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This study investigated the use of electroporation as an extraction method of 

lipids in oleaginous microorganisms.  Electroporation is the process of placing a voltage 

gradient across a lipid membrane to create pores that vary in size and longevity with 

voltage magnitude and pulse duration.  Once the voltage gradient is removed, the lipid 

membrane will seal the pore.  The use of electroporation on oleaginous microorganisms 

to extract stored lipids could be a useful tool if the microorganism is allowed to 

regenerate and produce more lipids. Three high-lipid media were investigated: soybeans, 

Rhodococcus opacus (bacteria), and Rhodotorula glutinis (yeast).  This study investigates 

varied voltage magnitude, pulse duration, quantity of pulses, and distance between 

electrodes.  Electroporation proved to be moderately successful for lipid removal when 

using low voltages and long pulse durations.  However, electroporation removed only a 

small percentage of the intracellular lipids. 
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CHAPTER I 

INTRODUCTION 

Oleaginous microorganisms, bacteria, yeast, or algae that accumulate more than 

20% of their biomass as lipids, have proven to efficiently produce lipids in the form of 

phospholipids and triglycerides (Kaneko, H 1976; Wynn, J 2005; Yoon 1983; Alvarez 

1996).  Microorganisms are able to accumulate lipids when cultivated under conditions of 

limited nitrogen and an excess of carbon, usually using glucose, media.  Research 

completed by Alvarez et al. (1996) has shown lipid production of bacteria as high as 78% 

lipid/ dry cell mass (DCM).  Several strains of bacteria and yeast proven to accumulate 

lipids have been a focus of intensive research since the 1970’s.  Kaneko et al. (1976) 

validated the production of lipids for 30 different strains of yeast.  Once a microorganism 

accumulates lipids, they are extracted using techniques that destroy the oleaginous 

microorganism.  One method for extracting lipids from microorganisms involves 

separating the cells from their growth media using a centrifuge or filtration, drying the 

cell mass, and then using solvent extraction to remove the lipids entrained in the cell 

mass (Wynn 2005).  This method is costly for large-scale production.  

Soybeans are oleaginous plant media and are grown primarily for their protein 

and oil content (Smith and Huyser 1987).  Soybean seeds contain 19%-23% oil 

depending on the time of year they were harvested and the amount of precipitation 

occurring during growth phases (Sharma et al. 2002 and Dornbos and Mullen 1992).  The 
1 
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two primary methods for extracting oil from soybeans are solvent extraction and 

mechanical pressing.  The mechanical method utilizes a screw press and removes the oil 

contained in the soybean seed (Bargale et al. 1999).  This method is cost-intensive and 

inefficient; therefore, methods were developed that utilize solvent extraction, typically 

hexane, to remove oil from soybeans that have been machined to flakes (Ramsey and 

Harris 1982).  Solvent extraction can remove up to 86% of the oil contained in the 

soybean.  After the oil is extracted, the soybean flakes are rinsed to remove the solvent so 

the flakes can be recovered and used for animal feed, soy products, and protein 

supplements.  After processing, the soybean oil recovered in the extraction process is 

suitable for human consumption and/or biodiesel production (Farsaie et al. 1985).  

The potential of using a living microorganism to produce an alternative fuel has 

been the focus of research for the last several years (Qiang et al. 2008).  In 2008, the 

world consumed over 85,462 barrels of crude oil per day (www.eia.gov).  The amount of 

crude oil in the world is limited and scientists and engineers have been searching for 

alternative sources of oil for decades, with renewable fuel resources currently under 

development.  Wynn et al. (2005) state that some strains of bacteria and yeast have been 

proven to produce and accumulate lipids under certain living conditions.  Researchers are 

formulating methods to cultivate oleaginous microorganisms using large-scale processes 

while maximizing lipid yield (Li 2008).  One challenge in this process is developing an 

economical process to extract lipids from the microorganism while maintaining cell 

viability, allowing the cell to recover and maintain all functions.   

One such process, referred to as electroporation (EP), creates disruptions in a 

cell’s lipid membrane layer through voltage potential.  EP creates pathways, or pores, in 

2 
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the lipid bi-layer which surrounds cells.  Experiments completed by Weaver et al. (1996) 

proved this technology can be utilized to inject deoxyribonucleic acid (DNA) into a 

living cell while allowing the cell to remain intact.  When an experiment is completed 

under the proper conditions, the cell closes its pores and is still viable after 

electroporation.  After an experiment, if the cell sample is placed in optimal living 

conditions – optimal temperature, excess nutrients, and proper mixing – the cells are able 

to completely recover and reseal any deformations formed during EP.  The pores formed 

during EP are dependent on the pulse duration and pulse amplitude (Smith and Weaver 

2008).  Therefore, under the optimal parameters, a pore could be created with the 

appropriate dimensions to allow lipids to be released and recovered from oleaginous 

media while maintaining cell viability so the cells could recover and store additional 

lipids. 

3 
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CHAPTER II 

LITERATURE REVIEW 

2.1 Oleaginous Microorganisms 

The demand for alternative energy sources is increasing since traditional fuel 

sources are depleting and petroleum prices are increasing (Zhang 2014).  One possible 

source for alternative fuels is oleaginous microorganisms, yeast, fungi, algae, and 

bacteria, since they are renewable, environmental friendly, generate energy from multiple 

carbon sources, do not remove food sources from the global market, and provide 

comparable energy densities as traditional sources (Wynn and Ratledge, 2005; Canakci 

and Sanli, 2008).  The most promising aspect of oleaginous microorganisms is their 

ability to generate large lipid contents on a mass basis, some instances lipid content as 

high as 87% w/w dry biomass basis (Koutb and Morsy, 2011; Gao et al., 2013; Hetzler et 

al., 2013).  

Oleaginous microorganisms are able to accumulate lipids in nitrogen or 

phosphorus depleted environments when the carbon source is in excess (Wynn and 

Ratledge, 2005).  Adenosine triphosphate (ATP) is referred to as the “molecular unit of 

currency” and transfers energy in cells which promotes cell division (Knowles 1980).  

Microorganisms in nitrogen depleted environments are unable to produce ATP which is 

necessary to generate new cells therefore, they begin to store energy if an excess of 

consumable carbon is available (Hall, 2012).  As a result of nitrogen depletion, the 
4 
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enzymes in the citric acid cycle become inactive which leads to isocitrate not being 

metabolized.  This produces an excess of isocitrate and citric acid.  Once the citrate is in 

excess it comes in contact with an enzyme, ATP:citrate lyase which cleaves the citrate to 

and forms acetyl-coenzyme A, oxaloacetate, ADP and inorganic phosphate.  Acetyl-

coenzyme A is vital fatty acid biosynthesis.  Oxaloacetate is immediately converted to 

malate by malate dehydrogenase and then the malate is then converted to pyruvate by the 

malic enzyme.  A product of the malate cleavage is reduced nicotinamide adenine 

dinucleotide phosphate (NADPH) which is necessary for long acyl chain that are derived 

from acetyl-coenzyme A.  For a cell to accumulate lipis these two components are 

necessary, NADPH and acetyl-coenzyme A (Wynn and Ratlegde, 2005). 

Every microorganism is not able to accumulate lipids since the ability to 

accumulate lipids is dependent on the activity of the malic enzyme. Non-lipid 

accumulating microorganisms switch off the gene controlling the activity of the malic 

enzyme after nitrogen has been depleted. The microorganisms that accumulate large 

amounts of lipids, up to 87% dry mass basis, do not deactivate the gene controlling the 

malic enzyme (Hetzler et al., 2013; Wynn and Ratledge, 2005). 

Numerous studies have been completed to determine the microorganisms that 

accumulate lipids and the amount of lipids they are able to generate.  Table 2.1 lists 

several microorganisms that are known to accumulate more than 25% lipids on a dry 

mass basis.  The microorganisms listed in Table 2.1 have been published in the literature 

to accumulate excess lipids using various carbon sources.  There have been additional 

experiments to determine the optimal amount and type of carbon source to maximize the 

amount of lipids cells accumulates (Alvarez, 1996; Daniel et al., 1999; D’Annibale et al., 

5 
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2005; Davis, 1964; Makula et al, 1975; Raza et al., 2007; Holdsworth and Ratledge, 

1988; Kavadia et al. 2001) 
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Table 2.1 List of oleaginous microorganisms proven to accumulate 25% lipids on a 
dry mass basis 

Organism 
Lipid

Content 
(%w/w) 

Reference 

Yeast 

Candida sp. 107 42 

Wynn and Ratledge, 2005 

Cryptococcus albidus 65 

C. curvatus D 58 

Waltomyces lipofer 64 

Lipomyces starkeyi 63 

Rhodosporidium toruloides 66 

Rhodotorula glutinis 72 

Trichosporon beigelii 45 
Yarrowia lipolytica 36 

Fungi 

Zygomycetes 

Wynn and Ratledge, 2005 

Conidiobolus nanodes 26 

Entomophthora coronata 43 

Cunninghamella japonica 60 

Mortierella isabellina 86 

Rhizopus arrhizus 57 

Mucor alpine-peyron 38 

Ascomycetes 

Aspergillus terreus 57 

Fusarium oxysporum 34 

Pellicularia practicolo 39 

Microalga and Thraustochytrids 

Prokaryota 

Wynn and Ratledge, 2005 

Spirulina platensis 25 

Eukaryota 

Chlorella vulgaris 52 

Crypthecodium cohnii 50 

Nannochloropsis oculata 45 

Thraustochytrids 

Schizochytrium sp 40 
Thraustochytrium aureum 25 

Bacterium 

Rhodococcus opacus 87 Alvarez et al. 1996 
Rhodococcus ruber 26 Alvarez et al. 1997a 
Acinetobacter sp. Strain 211 25 Alvarez et al. 1997b 
Pseudomonas aeruginosa strain 44T1 38 De Andres et al. 1991 

7 
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2.2 Electroporation Background 

External electric fields have been utilized in physical chemistry and biophysics to 

investigate the ionic-electric properties and reactivity of molecules and molecular 

organisms (Neumann et al. 1989).  When an electric field is introduced to a 

microorganism the cell membrane becomes porous.  This phenomenon, known as EP, is 

defined as an increase in electrical conductivity of a cell membrane introduced by an 

external source, and has been researched for several decades.  Sale and Hamilton (1967a) 

stated that in 1958, researchers noticed that an unexplained form of “electrical 

breakdown” occurred in an electrically stimulated membrane.  Ten years later it was 

observed that a microorganism was still viable after a strong electric pulse (Sale and 

Hamilton 1967).  These observations piqued the scientific community’s interest, and 

numerous experiments have been conducted to advance the understanding of the 

mechanism of this phenomenon.  In the late seventies and early eighties, it was observed 

that an increase of the membrane specific conductance was measured within 

microseconds of the application of a high-intensity electric field (Abidor et al., 1979; 

Benz et al., 1979; Benz and Zimmermann, 1980a; Benz and Zimmermann, 1980; Benz 

and Zimmermann, 1981; Benz and Conti, 1981; Chernomordik et al., 1982; Teissie et al., 

2005). Further experimental analyses showed that the electric field interaction was 

initiated at the lipid portion of the cell membrane.  This observation led to further 

experiments to model the behavior of lipid systems under the influence of electric fields 

and to study the mechanism controlling EP (Weaver and Chizmadzhev, 1996). 

The aspects of EP that are currently understood are to the result of experiments 

that measured the electric current through planar bilayer lipid membranes (BLM).  

8 
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During these studies, a structural rearrangement of the lipid membrane was observed.  

Experiments were completed on red blood cells; Figure 2.1 is an example of the 

indentations observed after EP of red blood cells. 

(A) 

(B) 

Figure 2.1 A) Microphotograph of red blood cell before electroporation, B) 
Microphotograph of electroporated red blood cell (Source: Chang and 
Reese, 1990) 

9 
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These rearrangements were observed using an electron microscope.  The 

observation of the indentions of the red blood cell led to the explanation that pores are 

formed as a result of applying an external electric pulse (Weaver and Chizmadzhev 1996, 

Gross, 1986).  Researchers have been conducting experiments to better understand the 

mechanism driving EP, since currently the understanding of the mechanism for EP is 

very limited.  Experiments have been performed to better understand electroporation, 

using three systems: (1) cell suspensions, (2) individual cells, and (3) a pure BLM.  The 

three systems share a common characteristic, a lipid membrane.  Therefore, the outcome 

of an experiment using a BLM could assist in predicting the outcome of a similar test on 

one of the alternate systems – cell suspensions or individual cells (Weaver and 

Chizmadzhev 1996).  A BLM was utilized for a majority of the experiments because of 

the ease of variable measurement and manipulation of bulk properties.  Also, several 

experiments can be completed on a single lipid membrane to measure the effect of 

multiple pulses and to test the stress and strain exerted on a lipid membrane.  

Over the last 20 years, electric field pulse techniques have received a great deal of 

attention, especially in cellular and molecular biology.  EP has become popular for cell 

manipulation and to study electrically induced structural rearrangements in cell 

membranes.  This process has many proven applications, including: (1) transfection, 

transfer of a foreign media, DNA or virus, from one cell to another cell, or cells; (2) 

introduction of fluorescent probes; (3) loading cells with molecules for drug delivery 

purposes; and (4) transporting DNA into and across tissue for therapeutic purposes 

(Weaver and Chizmadzhev 1996).  EP can occur in a time frame of nanoseconds for 

extreme voltages, 300 kilovolts (kV)/centimeter (cm), and even microseconds for lower 
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voltages, 0.7 kV/cm (Beebe et al. 2003).  Although this phenomenon has been researched 

for decades, there is still little information about the mechanism that forms the pores 

produced during electroporation.  

EP is the process of placing a voltage across a cell membrane that exceeds the 

dielectric point. This polarizes the charge of a cell, such that the membrane reorients and 

forms pores of the cell membrane.  The most appealing aspect of EP is that, under the 

right conditions (pulse length, pulse strength, and number of pulses), the cell is still 

viable after the procedure.  If the cell is given the proper amount of time to recover from 

an EP experiment (some cells may take minutes and others may take hours), the cell will 

resume growing and reproducing (Wang 2007).  While understanding of the EP 

mechanism is increasing daily, knowledge is still limited (Weaver 2006).  

Historically the study of EP has focused on the deformation of a BLM.  The effect 

of electric pulses and voltage differences on a BLM has been researched extensively.  

Initially, it was thought that the mechanism of electric forces on a lipid membrane caused 

an irreversible breakdown by electrocompression (Crowley, 1973; Dimitrov, 1984).  

