capacity to controlled release drugs 

(Estevinho et al., 2013; Wang et al., 2015). 

The study of the controlled release is important in order to evaluate the applicability of the 

nanoparticles and nanocapsules in the control of foodborne pathogens. When the release is 

very slow, the nanoparticles could be used for controlling pathogenic microorganisms for 

an extended period. On the other hand, when bioactive compounds are rapidly released, the 

active compound becomes exposed to the food matrix, losing its protection (Kumar et al., 

2015) Therefore, it is important to know the parameters for controlled release of active 

compounds and correlate these parameters with the antibacterial activity.  

For all the above mentioned and in accordance with the highest antibacterial activity 

presented of the thyme essential oil-loaded chitosan nanoparticles (chapter 3), the aim of 

this chapter was to determine the encapsulation efficiency and release kinetics of the two 

main components of the thyme essential oil (carvacrol and thymol) in the particles 
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synthesized by nanoprecipitation (nanoparticles) and nanoencapsulation (nanocapsules) 

methods.  

 
4.2. Materials and methods 
 
4.2.1. Materials 
 
Acetonitrile and water for chromatography (LyChrosolv) were purchased to Sigma-Aldrich. 

White thyme essential oil (FDA) was supplied by Essential Oils-esencefleur. 

4.2.2. Determination of thymol and carvacrol in thyme essential oil 

Thymol and carvacrol determination was performed by HPLC-DAD, according to the 

method proposed by Hajimehdipoor et al. (2010). In brief, 17 mg of thyme essential oil was 

weighed and brought to 50 mL with acetonitrile: water (80:20 v/v). The HPLC-DAD 

equipment consisted of a Merck-Hitachi 6200 pump, with diode array detector Water 996, 

coupled to a computer equipped with the Empower Pro software and a Symmetry C18 (5 

microns x 4.6 mm diameter x 25 cm, Waters column). The mobile phase was 

acetonitrile:water (50:50 v/v) with 1 mL/min flow. Thymol and carvacrol detection was 

performed at 274 nm and was quantified using a calibration curve (0.021 to 0.638 mg/mL, 

R2 = 0.999 for thymol; 0.002 to 0.016 mg/mL, R2 = 0.998 for carvacrol). 

4.2.3. Determination of thymol and carvacrol in the chitosan nanoparticles and 

nanocapsules 

About 1 mL of the emulsion of thyme essential oil-loaded chitosan nanoparticles 

synthetized by nanoprecipitation (nanoparticles) and nanoencapsulation (nanocapsules) 

methods were brought to 10 mL with acetonitrile: water (80:20 v/v) and filtered (0.22 μm 

Millipore filter). A volume of 20 μL was injected for analysis by HPLC-DAD. 
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4.2.4. Encapsulation efficiency 

The encapsulation efficiency (EE) of thymol in the nanoparticles and nanocapsules, was 

determined indirectly by the difference between the total amount of thymol used in the 

preparation of the nanoparticles or nanocapsules, and the amount of thymol non-

encapsulated, according to Eq. 1. The amount of thymol non-encapsulated was determined 

by the separation of nanoparticles or nanocapsules from the aqueous medium, in which 2 

mL of the sample were centrifuged (6000g, 10 min) using Vivaspin 6 tubes, with molecular 

weight of 100.000 and 6 mL capacity. A polyethersulfone (PES) membrane with an active 

area of 2.5 cm2 was used. The separated sample was analyzed by HPLC-DAD, taking 0.1 

mL sample which were brought to 0.5 mL with acetonitrile: water (80:20 v/v). 

 

EE (%) = Total amount of thymol - thymol non-encapsulated    x 100               (1)                                

                       Total amount of thymol 

 

4.2.5. Release study of thymol and carvacrol 

Thymol and carvacrol released from the nanoparticles and nanocapsules systems were 

evaluated. Nanoparticles and nanocapsules (10 mL) in dialysis membrane bags (SnakeSkin 

Dialysis Pleated TURBING, 3,500 MWCO, 22 mm x 35-foot diameter with capacity of 3.7 

mL/cm) were placed into 50 mL of water for chromatography (LyChrosolv) at 21°C with 

constant stirring. Aliquots of 100 µL were removed every 30 min. and the initial volume 

(50 mL) was maintained by the addition of water. The release of thymol and carvacrol were 

monitored by HPLC. 
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4.2.6. Release kinetics analysis 

The data were fitted to first-order, Higuchi and Peppas kinetic models, according to Eqs. 2-

4 (Higuchi 1963; Peppas and Sahlin 1989; Pothakamury and Barbosa-Cánovas 1995): 

 

ln𝐶𝐶 =  ln𝐶𝐶𝑜𝑜 − 𝑘𝑘𝑘𝑘                                                                                        (2)                                                         

 

𝑀𝑀𝑡𝑡
𝑀𝑀∞

=  𝑘𝑘𝑘𝑘1 2⁄                                                                                                 (3)                                                           

 

 

𝑀𝑀𝑡𝑡
𝑀𝑀∞

=  𝑘𝑘𝑘𝑘𝑛𝑛                                                                                                    (4) 

     

                                                                                                                                         

For Higuchi (1963) model, in Eq. 2, C is the concentration of active agent (thymol and 

carvacrol) at any time, Co is the initial concentration of active agent (thymol and carvacrol), 

k is the kinetic constant, and t is relase time.  

In the case of Eq. 3 for the Peppas (1989) model, Mt is defined as the quantity of active 

agent (thymol and carvacrol) released at any time t and 𝑀𝑀∞ is the initial loading of the 

active agent (thymol and carvacrol) in the nanoparticles or nanocapsules. 

For Eq. 4 related to the first-order model (Pothakamury and Barbosa-Cánovas 1995), the 

value of n defines diffusion 
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4.2.7. Statistical analysis 
 

Analysis of variance (ANOVA) with a significance level of P <0.05 was used for a 

completely randomized statistical analysis. When significant differences were found, 

Tukey's multiple comparison tests were used with a confidence interval of 95%. The 

SigmaStat 3.5 program was employed for the analysis. 

 

4.3. Result and discussion 

4.3.1. Encapsulation efficiency 

Encapsulation efficiency of thymol and carvacrol in the nanoparticles and nanocapsules 

was calculated using Eq. 1. The results are shown in Table 1. Percentage of encapsulation 

of thymol was 68% and 72% for nanoparticles and nanocapsules, respectively. For 

carvacrol, encapsulation percentage was 80.5% for nanoparticles and 81.4% for 

nanocapsules. Comparing nanoparticles and nanocapsules, there was no significant 

difference between the EE for thymol and carvacrol as reported in other studies related to 

essential oils encapsulation (Wu et al., 2012). Moreover, after adding the essential oil, the 

EE (%) was slightly higher for nanocapsules than for nanoparticles (Table 1).  

