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ABSTRACT 
 

With consistently higher and stricter standards for food quality and safety, it is 

becoming increasingly necessary to be able to quickly and easily determine certain 

properties of products in order to keep up with and maintain these standards.  This 

master’s thesis is presented in three chapters. First, an overview of the theoretical 

background, current applications, and new technologies related to taking physiochemical 

property measurements of food, and various treatment methods used for food safety 

purposes. In the second chapter, electrochemical impedance spectroscopy (EIS) is used to 

find the dielectric (DE) constants and other physiochemical properties of potatoes in 

order to make quick adjustments to improve the microwave processing technique used for 

potato chipping.  Finally, the third chapter introduces the use of a carbon dioxide laser 

system in conjunction with a two-ZnSe lens beam expander and functionalized gold 

nanoparticles to specifically target and kill E. coli in food samples. 
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CHAPTER 1 

INTRODUCTION & LITERATURE REVIEW 

 

Introduction 
 

An overview of dielectric and electrochemical measurement techniques for use in 

food processing is presented in this chapter as well as an introduction to various treatment 

methods used to reduce and eliminate bacteria in food products. With higher standards 

for food quality and safety, it is becoming increasingly necessary to be able to quickly 

and easily determine certain properties of products in order to maintain these standards.  

This chapter is presented in two parts. First, the electrochemical impedance spectroscopy 

(EIS) is used to find the dielectric (DE) constants and other physiochemical values of 

potatoes in order to make quick adjustments to improve the microwave processing 

technique used for potato chipping.  Second, a carbon dioxide laser system is used in 

conjunction with functionalized gold nanoparticles in order to specifically target and kill 

E. coli in food samples. The purpose of this chapter is to provide a brief review of the 

theoretical background, development, and applications of DE property measurements, 

EIS, and photothermal nanotherapy using a CO2 laser and gold nanoparticles. 

 

Literature Review 

Dielectric (DE) Properties 

Studies on microwave and radio-frequency heating, or dielectric heating, began in 

the mid-20th century; and it has come to be known that dielectric heating is more uniform 
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than conventional heating due to the direct interaction of electromagnetic waves and food 

particles (Guan, 2004). The dielectric properties of foods determine how they react to the 

electric fields applied for heating. The dielectric properties of interest are the dielectric 

constant (ε’) and the dielectric loss factor (ε”). ε’ represents the ability of a material to 

store electromagnetic energy and ε” reflects the ability of a material to convert and 

dissipate that electric energy into heat. These properties are used to perform regression 

analysis in order to formulate predictive equations to model the physiochemical 

properties of a product or a group of products.  

Dielectric measurements have been conducted on a variety of foods including 

seafood, meats, dairy, and agricultural products for the purpose of monitoring and 

performing diagnostics and to improve heating methods on the aforementioned products 

for each type of food (Miura, 2003). It is important to understand the dielectric properties 

of foods because it is beneficial for both the processing and storage of those products. 

The constituents of particular foods also affect DE properties including ash, protein, lipid, 

and carbohydrate components. In particular, the moisture content of food is an important 

factor in the dielectric behavior of foods, which affects the microwave heating and 

cooking processes.  

DE properties are often modeled in terms of their change as moisture content 

changes, and there are times when the dielectric behavior of foods of differing moisture 

content is best predicted by using a two-phase model (Mudgett, 1980). When considering 

moisture content, the behavior of bound water within a sample must also be considered. 

In food samples, tightly bound water may exist in surface or hydration monolayers and 

loosely bound water may be found in multilayer and capillary areas. This affects DE 
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measurements because tightly bound water does not have a strong frequency response in 

the microwave region (Mudgett, 1980). This is important when working with solid or 

semi-solid foods that may go through a gelatinization process during dehydration 

processes, such as with reconstituted freeze dried potatoes.  

   

Electrochemical Impedance Spectroscopy 

 Electrochemical impedance spectroscopy has been widely accepted for the 

measurement and understanding of the components and mechanisms of electrochemical 

reactions, including but not limited to dielectric properties, corrosion processes, diffusion 

impedance, and charge transfer resistance (Huang, 2008; Macdonald, 2005). EIS 

functions by applying a small AC potential over a wide range of frequencies to an 

electrochemical system then measuring the resulting changes in current through the 

system as a function of frequency.  

The most basic form of the electrochemical cell has two electrodes, the working 

electrode (WE) and the counter electrode (CE), which closes the circuit; and the most 

common electrochemical cell includes a third electrode, the reference electrode (RE). The 

reference electrode is used to determine the potential of the working electrode. In a two-

electrode system, the CE functions as the RE. One of the reasons EIS is ideal for food 

systems is that it can take measurements while being non-invasive. Very thin wire 

electrodes may be used in the food sample, or just a simple surface measurement can be 

taken, where the food does not have to be punctured or damaged at all.  

The most common equivalent circuit seen in Figure 1.1 is the Randles Cell, which 

is made of four main components that represent the electrolyte resistance (Rel), double-
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layer capacitance (Cdl), Warburg impedance of the electrode (W), and the electron 

transfer resistance (Rct). Rel is represented by the x-intercept of the semicircle when the 

imaginary part of resistance (Rim) is equal to zero. Rct of the working electrode is 

equivalent to the diameter of the semicircle, where larger diameters denote larger 

resistances. Typically, the electron transfer resistance is evaluated using a Nyquist plot, 

which consists of a semi-circle followed by a straight line, or tail, generated by plotting 

the imaginary part of impedance (Zim) against the real part (Zre) (Fig. 1.1b).  

 

Figure 1.1. (a) A typical Randles cell circuit equivalent with electrolyte resistance (Rel), 

circuit resistance (Rct), double layer capacitance (Cdl), and Warburg impedance (W); and 

(b) a typical Nyquist plot. 

	  

(a)	  

(b)	  
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By using equivalent circuits, the values of certain components within an 

electrochemical system can be determined, and the system can then be modeled to 

simulate any changes made to its individual components.  

 

Foodborne Disease Outbreaks 

 Since the late 1990s, an increasing number of species of bacteria have been 

identified as foodborne pathogens, which cause severe, even fatal damage to humans 

upon or soon after consumption. It was estimated that as much as 91% of the total 

foodborne illnesses reported annually in the US could be traced back to bacterial 

foodborne illnesses (Ivnitski, 1999). According the Centers for Disease Control and 

Prevention (CDC), the average number of annual foodborne illnesses associated with 

fresh fruits and produce has more than doubled from the 1980s and 1990s, and 

approximately 1 in 6 Americans were sick, 128,000 were hospitalized, and 3,000 died 

due to foodborne illnesses (CDC, 2011; Lynch, 2006). It has also been reported that the 

Food and Drug Administration’s (FDA) guidelines for good agricultural practices on how 

to reduce microbial hazards in food only serve to reduce the risk of microbial 

contamination, not eliminate the risk (Calvin, 2002). For these reasons, food safety from 

pathogenic bacteria is of great concern, and effective methods for microbial 

decontamination of food products while maintaining their quality prior to consumption is 

of utmost importance. This is especially so for fresh fruits and liquid food products due to 

their high water content, which makes them highly susceptible to microbial 

contamination.  
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Conventional and Alternative Fresh Fruit and Liquid Food Treatments 
 

Due to the high water content of fresh fruits and liquid foods, many microbial 

decontamination methods have been developed in order to make these food products safe 

for consumers to eat after harvest. Potential microbial contamination sources for fresh 

fruits include soil, water, manure, domestic animals, human handling, and contaminated 

equipment (Calvin, 2002). The most common conventional method for treating 

potentially contaminated fruit is through the use of chemical sprays and washes. 

