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EFFECTS OF NANO-SECOND PULSED ELECTRIC FIELDS (nsPEF) ON 

HUMAN PROSTATE CANCER CELL LINE - LNCaP 

Vinitha Donthula 

Dr. Naz E. Islam, Thesis Supervisor 

ABSTRACT 

The effects of Pulsed Electric Fields have been a period of study since past few decades, 

which was mainly on the electroporation, bacterial decontamination and biofouling. But 

the development of technology to produce nanosecond duration pulsed electric fields has 

allowed analysis of the effects of ultrashort duration, high intensity electric fields on 

living cells. In this thesis we investigated the effects of nanosecond pulsed electric fields 

(nsPEF) on the protein concentration, DNA concentration and 11β Hydroxysteroid 

Dehydrogenase type 2 (11βHSD2) enzyme activity in human prostate cancer cell line – 

LNCaP. nsPEF application of pulse duration 60 ns with electric field intensity of 

32.5kV/cm were applied to cells in train of 1, 5, or 10 pulses.  The protein concentration 

was determined by a Bio-Rad DC protein assay, while Hoechst 33258 was useful in 

quantitative determination of DNA in these cells.  Both the protein concentration and 

DNA concentration declined by 18.77% (1 Pulse) and 19.04 % (10 Pulse) compared to 

Controls.  LNCaP cells showed a decrease in DNA of 5.29 % (1 Pulse), 8.95 % (5 Pulse) 

and 18.36 % (10 Pulses) compared to Controls.  The enzyme 11βHSD2, which is present 

in the LNCaP cell culture also showed a reduction in activity supporting our hypothesis 

that the ultrashort pulses are affecting the intracellular structures.



CHAPTER 1 

INTRODUCTION 

The increasing demand for the cure for cancer led many scientists to develop new 

strategies for prevention, diagnosis, treatment and cure for cancer.  Cancer research 

ranges from epidemiology, molecular bioscience, to the performance of clinical trials to 

evaluate and compare applications of the various cancer treatments.  

Cancer is a group of diseases characterized by uncontrolled growth and spread of 

abnormal cells.  If this spreading of cells if not controlled, it can result in death.  Cancer 

can be caused by both external and internal factors. External factors causing 

abnormalities may be tobacco smoke, chemicals, radiation and infectious organisms. 

Internal factors may be inherited mutations, hormones, immune conditions, and 

mutations that occur from metabolism.  Changes in cellular behavior are critical factors 

for understanding the disease.  Many other factors may act together or in sequence to 

initiate or promote carcinogenesis.  Cancer is treated with surgery, chemotherapy, 

hormone therapy, biological therapy, and targeted therapy. 

According to the National Cancer Institute an estimate of 1,437,180 new cancer cases are 

expected to be diagnosed in 2008.  It also estimated that approximately 10.8 million 

Americans with a history of cancer were alive in January 2004.  This year, about 565,650 

Americans are expected to die of cancer, more than 1,500 people a day. 
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Estimated New Cases Estimated Deaths 

Male Female Male Female 

Prostate 

186,320 (25%) 

Breast 

182,460 (26%) 

Lung & Bronchus

90,810 (31%) 

Lung & Bronchus

71,030 (26%) 

Lung & Bronchus 

114,690 (15%) 

Lung & Bronchus

100,330 (14%) 

Prostate 

28,660 (10%) 

Breast 

40,480 (15%) 

 

Table 1.1 Leading Sites New Cancer Cases and Deaths – 2008 estimates. 

The Table 1-1 obtained from American Cancer Society 2008 [1], indicates that the Lung 

and Bronchus cancer is high in both men and women and the incidence of Prostate and 

Breast cancer is increasing in males and females, respectively.  Also, the incidence of the 

estimated new cases in male and female differed from the estimated deaths indicating that 

the prostate and breast cancer deaths are increasing.  A new field of research, bioelectrics 

[2], is emerging to study the effects of naturally occurring as well as application of huge 

amounts of voltage on biological systems. 

Electric phenomena play an important role in biophysics. Bioelectric processes involve 

the control of the ion transportation across the membranes, which are the basis for 

information transfer across the neurons.  These electrical effects are normally triggered 

by chemical process.  In today’s fast moving technology we can control such cell 

functions and transport processes by applying pulsed electric fields.  This Pulsed power 

technology has applications in bioengineering, biophysics, bioelectrics, etc., 

The father of bio-electromagnetism is Hippocrates, who first tried to cure breast cancer 

by exposure of the sun’s electromagnetic radiation.  During the 18th century, Luigi 
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Galvani tried to treat tumors by applying electricity to tissues.  In 1840, Recamier and 

Pravaz showed a method of destroying cancer cells in the uterus through the use of 

electricity.  Other forefathers of radio frequencies experimentation along with d’Arsonval 

(1851-1940) were Tesla from U.S. (1856-1943) and Thomson (1853-1937).  Since 1926, 

surgeons had started using radio frequencies for sensitive operations in the brain, liver, 

the prostate gland, etc., to treat hemorrhages and in controlling cell multiplication.  

 Electromagnetic radiation is a form of energy, which is transmitted in the form of waves, 

which correspond to spatial and time variations of electric and magnetic field. 

Electromagnetic fields (EMF) appear in a vast set of frequencies (spectra) that are 

divided in frequency zones, according to the manner they are produced or used. 

Frequency plays an important part in measuring non-ionized electromagnetic radiation 

(radiation, which cannot produce ionization of atoms).  Many works have been done in 

looking into the harmful and the therapeutic effects of non-ionizing EMF.  