Drug loading depends on the type of nanostructures (e.g., nanospheres, nanocapsules, solid 

lipid nanoparticles, dendrimers, polymeric micelles, nanoemulsion) and the preparation 

method (Calvo et al., 1997; Luque-Alcaraz et al., 2012). In general, higher drug loading 

was obtained for nanocapsules compared to nanoparticles formed by nanoprecipitation, as 

the relative mass of the polymer used for capsules was reduced (Judefeind and de Villiers 

2009; Valente et al., 2013). 
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Table 1. Encapsulation efficiency of thymol and carvacrol in nanoparticles and 
nanocapsules   
 
Component Thymol Carvacrol 

Nanoparticles Nanocapsules Nanoparticles Nanocapsules 
Total amount before 
encapsulation (mg) 

5 9.5 0.46 0.59 

Total amount non-
encapsulated (mg) 

1.6 2.7 0.09 0.11 

Encapsulation (%) 
Eq. 1 

68±1.0 72±1.0 80.5±1.3 81.4±1.0 

 
 
4.3.2. Release study 

In Figures 1 and 2, the release profile of thymol and carvacrol from nanoparticles and 

nanocapsules, is observed. For nanoparticles, the maximum release time for thymol was 

360 min. (Fig. 1) while for carvacrol, it was 390 min. (Fig. 2) for 100 % release.  
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Figure 1. Release profiles of thymol from nanoparticles ( o ) and nanocapsules ( ∆ ). 
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Figure 2. Release profiles of carvacrol from nanoparticles ( o ) and nanocapsules ( ∆). 

 

For the nanocapsules, thymol was released after 630 min. (Figure 1) and carvacrol in 540 

min. (Figure 2). Carvacrol has slightly higher solubility than thymol in water (Wu et al. 

2012). 

According to the chemical structure of carvacrol and thymol, the hydroxyl group in 

carvacrol (ortho to a methyl group) is more exposed than the hydroxyl group in thymol 

(ortho to an isopropyl group), because of the relative steric sizes of a methyl group vs. an 

isopropyl group. The more exposed the hydroxyl group, the less hydrophobic the molecule. 

Therefore, when they are in contact with water, thymol is more hydrophobic than carvacrol. 

Consequently, carvacrol is expected to bind (hydrogen bonds) more to water than thymol 

and maybe it will result in more release of carvacrol into water from nanocapsules.  

For essential oil release, it was observed from Figures 1 and 2, that release time of thymol 

and carvacrol was faster for the nanoparticles compared to nanocapsules.  Hence, if more 
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oil was encapsulated for nanocapsules, release time ought to be longer compared to 

nanoparticles. 

On the other hand, drug release rate depends on: drug diffusion through the nanoparticle 

matrix, desorption of the surface bound/adsorbed drug, and nanoparticle matrix 

erosion/degradation. Drug release is also affected by particle size. Smaller particles have 

larger surface areas, therefore, most of the drug associated would be at or near the particle 

surface, leading to fast drug release. Whereas, nanocapsules have large cores which allow 

more drug be encapsulated and slowly diffuse out. In the case of nanospheres or 

nanocapsules, the release is controlled by diffusion of the drug from the core across the 

polymeric membrane. The membrane coating acts as a barrier to release, therefore, the 

solubility and diffusivity of drug in polymer membrane becomes a determining factor in 

drug release (Monhanraj and Chen 2006; Sun et al. 2014). 

In the case of nanocapsules, thyme essential oil can fill the empty inner space of the 

nanocapsules, being more essential oil encapsulated, which subsequently will slowly 

diffuse out.  

4.3.3. Release kinetics analysis 

In order to check the reproducibility of the release kinetics, three analytical models (First-

order, Higuchi and Peppas) were applied. Table 2 shows the kinetic parameters obtained 

from the release curves of thymol and carvacrol, respectively. The release kinetics for 

thymol and carvacrol showed good correlation with all models studied. No statistical 

differences were found between release rate constants. Similar studies of clove essential oil 

loaded-Orabase for treatment or candidiasis (Labib and Aldawsari 2015), and pepper-

rosmarin (Lippia sidoides) essential oil-loaded alginate/cashew gum nanoparticles (de 
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Oliveira et al., 2014) have been reported. However, published results related to chitosan 

and thyme essential oil have not been found.  

 

 Table 2. Kinetic parameters for thymol and carvacrol obtained from nanoparticles and 
nanocapsules release curves 

 
Kinetic parameters 

+ SD (min. -0.5) 

Nanoparticlesa  Nanocapsulesa  

 Thymol Carvacrol Thymol Carvacrol 

Higuchi  5.0 ± 1.6 a 5.9 ± 1.9 a 5.8 ± 1.9 a 6.2 ± 1.5 a 

Peppas  18.8 ± 7.7 a 18.1 ± 7.7 a 17.9 ± 9.4 a 20.0 ± 8.3 a 

First-order  8.5 ± 1.8 a 8.5 ± 1.8 a 8.5 ± 2.3 a 9.0 ± 2.0 a 

aMeans marked with different letters indicate a significant difference between each line 
upon the ANOVA (P < 0.05). 
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4.4. Conclusions 
 
 

No statistical differences were found for the release study fitted to three analytical kinetic 

models. This is the first time that the use of chitosan nanostructures, as delivery systems for 

the release of thyme essential oil as a potential antimicrobial agent is reported. 

Nanoparticles and nanocapsules prepared by nanoprecipitation and nanoencapsulation, 

respectively, show great potential as a novel method for controlled release of thyme 

essential oil, and could be an alternative to solve disadvantage of essential oils volatility. 
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CHAPTER 5. Mode of action of chitosan nanoparticles and thyme essential oil-loaded 

chitosan nanoparticles in Pectobacterium carotovorum 

Abstract 

In the present chapter, the mode of action of chitosan nanoparticles and thyme essential oil-

loaded chitosan nanoparticles in Pectobacterium carotovorum is reported. The cellular 

viability using the colorimetric method MTT (3-4, 5 dimethylthiazol-2-yl-2,5 diphenyl 

tetrazolium bromide), and the morphological and cellular observations by the use of 

transmission electron microscopy (TEM), for different incubation periods (2, 4, 6, 8, 24 and 

48 h), were evaluated. The results demonstrated that incubation time was a key factor for 

the inhibitory effect of chitosan nanoparticles and thyme essential oil chitosan nanoparticles 

on the cell viability of P. carotovorum, with percentages of inhibition of 55% and 80%, 

respectively in comparison to non inhibition (0%) on the untreated bacteria. The TEM 

observations showed bacteria cell surface alterations such as the deformation and 

disappearance of cell walls and plasmatic membranes, with an agglomeration of 

nanoparticles outside and inside the treated cells, and the loss of cell content and cytoplasm 

leakage, causing lysis in P. carotovorum. The cell viability assay and TEM micrographs 

provided evidence of the antimicrobial activity and the mode of action of both treatments.  