Conventional cleaning and disinfection methods in the food industry traditionally use 

environmentally unfriendly chemical agents diluted in water, which is also a costly 

resource to use (Sadoudi, 1997). Due to the growing concerns of toxicity and nutrient 

destruction, there has been renewed interest in developing alternative physical 

decontamination techniques including, but not limited to, hot water, vapor heat, far 

infrared, electromagnetic radiation, and ultraviolet radiation treatments (Garcia, 2002; 

Helpser, 2003; Maktabi, 2011). 

 

Photothermal Nanotherapy 

The use of lasers is not widely used in the food industry for decontamination of 

food directly, however it has been used for packaging and labeling. In one study, it has 

been seen that the use of pulsed laser beams has been successfully used for the removal 

of adhered biofilms on the surfaces of food processing equipment, with greater efficiency 

than chemical treatments that resulted in a 2 to 3 decimal reduction of biofilms grown on 

stainless steel (Sadoudi, 1997). Pulsed laser beam technology provides a promising 

approach for dry, non-chemical decontamination for many applications, and may be used 
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for selective photothermal therapy and nanotherapy if used in conjunction with the 

correctly optically matched targets such as GNP. 

Photothermal heating is based on the principle of converting optical energy into 

heat energy, and is commonly employed by using a laser system. Photothermal 

nanotherapy has its origins in selective photothermolysis, which is the targeted 

destruction of specific tissues, structures, or microorganisms using a particular 

wavelength of light (Altshuler, 2001). This photothermal effect selectively destroys 

targeted cells without affecting the nearby cells or tissues; thus, medical applications tend 

to tune the wavelength of the light to the maximum absorption peaks of targeted cells in 

the corresponding optical window, where most other biological entities will not respond 

(Deckelbaum, 1986).  

 

 

Figure 1.2. The principle of cavitation using conjugated GNP to selectively target and kill 

microbial pathogens using laser radiation. (a) Conjugation of functionalized GNP to the 

surface of S. aureus via antibody-antigen reactions and (b) localized heating zones 

created around the GNP after laser radiation (Zharov, 2006). 
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By specifically targeting cells or nanoparticles based on their maximum 

absorption peaks, laser treatment can specifically be applied to objects of interest without 

damaging their surroundings. This concept can be applied for the specific elimination of 

pathogens in food products. In this way, gold nanoparticles with antibodies specific to a 

microbial pathogen can be targeted, and the high conductivity of the gold allows for a 

localized heating effect from the laser radiation (Fig. 1.2).  

 

 

Figure 1.3.	   Functionalized GNP conjugated to the surface of E. coli illustrating the 

numerous surface antigens available for concentrated targeting by laser treatment 

(Reglier-Poupet, 2003). 

	  

Theoretically, this targeted laser excitation is enough to create localized bubbling 

effects and possibly even cavitation, or popping, of the gold nanoparticles or surrounding 

bubbles. It is surmised that these heating and cavitation effects provides enough force to 

damage the bacterial cell wall that the GNP are conjugated to, thereby rendering the cell 

unviable. By using GNP with specific antibodies for targeted bacteria, it is then possible 

to use photothermal nanotherapy for a wide range of different bacteria while using the 

same laser treatment system.  
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Conclusion 

This chapter provided a brief review of both dielectric properties and 

electrochemical impedance spectroscopy for the analysis of physiochemical properties of 

foods. It has been seen that these technologies may provide a rapid and non-invasive 

technique for determining properties of foods to further improve processing methodology.  

Through analysis of published literature, it has been seen that photothermal nanotherapy 

has successfully been used for decontamination of stainless steel surfaces and is feasible 

for targeted destruction of microbial pathogens in food systems. Therefore, there is a 

need for further study of laser systems and functionalized gold nanoparticles to optimize 

the photothermal nanotherapy effects to be used in commercial applications. 
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CHAPTER 2 

ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY AS AN ALTERNATIVE 

TO DIELECTRIC CONSTANT MEASUREMENT AT CERTAIN MOISTURE 

CONTENTS OF POTATOES 

 

Abstract 
 

The dielectric (DE) properties, specifically the dielectric constant (ε’) and loss factor 

(ε’’), were measured for potato samples at a microwave frequency of 2.45 GHz over a range 

of different moisture contents. Potato samples were also measured with the dielectric probe 

and by two-probe electrochemical spectroscopy (EIS) after vacuum drying and freeze-drying 

to various moisture content levels. EIS measurements were used to obtain a fitted simulation 

to describe the empirical data obtained for each moisture content level using NOVA software. 

Polynomial regressions relating the temperature, moisture content, and DE properties were 

developed through regression analysis using Minitab software. Additionally, a bi-phasic 

third-order polynomial regression model was developed for determining the DE properties as 

a function of moisture content and temperature, by taking EIS measurements. The developed 

regressions are expected to meet the demands for simple, rapid, and accurate methods for 

determining the DE properties and moisture content of food products before, during, and 

after processing to ensure quality products, allowing EIS to be an accurate alternative to 

taking DE measurements directly. 
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Introduction 

Microwave or dielectric heating is one of many well-known rapid heating methods. 

Dielectric properties (DE) of various foods are being applied to an increasing number of 

applications in industry, and directly influence the drying characteristics of different food 

products (Feng, 2000; Venkatesh, 2005). According to Datta and Hu (1992), the heating 

uniformity of dielectric heating can be higher than conventional heating because of direct 

interactions between the food materials and electromagnetic waves. DE properties are mainly 

used in agricultural and food industries to predict the behavior of certain materials, most 

commonly the moisture content, when they are heated at high frequency or with microwave 

electric fields (Venkatesh, 2005). DE properties, namely the dielectric constant (ε’) and 

dielectric loss factor (ε”) influence the rate of heating, especially in the case of microwave 

heating of food products (Sipahioglu, 2003). The operating conditions of microwave heating 

including heating frequency of the electromagnetic waves, temperature, water content, ash 

content, and salt content of food materials can affect these dielectric properties resulting in 

different dielectric heating rates (Brinley, 2008; Engelder, 1991; Galema, 1997). It has been 

found that DE properties are a function of both moisture content and temperature, and that by 

taking measurements of ε’ and ε” at known temperatures, the moisture content can be 

determined using predictive regressions and modeling. Previous studies have only studied 

mashed potatoes within limited ranges of moisture contents such as the one in 2004 by Guan 

and others where the samples were between 81.6% and 87.8%, wb. The same study used a 

lower frequency range between 1 and 1,800 MHz, which is lower than this study’s target 

frequency for microwave heating at 2,450 MHz.  
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Electrochemical impedance spectroscopy (EIS) is one of the most reliable and 

powerful methods available to analyze the properties of an electrochemical system, whether 

it is in solution or a solid state. EIS can measure and quantify properties of systems including 

diffusion impedance, charge transfer resistance, solution resistance, and double-layer or 

membrane capacitance (Macdonald, 2005). EIS has been gaining wider use for an increasing 

number of applications including, but not limited to, measuring corrosion processes in metals 

and electrode kinetics (Shi, 2011). However, EIS is relatively new in terms of food 

processing applications, although it has been used for measuring the freshness of fruits and 

vegetables, and even detecting captured pathogenic bacteria from a food sample (Murat, 

2011).  