Bioelectrics is a new field, which refers to the use of pulsed power, or the application of 

powerful high intensity electrical pulses [3], for extremely short periods of time, to 

manipulate biological cells and tissues. The use of high voltages and current to 

manipulate structures inside cells is barely five years old, but it is fast-growing. 

Bioelectric processes control the ion transport processes across membranes, and are the 

basis for information transfer along the neurons. Applications of nanosecond high 

intensity pulsed electric fields (nsPEF) on unwanted cells, diseased cells, tumors [4, 5], 

was a first of its kind in field of medicine and biology. The application of this new 

technology would be a great value in molecular biology, by promoting an understanding 

of the molecular and cellular mechanisms of cells. The effect of pulsed electric fields 
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(PEF) on the viability of microorganisms, mainly bacteria has been studied since the 

1960’s [6, 7]. Application of pulsed electric fields (PEF) to microbial cells results in the 

perforations of the cell membrane or nucleus that eventually leads to the irreversible 

breakdown of the membrane and cell death. Some of the recent studies on the effect of 

ultra-short pulses on biological cells have predicted that for the pulse durations on the 

order of the intracellular structures such as the nucleus [8, 9] and not the breakdown of 

the outer membrane.  

Pulsed power technology was developed initially to power radar in World War II, but 

now drives X-ray images, particle accelerators, and nuclear weapons. The pulses are 

simply rectangular waves, which can easily be discharged by a capacitor. But working at 

such high voltages requires a switch to switch on and switch off the pulses.  

In this thesis the effects of nanosecond Pulsed Electric Fields (nsPEFs) has been explored 

further with a detailed analysis on the growth, protein concentration, DNA and 

11βHydroxysteroid Dehydrogenase type 2 (11βHSD2) on the human prostate cancer cell 

line – LNCaP. The selection of LNCaP cancer cells for this research was done due to the 

presence of the enzyme 11βHSD2 activity [10] and the inhibition of enzyme activity may 

retard growth of the tumor or cancer cells [11], thus giving us a biomarker in looking into 

the effects of nsPEF on biological system. The effort is related to the study of the effects 

of electromagnetic pulses on human cells that has been the subject of study for some 

time. We started off by applying electric field strength on 32.5kV/cm with a pulse width 

of 60ns wide to a cell density of ~ (0.5-1) X 106 cells/cuvette. The samples were treated 

with Control, 1 Pulse, 5 Pulses and 10 Pulses; then recultured in the medium for 48h for 

confluency followed by determination of the protein concentrations and specific activity 
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of the enzyme. We increased the number of cells with each experiment to determine the 

effect of nanosecond pulsed electric field on cell density. Finally, this thesis also analyzes 

the effects of nsPEF on the DNA in the nucleus of the cells suggesting that these pulses 

affect the intracellular structures in the cancer cells. 
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CHAPTER 2 

LITERATURE REVIEW 

Bioelectrics is the application of ultra-short pulsed electric fields to biological cell, 

tissues, and organs. Basically it is the analysis of how the biological systems respond to 

these high powers, non thermal, low density ultra-short electrical pulses. These electric 

fields can have a range of (10-100’s kV/cm) when applied with nanosecond (1-300ns) 

durations. Compressing electrical energy by means of pulse power techniques allows the 

generation of ultra-short electrical pulses. We have referred to these pulses as ultra-short, 

high voltage pulsed electrics fields or nanosecond pulsed electric fields. Researchers 

working in this area of Bioelectrics have worked on many cells, providing an opportunity 

to determine how cells respond to stimuli that they have not evolved to recognize. 

Undoubtedly, cells respond to nsPEF in diverse [12] and cell-type-specific [13] ways. 

This suggests that nsPEF represents a distinctive, non-ligand stimulus that can disclose 

basic cell-type-differences for responses to the external environment and can also be 

investigated for potential therapeutic and/or diagnostic application. This chapter describes 

some of the research in this area and is divided into two sections. First the simulations 

and dynamics done with the biological cells followed by a summary of researchers 

related to the biological effects of pulsed electric fields on various cell lines. 

The electroporation dynamics were carried out on biological cells based on 

Smoluchowski equation [14]. A lumped equivalent circuit was developed to compute the 

transmembrane potential. In order to obtain predictions and qualitative understanding of 
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the cellular response to nanosecond pulses by taking account of the growth and resealing 

dynamics. Joshi et al determined the steady state pore distribution and average pore size, 

influence of pore generation rate and the existence of a threshold voltage for a given 

pulse width based on the drift in r space controlled by the energy E(r). 

 

Figure 2.1 Energy requirements for pore creation 

 

Figure 2.2 Pore Generation rate 
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The hydrophilic pores have their walls lined with water attracting heads of lipid 

molecules, and are conducting while hydrophobic pores are non-conducting which 

simply represent gaps in the lipid bilayer. The energy function E(r) in the presence of 

transmembrane potential V (t) if given as: 

, 2 ∞                                                                   … … .2.1    

, 2                                                                 … … .2.2    

With all the known parameters, a normalized energy requirement for pore generation and 

pore generation rate was obtained as shown in Figures 2.1 and 2.2 respectively. 

Ravindra P. Joshi, Qin Hu and Karl H. Schoenbach [2004] modeled cellular response to 

Ultrashort High-Intensity Electric Fields [15]. Here, the dynamical aspects of 

electroporation were reviewed. It was show that the membranes can withstand the high 

electric pulses and recover only if the pore distribution function E(r) has a relatively large 

spread, but if the population consists of predominantly larger pore radius, then 

irreversibility can be the result. The result of the requirement of the close proximity of the 

pores in-order to have relatively large spread of pore distribution function is more in the 

sub-cellular structures thus keeping up with the subcellular effects of nsPEF.  

