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ABSTRACT 

 

This research aimed to investigate the inactivation of foodborne pathogens with essential 

oil containing nanoparticles. Foodborne microbial pathogens continue to impose significant 

public health and financial burden in the U.S. despite the advent of numerous food processing 

technologies and food safety oversight systems designed to prevent pathogen transmission to 

consumers.  

Antimicrobial nanoparticles (NPs) were synthesized with geraniol essential oil component 

using the triblock copolymer Pluronic® F-127. Physico-chemical properties and antimicrobial 

effects were tested. Different sizes of NPs from 26 to 412 nm were obtained by adjusting 

concentrations of Pluronic® F-127 and geraniol. NPs displayed sustained release with a time 

constant of 24 hr. NPs showed better stability at neutral pH and room temperature compared to 

their stability at acidic and alkaline pH conditions (pH 4.0, 10.0) and decreased and elevated 

temperatures (4, 37, 50 °C). Antimicrobial NPs inhibited S. Typhimurium and E. coli O157:H7 

growth at 0.4 and 0.2 wt.%, respectively. Nanoencapsulation of geraniol enhanced antimicrobial 

activity of geraniol by lowering the required amount of essential oil component (EOC) for 

inhibition through improved transport of EOC to pathogen membranes. 

The interactions between Salmonella Typhimurium, Escherichia coli O157:H7, Listeria 

innocua, and Staphylococcus aureus and geraniol-loaded polymeric nanoparticles/non-

encapsulated geraniol were investigated to gain new insight into their mechanisms of action 

against bacteria cells. Bacteria cells were treated with different concentrations of geraniol-loaded 

polymeric nanoparticles and non-encapsulated geraniol. Zeta () potential of bacteria cells 

increased from negative towards less negative in an antimicrobial concentration-dependent 
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increase due to adsorption of cationic amine groups onto the negatively charged surface lipids. 

After the bacteria cells were treated with antimicrobial, cell membrane was disrupted and caused 

the death of the cells. Non-encapsulated geraniol also caused the aggregation of the cells and 

increased mean size value. Nanoencapsulation of geraniol enhanced its interaction with bacteria 

cells and increased its adsorption into internal compartments of the cells resulting breaking of the 

cells. Size measurements for NP-treated cells also showed that the size of the cells was smaller 

than untreated cells.  

Based on the present work it has been reported that 1) the use of antimicrobial 

nanoparticles can significantly increase the efficiency of encapsulated essential oil components 

by penetrating cell membrane, 2) encapsulated geraniol shows significantly better efficacy against 

pathogenic bacteria than non-encapsulated geraniol, 3) greater alteration on the surface charges 

of the cells were measured for the NP-treatment having stronger antimicrobial properties than 

free geraniol-treatment, 4) mean size value decreased for NP-treated bacteria cells due to break 

down of the cells while mean size value increased for non-encapsulated geraniol-treated cells due 

to aggregation of the cells.  

Overall, results of this research will be utilized to provide helpful information to the food 

industry for a better understanding of inactivating bacterial food pathogens with nanoparticles.  
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1. ESSENTIAL OILS AS ANTIMICROBIALS 

 

1.1. Introduction  

Foodborne microbial pathogens continue to impose significant public health and financial 

burden in the U.S. despite the advent of numerous food processing technologies and food safety 

oversight systems designed to prevent pathogen transmission to consumers. According to the U.S. 

Centers for Disease Control and Prevention (CDC; Atlanta, GA), approximately 48 million 

incident cases of human foodborne disease occur annually, resulting in an estimated cost to the 

U.S. economy of 77.7 billion USD.1–3 Bacterial pathogens such as Salmonella enterica and the 

Shiga toxin-producing Escherichia coli (STEC), including E. coli O157:H7, have been transmitted 

to consumers by a variety of food vehicles, including fresh and minimally processed produce, dairy 

products, meat and poultry.4 

1.2. Essential Oils 

Demand for healthy foods by consumers has been an increasing trend and influenced food 

ingredients. Therefore, there has been a huge search for alternative food preservation methods. 

Natural antimicrobials can be obtained from many different natural sources such as 

microorganism, animals, and plants.5 These antimicrobial compounds can extend the shelf life of 

food products by killing or inhibiting microorganisms. Essential oils and herbs are also known as 

natural antimicrobials and show wide range of antimicrobial properties. Herbs and spices have 

been used in food product to add flavor and their antimicrobial effect is well known.6  Essential 

oils can be derived from different parts of plants. Most of the antimicrobial active components of 

essential oils are produced by plants as a result of defense mechanism.7 Their active compounds 

may show antimicrobial effect against different microorganisms such as molds, yeast, and bacteria. 

Essential oils can be obtained different parts of the plants, for ex: fruits, seeds, bulbs, and leaves.6 
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Parts containing higher concentration of essential oils can show more antimicrobial effect. There 

are many different types of phytophenols in plants, for example, sesamol in sesame oil, eugenol in 

cloves, vanillin in vanilla, thymol in thyme, and cinnamic acid and eugenol cinnamon.8 Essential 

oils obtained from basil and marjoram can show antimicrobial activity against Salmonella, E. coli, 

and Bacillus cereus.9 Cinnamon essential oil can show antimicrobial activity against L. 

monocytogenes, S. Enteritidis, and Campylobacter jejuni.10 Flavonoids show antimicrobial activity 

by penetrating on membranes.8 Flavonoids are antimicrobial to some of bacteria such as 

Staphylococcus aureus and Pseudomonas spp.11 They are show antimicrobial activity against fungi 

such as Penicillium spp. and Aspergillus spp.12 Saponins show an antimicrobial effect by 

interacting with fatty acids and sterols on membranes of microorganisms.8 They also show 

antibacterial activity against S. aureus13 and antifungal activity against Aspergillus spp.14 

1.3. Geraniol 

Geraniol (3,7-Dimethyl-2,6-octadien-1-ol) is one of the aromatic constituents of essential 

oils. Since it is natural compound it can be a desirable alternative of synthetic antimicrobial 

materials in food industry. Compounds obtained from Rosa damascene such as citronellol, 

geraniol, and nerol show better antimicrobial effect individually than in a combination of all these 

compounds.15 Some of the studies have shown antimicrobial and antifungal activity of geraniol 

(Figure 1).16 However, its low solubility in water and high volatility are limiting factors for its 

formulation and use in food products. Antimicrobial effectiveness of sixty-six types of essential 

oils were evaluated by Si et al.17 Their research showed that geraniol exhibited ≥80% inhibition 

towards S. Typhimurium and Escherichia coli O157:H7 with 500 μg/ml concentration. Geraniol 

in gas displayed antimicrobial activity against bacterial pathogens, including, Streptococcus 

pneumoniae, S. aureus, Streptococcus pyogenes, and Haemophilus influenzae.18 The rose oil 
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component geraniol (trans-3,7-Dimethyl-2,6-octadien-1-ol) has been previously reported to exert 

growth-inhibiting activity against various foodborne bacterial and fungal microbes.16,19 Kim et 

al.20 reported minimum inhibitory concentrations (MICs) and minimum bactericidal 

concentrations (MBCs) of the compound in 1% Tween 20 against E. coli O157:H7, L. 

monocytogenes, S. Typhimurium, and Vibrio vulnificus ranged between 500 and 1,000 g/ml. 

Friedman et al.21 reported bactericidal activity of geraniol against Salmonella and E. coli O157:H7 

was observed rapidly at 21C, achieving 50% lethality of inoculated E. coli O157:H7 and 

Salmonella cells at levels of 0.089 and 0.031%, respectively, in clarified apple juice. An MIC for 

geraniol of 0.05% against E. coli O157:H7 grown in medium adjusted to pH 4.5 was reported, 

though researchers observed that at pH 7.2 the MIC of geraniol against the pathogen was >0.1%.22 

 

 

 

 

Figure 1: Chemical structure of geraniol.16 

 
 
 

1.4. The Mechanism of Essential Oils as Natural Antimicrobials 

Various mechanisms of bacterial inhibition have been proposed for the antimicrobial 

activities of essential oils and essential oil components. At first, the destruction of the bacterial 

cytoplasmic membrane was accepted as a mechanism of inactivation. However, different 

mechanisms of inhibition of bacterial cells have been proposed. Possible mechanisms of action of 

essential oil compounds include disruption of cytoplasmic membrane, leakage of cell contents, 

cell wall degradation, pH disturbance, destabilization of proton motive force, coagulation of cell 
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contents, damage to membrane proteins.23–25 The mechanisms of action of essential oils and their 

components are not very well understood. However, cytoplasmic membrane disruption is a 

commonly accepted mechanism.26 Hydrophobic properties of essential oils enable interactions of 

essential oils to the lipid bilayer of cell membranes and increase their antimicrobial efficiency.27 

Figure 2 shows the site of action in the bacterial cell.23 Cytoplasmic membrane has an important 

role at the in and out of the substances and maintaining well-being of cells.28 Damage on the lipid 

bilayer of cytoplasmic membrane causes increased permeability to the surrounding environment 

and leakage of cell inside materials.29 Leakage of intracellular content would consume proton 

motive force and decreases in ATP synthesis.  

 

 

 

 

Figure 2: Site of action for essential oils in the bacterial cell.23 (Reproduced with permission from Burt, S. Essential 

oils: their antibacterial properties and potential applications in foods-a review. Int. J. Food Microbiol 94, 223–253 

(2004)). 
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1.5. Benefits of Nanoscale Drug Delivery 

Drug delivery is method of releasing bioactive agents at a target site at a desired rate. There 

are various advantages of nanoparticles30 such as protecting the bioactive compounds from 

degradation31, increasing the solubility of the drug in aqueous environment32, improving the 

bioavailability of the drug33, making drugs easier to penetrate cells.34  

1.6. Nanoencapsulation for Controlled Release Applications 

Antimicrobial preservatives are used for the microbial growth inhibition. Natural 

antimicrobials have received a significant attention of consumers due to their increasing food 

safety awareness.35 Biological activity of active compounds may decrease when added into a food 

system.36 Therefore, it is essential to use the antimicrobial compounds at the concentrations which 

are enough to inhibit bacterial growth without altering the quality attributes of the food products.35  

The application of essential oils as antimicrobials in foods can be challenging task due to 

different reasons. Bacteria are generally suspended in aqueous portions of food matrices. Essential 

oils are hydrophobic. Therefore, their hydrophobicity requires the higher concentrations of 

essential oils to inhibit foodborne pathogens since their low water solubility significantly limits 

their effectively contact with bacterial pathogen cells.37 When bacterial cells and hydrophobic 

antimicrobials contact, antimicrobial compounds inhibits bacteria cells by partition into the 

bacterial cell membrane.23,38 Besides low solubility of essential oils, their low flavor threshold also 

limits their use since their effective antimicrobial concentrations negatively affects sensory 

attributes.39 Encapsulation of essential oils can increase their solubility in aqueous environment 

and decrease negative sensory impacts. A wide range of materials such as lipids, proteins, 

polysaccharides, and synthetic polymers can be used for encapsulation.40 Nanoencapsulation of 

compounds can be an efficient way to improve the stability of active compounds and decrease 
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their interactions with other food additives. Encapsulation of antimicrobial compounds can help 

the distribution of these compounds in food matrices where bacteria locate.35 Nanoencapsulation 

of essential oils can be a solution for improving their dispersion in water and increasing their 

stability by protecting them from degradation.41 Application of nanotechnology has brought 

solutions in food industry such as stability, solubility, and improved bioavailability.42  

Nanoencapsulation can bring solutions to many problems in food processing. 

Nanoencapsulation involves wall material to encapsulate substances. Wall material serves as a 

barrier between encapsulated substances and environment factors. It protects inside material from 

negative environmental factorssuch as light, pH and oxygen. Nanoencapsulation also protects 

againstoxidative degradation and photo degradation.43 In addition, it can increase antimicrobial 

effectiveness of essential oils by increasing the interaction between essential oils and target 

microorganisms.  

 In recent years a great deal of research has been completed detailing the efficacy of plant-

derived essential oil components (EOC) (e.g., thymol, carvacrol, allicin, geraniol, limonene, etc.) 

to inhibit the growth of foodborne bacterial pathogens.44 Nevertheless, their utility in foods may 

be limited by their impact on organoleptic properties of the food at levels sufficient to inhibit 

microbial growth or by low solubility in the aqueous phase of various foods.23,35 One functional 

solution to these limitations is that of encapsulation within food-grade encapsulating materials 

(e.g., lipid, polymers).45,46 Gaysinsky et al.47,48 reported entrapment of eugenol and carvacrol 

within surfactant micelles resulted in decreased growth in a liquid medium over 24 hr at pH 7.0 of 

E. coli O157:H7 and Listeria monocytogenes when compared to non-encapsulated EOCs. Gomes 

et al.49,50, likewise, reported inhibition of bacterial pathogens on spinach surfaces treated with -
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cyclodextrin-entrapped cinnamon and clove oils, reporting reduced minimum inhibitory 

concentrations (MIC) of encapsulated antimicrobial oils versus non-encapsulated EOC. 

1.7. Pluronic® F-127 

Poloxamers are also known with their trademark Pluronics® (BASF). They show 

amphiphilic properties due to their hydrophilic poly (ethylene oxide) (PEO) blocks and 

hydrophobic poly (propylene oxide) (PPO) block. Traditional surfactants are low molecular weight 

while block copolymers are long chain monomers. Chemically dissimilar properties (non-polar 

and polar) of monomers makes block copolymers amphiphilic. Poloxamers displays an amphiphilic 

property in aqueous environment due the solubility of PEO and insolubility of PPO in water. Polymeric 

nanoparticles can enhance solubility and bioavailability of hydrophobic compounds.51Pluronics 

are amphiphilic triblock copolymers. They can form micelles by self-assembly in an oil-in-water 

emulsion and the use of Pluronic® F-127 as a pharmaceutical additive has been approved by Food 

and Drug Administration.52 Pluronic® F-127 was selected because it is inexpensive, non-toxic, 

bears high biocompatibility, and has been repeatedly utilized in drug delivery systems.53–56  

Dorn et. al. proposed the formation of micellar block copolymer drug complexes first time.57 

Hydrophobic drugs accumulate inside of the PPO core when hydrophobic drugs are mixed with 

Pluronic. In addition, hydrated PEO coronas can prevent the removal of hydrophobic drug from 

the cores. Therefore, Pluronic can increase solubility of hydrophobic drugs and enhance their 

bioavailability.58   
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2. SURFACE CHARGE INTERACTIONS 

 
2.1. Definition 

Zeta potential is defined as a physical measurement of electric potential of particles’ shear 

plane.59 It can also be defined as the potential difference phase boundaries between liquids and 

solids. Electrical charge of the particles can be measured after they are suspended in a liquid 

medium. Unit for zeta potential measurement is in millivolts (mV). Schematic representation of 

zeta potential is shown in Figure 3.  

 

 

 

 

Figure 3: Schematic representation of zeta potential: ionic concentration and potential differences as a function of 

distance from the charged surface of a particle suspended in a medium.60 (Reproduced with permission from Liese, 

A. & Hilterhaus, L. Evaluation of immobilized enzymes for industrial applications. Chem. Soc. Rev. 42, 6236–6249 

(2013)) 
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Zeta potential plays a significant role in suspension stability. If particles in a suspension 

repel each other with their high enough (+) or (-) zeta potentials, particles will not precipitate. 

However, if the particles do not repel each other in other words if the repulsion forces are not more 

than van der Waals forces, particles will precipitate (Figure 4).  

 

 

 

 

Figure 4: Evaluation of dispersion stability by zeta potential/particle size.60 

 
 
 

The measurement of zeta potential can provide information about the degree of interactions 

between particles in a colloid system and the stability of a system. Zero zeta potential value and 

near neutral zeta potential values show an unstable system. Particles will not be stable and will 

aggregate. However, zeta potential values less than -30mV and more than +30mV (strongly 

negative or positive zeta potentials) indicate a stable system since particles will be stable and will 

repel each other.61 Zeta potential values can also be used to determine the zeta potential values 

because zeta potential of a particle strongly depends on its surface charge. Zeta potential values 

will be less than surface charge values due to the ions in the double electrical layers.61 

Electrophoretic mobility of a particle is measured to determine zeta potential values. The data can 

be correlated to zeta potential values. Henry equation can be used:62 
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𝑈(𝐸) =
2 𝑥 𝜀 𝑥 𝑍 𝑥 𝑓(𝜅𝑎)

3𝜂
        Equation 1 

Electrophoretic mobility (U(E)) can be affected by various factors such as zeta potential 

(Z) of a particle, viscosity (ŋ) of the medium, and dielectric constant (ε) of the medium.61 The 

Henry function f (κa) in the equation can be defined as a ratio between thickness of electrical 

double layer and particle radius.  

Zeta potential values may be affected by pH of a solution. For example, zeta potential value 

of a particle in an acid medium has a more positive zeta potential while zeta potential value of a 

particle in an alkaline medium has a more negative zeta potential.61 

2.2. Bacterial surface charge (zeta potential) 

Cell surface charge has been described by the zeta potential. Zeta potential is defined as 

the electrical potential of the region in between surface of the cell and aqueous region. The bilayer 

supports the membrane structure.63 Hydrophilic headgroups of membrane modified lipds are 

located toward aqueous environment while hydrophobic tails are located on the inside of the 

membrane. Bilayer has a significant role in the bacteria cell surface charge. Outer membranes of 

all bacterial cells consist of amino, carboxyl, and phosphoric groups. Those groups can be ionized 

and join the cell surface net charge. Polysaccharides on the cell wall and cell membrane 

components (exp: phospholipids, peptidoglycans) makes microorganisms negative charged. In 

addition, degree of the surface charge can be obtained depending on electrostatic mobility of cell.  

Surface charge of most of the bacteria is negative and their negative surface charges are 

balanced by opposite charged ions present in the surrounding environment.64 Bacteria cell 

membranes are negatively charged or have negative zeta potential due to their cell wall 

components for exp: carboxylate groups, phosphates, and proteins.65 Zeta potential plays an 

important role in the maintenance of the cellular functions and gives a crucial information related 
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to cell surface.66,67 Electrostatic interactions can affect the interactions between bacterial cell 

surface and agents. Those interactions may cause changes on zeta potential. As a result of the 

interactions, cell surface permeability may be changed and result to death of bacteria cell. 

Measurement of zeta potential is beneficial since it can indicate the changes on the 

components of bacteria cell wall. It can be estimated by measuring velocity of bacteria cells in an 

electric field. The velocity of the bacteria cells can be measured by determining the frequency of 

laser light scattering. Velocity depends on different factors such as pH of the medium, temperature, 

ionic strength, and surface charge.68 Movement direction depends on the charge of bacteria cells 

or particles. While negative charged particles move towards positive electrode, positive charged 

particles move towards negative electrode.  

Zeta potential can be affected by environmental factors such as heavy metals, temperature, 

pH, ionic strength, and age of culture. Cell wall composition can be altered by environmental pH.69 

Heavy metals at high pH can alter surface charge of some bacteria cells.  Bacteria cells have acidic 

and basic functional groups on their surfaces. Functional groups are related to lipopolysaccharides, 

peptidoglycan or phospholipids (exist in Gram (-) bacteria), and teichoic acids (exist in Gram (+) 

bacteria).70 Those functional groups plays a crucial role at the electrostatic behavior of bacteria 

cells71 and therefore, contributing bacterial adhesion.72–75 In addition, electrostatic behaviors can 

also affect their interactions with agents.76,77 

Surface charge determination of bacterial cells are important for better understanding their 

behaviors at different environmental conditions. Surface charge measurement of bacterial cells is 

important to investigate mechanisms of action of sanitizer CPC.  
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2.3. Cell Surface Charge Measurement 

Bacterial cell surface has a significant importance in terms of its physiological functions 

including turgor support, maintaining shape, cell growth and division, and diffusion.78 Overall, 

bacteria spend biggest position of their metabolic energy on cell surface by maintaining and 

synthesizing its macromolecular components. Therefore, it is important to understand the 

physiochemical properties of the outer membrane of the bacteria cells. It is not easy to directly 

determine electrostatic charges of bacteria cell surfaces.79 Therefore, indirect surface charge 

measurements are used for the measurement.  

2.4. Surface Charge Measurement Methods 

2.4.1 Microelectrophoresis Method 

Different methods have been employed for the bacteria cell surface charge measurements. 

Microelectrophoresis method is one of the methods used for charge measurement. In this method, 

bacteria cell suspension is placed in an electrophoresis cell, then voltage across the cell, movement 

of a single bacterium over a given distance is observed and electrophoretic mobility of the cell is 

calculated by using the velocity.80 After that, surface charge of the bacteria cells can be estimated 

by using electrophoretic mobility. Mobility rate and direction is affected by pH, temperature, ionic 

strength, bacteria net surface charge, and electric field strength.  

  Different types of microelectrophoresis have been used. Abramson microelectrophoresis 

was an early type used for cell surface measurements. More sophisticated types of the 

microelectrophoresis has been developed for example: FACE Zeta Potential Meter ZPOM (Kyowa 

Interface Science, Tokyo, JAPAN), Zeta Meter (Zeta Meter, NY, USA), and Lazer Zee Meter 501 

(Pen Kem, Bedford Hills, NY, USA).  All these types of microelectrophoresis contain observation 

chamber placed between electrodes and a microscope for observing cell movement.80 
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Microelectrophoresis method has been employed for surface charge measurements in many studies 

such as Dyar and Ordal81, Reynolds and Wong,82 Gilbert et al.83, Van deer Mei et al.84, Mangia et 

al.85. Microelectrophoresis is a quite time-consuming techniques for zeta potential measurements 

since it requires following individual bacterial cells over time.86 Therefore, some other methods 

have been developed for zeta potential measurements.  

2.4.2 Aqueous Two-Phase Partitioning Method 

Aqueous two-phase partitioning method has been used for characterization of bacterial cell 

surface charge properties.87,88 Polyethylene glycol -dextran (PEG-dextran) two-phase system 

established. PEG is a more hydrophobic phase while dextran is less hydrophobic phase. After that, 

bacteria cells distributed between two phases. Bacterial cells depending on their polarity 

influenced by surface charge moved toward more hydrophobic or less hydrophobic phase. It is less 

laborious compared to microphoresis method. However, this method does not give a data to be 

used for zeta potential calculations.  

2.4.3 Electrostatic Interaction Chromatography (ESIC) Method 

 ESIC method was developed as an alternative to laborious methods for surface charge 

measurements. It was mainly used as a method for microorganism isolation,89 however, it has been 

employed as a method for microbial physiology.86,90,91 Pedersen86 used ESIC method first time for 

bacterial surface charge measurement. It is also time-consuming method for surface charge 

measurements.  

2.4.4 Isoelectric Equilibrium Analysis Method 

 Isoelectric focusing method was modified by Sherbet et al.92 to be used as an isoelectric 

equilibrium analysis method for surface charge measurements. This method involves the 

generation of a pH gradient which is stabilized by linear gradients. Then, bacterial cells are loaded 
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onto the column after the generation of a pH gradient and ampholines addition. Voltage is applied 

to the cells to maintain the desired flow. After that, around 24h given to the cells to move towards 

their isoelectric positions. Isoelectric equilibrium analysis method is not commonly used method 

for bacterial cell surface charge measurements. It takes long time to obtain results.  

2.4.5 Electrophoretic Light Scattering (ELS) Method 

 ELS method has been used for bacteria cell surface charge measurements.93–96 ELS surface 

charge measurement method involves the measurement of particle velocity moving in an electric 

field by the determination of the frequency of change of the laser light scattered, yielding their 

electrophoretic mobility.94  Zeta potential estimations are very rapid and easy by ELS method.  

2.5. Bacteria cell wall 

 Bacteria cells can be in various sizes and shapes.97 Cell wall of bacteria has a significant 

role in the maintenance of the shape and stress bearing.98,99 Bacteria are divided into two groups 

called as Gram-positive and Gram-negative bacteria based on Gram-staining technique. Gram-

staining technique distinguishes bacteria depending on their cell wall. The cell wall in Gram-

negative bacteria contains inner membrane and outer membrane and these membranes are 

separated by periplasm. Peptidoglycan layer is the main structural periplasm component. 

Periplasm of Gram-negative bacteria may have free oligosaccharides protecting bacteria cell 

against osmotic stress. Periplasm may also contain proteins having role at cell surface assembly 

and nutrient uptake. In general, Gram-negative bacteria show higher resistance to essential oils 

than Gram-positive bacteria.100 There are differences between Gram-negative and Gram-positive 

bacteria cell wall components (Figure 5).  
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Figure 5: The schematic comparison of the cell walls of Gram-negative bacteria and Gram-positive bacteria.101  

 
 
 

 Gram-positive bacteria do not have outer membrane like Gram-negative bacteria. Outer 

membrane protects Gram-negative bacteria from the environment. Teichoic acids are also present 

in Gram-positive bacteria and there two types teichoic acids: lipoteichoic acids and wall teichoic 

acids. Teichoic acids in Gram-positive bacteria bound to peptidoglycan. They are polyolphosphate 

polymers. These polymers are strongly negatively charged and can act as a cation-sequestering.  