 EIS functions by applying a small AC potential over a wide range of frequencies to 

an electrochemical system then measuring the resulting changes in current through the 

system as a function of frequency. The most basic form of the electrochemical cell has two 

electrodes, the working electrode (WE) and the counter electrode (CE), which closes the 

circuit. The electrodes are usually immersed in a liquid electrolyte, but can be used in solid-

state systems in which there may be a solid electrolyte or no electrolyte at all. No reference 

electrode is needed in the two-electrode mode (He, 2009).  

Any electrochemical cell that is measured using EIS can be represented by an 

equivalent circuit that provides information about the system in an analog that can be 

understood more easily through a combination of resistances, capacitances or inductances as 

well as other mathematical components (Retter, 2010). Nyquist plots are most commonly 

used to represent data collected via EIS. The semi-circle portion of the Nyquist plot is 

dominated by the electron transfer process and falls in the high frequency range, while the 
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straight tail is dominated by diffusion processes and falls within the low frequency range (Fig. 

1.1.b) (Yang, 2008). One disadvantage of using Nyquist plots is that the frequency dimension 

of the data is lost, however, such plots are useful for gaining quick qualitative data about the 

sample. 

Fully understanding both the dielectric constant and dielectric loss factor values as a 

function of temperature and moisture content over a wide range of moisture contents and 

frequencies is necessary for maximizing the effectiveness of microwave heating for potato 

slices and chips. As an alternative to taking measurements of DE properties, EIS may be used 

as a rapid method of determining DE properties corresponding to certain moisture contents in 

food products through the use of predictive equations, equivalent circuits, and modeling.  

The high moisture content and number of metal ions inside fruits and vegetables 

allow them to be good electrical conductors. When there is water loss due to drying, both the 

electrical conductivity and impedance of the food change. This makes EIS an ideal method to 

determine the DE properties and moisture content in food that is non-invasive, inexpensive, 

rapid, and easy to operate. More importantly for this study, EIS has the ability to make 

measurements while maintaining moisture content and temperature at any one time (Zelinka, 

2010). It has been seen that it is difficult to develop an all-encompassing equation for all 

types of food products; therefore it is necessary to study the effects of these variables on the 

dielectric and electrochemical properties for specific foods of interest. Product-specific 

knowledge of these properties is required in order to develop predictive equations for foods 

such as potatoes to adjust and improve manufacturing processes accordingly. For instance, by 

predicting the moisture content and DE properties accurately using EIS, the microwave 

heating and drying process used to make potato chips can be adjusted based on rapid 
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measurements, and made more efficient for improved batch production in real time. This 

study aims to evaluate the performance of EIS measurements as an alternative to DE 

measurements for the rapid determination of DE properties and moisture content of fresh and 

dried potatoes rapidly or in real time. 

 

Materials and Methods 

Sample preparation 

Fresh Russet potatoes were purchased from a local supermarket and kept under 

refrigeration until tested. Potatoes were warmed to room temperature before being sliced 

using a household vegetable slicer. For EIS measurements of fresh potatoes, samples were 

uniformly cut into 1.5 cm3 cubes.  All cut samples were then washed in order to remove the 

surface starch. Excess water on the sample surface was gently absorbed using paper towels.  

 

Drying 

Freeze drying 

Samples were brought inside a walk-in freezing chamber prior to freeze drying. 

Frozen slices were obtained after six hours of freezing. All amounts of water remaining in the 

frozen samples were then eliminated by freeze drying at 40°C for 24 hours in a lyophilizer 

(VirTis VirTual 50L XL, SP Scientific, Gardiner, NY). 
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Vacuum drying 

Batches of 150 g potato samples were steadily dried at 15 inHg 50°C for 60, 120, 150, 

180, 240 and 300 minutes. The moisture content of each sample was determined via the oven 

drying method, where they were dried for 24 h at 105°C between taking wet and dry mass 

measurements. 

 

Dielectric properties measurement 

Test apparatus 

The dielectric constant (ε’) and dielectric loss factor (ε”) of samples were measured 

with a portable network analyzer (FieldFox N9923A, Agilent Technologies Inc., Palo Alto, 

CA) coupled with a high temperature probe (85070E, Agilent Technologies Inc., Palo Alto, 

CA) as shown in Figure 2.1. The network analyzer unit was calibrated with air, the standard 

shorting block and deionized (DI) water before use. 

 

 

Figure 2.1. Dielectric properties experimental setup where the sample was placed in an oil 

bath to retain temperature during DE property measurement by the high-temperature probe 

and network analyzer.  
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Effect of moisture content 

Part I: Increasing moisture content 

Freeze dried potato slices were crushed with a mortar and pestle to create potato 

powder for easy rehydration. A series of rehydrated potatoes at various moisture contents 

were prepared by adding DI water to 4 g of the potato powder. Prepared moisture contents of 

potatoes were 0 (no water added), 15, 35, 55, 65 and 75% wt/wt. Each sample was filled into 

the beaker as shown in Figure 2. ε’ and ε” measurements of samples at 2.45 GHz were 

performed at room temperature.  

 

Part II: Decreasing moisture content 

Since the moisture content of potatoes decreased with drying time, potato slices with 

known moisture content obtained from vacuum drying were used in this step. Each sample 

was chopped and filled into a beaker in preparation for DE property measurement (Fig. 2.1). 

ε’ and ε” measurements of samples at 2.45 GHz were performed at room temperature.  

 

Effect of temperature 

Vacuum dried potatoes at various drying times (0, 60, 180 and 300 minutes) and 

rehydrated freeze dried samples (moisture contents of 15, 40, 65 and 75% wt/wt) were used. 

An inner beaker containing the sample was submerged into a hot oil bath. ε’ and ε” of 

samples at 2.45 GHz were continuously measured at temperatures of 25, 35, 45, 55, 65, 75 

and 85°C. The temperature increase via oil bath was sufficiently slow and steady enough to 

allow for duplicate measurements at each temperature. 
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Regression equations 

A polynomial regression relating the temperature, moisture content, and dielectric 

properties at 2.45 GHz was developed through regression analysis using Minitab software 

(Minitab, Minitab Inc., State College, Pa., USA). The regression equations and all the 

predictors in the equations had a significance of P<0.05. The fit of the regression was 

assessed from the adjusted coefficient of determination (R2) of the equation. 

 

Electrochemical spectroscopy measurement 

Test apparatus 

Electrochemical tests were performed using a µ–Autolab type III potentiostatic 

Frequency Response Analyzer (FRA) and NOVA software version 1.6 (Metrohm Autolab 

USA Inc., Riverview, FL). EIS measurements were taken with a two-electrode amperometric 

chip sensor (product #AC1.W2.R2, BVT Technologies, Hudcova, Czech Republic) in the 

shape of concentric circles placed into the center of a 1x1cm2 fresh cut potato sample or 

reconstituted potato from powder placed on its surface and pressed evenly with a weight 

(Figure 2.2).  