Joshi et al modeled human (T and B cells) with known cell parameters. Reponses of a 

280ns trapezoidal pulse with E = 5kV/cm, and a 40ns rise and fall times was compared to 

that of an 11ns high-intensity trapezoidal pulse with E = 25kV/cm, and 1.75ns rise and 

fall times [16]. This indicates that the inner membrane potential traditional 
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electroporation threshold ~ 1V can be easily reached for 11ns pulse compared to 300ns 

pulse as shown in Figure 2.3.  

 

Figure 2.3 Transmembrane potential of outer membrane and inner membrane for 

short (25 kV/cm, 11ns) and long pulses (5 kV/cm, 280ns) 

Joshi et al have also introduced a new distributed network model, which includes the 

dynamic conductivities of cell membranes and intracellular structures for the evaluation 

of transmembrane potential. They compared cellular responses between normal and 

malignant tonsillar B-cells and, have shown that high intensity (45-150kV/cm) ultrashort 

(10-50ns) electric pulses could damage cancer cells [15]. The nuclear membrane of 

normal B-cell remained intact, but due to the differences in the dielectric properties the 

nuclear membrane of the cancer cell got porated as shown in Figure 2.4 below.  
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  Figure 2.4 Cellular response of a normal (left) and a Cancer cell (right) 

A similar simulation was done by R. M. Campbell in 2005 where they simulated pulse 

response of intracellular structures in biological cells when exposed to high-intensity 

Sub-microsecond Pulsed Electric fields shown in Figure 2.5 [17]. In this paper he has 

represented a cell environment and the cell substructures with electrical components and 

interpreted the final cell response to applied pulses which was implemented with 

OrCAD® software. 

 

Figure 2.5 Voltage drop as a function of time 

The first experimental evidence for the hypothesis that shorter pulses affect the 

intracellular structures was obtained in studies on human eosinophils [8]. Eosinophils are 

one of the five different types of white blood cells characterized by large red (i.e., 
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eosinophilic) cytoplasmic granules. In this experiment the cells were loaded with calcein-

AM (calcein-acetoxymethylester), which is an ionic flurochrome that enters the cells 

freely and get trapped in the cytoplasm by an intact cell surface membrane. Eosinophils 

were pulsed with 60ns pulse duration and an electric field amplitude of 53kV/cm. The 

granules which were dark initially started to fluoresce brightly as shown in Figure 2.7. 

This is strong evidence that the granular membranes were breached, also on the other 

hand, the retention of the cytoplasm calcein staining indicated that the outer membrane 

remained intact. 

 

Figure 2.6 Control Eosinophils 

 

Figure 2.7 Eosinophils exposed to 5 pulses of 60ns, 5.3MV/m resulting in appearance 

of sparkler cells 
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In another study N. Chen et al demonstrated that nsPEFs affected nuclear speckles by 

disrupting or reorganizing the snRNP (small nuclear ribonucleoprotein particles) 

formation in Jurkat cells when exposed to one or five 10ns, 150kV/cm pulses [18]. It was 

observed that this interaction was cell cycle dependent; these changes in nuclear RNA-

protein complex components night have reflected on the disruption of RNA transcription 

mechanisms. 

The effect of ultrashort high intensity electrical pulses on the cell nucleus were been 

explored using acridine orange (AO), a vital fluorescent dye [19]. Experiments were done 

on HL-60 cells, where pulses of durations 60ns and 10ns with an electrical field intensity 

of 26kV/cm and 65kV/cm respectively, were applied. Because the AO stain is permeable 

to living cell membrane, AO intercalates to a single strand DNA or double strand DNA in 

nucleus without exposure to an electrical pulse. The effects of the nsPEF on the nuclear 

fluorescence were directly related to the distribution and amount of AO bound to the 

nuclear DNA. The results showed an exponential decrease in the fluorescence intensity in 

the nucleus. The results using AO clearly indicated that nsPEF affect DNA in the nucleus 

of human cells. 

DNA damage in cells when exposed to ultra-short pulsed electric fields followed by 

increased cell killing was investigated by M. Stacey [2002], with two human leukemic 

cell lines (Jurkat and HL60). nsPEF applications using pulse durations of 10, 60, or 300ns 

duration with voltage amplitudes of 300, 60 and 60kV/cm respectively were applied to 

cells in trains of 1, 5, or 10 pulses[20, 21]. Comet length increased in both Jurkat cells 
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and HL-60 cells also cell survival also showed a decrease as given in Tables 2.1, 2.2 and 

2.3. 

Pulse Length % Increase in Tail Length ± SE 
10ns,300kV/cm 38.8 ± 12.5 (n=3) 
10ns,150kV/cm 22.3 ± 3.1 (n=3) 
60ns,60kV/cm 33.2 ± 7.4 (n=5) 

300ns, 26kV/cm 22.9 ± 2.8 (n=3) 
300ns, 60kV/cm 29.8 ± 3.7 (n=3) 

 

Table 2.1 Exposure of Jurkat cells to 5 pulses of nsPEF 

Pulse Length Pulses % Increase in Tail Length ± SE 
10ns,300kV/cm 1 28.6 (n=1) 

5 15.54 ± 9.1 (n=3) 
10 29.4 ± 6.1 (n=3) 

60ns,60kV/cm 1 23.5 ± 0.5 (n=3) 
5 31.1 ± 0.6 (n=3) 
10 35.8 ± 1.7 (n=3) 

300ns, 60kV/cm 1 41.2 (n=1) 
5 50.0 (n=1) 
10 47.4 (n=1) 

 

Table 2.2 Exposure of HL-60 cells to different pulse trains 

 

Table 2.3 Percent survival ± SE of Jurkat and HL60 cells following 60ns and 300ns 

pulsed electric field 
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It is not yet known whether the nuclear effect is due to the conformational changes in the 

nuclear DNA. According to the models developed the nuclear poration is the primary 

effects when the short duration high intensity pulses were applied.  