Experiments have studied the number of DNA molecules with different characteristics, 

shapes, sizes, and charges, which are taken up by electroporated cells at varying pulse 

strengths and durations.  These experiments were conducted by placing cell cultures in 

DNA-rich environments, inducing a voltage potential, and measuring the amount of DNA 

available in the media after the voltage source was removed.  These experiments have 

been completed on populations of cells (Mir et al., 1988; Chakrabarti et al., 1989; 

Lambert et al., 1990); as well as analyzed on an individual cell level (Bartoletti et al., 

1989; Prausnitz et al., 1993, 1994; Gift and Weaver, 1995).  During an EP experiment 
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involving the introduction of exogenous DNA to a microorganism, the typical results 

include 0.01% of the electroporated cells accepting the exogenous DNA.  For example, if 

the experiment included 10,000,000 cells affected by EP the accepted the targeted DNA 

would be 1,000 cells (Chang et al., 1992). 

An important effect of EP is the modulation of the membrane potential difference 

due to the dielectric characteristics of the lipid membrane.  A cell membrane can be 

visualized as an insulating shell containing a conductive medium, in suspension of a 

conductive medium.  This dielectric discontinuity affects the electric field line 

distribution (Teissie et al., 2005).  Analyzing this discontinuity has led to the steady state 

expression of the voltage, U: 

U=1.5Rcell E cos  (Eq 2.1) 

In Eq 2.1, the vesicle is assumed to be a sphere, Rcell is the radius of the spherical 

cell, E is the field strength, and is the normal angle between the membrane and the 

direction of the applied field.  The field effect is position-dependent on the cell 

membrane surface. This causes one side of the vesicle to be hyperpolarized while the 

adjacent side is simultaneously depolarized (Teissie et al., 2005).  The predictions made 

above were validated experimentally using videomicroscopy on lipid vesicles with 

potential fluorescent probes (Kotnik, et al., 1997; Teissie and Rols, 1993).  

The membrane potential difference is reached after an extremely short charging 

time, microseconds (Neumann et al., 1989; Chang et al., 1992; Kotnik et al., 1997).  

Charging time (membrane is dependent on the dielectric properties of the cell membrane 

and the resistance of the medium surrounding the cell.  The cell membrane is more 
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complex than the manufactured BLM since a cell membrane does not have a uniform 

thickness and curvature.  The membrane is dependent on the resistance of the cytoplasm 

(rint), external buffer resistance (rext), and resistance of the cell membrane (Cmemb) as 

shown in Eq. 2.2 (Wang 2007). 

 membraneRcellCmemb:(rint+rext/2) (Eq. 2.2) 

This charging time was documented by Lojewska et al. (1989) to be several 

microseconds and then verified experimentally using videofluorescence on a spherical 

lipid bilayer (Lojewska et al., 1989). 

An external electric field will induce a position-dependent modulation of the 

membrane potential difference, which is linearly related to the intensity of the applied 

field (Teissie et al., 2005). The theoretical models produced assume that the following 

two criteria are met: 

1. The cell is spherical, and 

2. The membrane is a dielectric. 

It should be noted that microbial cells are not perfect spheres; this must be taken into 

consideration when predicting deformation of the cell membrane.  

There are two types of electroporative experiments that can be completed: 

irreversible electrical breakdown and reversible electrical breakdown.  With irreversible 

electrical breakdown, the cell is not viable after a voltage is applied.  There are two forms 

of irreversible electrical breakdown.  The first is an immediate cell rupture where the 

applied voltage exceeds the transmembrane voltage or the pulse duration, or it exceeds 

both parameters simultaneously.  The second form of irreversible electrical breakdown is 
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a condition known as cell lyses, or destruction of the cell membrane.  Cell lyses is usually 

attributed to an imbalance in the cell caused by unequal transport of media through the 

ionic pathways formed as a result of electroporation.  Initial studies that discuss the non-

thermal killing of biological systems were published in 1967 and discussed how large 

electric pulses irreversibly affected the system, killing cells (Sale, 1967b).  Conversely, 

during reversible electrical breakdown, the cell is able to repair itself and remain intact.  

Most BLM experimental configurations show that the electrode voltage and the 

transmembrane voltage are equal after membrane charging (Weaver and Chizmadzhev 

1996).  Experiments conducted to measure the transmembrane current have shown that 

after a step change in the applied voltage at the electrodes has occurred, a steady-state 

transmembrane current is achieved (Abidor et al., 1979). As the electrode voltage 

increases, the measured transmembrane current migrates towards the saturation current, 

the point when increasing voltage produces no increase in current.  Once the saturation 

current has been reached, the cell membrane is ruptured.  This was proven experimentally 

by lowering the voltage after the saturation current was reached, and the measured 

current was the same as if there were no membrane present in the solution (Weaver and 

Chizmadzhev, 1996).   

It was also found that the membrane lifetime decreases with increasing voltage.  

Electrical breakdown of cell membranes has two stages: (1) a steady-state current stage, 

and (2) a fluctuating current stage.  A membrane can survive larger voltages if the pulse 

length is shortened.  For reversible EP, the pulse length must not exceed 1 millisecond 

(Freeman 1994).  If the pulse duration is less than 1 millisecond, a cell membrane will 
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have a transition into a long excited state with a large conductance and fluctuating 

current.  This state is termed the “stress state.” 

Determining the mechanism of membrane rupture needs to include investigation 

of the time dependence on each parameter.  It is best to focus on the transmembrane 

voltage.  An increase in transmembrane voltage of 100mV will cause a tenfold decrease 

in membrane. Subsequently, it was observed that as the transmembrane voltage increases 

from 200mV to 1.4V, membranewill decrease by six orders of magnitude, reducing the 

amount of time necessary to form a pore.  This theory is consistent with pore theory 

(Weaver and Chizmadzhev, 1996). 

The charge relaxation method was used in experiments that focused on oxidized 

membranes compiled of cholesterol, which were charged to a transmembrane voltage of 

1V for 400 ns.  After the voltage pulse, the membrane was mechanically stable and was 

recharged with the same result (Benz et al., 1979).  This was the first observed and 

documented reversible electrical breakdown.  

In 1982, the reversible electrical breakdown of a cell membrane was studied using 

the voltage clamp technique (Chernomordik, et al., 1982; Sukharev, et al., 1982; Abidor, 

et al., 1982).  The voltage clamp technique applies a constant voltage to a membrane 

while monitoring the current across an ion channel.  This method is best known for 

characterizing the ion flux across a specific membrane. Several reproducible 

characteristics of membrane current were observed in these experiments.  After reversible 

EP was confirmed, EP became the main interest of future BLM experiments, since the 

cell membrane could be manipulated and remain intact, thus leaving the cell viable.  This 

method proved experimentally that successive 20-s square voltage pulses with varying 
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magnitudes on an oxidized cholesterol membrane had reproducible membrane current 

characteristics (Weaver and Chizmadzhev, 1996).   

When a cell is electroporated, the first consequence is the deformation of the cell 

due to the induced electric field.  The cell shape will change from a spheroid to an 

elliptical shape.  This deformation was explained theoretically and experimentally in the 

mid-70s (Harbich and Helfrich, 1979; Helfrich, 1974).  Recently, membrane conductance 

has been included as a factor in explaining electroporation.  Hyuga et al. (1991) proposed 

that the ratio of cell interior conductance to the conductance of the exterior solution has 

an effect on the efficiency of EP (Hyuga, Kinosita, and Wakabayashi, 1991).  However, 

these assumptions aided in predicting the deformation time constants.  The time constants 

had been under the control of arbitrary parameters which were adjusted during 

experiments completed by Teissie et al. (2005).  In some instances, membrane 

conductance occurred instantaneously with the induced field, as long as the membrane 

conductance was on the time scale of nanoseconds (Winterhalter and Helfrich, 1988; 

Hyuga, et al., 1991).  However, this theory does not hold true to experimental 

observations.  The membrane conductance does not remain constant during the period a 

cell is subjected to an induced field.  The direction of elongation is dependent on the ratio 

of the conductivities inside the cell and the conductivity of the buffer solution.  When 

rext/ rint <1, a prolate spheroid (i.e., a sphere where the polar diameter is greater than the 

equatorial diameter) is produced with its polar axis parallel to the induced field.  This 

increase in length along the induced field will cause a rise in sensitivity of the cell to the 

field (Teissie et al., 2005).  Referring to Eq 2.1, it can be visualized that the portion of the 

cell facing the electrodes will have a higher transmembrane voltage since the electric 
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field is parallel to the elongated cell and the value of  from Eq 2.1 is equal to pi or 0. 

Therefore, at these values of theta, U will be at a maximum.  

Popov et al. (1991) proved this cell deformation experimentally using multiple 

pulses (Riske and Dimova, 2005; Tekle, et al., 2001; Popov, et al.  1991). More recent 

studies have utilized nanosecond pulses to analyze the electromechanical stresses from an 

induced field.  The results of these studies showed that the transitory stretching force was 

at a maximum if the buffer solution had a low conductivity (Sukhorukov, et al., 1998; 

Muller, et al., 2001).  These forces, when present, commonly occur in the nanosecond 

range, which is before the modulation of the transmembrane potential, which occurs in 

the s range (Puc, et al., 2004).  

After reversible EP, there is an imbalance in the osmotic forces acting on a cell 

due the transport of ions that occurs while the pores are present.  This will cause swelling 

of a cell, which causes a tension in the cell membrane.  This tension is another variable to 

consider in the electrodeformation caused by EP (Kinosita and Tsong, 1977; Golzio, et 

al., 1998). 

2.3 The Five Stages of Electroporation 

Teissie et al. (2005) proposed that five steps exist during the electrically induced 

formation of a pore in cell membrane.  This theory was published in a review of the 

current knowledge of EP in 2005.  The steps are listed below (Teissie, 2005): 

1. Induction Step: An external electric field is induced on the transmembrane potential 

up to the critical permeabilizing voltage, voltage that produces pores; 
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2. Expansion Step: Time-dependent membrane transition occurs once the electric field is 

maintained at an overcritical value; 

3. Stabilization Step: Recovery of the cell membrane takes place as soon as the electric 

field is lower than the sub-critical value; 

4. Resealing Step: First order resealing occurs that can be on the order of several 

seconds to many minutes; and 

5. Memory Effect: Under the right parameters, the cell is still viable; however, the 

structural and physiological characteristics of the cell membrane take much longer to 

repair, often hours.  After this period, the cell will return to its “normal” state. 

2.3.1 Induction Step 

Since studies have been utilizing electric fields to alter the behavior of 

microorganisms, it has been shown that a critical voltage exists where a pore will be 

induced in a cell’s membrane when the critical voltage is applied.  A cell membrane 

rupture, which is dependent on the lipid membrane and the pulse duration, occurred at a 

transmembrane voltage of approximately 200mV (Abidor, et al., 1979).  This observation 

was first considered to be a “leakiness” occurring in the cell membrane after an electric 

pulse over the critical voltage was introduced.  This phenomenon was first observed by 

Teissie and Tsong (1981) when using radiolabelled sucrose (Teissie and Tsong, 1981).  

Electrical conductance studies and light scattering experiments have been conducted to 

detect how quickly the induction step actually occurs.  It was observed that membrane 

leakiness occurs less than a microsecond after an electric pulse is first induced.  It was 

shown that cell diameter plays a significant role in the deformation time constant 

(Neumann and Kakorin, 1996; Asgharian and Schelly, 1999; Kakorin and Neumann, 
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1998).  It was observed that cells with more curvature had better permeabilization.  This 

led to the hypothesis that the curvature affected the packing between the membrane 

layers in small cells (Neumann and Kakorin, 1998).  This theory was experimentally 

investigated and confirmed by controlling the packing between the membranes, which 

showed that permeabilization was reduced (Tonsing, et al., 1997).  

EP will induce a critical transmembrane voltage that will result in a leaky cell, 

which is why this is referred to as the induction step.  Additionally, the amount of 

permeabilization is directly related to the pulse strength and duration.  It was observed 

that with a strong nanosecond pulse, a leaky state was reached, which proved that this 

step is swift with some contribution from electromechanical stress (Sukhoruko, et al., 

1998; Muller, et al., 2001; Hibino, et al., 1991).  However, it was discovered that an 

electrical pulse only affects certain sections of a cell membrane.  This enables the cell 

membrane to stay mechanically sound, because a majority of the cell membrane is still 

intact.  The field intensity is highest at the poles facing the electrodes, and a majority of 

the pores form around these poles. 

When discussing the induction step, it is vital to understand that the electric field 

controls two major aspects.  The first one is the onset of pore formation, caused by the 

critical voltage being surpassed and resulting in an imbalance in the membrane 

conductivity.  Secondly, the intensity of the field will drastically affect the geometry of 

the cell and the size of the pore that is to be formed.  

2.3.2 Expansion Step 

Once a pore is formed, the next step is to understand what is happening to the cell 

membrane.  Experiments using direct video imaging were conducted to better understand 
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the events occurring in the cell membrane after pore formation; specifically, what is 

happening to the membrane as pores form.  Video imaging revealed that pores were 

formed in less than a microsecond, and the reorganization of the membrane was on a 

much larger time scale.  It was also seen that increasing the pulse duration had no affect 

on the geometry of the pores being formed.  Pore geometry is directly related to pulse 

intensity.  The pulse duration directly manipulates the density of the membrane at the 

affected poles (Gabriel and Teissie, 1999).  

2.3.3 Stabilization Step 

This step predominates once the induced field’s voltage drops below the 

transmembrane’s critical voltage.  When this occurs, the membrane conductance drops 

rapidly (Hibino, et al., 1993).  Also, there is a decrease in the flow of molecules across 

the lipid bi-layer after the voltage is dropped below the critical voltage since as much as 

75% of transport occurs during the induced pulse (Gabriel, 1995).  Despite the voltage 

decrease, there is still flow.  When the voltage drops below the critical level, the pores are 

still present.  The pores do not increase in size; in fact, they are slowly decreasing in size, 

leading to the next step of electroporation. 

2.3.4 Resealing Effect 

Assuming that no permanent damage to the cell membrane has occurred, the cell 

membrane can reseal.  Experiments found that the resealing process was highly 

dependent on the surrounding temperature (Rols and Teissie, 1990; Neumann, et al., 

1998). 
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The resealing process that occurs in an experimental apparatus utilizing a BLM 

can differ greatly from the resealing process that occurs in a living cell.  Experiments 

have shown that it may take a couple of seconds for pores to reseal in a BLM, whereas it 

may take several minutes to hours for a living cell to fully recover from an electric pulse.  