The centermost and smallest electrode made of pure platinum on the chip functioned 

as the working electrode (WE) while the surrounding circular silver chloride electrode was 

used as the counter electrode (CE). In a two-probe system, the counter electrode also serves 

as the reference electrode, so an additional reference electrode was not needed.  
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Figure 2.2. (a) Amperometric chip (BVT Technologies, Hudcova, Czech Republic) and (b) 

electrochemical spectroscopy experimental measurement setup. 

 

Effect of moisture content 

Freeze dried potato slices were crushed with a mortar and pestle to become potato 

powder for easy rehydration. A series of rehydrated potatoes at various moisture contents (25, 

35, 45, 50%) were prepared by adding water to the potato powder based on percent wt/wt. 

Fresh potato samples at 75% wt/wt moisture content were also tested. Each sample was 

placed over the entire electrode surface of the sensor at room temperature and evenly pressed 

under a Teflon block to ensure no air gaps remained between the sample and the sensor 

surface. Extremely low moisture content levels could not be tested due to the air gaps 

between samples and the electrode surface. EIS frequency response analysis (FRA) scans 

were performed using NOVA software at room temperature with a sweeping frequency from 

1kHz to 10MHz.  

Nyquist plots were obtained and fitted using a built-in analytical tool in the NOVA 

software. The ‘Electrochemical Circle Fit’ tool was performed by selecting three points on 

(a)	   (b)	  
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the curve of the Nyquist plot to obtain a regression to estimate the sample resistance (Rs) and 

electron transfer resistance (Ret) values.  

 

Equivalent electrical circuit modeling 

Equivalent circuit modeling was performed using NOVA software, an 

electrochemical circle fit regression, and built-in ‘Fit and Simulation’ module. Different 

circuit components were simulated to find the best equivalent circuit to represent the 

experimental data obtained in the Nyquist plots. Simulated regressions were then compared 

to experimental data collected.  

 

Results and Discussion 

DE Properties 

Both vacuum drying and freeze drying methods were used to vary the moisture 

content of the samples. The freeze drying method was used initially to better control the 

moisture content by assuming the freeze-dried potato slices were of 0% moisture content and 

then adding water accordingly to create samples with known moisture content. The vacuum 

drying method was then performed to compare against the freeze-dried samples. The 

dielectric properties (ε’ and ε”) were measured as a function of moisture content at constant 

temperature. The average freeze-dried and vacuum-dried sample values from triplicate 

measurements are shown in Figures 2.3 and 2.4, respectively. 
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Figure 2.3. Average data for freeze-dried samples. Both ε' and ε" increased with increasing 

moisture content, but ε" decreased after 60% MC. 

 

In Figure 2.3 it is seen that ε’ increases with increasing moisture content and ε” 

increases to about 65% moisture content before decreasing slightly with higher moisture 

content. These results are similar to literature values for potatoes over a range of moisture 

contents, and are in agreement with models found in literature. The data suggests that once 

the potatoes are at a moisture content below approximately 20%, there is very little change in 

ε’ or ε” values, so it would be difficult to optimize a system for microwave drying based on 

samples of such low moisture content, as there would be no way to determine their exact 

moisture content solely based on DE property measurements. 
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Figure 2.4. Average data for vacuum-dried samples. Both ε' and ε" increased with increasing 

moisture content, but ε" decreased after 70% MC. 

 

Figure 2.4 shows the ε’ and ε” values measured from the vacuum-dried samples. A 

trend similar to that seen in Figure 2.3 and in literature is seen for both ε’ and ε”, and the data 

correlates well with the predicted models. The discrepancies were most likely due to the 

inconsistency in drying of the potato slices by vacuum as the outer edges of the slices would 

dry more rapidly than the rest of the slice causing a wrinkling effect. Other causes of 

inconsistency between batches could have been from from changes in the pressure or 

temperature inside the chamber of the vacuum dryer during the drying period.  

Samples taken from each of the dried batches were also used in the temperature tests. 

Four different drying times for vacuum-dried batches were selected to test over a range of 
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temperatures from 25°C to 85°C, and freeze-dried samples were created by adding water to 

samples to match those of the four vacuum-dried samples being tested. The temperature 

range below 85°C was chosen because at higher temperatures and frequencies, there is more 

free water dispersion and the evaporation rate is higher (Sosa-Morales et al., 2010). However, 

in the future, a controlled test cell can be designed to maintain the moisture content and 

temperature more consistently to test at temperatures above 85°C.  

As seen in Figure 2.5, there is an increasing ε’ and ε” for increasing temperature at 

low moisture contents around 15% and 18.3% for both freeze-dried and vacuum-dried 

samples, respectively. At higher moisture contents, the values of ε' and ε" remained more 

constant as temperature increased, as seen within the moisture content range of 40% to 79%. 

The Freeze-dried samples at moisture contents of 68.7% and 79.3% showed a decrease in ε’ 

and ε” values at temperatures above 50°C. This deviation from the expected curve was due to 

the gelatinization of the sample during the measuring process. As the sample was heated, the 

potato powder and added water began to gelatinize near 50°C, which caused a decrease in the 

overall moisture content of the sample as free water became bound water. Once the sample 

stabilized and reached a new moisture content, the same increasing trend could be seen as 

with the samples at low moisture content, where the dielectric values start to increase with 

temperature. The model regression shown for these samples were represented by a biphasic 

model for both before and after 50°C in the case of freeze-dried samples. In the future, with 

more consistent vacuum drying, the method will be more accurate for microwave chipping 

applications than the freeze-drying method. It will help to minimize the issue with 

gelatinization at higher temperatures for potatoes with high moisture content. 
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The results seen in Figure 2.5 suggest that it would not be beneficial to take 

measurements of the dielectric properties to determine moisture content unless the sample 

was already at a low moisture content closer to 15%, otherwise the changes in the values of ε' 

and ε" would not be sensitive enough to confirm any differences in the sample regardless of 

temperature.  

 

EIS Properties 

When moisture content decreases, the activity of free ions is reduced within a potato 

sample because there are fewer paths for those ions to travel through; thus, the impedance 

increases (Liu, 2006).  By observing the diameter of the impedance arc in a Nyquist plot, 

these changes can easily be seen as a function of moisture content. With decreasing moisture 

content, the diameter of the arc increases, indicating higher resistance and impedance. At 

some point during the drying process, it is expected that there would be a disappearance of 

the arc, which would indicate that a sample is no longer a suitable electrical conductor, as 

would be the case if a sample becomes too dry and the number of current paths within the 

potato is reduced too greatly. 

Figure 2.6 shows a Nyquist plot of EIS measurements taken for fresh and freeze dried 

potato samples of varying moisture content. It is clear that all of the samples followed a 

similar trend and that the magnitude of impedance can be used as an indicator of the moisture 

content of the sample. As moisture content decreased from 50 to 25% wt/wt, the impedance 

and diameter of the semicircle of the Nyquist plot increased. This trend was due to the lower 

amount of water in the sample, and consequently, higher resistance through the potato. 