The cell wall structure of Gram-positive bacteria allows hydrophobic compounds to pass through 

the cells and cytoplasm. Essential oils contain phenolic compounds, and they show antibacterial 

activity against Gram-positive bacteria. Phenolic compounds show different effect depending on 

their amounts. Phenolic compounds found in essential oils effect enzymes involved in energy 

production at low concentrations while they cause protein denaturation at high concentrations.102 
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Gram-negative bacteria have much more complex cell wall than Gram-positive bacteria. 

Peptidoglycan chemical structures of Gram-positive bacteria are very similar to Gram-negative 

bacteria. The thickness of the layers around plasma membrane is different for Gram-positive and 

Gram-negative bacteria. Gram-negative bacteria have a lot thinner peptidoglycan layer than Gram-

positive bacteria. They have an outer membrane outside of their thin peptidoglycan layer. Braun’s 

lipoprotein links outer membrane and peptidoglycan each other. Braun’s lipoprotein embedded in 

outer membrane and bound to peptidoglycan. The existence of outer membrane in Gram-negative 

bacteria is one of the differences between Gram-negative and Gram-positive bacteria. Outer 

membrane consists of a double layer phospholipid. Phospholipids binds to inner membrane by 

lipopolysaccharides. Outer membrane contains lipopolysaccharides and proteins. 

Lipopolysaccharides consist of O-side chain, core polysaccharide, and lipid A. One of the reasons 

that Gram-negative bacteria show resistance to hydrophobic drugs is hydrophilic compounds can 

pass through outer membrane via protein proteins which serving as hydrophilic transmembrane 

channels.103,104 Outer membrane of Gram-negative bacteria quite impermeable to hydrophobic 

drugs and some of the drug can pass through porins slowly.105  

 Surface charge of bacteria has often called as zeta potential, cell surface electrochemical 

property.67,106 Majority of bacteria has negative surface charge and their charges are balanced with 

oppositely charged ions in their surrounding medium.64 The electrostatic cell surface charge can 

be defined as a net charge coming from the cell surface molecules and counter-ions. Antibacterial 

drug uptake rate and their adsorption are affected by bacterial surface charge. Electrostatic 

interactions may play a significant role at the interactions between bacterial cell surface and agents. 

These electrostatic interactions may change zeta potential and cause cell death by altering cell 

permeability.  
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2.6. Salmonella Typhimurium    

 Salmonella is a non-spore forming, facultatively anaerobic, Gram-negative bacterium. It is 

one of the most common food poisonings. Intestinal tract of animals is a reservoir of Salmonella. 

Salmonella enterica is the leading cause of foodborne illness.107 S. enterica can cause 

salmonellosis; and a human got salmonellosis may show enteric fever, septicemia, and 

gastroenteritis.108 The infectious dose may range between 10 to 100,000 bacteria cells.109 It can 

grow and multiply in the small intestine of their host by colonizing and invading their intestinal 

tissues and producing enterotoxin.110  

 A foodborne illness outbreak occurred due to the consumption of S. Typhimurium 

contaminated tomatoes in 21 states in the U.S. in 2006 and 183 people were infected.111 S. 

enteritidis is also linked to the consumption of raw or improperly cooked eggs. Raw eggs should 

not be eaten and should be stored at refrigerator to minimize the risk of S. Enteritidis. Salmonella 

spp. are the most common pathogenic bacteria linked to foodborne outbreaks due to contamination 

of fresh produce.112  

 Optimum growth pH for Salmonella is between pH 6.6 and pH 8.2, and pH 4.05 is the 

minimum pH.110 Best growth temperature is between 35 and 37 °C.113 The minimum water activity 

for Salmonella growth is 0.94, and it can survive in food products having low water activity.114 

Salmonellosis has been also linked to foods with low water activity such as peanut butter, cereal 

products, fermented meat products, dried milk, hard cheese, and chocolate.114 Salmonella can 

survive for very long time in chocolate. Low moisture hinders heat transfer and decreases all 

metabolic activities. Thus, lower the moisture of food higher the D value for Salmonella.115 The 

other reason is the high fat content of chocolates. Fat protects Salmonella and it goes through 

intestine. Even though Salmonella cells are not heat resistant, their toxins are highly heat resistant. 
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Therefore, storage conditions are highly critical to prevent Salmonella food poisoning. Proper 

handling of foods, controlling irrigation water, proper application of GAP and GMP can help the 

producers to lower the risk of Salmonella food poisoning.  

2.7. Listeria innocua 

 Research studies have studied the benefit of using L. innocua as an indicator of the presence 

of L. monocytogenes.116 L. innocua can be used as surrogate bacteria for the study of L. 

monocytogenes to eliminate, reduce, and control of this pathogenic bacteria.  

Listeria is a Gram-positive , non-spore forming, and rod-shaped bacteria.117,118 L. monocytogenes 

can be found at numerous sources such as soil, water, animals, and humans.119  

L. monocytogenes cause a disease as called as listeriosis, which is caused by the consumption of 

food contaminated with these bacteria.120 Hospitalization and mortality rate are quite high for 

listeriosis. The death rate of listeriosis (34 %) is a lot higher than the death rate of salmonellosis 

(4.1 %) even though L. monocytogenes outbreaks are less prevalent than those related to 

Salmonella spp.110 

 It is very widely occurred in the environment. It usually occur at the environments where 

lactic acid bacteria (LAB) present.110 L. monocytogenes is commonly associated with soft cheese, 

pasteurized milk, frankfurters, and vegetables. It can be a problem with the consumption of 

Mexican-style cheese. Not only pasteurization issues but also hygiene issues are responsible from 

listeriosis. Post-processing contamination should be prevented since Listeria monocytogenes is 

widely distributed in nature. Raw food products may harbor Listeria in low numbers. Meat and 

poultry carcasses may be contaminated with faces during slaughter, milk during milking, 

vegetables by water and soil, and fish by contaminated water.   
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Listeria is generally linked to ready-to-eat foods due to the contamination at the production 

environment.121 Prevalence of Listeria has been associated with various food products such as 

ready-to-eat foods122, fish123, meat products124, and dairy products125. L. monocytogenes has also 

been linked to the consumption of contaminated fresh produce since there is no killing treatment 

for these types of foods.  

2.8. Escherichia coli O157:H7  

 E. coli O157:H7 is a shiga toxin producing bacteria. E. coli is major foodborne illness 

causing bacteria. First time it was associated human illness at an hemorrhagic colitis outbreak in 

1982 and listed as a notifiable disease since 1994 by Center for Disease Control and Prevention 

(CDC).126 E. coli can harm by causing disease in immunocompromised people.110 It is particularly 

a big health concern in children and seniors due to its relation to hemolytic uremic syndrome which 

can cause kidney failures.127,128 

 E. coli is rod shaped, facultatively anaerobe, oxidase negative Gram-negative bacteria. E. 

coli lives in intestinal tracts of warm blooded animals and humans.110 E. coli O157:H7 is 

commonly related with meat and meat products; however, it is also a common transmission vehicle 

for produce contamination.129 Many outbreaks are associated with Escherichia coli 0157: H7 such 

as lettuce, tomato, meat and meat products. This pathogenic microorganim is highly associated 

with fecal contamination from soil, dust, packaging materials, washing water, and irrigation water. 

E. coli can be serologically grouped based on their surface antigens: O (somatic), K (capsule), H 

(flagellar).130 There are some virulence groups for E. coli such as enterohemorrhagic E. coli 

(EHEC), enteropathogenic E. coli (EPEC), enteroaggregative E. coli (EAEC), diffuse-adhering E. 

coli (DAEC), enterotoxigenic E. coli (ETEC), and enteroinvasive E. coli (EIEC).110,131 E. coli 

O157:H7 belongs to EHEC group.110 Serotype 0157: H7 is the most common in the US. 
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Escherichia coli 0157:H7 was fist time isolated from the feces of swine.132 There are two 

syndromes from EHEC: Hemolytic Uremic Syndrome (HUS) and Thrombotic Thromboctopenic 

Purpura (TTP).  

 EHEC group can cause abdominal pain, bloody diarrhea, hemolytic uremic syndrome in 

which kidney fails.110 Incubation period for E. coli O157:H7 is between 2 to 5 days.133 Infectious 

dose of E. coli O157:H7 is quite small, less than 50 cells can cause illness.134 

Enterohemorrhagic E. coli has greatest impact on the food companies worldwide. The 

contamination of E. coli O157:H7 does not cause of product loss related to recall of the 

contaminated food products but also the contamination damages to the brands of the companies. 

Financial loss to the associated companies could be very high and may also result for going out of 

business.135  

2.9. Staphylococcus aureus  

 Staphylococcus aureus food poisoning is one of the most common foodborne illnesses. S. 

aureus is a toxin-producing bacterium. This bacterium may exist in many places such as water, 

food preparation surfaces, dust, hands of many people, animals, equipment, and utensils. Main 

sources of Staphylococcus aureus are humans and animals. S. aureus food poisoning is mainly 

associated with food commodities which require handling such as salads and sandwiches. 

Therefore, it is necessary to apply hygiene practices. The other important reason for S. aureus 

poisoning is temperature abuse for the growth of microorganisms. Food commodities should be 

stored inside of refrigerators. Microorganism needs to grow and produce enough toxin to cause 

food poisoning. When heat treatment is applied to food product, Staphylococcus aureus can be 

killed but not the toxin. Thus, toxins will stay in the food product and cause intoxication. Foods 
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having risk of Staphylococcus aureus should not be kept at the growth temperature of 

Staphylococcus.110  

 Staphylococcus aureus can be carried in the skin, infected cuts, nasal cavities, and throat. 

Almost 40% of people are carrier of this pathogen. Thus, all employees should be trained about 

food safety and hygiene practices. They should wash their hands and nails with soap and water. 

Gloves should be used during food handling and changed frequently to prevent cross-

contamination. Sick person should not work in food handling. Equipment and food preparation 

areas should be cleaned and sanitized. 

 Enterotoxins of Staphylococcus aureus keep their biological activities during thermal 

processing since they toxins have high resistance to heat treatments. Therefore, toxins are very 

likely to cause food poisoning. After the consumption of food commodities, toxins cause diarrhea, 

cramps, vomiting, and nausea. Patients should take fluids to prevent dehydration.  

Few numbers of enterotoxins (20-100 ng) may cause food poisoning (Asao et al., 2003). There are 

many factors have a role on the production of toxins such as temperature, pH, water activity (aw), 

and type of food commodities.136 S. aureus is a problem for food industry since it can grow at big 

range of pH values.137 Additionally, it can grow at lower water conditions than many other bacteria 

can grow.138 However, the formation of enterotoxin requires higher moisture conditions than the 

growth of S. aureus.139  

 S. aureus may cause food poisoning in milk products since it can occur in raw milk. This 

pathogenic microorganism is the main reason of mastitis. Hygiene practices, pasteurization, and 

sufficient cooling should be applied to decrease the risk of staphylococcal food poisoning. 

Food companies should prevent the growth of Staphylococcus aureus and toxin production in meat 

products to prevent S. aureus food poisoning. A study of Rodriguez-Caturla et al.140 showed that 
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biofilm formation can protect Staphylococcus aureus and cells can survive on dry surfaces of 

equipment. Therefore, this pathogenic microorganism can cause cross-contamination of cooked 

meats.  
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3. DEVELOPMENT AND CHARACTERIZATION OF GERANIOL-LOADED 

POLYMERIC NANOPARTICLES WITH ANTIMICROBIAL ACTIVITY AGAINST 

FOODBORNE BACTERIAL PATHOGENS* 

 

3.1. Overview  

This study demonstrates the rose essential oil component (EOC) geraniol can be loaded 

into polymeric nanoparticles (NPs) with sustainable release profile. Geraniol-loaded NPs were 

prepared by flash nanoprecipitation and characterized for size, encapsulation efficiency, payload 

release during storage, inhibition of Escherichia coli O157:H7 and Salmonella enterica 

Typhimurium in vitro and on spinach surfaces, and NP-assisted transport of EOC into cellular 

membranes. Adjusting concentrations of stabilizing polymer, Pluronic® F-127, and geraniol 

produced NPs ranging in size from 26 to 412 nm. Antimicrobial NPs inhibited S. Typhimurium 

and E. coli O157:H7 growth at 0.4 and 0.2 wt.%, respectively. Geraniol-loaded NPs displayed 

sustained release with a time constant of 24 hr, maintaining their anti-pathogenic properties over 

a prolonged time period. Antimicrobial NPs may be useful for decontamination of various foods 

and food surfaces from cross-contaminating microbial pathogens. 

3.2 Materials and Methods 

3.2.1 Materials 

Geraniol (>96.0 %; CAS# 106-24-1) (TCI America, Portland, OR), Pluronic F-127 

(PF127; CAS# 9003-11-6) (Sigma-Aldrich Co., St. Louis, MO), and tetrahydrofuran (THF; CAS# 

109-99-9; Sigma-Aldrich Co.) were purchased and used as received for the preparation of EOC-

loaded  

* Reprinted with permission from “Development and characterization of geraniol loaded polymeric nanoparticles with 

antimicrobial activity against foodborne bacterial pathogens” by Yegin, Y., K. L. Perez-Lewis, M. Zhang, M. Akbulut, and 

T. M. Taylor, 2016, Journal of Food Engineering, 170, 64-71, Copyright 2016, with permission from Elsevier. 
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NPs. Nile Red (CAS# 7385-67-3) (Tokyo Kasei Kogyo Co., LTD, Tokyo, Japan) and poly-L-

lysine (CAS# 25988-63-0) (Sigma-Aldrich Co.) were used for experiments determining 

nanoparticle adsorption to bacterial pathogen surfaces. 

3.2.2 Preparation of Geraniol-Loaded Nanoparticles 

Geraniol-loaded polymeric NPs were prepared with a rapid nano-precipitation method 

previously reported.141,142 Briefly, geraniol and the amphiphilic triblock copolymer PF127 were 

dissolved in THF to differing ratios to determine impact of blending ratios on resulting geraniol-

containing NP size. Then, THF solution was rapidly impinged against milli-Q water to produce 

polymer-encapsulated geraniol-bearing NPs. The flow rate of water was 50.0 mL/min, and the 

flow rate of the THF solution was 5.0 mL/min. Following impingement processing, the NP-

contained solution was placed under a fume hood for 7.0 hr to remove THF (Figure 1). 

 

 

 

 

Figure 6: Process for preparation of geraniol-loaded Pluronic® F-127 polymeric nanoparticles. 
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3.2.3 Characterization of Nanoparticles 

Particle size distribution of polymeric NPs was measured by dynamic light scattering 

(DLS) following four-fold dilution in milli-Q water using a Zetasizer ZS90 particle size and zeta 

potential analyzer (Malvern Instruments, Ltd., Westborough, MA). The measurements were 

carried out at a scattering angle of 90° at 25°C. Size and shape of individual NPs was characterized 

by use of transmission electron microscope (TEM; JEM-2010, Jeol USA, Inc., Peabody, MA) at 

the Microscopy Imaging Center at Texas A&M University (College Station, TX). Nanoparticle-

containing solution was diluted four-fold in milli-Q water prior to drop-wise application of NP 

solution onto a copper grid (400 mesh) with carbon film (CF400-Cu, Electron Microscopy 

Sciences, Hatfield, PA). The NP sample was dried at ambient temperature prior to TEM analysis. 

Observations were performed at 200 kV accelerating voltage, <2.5 x 10-5 Pa, at ambient 

temperature (~25 °C). 

3.2.4 Release Kinetics of Geraniol from Polymeric NPs 

Geraniol-containing NPs (9.0 mL) were added into standard regenerated cellulose 

membrane (molecular weight cut-off 12,000-14,000 Da; approximately 2.0 nm diameter cut-off) 

(Spectrum Laboratories, Inc., Rancho Dominguez, CA); membranes were then placed into beakers 

containing 200.0 mL milli-Q water. Unencapsulated geraniol was expected to passively diffuse 

through dialysis membranes, while NPs were expected to be unable to diffuse through membranes, 

preventing entrapped geraniol from diffusion. Changes in concentration of free geraniol were 

tracked by spectroscopy using a UV-1800 UV/Visible scanning spectrophotometer (Shimadzu 

Corp., Columbia, MD), scanning all wavelengths from 190 to 800 nm (geraniol maximal 

absorption: 240 nm). UV measurements were performed at ambient temperature at 1, 2, 4, 8, 24, 

48, 96, and 144 h. Four independent replications were completed for each measurement. 
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3.2.5 Encapsulation Efficiency (EE) of Nanoparticles 

Geraniol loading and EE was determined by mass spectrometry (MS). Nanoparticles were 

added to hexane at 1:10 NP: hexane (calculated as weight NP:weight hexane) to degrade NPs and 

release geraniol into the solvent phase. Following geraniol release from NPs, hexane was used to 

complete MS analysis of geraniol at the Laboratory for Biological Mass Spectrometry (Department 

of Chemistry, Texas A&M University). A reference/standard solution of 0.08 wt. % geraniol was 

prepared to calibrate the concentration of geraniol obtained from degraded NPs in mass spectra. 

Ten µl of 0.5 mg/ml of hexadecanol was added as internal standard to 50 µL of sample. 100 µL of 

N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA) with trimethylchlorosilane (TMCS) was 

added into this solution. The mixture was heated at 60 °C for 1 h. The compounds of interest were 

detected as trimethylsilyl (TMS) derivatives using GC/MS. Ultra GC/DSQ (Thermo-Electron, 

Waltham, MA) was used for GC-MS. Chromatography was carried out using an Rxi-5ms column 

(60 m x 0.25 mm with 0.25 μm film thickness) (Restek, Bellefonte, PA). Helium was used as a 

carrier gas at constant flow of 1.5 mL/min.  GC inlet was held at 225 °C while transfer line and 

ion source temperatures were held at 250 °C. An aliquot of 1.0 µL of sample was injected in 

splitless mode. The oven temperature was maintained at 50 °C for 5 min, then raised to 320°C at 

20°C/min. Electron impact ionization at 70 eV was used for ionization and mass spectra were 

acquired in full scan mode in the range of 30-500 m/z. Three replications were completed for MS 

analysis of NP EE; EE was determined as: 

 

EE (%) = (Weight of drug in NPs / Initial weight of drug) x 100% (Eq. 1) 
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3.2.6 Stability of NPs to Storage at Differing Environmental Temperature and Acidity 

Conditions 

In order to determine the stability of NPs to exposure to conditions of storage abuse, NPs 

were prepared and stored at differing temperature (4, 25, 37, and 50 °C) at pH 7.0. In a separate 

experiment, NPs were prepared and loaded into reaction vessels pre-conditioned to pH 4.0, or 10.0 

at ambient temperature; storage solutions were diluted and pH-adjusted to desired pH with either 

HCl or NaOH (0.133 mM ea.). In both experiments, NPs subjected to temperature- or pH-abuse 

conditions were sampled at 0, 1, 2, 4, 7, 14, 30, and 60 days of storage and subjected to size analysis 

via DLS as described above. Hydrochloric acid (HCl; 36.5-38.0 %) (VWR, Inc., Radnor, PA), and 

NaOH (>98.0 %; Sigma-Aldrich Co.) were purchased for use in reaction pH adjustment and were 

used as received. 

3.2.7 Microorganisms and Inoculum Preparation 

Salmonella Typhimurium LT2 (American Type Culture Collection [ATCC] No. 700720) 

(Manassas, VA) and E. coli O157:H7 (ATCC No. 700728) were obtained from the Food 

Microbiology Laboratory (Department of Animal Science, Texas A&M University) culture 

collection and revived according to previously published methods.143 Working cultures were 

obtained by aseptically scraping a loopfull (10 μL) of culture from tryptic soy agar (TSA; Becton, 

Dickinson and Co., Sparks, MD) slant surfaces into 9.0 mL sterile tryptic soy broth (TSB; Becton, 

Dickinson and Co.), followed by incubation at 35°C for 24 h. A second passage was completed in 

identical fashion, with subsequent incubation at 35°C for 24 h prior to antimicrobial assay 

completion. 
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3.2.9 Interaction of Fluorescent NPs with Bacterial Pathogen Cells by Confocal Microscopy 

For confocal microscopy analysis of NP/bacterial cell interaction, Nile Red (0.001 wt. %) 

was co-entrapped with geraniol to produce fluorescing NPs. Poly-L-lysine was used to provide 

cell immobilization on glass cover slides to immobilize bacterial cells while taking confocal 

images. Glass cover slides were coated by dipping into poly-L-lysine solution (0.1 mg/mL) for 5 

min. Excess poly-L-lysine was removed and slides were dried completely under a fume hood. A 

1.0 mL suspension of E. coli O157:H7 cells, prepared as described in Section 2.6, was mixed with 

1.0 ml Nile Red-containing NPs and incubated 2 h; samples were then washed once in 0.1% 

peptone water. For the control, Nile Red was prepared to 0.001%; a 1.0 mL suspension of E. coli 

O157:H7 was similarly mixed with 1.0 ml Nile Red, incubated 2 h, and then samples were washed 

once in 0.1% peptone water. One drop of sample was then placed in the middle of the poly-L-

lysine coated glass cover slides. The images were obtained using a confocal microscope (Zeiss 

LSM 780 NLO Multiphoton Microscope) using an excitation wavelength of 561 nm to determine 

the distribution of nanoparticles; fluorescence emission was detected at 579-624 nm. Confocal 

microscopy was conducted at the Image Analysis Laboratory, College of Veterinary Medicine & 

Biomedical Sciences at Texas A&M University (College Station, TX). 

3.2.10 Statistical Analysis of Data 

Data analysis was completed using ORIGIN® v.8 software (OriginLab Corp., 

Northampton, MA). One-way analysis of variance (ANOVA) was used to test the differences 

between treatments and Tukey’s Honestly Significant Differences (HSD) test was performed to 

separate means differing at p<0.05. 
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3.3 Results and Discussion 

3.3.1 Characterization of Nanoparticles and Encapsulation Efficiency 

Figure 7A depicts the intensity-weighted size distribution for one of such NPs as obtained 

by DLS analysis. Hydrodynamic NP size ranged from 200 to 1000 nm, with an average diameter 

of 412 + 25 nm for particles constructed from a 1:1 ratio geraniol:PF127 (Table 1); polydispersity 

index (PDI) values approximated 0.19 for freshly prepared NPs at ambient temperature. 

Transmission electron microscopy analysis revealed NPs were spherically shaped, as well as 

agreeing with particle size estimates obtained by DLS (Figure 7B). It was also possible to obtain 

EOC-loaded NPs of differing mean hydrodynamic sizes by altering geraniol:PF127 mixing ratio 

(Table 1). Among different drug:polymer ratios 1.0:1.0 ratio gave the highest size as 412 nm. 

Geraniol-loaded polymeric nanoparticle size increased by increasing drug amount for 0.25:1.0, 

0.6:1.0, and 1.0:1.0. When the drug amount was the same and only the polymer amount was 

different for 1.0:0.25 and 1.0:1.0, size of the nanoparticles increased from 290 nm to 412 nm. The 

mean particle size shifted towards a higher particle size for increased polymer amount. Even 

though the drug:polymer ratios are the same for 2.0:0.5 and 1.0:0.25 ratios, the mean particle sizes 

were different due to the use of different amount of drug and polymer. Kohli et. al (2017)144 

investigated the effect of drug:polymer ratios on the mean particle size of zidovudine-loaded 

polylactide-co-glycolide (PLGA) microspheres. They also observed the increased mean particle 

size shift towards a higher particle size by increasing drug:polymer ratios. Encapsulation efficiency 

analysis can indicate the percent of drug entrapped within a polymeric matrix from the amount of 

drug applied during NP formulation and manufacture. The mean EE for geraniol in PF127 NPs 

was 57.5 + 5.5 %; non-entrapped geraniol was removed during THF evaporation. The EOC loading 

ratio (wt. of drug divided by wt. of whole particles) was 0.365. Manaspon et al.145 reported 
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Pluronic® F127/chitosan NPs containing doxuribicin entrapped between 58.1 and 51.2% when 

PF127 was loaded at 5 and 10% (w/v), respectively, similar to the EE obtained in the current study. 

 

 

 

 

Figure 7: Size distribution for geraniol-loaded nanoparticles obtained by dynamic light scattering (DLS) analysis (a), 

and TEM micrograph of typical geraniol-loaded nanoparticles (b). DLS analysis was carried out at 25°C with 4X-

diluted nanoparticles in milli-Q water; a 90° incident angle was used for application of light. 

 
 
 

Table 1: Impact of nanoparticle formulation on resulting particle size. 

Geraniol: PF127 ratio Geraniol: PF127 amount (g) Particle sizea (nm) 

0.25: 1.0 0.08: 0.32 25 ± 2A 

2.0: 0.5 0.64: 0.16 155 ± 3B 

1.0: 0.25 0.32: 0.08 290 ± 6CD 

0.6: 1.0 0.192: 0.32 315 ± 6D 

1.0: 1.0 0.32: 0.32 412 ± 25E 

 

a Values are means from three identically completed replicates (n= 3) ± one standard deviation from mean. Means 

not sharing letters (A, B, C) differ, determined by analysis of variance (ANOVA) and Tukey's Honestly Significant 

Differences (HSD) test at p = 0.05. 
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3.3.2 Release of Geraniol from PF127 Nanoparticles 

The release of geraniol from NPs into water was observed by the spectroscopic 

determination of geraniol concentration as a function of incubation at 25°C for 144 h (Figure 8). 