However, the damage effect was not as substantial as to cause a complete bactericidal 

effect.  
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5.1. Introduction  

Erwinia carotovora subsp. carotovora, recently classified as Pectobacterium carotovorum, 

is a facultative anaerobic, Gram-negative plant pathogenic bacteria, that belongs to the 

family Enterobacteriaceae, characterized by having straight bacilli of 0.7- 1.5 µm in length 

The main virulent factors of P. carotovorum are pectolytic enzymes (pectate lyase, pectin 

lyase and polygalacturonase) that cause the disease commonly entitled “soft rot” that is 

present in numerous plant families such as Brassicaceae, Solanaceae, Asteraceae and 

Leguminosae, and in many important vegetables such as potato, cabbage, eggplant and 

tomato (Wang et al., 2015). The characteristic symptoms of the disease on tomatoes are 

stem, leaves and fruit decay (Hibar et al., 2007), causing severe economic loss during field 

and storage conditions, that may reach as high as 100%. Strategies for the management of 

this disease, includes the use of chlorine, sodium hypochlorite, copper oxychloride and 

streptomycin (Joe et al., 2015). The use of nanotechnology involving chitosan nanoparticles 

loaded with essential oils, represents an effective method for the in vitro control of various 

pathogens, including P. carotovorum. Sotelo- Boyás et al. (2015) reported that chitosan 

nanoparticles loaded with essential oils, demonstrated significant antibacterial activity 

against this bacterium under in vitro conditions. In this study, the highest zone of inhibition 

(24 mm) was obtained for thyme essential oil-loaded chitosan nanoparticles, followed by 

lime essential oil chitosan nanoparticles with a corresponding inhibition halo value of 15 

mm, and with chitosan nanoparticles with an inhibition halo value of 13 mm. Also, 

Mohammadi et al. (2016) reported a minimum inhibitory concentration of 0.037% against 

this bacterium when treated with chitosan nanoparticles.  

121 

 



The mode of action of chitosan and thyme essential oil have been reported in previous 

studies, where the polycationic structure of chitosan plays a primary role with regard to 

antibacterial activity. The positive charges of the chitosan can bind to bacterial cell 

surfaces, which are negatively charged, disrupting the normal functions of the membrane, 

promoting the leakage of intracellular components and inhibiting the transport of nutrients 

into cells (Kong et al., 2010; Wen et al., 2015). Most of the investigations have focused on 

assays of outer and inner membrane permeability, and the measurement of intracellular 

material leakage, including microscopic techniques, such as the use of scanning electron 

microscopy (SEM), transmission electron microscopy (TEM) and atomic force microscopy 

(AFM) (Sarwar et al., 2014). In the study reported by Raafat et al. (2008) ultrastructural 

changes of Staphylococcus simulans 22 treated with chitosan were analyzed using TEM. 

This compound led to the formation of polymer deposits around the outer cell membrane. 

Vacuolar-like structures underneath the cell wall were also observed, possibly resulting 

from ion and water efflux and decreased internal pressure; however, there was no evidence 

of membrane or cell wall rupture In S. typhimurium and E. coli, chitosan caused extensive 

cell surface alterations and covered the outer membrane with vesicular structures (Helander 

et al., 2001). Similarly, Li et al. (2010) reported that chitosan had the ability to damage the 

cell membrane of E. coli, causing a separation of the cytoplasmic membrane, coagulation of 

the cytosolic components, disruption of the outer membrane structure, formation of pores 

on the cell surface, and release of nucleic acid, while in S. aureus, chitosan caused the 

collapse and disruption of the bacterial membrane. Liu et al. (2004) and Yan et al. (2016) 

observed an irregular and rough cell surface on this bacterium.  
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Related to the mechanism of action of chitosan nanoparticles, Xing et al. (2009) observed 

that when E. coli (ATCC 25992) and S. aureus (ATCC 25923) were exposed to 

nanoparticles, a ghost-like appearance was observed, and the cells seemed transparent and 

looked empty.  Also, there was serious damage on the bacterial walls, and an apparent hole 

at one of the cell poles with a loss of cell content. Studies conducted by Sarwar et al. (2014) 

also indicated the antibacterial potential against E. coli and S. aureus, by evaluating 

different nanoparticles of chitosan of low (LMw) and high (HMw) molecular weight, which 

rendered distinctive modes of antibacterial action. The LMw chitosan nanoparticles 

penetrated the cell wall of the bacteria, inhibiting mRNA synthesis and DNA transcription, 

while HMw chitosan nanoparticles interacted with cell surfaces, altering cell permeability. 

In other studies it was reported that chitosan nanoparticles tested on E. coli caused the 

release of intracellular components, altering the cytoplasmic membrane integrity (Wen et 

al., 2015). Zhang et al. (2016) pointed out that the higher antibacterial activity of chitosan 

nanoparticles against L. innocua, must be due to the smaller particle size, which caused a 

disruption of the outer membrane structure and a leakage of intra-cellular components. 

The mechanism of action for thyme essential oils involves an increase in membrane 

permeability. This is because the hydrophobic compounds of the essential oil can partition 

into the phospholipid bilayer of the bacterial membrane. This partitioning reduces the 

integrity of the membrane, increasing its permeability, and resulting in the leakage of 

intracellular contents (Burt, 2004; Xue et al., 2015). Studies in P. aeruginosa, S. aureus 

(Lambert et al., 2001) E. coli, S. cerevisiae, (Lv et al., 2011) S. typhimurium (Chauhan and 

Kang, 2014) and L. monocytogenes (Mith et al., 2014) included an increase in the 

permeabilization of the cells and a disruption of membrane integrity. Deformation was also 
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observed in B. subtilis, showing rupture and lysis of the membrane (Lv et al., 2011). 

Thymol nanospheres and nanocapsules showed negative effects in E. coli and L. 

monocytogenes respectively, causing a disruption of the outer membrane structure 

(Wattanasatcha et al., 2012; Xue et al., 2015).  

On the other hand, colorimetric assay with methyl-thiazolyl-tetrazolium (MTT), is a 

suitable indicator of mitochondrial function, and it has been used to determine the cell 

viability (the number of living cells) of extracts of Pycnoporus sanguineus on E. amylovora 

and P. carotovorum (Cruz- Muñoz, 2015). Also, Chen et al. (2009) reported a decrease of 

cell viability by 92% and 81% for MMT for carvacrol-grafted chitosan and eugenol-grafted 

chitosan nanoparticles respectively, at a concentration of 0.5 mg mL-1. 

Currently, there are numerous studies regarding the antibacterial effect and possible 

mechanisms of action of chitosan and essential oils on bacteria; however, the results of the 

mode of action of chitosan nanoparticles and thyme essential oil-loaded chitosan 

nanoparticles in Pectobacterium carotovorum, have not been reported in the literature up to 

date. Therefore, the aim of this chapter is to investigate the mode of action of chitosan 

nanoparticles and thyme essential oil-loaded chitosan nanoparticles in the case of P. 

carotovorum, using cellular viability assay and ultrastructure observations. 

5.2. Materials and methods  

5.2.1. Materials  

Tryptone soy broth (TSA) was obtained from Bioxon (Becton Dickinson de México), and 

3-(4,5 dimethylthiazol-2-yl)-2,5diphenyl tetrazolium bromide (MTT), hydrochloric acid, 

isopropanol, uranium acetate and osmium tetroxide were obtained from Sigma-Aldrich (St. 

Louis, M.O., USA). Propylene oxide, glutaraldehyde, reynolds lead citrate and LR white 
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resin, were supplied by Electron Microscopy Science (EMS) (Industry Road, Hatfield, PA. 