Two aspects that can affect the kinetics of pore resealing are the amount of drug delivery 

transported to the cell (e.g., DNA injection or induction of a drug for synthesis), and the 

physical treatment of cells (e.g., extreme temperature, pH, or external pressure changes) 

(Rols and Teissie, 1992). If a cell is kept at low nutrient conditions and low 

temperatures, it will take much longer to reseal any pore that has been formed.  The cell 

requires energy to reseal the created pore; for the cell to efficiently complete this task, an 

abundance of nutrients is necessary.  Experiments have been completed on the pore 

resealing time at 4oC; at this temperature, the cell took several hours to fully recover due 

to the reduced kinetics at lower temperatures (Lopez, et al., 1988). 

Many experiments have been completed to better explain the resealing process of 

electroporation.  In the last decade, it has been postulated that pore resealing is a cellular 

process, rather than an alteration in the lipid matrix of the cell membrane (Teissie et al., 

2005).  Extensive studies have been completed to accurately estimate the time scale 

required to reseal a lipid membrane.  Studies have shown that when dealing with a BLM, 

the resealing time is on the magnitude of microseconds, but when dealing with a cell 

membrane, the time varies from seconds to hours (Neumann et al., 1989). 

2.3.5 Memory Effect 

When a pore is formed due to EP, the characteristics of the lipid membrane 

surrounding the pore have likely been altered.  This can cause the membrane to have a 
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“memory.”  Cell membrane memory refers to the cell membrane maintaining a pore, 

much smaller than the original pore, after the pulse has been discontinued.  This is 

referred to as cell membrane memory, since subsequent EP events will result in pore 

formation at the same site as previous pore sites.  Complete cell resealing prevents cell 

lyses (complete cell membrane failure resulting in death of the cell). However, the cell’s 

membrane has been altered.  Instances have been studied where the cell was not 

terminated during the induced field phase, but, due to lipid membrane reconfiguration, 

the cell perished minutes after the pulse was stopped.  The cell membrane failure that 

occurred during these experiments was attributed to the cell membrane not resealing the 

pore created during EP (Gabriel and Teissie, 1995).  However, this is not typical, and 

only affects a fraction of electroporated cells.  Therefore, a majority of the electroporated 

cells remain viable after electroporation. 

It has been shown that a BLM is still in a state of reorganization minutes after an 

electric pulse (Koronkiewicz, et al., 2002).  This leads to the theory that a cell will have 

major lipid movement during an electric pulse and EP may have long-term effects on the 

structure of the cell membrane. 

2.4 Pore-based Electroporation Model 

As discussed previously, the foundation for a pore-based model is to associate a 

critical voltage with any pore that forms on a cell’s membrane.  Once an electric field is 

induced, select areas of the cell’s membrane become charged.  The flow created by the 

induced field will charge the extra- and intracellular electrolytes.  As discussed earlier, 

the poles of a spherical cell will become charged first (small  Eq (1)), causing pores to 

form early at the pole.  Once the transmembrane voltage has reached 1V, the amount of 
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pores created increases drastically. This is the point where the transmembrane voltage 

begins to decrease.  If the induced field is terminated, this will result in reversible EP, 

with the cell membrane remaining viable after the pore reseals (Weaver and 

Chizmadzhev, 2006).  Once the electric field is terminated, the transmembrane voltage 

quickly drops to zero because the poles are extremely conductive at this point.  A portion 

of metastable pores will remain during this phase, while smaller pores disappear.  During 

an electric pulse, cell membrane pores are at a maximum.  A majority of the molecular 

transport occurs at this point.  This was predicted in transient aqueous pore models for 

artificial planar BLMs (Freeman, et al., 1994; Vasilkoski, et al., 2006; Barnett and 

Weaver, 1991, Puc 2003).  

Initially, pores were modeled as defects in the cell membrane and only recently 

has it become possible to simulate this phenomenon using computer programs.  These 

molecular dynamic simulations support the basic transient aqueous pore concepts 

(Tieleman, et al., 2003; Hu, et al., 2005).  

The basis for the transient aqueous pore model is the entry of water and other 

aqueous electrolytes into a fluid BLM, which is favored as the electric field in the lipid 

region of the bilayer increases (Weaver and Chizmadzhev, 2006).  The transient aqueous 

pore theory was discussed in a seven-paper series published in 1979 which began with, 

“Electric Breakdown of Bilayer Lipid Membranes: I. The main experimental facts and 

their Qualitative discussion” (Abidor et al., 1979; Pastushenko, 1979a; 1979b; 1979c; 

1979d; Chizmadzhev, 1979;  Arakelyan, 1979; ). 

The theoretical models illustrate the three common aspects that contribute to 

reversible electroporation: 
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1. Chemical composition of the membrane 

2. Pulse protocol 

3. Feedback at the pore level associated with the spreading resistance due to pore 
expansion 

Weaver and Chizmadzhev (2006) state that experiments have been conducted to 

analyze the individual steps of EP, but there is still much that needs to be studied in more 

depth to fully understand the mechanism of electroporation. 

2.5 Current State of the Science (2008-2013) 

The current research effort started in 2006 and the state of the science has 

progressed since the first experiment was conducted.  The ability to perform more 

complex computations has allowed the models used to predict EP to become more 

comprehensive (Kotnik, et al., 2013; Noguchi, 2008).  In addition to the creation of more 

complex predictive models for electroporation, research has been completed to determine 

EP efficacy for extraction of intracellular substances from microorganisms and plants 

(Zhan, et al., 2010; Suga and Hatakeyama, 2009; Ohshima, et al., 2000).  

Cell contents are currently extracted via alkaline lyses and mechanical 

disintegration coupled with chemical extraction.  These methods destroy the entire cell 

and lead to costly purifications of the desired intracellular material.  Through 

electroporation, for as long as 10 seconds, the cell membrane is lysed and the organelles 

are left intact, thus reducing the amount of purification necessary to obtain the preferred 

protein (Haberl, et al., 2013). Using EP to enhance the extraction of sugar from beets has 

been investigated with promising results (Loginova, et al., 2011).  The effects of EP have 
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also been investigated on several energy crops: wood chips, switchgrass, and corn.  To 

effectively electroporate cells on large scales, new apparatus had to be created and 

optimized to increase the efficiency of electroporation.  Therefore, EP protocols have 

been adapted to allow larger scale experiments to be completed (Sack, et al., 2010).  The 

necessity to increase the scale for sugar extraction from beets has allowed researchers to 

focus on this task.  However, extraction of intracellular components requires cell lyses in 

most cases.  Specifically, for intracellular extraction from plant material, the viability of 

the cell is not a concern because the plant has been harvested prior to electroporation.  

EP advances in the medical field include the treatment of cancerous cells and 

tumors using a combination of electroporation and chemotherapy (Haberl, et al., 2013).  

Chemotherapeutics act on dividing cells and affect normal tissue as well as cancerous 

tissues.  Chemotherapeutic drugs have poor membrane permeability, which requires the 

dosage to be high for tumor eradication.  Pretreating tumors with EP increases the 

permeability of the cancerous cells, which allows the chemotherapy to be more efficient.  

This method for cancer treatment is referred to as electrochemotherapy (Jarm et al., 2010; 

Sersa, 2012).  The future of electrochemotherapy is promising for melanoma nodules and 

chest wall breast cancer (Sersa, et al., 2012). 

Many studies over the last 40 years have aimed at postulating a prediction 

mechanism when varying electric fields are applied to a BLM or cellular membrane.  

Much progress has been made, and understanding has increased to coincide with an 

improvement in the techniques used to monitor the cell membrane on a molecular level.  

Also, the computational aspect of modeling has improved to allow more complex 

mathematical analysis to be completed on the cell membrane.  However, the results from 
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computational simulations remain inadequate if they are not verified with experimental 

data.  While our knowledge of EP has greatly increased over the last 40 years, many data 

gaps still exist, including the following: 

1. Molecular transport 

2. Mechanism of membrane recovery 

3. Cellular stress 

4. Multiple pulse stress increases 

Advances are being made every day to alleviate the unknowns in these fields, but 

more work is needed to fully understand the EP phenomenon. While modeling the effect 

of EP on oleaginous microorganisms is beyond the scope of this study, the possibility of 

lipid extraction utilizing EP is under investigation.  
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CHAPTER III 

OBJECTIVES 

The purpose of this study was to investigate the effect of electroporation on 

oleaginous microorganisms and soybeans.  Oleaginous microorganisms are increasing in 

popularity as a source to generate alternative fuel due to their ability to accumulate excess 

lipids under specific conditions (Li 2008).  Alternative fuel production using oleaginous 

microorganisms has increased in popularity recently for the following reasons: 

1) Crude oil costs are increasing 

2) Amount of crude oil extractable from the current sources is finite 

3) Microorganisms are able to convert sugars into triglycerides for energy storage 

(Yoon 1983 and Wynn 2005) 

4) Global food market is affected by producing alternative energy using vegetable 

oil (Smith and Huyser, 1987) 

5) Oil production of plants is directly correlated to the growing conditions of the 

oleaginous plant (Dornbos and Mullen, 1992) and the growth environment of 

oleaginous microorganisms is easily manipulated (i.e. temperature, available 

nutrients, and proportions of nutrients).  

Once the oleaginous microorganisms have accumulated oil, the current method of 

extracting the triglycerides uses chemical solvents to destroy the microbes (Wynn and 

Ratledge, 2005).  This study investigated electroporation (EP), a nonlethal method to 
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extract accumulated oil from the microorganism’s interior.  EP involves placing a voltage 

across a cell membrane to induce pores, which allows a cell to remain intact if the 

appropriate parameters are applied.  EP is typically utilized to inject DNA into cells 

(Weaver and Chizmadzhev, 1996).  EP creates pores in a cell’s lipid bilayer and these 

pathways have the possibility of allowing intracellular material to be released.  The 

experiments used in this investigation attempted to extract lipids and triglycerides from 

oleaginous microorganisms.  To date, the utilization of EP to extract triglycerides has not 

been documented in published literature.  

Little research has been completed on the use of EP as an extraction method.  The 

purpose of this study is to test EP as a lipid extraction method on oleaginous media, 

soybeans, Rhodotorula glutinis, and Rhodococcus opacus. Four parameters were varied 

during each experimental matrix to investigate and optimize, if possible, the effect of EP 

on lipid extraction.  Four parameters (voltage, electrode spacing, pulse duration, and 

number of pulses) were investigated using the Box-Behnken experimental design. 

The goal of this research is to determine the potential of EP for intracellular lipid 

extraction of soybeans, R. opacus, and R. glutinis. If EP is a viable method for lipid 

extraction, then the process will be optimized for the investigated soybeans and 

oleaginous microorganisms.  
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CHAPTER IV 

METHODS AND MATERIALS 

4.1 Overview 

This study investigates EP as a viable method of lipid removal and then explores 

the parameters necessary for lipid extraction of bacteria, soybeans, and yeast.  The tests 

were performed on a small scale and then implemented on a larger scale, examining 

larger electroporated volumes.  Oleaginous, oil-producing microorganisms were grown 

and research was completed to determine the most applicable growth media.  After the 

correct growth medium was identified, attempts were made to extract the lipids contained 

within the bacteria, soybeans, and yeast.  Determining the feasibility of EP as an 

extraction technique is the first phase of this study. Phase two is to determine the optimal 

parameters, if electroporation successfully extracts intracellular lipids. Phase two may 

also involve establishing parameters for future studies.  If phase one is successful and EP 

is a feasible extraction method for oleaginous media, then phase two is to determine the 

parameters that affect lipid removal and optimize settings for lipid extraction.  The steps 

involved in this experiment are: inoculation, incubation, centrifugation, EP, and 

analyzation.  The sections that follow will discuss the steps required for yeast, 

Rhodotorula glutinis (R. glutinis) EP, and bacteria, Rhodococcus opacus (R. opacus), EP.  

While this chapter emphasizes yeast EP, bacteria EP followed the same protocol.  The 

soybean EP method is also discussed in this chapter. 
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Figure 4.1 Flow chart of electroporation experimental process 

This study utilized a Harvard Apparatus BTX 830 electroporator.  Each 

experiment contained control samples and treated samples.  The treated samples were 

exposed to EP and the untreated samples were not exposed to EP.  The untreated cells’ 

lipid content is assumed to be the baseline for initial lipid content of the entire colony of 

cells.  It was crucial that each test include a control because the lipid concentrations of 

the microorganisms were not equal between batches.  

The lipid content of each sample is tested using a process known as the modified 

Bligh and Dyer, a derivative of the Bligh and Dyer method (Bligh and Dyer 1959).  

During this process, the solvents chloroform and methanol were used to extract the lipids 

contained by each organism.  Each set of experiments had a negative control comprised 
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of samples that had not been electroporated.  The control samples were used as a baseline 

to compare the treated samples.  A control is utilized for every experiment since each 

growth culture is unique and microbe lipid content varies between growth cultures.  Once 

a sample was processed, the average lipid content of the control was compared to the 

average lipid percentage of the treated cells.  This comparison was then analyzed 

statistically to test for any significant differences.  The Statistical Analysis Software 

(SAS) v9.2, SASv9.2 was used to test the effect of the independent variables on the 

dependent variable.  If a test showed a significant variance for a particular parameter, this 

information was used in further experiments.  The statistical analysis was used to 

determine the optimal parameters for successful electroporation.  Another benefit of 

statistical analysis is determining which parameters of EP have the most effect on lipid 

extraction and which parameters would be of interest in future studies. 

4.2 Method Required to Electroporate Oleaginous Microorganisms and Soybeans 

Experiments conducted by S.H. Yoon and J.S. Rhee in 1983 on R. glutinis 

produced high lipid mass/cell dry mass (CDM).  Also, R. glutinis has been proven to 

generate large cell mass per liter values while maintaining high lipid yields (Yoon and 

Rhee, 1983).  Several growth media were tested and they successfully generated lipid 

yields as high as 56% lipid mass/CDM while maintaining cell mass values of 10 

grams/liter (g/L) of growth media.  The Microbiology Laboratory at Mississippi State 

University had a proven method to produce yeast with high cell mass and lipid content. 
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4.2.1 Inoculation 

Inoculation is the three-step process used to transfer a pure strain of R. glutinis or 

R. opacus from a frozen pure culture to growth media.  The three steps are: (1) pure 

culture transfer, (2) cell cultivation in Yeast Mold (YM) media, supplied by Fischer 

Scientific, and (3) transfer of yeast to a lipid accumulation media.  Before explaining the 

three steps, it is vital to understand the process of maintaining a sterile environment while 

transferring cells to new media.  Each step that requires a sterile environment is 

completed within 1-2 inches of a flame provided by a Bunsen burner.  As seen in Figure 

4.2A, when a tube, flask, or vial is to be sterilized with a flame, the tube is held at a 45o 

angle to the bench top with the lid of the container loosened.  