The basic cause of electroporation is the electrical charging of lipid membrane is related 

to an increase in the membrane conductance, and consequently, a change in 

transmembrane potential.  It is possible to measure the change in the transmembrane 

potential with a temporal resolution by the laser pulse duration of 5ns. The 

transmembrane voltage is quantified by staining the cell membrane with a fluorescent 

voltage sensitive dye. Recently, a new voltage sensitive dye, Annine-6, was developed 

with a voltage regulated fluorescence response that depends only on the shift of energy 

levels by stark effect. 

W.Frey (2006) conducted an experiment with Jurkat cells (a T cell leukemic cell line) 

with Annine-6 and exposed them for 60ns to an electric field of 100kV/cm [22]. 

Transmembrane voltages recorded based on the calibration curves were significantly 

different.  

But cells exposed to high electrical voltages showing conductance increase may not only 

be attributed to the above conductance increase but also localized membrane rupture and 

fragmentation on the “nanoscale”. This was done by U. Pliquett [2007] where he 

presented several experiments on cell electrical responses to a very high external voltage 

[23]. His hypothesis was quantitatively supported by molecular dynamics simulations 

G Chen et al also reported that the suspension conductivity does not significantly rise for 

a single 10ns, 150kV/cm pulse but for a pulse of 50µs, 2.12kV/cm of the same energy 
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caused an appreciable conductivity rise in Jurkat cells, which was supporting the 

hypothesis that electroporation pulse primarily, interact with cell membranes while 

nanosecond pulses affect only the intracellular structures [24].  

J Kolb [2005] studied the charging of the cell membranes when exposed to nsPEF. It was 

observed, when Jurkat cells are exposed to 60ns, 100kV/cm pulsed electric field, an 

increase in the transmembrane potential changed up to peak values (1.6V) exceeding the 

classical electroporation threshold was observed [25]. 

A similar experiment was done by Allen L. Garner [2004] where they compared 

suspension conductivity on 50µs and 10ns pulses on HL-60 cells. For a 50µs, 1.1kV/cm, 

the conductivity rose within a minutes after pulse compared to a brief delay prior to 

conductivity rise in 10ns, 78kV/cm [26]. 

The plasma membrane is an outer boundary of the cell, consists of a lipid bilayer with a 

thickness of approximately 5nm. The effects of nsPEF on the plasma membrane are 

demonstrated by the uptake of dyes and the orientation of phospatidylserine in the 

membrane after applying pulses. Three dyes most often used to study changes in plasma 

membrane permeability are trypan blue, propidium iodide (PI), and ethidium homodimer. 

The effects of nsPEF have been studied using propidium iodide (PI) [19]. PI enters the 

cell membrane only when it is broken and binds to the double stranded nucleic acids 

molecules in the nucleus and can be visualized through its dark red fluorescence. Studies 

were done on HL-60 cells, for 10ns, 65kV/cm and 60ns, 26kV/cm. The 10ns pulses no 

indication of poration of the surface membrane but PI uptake was observed, but with a 

median delay of about 20 minutes post pulse. Application of nanosecond duration (60-

15 
 



300ns), high intensity (15-60 kV/cm) to different cell lines had different effects, like 

measuring cell surface membrane permeability and membrane potential suggest which 

suggest that nsPEF is cell specific effects [13]. 

Deng et al [2003] predicted the increasing probability of electric field interactions with 

subcellular structures where the pulse duration of the electric pulse is reduced to 

nanosecond range. Jurkat cells suspended in physiological buffer containing propidium 

iodide were exposed to pulses of duration 100μs-60ns, electric field intensities 3-

150kV/cm. Cells exposed to long pulse in microsecond range had an immediate uptake of 

propidium iodide while cells exposed to 60ns had a delayed uptake of propidium iodide 

with significantly later uptake as compared to 300ns duration pulsed cells. Cellular 

swelling occurred rapidly after exposing cells to 300ns compared to cells exposed to 60ns 

pulsed cell as shown in Table 2.4 [27]. 

 

Figure 2.8 Normalized distributions for time of onset on PI uptake at different pulse 

durations of Pulsed electric field 

16 
 



 

Table 2.4 Effects of pulse duration on cell size 

Rapid resealing of the plasma membrane was also taken into consideration when the 

Jurkat cells were exposed to nsPEF. Beebe et al reported that plasma membrane of Jurkat 

cells was not permeable 5 minutes after pulse application. It was shown that cells when 

pulsed in ethidum homodimer, a dye similar to propidium iodide that is used to determine 

the integrity of the plasma membrane, uptake of the dye was observed. While, when 

added in suspension later no uptake of the dye was observed [28, 29]. 