However, the fresh potato sample (75% wt/wt) had the highest resistance, and the large 
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difference in its diameter in the Nyquist plot may be due to structural differences within the 

fresh potato as opposed to the rehydrated powdered potatoes.  The moisture content of 

unknown samples may be estimated simply by comparing Nyquist plots. However, by 

developing a regression relating the known moisture content to the impedance and DE 

properties measured, it is possible to quantitatively predict the moisture content of unknown 

samples by analyzing only their EIS data. 

 

 

Figure 2.6. Effect of moisture content on EIS measurements of rehydrated freeze-dried (25-

50% MC) and fresh potato samples (75% MC). Resistance and impedance measured 

(diameter of semicircle) increases with decreasing moisture content. 

 

To then use the EIS data to determine a sample’s DE properties, EIS measurements 

taken were correlated to DE properties at corresponding MC as seen in Figure 2.7. The linear 
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relationship between both ε' and ε" with respect to impedance values had high R2 values of 

0.98 and 0.99, respectively, supporting the high correlation between impedance and dielectric 

property measurements. It is this relationship that allows for equivalent predictive equations 

made from one property measurement to correspond to another, namely, allowing EIS 

measurements to be used to calculate both DE property and moisture content values. 

 

 

Figure 2.7. Correlation between EIS and DE measurements. The highly linear correlation 

(R2|ε’ = 0.982 and R2|ε” = 0.997) shows that DE measurements can be predicted by using EIS 

measurements as an alternative. 
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Figure 2.8. Experimental data (purple dots) and equivalent circuit (solid blue) modeling for 

freeze-dried potatoes at 50% MC.  

 

To gain better quantitative knowledge of the components in the system, equivalent 

circuit modeling was used. It is known that the accuracy of any electrical model depends on 

the number of circuit components within the model, as well as the starting value of each of 

those components. Generally, the fewer electrical components used to represent the system, 

the better due to the smaller possibility of error within the model. The built-in circuit 

modeling component of the NOVA software allows the user to choose different circuits and 

components in order to best represent the empirical data.  

Figure 2.8 shows a representative graph of equivalent circuit modeling in comparison 

to the experimental data collected denoted as purple points and a blue solid line, respectively. 
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By selectively inserting certain circuit components, the equivalent circuit may be fine-tuned 

to better represent the data. Then, the equivalent circuit may be used to make accurate 

predictions about the components within the actual system, as the fit and simulation function 

in NOVA provides numerical values for each resistor, capacitor, etc. within the circuit model 

developed.   

 

Regression analysis 

Tables 2.1 and 2.2 present regression equations for both the freeze dried and vacuum 

dried samples excluding the data points above 55°C at MC of 65% and 75% as the first-

phase of the biphasic model as a function of temperature and moisture content, and as the 

second-phase polynomial regressions found for points after gelatinization at moisture 

contents of 65% and 75% for freeze-dried samples.  

 

Table 2.1. Regression equations for dielectric properties for vacuum and freeze dried potato 

slices as a function of moisture content (M)a 

Vacuum Dried   
ε’ = 0.0122M2 – 0.0299M – 4.0771 R2= 0.946 
ε” = -0.0008M3 + 0.1086M2 – 3.7394M + 36.986 R2= 0.865 
 
Freeze Dried   
ε’ = -0.00016M3 + 0.0226M2 – 0.0279M + 3.8866 R2= 0.992 
ε” = -0.00019M3 + 0.0188M2 – 0.1248M + 0.3377 R2= 0.989 
       a M = moisture content (% wt/wt) 

 

Regression equations were developed to determine the dielectric properties based on 

moisture content and temperature using Minitab software. These equations for both vacuum 
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drying and freeze drying methods are shown in Table 2.1 as a function of only moisture 

content, and as a function of both temperature and moisture content as a biphasic model in 

Table 2.2. 

 

Table 2.2. Regression equations for DE properties as a biphasic model as a function of 

moisture content (M) and temperature (T)b 

First-phase DE model   
ε’ = 37.7 – 0.0075M3 + 0.105M2 + 0.0016T2 – 3.45M -0.139T R2= 0.945 
ε” = -18.0 – 0.0094M2 + 1.26M + 0.437T R2= 0.957 
 
Second-phase DE model (Freeze-dried)  
ε’ = -0.57 + 0.00064M3 – 0.00113M2T + 0.000554T2M R2= 0.958 
ε” = 4.65 + 0.000347M3 – 0.000611M2T + 0.000293T2M R2= 0.944 
     b T = temperature (°C), M = moisture content (% wt/wt) 

 

The equations can be used to predict the dielectric properties of potato slices based on 

the measured moisture content and temperature simultaneously, and describe the data well 

within the range of 0.945 to 0.992 for ε' and 0.865 to 0.989 for ε” according to the R2 values. 

The equations for the freeze dried potatoes are represented as biphasic models to 

accommodate the differences in the regressions of the data before and after gelatinization.  

The first-phase of the biphasic regression can be used to describe both the freeze dried and 

vacuum dried samples, without considering the effects of gelatinization. The second-phase of 

the biphasic regression should be used when considering the effects of gelatinization as with 

the 65% and 75% MC freeze dried samples. The regression equations for the vacuum dried 

potatoes or the biphasic equations should be used rather than those for only the freeze dried 

potatoes because the R2 values are higher, and the method used to dry the potatoes is more 

similar to the current methods to make potato chips. Also, the method of grinding the freeze 



	   33	  

dried potatoes into a powder before adding water to them may have caused structural damage 

to the cells of the potatoes, which would not occur using current microwave drying methods. 

Therefore, in future studies, a single polynomial regression may be found to better describe 

the properties of potatoes dried using methods more similar to actual chipping processes. 

By using data seen in Figure 2.7, it was possible to correlate EIS data to DE 

measurements taken so that the equations presented in Tables 2.1 and 2.2 may be used to find 

moisture content based on EIS data as an alternative to having to take DE measurements. 

 

Conclusion  

It has been confirmed that both the dielectric properties and EIS measurements of 

potatoes vary with moisture content and temperature. The DE constant increased with 

increasing moisture content, while the loss factor increased then decreased. The DE constant 

and loss factor both vary with increasing temperature depending on the moisture content, 

where these values tended to increase with temperature at a moisture content around 15 to 

18% but tended to be more consistent when working with higher moisture contents as long as 

there was no gelatinization. In the future, it may be more ideal to accurately predict the 

dielectric properties of the samples beforehand by using the regression equations from the 

biphasic model as a function of moisture content and temperature.   