(A) (B) 

Figure 4.2 A) Keeping the media in a sterile environment during cell transfer, B) 
Inoculation loop 

The container is kept close to the flame, within the area adjacent to the flame that 

is referred to as the “dead zone” (i.e., an area located approximately 2 inches around the 

flame of the Bunsen burner). Since few microorganisms present in the lab are able to 

32 



www.manaraa.com

 

 

   

  

  

  

   

   

 

   

 

  

  

  

  

  

  

 

survive in the temperatures near the Bunsen burner’s flame, the lid is removed and the 

top of the container is passed through the flame three times.  The inoculating loop, seen 

in Figure 4.2B, or pipette tip that is used for the transfer of cells must also be sterilized by 

passing it through the flame.  Therefore, an inoculating loop must be heated, by flame, to 

the point at which the metal is glowing hot.  However, both the loop and pipette must be 

cooled afterwards to ensure the bacteria or yeast is not killed during transfer.  During the 

cooling stage, it is vital that the loop or pipette remain in the dead zone.  Following these 

procedures will decrease the possibility of contaminants propagating in the nutrient-rich 

growth media. 

The three steps necessary to transfer and grow oleaginous microorganisms are 

discussed below. 

1. To maintain a pure yeast strain, the yeast is stored in a Revco -80oC freezer (Thermo 

Scientific, Asheville, North Carolina).  Maintaining the cells at this temperature 

allows the organisms to remain dormant.  Freezing the cells in a medium allows the 

strain to remain pure by slowing the growth of mutations. A sterilized inoculating 

loop is used to scrape the surface of the frozen sample of bacteria or yeast. The loop 

with the thawed cells in the center is kept sterile, and then placed in a tube containing 

yeast mold (YM) agar (Fischer Scientific, Pittsburgh, Pennsylvania).  The YM agar is 

prepared with deionized water.  Allowing the loop to contact the YM agar 

successfully transfers the microorganisms.  A cap is placed loosely on the test tube 

containing the agar and yeast, to reduce contaminants while allowing minimal air 

flow.  The test tube is then placed in a 30oC incubator (New Brunswick Scientific; 
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Edison, New Jersey) at 130 rpm for 2 days.  As seen on the left side of Figure 4.3, the 

inoculated agar tubes are allowed to cultivate in a constant-temperature environment.  

Figure 4.3 Agar and growth media in a New Brunswick Scientific constant motion 
incubator 

The yeast colonies formed on the agar, Figure 4.4, will be used to inoculate a liquid 

YM broth.  Figure 4.4 illustrates the individual yeast colonies on the surface of the 

YM agar.  
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Figure 4.4 Cell colonies on surface of YM agar after 2 days of incubation 

2. Cell cultivation in YM broth is performed by transferring the cells from the surface of 

the YM agar to a sterile bottle of autoclaved YM broth (Fisher Scientific, Pittsburgh, 

Pennsylvania) for 2 days. Media were sterilized via Amsco Steris steam sterilizer 

(Westbury, New York) at 121oC and 15 atmosphere for 15 minutes.  While working 

in a sterile environment, the inoculating loop is raked across the surface of the agar to 

collect colonies of cells.  The loop is placed in the YM broth and the cells are released 

by shaking the loop.  Once the culture is released from the loop to the broth, the loop 

is removed and the cap is replaced.  Next, the YM broth is swirled to homogenize the 

solution.  The YM broth is incubated for 20 hours in a 30oC 130 RPM constant 

motion incubator, similar to that pictured in Figure 4.3.  
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3. After the cells have incubated in the YM broth for 20 hours, the sterilized lipid 

accumulation media is inoculated with 5% volume/volume, v/v, of yeast-rich YM 

broth. The lipid accumulation media has low nitrogen content, which promotes lipid 

accumulation (Yoon and Rhee, 1983).  The media has an excess of sugar equal to or 

greater than 60 grams/liter.  This sugar amount is triple the usual amount required to 

sustain microorganism colonies.  The microorganisms will continue to consume the 

excess sugar and store lipids after the nitrogen source is depleted.  This allows the 

cells to accumulate lipids (Yoon and Rhee, 1983 and Alvarez et al., 1996). 

Figure 4.5 Lipid accumulation media (left), YM media after 20 hours (right) 
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4.2.2 Incubation 

Inoculated bottles, containing cells and media, are placed in a constant motion (30 

RPM), constant temperature (25oC), New Brunswick Scientific Model I26 incubator 

(Edison, New Jersey), Figure 4.6.  Once a bottle has been placed in the incubator, the 

cells are allowed to incubate for 5-7 days, depending on the desired lipid content. 

Figure 4.6 Inoculated bottles in constant motion incubator 

After 1 day, an increase was observed in the opacity of the growth media. This 

observation is verified by a Genesys 20 Spectrophotomter (Thermo Scientific, 

Brookfield, Wisconsin) optical density (OD) reader.  Optical density is measured every 

24 hours during the incubation step.  To take an OD reading the device is calibrated with 

18-Mohm water in a plastic cuvette that has been cleaned with a lint-free cloth.  Next 1.5 

mL of the cell rich growth media is removed under sterile conditions, placed in a separate 
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cuvette, wiped with a lint-free cloth, and positioned in the OD reader, where the 

measurement is recorded.  The OD reading allows for the stationary phase to be 

determined.  This is the stage when cell reproduction has decreased and lipid 

accumulation is maximized.  This information is vital, since cells accumulate lipids in the 

stationary phase.  Cells begin storing energy and lipids in this phase, and experience a 

drastic reduction in cell reproduction (Alvarez et al., 1996).  Figure 4.7 illustrates the 

amount of time required for the microorganisms to reach the stationary phase. 

Figure 4.7 Comparison chart of OD reading versus cell mass for 5-day growth cycle 
of R. glutinis 
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4.2.3 Electroporation 

EP is performed using an ECM 830 manufactured by Harvard Apparatus.  The 

ECM 830 has a voltage range of 5-3000 volts and a pulse duration range of 10 s–10 s.  

Features of this instrument include multiple pulses and memory storage for multiple 

experimental parameters.  The cuvette used during the EP step consists of a Teflon™ 

block that is 6 inches long and 1.5 inches wide.  Teflon™ is used because it is resistant to 

hexane, chloroform, and acetone which are used between EP experiments to clean the 

cuvette.  This machined block is designed to hold two stainless steel electrodes with a 

valley between the electrodes and a depth half the width of the electrodes, as seen in 

Figure 4.8.  

Figure 4.8 Teflon™ cuvette for EP experiment 
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The machined Teflon™ cuvette allows electrode spacing to be varied at distances 

of 5 mm, 10 mm, 15 mm, and 20 mm with volumes of 1 ml, 2 ml, 3 ml, and     4 ml, 

respectively.  Each side of the cuvette is machined to accommodate one electrode 

spacing, as seen in Figure 4.8.  This enables the system to be analyzed using a variety of 

electrode spacings and sample volumes.  Between each experiment, the cuvette is cleaned 

with acetone, chloroform, and hexane, and then dried. After cleaning, the cuvette is ready 

for the volume of cells and media mixture to be placed in the valley between the 

electrodes.  At this point an experimental run can begin.  Preliminary investigations 

concluded that a minimum dry cell mass (DCM) of 0.15 gram is needed for the modified 

Bligh and Dyer protocol. This requires the cuvette to be filled and emptied multiple times 

until a media volume of 16-20 ml has been electroporated for a single experiment. This 

volume is necessary since the growth media has a concentration of approximately 10 

grams/liter.  Each experiment requires the cuvette to be filled multiple times; therefore, 

each cell placement is subjected to identical parameters.  After the valley is filled with the 

sample, a plastic safety cover is placed over the experiment (see Figure 4.9).  
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Figure 4.9 Experimental setup for electroporation using Teflon™ cuvette 

The leads from the cuvette to the ECM 830 are connected.  Then the appropriate 
parameters are programmed to the ECM 830 and the run is initiated using the Start 
button.  This will initiate the EP process with the ECM 830 inducing the programmed 
parameters.  
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Figure 4.10 Transferring oil-rich media to Teflon™ cuvette for electroporation 
experiment 

Once the treatment has been completed, the induced pulse duration and voltage 

are recorded.  The cell media is then removed from the valley using a pipette and placed 

in a clean plastic centrifuge tube.  Figure 4.11 illustrates the process of pipetting the 

electroporated cells from the cuvette.  
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Figure 4.11 Removing electroporated cells from Teflon™ cuvette 

This process is continued until approximately 16 ml of culture has been electroporated.  
After the treated cells are removed, the cuvette valley is filled with hexane to extract any 
residual material that may have adhered to the walls of the cuvette.  The hexane is 
removed to a glass storage tube using a pipette; the hexane wash is set aside for analysis.  
The cuvette is then rinsed with acetone, allowed to dry, and prepared for the next 
experiment.  

4.2.4 Analysis 

After treatment, three sets of tubes are produced, (a) the first set contains the 

electroporated cell mixture, (b) the second set contains non-electroporated (control) cells, 

and (c) the third set contains the hexane wash from the cuvette.  The tubes containing the 

electroporated cells are centrifuged using a Sorvall ST40 (Thermo Scientific, Asheville, 

North Carolina) for 15 minutes at 1500 rpm and the cell-free media is pipetted from the 

top and added to the hexane wash.  The remaining cell pellet is pictured in Figure 4.12. 
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Figure 4.12 Concentrated cell puck after centrifugation 

The tube containing the hexane wash and the supernatant (liquid above the 

concentrated cell mass) is then hand shaken for 30 seconds to homogenize the solution.  

After mixing, the hexane and supernatant are again centrifuged using a Sorvall ST40 

(Thermo Scientific, Asheville, North Carolina) for five minutes at 3000 rpm to separate 

the layers.  The hexane layer is removed using a Pasteur pipette and placed in a 20-ml 

glass storage tube with a Teflon-coated cap and stored at 5oC for further analysis.  The 

plastic tubes containing the electroporated cells (cell puck in Figure 4.12) are placed in a 

freezer for 2 hours and then freeze-dried for 24 hours.  The freeze drier (Labconco 

Freezone 2.5; Labconco, Kansas City, Missouri) operates at –50oC and 0.133 millibar and 

removes all liquid from the sample, thus allowing an accurate DCM to be determined.  
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The freeze dryer has large glass sample holders, which are attached to the apparatus by 

ports on the exterior of the freeze dryer, as seen in Figure 4.13. 

Figure 4.13  A)  Freeze drier with samples attached, B) Cell masses  will change from a  
dark pink to light pink when freeze drying is complete  

The DCM is measured on a Mettler Toledo AB265-S/FACT (Columbus, Ohio) 

scale that is accurate to five decimal places.  The recorded DCM is used later to 

determine the percentage of the cell mass that is lipids using Equation 3.1. 

𝑀𝑎𝑠𝑠 𝑜𝑓 𝐴𝑚𝑏𝑒𝑟 𝑉𝑖𝑎𝑙𝐹𝑖𝑛𝑎𝑙−𝑀𝑎𝑠𝑠 𝑜𝑓 𝐴𝑚𝑏𝑒𝑟 𝑉𝑖𝑎𝑙𝐼𝑛𝑡𝑖𝑎𝑙 𝐿𝑖𝑝𝑖𝑑 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 = ∗ 100 Eq. 3.1
𝐷𝐶𝑀 

The dried cells are then subjected to a chemical extraction via a modified Bligh and Dyer 

technique, explained in the next section.  This process uses a mixture of an organic 

solvent, chloroform, and an organic alcohol, methanol.  The lipids are extracted to the 
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chloroform and the remainder of the cell mass remains in the methanol phase.  The 

chloroform layer is transferred to a tared amber vial. 

Figure 4.14 The top layer is cell mass and methanol: the bottom layer is chloroform and 
lipids 

The following steps occurred during the modified Bligh and Dyer procedure: 

1. Suspend freeze-dried pellet in 5 mL of deionized water by vortex (Innova 2000; New 
Brunswick Scientific; Edison, New Jersey). 

2. Add 12.5 mL of methanol and 6.25 mL of chloroform and shake for 10 minutes. 
3. Add additional 6.25 mL of chloroform and 12.5 mL of deionized water with 0.5% 

NaCl (the NaCl enhances separation), and shake for 15 minutes. 
4. Centrifuge (Sorvall ST 40; Thermo Scientific, Asheville, North Carolina) for 20 

minutes at 1800 rpm. 
5. Extract bottom layer, lipid dissolved in chloroform, using a Pasteur pipette and filter 

through fiberglass wool into a previously weighed amber vial. 
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After completing the chemical extraction, lipid content is determined 

gravimetrically (after chloroform is evaporated).  Chloroform separation is accomplished 

by evaporating the chloroform with a turbovap (Caliper TurboVap LV; Caliper Life 

Sciences, Hopkinton, Massachusetts).  The TurboVap LV uses a heated water bath, 30oC, 

and a steady flow of nitrogen thus minimizing the time needed to evaporate the 

chloroform.  Figure 4.15 illustrates the turbovap with amber vials.  

Figure 4.15 TurboVap loaded with amber vials to evaporate chloroform 

The difference between the initial mass and the final mass is assumed to be the total 
lipids extracted through the modified Bligh and Dyer process. 

4.2.5 Supernatant Analysis 

Analysis of the post-EP cuvette hexane wash and cell supernatant is the next step.  

10 ml of hexane and 0.5 grams of sodium chloride are added to the hexane wash.  The 

sodium chloride aids in the removal of water from the hexane phase and the added 

hexane will reduce the likelihood that water is pipetted while removing the hexane phase.  
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After the sodium chloride and additional hexane have been added, the solution is placed 

on a vortex to mix all of the solution uniformly and get all possible lipids in the hexane 

phase.  The hexane is removed using a Pasteur pipette, transferred to a tared 15-ml 

centrifuge tube, and evaporated off using the turbovap.  The final weight of the centrifuge 

tube is recorded.  Extreme caution must be taken when pipetting the hexane wash, so as 

not to pipette any supernatant.  The supernatant is a water phase, which will not 

evaporate in the turbovap. This will give a false lipid mass during the gravimetric 

analysis.  The difference in mass recorded for this phase is assumed to be lipids released 

from the electroporated cells.  A significant amount of error is associated with this 

method because of the reliance on the gravimetric scale.  