USA). 

5.2.2. Cell viability evaluation  

Cell viability was determined using colorimetric method MTT (3-4, 5 dimethylthiazol-2-yl-

2,5 diphenyl tetrazolium bromide), that evaluates cell functionality depending on the 

mitochondrial integrity. This method is commonly used for the assessment of cytotoxicity, 

cell viability and in proliferation studies in cell biology. It is based on the quantification of 

dark-colored formazan, produced by the reduction of the tetrazolium salt (MTT) by 

metabolically active cells. The soluble formazan so formed can be quantified 

spectrophotometrically by the dissolution in an organic solvent, with the concentration 

being directly proportional to the number of metabolically-active cells in the culture (Wang 

et al., 2010; Stockert et al., 2012; Angius and Floris, 2015).  

5.2.2.1. Cell viability assay 

 Pectobacterium carotovorum was grown on TSA at 30°C for 24 h. The bacterial culture 

suspensions were adjusted to 108 CFU mL-1 (Keawchaoon and Yoksan, 2011). Briefly, 

aliquots of 20 µL of this bacterial suspension and 20 µL of the treatments (chitosan 

nanoparticles and thyme essential oil-loaded chitosan nanoparticles), were added to each 

well of the Elisa plates containing 20 µL of TSA. Plates were incubated for 2, 4, 6, 8, 24 

and 48 h at 30°C. In addition, two solutions of MTT were prepared: 1) MTT solution: 5 mg 

ml-1 on phosphate buffer (sterile) or isopropanol.  2) MTT solvent: HCl 4 mM. After the 

corresponding time (2, 4, 6, 8, 24 and 48 h), 20 µL of MTT solution was added to each well 

and incubated for 3.5 h at 30°C. Subsequently, if violet precipitated, 50 µL of MTT solvent 
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were added, and the plates were incubated for another 3 h. Finally, spectrophotometric 

studies were carried out using a Multiskan GO Thermo scientific spectrophotometer, with 

absorbance measured at 595 nm. The percentage of growth inhibition was measured as 

follows: 

(%) Inhibition = OD control- OD sample  

                              OD  control  

The assay was performed in triplicate. 

5.2.3. Morphological and cellular observations 

5.2.3.1. Bacterial growth conditions  

Pectobacterium carotovorum was placed in tubes containing 30 mL of TSA, 1.2 mL of the 

bacterial suspension and 1.2 mL of the treatments (chitosan nanoparticles and thyme 

essential oil-loaded chitosan nanoparticles) were added to each tube and incubated for 2, 4, 

6, 8, 24 and 48 h at 30°C. The tubes were then centrifuged at 3000 rpm for 5 min, to obtain 

3-5 mm of the sample.  

5.2.3.2. Transmission Electron Microscopy (TEM) 

The samples were processed at the National School of Biological Sciences-National 

Polytechnic Institute by Dr. Oliver Edgar López Villegas. The samples were washed with 

phosphate (Sorensens) buffer saline (PBS) to remove the medium. They were then fixed 

with 2·5% glutaraldehyde for 1 h and then washed three times with Sorensen PBS for 5 

mins each. The samples were post-fixed with 1% OsO4 for 1 h and then further washed 

(three times) with Sorensen PBS for 5 min each. Afterwards, they were dehydrated using 
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graded ethanol concentrations from 30-90% to absolute ethanol, for 10 min each, with two 

additional immersions in absolute ethanol, for 10 min each. Then a pre-inclusion with a 

mixture of propylene oxide/resin (2:1, 1:1, 1:3) was performed. Subsequently, the inclusion 

consisted of two changes of 100% pure resin for 2 h minimum each, polymerization in an 

oven at 60°C for at least 24 h, and then ultramicrotome sectioned (Leica EM-UCF Mod.). 

The slices were collected in a 200 mesh copper grid, and finally contrasted with reynolds 

lead citrate and uranium acetate 1% (Góngora-Landeros et al., 2010). The samples were 

analyzed in a JEOL JEM-1010 scanning electron microscope at 60,000 acceleration 

voltage.  

5.2.3.3. Statistical analysis 

Analysis of variance (ANOVA) with a significance level of P <0.05 was applied. Similarly, 

when significant differences were found, a comparison of means was performed using 

Tukey’s multiple comparison tests. The analysis was performed using the SigmaStat 3.5 

program. 

5.3. Results and discussion 

5.3.1. Cell viability evaluation 

The results showed that at the given incubation times (2, 4, 6, 8, 24, 48 h), there was a 

significant (P < 0.05) decline of P. carotovorum cell viability in the case of both treatments 

chitosan nanoparticles and thyme essential oil-loaded chitosan nanoparticles (Figure 1). 

When the bacterium was treated with chitosan nanoparticles, there was approximately 35% 

inhibition after 2h incubation, and by adding thyme essential oil there was 20% inhibition. 

However, in most of the following incubation periods, the inhibitory effect with the thyme 
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essential oil-loaded chitosan nanoparticles surpassed the chitosan nanoparticles’ inhibition 

effect. After 8, 24 and 48 h incubation, there was a notable reduction in the cell viability of 

P. carotovorum, with final corresponding values of 80%, while for chitosan nanoparticles 

the final values were about 55%.   

 

Figure 1. Cell viability by MTT assay, showing percentage inhibition of P. carotovorum 

treated with chitosan nanoparticles and thyme essential oil-loaded chitosan nanoparticles.  

 

The simplicity of the MTT assay have made it widely used. However, this technique is 

applied mainly to evaluate, among others, the viability of lymphoblastic, liposomes, 

mammalian, epithelial and HeLa cells (ScherlieB et al., 2011; Stockert et al., 2012; Angius 

et al., 2015).  It should be noted that the cell viability using this technique has rarely been 

documented in pathogenic bacteria such is in the case of bacterium treated with chitosan 

nanoparticles and essential oils. Cruz-Muñoz (2015) determined the cytotoxicity of 

different concentrations (0.75, 1.5, 3, 5, 7, 8, 10 and 12 mg mL-1) of P. sanguineus pigment 
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extracts in the case of E. amylovora and P. carotovorum. The results showed the highest 

percentage cellular inhibition (24% and 22% respectively) at a concentration of 5 mg mL-1.  

Similarly, according to Chen et al. (2009), the cell viability of E. coli and S. aureus 

decreased to 80% at a concentration of 0.5 mg mL-1, by applying eugenol and carvacrol-

grafted chitosan nanoparticles. In this study, the results demonstrate the inhibitory effect of 

chitosan nanoparticles and thyme essential oil chitosan nanoparticles on the cell viability of 

P. carotovorum. 

5.3.2. Morphological and cellular observations 

To further understand the mode of action of these two treatments with respect to the 

control, it was observed that the ultrastructural changes of P. carotovorum by TEM showed 

that  the incubation time was an important factor for cellular alterations with regard to P. 

carotovorum, treated either with thyme essential oil-loaded chitosan nanoparticles, or with 

chitosan nanoparticles. In general, the addition of essential oils speeded up the cellular 

damage to P. carotovorum.   