Early in the experiment, the concentration of geraniol diffusing across the dialysis membrane 

increased significantly from 0 to 8 h, as well as from 8 to 24 h (p<0.05). The concentration of 

geraniol diffusing across the membrane appeared to be maximal at 24 h, with a plateau observed 

in geraniol content in dialysis water from 24 until 144 h of storage. The resulting diffusion curve 

was fitted with an exponential regression curve (R2= 0.9994), with a half-release occurring within 

7.25 h. Drug release properties from nanoparticles in the current study are similar to that reported 

previously for PF127 micelles constructed in pharmaceutic and antimicrobial drug delivery 

applications.146,147 Nonetheless, NPs in the current study outperformed PF127 micelles 

encapsulating the plant oil curcumin with respect to release profile where 80% drug release was 

observed to occur within 6 h at 37°C.148 

 

 

 

 

Figure 8: Geraniol release from nanoparticles stored at 25°C as a function of time. Symbols depict means from four 

independent replications while error bars depict one sample standard deviation (n=4). 
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3.3.3 Stability of NPs to Temperature- and pH-Abuse Storage 

Hydrodynamic size measurement results are measured at DLS up to 60 days shown at 

Figure 9-15. The effect of NP storage under extremes of environmental temperature and 

acidity/alkalinity are depicted in Figures 9 and 10, respectively. At 25 °C, particle size did not 

change as a function of storage period, demonstrating good storage stability at ambient temperature 

(p>0.05). Conversely, mean diameters of NPs stored at 4 °C differed at p=0.05 from NP diameters 

of 25 °C-stored NPs up to day 14 (Fig. 9). Mean diameters of NPs at 4 °C were 392.93±19.88 nm, 

331.45±8.76 nm, 342.95±37.57 nm, 302.33±21.19 nm, 292.05±6.08 nm, 250.5±45.75 nm 

(94.65%) and 34.97±3.78 nm (5.35%), 315.58±26.38 nm (97.4%) and 35.99±4.79 nm (2.6%), 

347.5±50.16 nm (97.45%) and 41.84±1.09 nm (2.55%) for day 0, 1, 2, 4, 7, 14, 30, and 60 

respectively. Conversely, at 37 °C, although the size of NPs did not change during storage for the 

majority of particles, a second population of particles with a mean diameter of approximately 

37.36±25.57 nm was detected at day 14 of storage; this second population of NPs was also 

identified at 30 days of storage, but by 60 days the diameter of both populations of NPs were nearly 

identical (Fig. 9). This trend may be explained as empty NPs that released EO early on into the 

storage period, with subsequent aggregation of polymer into larger complexes over the course of 

sample storage. Samples taken from NPs stored at 50 °C also revealed a second population of 

smaller NPs that initially decreased in diameter through 14 days of storage without further decrease 

in diameter thereafter through the end of the experimental period (Fig. 9). Given the results 

obtained with NPs stored at 37 °C, results from 50 °C-stored samples are not surprising and 

indicate the expulsion of geraniol early on with a likely reassembly of micellar structures. 

Prud’homme et al.149 reported that micelles of PF127 in aqueous solution were favored as 

incubation temperature was increased over 30 °C due to disappearance of large domains as 
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poly(oxyethylene) chains were increasingly dehydrated and repulsive interactions were decreased. 

The NPs stored at 50 °C showed a second peak detected at the second day of storage. However, 

unlike those samples taken from NPs held at 37 °C, the second population of NPs from 50 °C 

incubation did not increase in size during storage, but rather remained constant up to day 14. It has 

been observed previously that elevated temperature storage can assist the release of entrapped 

drug, resulting in NP degradation.150 Surprisingly, a second population of NPs with smaller 

diameter was also determined to exist in NP solution stored at 4 °C. As with samples stored at 37 

°C, the mean diameter of this second population of NPs was initially observed at 14 days of 

storage, though it behaved more like NPs stored at 50 °C in that its mean diameter did not increase 

over storage but rather decreased until a point at which it remained static thereafter. This may have 

been the result of reduced hydrophobicity of the poly(oxypropylenes) at the reduced storage 

temperature, which may have led to loss of emulsification of the hydrophobic oil and breakdown 

of the micelles, as well as the potential for unimers of PF127 to exist at temperatures below the 

micellization temperature at the concentration used in the present study (8.0 wt.%; ~24 °C).54,151 

 Nanoparticles were loaded into solutions adjusted to pH 4.0, 7.0, or 10.0 and then stored at 

25 °C (Fig. 10). No differences in NP mean diameter were observed for samples taken from the 

three storage conditions through the first 14 days (Fig. 10). However, evidence of NP degradation 

was detected at day 30 for pH 4.0-stored samples as compared to NPs held under neutral and 

alkaline pH conditions, with the detection of a second population of smaller NPs with a mean 

diameter of approximately 79.05±35.86 nm (p<0.05). The release of drug was faster at pH 4.0 than 

the release of drug at neutral pH conditions, a response to environmental storage conditions 

previously reported for drug-delivering NPs.152 Interestingly, in NPs stored at pH 10.0, evidence 

of NP breakdown and development of a bimodal distribution of NPs was not observed until day 
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60 of the incubation period, indicating that polymeric capsules are not long-term stable to acid 

hydrolysis but bear moderate stability to hydroxide attack. 

 

 

 

Figure 9: Stability of geraniol-loaded nanoparticles over 60 days of storage in milli-Q water (pH 7) as a function of 

storage temperature. Particle size and polydispersity was determined by dynamic light scattering. Symbols reflect 

sample means taken from two identical independent replications, with duplicate readings taken per sample and then 

averaged (n=4); error bars indicate one sample standard deviation. 
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Figure 10: Stability of geraniol-loaded nanoparticles over 60 days of storage in milli-Q water (25 °C) as a function 

of storage pH. Storage solution pH was modified by controlled addition of 0.133 mM HCl or NaOH. Particle size 

and polydispersity was determined by dynamic light scattering. Symbols reflect sample means taken from two 

identical independent replications, with duplicate readings taken per sample and then averaged (n=4); error bars 

indicate one sample standard deviation. 

 
 

 

Figure 11: Particle size distributions of geraniol-loaded nanoparticles at 4˚C over 60 days. 
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Figure 12: Particle size distributions of geraniol-loaded nanoparticles at 25˚C over 60 days. 

 
 
 

 

Figure 13: Particle size distributions of geraniol-loaded nanoparticles at 37˚C over 60 days. 
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Figure 14: Particle size distributions of geraniol-loaded nanoparticles at 50˚C over 60 days. 

 
 
 

 

Figure 15: Particle size distributions of geraniol-loaded nanoparticles at pH 4 over 60 days. 
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Figure 16: Particle size distributions of geraniol-loaded nanoparticles at pH 7 over 60 days. 

 
 
 

 

Figure 17: Particle size distributions of geraniol-loaded nanoparticles at pH 10 over 60 days. 
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3.3.4 Antimicrobial Activity of Geraniol NPs against Foodborne Bacterial Pathogens 

 
 

 

Figure 18: Exposure of E. coli O157:H7 cells to 0.001% free (a) or nanoparticle-loaded Nile Red (b). Fluorophore 

excitation was at 561 nm, with emission scanned from 579-624 nm. 

 
 

 E. coli O157:H7 cells were exposed to fluorescent geraniol-loaded NPs to characterize 

nanoparticle absorption and interaction with bacterial membrane lipids by confocal microscopy. 

Fluorescence was detected in cells incubated with NPs, while no fluorescent signal was detected 

from cells incubated with free Nile Red (Figure 18). Non-entrapped Nile Red was not absorbed 

into cell membranes and showed aggregation (Fig. 18A). However, NP-encapsulated Nile Red and 

geraniol was taken up into the internal compartments of E. coli O157:H7 cells (Fig. 18B). These 

results suggest that encapsulation of plant-derived EOC such as geraniol can indeed enhance their 

bioavailability and the transport of EOC. Our findings are also in accord with others reporting 

greater susceptibility of E. coli O157:H7 to free and nano-encapsulated plant phenolic acids as 

compared to Salmonella.9,153 Other authors have previously theorized that nano-entrapment within 
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polymeric nanocapsules of plant-derived antimicrobials (including geraniol) enhances their 

interaction with pathogenic cells through allowing greater suspension of active compound(s) in 

aqueous medium as well as limiting interactions with medium components that would degrade 

antimicrobial activity (e.g., partitioning within fat phases in emulsified foods, oxidation, 

etc.).154,155 

3.4. Conclusions 

 A rapid nano-precipitation method for encapsulating the plant-derived terpene geraniol in 

the polymer Pluronic® F-127 was demonstrated to produce a unimodal population of NPs, with 

variable particle hydrodynamic size that differed according to PF127: geraniol mixing ratio. 

Geraniol release against dialysis water followed an exponential release kinetic, with 50% of drug 

being released within the first 7.25 h of storage at 25 °C. Storage stability of NPs decreased upon 

exposure and during storage at both decreased and elevated temperatures (4, 37, 50 °C) as well as 

acidic and alkaline pH conditions (pH 4.0, 10.0). Whereas NPs stored at pH 7.0 did not undergo 

any significant change in mean particle diameter, samples of NPs stored at pH 4.0 and 10.0 became 

bimodal during storage, with the development of a sub-population of particles with mean diameter 

approximating 35-37 nm over 60 days of storage at 25 °C. Geraniol release followed an 

exponential release kinetic, with 50 % of drug being released within the first 24 h of storage at 25 

°C. Nano-encapsulation of geraniol enhanced antimicrobial activity against the enteric pathogens 

S. Typhimurium and E. coli O157:H7 by lowering the required amount of EOC necessary for 

inhibition through improved transport of EOC to pathogen membranes. Further, release profile 

analysis indicates that reduced temperature storage of EO-loaded NPs during distribution will slow 

the rates of NP degradation and EO loss. These data were collected so as to characterize the 

physico-chemical, loading, and antibacterial properties of Pluronic® F-127 NPs containing the 
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plant EO geraniol prior to the determination of their pathogen decontamination capacity on food 

surfaces.  
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4. GROWTH BEHAVIOR OF MICROORGANISMS USING UV-VIS SPECTROSCOPY 

AFTER NP AND FREE DRUG TREATMENTS  

 

4.1. Overview 

Antibacterial properties of prepared nanoparticles and non-encapsulated geraniol were 

tested on different bacterial species, S. Typhimurium, S. aureus, E. coli, and L. innocua at different 

concentrations, measured by using UV-Vis spectroscopy. Geraniol-loaded NPs and geraniol 

effectively reduce the concentrations Optical density as a function of time up to 24 h was 

determined for each type of bacteria. Geraniol NPs showed better efficacy at inhibiting the growth 

of bacteria than non-encapsulated geraniol.  

4.2. Introduction 

Bacteria grow by a process known as binary fission. The growth rate of bacteria population 

depends on the cell type and bacterial growth conditions such as growth media composition and 

temperature. Bacteria growth curve can be divided into different phases as lag phase, log phase, 

stationary phase, and death phase.156 In the lag phase, microorganisms adapt to their environment 

and get prepared for growth or cell division. Cells start to recover from damages and synthesize 

enzymes during this stage. During log phase (exponential phase), cells actively divide and grow. 

During this stage biomass, DNA, RNA, protein, viable count of the population significantly 

increases.157 In the stationary stage, the number of dying bacteria cells and growing bacteria cells 

are in balance. At the final phase (death phase), the number of dying cells are more than the number 

of growing cells.  

UV-Vis spectroscopy is a reliable and rapid instrument that can be used for the 

quantification of microorganisms.158 Spectroscopic analysis of a sample can be determined with 
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the measurement of a big range of wavelengths. UV-Vis spectroscopy provides beneficial 

information about a sample concentration while it is easy to operate and fast.  

Changes in number of bacteria cells can be detected through spectroscopy measurements. 

Spectral changes during bacterial growth can be used to attain quantitative information on the 

growth behavior of bacteria cells. UV-Vis spectroscopy is an advantages tool to monitor real-

time cell growth monitoring.  

This study demonstrates that geraniol-loaded polymeric nanoparticles can be used to 

control growth rate of pathogenic bacteria at different concentrations after 24 h incubation and act 

as an antimicrobial agent. UV-Vis spectrophotometry measured the growing bacteria cells 

absorbance and the inhibition rate of their growth after the treatment with nanoparticles in various 

concentrations.  

4.3. Materials and Methods   

Salmonella, Escherichia coli, S. aureus, and Listeria cells was obtained by aseptically 

scraping a loopful (10 mL) of culture from tryptic soy agar (TSA; Becton, Dickinson and Co., 

Sparks, MD)  slants into 9.0 mL sterile tryptic soy broth (TSB; Becton, Dickinson and Co.). After 

that, the cultures were incubated at 35 °C for 24 h. A second transfer was completed in identical 

fashion. Revived bacteria cells will be centrifuged at 4,000 rpm on a bench-top mini-centrifuge for 

15 min at ambient condition (25 °C) to produce a bacterial pellet. Following centrifugation, the 

supernatant was poured off and cell pellets were suspended in one volume of sterile phosphate 

buffered saline (PBS; Thermo-Fisher Scientific, Waltham, MA, USA). Three identically 

completed centrifugation and washing procedures will be completed. Geraniol-loaded polymeric 

nanoparticles were diluted with sterilized deionized water to obtain the concentrations of NPs (0.1, 

0.2, 0.4, 0.6, and 0.8%). Non-encapsulated geraniol solutions were prepared to deliver increased 
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concentrations of geraniol. Geraniol was diluted in sterilized deionized water to produce various 

concentrations of geraniol (0.0625, 0.125, 0.25, 0.375, and 0.5 %). Then, bacteria cells were added 

in prepared antimicrobial solutions (NPs or geraniol solutions) and vortexed for few seconds. The 

cells were homogenously mixed with differing concentrations of geraniol NPs and non-

encapsulated geraniol. After that they were added in sterile TSB and placed in an incubator at 35 

˚C. The samples were collected up to 24 h. Duplicate samples were also taken from the incubator 

at the determined time and then washed with sterilized deionized water prior to UV-Vis 

spectroscopy measurements. The collected samples were centrifuged at 4,000 rpm on a centrifuge 

for 15 min to produce a bacterial pellet. The supernatant was slowly drawn off and removed. A 

small amount of the fluid was left in each centrifuge tube without disturbing the pellet. The 

remaining pellets were resuspended in sterilized deionized water and then vortexed. The washing 

process was repeated three times. After the final washing step, the pellet of clean cells was 

resuspended in sterilized deionized water. Bacterial growth was tracked by using a UV-1800 

UV/Visible scanning spectrophotometer, scanning from 200 to 800 nm. UV measurements was 

performed at ambient temperature at 2, 4, 8, 12, 18, and 24 h.  

The number of bacteria cells after the treatment of various concentrations of geraniol-

loaded polymeric nanoparticles and non-encapsulated geraniol was enumerated on 3M™ 

Petrifilm™ Aerobic Count Plate films to verify the number of bacteria cells. Inoculated films were 

incubated 24 h at 36±1 °C prior to colony counting. 

4.4. Results and Discussion  

The antibacterial activities of geraniol-loaded nanoparticles were measured at different 

concentrations of nanoparticles (0.1, 0.2, 0.4, 0.6, and 0.8%). UV-Vis absorbance values which 

mean that the growth or growth inhibition of bacteria are illustrated in Figs. 18-21. It was observed 
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that NPs showed effective antibacterial activity against all the targeted bacteria species in our 

study. The antibacterial action of nanoparticles and non-encapsulated drug was concentration 

dependent as shown in Figs. 19-22. Figures prove that the geraniol-loaded nanoparticles show 

better antibacterial activity than non-encapsulated geraniol. Figures show the optical density 

measured at 260 nm as a function of time for four different bacteria. The number of particles/mL 

depending on the incubation time for different pathogenic bacteria is shown through Figure 19 and 

22. Tables 2-5 show the values for UV-Vis spectroscopy measurements to illustrate the curves 

especially for not-growing bacteria cells. In this study, peak was observed at 260 nm during 

scanning from 800 nm to 200 nm wavelength.  No other peak was observed at other wavelengths. 

Different absorbances were observed at 260 nm wavelength depending on the increases at bacterial 

concentrations. Nucleic acids absorb UV light at 260 nm.159Alupoaei et al.160 also observed a peak 

at 260 nm for their study since at 260 nm wavelength changes on cell concentrations and nucleotide 

concentrations were obtained depending on the bacteria growth.  

Target bacteria cells were treated with 0, 0.0625 (F1), 0.125 (F2), 0.25 (F3), 0.375 (F4), 

and 0.5 % (F5) geraniol and 0.1 (N1), 0.2 (N2), 0.4 (N3), 0.6 (N4), and 0.8% (N5) geraniol-loaded 

NPs. N1 and F1; N2 and F2; N3 and F3; N4 and F4; and N5 and F5 include same amount of 

geraniol.  
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Figure 19: Optical density at 260 nm as a function of time (hr) for Salmonella Typhimirium.  

 
 
 

Table 2: Optical density measurement values at 260 nm as a function of time (hr) for Salmonella Typhimirium.  

 

 

0 2 4 8 12 18 24

Control 0 0.926 1.624 5.53 6.07 6.71 6.66

F1 0 0.912 1.119 4.92 6.04 6.52 6.55

F2 0 0.898 1.075 1.726 4.97 5.16 5.15

F3 0 0.891 0.916 1.388 1.958 3.96 3.9

F4 0 0.802 0.857 0.965 1.476 1.877 1.876

F5 0 0 0 0 0 0 0

N1 0 0.819 0.957 1.849 3.926 5.507 5.49

N2 0 0.744 0.785 0.938 0.984 1.683 1.931

N3 0 0 0 0 0 0 0

N4 0 0 0 0 0 0 0

N5 0 0 0 0 0 0 0

time (hr)
Salmonella
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Figure 20: Number of Salmonella Typhimirium after the treatment of different concentrations of geraniol-loaded 

polymeric nanoparticles and non-encapsulated geraniol. Means with the same letter are not significantly different (p 

≥ 0.05). 

 
 

Optical density at 260 nm as a function of time up to 24 h for ST was shown in Figure 19. 

Increased concentrations of geraniol NPs and non-encapsulated geraniol either decreased or 

inhibited the growth of the bacteria cells. Control (without any geraniol) showed the highest 

growth as expected. F5 (0.5% geraniol) treated Salmonella did not show any growth while lower 

concentrations of non-encapsulated geraniol (0.375, 0.25, 0.125, and 0.0625%) showed growth of 

ST. N3, N4, and N5-treated bacteria cells didn’t show any growth. 0.5% (F5) or more non-

encapsulated geraniol should be applied to inhibit the growth while 0.4% geraniol-loaded NPs 

(N3) (including 0.25% geraniol) or more NPs should be applied to inhibit ST cells.  Table 3 shows 

the number of ST cells after the treatment of NPs and non-encapsulated geraniol. No growth was 

observed for F5, N3, N4, and N5-treated cells. Higher concentrations of NPs and non-encapsulated 



48 
 

drugs decreased the number of cells. NPs show better efficacy compared to non-encapsulated 

geraniol depending on both UV-vis spectroscopy measurements and plating results (Fig. 20).  

 

 

 

Figure 21: Optical density at 260 nm as a function of time (hr) for Listeria innocua.  

 
 

Optical density at 260 nm as a function of time up to 24 h for Listeria innocua was done 

as shown in Fig 21. Five different concentrations of geraniol applied and none of them was high 

enough to inhibit the growth of the Listeria cells. The lowest two concentrations of geraniol-loaded 

NPs (N4 and N5) were able to inhibit the growth of the cells. Final bacteria concentration showed 

a high dependency on drug concentration. Higher concentrations of non-encapsulated or 

encapsulated geraniol resulted in reduced growth of the bacteria cells. Table 5 shows the number 

of L. innocua cells after the treatment of NPs and non-encapsulated geraniol. No growth was 

observed for N4 and N5-treated cells for both UV-Vis spectroscopy measurements and plating 

results. Higher concentrations of NPs and non-encapsulated drugs decreased the number of cells 

as shown in Table 5. However, even the highest concentration of non-encapsulated geraniol (F5) 
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was not high enough to stop the growth of L. innocua cells. Higher concentrations of geraniol 

should be applied.  

 

 
Table 3: Optical density measurement values at 260 nm as a function of time (hr) for Listeria innocua.  

 

 
 
 

 

Figure 22: Number of Listeria innocua after the treatment of different concentrations of geraniol-loaded polymeric 

nanoparticles and non-encapsulated geraniol. Means with the same letter are not significantly different (p ≥ 0.05). 
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Figure 23: Optical density at 260 nm as a function of time (hr) for E. coli.  

 
 
 

Figure 23 shows optical density at 260 nm as a function of time up to 24 h for E. coli. The 

bacterial cell inhibition depends on the drug concentration. F3, F4, and F4 concentrations of non-

encapsulated geraniol and N2, N3, N4, and N5 concentrations of geraniol-loaded NPs inhibited 

the growth of the bacteria cells. NPs showed better efficacy at inhibiting the growth of bacteria 

than non-encapsulated drug. The number of E. coli cells after the treatment of NPs and non-

encapsulated geraniol as shown at Table 7. No growth was observed for F3, F4, F5, N2, N3, N4 

and N5-treated cells for both UV-Vis spectroscopy measurements and plating results. Higher 

concentrations of NPs and non-encapsulated drugs decreased the number of cells as shown in 

Table 4. For example, for the same concentration of geraniol-containing F1 and N1-treated E. coli, 

the number of cells were 7.2±0.2 log10 CFU/mL for F1 treatment while the number of cells were 
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4.3±0.5 log10 CFU/mL for N1 treatment. The efficacy of both geraniol-loaded nanoparticles and 

non-encapsulated geraniol were higher for E. coli than L. innocua and ST.  

 

 
Table 4: Optical density measurement values at 260 nm as a function of time (hr) for Escherichia coli.  

 

 

 

 

Figure 24: Number of Escherichia coli after the treatment of different concentrations of geraniol-loaded polymeric 

nanoparticles and non-encapsulated geraniol. Means with the same letter are not significantly different (p ≥ 0.05). 
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Figure 25: Optical density at 260 nm as a function of time (hr) for S. aureus.  

Non-encapsulated and NP-treated S. aureus growth was also measured at UV/Visible 

scanning spectrophotometer as a function of time (Fig. 25). Geraniol in both encapsulated and non-

encapsulated showed a very high efficacy at the inhibition of S. aureus. Only control (0% geraniol-

treated), F1, and N1 -treated bacteria cells showed growth while the rest of the treated bacteria 

cells were inhibited, and no growth were observed. The number of S. aureus cells after the 

treatment of NPs and non-encapsulated geraniol is shown at Table 5. No growth was observed for 

F2, F3, F4, F5, N2, N3, N4 and N5-treated cells for both UV-Vis spectroscopy measurements and 

plating results. Only N1 and F1-treated S. aureus cells showed growth both at UV-Vis 

measurements and plating results. The efficacy of both geraniol-loaded nanoparticles and non-

encapsulated geraniol were highest for S. aureus than E. coli, L. innocua and ST. 
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Table 5: Optical density measurement values at 260 nm as a function of time (hr) for Staphylococcus aureus.  

 

 

 

Figure 26: Number of Staphylococcus aureus after the treatment of different concentrations of geraniol-loaded 

polymeric nanoparticles and non-encapsulated geraniol. Means with the same letter are not significantly different (p 

≥ 0.05). 

 
 

Like our study, Wahab et. al.161 studied antibacterial activity of nanostructures using UV-

Vis spectrophotometry. They synthesized peanut-shaped ZnO nanostructures (ZnO-PNTs) and 

tested their bacteriostatic properties on S. Typhimurium, E. coli, S. aureus, and Klebsiella 
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pneumoniae at different concentrations. The absorbance of growing bacteria cells and the 

inhibition rate of these bacteria after ZnO-PNTs addition at various concentrations were measured 

by UV-vis spectrophotometry. Their study showed that ZnO-PNTs at low concentrations inhibit 

the growth of the tested bacteria species (decreased their concentration). Depending on their 

findings, UV-vis spectrophotometry is a very useful tool to investigate the antibacterial activities 

of nanostructures by measuring the absorbance of growing bacteria and the growth inhibition rates 

at different concentrations. 

Alupoaei and Garcia-Rubio160 also studied the growth behavior of E. coli using UV-Vis 

spectroscopy. They also measured optical density at 260 nm recorded as a function of time for the 

bacteria cells. They recorded bacteria growth up to 6 hr, shorter than our recordings. When the 

bacteria cells incubated longer in an incubator, the higher the optical density was measured at UV-

Vis spectroscopy due to the increase in the turbidity. 

Zanetti et al.162 studied bactericidal activity of geraniol in Gram-Positive and Gram-

Negative bacteria. Antimicrobial activity of geraniol against various bacteria cells including 

Escherichia coli, Staphylococcus aureus, Salmonella enterica, and Listeria monocytogenes. Agar 

diffusion test was used to determine the antimicrobial activity of geraniol for the four types of 

bacteria. Average diameter of the inhibition zone was measured to determine antimicrobial 

activity, therefore larger the inhibition zone in petri dish means better antimicrobial bactericidal 

activity.  Largest inhibition zone from largest to smallest was obtained in order Staphylococcus 

aureus, Escherichia coli, Salmonella enterica, and Listeria monocytogenes. It means that geraniol 

showed the most antimicrobial activity against S. aureus while geraniol showed the least 

antimicrobial activity against L. monocytogenes. Our UV-Vis spectroscopy results after the 

treatment with geraniol-loaded nanoparticles or non-encapsulated geraniol showed similar 
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antimicrobial activity against pathogens like their results. Both geraniol NPS and free geraniol 

exhibited the most antibacterial activity against S. aureus and E. coli while they exhibited the least 

antibacterial activity against L. innocua. There is a high correlation between UV-Vis 

spectrophotometer measurement and plating results. Depending on bacteria growth curves 

obtained at UV-Vis measurements, number of bacteria cells can be predicted.  