A modified version of ASTM 6584, Standard Test Method for Determination of 

Total Monoglyceride, Total Diglyceride, Total Triglyceride, and Free and Total Glycerin 

in B-100 Biodiesel Methyl Esters by Gas Chromatography,  was implemented to prepare 

the samples for a more precise quantitative analysis of the mono’s, di’s, and triglycerides 

in the supernatant.  A fellow Mississippi State University graduate student, Jericus 

Whitlock, prepared and conducted these tests on an Agilent 6890N gas chromatogram 

with a flame-ionization detector (GC-FID; Agilent Technologies Inc., Wilmington, 

Delaware).  This analysis did not detect a measurable amount of lipids in the supernatant 

of the electroporated cells in any experiment. 

4.2.6 Soybean Electroporation 

Three steps are utilized to electroporate soybean hulls.  The steps are bean 

machining, EP, and analysis.  The soybeans were machined with the use of a crusher. 

Mechanical crushing involved the use of a hammer to remove the seed exterior followed 
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by mortar and pestle to grind the seeds’ soft interior.  The crusher removed the soybeans 

from their hard exterior seed coat and allowed the cotyledon to be exposed, thus allowing 

the oil contained in the cell to be extracted more readily.  After crushing, the soybeans 

were sieved through an 841-micron (mesh No. 20) sieve to ensure uniformity for testing 

purposes.  Once crushing and sieving were completed, the soybeans were electroporated 

using a buffer solution of 1X phosphate-buffered saline (PBS).To prepare 1 liter of 1X 

PBS,  8 grams (g) NaCl, 0.2 g KCl, 1.44 g Na2HPO4, and 0.24 g KH2PO4 were dissolved 

in 800 mL of water.  The pH was adjusted to 7.4 with HCl and water was added until 1 

liter of solution was obtained.  Prior to electroporation, a negative control was tested by 

placing the crushed soybeans in the 1X PBS solution, placing this mixture in the cuvette, 

and removing this mixture.  The negative control’s purpose was to simulate EP without 

an induced voltage.  The purpose of the negative control was to test the effect of the 

buffer solution on the soybean lipid content. Lipids that remained in the soybeans were 

then tested using the modified Bligh and Dyer procedure.  The amount of lipids 

remaining in the soybeans after EP was then compared to the amount of lipids contained 

in untreated soybeans. 

4.3 Experimental Matrix 

The Box-Behnken three-variable experimental design was implemented in this 

study instead of a three-level full factorial experimental matrix.  The Box-Behnken 

experimental design was chosen since this study’s original objective was to optimize the 

parameters necessary to extract lipids from oleaginous microorganisms.  Box-Behnken 

experimental matrices manipulate the independent variables by assigning a maximum, 

+1, median, 0, and a minimum, -1, to each independent variable. This allows a 
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determination of which independent variable has a significant effect on the dependent 

variable.  A three-level Box-Behnken design employs three center point replication 

experiments.  Center point replications allow an experimenter to determine if the mean of 

the extremes for the independent variables in the experimental matrix are statistically 

significant from the mean of the median parameters.  Box-Behnken experimental 

matrices are used to optimize parameters to produce desired yields (Box, 1960).  Table 

4.1 illustrates the format for a typical three-variable matrix design.  Each three-variable 

experimental matrix includes 15 experiments with coded values: -1, 0, and 1. 

Table 4.1 Experimental design for a Box-Behnken three-variable matrix 

Test # X1 X2 X3 
1 -1 -1 0 
2 +1 -1 0 
3 -1 +1 0 
4 +1 +1 0 
5 -1 0 -1 
6 +1 0 -1 
7 -1 0 +1 
8 +1 0 +1 
9 0 -1 -1 
10 0 +1 -1 
11 0 -1 +1 
12 0 +1 +1 
13 0 0 0 
14 0 0 0 
15 0 0 0 

The order of the coded experiments is listed in Table 4.1.  In Table 4.1, the 

negative signs represent the minimum value, the positive signs represent the maximum 

value, and the 0 represents the median value for each independent variable.  The 

experimental matrix design developed by Box-Behnken has the ability to optimize 
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multiple independent variables.  Three independent variables were used during each 

experiment (voltage, pulse duration, electrode spacing or voltage, pulse duration, number 

of pulse) and the dependent variable (percent lipids extracted) was the same for each 

experimental design.  Table 4.2 is an example of the Box-Behnken three-variable matrix 

used for Matrix 1 experiments.  For the example in Table 4.2, the voltage (V) values are 

10 V, 250 V, and 490 V, which correspond to the coded values -1, 0, and 1, respectively.  

Each independent variable is assigned a minimum, median, and maximum value, which 

are equally spaced.  For the voltage example, there are 240 volts between the values to be 

tested.  The parameters for each experimental matrix are listed in Tables 4.2-4.5.  

Matrices 1 and 2 tested voltage, pulse duration, and electrode spacing and matrices 3 and 

4 tested voltage, pulse duration, and multiple pulses.  The parameters for each matrix 

were chosen based on the limitations of the electroporator, ECM830.  Voltage and pulse 

duration have the greatest impact on pore formation (Weaver and Chizmadzhev, 1996); 

therefore, electrode spacing was replaced with multiple pulses to maintain voltage and 

pulse duration. 
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Table 4.2 Experimental design for a Box-Behnken three-variable matrix with 
parameters for Matrix 1 

Test # Voltage (V) Pulse Duration (s) Electrode Spacing (mm) 
1 10 10 10 
2 490 10 10 
3 10 990 10 
4 490 990 10 
5 10 500 5 
6 490 500 5 
7 10 500 15 
8 490 500 15 
9 490 10 5 
10 250 990 5 
11 250 10 15 
12 250 990 15 
13 250 500 10 
14 250 500 10 
15 250 500 10 

Table 4.3 Experimental design for a Box-Behnken three-variable matrix with 
parameters for Matrix 2 

Test # Voltage (V) Pulse Duration (s) Electrode Spacing (mm) 
1 1000 10 15 
2 3000 10 15 
3 1000 90 15 
4 3000 90 15 
5 1000 50 10 
6 3000 50 10 
7 1000 50 20 
8 3000 50 20 
9 3000 10 10 
10 2000 90 10 
11 2000 10 20 
12 2000 90 20 
13 2000 50 15 
14 2000 50 15 
15 2000 50 15 
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Table 4.4 Experimental design for a Box-Behnken three-variable matrix with 
parameters for Matrix 3 

Test # Voltage (V) Pulse Duration (s) Number of Pulses 
1 10 10 59 
2 500 10 59 
3 10 1000 59 
4 500 1000 59 
5 10 505 19 
6 500 505 19 
7 10 505 99 
8 500 505 99 
9 500 10 19 
10 260 1000 19 
11 260 10 99 
12 260 1000 99 
13 260 505 59 
14 260 505 59 
15 260 505 59 

Table 4.5 Experimental design for a Box-Behnken three-variable matrix with 
parameters for Matrix 4 

Test # Voltage (V) Pulse Duration (s) Number of Pulses 
1 10 20 59 
2 490 20 59 
3 10 100 59 
4 490 100 59 
5 10 60 19 
6 490 60 19 
7 10 60 99 
8 490 60 99 
9 490 20 19 
10 250 100 19 
11 250 20 99 
12 250 100 99 
13 250 60 59 
14 250 60 59 
15 250 60 59 
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CHAPTER V 

DATA ANALYSIS 

The analysis documented herein focuses on investigating the effect of EP on three 

different oil-rich media: bacteria (Rhodococcus opacus), soybeans, and yeast 

(Rhodotorula glutinis).  The Box-Behnken three-variable, three-level design was 

followed in developing an experimental design for this study.  This design consists of 15 

individual experiments in which the three independent variables are set at three different 

levels (Box and Behnken, 1960). For matrices 1 and 2, the three independent variables 

were voltage, pulse duration, and electrode spacing.  The variables manipulated for 

matrices 3 and 4 were voltage, pulse duration, and number of pulses.  Each experiment 

was repeated three times to ensure that every data point was characteristic to the 

parameter settings under investigation, and statistical analysis was performed to 

determine significant differences between the lipid content means.  The results were 

compared based on percentage of lipids extracted from each cell.  The following equation 

was used for all lipid comparisons: 

𝐿𝑖𝑝𝑖𝑑 𝑀𝑎𝑠𝑠𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑖𝑛𝑡𝑟𝑎𝑐𝑒𝑙𝑙𝑢𝑙𝑎𝑟 ( ) ∗ 100 = % 𝐿𝑖𝑝𝑖𝑑𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑𝐶ℎ𝑒𝑚𝑖𝑐𝑎𝑙𝑙𝑦 (Eq. 5.1) 
DCM 
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The amount of lipids removed from the control cells (non-electroporated) for each 

matrix varied.  Therefore, individual matrix data was compared to the control cells from 

that particular matrix (i.e. each experimental matrix had a unique set of control data 

points).  To compare electroporated (treated) cells and non-electroporated (control) cells, 

it was assumed that the average amount of lipids removed from the control cells is equal 

to the initial amount of lipid present in each cell.  With this assumption, a decrease in 

total lipids extracted chemically should be seen in the electroporated cells.  The 

hypothesis of this experiment was that electroporation would remove intracellular lipids 

which would be evident by lower percentages of intracellular lipids in the treated cells. 

The lipids extracted chemically are the amount of lipids remaining intracellular.  

The hypothesis of these experiments is the amount of intracellular lipids of electroporated 

cells will be lower than the intracellular lipids in the controls.  All lipid percentages 

reported are the amount of lipids extracted chemically on a dry mass basis.  Therefore, if 

the hypothesis is correct then the percentage of intracellular lipids of electroporated cells 

should be less than the percentages of the control cells.   

The Box-Behnken experimental design was utilized to optimize this response.  

Also, to ensure that all trends were correctly identified, the experimental matrix was 

randomized, each experiment was assigned a number, and a random number generator 

(Microsoft Excel) was used to determine the order in which experiments were performed.  

The order of the variables in a Box-Behnken design are set to give a characteristic image 

of the effect of the independent variables on the dependent variable.  When the output is 

analyzed, a saddle point, a maximum point, or a minimum point is used to infer the 

theoretical optimal parameters.  
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The results of the completed experiments have been divided into three sections: 

bacteria, soybeans, and yeast.  Once this research was in progress, yeast became the main 

focus; consequently, the yeast section is the major focus of this data analysis discussion. 

The results were analyzed as the difference between the control and the treated 

sample. Statistical Analysis Software, SAS, v9.2 was utilized for its Canonical Analysis, 

Ridge Analysis, and its capacity to create three-dimensional and contour graphs.  SAS 

v9.2 was used for data analysis of every matrix and made accessible to Mississippi State 

University students through the University’s Information Technology Services (ITS) 

Department. 

5.1 Rhodococcus opacus (Bacteria) 

Alvarez et al. (1996) achieved 78% lipid mass/CDM using R. opacus incubated in 

a mineral salt medium (MSM).  In an attempt to replicate the Alvarez results, direct 

correspondence with Alvarez was initiated to gain more knowledge of the procedures 

used to obtain 78% lipid mass/CDM.  The MSM recipe used by Alvarez was then 

replicated in the lab.  However, even when using the procedures used by Alvarez, the 

author could not reproduce the 78% lipid percentage.  

In the first stages of this lipid research, there were problems with reproducibility, 

variance between repeated experiments, and low lipid production.  The data collected 

during this stage of the study are presented in Figure 5.1. 
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Figure 5.1 Lipid extraction data collected during R. opacus Bligh and Dyer 

Figure 5.1 displays all data collected while cultivating R. opacus. The media 

utilized during this experiment was R. opacus with a maximum lipid yield of 30 mg and a 

minimum lipid yield of -22 mg.  The maximum lipid mass of 0.03 g corresponds to 22% 

lipid mass/CDM, which is much lower than the expected 78% achieved by Alvarez.  

Three problems are illustrated in Figure 5.1: 1) the lipid mass is too variant (between 

30mg and -22mg); 2) the lipid yield does not provide enough significant digits when 

measured gravimetrically since the precision of the balance used is accurate to 0.001 mg; 

and 3) the lipid percentage of several samples is below zero due to inefficiencies in the 

chemical extraction and low lipid percentages.  The results from experimentation with R. 

opacus were replicated and closely monitored to ensure that there were not any 

inconsistencies between the literature methods and laboratory methods.  The resulting 
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low lipid percentages, which could not be explained by the MSU Microbiology 

Laboratory, required the experiments to focus on alternative medias and microorganisms. 

Once these inconsistencies were identified, the project was reassessed. A new 

experimental procedure was developed to increase the precision of the data collected. 

The new experimental procedure used a more effective growth media and yeast which 

was readily available in the MSU Microbiology Laboratory.  The method used for the 

following experiments was discussed in the “Materials and Methods” chapter of this 

report. 

5.2 Soybeans 

Soybeans are a proven source of oil.  However, existing processes for extracting 

the oil are labor-intensive and costly (Farsaie, et al., 1985).  The current method for 

extracting lipids from soybeans involves machining the soybeans into thin flakes, using a 

solvent to extract the lipids from the soybean flakes, and refining the extracted lipids 

through solvent removal. Work by Dornbos et al. (1992) has shown that soybeans 

contain between 20 and 23% lipids. The lipid content of the seed varies with the 

conditions of the growth period from which the seed was harvested (Smith and Huyser 

1987).  Preliminary Bligh and Dyer extraction of soybeans acquired from Mississippi 

Soybean Promotion Board member, Jan Deregt, resulted in an initial lipid concentration 

in the range of 19-23%, which is consistent with the literature values reported (Dornbos, 

1992).  Achieving similar results as the literature states ensures that our laboratory had 

increased proficiency of the Bligh and Dyer extraction.  

Othmer and Jaatinen (1959) used soybean flakes (i.e., processed soybeans with a 

thickness between 0.023 and 0.007 inches) to increase the efficiency of lipid extraction.  
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This was replicated in the lab by crushing the soybeans and sieving the crushed hulls.  

The portion of the hulls which passed through the #20 sieve and were retained on the #40 

sieve were used for each experiment, to ensure uniformity between each sample.  The 

soybeans were then tested using the modified Bligh and Dyer process discussed in the 

“Methods and Materials” chapter of this paper.  Several Bligh and Dyer extractions were 

completed to accurately determine the initial lipid concentration of the machined 

soybeans.  Once these initial extractions were complete, the machined soybeans were 

subjected to electroporation conditions to determine if electroporation had an effect on 

lipid concentration.  The soybean experiments also utilized a negative control. A negative 

control (soybean placed in buffer solution in a cuvette with no voltage potential placed 

across the cell) was used to test and record the effect of the buffer solution on the milled, 

non-electroporated soybeans.  