The untreated bacterium showed a normal cell wall structure (Figures 2a-f), intact 

plasmatic membrane of a high electron density (the dark region in the electron micrograph) 

and an outer, well-defined and uniform cell wall, containing various organelles within the 

cytoplasm.  

The micrographs of P. carotovorum after 2 h incubation, and treated with chitosan 

nanoparticles, showed an even and uniform cell wall and a plasmatic membrane, with no 

apparent damage. Also, the bacterium exhibited high electron-dense material and the 

presence of organelles (Figures 3a-f). After 4 h incubation, the bacterial morphology was 
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very similar to that associated with the 2 h incubation, showing no apparent damage, 

although micrographs showed an initial distortion in a few bacteria (Figures 4a-d). 

Following 6 h incubation (Figures 5a-g), the treated bacteria showed more severe damage 

in the cell wall, with distorted morphology and, in some cases, internal damage. At 8 h 

incubation, it was observed that the chitosan nanoparticles were covering the whole 

bacterium and, in some cases, there was severe morphological distortion, with the cell 

devoid of cytoplasm and organelles (Figures 6a-f), By 24 h, a similar attachment of 

nanopraticles to the bacterium was observed, with a total leakage of cytoplasm in most 

bacteria (Figures 7a-f), while micrographs following 48 h of incubation showed that P. 

carotovorum was seriously damaged (Figures 8 a-f). Cells were broken and distorted, and 

the cellular content had leaked out, resulting in lysis and death. Likewise, as observed at 8 h 

and 24 h incubation times, the chitosan nanoparticles had completely adhered to the cell 

wall.  

 

 

 

130 

 



 

 

Figures 2a-f. TEM micrographs of non-treated Pectobacterium carotovorum (pc) after 24 h incubation, showing undamaged cell wall 

(cw) and intact plasma membrane (pm). Cytoplasm (cy) restrained within the bacterium cell and well defined organelles (o). 
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Cont. Figures 2a-f. TEM micrographs of non-treated Pectobacterium carotovorum (pc) after 24 h incubation, showing undamaged cell 

wall (cw) and intact plasma membrane (pm). Cytoplasm (cy) restrained within the bacterium cell and well defined organelles (o). 
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Figures 3a-f. TEM  micrographs of treated Pectobacterium carotovorum  (pc) with chitosan nanopraticles after 2 h incubation, 

showing continuous cell wall (cw) and plasma membrane (pm) uniformly surrounding the bacterial cell. Cytoplasm (cy) and organelles 

(o) restrained within the bacterium. Nanoparticles (np) attached at the edge of the bacterium 
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Cont. Figures 3a-f. TEM micrographs of treated Pectobacterium carotovorum  (pc) with chitosan nanopraticles after 2 h incubation, 

showing, continuous cell wall (cw) and plasma membrane (pm) uniformly surrounding the bacterial cell. Cytoplasm (cy) and 

organelles (o) restrained within the bacterium. Nanoparticles (np) attached at the edge of the bacterium. 
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Figures 4a-d. TEM micrographs of treated Pectobacterium carotovorum with chitosan nanoparticles after 4 h incubation, showing in 

most bacteria, a continuous cell wall (cw) and plasma membrane (pm) uniformly surrounding the cell. Cytoplasm (cy) and organelles 

(o) restrained within the bacterium. Some damaged bacteria with broken external organelles (eo). 
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Figures 5a-g. TEM micrographs of treated Pectobacterium carotovorum (pc) with chitosan nanoparticles after 6 h incubation, showing 

initial and severe damage in some bacteria. Cell wall (cw) and plasmatic membrane (pm) uneven. Loss of bacterial integrity. Loss of 

cytoplasm (cy). Nanoparticles (np) covering the bacterium.  
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Cont. Figures 5a-g. TEM micrographs of treated Pectobacterium carotovorum (pc) with chitosan nanopraticles after 6 h incubation, 

showing initial and severe damage in some bacteria. Cell wall (cw) and plasmatic membrane (pm) uneven. Loss of bacterial integrity. 

Loss of cytoplasm (cy). Nanoparticles (np) covering the bacterium.  
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Figures 6a-g. TEM micrographs of treated Pectobacterium carotovorum with chitosan nanopraticles after 8 h incubation, showing 

disappearance of cell wall and plasmatic membrane. Loss of bacteria integrity. Nanoparticles (np) surrounding and attached to the 

bacterium.  
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Cont. Figures 6a-f. TEM micrographs of treated Pectobacterium carotovorum with chitosan nanoparticles after 8 h incubation, 

showing disappearance of cell wall and plasmatic membrane. Loss of bacteria integrity. Nanoparticles (np) surrounding and attached to 

the bacterium.  
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Figures 7a-f. TEM micrographs of treated Pectobacterium carotovorum with chitosan nanoparticles after 24 h incubation, showing 

nanoparticles (np) surrounding bacteria, in some cases total disappearance of cytoplasm and internal organelles. 
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Cont. Figures 7a-f. TEM micrographs of treated Pectobacterium carotovorum with chitosan nanoparticles after 24 h incubation, 

showing nanoparticles (np) surrounding bacteria, in some cases total disappearance of cytoplasm and internal organelles. 
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Figures 8a-f. TEM micrographs of treated Pectobacterium carotovorum (pc) with chitosan nanoparticles after 48 h incubation, 

showing severe cellular damage in most bacteria. Nanoparticles (np) surrounding the bacterium, loss of cell wall, plasmatic membrane 

and internal cellular (ic) material. Distorted morphology.  
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Cont. Figures 8a-f. TEM micrographs of treated Pectobacterium carotovorum (pc) with chitosan nanoparticles after 48 h incubation, 

showing severe cellular damage in most bacteria. Nanoparticles (np) surrounding the bacterium, and loss of cell wall, plasmatic 

membrane and internal cellular (ic) material. Distorted morphology.  
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For samples treated with thyme essential oil-loaded chitosan nanoparticles after 2 h 

incubation (Figures 9a-f), micrographs showed light damage to the external cell wall. After 

4 h and 6 h incubation (Figures 10a-f; 11a-g and 12a-g, respectively), TEM examinations 

showed distorted bacterium, more cellular damage with uneven and broken cell walls, and 

some cytoplasm leakage. With 8 h incubation, images revealed that P. carotovorum cell 

walls and plasmatic membrane were no longer visible, there was a loss of cell content, and 

agglomerated nanoparticles surrounded the cell and, in some cases, were within the 

bacterium. Further total loss of cell content was observed after 24 h incubation (Figures 