4.5. Conclusion 

The results in this study shows that UV-Vis spectroscopy measurements at 260 nm 

wavelength are useful for the determination of the real-time analysis of bacterial populations. If 

the antimicrobial concentration was high enough to inhibit the bacterial cells, no peak was 

observed during the measurements. If not, bacteria cells continue to grow until the plateau. Both 

non-encapsulated geraniol and geraniol-loaded NPs were able to either decrease or inhibit the 

growth of bacteria cells. Geraniol was least effective on the inhibition of L. innocua cells while it 

was most effective on the inhibition of S. aureus. cells. According to this study, inhibitory effect 

of geraniol-loaded nanoparticles was concentration dependent. The higher concentration of the 

applied NPs, the higher the antimicrobial activity would be. Geraniol nanoparticles exhibit 

excellent inhibition of pathogenic bacterial growth at low concentrations especially against three 

of the four bacteria tested. Geraniol-loaded polymeric nanoparticles should get more interest from 

the industry due to their superior antimicrobial activity.  
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5. ALTERATION OF ZETA POTENTIAL AND SIZE CHANGES OF BACTERIA 

DEPENDING ON TREATMENT WITH GERANIOL-LOADED NP OR NON-

ENCAPSULATED GERANIOL 

 

5.1. Overview 

The interactions between pathogenic bacteria (S. Typhimurium, E. coli O157:H7, L. 

innocua, and S. aureus) and geraniol-loaded polymeric nanoparticles/non-encapsulated geraniol 

were investigated to gain new insight into their mechanisms of action against bacteria cells. 

Pathogenic bacteria cells were treated with increasing concentrations of nanoparticles and free 

drug. Zeta () potential of bare bacteria cells were increased depending on the antimicrobial 

concentration. -potential increased from negative to positive values. NP-treated and non-

encapsulated geraniol-treated bacteria cells showed a significant difference on their -potential. -

potential values of NP-treated bacteria cells increased sharper towards negative to positive as 

compared -potential values of geraniol-treated bacteria cells. Upon geraniol NPs treatment, cell 

structure of bacteria cells was disrupted, and the size of the treated bacteria cells decreased. Size 

of the bacteria cells were increased after non-encapsulated geraniol treatment. Overall, this study 

contributes to understanding the mechanisms of geraniol NPs and non-encapsulated geraniol. 

5.2. Materials and Methods 

5.2.1. Microorganisms and inoculum preparation 

Salmonella enterica subsp. enterica serovar Typhimurium str. LT2 (ATCC 700720), 

Listeria innocua (NADC 2841), E. coli O157:H7 (ATCC No. 700728),and Staphylococcus aureus 

(ATCC 13368) were used for the testing of the antimicrobials (geraniol nanoparticles and non-

encapsulated geraniol). The microorganisms were obtained from the Food Microbiology 
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Laboratory (Department of Animal Science, Texas A&M University) culture collection and 

revived according to previously published methods143.  

Briefly, the microorganisms were revived from cryo-storage (-80 °C) from the culture 

collection by aseptically inoculating a loop of culture into 10.0 mL steam sterilized (at 121°C for 

15 min) tryptic soy broth (TSB; Becton, Dickinson and Co., Sparks, MD, USA), and incubating 

statically for 24 h at 35 °C. After that, working cultures were obtained by aseptically scraping a 

loopful (10 mL) of culture from tryptic soy agar (TSA) slants into 9.0 mL sterile tryptic soy broth 

(TSB), followed by incubation at 35 ˚C for 24 h. A second passage was completed in identical 

fashion, with subsequent incubation at 35˚C for 24 h prior to antimicrobial assay completion. 

5.2.2. Preparation of geraniol-loaded NPs and non-encapsulated geraniol reagents 

Geraniol-loaded NPs and non-encapsulated geraniol were diluted in sterile distilled, 

deionized water to produce desired concentrations of antimicrobials for experimentation. Geraniol-

loaded NPs was diluted to produce the concentrations of NPs (0.1, 0.2, 0.4, 0.6, and 0.8%) upon 

addition to reaction tubes containing targeted bacterial cells. Geraniol was diluted in sterile 

deionized water to produce the concentrations of geraniol (0.0625, 0.125, 0.25, 0.375, and 0.5%). 

5.2.3. Visualization of geraniol-loaded NPs and non-encapsulated geraniol-treated cells 

Microscopic images were obtained by scanning electron microscopy (SEM) using a JSM-

7500F electron microscope (JEOL, Tokyo, Japan), in order to visualize any changes in S. 

Typhimurium, L. innocua, E. coli, and S. aureus cells shape and morphology as a function of 

geraniol-loaded NPs and non-encapsulated geraniol treatments. The samples were coated with 15 

nm platinum/palladium (Pt/Pd) to eliminate any positive charging effects. The SEM was operated 

at an accelerating voltage of 1.0 kV and emission current of 20 μA. SEM images were taken of the 
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cells after treatment with 0.8% non-encapsulated geraniol and geraniol-loaded NPs. After the 

treatment cells were thoroughly rinsed in sterile milli-Q water. 

5.2.4. Light scattering analysis of bacteria cells treated by geraniol NPs and non-encapsulated 

geraniol 

Revived bacteria cells were centrifuged at 4,000 rpm on a bench-top mini-centrifuge for 

15 min at ambient condition (25 °C) to produce a bacterial pellet. Following centrifugation, the 

supernatant was poured off and cell pellets were suspended in one volume of sterile phosphate 

buffered saline (PBS; Thermo-Fisher Scientific, Waltham, MA, USA). Three identically 

completed centrifugation and washing procedures were completed, after which cells were serially 

diluted in PBS and enumerated on 3M™ Petrifilm™ Aerobic Count Plate films to verify the 

number of bacteria cells in the reaction tube will be approximately 7.0-8.0 log10 CFU/mL. 

Inoculated films were incubated 24 hr at 36±1 °C prior to colony counting. Following enumeration 

of cells, reaction tubes containing bacteria cells were mixed with geraniol-loaded NPs and non-

encapsulated geraniol-containing solution prepared to deliver 0.1, 0.2, 0.4, 0.6, and 0.8% 

antimicrobial upon addition to the culture-containing tube. Immediately thereafter, cells were 

loaded into a ZS90 Zetasizer Instrument (Malvern Instruments, Ltd., Westborough, MA, USA) for 

dynamic light scattering (DLS) analysis of cell size. The measurements were carried out at a 

scattering angle of 90º at 25 ºC. 

5.2.5. Surface ζ-potential changes by NPs and non-encapsulated geraniol exposure 

Following the initial DLS measurements of bacterial cells, analyses were made to verify 

the impact of different concentrations of geraniol-loaded NPs (0.0, 0.002, 0.005, 0.006, 0.013, 

0.025, 0.05, 0.1, 0.2, 0.4, 0.6, and 0.8%) on outer surface ζ-potential (electrophoretic mobility) of 
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bacteria cells. Cell surface ζ-potential was measured at ambient temperature using a Zeta-Sizer 

ZS90 Instrument after the treatment of bacterial cells. 

5.3. Results and Discussion 

5.3.1. Alteration of ζ-potential in Bacteria Depending on Treatment with Geraniol-Loaded NP 

or Geraniol (Free Drug) 

Zeta potential values of free drug, polymer in milli-q water, and geraniol-loaded 

nanoparticles are shown in Figure 27. Mean ζ-potential of non-encapsulated geraniol was 9.53 ± 

0.20 mV. The polymer zeta potential was electro-negative, with a ζ-potential of −3.76 ± 0.33 mV. 

Similarly, geraniol-loaded polymeric NPs was also electro-negative, with a ζ-potential of −0.34 ± 

0.10 mV. 

 
 

 

Figure 27: Zeta potential of free drug (geraniol in milli-q water), polymer (PF127) in milli-q water, and geraniol-

loaded nanoparticles. 

 
 

 

Figure 28: Zeta potential of Salmonella, Listeria innocua, E. coli, and S. aureus without any treatment 
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Mean ζ-potential of Salmonella cells without any treatment was electro-negative (–23.60 

± 0.14 mV) in milli-q water (Fig. 28). After the bacterial cells were treated with different 

concentrations of geraniol-loaded NPs, ζ-potential increased from –23.60 ± 0.14 mV (0% NPs) to 

-4.08 ± 0.35 mV (0.8% NPs) (Fig. 30). Mean ζ-potential of Salmonella cells increased depending 

on the concentration of geraniol-loaded NPs. ζ-potential values of NP-treated Salmonella cells 

were -18.25 ± 0.78 mV (0.1%), -16.90 ± 0.71 mV (0.2%), -11.85 ± 0.64 mV (0.4%), -5.22 ± 0.07 

mV (0.1%), and -4.08 ± 0.35 mV (0.8%). Figure 30 depicts the impact of 0.1 to 0.8% NP addition 

on the resulting mean ζ-potential of Salmonella cells. ζ-potential shift of Salmonella cells was 

shown in Figure 30. 

After the Salmonella cells were treated with different concentrations of non-encapsulated 

geraniol, ζ-potential increased from –23.60 ± 0.14 mV (0% geraniol) to -8.1 ± 0.49 mV (0.5% 

geraniol) (Fig. 29). However, the increase is not as high compared to the same concentrations of 

NP-treated bacteria cells (Fig. 30). Mean ζ-potential of Salmonella cells also increased depending 

on the concentration of geraniol. ζ-potential values of geraniol-treated cells were -22.6 ± 0.44 mV 

(0.0625%), -21.1 ± 0.46 mV (0.125%), -14.5.85 ± 0.28 mV (0.25%), -12.2 ± 0.14 mV (0.375%), 

and -8.1 ± 0.49 mV (0.5%). Table 6 shows the corresponding zeta potential values for Fig. 29 and 

30. Depending on our plating results for Salmonella Typhimurium (Fig. 20), bacteria growth was 

not observed for F5, N3, N4, and N5. Zeta potential values and plating results may provide 

information about the threshold zeta potential for inhibition of bacterial growth. Zeta potential 

value of -8.1 mV for F5-treated cells, and -11.9 mV for N3-treated bacteria cells can be considered 

as threshold. For example, when zeta potential value for non-encapsulated Salmonella 

Typhimurium was more positive than -8.1 mV, no growth is expected.  
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Figure 29: Zeta potential changes of Salmonella depending on concentrations of FD. 

 
 

 

Figure 30: ζ-potential shifts of Salmonella depending on geraniol-loaded nanoparticles concentrations. 

 
 

Table 6: Zeta potential values for Salmonella Typhimurium.  
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Mean ζ-potential of Listeria cells without any treatment was electro-negative (–47.20 ± 

0.53 mV) in milli-q water (Fig. 28). After the bacterial cells were treated with different 

concentrations of geraniol-loaded NPs, ζ-potential increased from –47.20 ± 0.53 mV (0% NPs) to 

-4.92 ± 0.43 mV (0.8% NPs) (Fig. 32). Mean ζ-potential of Listeria cells increased depending on 

the concentration of geraniol-loaded NPs. ζ-potential values of NP-treated Salmonella cells were 

-40.7 ± 0.17 mV (0.1%), -31.3 ± 0.27 mV (0.2%), -12 ± 0.60 mV (0.4%), -6.66 ± 0.26 mV (0.1%), 

and -4.92 ± 0.43 mV (0.8%). Figure 32 depicts the impact of 0.1 to 0.8% NP addition on the 

resulting mean ζ-potential of listeria cells. ζ-potential shift of listeria cells was shown in Figure 32. 

After the Listeria cells were treated with different concentrations of non-encapsulated 

geraniol, ζ-potential increased from –47.20 ± 0.53mV (0% geraniol) to -23.65 ± 0.21 mV (0.5% 

geraniol) (Fig. 31). However, the increase is not as high compared to the same concentrations of 

NP-treated bacteria cells (Fig. 32). Mean ζ-potential of Listeria cells also increased depending on 

the concentration of geraniol. ζ-potential values of geraniol-treated cells were -45.95 ± 1.34 mV 

(0.0625%), -44.55 ± 0.07 mV (0.125%), -42.4 ± 0.42 mV (0.25%), -39.65 ± 0.35 mV (0.375%), 

and -23.65 ± 0.21 mV (0.5%). The corresponding zeta potential values for L. innocua after the 

treatment of various concentrations of geraniol-loaded NPs and non-encapsulated geraniol is 

shown in Table 11. Depending on our plating results for L. innocua (Fig. 22), bacterial growth was 

not observed for only N4 and N5. Zeta potential value for N4-treated bacteria cells was -6.7 mV 

which can be considered as threshold. N5-tretated cells showed less negative zeta potential 

compared to N4-treated L. innocua cells. Zeta potential values less negative than -6.7 mV may 

indicate corresponding NP concentration enough to inhibit bacterial growth.  
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Figure 31: Zeta potential changes of Listeria depending on concentrations of FD. 

 
 

 

Figure 32: ζ-potential shifts of Listeria depending on geraniol-loaded nanoparticles concentrations. 

 
 

Table 7: Zeta potential values for Listeria innocua.  
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Mean ζ-potential of E. coli cells without any treatment was electro-negative (-8.95 ± 0.52 

mV) in milli-q water (Fig. 28). After the bacterial cells were treated with different concentrations 

of geraniol-loaded NPs, ζ-potential increased from (-8.95 ± 0.52 mV (0% NPs) to -3.48 ± 0.37 mV 

(0.8% NPs) (Fig. 34). Mean ζ-potential of E. coli cells increased depending on the concentration 

of geraniol-loaded NPs. ζ-potential values of NP-treated E. coli cells were -8.93 ± 0.12 mV (0.1%), 

-7.63 ± 0.49 mV (0.2%), -7.22 ± 0.25 mV (0.4%), -4.45 ± 0.17 mV (0.6%), and -3.48 ± 0.37 mV 

(0.8%). Figure 34 depicts the impact of 0.1 to 0.8% NP addition on the resulting mean ζ-potential 

of E. coli cells. ζ-potential shift of E. coli cells was also shown in Figure 34. 

After the E. coli cells were treated with different concentrations of non-encapsulated 

geraniol, ζ-potential increased from -8.95 ± 0.52 mV (0% geraniol) to -4.6 ± 0.26 mV (0.5% 

geraniol) (Fig. 33). However, the increase is not as high compared to the same concentrations of 

NP-treated bacteria cells (Fig. 34). Mean ζ-potential of E. coli cells also increased depending on 

the concentration of geraniol. ζ-potential values of geraniol-treated cells were -8.94 ± 0.40 mV 

(0.0625%), -8.94 ± 0.30 mV (0.125%), -7.7 ± 0.10 mV (0.25%), -5.97 ± 0.15 mV (0.375%), and -

4.6 ± 0.26 mV (0.5%). The corresponding zeta potential values for E. coli after the treatment of 

various concentrations of geraniol-loaded NPs and non-encapsulated geraniol is shown at Table 

12. Increase in zeta potential of non-encapsulated geraniol-treated cells was not high as NP-treated 

cells. Depending on our plating results for E. coli (Fig. 25), bacteria growth was not observed for 

F3, F4, F5, N2, N3, N4 and N5. Zeta potential value for F3-treated bacteria cells was -7.7 mV and 

N2-treated bacteria cells was -7.6 mV. Zeta potentials for higher concentrations of non-

encapsulated geraniol for F4 and F5-treated cells were less negative, and no bacteria growth was 

observed. Zeta potential values for N3, N4, and N5-treated cells were also less negative, and no 
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bacteria growth was observed. Therefore, zeta potential values where we did not observe bacteria 

growth can be considered as threshold values. 

 

 

 

Figure 33: Zeta potential changes of E. coli depending on concentrations of FD. 

 
 

 

Figure 34: ζ-potential shifts of E. coli depending on geraniol-loaded nanoparticles concentrations. 
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Table 8: Zeta potential values for Escherichia coli.  

 

 
 
 

Mean ζ-potential of S. aureus cells without any treatment was electro-negative -37.70 ± 

0.49 mV) in milli-q water (Fig. 28). After the bacterial cells were treated with different 

concentrations of geraniol-loaded NPs, ζ-potential increased from -37.70 ± 0.49 mV (0% NPs) to 

-6.49 ± 0.26 mV (0.8% NPs) (Fig. 35). Mean ζ-potential of S. aureus cells increased depending on 

the concentration of geraniol-loaded NPs. ζ-potential values of NP-treated S. aureus cells were -

32.75 ± 0.35 mV (0.1%), -31.3 ± 0.85 mV (0.2%), -15.5 ± 0.14 mV (0.4%), -8.99± 0.15 mV 

(0.6%), and -6.49 ± 0.26 mV (0.8%). Figure 31 depicts the impact of 0.1 to 0.8% NP addition on 

the resulting mean ζ-potential of E. coli cells. ζ-potential shift of E. coli cells was shown in Figure 

31. 

After the S. aureus cells were treated with different concentrations of non-encapsulated 

geraniol, ζ-potential increased from -37.70 ± 0.49 mV (0% geraniol) to -19 ± 0.86 mV (0.5% 

geraniol) (Fig. 35). However, the increase is not as high compared to the same concentrations of 

NP-treated bacteria cells (Fig. 36). Mean ζ-potential of S. aureus cells also increased depending 

on the concentration of geraniol. ζ-potential values of geraniol-treated cells were -33.5 ± 0.10 mV 

(0.0625%), -32 ± 0.36 mV (0.125%), -25.4 ± 0.15 mV (0.25%), -23.1 ± 0.49 mV (0.375%), and -

19 ± 0.86 mV (0.5%). Zeta potential values for S. aureus after the treatment of various 

concentrations of geraniol-loaded NPs and non-encapsulated geraniol were shown (Table 9). 
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Increase in zeta potential of non-encapsulated geraniol-treated cells was not high as NP-treated 

cells. The highest concentration of NPs increased the zeta potential of the cells up to -6.5 mV while 

the highest concentration of non-encapsulated geraniol increased the zeta potential of the cells up 

to -19.0 mV. Magnitude of the zeta potential changes was higher for NP-treated cells. Plating 

results were shown at Fig. 26 for S. aureus. Table 9 shows number of bacteria for S. aureus after 

the treatment of NPs and non-encapsulated geraniol. Bacteria growth was not observed for F2, F3, 

F4, F5, N2, N3, N4 and N5. Geraniol-loaded polymeric nanoparticles and non-encapsulated 

geraniol showed high antibacterial efficacy on S. aureus. The same concentrations of both F2 and 

N2 did not allow the growth of the cells. Zeta potential value for F2-treated bacteria cells was -

32.0 mV and N2-treated bacteria cells was -31.3 mV. Zeta potentials for higher concentrations of 

both NP-treated non-encapsulated geraniol-treated cells were less negative, and no bacteria growth 

was observed.  

 

 

 

Figure 35: Zeta potential changes of S. aureus depending on concentrations of FD. 



68 
 

 

Figure 36: ζ-potential shifts of S. aureus depending on geraniol-loaded nanoparticles concentrations. 

 
 

Table 9: Zeta potential values for Staphylococus aureus.  

 

 

 

The ζ-potential values of ST, E. coli, L. innocua, and S. aureus became less negative after 

treatment with different concentrations of geraniol-loaded NPs and non-encapsulated geraniol. 

However, NP-treated bacteria cells showed more alteration on their surface charges compared to 

non-encapsulated geraniol-treated bacteria cells. Lopez-Romero et al.163 investigated antibacterial 

effects and mode of action of some of the essential oil components against E. coli and S. aureus. 

Changes in surface charge of both types of bacterial cells were observed after exposure to essential 

oil components. Zeta potential value changes depending on the type of essential oil components 

were measured for both bacteria. Greater alteration on the surface charges of bacteria cells was 

observed for the applied essential oil component having significant antibacterial activity against 
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the bacteria cells tested. Depending on our study, greater alteration on the surface charges of the 

cells were measured for the NP-treatment having stronger antimicrobial properties than free 

geraniol-treatment. 

The cell surface charges have an importance in the keeping microbial balance and 

antimicrobial resistance164. Bacterial cells have a negative surface charge due to the anionic groups 

such as phosphate and carboxyl in their membranes165. Surface charge values of bacteria cells 

depends on species of bacteria, pH, ionic strength, and age of the culture165. In our study, ζ-

potentials of ST, E. coli, L. innocua, and S. aureus increased after exposured to geraniol-loaded 

polymeric nanoparticles and non-encapsulated geraniol (ζ-potential shifted towards positive 

charges and less negative charge values). Alteration of zeta potential beyond a critical point can 

be correlated to the bacteria cell death for both Gram-positive and Gram-negative bacteria 

depending on our results.   

5.3.2. Alteration of Size in Bacteria Depending on Treatment with Geraniol-Loaded NP or 

Geraniol 

Size changes on various types of pathogenic bacteria were investigated depending on the 

treatment with geraniol-loaded nanoparticles and non-encapsulated geraniol. Figure 37, 38, 39, 

and 40 show the impact of 0.1 to 0.8% geraniol-loaded NP addition and 0.0625 to 0.5% geraniol 

addition on the resulting size of S. Typhimurium, L. innocua, E. coli, and S. aureus cells. 

Figure 37 depicts the impacts of various concentration of nanoparticles and free drug 

addition on the resulting sizes of S. Typhimurium cells. The mean hydrodynamic radius of 

untreated (control) ST cells was 1.53 ± 0.06 µm in diameter. The addition non-encapsulated 

geraniol (free drug) broadened the size distribution of ST cells, producing a mean size of 2.03 ± 

0.2 µm for 0.5 % geraniol. Geraniol caused the aggregation of the cells and produced broadened 
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size distribution. Addition of 0.8 % geraniol-loaded nanoparticles (including 0.5 % geraniol) 

decreased the size distribution of Salmonella cells to a mean size of 0.67 ± 0.02 µm. Linear 

decrease on the cell size were observed for nanoparticle-treated cells. The higher the nanoparticle 

concentration lower the size of ST cells. However, the size of bacteria cells increases as the 

concentration of non-encapsulated geraniol increased.  

 

 

 

Figure 37: Size of Salmonella Typhimurium without any treatment, hydrodynamic size (intensity averaged) of ST as 

a function of concentration of concentration of geraniol and geraniol-loaded nanoparticles. 

 
 

Various concentrations of geraniol NPs and free drug treatments on the sizes of L. innocua 

cells were shown in Figure 38. The mean size of control Listeria cells was 0.96 ± 0.01 µm in 

diameter. The addition free drug sharply increased the size distribution of Listeria cells. The mean 

size was 2.05 ± 0.08 µm for 0.5 % geraniol-treated bacteria. However, mean size showed slight 

decrease for nanoparticle-treated cells. The mean size of the cells was 0.94 ± 0.1 µm after the 

treatment with the highest concentration of geraniol-loaded nanoparticles. Size of the Listeria cells 

did not decrease as significantly as other pathogenic cells after the treatment with geraniol-loaded 

polymeric nanoparticles.  
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Figure 38: Size of Listeria innocua without any treatment, hydrodynamic size (intensity averaged) of L. innocua as a 

function of concentration of concentration of geraniol and geraniol-loaded nanoparticles.  

 
 

Figure 39 shows the impact of nanoparticle and free drug addition on the resulting sizes of 

E. coli cells. Control E. coli cells have a mean size of 1.7 ± 0.04 µm in diameter. Addition of free 

drug increased the size up to 2.2 ± 0.07 µm. Size of the cells after the treatment of geraniol-loaded 

nanoparticles (0.8 %) decreased to 0.72 ± 0.03 µm. Size of the E. coli cells decreased sharply for 

0.1 and 0.2 % NP-treated bacteria, then the size reached to plateau and did not show a significant 

change up to the highest NP concentration (0.8%). 

 

 

 

 

Figure 39: Size of E. coli without any treatment, hydrodynamic size (intensity averaged) of E. coli as a function of 

concentration of concentration of geraniol and geraniol-loaded nanoparticles.  
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Addition of free drug and nanoparticle on the changes of size of S. aureus was investigated 

(Figure 40). Size of the untreated (control) cells were 1.7 ± 0.05 µm in diameter. Similar to the 

other bacteria tested in this study, S. aureus cells also showed similar trend after the treatments. 

Size of the bacteria cells were decreased for NP-treated bacteria while size increased for non-

encapsulated drug treated bacteria. Mean size significantly increased to 2.21 ± 0.06 µm. Size of 

the S. aureus cells decreased to 1.06 ± 0.05 µm for 0.6 % geraniol-loaded nanoparticle-treated 

bacteria and reached to plateau.  

Based on our results, it can be suggested that treatment with non-encapsulated geraniol led 

to the increase on the mean size of both Gram-positive and Gram-negative bacteria cells while 

treatment with geraniol-loaded polymeric nanoparticles led to decrease on the mean size of both 

Gram-positive and Gram-negative bacteria cells. Nanoencapsulation of the drug improved 

homogenous distribution of the antimicrobial drug and made it much easier to reach out to the 

pathogenic bacteria cells. Antimicrobial drug was absorbed by cell membrane and taken internal 

comportments of the cell. After that, the drug caused the breaking of the cells.  However, when 

the bacteria cells were treated with non-encapsulated drug, the drug caused the aggregation of the 

cells and increased the mean size due to the electrostatic attraction between the drug and the cells. 