Figure 5.2 Graph of lipid percentage in crushed soybeans with boundaries (noted with 
bold lines) of literature-reported lipid percentages at 19 and 23% 
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Data collected during soybean investigation are displayed in Figure 5.2.  The data 

were analyzed with SAS v9.2 software to accurately assess the output.  The entire data 

set consists of 60 experimental observations, including 12 controls.  The data collected 

were analyzed using a ridge regression model for the response surface to identify trends 

for future experiments.  Table 5.1 shows the r-square for the regression model and has a 

fit of 0.2924, which is not significant, thus the model is a poor fit.  The raw data collected 

with respect to the EP of soybeans can be seen in Appendix A.   

Table 5.1 Output from regression model run on soybean electroporation data 

Response Mean 0.197505 
Root MSE 0.02405 
R-Square 0.2924 
Coefficient of Variation 12.177 

Table 5.1 implies that there is too much variance associated with the data 

collected to accurately assess the effect of electroporation on soybean lipids. Figure 5.2 

illustrates that a majority of the data collected fall between the lipid percentages for 

soybeans reported in the literature (Dornbos, 1992).   

5.3 Rhodotorula glutinis (Yeast) 

It was impossible to obtain high lipid contents using R. opacus; therefore, the 

focus of this project shifted to yeast.  The Microbiology Laboratory in the Swalm School 

of Chemical Engineering at MSU had a proven method to efficiently produce high lipid 

contents while maintaining high cell mass values. Due to issues discussed in section 5.2 

it was decided to focus on R. glutinis. Therefore, remainder of this chapter discusses the 

data collected from EP of R. glutinis. 
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Four Box-Behnken experimental matrices were performed using R. glutinis, with 

groups of experiments aimed at exploring the various adjustable parameters of the BTX 

830 electroporator.  Each matrix tested three independent variables and one dependent 

variable.  The first two matrices discussed manipulated the following three parameters: 

voltage, pulse duration, and electrode spacing.  The final two matrices manipulated the 

following three parameters: voltage, pulse duration, and multiple pulses.  For every 

experiment conducted, the dependent variable was the amount of lipid extracted 

chemically after cell treatment, EP.  

5.3.1 Matrix 1 – Low Voltage and Single Pulse 

The first experimental matrix manipulated voltage, pulse duration, and electrode 

spacing to test the effect of these parameters on the amount of intracellular lipids 

extracted.  The independent variables had the following settings: 

Table 5.2 Matrix 1 parameters 

Parameter Minimum Median Maximum 

Voltage (Volts) 10 250 490 

Pulse Duration 
(microseconds) 10 500 990 

Electrode Spacing 
(millimeter) 5 10 15 
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This matrix design utilized the low voltage settings of the BTX 830.  Using the 

Box-Behnken experimental design, the data were analyzed using SAS v9.2. The RSREG 

Procedure was used to analyze the response surface to estimate the parameters of the 

model by least squares regression and to obtain information about the fit in the form of an 

analysis of variance.  All of the raw data collected for Matrix 1 are displayed in Appendix 

A, Table A.2.  Figure 5.3 is a graph of the raw data collected during these experiments.  

Figure 5.3 Graph of lipid percentage data collected during Matrix 1 tests with control 
experiments on left and EP experiments on right 

Table 5.3 displays the results from the ridge analysis, which estimates that the cell 

will have 36% intracellular lipids following electroporation.  This is equal to the lowest 

lipid percentage from the non-electroporated cells. 
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Table 5.3 Minimum ridge analysis of Matrix 1 Box-Behnken experimental design 
(from Appendix B.2, SAS Output) 

Estimated 
Intracellular 

Lipids 
Remaining 

in Cell 

PULSE 
DURATION 

(s) 

VOLTAGE 
(V) 

ELECTRODE 
SPACING 

(mm) 

43% 495 245 8 
43% 487 244 7 
42% 482 244 6 
42% 479 244 5 
41% 476 245 5 
40% 475 245 4 
40% 474 245 3 
39% 473 246 2 
38% 472 247 2 
37% 472 247 1 
36% 471 248 0.01 

This regression model had an r-square value of 0.48, Table 5.4. The lack-of-fit 

test compares the variation around the model with pure variation within replicated 

observations. This measures the adequacy of the quadratic response surface model. The 

lack of fit for the model is not significant.  The hypothesis tests can be used to gain an 

idea of the importance of the effects; here the cross-product terms are not significant. 

Parameter estimates and the factor ANOVA are shown in Appendix B.2. Looking at the 

parameter estimates, one can see that the cross-product terms are not significantly 

different from zero, as noted previously. The Estimate column contains estimates based 

on the raw data, and the Parameter Estimate from Coded Data column contains estimates 

based on the coded data. The factor ANOVA table displays tests for all four parameters 

corresponding to each factor—the parameters corresponding to the linear effect, the 

quadratic effect, and the effects of the cross-products with each of the other two factors. 
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The only factor with a significant overall effect is electrode spacing, indicating that the 

level of noise left unexplained by the model is still too high to estimate the effects of 

pulse duration and voltage accurately (see Appendix B.2). 

Table 5.4 Output from regression model run on Matrix 1 electroporation data 

Response Mean 0.47 
Root MSE 0.05 
R-Square 0.48 
Coefficient of Variation 10.04 

The results of the experimental design were also plotted using SAS v9.2.  Figure 

5.4 was created to visualize the effect of each independent variable on the dependent 

variables.  
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(A) 

(B) 

Figure 5.4 Model prediction for Matrix 1 variables (voltage, pulse duration, and 
electrode spacing): A) Surface graph comparing voltage and electrode 
spacing on lipid extraction, B) surface graph comparing pulse duration and 
electrode spacing on lipid extraction, and C) surface graph comparing 
voltage and pulse duration on lipid extraction. (see Appendix B.2: SAS 
Output) 
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(C) 
Figure 5.4 (Continued) 

Figure 5.4 shows the graphical result of the response surface analysis with the 

predicted value being the model prediction of intracellular lipids extracted chemically.  

The units for all surface plots in Figure 5.4 are: VOLTAGE (volts); PULSE DURATION 

(microseconds); ELECTRODESPACING (millimeters); Predicted Value is the 

percentage of lipids remaining after EP.  For each graph, one variable is held constant.  

This allows two independent variables to be graphed with the dependent variable on the 

z-axis.  Figures 5.4A and 5.4B contain a saddle point, which means the parameters tested 

do not contain extremes.  Figure 5.4C has a minimum, which means that under the 

parameters tested in Matrix 1, voltage and pulse duration have reached their minimum 

lipid extraction potential. 
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The canonical output in the Ridge Regression analysis completed in SAS 

produced eigenvalues and eigenvectors.  These values can be helpful when trying to 

determine which variable or groups of variables have the most significant effect on the 

dependent variable. The output (from Appendix B.2) is displayed in Table 5.5.  The 

canonical analysis (SAS Output: Appendix B.2) indicates that the predicted response 

surface is shaped like a saddle. Positive eigenvalues indicate directions of upward 

curvature, and negative eigenvalues indicate directions of downward curvature.  The 

eigenvalue of 0.056 shows that the valley orientation of the saddle is slightly more curved 

than the hill orientation, with an eigenvalue of -0.0298. The larger the absolute value of 

an eigenvalue, the more pronounced is the curvature of the response surface in the 

associated direction. The coefficients of the associated eigenvectors show that the valley 

is more aligned with pulse duration and that the hill is more aligned with electrode 

spacing. 

Table 5.5 Eigenvalues and eigenvectors from ridge analysis of Matrix 1 

Eigenvectors 

Eigenvalues 
PULSE DURATION 

(s) 
VOLTAGE (V) 

ELECTRODE SPACING 
(mm) 

0.056 0.94 -0.33 -0.006 

0.018 0.33 0.94 0.04 

-0.029 -0.007 -0.04 0.99 

The eigenvalues do not have the same sign; therefore, a saddle point is present.  

The estimated surface is typically curved: it contains a hill with the peak occurring at the 

unique estimated point of maximum response; a valley, or a saddle surface, with no 

unique minimum or maximum. The saddle point graph can be seen in Figures 5.4A and 
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5.4B, with a saddle point of 0.45.  Since the focus of this study is to find the parameters 

that minimize the amount of lipids remaining in the cells after EP, the smallest 

eigenvalue is of the most interest.  The smallest eigenvalue for Matrix 1 is -0.029 and the 

largest eigenvector associated with that eigenvalue is electrode spacing.  Comparing the 

eigenvalues in Table 5.5 and the contour plots in Figure 5.4, one can infer that electrode 

spacing has the most significant effect on the amount of lipids extracted from the cell 

from EP.  The Estimated Ridge of Minimum Response for Variable % Lipids Extracted 

indicates that minimum yields result from higher pulse duration (471 microseconds), 

lower voltage (248 volts), and lower electrode spacing (less than 1 mm) (see Appendix 

B.2). 

5.3.2 Matrix 2- High Voltage and Single Pulse 

The second experimental matrix manipulated higher voltage, pulse duration, and 

electrode spacing to test the effect that these parameters had on the amount of lipids 

extracted through Bligh and Dyer chemical extraction treatment.  The independent 

variables voltage, pulse duration, and electrode spacing had the following settings: 

68 



www.manaraa.com

 

 

  

    

    

    

     
 

 

 

  

 

  
 

Table 5.6 Matrix 2 parameters 

Parameter Minimum Median Maximum 

Voltage (Volts) 1000 2000 3000 

Pulse Duration (microseconds) 10 50 90 

Electrode Spacing (millimeter) 10 15 20 

This matrix design utilized the high voltage settings of the BTX 830.  Using the 

Box-Behnken experimental design, the data were analyzed using SAS v9.2 with a 

canonical and ridge regression.  All of the data collected for Matrix 2 are displayed in 

Table A.3.  Figure 5.5 is a graph of the data collected during these experiments. 

Figure 5.5 Data collected during Matrix 2 tests with control experiments on left and 
EP experiments on right 
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Table 5.7 displays the results from the ridge analysis, which estimates that the cell 

will have 32% intracellular lipids following electroporation.  Comparing the output from 

the ridge analysis and the data collected, seen in Figure 5.5, the minimum amount of 

intracellular lipids remaining after EP is 32%. This is less than the control minimum of 

36%.  Comparing Table 5.7 to Figure 5.5, there would be 4% less lipids in the treated 

cells than in the untreated cells when using a 12-microsecond pulse, a voltage value of 

1628 volts, and an electrode spacing of 3 mm.  

Table 5.7 Minimum ridge analysis of Matrix 2 Box-Behnken experimental design 

Estimated Intracellular Lipids 
Remaining in Cell 

PULSE 
DURATION 

(s) 

VOLTAGE 
(V) 

ELECTRODE 
SPACING (mm) 

34% 45 1500 10 
34% 42 1604 10 
34% 38 1673 10 
33% 34 1712 9 
33% 29 1730 9 
33% 25 1733 8 
33% 22 1723 7 
33% 19 1705 6 
33% 16 1682 5 
33% 14 1656 4 
32% 12 1628 3 

This regression model had an r-square value of 0.556, Table 5.8.  The lack-of-fit 

test compares the variation around the model with pure variation within replicated 

observations. This measures the adequacy of the quadratic response surface model, which 

was highly significant. Yet, the lack of fit for the model is also significant; therefore, 

more complicated modeling or further experimentation with additional variables should 

be performed before firm conclusions are made concerning the underlying process.  For 
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the hypothesis tests (e.g., Matrix 1), the cross-product terms are not significant. 

Parameter estimates and the factor ANOVA are shown in Appendix B.3. Looking at the 

parameter estimates, the cross-product terms are not significantly different from zero, as 

noted previously. The only factor with a significant overall effect is voltage, indicating 

that the level of noise left unexplained by the model is still too high to estimate the 

effects of pulse duration and electrode spacing accurately (see Appendix B.3). 

Table 5.8 Minimum ridge analysis of Matrix 2 Box-Behnken experimental design 

Response Mean 0.371 
Root MSE 0.024 
R-Square 0.556 
Coefficient of Variation 6.475 
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(A) 

(B) 

Figure 5.6 Model prediction for Matrix 2 variables (voltage, pulse duration, and 
electrode spacing): A) Surface graph comparing voltage and electrode 
spacing on lipid extraction, B) surface graph comparing pulse duration and 
electrode spacing on lipid extraction, and C) surface graph comparing 
voltage and pulse duration on lipid extraction 
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(C) 
Figure 5.6 (Continued) 

Figure 5.6 shows the graphical result of the response surface analysis.  The units 

for all surface plots in Figure 5.6 are: voltage (volts); pulse duration (microseconds); and 

electrode spacing (millimeters); Predicted Value is the percentage of lipids remaining 

after EP.  For each graph, one variable is held constant.  This allows two independent 

variables to be graphed with the dependent variable on the z-axis.  The contours 

displayed in Figure 5.6 do not have a minimum.  The trends in the contour graphs are not 

clear; therefore, the eigenvalues and eigenvectors will be analyzed.  

The ridge analysis completed in SAS produced eigenvalues and eigenvectors.  

These values can be helpful when trying to determine which variable or groups of 

variables have the most significant effect on the dependent variable.  The output from this 

test is presented in Table 5.9.  The canonical analysis (SAS Output: Appendix B.3) 

indicates that the predicted response surface is shaped like a saddle.  The eigenvalue of 
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0.075 shows that the valley orientation of the saddle is slightly more curved than the hill 

orientation, with an eigenvalue of -0.0022.  The coefficients of the associated 

eigenvectors show that the valley is more aligned with voltage and the hill is more 

aligned with electrode spacing. The Estimated Ridge of Minimum Response for Variable 

% Lipids Extracted indicates that minimum yields result from relatively higher pulse 

length, lower voltage, and higher electrode spacing (see Appendix B.3). 