Nyquist plots from EIS measurements showed that larger diameters, or larger 

impedance, corresponded to lower moisture contents. Using a regression of known values, it 

was possible to predict the DE properties corresponding to certain moisture contents of a 

particular sample rapidly and non-invasively using EIS. It is also expected that in future 

investigations and applications, these properties may be monitored in real time using EIS 
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during the drying process to gain instant data on electrical properties to ensure high food 

quality as an alternative to taking DE property measurements. 
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CHAPTER 3 

PULSED CO2 LASER BEAM PHOTOTHERMAL TECHNOLOGY FOR THE 

SELECTIVE ELIMINATION OF SURFACE E. COLI K12 FROM FRESH 

FRUITS AND LIQUID FOODS USING CONJUGATED GOLD 

NANOPARTICLES 

 

Abstract 

Currently, post-harvest methods for microbial decontamination of fresh produce 

are limited, and chemical treatment is less popular with growing concerns over toxic 

residues. A photothermal guiding system was developed with a pulsed CO2 laser and 

adjustable two-ZnSe-lens laser beam expander. The laser emits wavelengths between 

10.57-10.63 microns (invisible infrared) and can have pulse widths (PW) from ultra (200-

1000 µs) to super pulse mode (1-500 ms). The system was optimized to ensure uniform 

radiation of the sample with respect to PW, repetition time (RT), and power level without 

damaging the fruit surfaces. The addition of conjugated gold nanoparticles to the fruit 

surfaces tested the selective spectral energy absorption under laser radiation for 

enhancing the killing effect.  

1 cm2 fruit peels and liquid samples contaminated with E. coli K12 for a range of 

inoculation times (0 – 90 s) were treated at varying PW and RT for 60, 120, and 180 s. 

Bacterial counts were conducted on nonselective PCA plates. Inactivation significantly 

increased as the PW increased at constant RT. Microbial inactivation increased as both 

RT decreased and PW increased, and with the addition of the conjugated gold 
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nanoparticles (GNP). SEM analysis showed structural damage of E. coli and GNP with 

minimal damage to fruit surfaces.  

The laser system provides rapid, energy efficient, and selective inactivation of 

surface contaminants through the use of conjugated GNP, with likely application in 

numerous segments of the US food industry for food safety. 

 

Introduction 

After the occurrence of several large outbreaks of foodborne illnesses in the mid-

1990s that were traced back to E. coli O157:H7 from Californian lettuce and Cyclospora 

from Guatemalan raspberries, the FDA has focused more on the potential contamination 

of fresh produce by microorganisms. According to the Centers for Disease Control and 

Prevention (CDC), the average number of annual foodborne illnesses associated with 

fresh fruits and produce has more than doubled from the 1980s to the 1990s, and this 

increasing trend continues to this day (Lynch, 2006). Recently, packaged fresh-cut fruits 

and vegetables have grown in popularity. The major problems associated with the fresh 

fruit industry include contamination, spoilage, or decay (Kou; Wells, 1997). Potential 

microbial contamination sources for fresh fruits include soil, water, manure, domestic 

animals, human handling, and contaminated equipment (Calvin, 2002). 

Fresh fruits and liquid foods are highly susceptible to microbial contamination 

after harvest due to their high water and nutrient contents. Most fungi or bacteria that 

cause decay are situated at the surface or the first few cell layers under the peel of the 

fresh product. Due to regulatory restrictions on the post-harvest use of chemicals, there is 

a renewed interest in alternative physical decontamination techniques including hot 
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water, vapor heat, far infrared and electromagnetic radiation (Garcia, 2002; Maktabi, 

2011). However, conventional heat treatment of food, especially fresh fruits, at high 

temperatures may be detrimental to the flavor, texture, appearance, and overall quality. In 

the interest of finding better decontamination methods that will also be acceptable in the 

eyes of the consumer, other physical and optical treatments have been developed. These 

methods most notably include using ultraviolet (UV) radiation for sterilization (Helpser, 

2003). Laser radiation is currently not widely used in the food industry, but has been well 

studied for use in the medical field, most notably for laser hair or tattoo removal and non-

ablative skin remodeling, and shows promise for application in the food industry (Franjic, 

2009; Vasily, 2010). 

The use of CO2 lasers is not widely practiced for food applications. In most cases 

to date, the focus of using selective laser heating techniques has been more on packaging 

and labeling of food products rather than treatment of the food itself (Gaebler, 2010). 

There has been one food application found in literature that uses a pulsed laser beam for 

the removal of bacteria that has adhered (E. coli biofilms) to stainless steel surfaces of 

food processing equipment as an alternative to the use of chemicals (Furumoto, 2010). 

Tests were shown to have a range of 3 to 6 decimal reduction of the microbial load with 

one 20 ns, 20 Hz pulse and ≤50 MWcm-2 to ≤600 MW cm-2 from a ND:YAG laser 

(Sadoudi, 1996). However, this again does not apply the use of the laser on food directly. 

Another documented food application of pulsed laser sources is for the use of killing 

spoilage bacteria on food, but the laser radiation was used along with UV and microwave 

radiation to test for any synergistic effects (Maktabi, 2011). 
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Photothermal heating using lasers is based on the conversion of optical energy 

into heat. Selective photothermolysis refers to the targeted destruction of specific 

structures, tissues, or microorganisms with the use of a particular wavelength of light 

(Altshuler, 2001). Another method of photothermolysis has been developed which 

follows the same principles of selective photothermolysis called fractional 

photothermolysis. In contrast to selective photothermolysis, which creates a large bulk 

zone of thermal injury, fractional photothermolysis creates anywhere from hundreds to 

thousands of microthermal zones causing less damage to the areas surrounding the targets 

(Behroozan, 2006). The same concept can be applied to the elimination of 

microbiological hazards for fresh fruits and liquid foods.  

The use of conjugated gold nanoparticles increases the selectivity of the 

photothermal targeting by using the inherently high conductivity of gold, and this process 

of using nanoparticles with laser treatment is known as photothermal nanotherapy. By 

concentrating the gold nanoparticles to the surface of the E. coli via primary and 

secondary antibody-antigen reactions, the photothermal effects can be further focused to 

create a localized heated zone around the bacteria (Zharov, 2006). Theoretically, the 

excitation from the laser beam is enough to create localized bubbling effects or even 

cavitation, or popping of the gold nanoparticles or the surrounding bubbles formed, 

thereby damaging the cell wall of the targeted bacteria and killing it (Fig. 3.1).  

It is expected that using larger nanoparticles will enhance these effects due their 

larger surface area being able to capture more of the laser energy and, in turn, causing 

more damage during cavitation. However, care must be taken in choosing the size of the 

nanoparticles; particles that are too small may not have enough of a damaging effect, and 
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particles that are too large may negatively effect conjugation to the surface of the bacteria 

due to steric hindrance.   

 

 

 

Figure 3.1. Cavitation mechanism of GNP and surrounding bubbles at the surface of an E. 

coli cell. Localized heating effects and cavitation result in structural damage of the 

bacterial wall. 

 

The objectives of this study were to design and optimize a pulsed CO2 laser beam 

for the selective heating of E. coli K12 on the surfaces of fresh fruits and in liquid foods, 

and use optical matching to conduct selective laser treatment sufficient enough to 

selectively kill microbes conjugated with gold nanoparticles without damaging the 

surrounding food. Additionally, the effects of the gold nanoparticle size on the 

photothermal selectivity were investigated. 
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Materials and Methods 

Experimental setup 

A pulsed CO2 laser system (CYMA, CO2 infrared, Bison Medical Co.) was used 

as a base unit for this study. Laser modes such as pulse width [ultra pulse mode (200 -

1000 µs) to super pulse mode (1 - 500 ms)], duration, power (30W max), on/off duty, and 

wavelength [10.57 to 10.63 µm (mid-infrared)], and the aiming and delivery systems 

were fabricated and optimized for fresh fruit and liquid food applications. The pulsed 

CO2 laser system was used in super pulse mode at varied levels (1, 5, 10, 15, and 20 ms) 

and a repetition time of 500 and 1000 ms for different treatment times (60, 120, and 180 

s) in conjunction with a ZnSe lens laser beam expander. The two-ZnSe lens system was 

used as a beam expander to ensure full coverage of the sample by the laser beam. The 

laser beam and expander were aligned for the targeted treatment area before each 

experiment using standard thermal paper to visualize the beam area.  