13a-f) and, as previously observed, nanoparticles surrounded the bacterium, while after 48 

h, there was severe damage, showing disrupted and empty cells (Figure 14a-f), devoid of 

cytoplasm, and an agglomeration of nanoparticles outside and inside the treated cells. 
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Figures 9a-f. TEM micrographs of treated Pectobacterium carotovorum (pc) with thyme essential oil-loaded chitosan nanoparticles, 

after 2 h incubation, showing initial slight damage on the treated bacterium on cell wall (cw), plasmatic membrane (pm), cytoplasm 

and organelles (o) contained within the cell. 
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Figures 9a-f. TEM micrographs of treated Pectobacterium carotovorum (pc) with thyme essential oil-loaded chitosan nanoparticles, 

after 2 h incubation, showing initial slight damage on the treated bacterium on cell wall (cw), plasmatic membrane (pm), cytoplasm 

and organelles (o) contained within the cell. 
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Figures 10a-f. TEM micrographs of treated Pectobacterium carotovorum (pc) with thyme essential oil-loaded chitosan nanoparticles, 

after 4 h incubation, showing initial damage on cell wall (cw) and plasmatic membrane (pm), distorted and broken organelles, 

occasionally initial leakage of cytoplasm (cy). 
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Cont. Figures 10a-f. TEM micrographs of treated Pectobacterium carotovorum (pc) with thyme essential oil-loaded chitosan 

nanoparticles, after 4 h incubation, showing initial damage on cell wall (cw) and plasmatic membrane (pm), distorted and broken 

organelles, occasionally initial leakage of cytoplasm (cy).  
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Figures 11a-g. TEM micrographs of treated Pectobacterium carotovorum (pc) with thyme essential oil-loaded chitosan nanoparticles, 

after 6 h incubation, showing morphological alterations in bacterial cell wall (cw) and plasmatic membrane (pm). Occasionally cell 

wall distortion and cytoplasm (cy) leakage. Organelles (o) still contained within the cell. 
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Cont. Figures 11a-g. TEM micrographs of treated Pectobacterium carotovorum (pc) with thyme essential oil-loaded chitosan 

nanoparticles, after 6 h incubation, showing morphological alterations in bacterial cell wall (cw) and plasmatic membrane (pm). 

Occasionally cell wall distortion and cytoplasm (cy) leakage. Organelles (o) still contained within the cell. 
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Figures 12a-g. TEM micrographs of treated Pectobacterium carotovorum with thyme essential oil-loaded chitosan nanoparticles, after 

8 h incubation, showing agglomerations of nanoparticles (np) surrounding the bacterium, the cell wall and plasmatic membrane were 

no visible, cytoplasm (cy) leakage.  
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Cont. Figures 12a-g. TEM micrographs of treated Pectobacterium carotovorum with thyme essential oil-loaded chitosan nanoparticles, 

after 8 h incubation, showing agglomerations of nanoparticles (np) surrounding the bacterium, the cell wall and plasmatic membrane 

were no visible, cytoplasm (cy) leakage.  
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Figures 13a-f. TEM micrographs of treated Pectobacterium carotovorum with thyme essential oil-loaded chitosan nanoparticles, after 

24 h incubation, showing nanoparticles (np) surrounding the bacterium, the cell wall and plasmatic membrane were no visible and lack 

of internal cellular content (ic) was obseved. 
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Cont. Figures 13a-f. TEM  micrographs of treated Pectobacterium carotovorum with thyme essential oil-loaded chitosan nanoparticles, 

after 24 h incubation, showing nanoparticles (np) surrounding the bacterium, the cell wall and plasmatic membrane were no visible and 

lack of internal cellular content (ic) was obseved. 
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Figures 14a-f. TEM  micrographs of treated Pectobacterium carotovorum with thyme essential oil-loaded chitosan nanoparticles, after 

48 h incubation, showing nanoparticles (np) surrounding and accumulating internally, distorted and empty cells devoided of cytoplasm. 
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Cont. Figures 14a-f. TEM  micrographs of treated Pectobacterium carotovorum with thyme essential oil-loaded chitosan nanoparticles, 

after 48 h incubation, showing nanoparticles (np) surrounding and accumulating internally, distorted and empty cells devoided of 

cytoplasm. 
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In this study, the experimental data and observed micrographs revealed evidence of the 

antimicrobial activity of chitosan nanoparticles and thyme essential oil-loaded chitosan 

nanoparticles on P. carotovorum, which can be associated with cellular damage. As 

observed by the MTT assay and TEM, the application of these two treatments affects 

mainly the bacterial cell wall and membrane structures, by deforming, disrupting, and 

causing severe cytoplasm leakage, and eventually lysis of the cell. In this study, incubation 

time was a key factor in terms of increasing cellular damage, becoming more drastic with 

the addition of thyme essential oil because, after 48 h, the cellular viability of P. 

carotovorum decreased by 80% compared with 58% with chitosan nanoparticles alone. For 

both treatments, micrographs showed that following a 48 h incubation period, P. 

carotovorum was seriously damaged. The cellular viability did not reach 100%, indicating 

that treatments were not sufficiently strong to have a complete bactericidal effect.  

In this study, TEM observations are in agreement with other studies conducted by Xing et 

al. (2009) who showed that when bacterial suspensions of E. coli and S. aureus were 

exposed to chitosan nanoparticles, after 30 min incubation, the cells seemed to condense, 

with serious loss of the cytoplasmic material, indicating that the nanoparticles were bound 

to the highly negatively charged cell surface polymers of the bacterium,  causing 

deformation due to pore formation, together with breakage of the cell wall, followed by 

membrane disintegration. In other experiments, Wen et al. (2015) reported that cell wall 

damage in E.coli treated with chitosan nanoparticles depends on the incubation time. It was 

observed that after 1.5 h of treatment, there were notable ruptures and pore formation on 

the cell surface. Some cells even lysed and were empty, with a significant release of 

intracellular components. Also, Zhang et al. (2016) make evident that the outer membrane 
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of L. innocua was damaged during exposure to chitosan nanoparticles due the smaller 

particle size, because these particles could more easily permeate the cells, resulting in the 

leakage of intracellular substances and the interruption of the synthesis of cell membranes 

and intracellular protein, thus leading to the death of bacteria strains. 

 

5.4. Conclusions 

In this study, the cellular viability and ultrastructural analysis carried out on P. 

carotovorum by MTT assay and TEM, provided enough evidence that chitosan 

nanoparticles and thyme essential oil-chitosan nanoparticles caused serious damage to the 

structure and permeability of the cell wall and membrane, causing a leakage of intracellular 

components and eventually lysis.  The incubation time was a key factor with regard to the 

increase in cellular damage of P. carotovorum, showing a decrease in cell viability of 80% 

at 48 hours of incubation. However, during the incubation time, the damage was not 

enough to have a complete bactericidal effect. 

 

 

 

 

 

 

 

158 

 



5.5. References  

Angius, F. and A. Floris (2015).  Liposomes and MTT cell viability assay: An incompatible 
affair. Toxicology in Vitro 29:314-319. 
 
Burt, B (2004). Essential oils: their antibacterial properties and potential applications in 

foods. Review. International Journal of Food Microbiology 94:223-253. 
 
Cruz- Muñoz, R. (2015). Caracterización de los pigmentos de Pycnoporus sanguineus y su 

citotoxidad sobre hongos y bacterias fitopatógenas. Tesis de doctorado. Unidad 
Profesional Interdisciplinaria de Biotecnología.IPN.  