Table 5.9 Minimum ridge analysis of Matrix 2 Box-Behnken experimental design 

Eigenvectors 

Eigenvalues 
PULSE 

DURATION 

(s) 
VOLTAGE (V) 

ELECTRODE 
SPACING (mm) 

0.075 0.047 0.977 -0.207 

0.013 0.974 -0.090 -0.206 

-0.0021 0.220 0.192 0.956 

Comparing the eigenvalues in Table 5.9 and the contour plots in Figure 5.6, one 

can infer that pulse duration has the most significant effect on the amount of lipids 

remaining in the cell after EP.  Figure 5.7 illustrates the effect of electrode spacing on 

intracellular lipid content.  The first bar is the control from the experiment, zero value for 

electrode spacing since these cells were not subjected to electroporation.  The values 

shown in Figure 5.7 are the average lipid contents for each group of electrode spacing 

experiments.  An apparent trend is present in Figure 5.7 which affirms the statistical 

analysis stating that as electrode spacing is increased the amount of intracellular lipids 

decreases.  Therefore, electrode spacing has the desired effect on cellular lipid content.  
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Figure 5.7 Data from Matrix 2 grouped by electrode spacing (control=0 and 
electroporated cells= 10, 15, and 20) 

The estimated minimum response corresponds to reduction in the percentage of 

chemically extractable lipids after EP, which is positive, meaning that the high-voltage, 

single-pulse EP could theoretically extract lipids from R. glutinis. Table 5.7 shows that 

the minimum theoretical amount of lipid extracted from R. glutinis is 32%. This value 

can be obtained using the following parameters: 12 microseconds, 1628 volts, and 3 mm 

of electrode spacing.  This percentage corresponds to a percent difference from the 

control.  The control’s average lipid percentage was 39% lipid/DCM and the cell mass 

was approximately 9 g/L.  The theoretical optimal lipid extraction correlates to a mass 

extraction of 0.6 g/L extraction of lipids from R. glutinis utilizing EP. 
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5.3.3 Matrix 3- Low voltage, pulse duration, and number of pulses 

The third experimental matrix manipulated voltage, pulse duration, and multiple 

pulses to test the effect these parameters had on the amount of lipids extracted through 

Bligh and Dyer chemical extraction treatment.  The independent variables, voltage, pulse 

duration, and number of pulses, had the settings shown in Table 5.10. 

Table 5.10 Matrix 3 parameters 

Parameter Minimum Median Maximum 

Voltage (Volts) 10 260 500 

Pulse Duration (microseconds) 10 505 1000 

Number of Pulses 19 59 99 

This matrix design utilized the low voltage and multiple voltage pulse settings of 

the BTX 830and the Teflon cuvette.  When a sample is tested using multiple pulses, each 

individual pulse retains the identical settings.  For example, if a sample was to be tested 

with parameters of 500 volts, 10 microseconds, and 50 pulses, each pulse would 

experience 500 volts and 10 microseconds.  This experimental matrix was limited to 1000 

microseconds because the technical support at BTX stated that after 1000 microseconds, 

cell viability would not be maintained.  All raw data collected for Matrix 3 are presented 

in Appendix A, Table A-4. The data were analyzed using SAS v9.2 utilizing canonical 
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and ridge regression to produce a response surface for the parameters tested.  The results 

from the model are shown in Table 5.11. 

Figure 5.8 Graph of data collected during Matrix 3 tests with control experiments on 
left and EP experiments on right 

Table 5.11 displays the results from the ridge analysis, which estimates that the 

cell will have 33% intracellular lipids following electroporation.  Comparing the output 

from the ridge analysis and the data collected (seen in Figure 5.8), the minimum amount 

of intracellular lipids remaining after EP is 33%. This is less than the control minimum of 

34%.  Comparing Table 5.11 and Figure 5.8, there would be the possibility of 1% less 

lipids in the treated cells when using a 948-microsecond pulse, a voltage value of 325 

volts, and an electrode spacing of 33 pulses. 
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Table 5.11 Minimum ridge analysis of Matrix 3 Box-Behnken experimental design 

PERCENT INTRACELLULAR 
LIPIDS Remaining in Cell 

PULSE 
DURATION 

(s) 

VOLTAGE 
(V) 

NUMBER 
OF PULSES 

35% 500 250 50 

35% 496 275 49 
35% 491 299 48 
35% 548 316 44 
35% 627 317 42 
35% 687 319 40 
34% 742 320 39 
34% 795 321 37 
34% 847 322 36 
33% 898 323 35 
33% 948 325 33 

This regression model had an r-square value of 0.43 (Table 5.8).  The lack-of-fit 

test compares the variation around the model with pure variation within replicated 

observations. This measures the adequacy of the quadratic response surface model, which 

was highly significant. Yet, the lack of fit for the model is not significant.  In the 

hypothesis tests, unlike in Matrices 1 and 2, the cross-product terms are just significant. 

Parameter estimates and the factor ANOVA are shown in B.4. Looking at the parameter 

estimates, one can see that the only cross-product terms that are significantly different 

from zero are the number of pulses and the pulse duration. All of the factors indicate 

significant overall effect (see Appendix B.4).   
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Table 5.12 Output from regression model run on Matrix 3 electroporation data 

Response Mean 0.34 

Root MSE 0.02 
R-Square 0.43 
Coefficient of Variation 5.69 

The results of the experimental design were also plotted using SAS v9.2.  Figure 

5.9 was created to visualize the effect of each independent variable on the dependent 

variable.  
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(A) 

(B) 

Figure 5.9 Model prediction for Matrix 3 variables (voltage, pulse duration, and 
number of pulses): A) Surface graph comparing voltage and number of 
pulses on lipid extraction, B) surface graph comparing pulse duration and 
number of pulses on lipid extraction, and C) surface graph comparing 
voltage and pulse duration on lipid extraction. 
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(C) 
Figure 5.9 (Continued) 

The ridge analysis completed in SAS produced eigenvalues and eigenvectors.  

These values can be helpful when trying to determine which variable or groups of 

variables have the most significant effect on the dependent variable.  The output from this 

test is displayed in Table 5.13. The canonical analysis (SAS Output: Appendix B.4) 

indicates that the predicted response surface is shaped like a saddle.  The eigenvalue of 

0.007 shows that the valley orientation of the saddle is slightly more curved than the hill 

orientation, with an eigenvalue of -0.023. The coefficients of the associated eigenvectors 

show that the valley is more aligned with pulse duration and the hill is more aligned with 

the number of pulses. The Estimated Ridge of Minimum Response for Variable % Lipids 

Extracted indicates that minimum yields result from relatively higher pulse duration, 

higher voltage, and higher number of pulses (see Appendix B.4). 
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Table 5.13 Output from regression model run on Matrix 3 electroporation data 

Eigenvectors 

Eigenvalues 
PULSE 

DURATION 

(s) 
VOLTAGE (V) 

NUMBER OF 
PULSES 

0.007 0.038 0.957 0.289 

-0.007 0.268 -0.288 0.919 

-0.023 0.963 0.043 -0.267 

Comparing the eigenvalues in Table 5.13 with the contour plots in Figure 5.9, one 

can infer that pulse duration has the most significant effect on the amount of lipids 

remaining in the cell after EP.  As pulse duration decreases the amount of lipids 

remaining in each cell after treatment decreases.  Visual inspection of Figure 5.9C 

suggests that as voltage increase and pulse duration decreases the intracellular lipids 

available for chemical extraction will decrease.  5.10 illustrates the effect of pulse 

duration on intracellular lipid content.  The first bar is the control from the experimental 

matrix, zero value for pulse duration since the cells were not subjected to electroporation.  

The values shown in Figure 5.10 are the average lipid contents for each group of pulse 

duration experiments.  An apparent trend is present in Figure 5.10 which affirms the 

statistical analysis stating that as pulse duration is increased the amount of intracellular 

lipids decreases.  Therefore, pulse duration has the desired effect on cellular lipid content.  
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Figure 5.10 Data from Matrix 3 grouped by pulse duration (control=0 and 
electroporated cells= 10, 505, and 1000) 

The estimated minimum response corresponds to a reduction in the percentage of 

chemically extractable lipids after EP, which is positive. This means that the high-

voltage, single-pulse EP could theoretically extract lipids from R. glutinis. Table 5.11 

shows that the minimum theoretical amount of lipid extracted from R. glutinis is 33%, 

which can be obtained using the following parameters: 948 microseconds, 325 volts, and 

33 pulses.  This percentage corresponds to a percent difference from the mean of the 

control.  The control’s average lipid percentage was 39% lipid/DCM and the cell mass 

was approximately 10 g/L.  The theoretical optimal lipid extraction correlates to a mass 

extraction of lipids from R. glutinis of 0.6 g/L utilizing EP. 

5.3.4 Matrix 4: High voltage, pulse duration, and number of pulses 

The fourth experimental matrix manipulated high voltage, pulse duration, and 

multiple pulses to test the effect of these parameters on the amount of lipids remaining in 
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the cell after treatment.  The independent variables voltage, pulse duration, and electrode 

spacing had the following settings: 

Table 5.14 Matrix 4 parameters 

Minimum Median Maximum 

Voltage (Volts) 690 1845 3000 

Pulse Duration (microseconds) 20 60 100 

Number of Pulses 19 59 99 

This matrix design utilized the high voltage settings of the BTX 830.  The Box-

Behnken experimental matrix design was utilized for this experimental matrix.  The raw 

data collected for Matrix 4 are displayed in Appendix A, Table A-5.  The data were 

analyzed with SAS v9.2, utilizing canonical and ridge regression to produce a response 

surface for the parameters tested.  The results from the model are displayed in Table 5.15. 

84 



www.manaraa.com

 

 

 

 
 

 

 

   

 

 

Figure 5.11 Graph of data collected during Matrix 4 tests (control experiments on left 
and EP experiments on right) 

Table 5.15 displays the results from the ridge analysis, which estimates that the 

cell will have 32% intracellular lipids following electroporation.  Comparing the output 

from the ridge analysis to the data collected (Figure 5.11), the minimum amount of 

intracellular lipids remaining after EP is 32%, which is equal to the control minimum of 

32%.   

85 



www.manaraa.com

 

 

    

 

 
 

 

 
 

 

    

    

    

    

    

    

    

    

    

    

    

 

  

   

  

  

  

 

   

Table 5.15 Minimum ridge analysis of Matrix 4 Box-Behnken experimental design 

PERCENT INTRACELLULAR LIPIDS 
Remaining in Cell 

PULSE 
DURATION 

(s) 

VOLTAGE 
(V) 

NUMBER 
OF 

PULSES 

0.33 500 1500 50 

0.33 466 1391 49 

0.33 444 1254 48 

0.33 430 1104 48 

0.33 422 949 48 

0.33 417 793 48 

0.33 414 638 49 

0.32 413 483 49 

0.32 412 329 49 

0.32 412 176 49 

0.32 413 23 50 

This regression model had an r-square value of 0.570 (Table 5.16).  The lack-of-

fit test compares the variation around the model with pure variation within replicated 

observations. This measures the adequacy of the quadratic response surface model, which 

was highly significant. The lack of fit for the model is not significant.  In the hypothesis 

tests, as in Matrices 1 and 2, the cross-product terms are not significant. Parameter 

estimates and the factor ANOVA are shown in Appendix B Table B.5. Looking at the 

parameter estimates, one can see that the cross-product terms are not significantly 

different from zero, as noted previously. The only factor which does not have a 

significant overall effect is voltage, indicating that the level of noise left unexplained by 

the model is still too high to estimate the cross effects accurately (see Appendix B.5). 
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Table 5.16 Output from regression model run on Matrix 4 electroporation data 

Response Mean 0.344 

Root MSE 0.011 

R-Square 0.570 

Coefficient of Variation 3.290 

The results of the experimental design were then plotted using SAS v9.2 to get a 

visual interpretation of the data collected.  Graphs were created to visualize the effect of 

each independent variable on the dependent variables.  The graphs are displayed in 

Figure 5.12. 
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(A) 

(B) 

Figure 5.12 Model prediction for Matrix 4 variables (voltage, pulse duration, and 
number of pulses): A) Surface graph comparing voltage and number of 
pulses on lipid extraction, B) surface graph comparing pulse duration and 
number of pulses on lipid extraction, and C) surface graph comparing 
voltage and pulse duration on lipid extraction. 
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(C) 
Figure 5.12 (Continued) 

The ridge analysis completed in SAS produced eigenvalues and eigenvectors.  

These values can be helpful when trying to determine which variable or groups of 

variables have the most significant effect on the dependent variable.  The output from this 

test is displayed in Table 5.17.  The canonical analysis (SAS Output: Appendix B.5) 

indicates that the predicted response surface is shaped like a saddle.  The eigenvalue of 

0.0147 shows that the valley orientation of the saddle is slightly more curved than the hill 

orientation, with an eigenvalue of -0.00569.  The coefficients of the associated 

eigenvectors show that the valley is more aligned with pulse duration, while the hill is 

more aligned with voltage. The Estimated Ridge of Minimum Response for Variable % 
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Lipids Extracted indicates that minimum yields result from relatively higher pulse 

duration, lower voltage, and lower number of pulses (see Appendix B.5). 

Table 5.17 Output from regression model run on Matrix 3 electroporation data 

Eigenvectors 

Eigenvalues 
PULSE 

DURATION 

(s) 

VOLTAGE 
(V) 

NUMBER OF 
PULSES 

0.015 0.897 0.013 -0.443 

0.011 0.440 0.091 0.893 

-0.006 -0.052 0.996 -0.076 

Comparing the eigenvalues in Table 5.17 to the contour plots in Figure 5.12, one 

can infer that voltage has the most significant effect on the amount of lipids remaining in 

the cell after EP.  

5.4 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) images were produced by Dr. Jaclyn Hall in 

the SEM Laboratory at MSU.  These images allowed a visualization of the effect of EP 

on R. glutinis. 
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Figure 5.13 SEM photo of Rhodotorula glutinis, not subjected to EP 

Figure 5.13 displays non-EP-treated R. glutinis. All samples photographed were 

cultivated using the procedure described in the “Materials and Methods” chapter.  

Neumann et al. (1989) discussed the visual effect of EP on microorganisms, and state that 

when cells are treated with EP, indentations form and bowl-shaped or volcano-shaped 

deformations can be seen when using a microscope.  Microphotographs were taken of 

electroporated R. glutinis to visually inspect for differences between electroporated cells 

and non-electroporated cells.  Figure 5.14 is an image of electroporated cells.  The image 

shows indentations approximately 1 micrometer in width.  
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Figure 5.14 SEM microphotographs of R. glutinis after EP treatment (3000 volts, 100 
microseconds, and 59 pulses) 

Figure 5.14 displays a reversible EP experiment with parameters of 1500 volts, 

100 microseconds, 59 pulses, and an electrode spacing of 4 mm.  Weaver et al. (1996) 

noticed indentions in the cell membrane when a reversible EP experiment was conducted.  

Figure 5.14 illustrates indentions in electroporated cells, which suggests that EP has 

occurred and the cell walls have formed pores caused by the induced electric field.  The 

indentions in Figure 5.14 are not present in non-electroporated cells, Figure 5.13. 