The application of high electric field pulses on bacteria was first reported by Sale and 

Hamilton in the 1967 and 1968 [5, 6]. Following the studies of different microorganisms 

the PEF research was focused on applications of this method on nonthermal bacterial 

decontamination of food. An article on nonthermal food pasteurization with PEF was 

published by Wouters and Smelt in 1997. Experiments on the effect of PEF were done on 

many bacterial species and yeast in various media like water, milk, juices etc. The type of 

microorganism varied from bacteria, yeast, bacterial endospores and yeast ascospores. 

One of the major problems in using a PEF for food preservation is relatively high energy 

consumption about 100 to 400 J/cm3. A possible reduction in the energy by utilizing the 
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ultrashort pulses with pulse duration on the order of and less that the charging time 

constant of the outer membrane can be done.  

Studies on the Biofouling prevention was also done with pulsed electric fields (PEF). 

Biofouling or biological fouling is the undesirable accumulation of microorganisms, 

plants, algae, and animals on submerged structures, especially ships' hulls or in lake, river 

or sea water. Amr Abou-Ghazala and Karl. H Schoenbach (2000) investigated the effect 

of pulsed electric fields on hydrazoans, a common aquatic nuisance species [30]. The 

results showed that a pulsed electric fields of 6kV/cm with a pulse duration of 770ns 

provided almost 100% protection and 1kV/cm providing 90% protection. Similar effects 

can be obtained at lower electric fields but with a series of pulses rather than a single 

pulse. 

Beebe et al [2003] looked into the diverse effects of nanosecond pulsed electric field on 

cells and tissues. It was found that nsPEF induced apoptosis and caspase activation. 

Effects of nsPEF were also looked on the plasma membrane integrity, caspase activation 

in vivo and in vitro, DNA fragmentation, calcium mobilization and in the analysis of 

gene expression [12]. It was shown that as the pulse duration, and electric field intensity 

were reduced, plasma membrane effects decreased, also showing that effect of nsPEF on 

plasmas membrane differed from the classical electroporation pulses [31]. nsPEF also 

induced a rapid and transient increase in intracellular calcium from intracellular 

compartments and capacitive calcium entry (CCE) channels. 

Electric pulses were also applied on melanoma skin cancer [5], and it was shown that 

electric pulses of 300ns duration and 40kV/cm can cause total remission of skin cancer in 
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mice. The melanoma tumors were developed in SKH-1 mice which were injected with 

B16-F10 melanoma cells. The tumors were of the size 3-5mm in diameter within 4 days 

[4]. When these tumors were treated with the 300ns pulses, they exhibited changes such 

as, the nuclei of the cells began to shrink rapidly and the average nuclear area reduced to 

half within an hour, blood flow to the tumor stopped within few minutes, and, the tumors 

began to shrink and shrunk to 90% within two weeks. A very low energy of 0.18J to the 

tissue which increased the temperature by only 2-4 0C suggesting that nsPEF has no 

thermal effects on these melanoma tumors. 

The model describing the behavior of the interaction of the nanosecond pulsed electric 

fields with biological cells depend critically on the electrical properties of the cells being 

pulsed. Using the time domain spectroscopy the dielectric properties were measured in 

Jurkat cells, before and after exposure to five 10ns, 150kV/cm electrical pulses [32]. The 

mechanism behind the electropermeabilization is electroporation, or pore formation in 

cell membrane, and usually occurs for PEFs with high electric field strength (50-

300kV/cm) and shorter duration (10-300ns). It was observed that the conductivities of the 

cell membrane, cytoplasm and nucleoplasm were dramatically decreased suggesting ion 

transportation has occurred from the cell’s interior to the exterior indicating that multiple 

nsPEF alter the structure and function of cell structures.  

 

When the electric field intensity amplitudes are less than those required to initiate 

apoptosis, triggered a release of intracellular calcium [33, 34]. Intracellular calcium is 

stored in endoplasmic reticulum compartments and mitochondria, and calcium release 

from mitochondria is considered to initiate apoptosis [35]. Pulses of 60ns durations, 
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electric fields of 4 and 15kV/cm were applied on HL-60 cells, intracellular calcium 

increased 200-700 nM, respectively, above basal levels (~100nM), while the uptake of 

propidium iodide was absent, suggesting that the calcium release was not of the plasma 

membrane electroporation [36]. Experiments were conducted on Jurkat cells where cells 

loaded with calcium green, a calcium indicator showed that calcium release is coupled to 

phosphatidylserine (PS) externalization when they were exposed to 30ns and amplitude 

of 25kV/cm electric field [37]. 

Studies were also done looking into the effect of ambient oxygen on mammalian cell 

survival, after exposure of 10ns duration, high intensity electrical pulses [38]. It was 

shown that the removal of oxygen from the medium prior to nsPEF (80-90 or 120-

130kV/cm; 200-400 pulses per exposure) exposure caused a profound and statistically 

significant protective effect in both tested cell lines. 

Nanosecond PEF effects on human cells like human HL-60 cells on the plasma 

membrane integrity and caspase activation was looked by Stephen J. Beebe (2002) [29]. 

From this paper it was shown that the relatively long pulse (300ns) when compared to 

ultrashort (10ns) pulse had recruited apoptosis mechanism much faster than the short 

pulse. It was concluded that nsPEF-induced apoptosis does not require plasma membrane 

effects related to electroporation.  

Apoptosis is a series of natural enzymatic reactions that have evolved for the natural 

elimination of unhealthy, genetically damaged, or otherwise aberrant cells that are not 

needed or not advantageous to the well-being of the organism. Apoptotic cells exhibit 

well-characterized features that distinguish them from necrotic cells. Annexin-V-FITC 

specifically binds to the cell membrane lipid, phophatidylserine, which is located on the 
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inner side of the plasma membrane of non-apoptotic cells, and flips to the outside of the 

plasma membrane when the cell becomes apoptotic. 