 

 

 

Figure 40: Size of S. aureus without any treatment, hydrodynamic size (intensity averaged) of S. aureus as a 

function of concentration of concentration of geraniol and geraniol-loaded nanoparticles. 
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5.3.3. Effect of Geraniol-loaded Polymeric Nanoparticles and Non-Encapsulated Geraniol on 

Morphological Change of Bacteria Cells 

Bacteria cells without any treatment were set as bare or untreated bacteria. Morphological 

changes of both untreated and treated bacteria cells were visualized by SEM. The SEM images are 

shown in Figure 41. Bare ST, E. coli, L. innocua, and S. aureus, as shown in Figure 41A, D, G, 

and J showed the shape and intact surface of bacteria cells. In contrast, most of the FD and NP 

treated bacteria cells became irregular and showed differences as compared to bare bacteria. Figure 

41B, E, H, and K show the bacteria cells after treatment with non-encapsulated geraniol. Bacteria 

cells did not show regular and smooth surface, bacterial cell aggregation was observed. 

Morphological changes of bacteria cells were due to the effect of geraniol, which caused the 

destruction of the cell membranes of tested bacteria and they lost their intracellular materials. 

When exposed to geraniol-loaded polymeric nanoparticles (NP), the cell membranes lost their 

regular and smooth surfaces and have a smaller size, as shown in Figure 41C, F, I, and L. SEM 

images show that geraniol-loaded NPs aggregates around the bacteria cells, and result in an 

alteration of the bacteria surfaces.  
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Figure 41: Effects of NPs and free drug treatments on morphological changes of pathogenic bacteria. a) untreated 

ST; b) ST treated with FD; c) ST treated with NP; d) untreated L. innocua; e) L. innocua treated with FD; f) L. 

innocua treated with NP; g) untreated E. coli; h) E. coli treated with FD; i) E. coli treated with NP; j) untreated S. 

aureus; k) S. aureus treated with FD; and l) S. aureus treated with NP.  
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5.4. Conclusions 

In this study, the interactions between bacteria (Salmonella Typhimurium, Escherichia coli 

O157:H7, Listeria innocua, and Staphylococcus aureus) and geraniol-loaded polymeric 

nanoparticles/non-encapsulated geraniol were investigated to understand surface charge and size 

changes depending on the concentration of antimicrobial and type of bacteria. All four bacteria 

showed similar size changes depending on the type of antimicrobial treatment and concentration. 

In general, increased concentrations of non-encapsulated geraniol increased the mean size while 

increased concentrations of geraniol nanoparticles decreased the mean size. The addition of 

geraniol broadened the size distribution of the cells. Geraniol was not homogenously distributed 

in an aqueous environment since it is a hydrophobic drug. Therefore, geraniol was aggregated right 

after the mixing. The drug also has more positive charges compared to the bacteria cells and pulls 

the cells together. This would indicate that non-encapsulated geraniol antimicrobial resulted in 

aggregation of bacteria cells. Nano-entrapment within nanocapsules of geraniol antimicrobial 

improved its interaction with pathogenic bacteria cells through allowing better suspension of 

antimicrobial active compounds in liquid environment. When pathogenic bacteria cells were 

treated with geraniol-loaded polymeric, geraniol was taken up into internal compartments of the 

cells resulting breaking of the cells. 



76 
 

6. CONCLUSIONS 

 

This research explored the inactivation of bacterial food pathogens with essential oil encapsulated 

nanoparticles and non-encapsulated geraniol.  The following conclusions were reached: 

1. Various sizes of geraniol nanoparticles can be synthesized by changing PF127: geraniol 

mixing ratio.  

2. Nanoparticles stored at room temperature (25°C) and pH 7.0 showed stability.   

3. Stability of NPs decreased at 4, 37, 50 °C temperatures and acidic (pH 4.0) and alkaline 

(pH 10.0). 

4. Nanoencapsulation of geraniol showed better antimicrobial activity against both S. 

Typhimurium, E. coli O157:H7, L. innocua, and S. aureus compared to non-encapsulated 

geraniol.  

5. Nanoencapsulation enhanced the transport of essential oil component to bacterial food 

pathogens membranes.  

6. Increased concentration of geraniol-loaded polymeric nanoparticles and non-encapsulated 

geraniol antimicrobials resulted in increased inhibition of bacteria cells. 

7. Both non-encapsulated and encapsulated geraniol damaged to cell shape and membrane 

integrity. 

8. Zeta () potential of bare bacteria cells were increased depending on the antimicrobial 

concentration. -potential increased from negative to positive values. NP-treated and non-

encapsulated geraniol-treated bacteria cells showed a significant difference on their -

potential. -potential values of NP-treated bacteria cells increased sharply towards negative 

to positive as compared -potential values of geraniol-treated bacteria cells. 
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9.  Treatment with increased concentrations of non-encapsulated geraniol increased the mean 

size while increased concentrations of geraniol nanoparticles decreased the mean size.  

10. The addition of non-encapsulated geraniol broadened the size distribution of the cells.  

11. Nano-entrapment within nanocapsules of geraniol antimicrobial improved its interaction 

with pathogenic bacteria cells through allowing better suspension of antimicrobial active 

compounds in liquid environment.  
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7. RECOMMENDATIONS FOR FURTHER STUDY 

 

Recommendations for future research on mechanistic investigation of inactivating bacterial food 

pathogens with nanoparticles and change moieties to improve food safety: 

1. Synthesize nanoparticles with other essential oils together with geraniol to create more 

effective antimicrobial nanoparticles with high level of bacterial pathogen inhibition. 

2. Compare MIC values or bacteria inhibition at UV-Vis spectroscopy for different sizes of 

geraniol nanoparticles. 

3. Compare antimicrobial release rates at different temperatures, pH, and release 

environments that reflect various storage conditions. 

4. Incorporate geraniol-loaded nanoparticles in a superhydrophobic coating material to 

prevent bacterial attachment and growth. 
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APPENDIX A MECHANISMS OF ACTION OF THE POULTRY SANITIZER 

CETYLPYRIDINIUM CHLORIDE AGAINST SALMONELLA TYPHIMURIUM* 

 

A.1. Overview 

Cetylpyridinium chloride (CPC), a quaternary ammonium compound, is often used for the 

surface sanitation of fresh poultry animal carcasses to reduce human microbial pathogens, 

including Salmonella enterica.  The interactions between S. enterica serovars Typhimurium and 

CPC were investigated to gain new insight into its mechanisms of action against the pathogen. S. 

Typhimurium LT2 cells were treated with increasing concentrations of the sanitizer, ranging from 

0.002 to 0.8 % (w/v). Zeta () potential of bare Salmonella was measured to be -12.73±1.31 mV. 

Application of the sanitizer CPC (0.8 %) resulted in a sanitizer concentration-dependent increase 

to -potential immediately from negative to positive, up to +16.63±1.38 mV, likely due to 

adsorption of cationic amine groups onto the negatively charged surface lipids. Upon CPC 

treatment, cell structure of microorganisms was disrupted: the outer membrane of cells was 

observed to either rupture or be covered by proteins to hinder the nutrient uptake. Plating 

experiments revealed correlation between the extent of CPC adsorption on microorganisms and 

bacterial growth: while cells with negative surface charge (i.e. no or very small amount of CPC 

adsorption) displayed bacterial growth, bacteria with positive surface charges strongly inhibited 

bacterial growth, producing fewer or no detectable colonies on plating medium surfaces. Overall, 

this study contributes to understanding the mechanisms of the sanitizer CPC to inhibit growth or 

inactivate the human pathogen S. Typhimurium.  

A.2. Introduction 

Salmonella is one of the most common foodborne pathogens, causing foodborne illnesses 

worldwide. Poultry, meat, eggs, fish, dairy, fruits and vegetables are common vehicles of 

* Part of this chapter is reprinted with permission from “Cetylpyridinium chloride produces increased zeta-potential on 

Salmonella Typhimurium cells, a mechanism of the pathogen’s inactivation” by Yegin, Y., J. K. Oh, M. Akbulut, and T. M. 

Taylor, 2019, NPJ Science of Food, 3, 1, 1-7, Copyright 2019, with permission from Nature Publishing Group. 

 

https://www.nature.com/articles/s41538-019-0052-x
https://www.nature.com/articles/s41538-019-0052-x
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Salmonella transfer. Nearly 1.2 million illnesses are estimated to occur from Salmonella 

consumption in human foods, resulting in an estimated 19,000 hospitalizations and 370 deaths 

each year in the U.S.2 Salmonella causes approximately economic loss of 3.7 billion dollars 

annually.166 Salmonellosis, disease caused by salmonella,  has been associated with a wide variety 

of food products, especially with poultry.167 Therefore, it is essential to reduce Salmonella 

contamination in foods to reduce the risk of foodborne illnesses.168 Poultry is a frequently 

identified vehicle for non-typhoidal Salmonella transmission to humans via consumption of 

contaminated foods, particularly fresh poultry products.169 Salmonella Typhimurium was one of 

the top 10 Salmonella serotypes identified during testing of young chicken carcasses, ground beef, 

and turkey carcasses (USDA-FSIS, 2016).170 The U.S. Department of Agriculture - Food Safety 

and Inspection Service (USDA-FSIS) regulates the manufacturing and safety of poultry products 

in the U.S., and in addition to the implementation of Salmonella performance standards for fresh 

poultry carcasses and products, there are several chemical sanitizers approved for use for the 

decontamination of poultry carcasses and cut pieces from this and other microbial foodborne 

pathogens.171 

Quaternary ammonium compounds (QACs) are widely used as disinfectants and sanitizers 

in many different industries to prevent bacteria growth.172 They display a broad spectrum of 

antimicrobial activity against various bacterial and fungal microbes.173 Antimicrobial activity of 

QACs originates from disruption of outer and cytoplasmic membrane lipid bilayers through 

association of the positively charged quaternary nitrogen with anionic and/or zwitterionic polar 

head groups of phospholipids.174 Hydrophobic tails of the surfactant sanitizer inserted into the 

hydrophobic region of the microbial membrane. As a result, QACs emulsify the membrane of the 

bacteria, producing membrane integrity loss, cytosol leakage, and transmembrane potential 
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destabilization.175 Leakage of cytoplasmic content causes death of the microorganism.176 These 

compounds display very long shelf stability without losing their antimicrobial activities.177
 The 

sanitizer cetylpyridinium chloride (CPC) has been approved to be used for the surface 

decontamination of fresh poultry carcasses in the U.S. up to a maximum content of 0.8% with 

requirement for rinse-off prior to final packaging.178 

CPC demonstrates antimicrobial and bactericidal activities because of its absorption onto 

cell membrane and cell wall.179,180 When a bacterial cell and antimicrobial sanitizer encounter the 

first time, the sanitizer binds to the cell surface of the bacteria, which changes the outer layers of 

the bacterial cell. Hence, the sanitizer penetrates through those layers and reaches the cytoplasmic 

membrane. Concentration and exposure time of the CPC affect the degree of bacterial membrane 

damage.181 Some morphological changes were observed on S. Typhimurium cells when the 

bacterial cells were suspended into 0.1 % (wt/vol) of CPC for 5 min at SEM. However, bacterial 

membrane damage was not easy to distinguish for the bacteria cells suspended for 1 min and 3 

min from non-treated cells (bare bacteria).    

The impacts of CPC concentration and exposure period on resulting inhibition and 

reduction of S. Typhimurium were investigated on chicken skin surfaces.182 After chicken surfaces 

were inoculated, the antimicrobial efficiency of sanitizer CPC for the concentrations of 1 mg/ml 

upto 8 mg/ml for 1, 3, and 10 min exposure times.    Application of 4.0 mg/ml CPC for 3 min 

produced a 4.87 log10-cycle reduction of inoculated S. Typhimurium counts. 4.5 log10-cycle 

reductions in the number of bacteria were obtained: 8 mg/ml for 1 min CPC exposure; 4 mg/ml 

for 3 min CPC exposure; and 2 mg/ml for 10 min CPC exposure. Therefore, their study 

demonstrated that the reduction of S. Typhimurium was both CPC concentration and sanitizer 

exposure dependent. As the sanitizer exposure time was increased the necessary sanitizer 
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concentration was decreased for the same number of bacteria reductions. Effect of different 

concentrations of CPC and other chemical sanitizers such as trisodium phosphate (TSP), lactic 

acid (LA), and grape fruit seed extract were tested for the reduction of the number of inoculated 

Salmonella on chicken skin.183 S. Typhimurium were inoculated on chicken skins and chemical 

solutions were then sprayed on skin surfaces for 30 sec at 20 C and 206 kPa. Researchers reported 

that while varying the concentrations of TSP, LA, and grapefruit seed extract application did not 

produce significant differences in Salmonella reduction, 0.5% CPC yielded a higher reduction in 

numbers of S. Typhimurium than that by 0.1% CPC application. A 1.9 log10 and 1.5 log10 bacteria 

reduction obtained when chicken skins were sprayed with 0.5% and 0.1% CPC, respectively. Li 

et. al. also investigated the efficiency of different sanitizers on reductions of S. Typhimurium.184 

They designed a spray testing chamber to evaluate the effectiveness of 0.85% sodium chloride 

(NaCl), 5% or 10% TSP, 5% or 10% sodium bisulfate (SBS), 1% LA, and 0.1% CPC at varying 

concentrations, pressures (207, 345, or 827 kPa), and exposure times (30 or 90 sec). 0.85% NaCl 

treatment of chicken carcasses did not show a significant reduction of Salmonella as compared to 

the treatment with tap water. The longer spraying time (90 seconds) resulted in more Salmonella 

reduction than the shorter spraying time (30 sec). The treatment of higher concentration (10%) of 

TSP and SBS showed higher reduction in the number of bacteria than the treatment of their lower 

concentration (5%). 30 sec spraying with 0.1% CPC resulted in 0.8 log10 reduction while 90 sec 

spraying with 0.1% CPC resulted in 1.6 log10 reduction in the number of bacteria at 827 kPa 

pressure.  The 90 sec spraying of chicken carcasses with 10% TSP, 10% SBS, or 0.1% CPC at 827 

kPa showed 3.8, 2.6, and 1.6 log10 reduction of the bacteria, respectively. They did not observe 

any significant bacteria reduction between 207 and 345 kPa of chemical application pressures. 

However, spraying applications at 827 kPa pressure showed significant reduction in the number 
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of Salmonella. Same bacteria reduction (1.6 log) was observed for 0.1% CPC at 827 kPa or 1% 

LAC at 345 kPa spraying for a spraying time 90 sec. Antibacterial activity of CPC to reduce 

Salmonella and Campylobacter on different chicken parts in a post chill tank were examined.185 

Treatment of 0.35% CPC was able to reduce 2.5 log CFU/mL Salmonella and 4 log CFU/mL 

Campylobacter while 0.6% CPC was able to reduce 3.5 log CFU/mL Salmonella and 5 log 

CFU/mL Campylobacter. 

There is a significant number of research reports in literature discussing the antibacterial 

efficiency of CPC on Salmonella. However, there is a lack of information about the physico-

chemical antimicrobial mechanisms of Salmonella inhibition and inactivation as related to outer 

membrane surface charge neutralization resulting from the interaction between CPC and the 

bacterium. The objective of this study was to investigate the interaction between outer membrane 

surface charge and membrane potentials of Salmonella Typhimurium and the sanitizer CPC, as 

well as to investigate cellular integrity loss by sanitizer application under concentration conditions 

used in poultry slaughter. While changes in surface charges of Salmonella cells were measured by 

-potential analysis, size distributions of treated bacterial cells were measured by dynamic light 

scattering (DLS). The effect of sanitizer application on the bacterial structure and geometry was 

visualized via scanning electron microscopy (SEM). CPC-treated Salmonella were non-selectively 

enumerated test bacterial inhibition and culturability loss by sanitizer use. 

A.3 Materials and methods 

A.3.1 Preparation of sanitizer solutions 

The sanitizer containing CPC (Cecure, CPC: 40% active agent per manufacturer 

guidance) was provided by Safe Foods Corp. (N. Little Rock, AR). Working solutions of the 

sanitizer were prepared to deliver increasing concentrations of sanitizer; sanitizer was diluted in 
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sterilized, tempered deionized water to produce the concentrations of CPC (0.002, 0.005, 0.006, 

0.013, 0.025, 0.05, 0.1, 0.2, 0.4, 0.6, and 0.8%) upon addition to reaction tubes containing bacterial 

cells. 

A.3.2 Microorganism preparation 

Salmonella Typhimurium LT2 (American Type Culture Collection [ATCC] No. 700720) 

(Manassas, VA) was revived from cryo-storage (-80°C) from the culture collection of the Food 

Microbiology Laboratory (Department of Animal Science, Texas A&M University, College 

Station, TX) by duplicate sequential passages in volumes of sterile tryptic soy broth (TSB; Becton, 

Dickinson and Co., Fairfield, NJ) followed by 24 hr incubation at 35C. Following revival from 

cryo-storage, slants of the organism were prepared for refrigerated storage and use. Tryptic soy 

agar (TSA; Becton, Dickinson and Co.) slants, previously sterilized by autoclaving at 121C for 

20 min, were inoculated and then incubated for 24 hr at 35C. Following incubation, slants were 

overlaid with 1.0-2.0 mL sterilized mineral oil and refrigerated until needed. At the initiation of 

experiments, a loop (10 L) of culture was scraped from TSA slants and transferred into 9.0 mL 

sterile TSB and incubated at 35°C for 24 hr. A second passage in fresh sterile TSB was then 

completed to produce a culture for inoculum preparation and use. 

A.3.3 Size measurements of Salmonella Typhimurium cells following CPC treatment 

Salmonella Typhimurium LT2 cells following revival were centrifuged (4,000 rpm, 

benchtop mini-centrifuge) for 15 min at ambient conditions (25°C) to produce a bacterial pellet. 

Following centrifugation, the supernatant was poured off and cell pellets were suspended in one 

volume of sterilized phosphate-buffered saline (PBS; Sigma Aldrich, St. Louis, MO) with 

agitation. Three identically completed centrifugation and washing procedures were completed in 

PBS. After the preparation of approximately 8.99 ± 0.03 log10 CFU/mL bacteria, Salmonella were 
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treated with CPC to one of the concentrations indicated in Section 3.1. Immediately thereafter, size 

distribution of treated cells was measured by DLS using a Zetasizer ZS90 particle size and zeta-

potential analyzer (Malvern Instruments, Ltd., Westborough, MA). The measurements were 

carried out at a scattering angle of 90º at 25 ºC. 

A.3.4 -potential measurements of Salmonella Typhimurium following CPC treatment 

Impacts of the differing concentrations of sanitizer application on outer surface charge of 

Salmonella cells were measured at multiple increments over a 60 min period at ambient 

temperature using a Zeta-Sizer ZS90 Instrument (Malvern Instruments, Ltd., Westborough, MA) 

after bacteria cells were treated with CPC. Zeta potential measurements of Salmonella were 

performed in 0.5mM PBS (pH of 7.31±0.02) to minimize the effect of pH fluctuations.  

A.3.5 Microbiological analysis of survival of Salmonella Typhimurium cells treated with 

CPC 

Salmonella Typhimurium cells were serially diluted in PBS after three centrifugation and 

washing process (Section 2.3) prior to addition to sanitizer. For non-treated (control) and treated 

cell suspensions alike,  3M™ Petrifilm™ Aerobic Count Plate films were used to non-selectively 

enumerate sanitizer-surviving Salmonella cells, following serial dilution and incubation of 

Petrifilms at 37 °C for 48 hr. 

A.3.6 Microscopic evaluation of Salmonella Typhimurium cell shape and morphology 

following CPC sanitizer treatment 

Microscopic images were obtained by scanning electron microscopy (SEM) using a JSM-

7500F electron microscope (JEOL, Tokyo, Japan). SEM images were taken of Salmonella cells 

after ~0 min (only few sec exposed), 1, 3, and 9 min treatment with 0.8% CPC. After the treatment 

cells were rinsed in sterile milli-Q water to remove CPC residue.  
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A.3.7 Statistical analysis of data 

All DLS, -potential, and plating (cell enumeration) experiments were replicated three 

times over three differing dates (N=3). Additionally, SEM imaging was completed for three 

identically prepared sets of samples over three differing dates. Data analysis was completed using 

ORIGIN® v.8 software (OriginLab Corp., Northampton, MA). All microbiological data were 

log10-transformed prior to statistical analysis. One-way analysis of variance (ANOVA) with 

Tukey’s Honestly Significant Differences (HSD) post hoc test was used to determine whether there 

were significant differences in data between the treatments, at a significance level of P<0.05. 

A.4 Results and Discussion 

A.4.1 Size and surface charge changes in Salmonella Typhimurium cells following sanitizer 

exposure as a function of sanitizer concentration 

Shape, size, and surface characterization of non-treated Salmonella cells (bare bacteria) are 

shown in Figure 42. Scanning electron microscopy revealed Salmonella cells were rod-shaped 

with a width of 1.95± 0.3 µm and a diameter of 0.9±0.17 µm (Fig. 42A). Mean hydrodynamic 

radius of Salmonella was measured to be 1.3±0.07 µm via DLS (Fig. 42B). Likewise, mean -

potential of Salmonella cells not CPC-treated was electro-negative (–12.73±1.31 mV) in PBS (Fig. 

42C). Phosphates and carboxylic acid groups in lipopolysaccharides is responsible for the observed 

negative zeta potential.186   
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Figure 42: Shape, size, and surface characterization of Salmonella Typhimurium cells not treated by CPC: (a) 

scanning electron micrograph (SEM) of the bacteria cells, (b) size distribution for salmonella cells obtained by 

dynamic light scattering (DLS) analysis, and (c) surface charge of the cells obtained by -potential measurements.  

 
 

A.4.2 Electrostatic interactions between CPC and Salmonella 

Bacterial surface components and functional groups are primarily responsible for the 

observed zeta potential values.70 Bacterial surfaces charges originate from phosphoric, carboxylic, 

and amino groups. In addition, other components located in the cell membranes and cell wall of 

bacteria cells such as teichoic acid, proteins, lipopolysaccharides, phospholipids, and teichuronic 

acid can affect the surface charges.187,188 These groups can display different electrostatic 

interactions against different agent.77 Figure 43A shows the effect of CPC on the -potential of S. 

Typhimurium cells as a function of sanitizer application. In these experiments, Salmonella cells 

were treated with different concentrations of CPC (0, 0.002, 0.005, 0.006, 0.013, 0.025, 0.05, 0.1, 

0.2, 0.4, 0.6, and 0.8%); surface charge was measured as soon as cells were treated with CPC. 

After the bacterial cells were treated with different concentrations of CPC, -potential immediately 

increased in exponential fashion, likely due to the cationic amino groups of CPC and its covering 

of negatively-charged surface components of cell membrane. There was a sharp increase observed 

in samples’ -potential upon treatment with up to 0.2% CPC: a change from –12.73±1.31 mV (0% 
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CPC) to +14.43±1.78 mV (0.2% CPC) (Fig. 38A). Above 0.2% CPC, the -potential plateaued, 

asymptotically approaching to +16.63 ± 1.38 mV at 0.8% CPC. This finding indicates the full 

coverage or saturation of negatively charged functional groups on the cell wall.  

The distribution of mean bacterial cell sizes shifted to larger values upon CPC treatment of 

increasing concentration (Figure 43B). The mean size distribution changed from 1.3±0.07 μm to 

4±1.12 to μm by exposure to CPC at concentrations ranging from 0% to 0.8%. The addition of 

CPC also broadened the size distribution of the cells, producing a unimodal distribution with a 

larger full width at half maximum. These findings would indicate sanitizer treatment at increasing 

concentrations of CPC resulted in development of cell aggregates. This could be due to the 

reduction of cell surface charge repulsion via covering over of anionic functional groups on the 

cell’s outer membrane, the colloidal stabilization of bacteria or the complexation and bridging of 

neighboring bacteria walls with oppositely charged CPC. 

 

 

 

Figure 43: Hydrodynamic size (intensity averaged) of Salmonella Typhimurium as a function of concentration of 

CPC (a) obtained by dynamic light scattering and the change in the average -potential (mV) of Salmonella 

Typhimurium cells with addition of CPC (b). Symbols depict mean values from three independent replications while 
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error bars depict one sample s.d. (N=3). The fitted trend line (dashed) is the two-phase (double) exponential decay 

model with the coefficient of determination of 0.984. 

 
 

A.4.3 Influence of different CPC concentration on Salmonella growth 

The dependence of S. Typhimurium cells growth on the CPC concentration is depicted in 

Figure 44. The numbers of culturable bacterial cells declined with increased concentrations of 

CPC. The number of bare bacteria (non-treated control) was 8.99 ± 0.03 log10 CFU/mL, whereas 

no bacterial growth was detected for 0.2, 0.4, 0.6, and 0.8% CPC treatments. Interestingly, these 

concentrations also corresponded to positive zeta potential values for the bacteria/CPC systems. 

Between 0.0 and 0.2% CPC, bacterial survival decreased with increasing CPC concentration in a 

dose-dependent exponential manner (Fig. 39). At 0.005% CPC treatment, the numbers of S. 