 
Chauhan, A. and S. Kang (2014). Thymol disrupts the membrane integrity of Salmonella 

ser. typhimurium in vitro and recovers infected macrophages from oxidative stress in an 
ex vivo model. Research in Microbiology 7:559-565. 

 
Chen, F., Z. Shi, K.G Neoh and E.T. Kang (2009).  Antioxidant and antibacterial activities 

of eugenol and carvacrol-grafted chitosan nanoparticles. Biotechnology and 
Bioengineering 104:30-39. 

 
Góngora-Landeros, E., E. Uría-Galicia., F. Martínez-Jerónimo and E. López-Villegas 

(2010) Descripción Histológica de la Cámara Incubatriz de Moina hutchinsoni (Brem, 
1937). International Journal of Morphology 28:1025-1030. 

 
Helander, I. M., E. L. Nurmiaho-Lassila, R. Ahvenainen, J. Rhoades and S. Roller (2001). 

Chitosan disrupts the barrier properties of the outer membrane of Gram-negative 
bacteria. International Journal of Food Microbiology 71:235-244. 

 
Hibar, K., M. Daami-Remadi and M. Mahjoub (2007). First report of Pectobacterium 

carotovorum subsp. carotovorum on tomato plants in Tunisia. Tunisian Journal of Plant 
Protection 2:1-5. 

 
Joe, M.M., A. Benson, V.S. Saravanan and T. Sa (2015). In vitro antibacterial activity of 

nanoemulsion formulation on biofilm, AHL production, hydrolytic enzyme activity, and 
pathogenicity of Pectobacterium carotovorum sub sp. Carotovorum. Physiological and 
Molecular Plant Pathology 91:46-55. 

 

159 

 



Keawchaoon, L. and R. Yoksan (2011). Preparation, characterization and in vitro release 

study of carvacrol-loaded chitosan nanoparticles. Colloids and Surfaces B: Biointerfaces 

84:163-171. 
 
Kong M., X. Chen, K. Xing and H. Park (2010). Antimicrobial properties of chitosan and 

mode of action: A state of the art review. International Journal of Food Microbiology 
144:51-63. 

 
Lambert, R. J., P.N. Skandamis, P. J. Coote and G.J. Nychas (2001). A study of the 

minimum inhibitory concentration and mode of action of oregano essential oil, thymol 
and carvacrol. Journal of Applied microbiology 91:453-462. 

 
Lee, D. and J. Je (2013). Gallic acid-grafted-chitosan inhibits foodborne pathogens by a 

membrane damage mechanism. Journal of Agricultural Food Chemistry 61:6574-6579. 
 
Li, X.F., X.Q. Feng, S. Yang, G.Q, Fu, T.P. Wang and Z.X. Su (2010). Chitosan kills 

Escherichia coli through damage to be of cell membrane mechanism. Carbohydrate 
Polymers 79:493-499. 

 
Liu, H., Y. Du, X. Wang and L. Sun (2004). Chitosan kills bacteria through cell membrane 

damage. International Journal of Food Microbiology 95:147-155. 
 
Lv,  F., H. Liang, Q. Yuan and C. Li (2011). In vitro antimicrobial effects and mechanism 

of action of selected plant essential oil combinations against four food-related 
microorganisms Food Research International 44:3057-3064. 

 
Mith, H., R. Duré, V. Delcenserie, A. Zhiri, G. Daube and A. Clinquart (2014). 

Antimicrobial activities of commercial essential oils and their components against food-
borne pathogens and food spoilage bacteria. Food Science and Nutrition 2:403-416. 

 
Raafat, D., K. Bargen, A. Haas and H. Sahl (2008). Insights into the mode of action of 

chitosan as an antibacterial compound. Applied and Environmental Microbiology 12: 
3764-3773. 

 
Sarwar, A., H. Katas and N. Zin (2014). Antibacterial effects of chitosan-tripolyphosphate 

nanoparticles: impact of particle size molecular weight. Journal Nanoparticles Research 
16:2517. 

 

160 

 



Schelegueda, L., L. Aldana, M. Gliemmo and C. Campos (2016). Inhibitory effect and cell 
damage on bacterial flora of fish caused by chitosan, nisin and sodium lactate. 
International Journal of Biological Macromolecules 83:396-402. 

 
Stockert, J., A. Blázquez-Castro, M. Canetea, R.W. Horobin and A. Villanueva (2012). 

MTT assay for cell viability: Intracellular localization of the formazan product is in lipid 
droplets.  Acta Histochemica 114:785-796. 

 
Sotelo-Boyás, M. E.,  G. Valverde-Aguilar,  M. Plascencia-Jatomea, Z.N. Correa-Pacheco, 

A. Jiménez-Aparicio, J. Solorza-Feria, L. Barrera-Necha and S. Bautista-Baños (2015). 
Characterization of chitosan nanoparticles added with essential oils. In vitro effect on 
Pectobacterium carotovorum. Revista Mexicana de Ingeniería Química 3:589-599. 

 
Scherließ, R. (2011). The MTT assay as tool to evaluate and compare excipient toxicity in 

vitro on respiratory epithelial cells. International Journal of Pharmaceutics 411: 98-105. 
 
Wang, H., H. Cheng, F. Wang, D. Wei and X. Wang (2010). An improved 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) reduction assay for 
evaluating the viability of  Escherichia coli cells. Journal of Microbiological Methods 
82:330-333. 

 
Wang, C., D. Zhi-Luo, X. Zhi-Ming,  C. Xin-Yi,  C. Ji-Wei,  K. De-Xin, L. Bao-Ju, H. 

Zhang and C. Ling-Ling (2015). Construction of a genome-scale metabolic network of 
the plant pathogen  Pectobacterium carotovorum provides new strategies for bactericide 

   Discovery.  FEBS Letters 589:285-294.  
 
Wen, Y., F. Yao, F. Sun,  Z. Tan, L. Tian, L. Xie and Q. Song (2015). Antibacterial action 

mode of quaternized carboxymethyl chitosan/poly (amidoamine) dendrimer core–shell 
nanoparticles against Escherichia coli correlated with molecular chain conformation. 
Materials Science and Engineering C 48:220-227. 

 
Wattanasatcha, A., S. Rengpipat and S. Wanichwecharungruang (2012). Thymol 

nanospheres as an effective anti-bacterial agent. International Journal of Pharmaceutics 
434:360-365. 

 
Xing, K., X. Chen, M. Kong, C. Liu, D. Cha and H. Park (2009). Effect of oleoyl-chitosan 

nanoparticles as a novel antibacterial dispersion system on viability, membrane 
permeability and cell morphology of Escherichia coli and Staphylococcus aureus 
Carbohydrate Polymers 76:17-22. 

 
161 

 



Xue, J., P.M. Davidson and Q. Zhong (2015). Antimicrobial activity of thyme oil co-
nanoemulsified with sodium caseinate and lecithin. International Journal of Food 
Microbiology 210:1-8. 

 
Yan, F., Q. Dang, C. Liu, J. Yan, T. Wang, B. Fan, D. Cha, X. Li, S. Liang and Z. Zhang 

(2016). 3, 6-O-[N-(2-Aminoethyl)-acetamide-yl]-chitosan exerts antibacterial activity by 
a membrane damage mechanism. Carbohydrate Polymers 149:102-111. 