PS externalization has been extensively studies by Vernier et al, using 3ns width pulses 

[39-41]. Vernier et al also reported PS translocation and caspase activation in Jurkat cells 

with 10pulses of 25kV/cm amplitude of electric field intensity.  

Results from M. Stacey et al indicated that non-adherent cells seem to be more sensitive 

to the application of nsPEF than adherent cells [20]. 

Experiments were conducted on Jurkat cells where cells loaded with calcium green, a 

calcium indicator showed that calcium release is coupled to phosphatidylserine (PS) 

externalization when they were exposed to 30ns and amplitude of 25kV/cm electric field 

[37]. Although PS externalization is a generally accepted apoptosis marker, it does not 

necessarily, guarantee cell death. 

Beebe et al conducted experiments on Jurkat cells and HL-60 cells. They were subjected 

to pulses of 10, 60, 300 ns duration with electric field ranging from 300kV/cm (for 10ns) 

to several ten’s of kV/cm for long pulses. For 10ns pulses, almost 300kV/cm was 

required to induce apoptosis in Jurkat cells, but for 60ns an electric field of 40kV/cm 

showed apoptosis in cells, indicating that Jurkat cells showed signs of apoptosis at 

relatively low electric fields. For 300kV/cm, an increased Annexin-V-FITC fluorescence 

is seen, which indicates externalization of phosphatidylserine, a marker for apoptosis 

[42]. In the case of HCT116 colon carcinoma cells higher electric fields were required to 

have the same effect [28]. 
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The kinetics of nsPEF-induced apoptosis depends on the pulse duration i.e., shorter pulse 

result in slower apoptosis progression than longer pulses for the same electrical density. 

The electric fields (E) were chosen such that the energy density W, 

                                                                                                                               … … .2.3 

was kept approximately the same for each pulse duration. 
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CHAPTER 3 

ELECTROMAGNETIC FIELDS 

Biological effects of Electromagnetic Fields, is relatively new and very dynamic area of 

scientific research that demand combination and contribution of both physics and 

biology.  Research reported so far has revealed several instances on the harmful effects of 

electromagnetic fields from such seemingly innocuous devices as computers, mobile 

phones, power lines and domestic wiring. They include an increased risk of cancer, loss 

of fertility and unpleasant physiological symptoms. This strange non-thermal biological 

effect have puzzled scientists for decades, and until now, there has been no clear 

explanation. In this present chapter will be looking into the concepts of Electromagnetic 

fields (EMF’s).  

3.1 Electromagnetic wave  

Like any wave-related phenomenon, electromagnetic energy can be characterized by 

wavelength (λ) and frequency (f). The wavelength (λ) is the distance covered by one 

complete electromagnetic wave cycle. The frequency is the number of electromagnetic 

waves passing a given point in one second. Electromagnetic waves travel through space 

at the speed of light, and the wavelength and frequency of an electromagnetic wave are 

inversely proportional by a formula: 

                                                                                                                                   … … .3.1 
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where,  f = frequency of the wave 

 c = speed of light ≈ 3 X 108 m/sec 

 λ = wavelength of the wave 

Hence, wavelength and frequency are inseparable and intertwined: the higher the 

frequency the shorter the wavelength. 

Electric fields exist whenever a charge either a positive charge or a negative charge is 

present. They exert forces on other charges within the field. Any electrical wire that is 

charged with a voltage produces an electric field. This field exists even when there is no 

current flowing. The strength of electric fields is measured in volts per meter (V/m). Thus 

higher the voltage, the stronger the electric field at a given distance from the wire. 

Magnetic fields arise from the motion of electric charges, i.e. a magnetic field is only 

produced once a device is switched on and current flows. The strength of magnetic field 

is measured in amperes per meter (A/m). In the field of research scientists specify a 

related quantity, flux density (in microtesla, µT).  

Electromagnetic fields are present anywhere in the environment but invisible to human 

eye. Electric fields may be produced by the build-up of electric charges in the atmosphere 

associated with thunderstorms while earth itself is shielded by its own magnetic fields to 

protect itself from the harmful magnetic storms from the sun. Besides all the natural 

sources man has developed created the human made sources: X-rays - employed to 

diagnose a broken limb, Microwave, radio waves - to transmit information at high 

frequencies etc., 
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Electric fields Magnetic fields 

1. Electric fields arise from voltage. 1. Magnetic fields arise from current. 
2. Strength measure in Volts per meter 

(V/m). 
2. Strength measure in Amperes per 

meter (A/m). Commonly a related 
term flux density (in microtesla or 
µT) is used. 

3. An electric field may be present 
even when a device is switched off. 

3. A magnetic field exists only when a 
device is switched on or current 
flows through it. 

4. Field strength decreases with 
distance from the source. 

4. Field strength decreases with 
distance from the source. 

 

 Table 3.1 Comparison between Electric and Magnetic fields 

Electromagnetic (EM) radiation is a self propagating wave corresponding to spatial and 

time variations of electric and magnetic field component which are oscillating in phase 

perpendicular to each other and to the direction of energy propagation. 