 

Sample preparation 

Frozen stock cultures of E. coli K12 were obtained from the Food Microbiology 

Laboratory (University of Hawaii, Honolulu, HI). Before each experiment, the strains 

were transferred into tryptic soy broth (TSB; BD diagnostic systems, Franklin Lakes, NJ) 

and incubated at 35°C for 24h for reactivation. The initial concentration of stock cultures 

was obtained using serial dilutions and the aerobic plate counting method. 
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Gold nanoparticles 

Functionalization of GNP 

 1.4 nm GNP (Mono-Sulfo-NHS-Nanogold, catalog #: 2025A, lot #: 20C611, 

Nanoprobes, Inc., Yaphank, NY, USA) were resuspended from powder in 0.2 ml DI 

water per aliquot. The 1.4 nm GNP were then functionalized by incubating them with 

rabbit anti-E. coli antibodies (Lot #: 13F15712, Meridian Life Sciences, Memphis, TN, 

USA) for 1 h according to the standard procedures for labeling proteins obtained from 

Nanoprobes.  

 

Primary and secondary antibodies 

The addition of anti-E. coli primary antibodies (Anti-E. coli LPS antibody, 

product number ab35654, Abcam, Ma) was conducted before introducing secondary 

antibody-conjugated gold nanoparticles of varying size (1.4, 10, and 20 nm) (Mono-

Sulfo-NHS-Nanogold, catalog #: 2025A, lot #: 20C611, Nanoprobes, Inc., NY; Goat 

polyclonal secondary antibody to mouse IgG H&L, product #: ab27241 and ab27242, 

Abcam, MA). The primary antibody at an initial concentration of 0.5 mg/ml was diluted 

in phosphate buffer solution (PBS) to the recommended concentration of 0.005 mg/ml 

and allowed to incubate at room temperature with the E. coli solution diluted to initial 

concentrations (104, 105, 106 CFU/ml) for 1 hour.  

The secondary antibodies at initial concentrations of 0.0189 and 0.013 mg/ml for 

10 and 20 nm GNP, respectively, were diluted with PBS to a concentration of 0.005 

mg/ml then added to the solution containing E. coli conjugated with the primary 

antibody, and allowed to incubate for another hour. After incubation of the GNP-
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conjugated secondary antibodies, 0.1 ml of each solution was transferred to the fruit peel 

surface or a mini petri dish for use in the experiments and tested in duplicate.  

 

Photothermal nanotherapy performance and bacterial quantification 

After treatment, liquid samples were serially diluted and plated on nonselective plate 

count agar (PCA) and incubated at 37°C for 24 h before colonies were counted using the 

aerobic plate count method. Solid samples were first placed in buffer solution and evenly 

processed by a stomacher (Stomacher 400 Circulator; Seward Inc., Bohemia, NY, USA) 

at 300 ppm for 2 minutes before serial dilution and standard aerobic plating.  Statistical 

data was performed in Minitab software (Minitab, Minitab Inc., State College, PA, USA) 

using one-way ANOVA and Tukey’s comparison with a confidence level of 95%.   

 

FESEM and TEM visualization and analysis 

Field Emission Scanning Electron Microscopy (FESEM) was used to visualize 

and validate E. coli K12 cells on the surface of apple peels before and after laser 

treatment. The peels were attached to conductive carbon tape on aluminum stubs and 

coated with a thin gold/palladium layer using a Hummer 6.2 sputter coater for 45 s. 

Coated samples were then observed using a Hitachi S-4800 FESEM (Pacific Biosciences 

Research Center, University of Hawaii at Manoa, Honolulu, HI) (Kim, 2011). 

Transmission electron microscopy (TEM) was conducted using a Hitachi HT7700 

(Pacific Biosciences Research Center, University of Hawaii at Manoa, Honolulu, HI) to 

visualize the treated bacterial cell wall structure of the gold nanoparticles.  
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Results and Discussion 

 The functionalized GNP were conjugated to the surface of E. coli K12 using 

primary and secondary antibody-antigen reactions, where the primary antibody was 

specific for E. coli and the secondary antibodies that were already conjugated to the GNP 

were chosen to specifically target the primary antibodies (Fig. 3.2). By way of specific 

antibody-antigen reactions, the GNP formed a layer around the surface of the bacteria. 

Since gold is highly conductive, with a thermal conductivity of 318 W·m−1·K−1, the GNP 

were heated much faster than the surrounding areas, creating a localized heating effect 

around targeted bacteria. 

 

 
Figure 3.2. TEM image of 10 nm GNP conjugated with antibodies specific to E. coli to 

enhance laser selectivity.  

 

SEM images of E. coli K12 on the surface of apple peels show the structural damage to 

the cell wall that occurs when the bacterial cells were subjected to laser treatment (Fig. 

3.3). Figure 3.3a shows a normal, untreated E. coli K12 cell on the surface of an apple 

peel. After treatment, the bacterium appears to be shriveled and shows signs of losing 

structural integrity of the cell wall, which may cause the cell to no longer be viable (Fig 
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3.3b). It should also be noted that while there was damage to the E. coli K12 cell, there 

was no indication of photothermal damage to the surface of the apple peel itself, 

supporting the selectivity of the laser treatment to the targeted bacteria and not the 

surrounding food. 

 

   

Figure 3.3. SEM images of E. coli K12 cells with (a) no treatment and (b) after laser 

treatment. Cells after treatment appear shriveled with structural damage to the cell wall. 

 

 The effect of functionalizing the GNP on the selectivity of photothermal 

nanotherapy was tested using functionalized 1.4 nm GNP and plain 1.4 nm GNP as a 

control. This data is presented in Figure 3.4, where the microbial reductions of non-

functionalized particles are shown in red and the functionalized particles are shown in 

orange. It is seen that there is no significant difference between there being no GNP 

(blue) in the sample and having non-functionalized GNP, however there is a significant 

difference in the photothermal selectivity when the GNP are functionalized with 

antibodies specific to E. coli.  

(a)	   (b)	  	  	  	  	  	  	  
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When the GNP are non-functionalized, they were evenly distributed over the 

sample area or in liquid solution. Due to this even distribution, there was an also an even 

distribution of laser energy when the pulsed laser treatment was performed. In this way, 

there is some photothermal damage to the bacteria, but it is provided in an even 

distribution due to the GNP and bacteria moving freely in solution. To further validate 

this, there is no significant difference between the non-functionalized GNP samples and 

the samples with no GNP. By functionalizing the GNP, they could situate themselves 

right around the surface of the E. coli cells, providing a more focused and selective area 

for laser treatment, as seen in the microbial counts in Figure 3.2. In subsequent 

experiments, all GNP were functionalized.  