 
Zhang, H., J. Jung and Y. Zhao (2016). Preparation, characterization and evaluation of 

antibacterial activity of catechins and catechins-Zn complex loaded-chitosan nanoparticles 
of different particle sizes. Carbohydrate Polymers 137:82-91. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

162 

 



General discussion 

Nanotechnology has an important role to play in the control of pathogenic microorganisms. 

Its application has involved combinations with various metals such as silver, zinc, gold, 

titanium, palladium, copper, among others. However, other naturally existing 

environmental products such as chitosan and plant derivatives, including extracts and 

essential oils, should be incorporated into this technology in order to evaluate its efficiency 

on the control of foodborne and plant pathogenic bacteria. 

To date, there is a limited amount of scientific information about the biological activity of 

chitosan nanoparticles and essential oils-loaded chitosan nanoparticles against pathogenic  

microorganisms affecting plants and food; therefore, it was necessary to investigate the 

characteristics, release kinetics and mechanisms of action of the chitosan nanoparticles 

alone and in combination with essential oils with recognized antibacterial potential i.e. 

lime/thyme essential oils, on the pathogenic microorganisms affecting foods. 

In this doctoral research, the synthesis of nanoparticles by different methods including ionic 

gelation, nanoprecipitation, reverse micelle microemulsion and nanoencapsulation was 

carried out as presented in Chapter 2. The characterization by different instrumental 

techniques (FTIR, SEM, DLS, ZP) indicate a successful loading of essential oils into 

chitosan particles and, depending on the method employed, variation on ZP and particle 

size. It has been reported that the particle size and ZP influences antibacterial activity. Also, 

as presented in Chapter 3, the in vitro effect was evaluated with regard to six foodborne and 

two plant pathogenic bacteria. The two parameters, MIC and MIV, were employed to 

evaluate the antibacterial efficacy of chitosan nanoparticles, thyme essential oil-loaded 
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chitosan nanoparticles and lime essential oil-loaded chitosan nanoparticles. The in vitro 

evaluation showed that nanoparticles synthesized by different methods were effective 

against the eight bacteria studied. The highest value of MIV was 40 μL with an IH of 4.3 

cm for S. aureus. The literature reports that Gram-negative bacteria are more resistant to the 

active compound present in essential oils. This is probably due to structural differences in 

the outer membrane of Gram-negative bacteria compared with the Gram-positive bacteria 

(Keawchaoon and Yoksan 2011; Zhang et al., 2016). However, in this study, there were no 

differences between the two types of bacteria. It seems that the main effect observed was 

more closely associated with particle size and Z potential than with the type of bacteria.  

Nanoparticles synthesized by the nanoprecipitation method were more effective in 

controlling bacteria than those synthesized using the other methods due to their smaller 

particle size and positive zeta potential. Small particles penetrated the plasmatic membrane 

more easily, and the positive charges of chitosan interacted with the negative charges of the 

membrane, causing loss of intracellular material with subsequent death of the bacteria. This 

effect could be confirmed with studies on the mechanisms of action by cell viability and 

TEM (Chapter 5).  

The encapsulation efficiency (EE) of thyme essential oils into chitosan nanoparticles and 

nanocapsules was 68% to 81% respectively. In addition, based on our results, it was also 

observed that the EE of thyme essential oil in chitosan nanoparticles, increased with the 

increase in initial essential oils concentration, in agreement with the results of Hosseini et 

al. (2013) and Esmaeili et al. (2015) who reported that the loading of essential oils into 

chitosan nanoparticles increased as a function of the initial essential oil concentration. On 

the other hand, the form of release of these bioactive compounds influenced the control of 
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pathogenic microorganisms, according to the results shown in Chapter 4. The bioactive 

compound from the nanocapsules, prepared by the nanoencapsulation method, was released 

more slowly than the nanoparticles synthesized by the nanoprecipitation method, which 

eventually favored a higher control of the tested pathogenic microorganisms for an 

extended period of time. In the case of nanocapsules, the drug was encapsulated inside the 

core, which allowed the thyme essential oil to diffuse out gradually, compared to 

nanoparticles that were without a core, who experimented a faster release. 

Overall, the encapsulation methods (ionic gelation, nanoprecipitation, reverse micelle 

microemulsion and nanoencapsulation) were effective in terms of avoiding the rapid 

volatilitization of the lime and thyme essential oil. 

The results from this work revealed that chitosan nanoparticles and thyme essential oil-

loaded chitosan nanoparticles destroyed the cell wall and plasmatic membrane of P. 

carotovorum. It is has been reported that the bacterial cell wall provides a permeability 

block to the access of small ions such as K+, Na+ and H+, which are crucial with regard to 

maintaining the normal metabolism. The maintenance of ion homeostasis is of great 

importance in terms of maintaining the chemical compositions of its membrane. Therefore, 

a minor variation in membrane permeability can affect cell metabolism, resulting in a 

leakage of cell content and finally cell lysis (Diao et al., 2014; Sharma et al., 2013; Zhang 

et al., 2016). In this study, thyme essential oil-loaded chitosan nanoparticles showed the 

highest antibacterial activity for most of the bacteria tested, and showed a high level of 

inhibition in cell viability on P. carotovorum, where the incubation time was directly 

proportional to the cell viability for both treatments (Chapter 5). These observations could 
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be associated with the encapsulation efficiency (EE) and the controlled release of thyme 

essential oil, whose main components are carvacrol and thymol which, displayed favorable 

bacteriostatic and bactericidal properties as mentioned in Chapter 4. 

This study has provided enough scientific evidence to support the view that chitosan 

nanoparticles, and lime/thyme essential oil-chitosan nanoparticles, may be an alternative for 

the control of various pathogenic microorganisms in agricultural food. This research has 

focused on in vitro studies. The overall results, are sufficiently encouraging to further 

consider the possible application, by evaluating its efficiency directly, with regard to 

different agricultural and horticultural commodities affected by the microorganisms studied 

in this research.  

 

 

 

 

 

 

 

 

 

 

 

 

 

166 

 



 

167 

 



 

168 

 



 

 

169 

 



 

 

170 

 



 

 

 

171 

 



 

172 

 


	Abstract
	1.6. Biological activity of synthesized nanoparticles combined with botanicals on the development of pathogenic bacteria
	The plants produce secondary metabolites that meet specific functions such as fungicide and pesticide. Currently, they are also used for the synthesis, manufacture and stabilization of nanoparticles (Table 2). In this regard, Mubarak et al. (2011) use...
	Table 1. Application of nanomaterials in controlling foodborne bacteria
	Foladori, G. (2009).  La gobernanza de las nanotecnologías. Sociológica 24:125-153.
	Zhang, M., Y. Zhao, L. Yan, R. Peltier, W. Hui, X. Yao, Y. Cui, X. Chen and H. Sun   (2016). Interfacial engineering of bimetallic Ag/Pt nanoparticles on reduced graphene oxide matrix for enhanced antimicrobial activity. ACS Applied Materials & Interf...