 

Figure 3.1 Representation of an Electromagnetic wave 

Electromagnetic fields appear various ranges of frequencies as shown in Figure 3.2 
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Figure 3.2 Electromagnetic Spectrum 

Wavelength and frequency determine another important characteristic of electromagnetic 

fields. Electromagnetic waves are carried by particles called quanta. Quanta of higher 

frequency (shorter wavelength) waves carry more energy than lower frequency (longer 

wavelength). Non-ionizing radiation refers to any type of electromagnetic radiation 

(EMR) that does not carry enough energy per quantum to ionize atoms or molecules i.e., 

to completely remove an electron from an atom or molecule. Near ultraviolet, visible 

light, infrared, microwave, radio waves, low frequency RF and static fields (frequency = 

0 Hz) are all examples of non-ionizing radiations.  

The existence of electromagnetic wave, presumes timely, time varying quantities of 

electric and magnetic fields connected to each other in a way that the one creates the 

other in a degree proportional to the rate of variation, according to the Maxwell’s third 

and fourth equations: 

Δ                                                                                                                    … … .3.2 
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Δ                                                                                                         … … .3.3   

Where:  , , the intensities of electric and magnetic fields in vacuum or in air, 

   the electric current’s density 

  the magnetic permeability of air = 4π x 10 -7 sec/A.m  = 4π Km 

 the dielectric constant of the vacuum = 8.854 x 10-12 C2/N.m2 = 1/4π Ke 

The energy density of an electric field is given by the equation:  

1
2                                                                                                                           … … .3.4 

The energy density for magnetic field, or for magnetic component of an electromagnetic 

wave, is: 

2μ                                                                                                                                … … .3.5 

The total energy density of an electromagnetic wave is given by: 

                                                                                                                     … … .3.6 

Electromagnetic waves are emitted by object-antennas, where their dimensions are of the 

order of the wavelength. For frequencies ranging from 0 to 106 Hz, the two fields are 

considered not connected and their intensities measured separately. Only for frequencies 

higher than 106 Hz, the two fields are considered as an electromagnetic wave and we 

could therefore measure wave intensity.  
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3.2 Biological Effects of Electromagnetic fields 

Exposure to electromagnetic fields (EMF) causing deleterious effects or any other effect 

on cellular behavior has been debated in scientific circles and journalistic circles for some 

years.  

3.2.1 Cell Proliferation and Differentiation 

The impact of EMF on proliferation and differentiation on cell types has been reported. A 

study showing that a low-amplitude, low-frequency electric field promoted proliferation 

of bone cells by inducing the release of insulin-like growth factor into the culture medium 

[43]. Human fibroblasts were induced to differentiate into postmitotic cells upon 

exposure to a 20Hz EMF at 8mT [44]. Rosenthal and Obe [45] found that cultivating 

human peripheral lymphocytes in the presence of a 50-Hz EMF led to enhancement of 

cell proliferation in vitro. Another in vitro study was done indicating that proliferation of 

T-cells, which compose 70-80% of the lymphocytes in peripheral blood, was affected by 

a complex 1.8mT pulsed EMF, a 0.1mT, 60Hz power frequency EMF, and a 0.2mT, 

100Hz sinusoidal EMF [46]. 

3.2.2 Cell Cycle Progression and Apoptosis 

The effect of EMF on apoptosis and cell cycle progression has been evaluated in many 

studies. Conti et al [47] reported that a number of phytohemaglutinin-activated or non-

activated lymphocytes in S phase increased after 48h of exposure to ELF-EMF. Similar 

effects were observed in human peripheral blood mononuclear cells [48]. A significant 

increase of percentage expression of cell cycle for progression in the S phase was seen in 
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exposed cells compared to non-exposed cells, while G1 and G2 phases, there were no 

differences. 

Flipo et al [49] found that in vitro exposure to a static magnetic field (250-1500G) 

increased apoptosis in lymphocytes and macrophages. Simko et al [50] examined the 

effects of applying ELF-EMF on micronucleus formation and induction of apoptosis in a 

human squamous cell carcinoma cell line. Apoptosis was also induced in rat tendon 

fibroblasts and rat bone marrow osteoprogenitor cells by exposure to an AC (60 and 

1000Hz, up to 0.25 mT) and a DC magnetic field (up to 0.25mT) [51].  

3.2.3 DNA synthesis and Gene Expression 

In a study by Liboff et al [52], human fibroblasts exhibited enhanced DNA synthesis 

when exposed to sinusoidal magnetic fields of wide range of frequencies (15-1000Hz) 

and amplitudes (2.3 x 10-6 Tesla). The effect of pulsing electromagnetic fields on DNA 

synthesis was reported by Takahashi et al [53]. A recent study by Nindl et al [54] on bone 

healing showed that a 1.8mT electromagnetic field and power frequency EMFs of 0.1 and 

0.4mT significantly, inhibited DNA synthesis in otherwise unstimulated Jurkat cells.  

A first study was done by Goodman et al [55] showed for the first time that EM fields 

induce changes in messenger RNA(mRNA). Other studies were done showing that EM 

field induced changes in gene expression in genes c-fos and c-myc and in stress response 

gene HSP70.  

 

 

29 
 



CHAPTER 4 

PULSED ELECTRIC FIELDS 

Applications of pulsed electric fields are the central tools in various fields ranging from 

radar applications, bio-fouling, bacterial decontamination to curing of cancer. Of course, 

in general, all pulsed-power applications are driven or accompanied by electromagnetic 

fields, but in many applications these fields are just an instrument to transform electrical 

energy into other forms of energy. Investigations in the new field of nanosecond 

bioelectrical technologies have shown that nanosecond Pulsed Electric Field (nsPEF) can 

cause apoptosis through mechanisms different from those associated with long-pulse 

electroporation. Nanosecond electrical pulse have high instantaneous power levels in the 

order of megawatt, but because of the very short pulse duration, the energy delivered to 

cells or tissues is very low in order of few nanojoules [56] per cell thus less thermal effect 

on cell and tissues.  