Typhimurium cells decreased from 8.99 to 3.24 log10 CFU/mL, a 5.76 log10 CFU/mL reduction. It 

is important to highlight that even at very low concentrations (0.005%), CPC is able to disinfect 

5.76 log CFU/ mL, indicating very strong potency of CPC as a sanitizer when there is direct contact 

between the sanitizer CPC and bacteria cells However, the antimicrobial efficacy of sanitizers also 

depends on organic load, such as fat and protein during immersion chilling. Organic loads in 

immersion chilling tanks can decrease the efficiency of sanitizers.   The zeta potential was –7.99 

± 0.62 mV for 0.005% CPC treatment (Fig. 43A). Thus, even a small content of sanitizer in a 

liquid buffer led to a statistically significant decrease in the number of Salmonella CFU, indicating 

a strong correlation between the number of bacteria and CPC treatment. Whereas an increase in -

potential after the sanitizer CPC applied would likely reduce the repulsion between cells based on 

charge distribution across outer membranes, a decline of 5.74 log10-cycles with a change in surface 

charge of only 4.74 mV (-12.73 - -7.99 mV) was not expected to produce such a significant decline 
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in cell counts of the bacterium. Hamaud and Baker investigated the antimicrobial mechanism of 

action of 8N8, a water-in-oil emulsion, and W60C, a liposome, against Gram-negative bacteria.189 

Depending on their study, positively charged W60C showed much stronger antimicrobial activity 

than negatively charged 8N8 against negatively charged Gram-negative bacteria. While identical 

charged bacteria and 8N8 repelled each other, different surface charged bacteria and W60C 

attracted each other. Their electron microscopy showed fusion and internalization of W60C on 

bacteria cells. Ionic attraction forces between the antimicrobial agent (W60C) and bacteria 

increased their interactions. Ionic repulsion between negatively charged bacteria and 8N8 

increased its resistance against 8N8.  Interactions between bacteria and cationic and anionic 

surfactants were also investigated by Zhang et al.190 Cationic surfactant, tetraphenylethene-

dodecyltrimethylammonium bromide (TPE-DTAB), showed high interaction with negatively 

charged Escherichia coli while anionic surfactant, tetraphenylethene-sodium dodecyl sulfonate 

(TPE-SDS), did not show any interaction. Positive surface zeta potential of TPE-DTAB attracted 

bacteria through electrostatic attraction, after that long alkyl chain of the surfactant inserted into 

bacterial membrane and caused the death of bacteria due to damaging the membrane permeability. 

However, negatively charged TPE-SDS did not attract bacteria and could not come closer to the 

negatively charged bacteria due to electrostatic repulsion between them. In essence, there is a high 

correlation between the surface charge and bacterial growth results. No Salmonella growth was 

observed when surface charge of the bacteria was turned into positive due to the addition of 

sanitizer CPC. However, Salmonella growth was observed when surface charge of the bacteria 

was negative after the treatment with no or very small amount of CPC.   
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Figure 44: Least square means of Salmonella Typhimurium in presence of increasing CPC concentrations. Bars 

depict means from triplicate identically completed replicates; error bars indicate one standard deviation from means. 

Bars labeled e same letter are not significantly different from each other (p<0.05) by one-way ANOVA followed by 

Tukey’s post hoc test.  

 
 

A.4.4 Morphological disruptions of Salmonella induced by CPC 

Figure 45 shows the morphology of Salmonella cells with CPC treatment. Microscopic 

images were collected from 0.8% CPC treated samples after ~0 (few seconds), 1, 3, and 9 min. 

Non-treated cell shape and morphology is depicted in Figure 45A. Bare bacteria (control: sanitizer 

untreated cells) were intact and smooth in terms of its cellular structure. Conversely, the 

morphology of bacterial cells started to change upon application of the sanitizer. Even short-term 

exposure (~ 0 min) to the sanitizer produce changes in bacterial cell shape and arrangements. The 

sanitizer CPC, which is a positively charged cationic surfactant can interact with negatively 

charged groups located on the cell membrane and destroy the cell membrane and cause the death 

of the bacteria cell.191 S. Typhimurium is a gram-negative bacterium and its outer surface is 
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covered by lipopolysaccharides, polysaccharides, phospholipids, and various extracellular proteins 

such as pili, fimbriae, and flagella. . Negatively charged peptidoglycan and positively charged CPC 

can be combined by electrostatic interaction. Cells started to aggregate and clump together upon 

CPC addition to concentrations enough to cause S. Typhimurium counts to decline and caused 

deformation on the cell wall. As a result, cells appeared to lose their smooth rod-shaped structure 

as shown in Figure 45B, C, and D. As sanitizer exposure time was increased, some bacteria cells 

were fused together, likely through membrane lipids fusing or blending between adjacent cells 

following CPC-modulated loss of membrane surface anionic charges. Furthermore, some 

Salmonella cells had craters on their cell walls, indicating loss of cell membrane integrity as a 

result of CPC treatment (Figure 45C and 45D). Nikitina et al. obtained similar microscopy images 

for Staphylococcus aureus after treatment with quaternary bis-phosphonium and ammonium 

salts.192 Staphylococcus aureus cells lost their intact and smooth cell morphology similar to these 

finding. 

 

 

 

Figure 45: Scanning electron microscopy (SEM) images for 0.8% CPC-treated Salmonella Typhimurium cells 

treated by 0.8% CPC-treated cells at exposure times of 0 min (a), 1 min (b), 10 min (c), and 60 min (d). Images are 

representative of three independently completed experimental replications completed on differing days.  

A.5. Conclusions 

In this study, the interactions between Salmonella Typhimurium cells and the poultry 

sanitizer CPC were investigated to gain new insights into the sanitizer mechanism of action. 
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Bacterial cells were treated with different concentrations of CPC; the addition of CPC resulted in 

a shift in cell surface charge from electro-negative to electro-positive in a concentration-dependent 

manner. Increased concentrations of CPC resulted in a significant increase in the size of cell 

aggregates measured by DLS, indicating cells clump together and may even go membrane lipid 

exchange or membrane fusions, as a result of surfactant application. SEM analysis also supported 

the hypothesis that damage to cell shape and membrane integrity could be caused by sanitizer 

exposure. This study suggests a correlation between the variation of surface charge and plating 

results, as a result of cell inactivation following sanitizer application. Bacterial cells were reduced 

to non-detectable counts (from a starting load of 8.99 + 0.03 log10 CFU/ml with a contact time of 

1 min) at concentrations of CPC of 0.2% (2,000 ppm), but demonstrated sanitizer concentration-

dependent survival at very low concentration to the sanitizer (0.005% CPC). Addition of CPC 

resulted in increased ST -potential, likely a result of outer membrane component negative charges 

being covered by the cationic quaternary amino group in the CPC. These data indicate that CPC 

produces inhibition of the pathogen through initial charge attraction to electro-negative 

components on the Salmonella surface, and at sufficient concentration, charge neutralization leads 

to loss of membrane component ordering and organization. The capacity of alkyl chain 

components on CPC to insert into bacterial membranes was not directly investigated in this study, 

but possibly added to the observed antimicrobial activity of the sanitizer. In the current study we 

propose a mechanism of CPC interaction with Salmonella, that being the change in surface charge 

of treated cells via CPC covered anionic components of the cellular cytoplasmic membrane, 

resulting in disorganization and membrane integrity loss. 
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APPENDIX B NEUTRALIZATION BY LECITHIN AND EFFECT OF MIXING 

ORDERS ON SALMONELLA TYPHIMURIUM CELLS* 

 

B.1. Overview 

CPC is a quaternary ammonium sanitizer approved for fresh poultry animal carcass 

sanitization from microbial human pathogens, such as Salmonella enterica. Nonetheless, the 

interactions of CPC with Salmonella cells, and the mechanism of the sanitizer’s neutralization by 

lecithin remains largely unknown. This study aimed to investigate the interaction of CPC with 

lecithin and Salmonella Typhimurium to determine the interactions of the sanitizer and neutralizer 

impacting the bacterium’s survival. Application of 0.8% CPC is proposed to produce loss of 

microbial membrane integrity with loss of electrostatic repulsion between individual cells, 

resulting in the eventual emulsification of membrane lipids with cytoplasmic contents leakage. 

Our findings point to a two-phase interaction between CPC and lecithin impacting S. Typhimurium 

survival. The first consists of electrostatic attraction and charge neutralization between oppositely 

charged components of pathogen cell and CPC. The second involves formation of aggregates 

between sanitizer and pathogen, or between sanitizer, pathogen membrane lipids, and lecithin. 

Mixing order of CPC and neutralizer also showed a significant effect on the survival of bacteria.  

B.2. Introduction 

In the United States, the manufacture of fresh poultry products is regulated by the U.S. 

Department of Agriculture Food Safety and Inspection Service (USDA-FSIS). For poultry 

carcasses and fresh cut pieces, multiple chemical sanitizers are approved to decontaminate 

eviscerated carcasses and pieces from microbial foodborne pathogens, including Salmonella 

enterica.193 The quaternary ammonium sanitizer cetylpyridinium chloride (CPC) has been 

repeatedly studied and reported effective for the sanitization of poultry carcass and meat surfaces 

* Part of this chapter is reprinted with permission from “Cetylpyridinium chloride produces increased zeta-potential on 

Salmonella Typhimurium cells, a mechanism of the pathogen’s inactivation” by Yegin, Y., J. K. Oh, M. Akbulut, and T. M. 

Taylor, 2019, NPJ Science of Food, 3, 1, 1-7, Copyright 2019, with permission from Nature Publishing Group. 

 

https://www.nature.com/articles/s41538-019-0052-x
https://www.nature.com/articles/s41538-019-0052-x
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from microbial pathogens at up to 0.8%.181,194,195 Recent research has indicated that carryover of 

some sanitizers into poultry carcass sampling rinse fluids may prevent the successful detection of 

pathogenic microbes during routine verification testing.196,197 Consequently, recent changes to 

routine testing methods for poultry carcass testing to detect microbial pathogens have raised 

questions about the utility and necessity of chemical sanitizer neutralizing agents (i.e., neutralizers) 

and their impact on poultry processors’ ability to adhere to federal food safety performance 

standards for fresh poultry products.198,199 Dey and Engley200 previously incorporated lecithin into 

an antimicrobial neutralization formula for the purposes of counteracting QAC-type sanitizers. 

Mohammad et al.201 reported that the incorporation of soy lecithin at 7.0 g/L effectively neutralized 

CPC (0.8% w/v), facilitating Salmonella detection in a model microbiological medium. 

The antimicrobial mechanisms of the sanitizer have been previously suggested to result 

from the insertion of alkyl chains into microbial membranes, resulting in membrane permeation 

and cytoplasmic leakage.202,203 Nonetheless, studies investigating the mechanisms of CPC 

antimicrobial activity against Salmonella enterica or other microbial pathogens on poultry carcass 

or meat surfaces are lacking in the scientific literature. Breen et al.204 reported CPC addition 

reduced or reversed Salmonella cell attachment to chicken skin samples, suggested to result at 

least partially from electrostatic interactions of the cationic surfactant with anionic headgroups and 

side groups on the bacterium’s outer membrane. Ma et al.205 using a CPC-fixing clay for testing 

antimicrobial activity of CPC against enterotoxigenic E. coli and Salmonella Typhimurium, 

demonstrated cell morphology disruption by CPC application, as well as respiration inhibition in 

cells of both pathogens. 

In addition to a general lack of data that describe mechanistic interactions of CPC with 

Salmonella or other human pathogenic bacteria, data are not known to be available detailing the 
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interactions of the pathogenic microbe with the sanitizer CPC when a neutralizing agent such as 

lecithin is introduced. Understanding the interactions between these three agents would improve 

food safety specialists’ ability to accurately determine the reliability of poultry testing methods for 

pathogen detection. The objectives of this research were to identify the key components of the 

mechanisms of CPC neutralization by lecithin to yield increased understanding of the interaction 

of sanitizer and neutralizer, as impacting Salmonella Typhimurium (ST) survival, investigate the 

mixing order effect of ST, sanitizer CPC, and neutralizer agents on ST survival. It was 

hypothesized by researchers that CPC would exert a surfactant-type antimicrobial activity, likely 

resulting in membrane permeabilization and/or lipopolysaccharide (LPS) release, and that lecithin 

would neutralize this by counter-acting or inhibiting CPC mixing within bacterial cell membranes. 

B.3. Methods 

B.3.1 Bacterial isolate preparation 

Salmonella enterica serovar Typhimurium (ST) Leeligen Type (LT) 2 was revived from 

cryo-storage (-80°C) from the culture collection in the Food Microbiology Laboratory, Department 

of Animal Science, Texas A&M AgriLife Research (College Station, TX, USA) by aseptically 

inoculating a loop of preserved culture into 10.0 mL steam-sterilized (121C, 15 min) tryptic soy 

broth (TSB; Becton, Dickinson and Co., Sparks, MD, USA), and incubating statically for 24 hr at 

35°C. This isolate was chosen to accommodate Texas A&M University Institutional Biosafety 

Committee requirements for Biosafety Level (BSL) 1 containment within microscopy and 

physico-chemical analytical laboratories within the Artie McFerrin Department of Chemical 

Engineering, Texas Engineering Experiment Station (College Station, TX, USA). Following 24 hr 

of incubation, a loopful (10.0 L) of overnight culture was aseptically sub-cultured in 10.0 mL of 

sterile TSB and incubated in similar fashion for 24 hr at 35°C. 
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B.3.2 Preparation of neutralizer reagents 

Refined soy lecithin (reagent grade) was purchased from Alfa Aesar (Ward Hill, MA, 

USA), and was prepared in sterile distilled, deionized water in order to deliver up to 1.0% lecithin 

upon mixing with CPC-containing samples, with or without ST cell addition. Lecithin maximal 

content was chosen based on USDA-FSIS incorporation of 7.0 g/L (0.7% w/v) lecithin in the 

formula of Neutralizing Buffered Peptone Water (nBPW) for the rinsing of poultry carcasses and 

fresh cut pieces.206 

B.3.3 Salmonella Typhimurium surface -potential change by lecithin exposure 

The impact of lecithin inclusion was measured at 2.0, 1.5, 1.0, and 0.7% lecithin to 

determine concentration dependency on observed -potential. Lecithin was applied to 0.8% CPC-

treated bacterial cells (1.0 min treatment period prior to neutralizer addition) and -potential 

changes measured immediately thereafter. -potential measurements were collected continuously 

until stable. 

B.3.4 Enumeration of Salmonella Typhimurium cells treated by lecithin 

Salmonella Typhimurium cells were prepared as described above. Differing concentrations 

of lecithin (2.0, 0.7, and 0.0%) were applied to ST cells pre-exposed for 1.0 min at ambient 

temperature condition (25) to 0.005, 0.2 or 0.8% CPC (CPC content at which ST cells -potential 

became constant, intermediate CPC concentration, and maximum allowable CPC concentration 

allowed for poultry sanitizing, respectively). Following lecithin addition, a 40.0 min holding 

period was completed prior to enumeration of surviving bacterial cells. Surviving ST cells were 

enumerated on tryptic soy agar (TSA; Becton, Dickinson and Co.) following preparation of serial 

dilutions in phosphate-buffered saline (PBS; Thermo-Fisher Scientific, Waltham, MA, USA) and 
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incubating aerobically for at least 24 hr at 37C. Resulting plate counts were log10-transformed for 

purposes of statistical analysis. 

B.3.5 Mixing order effect on Salmonella Typhimurium  survival 

Survival of Salmonella Typhimurium cells will be investigated depending on the mixing 

order of CPC and lecithin. At first mixing condition, differing concentrations of CPC (0.005 or 

0.2%) will be mixed with 2.0% lecithin for 1.0 min at ambient temperature condition (25°) then 

the mixture of CPC and lecithin applied to ST cells. At second mixing condition, ST cells will be 

mixed with 0.7% lecithin for 1.0 min at ambient temperature condition (25°) then the ST and 

lecithin mixture will be exposed to differing concentrations of CPC (0.005 or 0.2%). At the final 

mixing condition, ST cells, 0.7% lecithin, and differing concentrations of CPC (0.005 or 0.2%) 

will be mixed at the same time for 1.0 min at ambient temperature condition (25°). Surviving 

bacteria cells will be enumerated on TSA following preparation of serial dilutions in PBS and 

incubating aerobically for at least 24 hr at 37°C. Resulting plate counts will be log10-transformed 

for purposes of statistical analysis.  

B.3.6 Visualization of CPC and lecithin-treated Salmonella Typhimurium cell morphology 

Microscopic images were obtained by scanning electron microscopy (SEM) using a JSM-

7500F electron microscope (JEOL, Tokyo, Japan), in order to visualize any changes in ST cell 

shape and morphology as a function of sanitizer and lecithin application. The samples were coated 

with 15 nm platinum/palladium (Pt/Pd) to eliminate any positive charging effects. The SEM was 

operated at an accelerating voltage of 1.0 kV and emission current of 20 μA. SEM images were 

taken of Salmonella cells after 1, 10, and 60 min treatment with 0.8% CPC. After the treatment 

cells were thoroughly rinsed in sterile milli-Q water to remove CPC residue. Identically prepared 
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ST cells were then subjected to 0.8% CPC treatment (1.0 min) and then treated with 0.7% lecithin, 

after which micrographs were collected after 1, 10, and 60 min of lecithin exposure. 

B.3.7 Data analysis 

All DLS, -potential, and plating (cell enumeration) experiments were replicated three 

times in identical fashion over differing days (N=3). Additionally, SEM imaging was completed 

for three identically prepared independent sets of samples over three differing dates. Statistical 

analysis of data was completed using ORIGIN® v.8 software (OriginLab Corp., Northampton, 

MA, USA). All microbiological data were log10-transformed prior to statistical analysis. One-way 

analysis of variance (ANOVA) with Tukey’s Honestly Significant Differences (HSD) post hoc 

test was used to determine significant differences in data between the treatments at a significance 

level of P<0.05. 

B.4. Results and Discussion 

B.4.1 Lecithin addition impacts on CPC-treated Salmonella 

The influence of lecithin on the zeta-potential of 0.8% CPC-treated ST cells is shown in 

Figure 46. Lecithin effect was measured at 0.7, 1.0, 1.5, and 2.0% lecithin to determine 

concentration dependency on observed effects. Lecithin was applied to 0.8% CPC-treated bacterial 

cells (1.0 min treatment period prior to neutralizer addition) and -potential changes measured 

immediately thereafter. Addition of 1.5-2% lecithin reduced cationic charge distribution of 

samples, indicating the capacity of lecithin to neutralize CPC activity. 
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Figure 46: -potential shifts depending on lecithin concentrations (a) and mean -potential of Salmonella 

Typhimurium cells in the presence of lecithin after 0.8% CPC treatment. Values in panel (b) represent means of 

triplicate identical replications; error bars indicate one s.d. Fitted trend line depicts inverse relation of -potential 

against increased lecithin addition, indicating increasing anionic characteristic of lecithin suspension. 

 
 
 

B.4.2 CPC effect on Salmonella -potential with 1.0% lecithin 

Non-CPC-exposed ST -potential readings were predictably electro-negative consistently 

throughout measurements (Figure 47). Similarly, the neutralizer lecithin was also electro-negative, 

with a -potential of approximately -45 mV. Samples of ST cells treated with increasing 

concentrations of CPC displayed increased -potential, up to 11.8-13.6 mV, at sufficient 

concentrations overwhelming the surface charges of ST cells. Surface electrophoretic mobility (-

potential) of 0.2 or 0.8% CPC was significantly impacted by contact with up to 1.0% lecithin. The 

surface potential of a mixture of 0.2% CPC with 1.0% lecithin hovered around 0.0 mV, whereas 

0.8% CPC with 1% lecithin -potential ranged between 8.0 and 8.7 mV. -potential values for 

sanitizer and lecithin mixtures increased as sanitizer concentration was increased from 0.2 to 0.8% 
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(from 11.8+1.2 mV at 0.2% CPC to 13.6+0.1 mV at 0.8% CPC at 0 min incubation in sanitizer 

treated cells). Mixing of CPC with lecithin effectively negated the anionic charges of lecithin. In 

comparison, when treated with CPC, the -potential of cells treated with 1.0% lecithin and sanitizer 

increased in a similar fashion (from -0.6+1.5 mV at 0.2% CPC in 1.0% lecithin-treated cells to 

8.7+0.2 mV at 0.8% CPC in 1.0% lecithin-treated cells) (Figure 42). The increases in -potential 

in both scenarios may indicate a mechanism of sanitizer activity, that of membrane surface charge 

disruption, in addition to permeabilization of the microbial membrane to water, ion, and leakage. 

Addition of lecithin following CPC application onto suspended cells, in reducing the -potential, 

likely competed with the Salmonella cell membranes for interaction with CPC. CPC possessed 

strong ability to increase the surface charge of molecules and bacterial cells (Figure 47), reducing 

ST ability to maintain proper respiration and metabolism. 

 

 

 

 

Figure 47: Change in -potential of Salmonella Typhimurium cells immediately following mixing with CPC and 

1.0% lecithin, over 60 min holding period at 25C. Symbols and connecting lines depict means of triplicate identical 

replications, while error bars depict one s.d. from sample means. 
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B.4.3 Survival of Salmonella treated within lecithin 

The dependence of ST survival on CPC concentration, and the concentration of added 

lecithin, is presented in Figure 48. The mean count of non-treated control bacteria was 8.99±0.03 

log10 CFU/mL, whereas no detection of ST survivors was achieved for 0.2 or 0.8% CPC treatments 

(limit of detection: 1 CFU/mL). Interestingly, these sanitizer concentrations produced electro-

positive -potential values for the bacteria/CPC systems. At 0.005% CPC treatment, the numbers 

of S. Typhimurium cells decreased from 8.99 to 3.24 log10 CFU/mL, a 5.76 log10 CFU/mL 

reduction. Also, at 0.005% CPC, bacterial survival increased with addition of 0.7 or 2.0% lecithin, 

but not in a dose-dependent manner (Fig. 48). Thus, a small content of sanitizer in a liquid buffer 

led to a statistically significant decrease in the number of Salmonella, indicating a strong 

correlation between the number of bacteria and CPC treatment (p<0.05). The lack of an apparent 

dose effect for 0.7 and 2.0% lecithin at the low concentration of sanitizer, however, indicates the 

neutralizer was sufficient to provide protection to ST cells, possibly by competing with ST cells 

for electrostatic interactions between anionic members of lecithin with the cationic surfactant, or 

by formation of structures wherein lecithin sequestered CPC from ST cells. At higher 

concentrations of sanitizer (0.2 and 0.8%), however, even 2.0% lecithin was generally unable to 

overcome the inactivation of the microorganism by the sanitizer. Even though lecithin was added 

at 1 minute after addition of CPC to ST cells, inactivation of the pathogen occurred quickly. The 

general lack of pathogen survival at higher CPC doses, even when lecithin was added at higher 

concentrations, suggests that if a dose effect is to be observed, it will be at a lecithin concentration 

substantially higher than that approved by the USDA-FSIS in its nBPW formulation (0.7% w/v). 

Additionally, it may require lecithin to contact Salmonella cells prior to CPC, unlikely to occur 
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given the sequence of sanitizer and neutralizer use in commercial poultry harvest and routine 

testing. 

Hamouda and Baker, Jr.189 investigated the antimicrobial mechanism of action of 8N8, a 

negatively charged water-in-oil emulsion, and W60C, a cationic liposome, against the Gram-

negative bacteria Escherichia coli and Vibrio cholerae. Their study demonstrated the positively 

charged W60C showed much stronger antimicrobial activity than the anionic 8N8 against 

negatively charged Gram-negative bacteria when divalent cations were chelated. In the current 

study, we utilized distilled deionized water, reducing the potential for cations to inhibit the 

attraction of CPC to S. Typhimurium cell surfaces. Interactions between bacteria and cationic and 

anionic surfactants were also investigated by Zhang et al.190 The cationic surfactant, 

tetraphenylethene-dodecyltrimethylammonium bromide (TPE-DTAB), showed high interaction 

with Escherichia coli by fluorescence microscopy, while the anionic surfactant tetraphenylethene-

sodium dodecyl sulfonate (TPE-SDS) did not show any interaction. An electro-positive surface -

potential of TPE-DTAB (when in excess versus TPE-SDS) likely resulted in electrostatic attraction 

to E. coli cells membrane surfaces, followed by long alkyl chain of the surfactant inserting into 

bacterial membrane and producing leakage of cytoplasmic contents.190 However, negatively 

charged TPE-SDS did not attract bacteria and could not come closer to the negatively charged 

bacteria due to electrostatic repulsion between cell surface and surfactant. 

It is important to highlight that at very low concentration (0.005%; 0.00015 M)), CPC 

(exposure period of 1.0 min) was able to produce a 5.76 log10 CFU/mL reduction in ST cells in the 

absence of lecithin, indicating strong potency of CPC as a sanitizer, despite being slightly above 

the critical micelle concentration (CMC) in water (0.00012 M).207 Antimicrobial efficacy of 

sanitizers is impacted by organic load encountered during poultry processing, such as fat and 



141 
 

protein content in poultry immersion-type chilling waters. Organic loads in immersion chilling 

tanks can decrease the efficiency of sanitizers, potentially requiring elevated sanitizer 

concentrations to overcome inactivation by organic matter. In the current study, aggregation of 

membrane components of Salmonella was observed when surface charge of suspended bacteria 

was turned to electro-positive due to the addition of excess CPC, a cationic surfactant. 