EP parameters which should result in irreversible cell breakdown experiments 

were also completed (490 volts, 10,000,000 microseconds, and three pulses).  Figures 

5.15 and 5.16 display the SEM microphotographs captured after the irreversible EP 

experiments were concluded. 
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Figure 5.15 SEM of irreversible EP experiments illustrating cell membrane failure (490 
volts, 10 seconds, and 3 pulses) 

Figure 5.16 Enhanced SEM of irreversible EP experiments with cell membrane failure 
(490 volts, 10 seconds, and 3 pulses) 

Figure 5.15 shows multiple cells with apparent cell membrane breakdowns. The 

right side of the image shows that a large section of the cell membrane, approximately 1 

micrometer in width, has been dislocated.  Figure 5.16 displays an enlarged 
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microphotograph of a cell membrane failure, which occurred during an EP experiment 

with a magnitude of 490 volts, a pulse duration of 10,000,000 microseconds (10 

seconds), ten EP pulses, and an electrode spacing of 4 mm.  The pulse duration tested in 

this particular experiment exceeds the pulse duration limit suggested by Freeman et al. 

(1994) of limiting pulse lengths to 1000 microseconds. 

5.4.2 Irreversible Electroporation Experiments 

As stated in the previous section, experiments were conducted to rupture the cell 

membrane.  The purpose of these experiments was to test the amount of lipids expelled 

from R. glutinis during irreversible electroporation.  Figure 5.16 is proof that cell walls 

ruptured under large pulse durations (1 second) and low voltages (500 volts).  Three 

experiments were conducted utilizing parameters that should rupture the cell membrane.  

The parameters tested were 490 volts, 10,000,000 microseconds (10 seconds), and three 

pulses. The data collected during these tests are displayed in Table 5.18.  Tests 4, 5, and 

6 yielded approximately half of the lipids present in the controls and in tests 1, 2, 3, 7, 8, 

and 9.  The experiments listed below are the only experiments completed under 

irreversible parameters, since the focus of this study was to remove microbial lipids while 

maintaining cell viability.  
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Table 5.18 Data collected during irreversible EP experiments 

Test 
Number 

Electroporation Parameters 

% Lipid 
Extracted 

Voltage 
(V) 

Pulse 
Duration 

(ms) 

Number 
of 

Pulses 

1 3000 100 59 48.9% 

2 3000 100 59 45.3% 

3 3000 100 59 44.2% 

4 490 10,000,000 3 23.9% 

5 490 10,000,000 3 24.5% 

6 490 10,000,000 3 20.3% 

7 10 1000 59 47.0% 

8 10 1000 59 47.3% 

9 10 1000 59 46.9% 

C1 0 0 0 41.3% 

C2 0 0 0 44.2% 

C3 0 0 0 43.0% 

Figure 5.17 illustrates the data from Table 5.18 averaged for each experiment with 

C1-C3 being the controls for these experiments.  The irreversible EP experiment, the 

second bar, is approximately half the value of the control.  When a reversible EP 

experiment was completed on this batch of R. glutinis, the average intracellular lipids 

value measured was close to the amount of intracellular lipids present in the control.  

Therefore, when this batch of R. glutinis was subjected to 490 volts, 10,000,000 

microseconds, and three pulses, 46.5% of the intracellular lipids were not available for 

chemical extraction.  This suggests that EP successfully removed intracellular lipids. 
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Figure 5.17 Average percent intracellular lipid extracted during the irreversible 
electroporation experiments 
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CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusion 

The overall goal of this study was to determine if EP can be an effective method 

for removing lipids from specific oleaginous microorganisms and soybeans.  Based on 

the results of this study, it appears EP was ineffective for removing lipids from soybeans 

and EP has a limited effect for lipid extraction from oleaginous yeast organisms.  

Additional conclusions and observations are provided as follows. 

 The Bligh and Dyer method of extraction is an effective lipid removal 
procedure when 10 grams/liter dry cell mass and 40% or higher lipid content 
is present.  However, separate methods should be used if the lipid mass is 
below 30 mg because the Bligh and Dyer method is dependent on gravimetric 
analysis.  

 The Bligh and Dyer method was very good for soybean lipid extraction, but 
EP did not significantly impact the soybean lipid extraction. 

 The oleaginous yeast used in this study was able to produce lipid 
concentrations as high as 50% of the DCM as measured by the Bligh and Dyer 
extraction method. 

 EP was successful in removing lipids from the oleaginous yeast used in this 
study.  However, under the EP conditions investigated, the maximum lipid 
yield was 0.7 g/L of the 3.9 g/L available lipids (17.9% lipid extraction).  This 
result was achieved in Matrix 2, which utilized high voltage and low pulse 
durations.  Therefore, at these low extraction levels and under the parameters 
tested, reversible EP is not a viable extraction method. 

 Initial tests show that irreversible EP removed 46.5% (Table 5.18) of 
microbial lipids. However, few experiments have been completed under these 
parameters.  
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6.2 Recommendations 

Based on this study, the following recommendations are provided: 

 Further research needs to focus on electrode spacing when using single-pulse 
EP. 
o Tables 5.5 and 5.9 illustrate that electrode spacing has the most significant 

effect on intracellular lipid extraction.  Electrode spacing results in the 
largest eigenvector for the minimum eigenvalue. 

 Future research should focus on pulse duration when using low voltage and 
multiple EP pulses. 
o Table 5.13 illustrates that pulse duration has the most significant effect on 

intracellular lipid extraction.  Pulse duration results in the largest 
eigenvector for the minimum eigenvalue. 

 Further investigation is needed regarding voltage effects when using high 
voltages and multiple pulses. 
o Table 5.17 illustrates that voltage has the most significant effect on 

intracellular lipid extraction.  Voltage results in the largest eigenvector for 
the minimum eigenvalue. 

 More experiments should be conducted using irreversible EP parameters and 
cell viability should be tested to determine if enough organisms survive EP to 
maintain a healthy community.  
o Experiments should focus on the number of individual cells that remain 

viable after a colony of cells is subjected to irreversible EP parameters. If 
a portion of cells remain viable, then a colony could be produced from the 
cells that survived irreversible EP. 
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A.1 Soybean Data 

Table A.1 Soybean data with experimental parameters 

PULSE 
DURATION(s) 

VOLTAGE (V) 
ELECTRODE SPACING 

(mm) 
PERCENT LIPID EXTRACTED 

0 0 0 19% 

0 0 0 24% 

0 0 0 22% 

0 0 0 23% 

0 0 0 18% 

0 0 0 21% 

0 0 0 24% 

0 0 0 22% 

0 0 0 19% 

0 0 0 18% 

0 0 0 18% 

0 0 0 22% 

9 490 15 19% 

9 490 15 19% 

9 490 15 20% 

9 10 15 19% 

9 10 15 19% 

1 490 15 18% 

1 490 15 20% 

1 490 15 23% 

1 10 15 19% 

1 10 15 19% 

9 250 20 19% 

9 250 20 26% 

9 250 20 24% 

9 250 10 19% 

9 250 10 25% 

9 250 10 21% 

1 250 20 20% 

1 250 20 22% 

1 250 20 20% 

0.01 2000 20 22% 

0.01 2000 20 20% 

0.01 2000 20 24% 
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Table A.1 (Continued) 

0.01 1500 20 21% 

0.01 1500 20 23% 

0.1 200 20 25% 

0.1 200 20 20% 

0.1 200 20 13% 

0.5 200 20 16% 

0.5 200 20 16% 

0.5 200 20 18% 

1 200 20 18% 

1 200 20 19% 

1 200 20 17% 

3 200 20 17% 

3 200 20 18% 

3 200 20 17% 

5 200 20 17% 

5 200 20 17% 

5 200 20 18% 

1 500 20 18% 

1 500 20 17% 

1 500 20 24% 

3 500 20 17% 

3 500 20 18% 

3 500 20 18% 

5 500 20 20% 

5 500 20 20% 

5 500 20 21% 
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A.2 Data Collected for R. glutinis 

Table A.2 Matrix 1 data with experimental parameters 

PULSE 
DURATION 

(s) 
VOLTAGE (V) 

ELECTRODE 
SPACING (mm) 

PERCENT INTRACELLULAR LIPIDS 
Remaining in Cell 

0 0 0 39.78% 

0 0 0 40.99% 

0 0 0 38.42% 

0 0 0 45.75% 

0 0 0 36.96% 

990 490 10 54.10% 

990 490 10 51.31% 

990 490 10 46.79% 

990 10 10 52.63% 

990 10 10 55.16% 

990 10 10 50.26% 

10 490 10 59.85% 

10 490 10 54.92% 

10 490 10 53.27% 

10 10 10 53.63% 

10 10 10 46.84% 

10 10 10 45.20% 

990 250 15 52.08% 

990 250 15 54.22% 

990 250 15 51.24% 

990 250 5 54.58% 

990 250 5 53.93% 

990 250 5 38.97% 

10 250 15 49.18% 

10 250 15 51.61% 

10 250 15 42.05% 

10 250 5 41.95% 

10 250 5 48.14% 

10 250 5 40.88% 

500 490 15 53.15% 

500 490 15 39.08% 

500 490 5 40.56% 

500 490 5 40.77% 

500 490 5 46.68% 

500 10 15 41.77% 
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Table A.2 (Continued) 

500 10 15 55.18% 

500 10 15 46.48% 

500 10 5 49.51% 

500 10 5 42.62% 

500 10 5 40.34% 

500 250 10 51.98% 

500 250 10 45.50% 

500 250 10 39.18% 

500 250 10 41.64% 

500 250 10 48.12% 

500 250 10 48.54% 

500 250 10 40.75% 

500 250 10 45.66% 

500 250 10 42.44% 

Table A.3 Matrix 2 data with experimental parameters 

PULSE 
DURATION 

(s) 
VOLTAGE (V) 

ELECTRODE 
SPACING (mm) 

PERCENT INTRACELLULAR LIPIDS 
Remaining in Cell 

0 0 0 44% 

0 0 0 39% 

0 0 0 39% 

0 0 0 36% 

0 0 0 39% 

90 3000 15 42% 

90 3000 15 42% 

90 3000 15 45% 

90 1000 15 42% 

90 1000 15 42% 

90 1000 15 40% 

10 3000 15 36% 

10 3000 15 33% 

10 3000 15 35% 

10 1000 15 34% 

10 1000 15 35% 

10 1000 15 35% 

90 2000 20 33% 
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Table A.3 (Continued) 

90 2000 20 35% 

90 2000 20 34% 

90 2000 10 35% 

90 2000 10 36% 

90 2000 10 38% 

10 2000 20 35% 

10 2000 20 35% 

10 2000 20 34% 

10 2000 10 34% 

10 2000 10 36% 

10 2000 10 37% 

50 3000 20 36% 

50 3000 20 40% 

50 3000 20 36% 

50 3000 10 39% 

50 3000 10 39% 

50 3000 10 36% 

50 1000 20 39% 

50 1000 20 41% 

50 3000 10 39% 

50 3000 10 36% 

50 2000 15 37% 

50 2000 15 33% 

50 2000 15 31% 

50 2000 15 34% 

Table A.4 Matrix 3 data with experimental parameters 

PULSE 
DURATION 

(s) 

VOLTAGE (V) NUMBER OF PULSES 
PERCENT INTRACELLULAR LIPIDS 

Remaining in Cell 

0 0 0 37.78% 

0 0 0 38.53% 

0 0 0 35.86% 

0 0 0 36.48% 

0 0 0 36.41% 
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Table A.4 (Continued) 

0 0 0 36.05% 

0 0 0 35.39% 

0 0 0 35.39% 

0 0 0 34.26% 

1000 500 59 33.86% 

1000 500 59 35.29% 

1000 500 59 34.06% 

1000 10 59 34.35% 

1000 10 59 34.38% 

1000 10 59 35.13% 

10 500 59 34.35% 

10 500 59 34.02% 

10 500 59 31.79% 

10 10 59 31.40% 

10 10 59 32.81% 

10 10 59 32.87% 

1000 260 99 33.90% 

1000 260 99 33.40% 

1000 260 99 30.76% 

1000 260 19 30.85% 

1000 260 19 32.51% 

1000 260 19 32.03% 

10 260 99 32.28% 

10 260 99 33.96% 

10 260 99 31.14% 

10 260 19 32.13% 

10 260 19 32.52% 

505 500 99 34.77% 

505 500 99 31.71% 

505 500 99 32.12% 

505 500 19 33.38% 

505 500 19 33.61% 

505 500 19 30.78% 

505 10 99 38.82% 

505 10 99 35.73% 

505 10 99 36.83% 

505 10 19 35.03% 

505 10 19 38.99% 

505 10 19 38.90% 
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Table A.4 (Continued) 

505 260 59 37.78% 

505 260 59 39.03% 

505 260 59 37.10% 

505 260 59 35.23% 

505 260 59 36.11% 

505 260 59 37.51% 

505 260 59 32.32% 

505 260 59 31.45% 

505 260 59 34.59% 

Table A.5 Matrix 4 data with experimental parameters 

PULSE 
DURATION 

(s) 
VOLTAGE (V) NUMBER OF PULSES 

PERCENT INTRACELLULAR LIPIDS 
Remaining in Cell 

0 0 0 34.31% 

0 0 0 34.66% 

0 0 0 33.78% 

0 0 0 32.54% 

0 0 0 32.98% 

0 0 0 32.47% 

0 0 0 33.52% 

0 0 0 32.20% 

10 690 59 32.70% 

10 690 59 34.54% 

10 690 59 33.10% 

1000 690 59 35.32% 

1000 690 59 35.63% 

1000 690 59 32.36% 

10 3000 59 34.46% 

10 3000 59 34.75% 

10 3000 59 33.75% 

1000 3000 59 36.53% 

1000 3000 59 36.39% 

1000 3000 59 36.03% 

10 1845 19 33.76% 

10 1845 19 33.36% 

10 1845 19 33.96% 
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Table A.5 (Continued) 

1000 1845 19 36.50% 

1000 1845 19 35.47% 

1000 1845 19 37.06% 

10 1845 99 35.83% 

10 1845 99 34.79% 

10 1845 99 35.40% 

1000 1845 99 36.64% 

1000 1845 99 37.45% 

1000 1845 99 37.97% 

505 690 19 34.26% 

505 690 19 34.59% 

505 3000 19 33.89% 

505 3000 19 33.31% 

505 3000 19 33.57% 

505 690 99 35.34% 

505 690 99 33.04% 

505 690 99 33.51% 

505 3000 99 36.02% 

505 3000 99 35.38% 

505 3000 99 33.08% 

505 1845 59 33.87% 

505 1845 59 32.86% 

505 1845 59 32.76% 

505 1845 59 33.40% 

505 1845 59 37.41% 

505 1845 59 33.41% 

505 1845 59 32.73% 

505 1845 59 31.78% 

505 1845 59 32.13% 
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