The effect of different repetition times and pulse widths was explored by using 

repetition times of 500 ms and 1000 ms, and a range of pulse widths (1, 5, 10, 15, and 20 

ms) while controlling the treatment time. It was found that microbial reduction increased 

as pulse width increased and as repetition time decreased. Figure 3.5 shows how 

increasing PW generally caused greater damage to the bacteria regardless of repetition 

time, except for the outlying data at PW = 9 ms and RT = 1000 ms. When comparing 

repetition times, it is clear that there was more photothermal damage at a lower repetition 

time of 500 ms rather than at 1000 ms. This is due to more laser energy being provided to 

the sample at lower repetition times than higher repetition times, where the frequency of 

the pulses are closer together at RT = 500 ms than RT = 1000 ms so there are more pulses 

with lower repetition times for the same treatment time of 60 s.  

This trend was expected because a combination of higher pulse widths and lower 

repetition times resulted in a pulsed treatment that was closer to continuous mode so there 



	   49	  

was more laser energy provided for the microbes to absorb. It is important to note that, 

although this is the case, it is not ideal to forgo pulsed treatment in favor of continuous 

treatment. It has been found that the efficacy of CO2 laser treatments for tissue ablation is 

much higher when short pulses of higher energy was used rather than one continuous 

treatment because the photothermal energy around the focal zone of the beam is more 

sharply focused as a series of pulses, leaving the surrounding regions undamaged (White, 

2008). Continuous treatment at the same power level as the pulsed treatment used in this 

study was seen to cause too great an increase in temperature of the sample, and would 

even cause burning of the sample in some cases.  

 

 

Figure 3.4. Data of pulsed laser treatment with (red) and without (blue) GNP shows little 

difference in microbial load when nanoparticles are non-functionalized, however there is 

a significant difference between functionalized (orange) and non-functionalized (red) 1.4 

nm GNP. Letters above bars represent significant differences (CI = 95%) between 

samples within the same pulse width. 
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The effect of particle size was also explored in this study by controlling the repetition 

time, pulse width, and treatment time. Figure 3.6 illustrates the effect of using different 

GNP diameters of 1.4, 10, and 20 nm at a repetition time of 500 ms and treatment time of 

60 s. It was hypothesized that larger GNP would cause more microbial reduction due to 

their larger size, providing greater destructive energy during cavitation, and this was the 

case over the range of pulse widths used at a repetition time of 500 ms as seen in Figure 

3.6 where 1.4 nm GNP samples denoted in blue had the least cell death and 20 nm GNP 

samples shown in orange had the highest cell death after laser treatment. 

 

 

 

Figure 3.5. The effect of different repetition time (500 ms and 1000 ms) on the microbial 

survival of E. coli K12 after laser treatment for 60 s over a PW range from 1 to 20 ms. 

Letters above bars represent significant differences (CI = 95%) between samples within 

the same pulse width. 
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It was found that 20 nm GNP were the most effective for selective photothermal 

nanotherapy. It is expected that the 1.4 nm GNP were too small to create much of a 

damaging effect during localized heating and cavitation, though they did result in 

approximately 73% to 82% cell death from pulse widths of 1 ms to 20 ms, respectively. 

 

 

 

Figure 3.6. Effect of particle size on E. coli survival after treatment at (a) RT = 500 ms 

and t = 60 s and (b) RT = 500 ms and t = 120 s. Letters above bars represent significant 

differences (CI = 95%) between samples within the same pulse width.  

 

The treatment time also played a significant role in the microbial reduction of 

inoculated samples after laser exposure. Samples were treated for 60, 120, and 180 s 

while keeping the previously stated ranges of repetition times and pulse widths as 
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controlled variables per treatment time. Generally, increased treatment time caused more 

microbial reduction, as expected, however, as with using pulsed mode rather than 

continuous mode, it is important to consider the photothermal damage that could occur to 

the surrounding food matrix if a very long treatment time was used. There are also other 

factors to consider regarding treatment time such as energy use and cost of treatment. 

Samples treated for 180 s showed no signs of microbial survivors while performing 

standard plate counts as well as no damage to the food matrix, but treatment times greater 

than this are expected to cause too much damage to the food sample itself either through 

burning or other adverse heating effects.  

 

Future Studies 

 The potential for consumer concern over the toxicological effects of any 

remaining GNP within the food products is imminent. It has been seen that GNP at low 

concentrations are nontoxic and have been used successfully with no adverse effects in 

vivo (Zharov, 2006). Methods may also be taken to address this concern by exploring 

ways in which to recollect GNP after treatment. Some methods that may be feasible 

include using dielectrophoretic (DEP) fields, magnetic fields, sonication, or an additional 

antibody-antigen reaction in order to concentrate and recollect GNP after laser treatment. 

A study done by Shukla and others (2006) proved that it is possible to use pulsed 

selective laser technology to remove nano- and micro-particles made of polystyrene out 

of solution. It may also be beneficial to use just one antibody-antigen reaction to 

conjugate the GNP rather than using primary and secondary antibodies to reduce non-

specific binding.  
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Another option to remedy the toxicological concerns would be to explore the 

possibility of using different types of nanoparticles. Previous studies have used 

microbubbles in conjunction with ultrasound in order to carry out drug delivery to 

specific tissues within a patient using a method much like targeting GNP with a CO2 laser 

as in this study (White, 2008). By using microbubbles conjugated with the appropriate 

antibodies to target pathogenic bacteria as an alternative, it is possible to eliminate any 

residual particles after cavitation of the microbubbles. GNP recollection and possible 

reuse for subsequent treatments should be addressed in future studies. 

 

 

Figure 3.7. A proposed full-scale system with multiple lasers and a laser beam-

magnifying module using ZnSe lenses to treat multiple fruit samples as they pass through 

the system on a conveyor belt. 

 

 Figure 3.7 shows a model for a proposed full-scale system for laser treatment if 

the current system were to be scaled up for industrial purposes. The full-scale system 
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may include multiple lasers and a laser beam-magnifying module using a series of ZnSe 

lenses in order to treat multiple samples simultaneously as they pass through the system 

on a conveyer belt. The laser beams may be fixed or programmed to scan over the 

surfaces of the fruits or vegetables as has been used to inactivate S. aureus and E. coli on 

stainless steel strips in previous studies done by Watson and others (2007). It is expected 

that a scanning laser bacterial inactivation system will be most cost-effective for high-

value products. A GNP recollection system may also be built in to the system or further 

down the conveyor belt, which would address consumer concerns over residual GNP in 

commercial products. 

Conclusion 

 A pulsed CO2 laser system was successfully designed and a two-ZnSe-lens laser 

beam expander was fabricated. A method to use primary and secondary antibodies 

functionalized with gold nanoparticles to specifically target E. coli K12 cells to treat with 

the laser system was developed. It was seen that the larger 20 nm GNP were most 

effective out of the varied sizes of GNP used at higher pulse widths and lower repetition 

times for laser treatment periods of at least two minutes. With a treatment time of three 

minutes, there were no traces of microbial survivors after laser exposure at RT = 500 ms, 

regardless of the pulse width. Future studies will include a wider range of RT and PW, 

different types of targeted bacteria, a larger scale system possibly including multiple 

lasers and beam expanders to accommodate a larger volume of food product, and 

methods on post-treatment GNP recollection.    
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