 

 

 

Figure 48: Least square means of Salmonella Typhimurium counts in presence of increasing CPC concentrations 

over a 1.0 min exposure period, with or without 0.7 or 2.0% Lecithin (Lec) exposure (40 min post lecithin 

incorporation exposure period). Bars depict means from triplicate identically completed replicates; error bars 

indicate one s.d. from means. Bars labeled with the same letter are not statistically different from each other 

(p<0.05) by one-way analysis of variance and Tukey’s post-hoc means separation test. 

 

B.4.4 Impact of lecithin on cell appearance and morphology  

In experiments determining the impact of sanitizer with subsequent neutralizer addition to 

ST cells on cellular shape and morphology changes, micrograph images were collected at 1, 10, 
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and 60 min following treatment with sanitizer (Figure 49A-C). For ST cells treated only by 0.8% 

CPC, as the exposure time was increased, sanitizer-treated cells appeared to initially aggregate 

(Fig. 40B) and membrane lipids emulsify (Fig. 40C), potentially due to surface charges being 

covered by the cationic surfactant. Salmonella cells lost cell structure during prolonged exposure 

to the sanitizer (Fig. 45C, D; Fig. 49A-C). Conversely, Figure 49 panes D-F show embedded 

bacterial cells and cell matter within a layer of lecithin (added after 1.0 min CPC application at 

0.8%). SEM images were quite different after lecithin addition as compared to only CPC-treated 

bacteria. Application of lecithin into the sample vessel resulted in a layer of surfactant forming on 

the glass slide, covering the remaining cells, and likely furthering emulsification of the membrane 

lipid components of ST cells. On solid surfaces, addition of lecithin could provide protection to 

ST cells by covering susceptible membrane components prior to sanitizer insertion, should the 

neutralizer contact the microbial cell prior to sanitizer contact. This would potentially give rise to 

increased pathogen survival, as reported in other research detailing neutralization of CPC by 

lecithin.197 In free-swimming cells, such as those which might be found in poultry carcass rinse 

fluids, addition of lecithin might be expected to form complexes with CPC rather than forming a 

protective coating on surface-adhered bacteria, given sufficient content of lecithin.196 

CPC has been reported effective for reducing the numbers of Salmonella enterica or other 

bacterial pathogens on surfaces of poultry carcass or cut pieces.194,208 Gerba,209 citing 

McDonnell,210 described early steps in quaternary sanitizer antimicrobial mechanisms against 

bacteria, indicating requirements for attachment and penetration of the outer membrane in Gram-

negative bacteria and/or the cytoplasmic membrane in Gram-negative and -positive bacteria, 

following membrane lipid emulsification and disorganization. However, impacts of the cationic 

charge component on bacterial surface charge was not discussed. Similarly, other researchers have 
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more recently indicated biscationic QACs demonstrated greater antimicrobial activity against the 

human enteric pathogen Campylobacter versus monocationic QACs (including CPC). The 

increased charge of the bis-cationic QACs led to greater pathogen reduction within the 

experimental period compared to CPC and other monocationic QACs.211 On the other hand, 

research into the influence of CPC treatment on bacterial adherence to oil/water interfaces with 

the bacterium Pseudomonas fluorescens reported little change in cell membrane hydrophobicity 

following CPC treatment (200 mg/L), though cell surface -potential was significantly changed, 

similar to findings in the current study.212 These researchers suggested that influences of the 

cationic sanitizer on cell surface -potential, specifically charge neutralization through interactions 

of oppositely charged components, likely led to increased adhesion and interaction with the 

oil/water interface. A similar impact was observed here, as changes in cell surface charge of CPC-

treated Salmonella were observed, and loss of surface charge led to increased observed membrane 

lipid components reorganizing and/or aggregating together. 

Quisno et al.213 reported the inclusion of lecithin as effective for the neutralization of 

bacteriostatic activity of cationic surfactants and other cationic disinfectants, though no 

mechanism of activity was suggested. Recent research indicates the inclusion of sanitizer 

neutralizers, such as lecithin, for the neutralization of quaternary ammonium sanitizers like CPC, 

increases the likelihood of Salmonella recovery during poultry carcass or parts testing.196,214 The 

formation of lecithin/CPC mixed micelles was not detected in the current study by DLS or -

potential analysis when mixed with Salmonella Typhimurium cells, though mixing of the 

surfactants potentially occurred, given changes in -potential for lecithin:CPC mixtures where 1% 

lecithin was mixed with CPC at differing concentrations. Microscopy indicated mixing of sanitizer 
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along with bacterial membrane components, likely leading to cell death through cytoplasmic 

contents leakage via membrane integrity loss. 

 

 

 

Figure 49: Scanning electron microscopy (SEM) images (a-c) for 0.8% CPC-treated Salmonella Typhimurium cells 

and (d-f) lecithin effect for 0.8% CPC-treated cells for different exposure times for 1 min (a, d), 10 min (b, e), and 

60 min (c, f). Images are representative of three independently completed experimental replications completed on 

differing days. Scale bar is 10 m. 

 

B.4.5 Impact of mixing order on Salmonella Typhimurium survival 

The dependence of ST survival related to the mixing order of CPC, ST, and lecithin are 

shown at Figure 50-53. ST cells were treated with sanitizer CPC, then the cells were mixed with 

lecithin, is presented in Figure 50. Sanitizer treated cells (0.005% or 0.8%) were mixed with 

differing concentrations of neutralizer. Addition of lecithin increased the number of bacteria at low 

concentrations of CPC (0.005%) which was not sufficient concentration to kill all the bacteria 
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cells. However, if the concentration of CPC was high (0.8%) enough to inactivate the 

microorganisms, lecithin did not increase the number of cells or recover them.  

The other mixing condition is presented in Figure 51. Two different CPC concentrations 

(0.005 or 0.2%) were mixed with 2.0% lecithin and then the mixture of CPC and lecithin mixed 

with ST.  Lecithin concentration was high enough to neutralize CPC for both concentrations. 

Mixing sanitizer with neutralizer before mixing with bacteria cells significantly decreased efficacy 

of the sanitizer. Even though 0.2% CPC concentration is high enough to kill ST when it is first 

applied to ST, it could not overcome neutralizing effect of lecithin and could not inactivate the 

cells. 

 
 

 

Figure 50: Least square means of Salmonella Typhimurium counts, after the cells were treated with CPC (0.005% or 

0.8%CPC) over a 1.0 min exposure period then mixed with various concentrations of lecithin. Bars depict means 

from triplicate identically completed replicates; error bars indicate one s.d. from means. Bars labeled with the same 

letter are not statistically different from each other (p<0.05) by one-way analysis of variance and Tukey’s post-hoc 

means separation test. 
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Figure 51: Least square means of Salmonella Typhimurium counts, after CPC (0.005% or 0.2%CPC) was mixed 

with 2.0% lecithin over a 1.0 min exposure period then mixed with the cells. Bars depict means from triplicate 

identically completed replicates; error bars indicate one s.d. from means. Bars labeled with the same letter are not 

statistically different from each other (p<0.05) by one-way analysis of variance and Tukey’s post-hoc means 

separation test. 

 
 

 

Figure 52: Least square means of Salmonella Typhimurium counts, after the cells were mixed with 0.7% lecithin 

over a 1.0 min exposure period then mixed with CPC (0.005 or 0.2%). Bars depict means from triplicate identically 
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completed replicates; error bars indicate one s.d. from means. Bars labeled with the same letter are not statistically 

different from each other (p<0.05) by one-way analysis of variance and Tukey’s post-hoc means separation test. 

 

 

 

Figure 53: Least square means of Salmonella Typhimurium counts, after the cells, 0.7% lecithin, and CPC (0.005 or 

0.2%) were mixed all together at the same Bars depict means from triplicate identically completed replicates; error 

bars indicate one s.d. from means. Bars labeled with the same letter are not statistically different from each other 

(p<0.05) by one-way analysis of variance and Tukey’s post-hoc means separation test. 

 
 

The third mixing condition is ST cells were mixed with 0.7% neutralizer, after that the ST 

and lecithin mixture was exposed to differing concentrations of CPC (0.005 or 0.2%) in Figure 52. 

Mixing with lecithin decreased the efficiency of sanitizer by covering the surface of the cells and 

minimizing the interaction of sanitizer with ST. 0.005%CPC did not show any significant decrease 

in ST cells when applied after the cells mixed with lecithin as compared to control bacteria while 

the same concentration of CPC was able to produce a 5.76 log10 CFU/mL reduction in ST cells in 

the absence of neutralizer. 0.2% CPC treatment after cells were mixed with lecithin was high 

enough to kill ST cells.  
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Final mixing condition is mixing of ST, 0.7% lecithin, and CPC (0.005 or 0.2%) all 

together at the same time (Figure 53). High concentration of CPC (0.2%) inactivated ST cells while 

lower concentration of CPC (0.005%) could not inactivate the cells. As a result, if the sanitizer 

concentration is not enough to inactivate all the cells, mixing order of neutralizer, sanitizer, and 

bacteria can make significant difference in terms of bacterial inactivation.  

B.6. Conclusions 

In the current study, we present hydrodynamic radius, -potential (electrophoretic 

mobility), microbiological and microscopic data describing the interactions of the cationic poultry 

sanitizer CPC with the bacterium Salmonella Typhimurium, with the inclusion of the sanitizer 

neutralizer lecithin. Addition of lecithin at up to 2% potentially provided some degree of 

neutralization to CPC by competing for charge attraction with Salmonella cells, though plate count 

data indicate even this concentration of neutralizer was insufficient to afford pathogen survival 

post-CPC exposure. The use of sanitizer neutralizers during poultry carcass and cut pieces routine 

sampling has been reported necessary to improve the accuracy of testing for Salmonella and 

Campylobacter by the USDA-FSIS. Lecithin as a neutralizer, at lower CPC concentrations, 

competed for electrostatic attraction with CPC and Salmonella membrane components, though at 

higher concentrations of CPC, lecithin at concentrations used in USDA-FSIS routine testing media 

was insufficient to neutralize all sanitizer activity via charge neutralization or mixed micelle 

complex formation, determined by Salmonella inactivation by CPC. 
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APPENDIX C ANTIFUNGAL ACTIVITY OF NEEM OIL-LOADED POLYMERIC 

NANOPARTICLES AGAINST ASPERGILLUS FLAVUS 

 

C.1. Overview  

Molds causes a health concern because of their mycotoxins production. These compounds 

are toxic to humans and animals. The aim of this study was to develop and characterize neem oil-

loaded nanoparticles that can be used to effectively control the growth of Aspergillus flavus. This 

study demonstrates neem oil can be loaded into polymeric nanoparticles with sustainable release 

profile. Neem oil-loaded NPs were characterized for size, zeta-potential, release, encapsulation 

efficiency, and inhibition of A. flavus. The NPs showed a size 300.6 nm, zeta potential -16 mV, 

with an encapsulation efficiency 84.78%. Both encapsulated neem oil and non-encapsulated neem 

oil treatments inhibited the growth of the fungi. However, neem oil-loaded NPs inhibited A. flavus 

growth at much lower concentrations as compared to unencapsulated neem oil. Neem oil-loaded 

NPs displayed sustained release with a time constant of 120 h, maintaining their anti-pathogenic 

properties over a prolonged time period. Encapsulated neem oil prevented the growth of A. flavus 

at day 7 while non-encapsulated neem oil treated A. flavus showed an increased growth. 

Antimicrobial NPs may be useful decontamination of various crops.  

C.2. Introduction 

Fungi can cause negative health effects as some strains release toxins to the environment 

causing allergies and other health issues like cancer.215 Cereal grains can be contaminated with 

filamentous fungi that produce mycotoxins under inappropriate conditions.216 The most known 

mycotoxins are produced by Aspergillus, Fusarium, and Penicillium.217,218,219 Peanuts, rice, figs, 

sorghum, cocoa beans, spices, oil seeds, fruits and vegetables are high risk group food 

commodities to aflatoxin contamination.220  
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Aflatoxigenic strains of Aspergillus can produce aflatoxins which are known as 

carcinogenic, hepatotoxic, and teratogenic.221 Aflatoxins can cause various heath issues such as 

acute liver damage, hormonal imbalance, skin disorders, tumor and liver cirrhosis.222  

Nanotechnology is a technology provided advantage to synthesize antifungal 

compounds.223 For example, silver nanoparticles are commonly used antimicrobial agents and 

inhibit fungal pathogens effectively.224 Polymeric nanoparticles have received great interest for 

agricultural applications among various carrier systems because of solid matrices that can protect 

active compound and enable release of active compound over time.225 Polymeric nanoparticles 

provide numerous advantages such as biodegradability, incorporation of active compounds with 

no need of chemical reactions, and prolonged release of active compounds with the selection of 

materials used during the nanoparticle preparations.164,226 The objective of this study was to 

develop antifungal nanoparticles loaded with neem oil using the triblock copolymer Pluronic F-

127 and characterize resulting physico-chemical and antifungal properties. Resulting neem oil-

loaded NPs were characterized for size, zeta potential, drug release profile, and antifungal capacity 

of neem oil NPs against Aspergillus flavus.  

C.3. Materials and Methods 

C.3.1. Preparation of neem oil-loaded nanoparticles  

Organic cold-pressed filtered un-refined 100% neem oil  (Deepthi Organics LLC, 

Greeensboro, NC, USA) and Pluronic F-127 (CAS #9003-1-6; Sigma-Aldrich Corp., St. Louis, 

MO, USA) were dissolved in tetrahydrofuran (CAS #109-99-9; Sigma-Aldrich Corp.; THF), to a 

ratio of 1:2 (neem oil:pluronic F-127). Then THF solution was added in milli-Q water, to a ratio 

of 1:10 (THF mixture:milli-Q water) and sonicated for 3 min. Neem oil-loaded nanoparticles are 

placed into a standard regenerated cellulose membrane (molecular weight cut-off 12,000-14,000 
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Da; approximately 2.0 nm diameter cut-off) (Spectrum Laboratories, Inc., Rancho Dominguez, 

CA); membranes were then placed into beakers containing 2.0 L milli-Q water to remove THF. 

C.3.3. Characterization of Neem Oil-loaded Nanoparticles 

Particle size distribution of neem oil-loaded NPs was measured by dynamic light scattering 

(DLS) following four-fold dilution in milli-Q water using a Zeta-sizer ZS90 particle size and zeta 

potential analyzer (Malvern Instruments, Ltd., Westborough, MA). The measurements were 

carried out at a scattering angle of 90° at 25°C to determine sizes and size distribution. Zeta 

potential (ζ-potential) of the NPs were also measured using a Zeta-Sizer ZS90 Instrument (Malvern 

Instruments, Ltd.)  

C.3.4. Release Kinetics of Neem Oil from Polymeric NPs 

Neem oil-loaded NPs (10.0 mL) were added into standard regenerated cellulose membrane 

(molecular weight cut-off 12,000-14,000 Da; approximately 2.0 nm diameter cut-off) (Spectrum 

Laboratories, Inc., Rancho Dominguez, CA). After that, the membranes were placed into beakers 

containing 200.0 mL milli-Q water. Unencapsulated neem oil was expected to passively diffuse 

through dialysis membranes, while NPs were expected to be unable to diffuse through membranes, 

preventing entrapped neem oil from diffusion. Changes in concentration of free neem oil were 

tracked by spectroscopy using a UV-1800 UV/Visible scanning spectrophotometer (Shimadzu 

Corp., Columbia, MD), scanning all wavelengths from 200 to 800 nm. UV measurements were 

performed at ambient temperature at 1, 2, 4, 8, 24, 48, 72, 96, 120, 144, 168, 192, 216, 240, 264, 

288, and 312 h. Three independent replications were completed for each measurement. 

C.3.5. Preparation of Aspergillus Flavus 

Plate counts were used to observe the microbial growth.  Aspergillus flavus was counted 

by identifying the fungus in color and growth stages. A concentration of 16.4x10^4  CFU/ml of A. 
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flavus (Carolina Biological Supply Company, Burlington, NC) was plated onto 100 mm × 15 mm 

sterile petri dishes containing Potato Dextrose Agar (Sigma Aldrich, Merck KGaA, Darmstadt, 

Germany). Three replicates from each diluted sample group were observed for 

microbial growth. After 7 days of incubation at 25°C, colony-forming units (CFUs) per ml were 

counted to compare the microbial growth of different treatments.  

C.3.6. Antifungal Assays 

After Aspergillus flavus cultures were prepared, various concentrations of treatments were 

applied to determine their antifungal activities. A. flavus were treated with neem oil-loaded NPs, 

non-encapsulated neem oil, and polymer. Various concentrations of unencapsulated neem oil and 

encapsulated neem oil were applied on A. flavus to determine antifungal activity. The assay was 

replicated three times; antifungal activity of free or entrapped neem oil were determined. Neem 

oil-containing (free, encapsulated) A PF127 control was included to determine fungal growth. 

Antifungal activity of free or encapsulated neem oil was assayed following plate counting. 

Numbers of surviving pathogens from tubes containing free or encapsulated neem oil were 

determined by spreading 0.1 mL of culture fluid directly from a sample well onto the surface of a 

Potato Dextrose Agar-containing Petri dish. Inoculated Petri dishes were incubated at 35°C. The 

growth of the cells was observed every 24 hr.   

C.3.7. Statistical Analysis of Data 

Data analysis was completed using ORIGIN® v.8 software (OriginLab Corp., 

Northampton, MA). One-way analysis of variance (ANOVA) was used to test the differences 

between treatments and Tukey’s Honestly Significant Differences (HSD) test was performed to 

separate means differing at p<0.05. 
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C.4. Results and Discussion 

C.4.1. Characterization of Nanoparticles and Encapsulation Efficiency 

Size distribution of NPs were obtained by DLS (Figure 54). Hydrodynamic NP size 

distribution ranged between 100 to 1000 nm. Average diameter of NPS were 300.6±6.2 nm. 

Polydispersity index (PDI) values approximated 0.21. Average zeta-potential of NPs were -16±0.4 

mV (Fig. 55).  

The neem oil-loaded were synthesized using pluronic F127 as stabilizer, which coated the surfaces 

of the particles and provided steric stabilization. Therefore, surface electron repulsion was not the 

main factor affecting colloidal stability.  

 

 

 

 

Figure 54: Particle size distribution of neem oil-loaded nanoparticles. 
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Figure 55: Zeta-potential of neem oil-loaded nanoparticles. 

Encapsulation efficiency determination can provide an information about the percent of 

drug entrapped within a polymeric matrix from the amount of drug added in NP synthesis. 

Encapsulation efficiency for neem oil in Pluronic F127 was 84.8±3.3%. Non-encapsulated neem 

oil was removed during dialysis while removing THF. 

C.4.2. Release of Neem Oil from PF127 Nanoparticles 

The release of neem oil from NPs into water was measured by the spectroscopic 

determination of neem oil concentration as shown in Figure 56. The measurements were collected 

up to 312 h at 25°C. The concentration of neem oil diffusion through the dialysis membrane 

increased from 0 to 120 h. After that, the concentration of neem oil diffusing across the dialysis 

membrane reached to a plateau from 144 h to 312 h of storage.  
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Figure 56: Neem oil release from nanoparticles stored at 25°C as a function of time. Symbols depict means from 

three independent replications while error bars depict one sample standard deviation (n=3). 

 

 

C.4.3. Antifungal Activity of Neem Oil NPs against Aspergillus flavus 

Antifungal activity of nano-encapsulated and unencapsulated neem oil applied to A. flavus 

are provided in Table 10. The reductions of the fungi for nano-encapsulated neem oil were greater 

than those obtained for unencapsulated neem oil. Antifungal neem oil-loaded NPs inhibited 

pathogen growth at lower neem concentrations as compared to unencapsulated neem oil (Table 

10). The growth of A. flavus observed at day 5 in Petri dishes. Only polymer treated fungi showed 

the highest growth with 20±2 CFU at day 5. Mold covered the entire Petri dishes at day 7 and not 

possible to count the colonies. Therefore, Pluronic F127 used for the encapsulation of neem oil did 

not have any antifungal effect against A. flavus.  The number of fungi growth without any treatment 

was 15.33±2.08 and 17.67±2.08 CFU at day 5 and day 7, respectively. Fungi growth was decreased 

with the increased concentrations of encapsulated and unencapsulated neem oil. Highest 

concentrations of neem oil (10%) for encapsulated and unencapsulated resulted in a fungicidal 
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effect. Unencapsulated neem oil treated A. flavus showed an increased growth from day 5 to day 

7 for neem oil concentrations between 0.5% to 4%. However, A. flavus treated with NPs did not 

show any growth increase at day 7. Neem oil-loaded NPs showed sustained release behaviors. 

Therefore, neem oil continued to be released over time and inhibited the growth of fungi. These 

results suggest that encapsulation of neem oil can enhance their bioavailability and transport of 

neem oil, which may explain observed reductions in A. flavus for encapsulated versus 

unencapsulated neem oil (Table 10).  

 

 
Table 10: Antifungal effect of free and polymeric NP-encapsulated neem oil against Aspergillus flavus. 

Neem Oil Concentration (%) Condition  
Day7 

Average St-dev 

0.5 NP1 7.33 0.58 

1 NP2 1.67 1.53 

1.5 NP3 1.33 1.53 

2 NP4 1.00 0.00 

2.5 NP5 0.67 1.15 

3 NP6 0.67 0.58 

4 NP7 0.33 0.58 

10 NP8 0 0 

0.5 FD1 11.33 1.53 

1 FD2 7.00 3.00 

1.5 FD3 6.67 1.53 

2 FD4 4.33 0.58 

2.5 FD5 4.33 2.08 

3 FD6 2.67 1.53 

4 FD7 1.67 1.15 

10 FD8 0 0 

0 Control (only mold) 17.67 2.08 

0 Control Polymer  Covered entire plate (hard to count) 
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C.5. Conclusions 

Encapsulation of neem oil in the polymer Pluronic® F-127 demonstrated a significantly 

greater decrease on the number of A. flavus as compared to unencapsulated neem oil. Nano-

encapsulation of neem oil enhanced antifungal activity against A. flavus by lowering the required 

amount of neem oil necessary for inhibition through improved transport of neem oil to the mold 

membranes. Release profile indicates that neem oil continued to release over time and kept 

showing antifungal activity. Neem oil-loaded NPs are very promising application for the inhibition 

of A. flavus growth on the crops. Further, release profile analysis indicates that encapsulation of 

neem oil will help the slow release of neem oil and maintain the efficacy of neem oil. Physico-

chemical and antifungal properties of Pluronic® F-127 NPs containing neem oil were 

characterized for the potential of the application neem oil-loaded NPs for the determination of their 

antifungal capacity on food surfaces.  
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APPENDIX D ECOTOXIC EFFECTS OF PACLITAXEL-LOADED 

NANOTHERAPEUTICS ON FRESHWATER ALGAE, PSEUDOKIRCHNERIELLA 

SUBCAPITATA AND CHAMYDOMONAS REINHARDTII* 

 

D.1. Abstract  

The contamination of water bodies and water pollution with pharmaceutics are global 

issues receiving increasing attention, stemming from the population growth and resultant rises in 

pharmaceutical consumption, disposal, and excretion. However, little is known about how 

emerging classes of pharmaceutics, in particular nanopharmaceutics, influence water bodies and 

organisms living in them. In this work, we investigate the interactions of paclitaxel-load 

nanomedicine with freshwater algae Pseudokirchneriella subcapitata and Chamydomonas 

reinhardtii. For a given paclitaxel concentration, the nanomedicine form of paclitaxel was found 

to lead to a higher localization/internalization of paclitaxel on/in algal cell surfaces and to inhibit 

algal growth more than molecular (free) paclitaxel. In addition, while the molecular paclitaxel at 

the solubility limit in water could not significantly hinder algal growth to reach a IC50 level, the 

nanomedicine form had a 72-h IC50 value of 0.8 ± 0.1 µg paclitaxel/mL for C. reinhardtii and 1.6 

± 0.1 µg paclitaxel/mL for P. subcapitata. In the case of paclitaxel-load nanomedicine, 

concentrations above 16.2 µg paclitaxel/mL for P. subcapitata and above 5.4 µg paclitaxel/mL for 

C. reinhardtii resulted in an algaecidal effect, i.e. algal necrosis and complete stoppage of algal 

growth. These findings indicate that nanopharmaceutics can cause ecotoxic effects on freshwater 

algae that are otherwise not possible by traditional lipophilic pharmaceutics, owing to their ability 

to solubilize water-insoluble drug molecules in them.      

* Reprinted with permission from “Ecotoxic effects of paclitaxel-loaded nanotherapeutics on freshwater algae, Raphidocelis 

subcapitata and Chlamydomonas reinhardtii” by Yegin, Y., C. Yegin, J. K. Oh, A. Orr, M. Zhang, N. Nagabandi, T. Severin, 

T. A. Villareal, M. M. Sari, A. Castillo, E. A. Scholar, and M. Akbulut, 2017, Environmental Science: Nano, 4, 5, 1077-1085, 

Copyright 2017, with permission from Royal Society of Chemistry. 
 

https://pubs.rsc.org/en/content/articlehtml/2017/en/c6en00332j
https://pubs.rsc.org/en/content/articlehtml/2017/en/c6en00332j
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D.2. Introduction 

Nanotherapeutics are defined as nanoscale or nanostructured materials used for medical 

diagnosis and treatment.227 The main motivation behind to use nanotherapeutics is their size-

specific unique medical and physiological properties. For instance, the bioavailability of 

therapeutics, increases with decreasing size and increasing surface area to volume ratio of drug 

particles, which is especially beneficial for water-insoluble therapeutics.228 In addition, 

nanopharmaceutics in the range of 10 nm to 200 nm tend to passively target disease sites through 

the enhanced permeability and retention effect.229,230 By relying on such intriguing properties, a 

number of nanotherapeutics have successfully been developed from the laboratory to the clinic to 

the market: According to a recent study, there were 33 marketed nanotherapeutics worldwide in 

2012.231 Another study identified 158 startups and small and medium enterprises focusing on the 

development of nanotherapeuticss.227 The global market value of nanotherapeutics was estimated 

to reach about $7 billion in 2004,227 between $17 and $73 billion in 2011,232,233 and between $178 

and $528 billion in 2019.233,234 The increased production and consumption of nanotherapeutics 

have brought along concerns regarding the potential consequences of their occurrence and 

distribution on environmental and ecological health. 

The abovementioned concerns have intensified in light of recent studies indicating that 

some of the administered nanotherapeutics can be excreted from the human body via excretory or 

hepatobiliary systems.235–237 Hepatobiliary system generally provides a partial or a full 

metabolization of the nanomedicines that is followed by fecal or biliary excretion.238,239 On the 

other hand, kidney and other parts of the excretory system rapidly remove them, in particular small 

ones (i.e. <50 nm), from the vascular compartment in a relatively unaltered form.238 Upon 

excretion, nanotherapeutics are destined to reach the sewer system and then go through a waste 
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treatment facility. However, the elimination of nanoparticles from wastewater is a challenge and 

standard wastewater treatment plants do not completely capture some nanomaterials.240,241 While 

it is currently unknown how nanotherapeutics interact with waste treatment plants, the occurrence 

and detection of conventional therapeutic agents in waterbodies242–244 suggest nanotherapeutics 

may also find its way to rivers, lakes, and oceans through the discharge of liquid effluent from 

wastewater treatment plants. In addition, sewage systems may leak or become defective, and these 

leaks can eventually infiltrate to subsoil and reach underground streams.245–247 Overall, owing to 

these reasons, the ecotoxicity of nanotherapeutics is an emerging concern from environmental 

science perspectives.  

Algal communities have many characteristics as biological indicators of spatial and 

temporal environmental variations owing to their position at the base of aquatic foodwebs.248 

Furthermore, algae play a role on the purification of polluted water.249,250 Algae respond promptly 

various types of pollutants and provide warning signals related to the deterioration of ecological 

conditions, making them useful as model organisms for assessing the toxicity of pollutants.251–256 

There is extensive literature on the interactions of pharmaceuticals and nanomaterials with algae 

and subsequent outcomes of these interactions on survival and growth of algae.257–264 Mechanisms 

by which nanomaterials cause ecotoxicity on algae include modifications of membranes and other 

cell structures, local nutrient depletion and shading induced by physical restraints (clogging 

effects), solubilization of toxic compounds, and/or production of reactive oxygen species.265–284 

Regarding pharmaceuticals, the main modes of pharmaceutical toxicity for algae are specific and 

nonspecific inhibition of photosynthesis, estrogenic effects, and reactive toxicity.285–291 The 

severity of these ecotoxic effects depend on the chemical nature of pharmaceuticals. For instance, 

cytostatics, used for cancer therapy, tend to inhibit algal growth at doses much below than that 
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analgesics and antibiotics can.263,264 Despite the existence of numerous ecotoxicity studies of 

nanoparticles and pharmaceuticals with algae, little has been reported on the ecotoxicity of 

nanotherapeutics on algae. In addition, the very nature of nanotherapeutics resulting in increased 

bioavailability, ability to solubilize hydrophobic molecules, higher payload capacity, excellent 

stability in aqueous environments and in blood, and prolonged blood circulation times further 

motivates ecotoxicity studies with nanotherapeutics. This is because the abovementioned 

properties can cause nanotherapeutics to persevere for extended periods of time in the 

environment, and thus have a larger impact on uncontrolled releases and accidental spills. 

In this study, we investigate the interactions of paclitaxel-loaded nanotherapeutics with 

Pseudokirchneriella subcapitata and Chlamydomonas reinhardtii. Here, paclitaxel is focused on 

because it is a commonly used antineoplastic agent for treatment of pancreatic, breast, ovarian, 

lung, and other types of cancer and the active ingredient of three different nanotherapeutics on the 

market.292 Pseudokirchneriella subcapitata and Chlamydomonas reinhardtii are well-established 

green algae models for ecotoxicity studies.268,270,293,294 To systematically study how paclitaxel-

based nanomedicine adsorb and absorb on/in algae and such processes influence algal 

proliferation, a comprehensive and complementary set of experimental techniques were used, 

including transmission electron microscopy, dynamic light scattering, spectrofluorometry, optical 

microscopy, and laser confocal microscopy. 

D.3. Experimental 

D.3.1 Materials 

Paclitaxel (99%) was purchased from Selleck Chemicals (Houston, TX); poly (ethylene 

oxide)-block-poly (ε-caprolactone) (PEO-b-PCL, 5k-b-6k, Mw/Mn = 1.3) was purchased from 

Polymer Source Inc. (Dorval, Quebec, Canada); and tetrahydrofuran (THF, 99+ %) and poly-L-
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lysine were procured from Sigma-Aldrich Co. (St. Louis, MO). Oregon Green® 488 Conjugate 

(Oregon Green® 488 Taxol, Flutax-2) was purchased from ThermoFisher Scientific (Waltham, 

MA). All chemicals were used as received. 

D.3.2 Preparation of Paclitaxel-Loaded Nanotherapeutics 

Paclitaxel-loaded nanomedicine was prepared as described elsewhere.142,295,296 Briefly, 

paclitaxel (0.002 g) and PEO-b-PCL (0.03 g) were dissolved in 1 mL THF, which was then 

intensely mixed with 9 mL Milli-Q water using a probe sonicator at 1200 W for 5 min (SJIA-

2000W, Ningbo Haishu Sklon Electronics Instruments Co., Zhejiang, China). Then, the dispersion 

of paclitaxel-loaded particles was dialyzed in OECD media using a standard regenerated cellulose 

membrane (molecular weight cut-off 12,000-14,000 Da, Spectrum Laboratories, Inc., Rancho 

Dominguez, CA) to remove THF from the dispersion. To facilitate the removal of THF, the OECD 

media was replaced with fresh OECD media every 30 min until no THF was detected by olfactory 

analysis. 

D.3.3 Characterization of Paclitaxel-Loaded Nanotherapeutics 

Particle size distribution of paclitaxel nanoparticles after the dialysis was measured using 

dynamic light scattering (DLS) with a Zetasizer ZS90 particle size and zeta potential analyzer 

(Malvern Instruments, Ltd., Westborough, MA). The measurements were carried out at a scattering 

angle of 90° at 25 °C. The morphology of nanotherapeutics was characterized by a JEOL JEM-

2010 transmission electron microscope (JEOL USA, Inc., Peabody, MA). In these measurements, 

nanotherapeutics dispersion was added drop-wise onto a copper grid (400 mesh) with carbon film 

(CF400-Cu, Electron Microscopy Sciences, Hatfield, PA). Then, the sample was fully dried at 

ambient conditions prior to TEM analysis. Observations were done at 200 kV accelerating voltage, 

<2.5 x 10-5 Pa pressure, and at 25°C. 
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D.3.4 Algal Growth and Exposure Experiments 

Pseudokirchneriella subcapitata and Chlamydomonas reinhardtii algae cells were 

obtained from Carolina Biological Supply Company (Burlington, NC). These microorganisms 

were grown in algal growth medium described in the guidelines by Organisation for Economic 

Cooperation and Development (OECD).297 The resultant algal cultures were counted using a 

hemocytometer and then diluted into 200 mL of fresh OECD media to yield a concentration of 106 

cells/L. Then, the algae cultures were exposed to free paclitaxel at the solubility limit in water (0.2 

µg/mL)298 or paclitaxel-loaded nanotherapeutics at varying concentrations where the net paclitaxel 

concentration was 0.2, 0.6, 1.8, 5.4, or 16.2 µg/mL in the suspension of paclitaxel-loaded 

nanotherapeutics. Algal culture with no treatment was control group. Each of these conditions 

were performed in triplicate. The point of exposure was taken as time zero. The number of algae 

after the treatments was determined by taking 3 mL aliquots from the treated solutions and by 

measuring fluorescence levels using a spectrofluorometer (PTI QuantaMaster, the Fluorescence 

Solutions Company, Edison, NJ) at day 0, 1, 2, 3, 5, and 7. The inhibitory concentration of 

paclitaxel-based nanomedicine leading to a 50% reduction in algal growth rate compared to the 

controls (i.e. IC50) were calculated using a linear interpolation.299 

D.3.5 Characterization of Algae and Nanoparticulate Uptake by Algae  

The shape and dimensions of algae were characterized using optical microscopy (Zeiss 

LSM 780 NLO, Carl Zeiss Microscopy GmbH, Pleasanton, CA). To enable fluorescent tracking 

of therapeutic agent needed in uptake studies, paclitaxel/Oregon Green® 488 conjugate rather than 

just paclitaxel was used for the preparation of paclitaxel-loaded nanotherapeutics. The exposure 

studies were conducted using paclitaxel/Oregon Green® 488 conjugate and nanotherapeutics 

containing paclitaxel/Oregon Green® 488 conjugate. Here, Oregon Green® 488 was particularly 



164 
 

selected to ensure that the fluorescence emission of the tracked particles peaks at a wavelength 

sufficiently away from that of algal chlorophylls. After the preparation of fluorescently-tagged 

materials, 1.0 mL aliquot from each algae stock solution at a concentration of 106 cells/L was 

mixed with 1.0 mL fluorescently-tagged free paclitaxel (0.2 µg/mL) or paclitaxel-based 

nanotherapeutics with a net paclitaxel concentration of 0.2 µg/mL and incubated for 2 hr. Before 

confocal microscopic imaging, the exposed algal cultures were washed once with OECD media 

and immobilized on glass cover slides that were coated with poly-L-lysine solution. The images 

were obtained using a confocal laser scanning microscope (Leica TCS SP5, Leica Microsystems 

Inc., Buffalo Grove, IL) at an excitation wavelength of 488 nm.  

D.3.6 Statistical Analysis  

Data and statistical analyses were carried out using ORIGIN® v8 software (OriginLab 

Corp., Northampton, MA). One-way analysis of variance (ANOVA) was used to test the 

differences between treatments and Tukey’s Honestly Significant Differences (HSD) test was 

performed to separate means differing at p<0.05. 

D.4. Results and Discussion 

D.4.1 Characterization of Paclitaxel-based Nanomedicine and Microorganisms 

Nanoparticle size is known to affect the efficacy and pathway of cellular uptake and blood 

circulation of nanoparticles. Commercial nanotherapeutics for intravenously administration are 

often prepared in a way to result in a particle size in the range of 50-300 nm to ensure a prolonged 

blood circulation and passive tarageting.300–302 The mean intensity-weighted hydrodynamic size of 

paclitaxel-based nanomedicine prepared, which was obtained by the DLS analysis, was found to 

be 84 ± 4 nm with a relatively narrow size distribution having polydispersity index (PDI) of 0.19 

(Fig. 57A). Since the size of the prepared nanomedicine lies within the range of optimum size for 
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intravenous drug delivery applications, the prepared nanomedicine represents a suitable model 

from a size perspective. The shape of nanoparticles is another important parameter influencing 

their cellular uptake.303 For instance, Chithrani et al.304,305 reported that spherical particles of 

similar size were taken up 500% more than rod-shaped particles, which was attributed to the 

greater membrane-wrapping time required for the elongated particles. Hence, to better interpret 

the algal uptake data, we characterized the morphology of the prepared nanomedicine using TEM 

(Fig. 57B), which revealed that particles are spherical in shape as most commercial 

nanotherapeutics.  

Figs. 57C and D show the size and shape of P. subcapitata and C. reinhardtii cells, 

respectively, before any treatments. It was observed that while P. subcapitata cells have a curved 

and twisted appearance, with an arc length of 9.3 ± 1.8 µm and width of 1.9 ± 0.4 µm, C. reinhardtii 

cells were mostly spherical with a diameter of 9.8 ± 1.2 µm. In summary, these microorganisms 

are approximately two order of magnitude larger in size than nanomedicine (i.e., about six order 

of magnitude larger in volume). 
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Figure 57. (a) Size distribution for paclitaxel NPs obtained via DLS analysis, (b) transmission electron micrograph 

of paclitaxel NPs, and microscopic images of (c) P. subcapitata and (d) C. reinhardtii algae cells. 

 
 

D.4.2 Effect of Free-Paclitaxel and Paclitaxel-based Nanomedicine on Algal Growth   

To compare the effect of paclitaxel in solution and nanoparticulate formulation on algae 

growth, P. subcapitata and C. reinhardtii cells were exposed to free paclitaxel at the solubility 

limit in water or varying concentrations of paclitaxel-based nanomedicine for up to 7 days and the 

resultant algal growth was spectrofluorometrically determined as a function of time (Fig. 58). In 

the case of P. subcapitata, these studies revealed the following (Fig. 58A): First, both free- and 

nanoparticulate- form of paclitaxel reduced the algal population in short term (up to day 1). 

Second, for a given paclitaxel concentration (0.2 µg/mL), the nanoparticulate-form of paclitaxel 
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hindered the algal growth more than the free-form, indicating an enhanced algal toxicity of 

nanoparticulate-form.  Third, the algal growth slowed down with increasing nanomedicine 

concentration in the range of a net paclitaxel concentration of 0.2 to 5.4 µg/mL and completely 

ceased at a nanomedicine concentration corresponding to 16.2 µg paclitaxel/mL. Fourth, in the 

case of paclitaxel nanomedicine, IC50 value was 1.6 ± 0.1 µg paclitaxel/mL for 72-h. On the other 

hand, free-paclitaxel could not lead to a growth inhibition to IC50 level due to the poor water 

solubility of paclitaxel in water, 0.2 µg/mL. To put the IC50 value into a perspective, we compare 

this value with IC50 values of other nanomaterials and chemicals in the literature. For instance, 

toxicity studies involving 10–20 nm CeO2 nanoparticles and P. subcapitata indicated a 72-h IC50 

value of 10.3 ± 1.7 µg/mL.306 Franklin et al.307 reported that P. subcapitata was sensitive to ZnO 

nanoparticle (30 nm) stress, with a 72-h IC50 value of 68 µg Zn/L, mostly due to dissolved zinc. 

Aruoja et al.308 found that P. subcapitata EC50 values (72-h) of most nonpolar narcotic chemicals, 

including pentachloroethane, 2,4-dichlorotoluene, m-xylene, trichloroethene, and hexanol were in 

the range of 2-200 µg/mL. Common antibacterial agents such as triclosan, triclocarban, 

roxithromycin, and clarithromycin were shown to inhibit P. subcapitata growth with 72-h IC50 of 

0.5 to 46 µg/L.309 Overall, while most nonpolar narcotic compounds and CeO2 nanoparticles yield 

lower toxicity to P. subcapitata compared to paclitaxel-based nanomedicine, ZnO nanoparticles 

and antibacterial agents such as triclosan, triclocarban, roxithromycin, and clarithromycin were 

significantly more toxic to P. subcapitata than paclitaxel and paclitaxel-based nanomedicine.  

Similar trends were also observed for the case of C. reinhardtii with a few differences (Fig. 

58B). First, free-paclitaxel did not give rise to a decrease in algal population at any time point. 

Second, paclitaxel-based nanomedicine inhibited C. reinhardtii growth to a greater extent in 

comparison to P. subcapitata growth. Third, algaecide effect of paclitaxel-based nanomedicine 
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was observed at a lower concentration (5.4 µg paclitaxel/mL) instead of 16.2 µg paclitaxel/mL. 

Fourth, 72-h IC50 value of paclitaxel-based nanomedicine was 0.8 ± 0.1 µg paclitaxel/mL (for C. 

reinhardtii) rather than 1.6 ± 0.1 µg paclitaxel/mL (for P. subcapitata). Considering that paclitaxel 

is highly lipophilic, a higher fatty acid content of C. reinhardtii, i.e. ~9% of dry cell weight 

(DCW)310 compared to ~7% fatty acid of DCW in P. subcapitata311 can account for this difference. 

Furthermore, the ratio of unsaturated fatty acids to all fatty acids is larger for P. subcapitata 

(~75%)311 than for C. reinhardtii (~65%).310 C. reinhardtii cells are much fragile than P. 

subcapitata cells because P. subcapitata cell wall is comprised of cellulose and other 

polysaccharides while cell wall of  C. reinhardtii contains several layers of hydroxyproline-rich 

glycoproteins but not cellulose and other polysaccharides.312,313 This difference implies a more 

rigid and ordered membrane structure and, hence, a lower permeability of cell membrane for P. 

subcapitata. The lower tolerance of C. reinhardtii to toxic compounds have also previously 

observed. For example,  Lee et al.314 evaluated the toxicity of dissolved Ag for P. subcapitata and 

C. reinhardtii cells and reported that EC50 value for the growth rate of P. subcapitata and C. 

reinhardtii cells were 2.8 µg Ag/mL and 1.3 µg Ag/mL, respectively. They attributed this 

difference to the higher uptake rates of C. reinhardtii, which may also be the case for paclitaxel.   

Regarding the prior studies focusing on the effect of nanomaterials on C. reinhardtii 

growth, Chen et al.315 reported that the C. reinhardtii algae cells were significantly damaged by 

the increased concentration of TiO2 nanoparticles. The algae cells were exposed to the 

nanoparticulate dispersions with 0.1, 1, 10, 20 and 100 µg/mL TiO2 nanoparticles, and the growth 

of algae cells were shown to stop at an exposure concentration of 100 µg/mL. Perreault et al.316 

measured a 30-min and 24-h EC50 of 0.114 mg/mL and 0.083 mg/mL for the polyamidoamine-

coated gold nanoparticle-C. reinhardtii system, respectively. CuO NP was shown to cause growth 
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inhibition on C. reinhardtii with 72-h EC50 of 150.45 ± 1.17 µg/mL.278 Hu and co-workers317 

found that 4 nm CdTe quantum dots (QDs) inhibited C. reinhardtii growth above a concentration 

of 1 µg/mL and these microorganisms were more sensitive to QDs than to TiO2 nanoparticles.  

 

 

 

Figure 58. Effect of free-paclitaxel and paclitaxel-based nanomedicine on the growth of (a) P. subcapitata and (b) 

C. reinhardtii algae cells. The concentrations of nanomedicine (NM) concentration is given in terms of the net 

paclitaxel concentration. 



170 
 

D.4.3 Interactions of Free Paclitaxel and Paclitaxel-based Nanomedicine with Algae Cells 

To gain mechanistic insights into the interactions of paclitaxel-based nanomedicine and 

algal P. subcapitata and C. reinhardtii cells, we carried out confocal microscopy studies with the 

aid of paclitaxel conjugated with a fluorophore, in free (molecular) form as well as nanoparticulate 

form. As can be seen from Figs. 59A and B, for a given paclitaxel/fluorophore concentration, the 

ratio of P. subcapitata cells with fluorophores to all cells were higher in the case of exposure to 

paclitaxel-loaded nanomedicine: >79±11% in comparison to 38±5%. While the exposure to 

paclitaxel-loaded nanomedicine led to a similar degree of localization for both types of 

microorganisms (one-way ANOVA, P > 0.05), the exposure to free-paclitaxel gave rise to a higher 

localization for C. reinhardtii cells (66±2%) compared to P. subcapitata cells (38±5%) (Figs. 59 

and 60). The reason behind the enhanced localization of paclitaxel in/on algae for the 

nanoparticulate form can be attributed to two phenomena. First, the adsorption of free-paclitaxel 

and paclitaxel-based nanomedicine on algae surface is mainly governed by van der Waals 

interactions, which are well-known to be body-forces. This indicates a stronger attraction between 

larger objects i.e., nanomedicine and algae cell compared to drug molecule and algae cell.  

Furthermore, owing to the existence of hydrogen bonding groups on algae cell318  and because the 

shell of nanomedicine, poly(ethylene oxide)-block-poly(ε-caprolactone), contains a large number 

of hydroxyl and ether groups,319 favorable hydrogen bonding interaction arises between 

nanomedicine and algae cells.  
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Figure 59. Confocal microscopy images of P. subcapitata cells in presence of (a) free drug (paclitaxel) and (b) 

paclitaxel-based nanomedicine. Arrows indicate the empty cells (i.e. cells without drug localization). 

 
 

The presence of paclitaxel (both forms) resulted in a flocculation of C. reinhardtii cells but 

not P. subcapitata cells (Fig. 59 and 60), suggesting a stronger interaction between 

paclitaxel/paclitaxel-based nanomedicine and C. reinhardtii. To explain this discrepancy between 

C. reinhardtii and P. subcapitata, we measured their zeta potentials and found the zeta-potential 

to be −21.9 ± 0.9 mV for P. subcapitata and −8.51 ± 0.2 mV for C. reinhardtii. These values 

indicate that double-layer electrostatic repulsion between C. reinhardtii cells are much weaker, i.e. 

more likely to aggregate. Furthermore, the introduction of paclitaxel having hydroxyl, carbonyl, 

and amino groups320 or poly(ethylene oxide)-block-poly(ε-caprolactone) having hydroxyl and 

ether groups319 may link algae cells and form “algal coacervates” through hydrogen bonding. It is 

also possible that aggregation could be a self-protection mechanism of algal cells, which relies on 

the minimization of their surface area through aggregation.321 Similar to our findings, Perreault et 

al.322 also found that when C. reinhardtii cultures were exposed to mannose-functionalization Au 

nanoparticles, 90.5 ± 6.3% of algae cells were in an aggregated form, indicating nanoparticle 
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induced aggregation and clustering of algal cell culture.  Likewise, Behra and co-workers279 

reported that exposure to CeO2 nanoparticulate aggregates resulted in a flocculation of C. 

reinhardtii cells. 

 

 

 
Figure 60. Confocal microscopy images of C. reinhardtii cells in presence of (a) free paclitaxel and (b) paclitaxel-

based nanomedicine. 

 
 

For both types of microorganisms, the cells exposed to paclitaxel or paclitaxel-loaded 

nanomedicine slightly shrank and deformed (Figs. 52, 54, and 55). The deformations were slightly 

more noticeable for the case of C. reinhardtii presumably owing to soft and flexibly 

hydroxyproline-rich glycoproteins layers. In addition, lipophilic paclitaxel prefers to internalize 

lipid-rich environment as in the case of C. reinhardtii compared to P. subcapitata.310,311 However, 

the degree of morphological alterations induced by paclitaxel-loaded nanomedicine are much 

smaller than those observed with hard inorganic nanoparticles such alumina, silica, titania, nickel 

oxide.323–326 This difference may be ascribed to the dynamic nature of nanomedicine in which there 

are continuous rearrangements of building blocks (i.e., diblock copolymers) due to thermal energy 
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and entropic factors, its ability to re-assemble and dis-assemble in the presence of certain stimuli, 

and its soft and deformable nature. 

D.5. Conclusion 

This work is concerned with the interactions of paclitaxel-load nanomedicine with P. 

subcapitata and C. reinhardtii algae cells as well as the potential consequences of these 

interactions on the dynamics of algal growth. The key findings are as follows: First, the for a given 

drug concentration, paclitaxel-load nanomedicine inhibits algal growth more than molecular (free) 

paclitaxel. While the molecular paclitaxel at the solubility limit (i.e. maximum solubility in water, 

~0.2 µg/mL) was not enough to hinder the algal growth to reach a IC50 level, paclitaxel-loaded 

nanomedicine had a 72-h IC50 value of 0.8 ± 0.1 µg paclitaxel/mL for C. reinhardtii and 1.6 ± 

0.1 µg paclitaxel/mL for P. subcapitata. This result indicates that due to its ability to solubilize 

water insoluble (lipophilic) drug molecules in them, nanomedicine can cause ecotoxic effects on 

algae that is not otherwise possible. Second, the nanomedicine form of paclitaxel also demonstrates 

higher localization/internalization on algal cell surfaces suggesting favorable interactions between 

hydrogen bonding groups on algae cell and the stabilizing shell of nanomedicine, poly(ethylene 

oxide)-block-poly(ε-caprolactone), which contains a large number of hydroxyl and ether groups. 

Third, an increasing exposure concentration of paclitaxel-loaded nanomedicine results in a 

decrease in the growth rate. In addition, concentrations above 16.2 µg paclitaxel /mL for P. 

subcapitata and above 5.4 µg paclitaxel /mL for C. reinhardtii lead to algaecidal effect (i.e. 

inability to grow any algae).  Overall, increasing production and consumption of nanomedicine is 

a valid ecological and environmental concern given that nanomedicine form of paclitaxel, a 

commonly used drug for cancer treatments, can inhibit the growth of freshwater algae and even 

show algaecidal effect at fairly low concentrations. 
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