The fundamental purpose of all pulsed power systems is to convert a low power, long 

time input into a high-power, short-time output. Pulsed power is a scheme where stored 

energy is discharged as electrical energy into a load in a single short pulse or as short 

pulses with a controllable repetition rate. There are many types of commercially 

available, high-voltage (several hundred volts), nanosecond (rise time < several 

nanoseconds), pulse generators. These generators vary widely according to the load 

requirements and performance parameters like voltage output, rise time, pulse width and 

fall time. These generators also differ in circuit design (capacitive or inductive) and 
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switch type. A pulse is characterized by its shape, i.e., by its rise and fall times and by the 

duration and flatness of its plateau region. Typically, the overall duration of the high 

power pulses considered in this research is in nanoseconds time. Some important 

parameters are shown in figure below. 

 

Figure 4.1 Pulse waveform 

The pulse rise time can be defined as the time the voltage takes to rise from 10% to 90% 

of the final value. The fall, or decay time is defined as the time the voltage takes to fall 

from 90% to 10%. Both the fall and the rise times of a pulse depend on the evolution of 

the load impedance. Pulse duration can be defined as the duration at 90% of the peak 

amplitude. The product of pulse voltage and the pulse current is the pulse power. The 

peak power of a pulse is the maximum value of the product of the voltage and current. 

Thus, for rectangular pulses the peak power and the pulse power are the same, but for 

irregularly shaped pulses the peak power is greater than the pulse power. 
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The choice of internal impedance of the pulse generator depends on the load impedance, 

the pulse-power level, and practical considerations of circuit elements. Impedance 

matching between generators and the load is of prime importance in some cases, 

especially with regard to the proper utilization of the available energy and the production 

of a particular pulse shape. 

4.1 Basic Circuit of a pulse generator 

The pulse generators depend on the storage of electrical energy either in an electrostatic 

field or in a magnetic field, and subsequently discharge all of this stored energy into the 

load. To accomplish this discharge a switch is required that can be closed to form a 

closed circuit for the discharge and open during the time required to build up the stored 

energy again before the next succeeding pulse. A simple circuit showing a schematic 

diagram of a discharging circuit is shown below. 

 

Figure 4.2 Basic discharging circuit of a pulse generator 

 

 

32 
 



4.2 Pulse Forming Network 

The basic characteristics of the discharging circuit are determined entirely by the 

elements making up that circuit: the pulse forming network (PFN), the switch, and the 

load [57, 58]. The pulse forming network serves the dual purpose of storing exactly the 

amount of energy required for a single pulse and of the discharging this energy into the 

load in the form of a pulse of specified shape. Few Pulse generators are named as “line-

type” pulsars because the energy-storage device is essentially a lumped-constant 

transmission line. Since this component of “line type” pulsar serves not only as source of 

electrical energy during the pulse but also as the pulse shaping element known as pulse 

forming network. 
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Figure 4.3 Schematic of a pulsed-power generator 

The energy can be stored either chemically, mechanically, or electrically. Networks in 

which energy is stored in an electrostatic field (Capacitive) are referred as voltage-fed 

networks; networks in which the energy is stored in a magnetic field (Inductive) are 

referred to as current-fed networks. 
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 A charged lossless transmission line produces a rectangular pulse of energy if it is 

connected through an ideal switch to a pure resistance equal in magnitude to the 

characteristic impedance of the line. However, due to some losses and non-ideal switches 

we do not obtain a purely rectangular waveform. 

4.3 Energy Storage 

Any electric energy storage device suitable for pulsed power applications should meet the 

following list of requirements: 

• High energy density 

• High breakdown strength 

• High discharge current capacity 

• Large power multiplication 

• Low storage time 

• High charging and discharging efficiency 

• Repetition rate capability with long lifetime 

• Low specific cost 

Depending on the load requirements and the kind of application some of these 

requirements may not be met thus we need to come to a compromise in some 

requirements. 
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4.3.1 Capacitive storage 

4.3.1.1 Basic Capacitive storage 

There are numerous types of circuits that provide nanosecond and picoseconds rise time 

pulses. The basic capacitive energy discharge circuit is shown below. 

 

Figure 4.4 Basic capacitive storage discharging circuit 

The pulse arrives at the load when the switch S1 closes. Pulse fall time is determined by 

the RC time constant (for a resistive load) [59]. Ideally, the pulse rise is zero, however, 

due to some inductances from the capacitor, switch, load, and cables increases the rise 

time. 

The Pulse Forming Line (PFL) or transmission line section which will be discussed in the 

next section is by far the most common type circuit topology for short pulse generation, 

with all switch types. A simple diagram showing a PFL circuit, which gives a square 

output voltage, is shown below. 
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Figure 4.5 Pulse Forming Line (PFL) circuit 

4.3.1.2 Marx Generator 

The basic capacitive discharge circuit, described above is limited in operation to voltages 

less than 100kV. This is because of making reliable switches that will operate above this 

potential, the physical size of the components needed to build the circuit, the high DC 

voltages needed from the power supply used to charge the discharge capacitor and the 

difficulties in suppressing corona discharges from the parts of the circuit raised to high 

DC potentials [60]. For higher voltage requirements greater than 100kV, a Marx 

generator as shown in Figure 4.6 is commonly used where a number of capacitors are 

charged in parallel, usually via resistors with large value of resistances, and then 

discharged in series with high voltage switches, usually spark gaps, effectively increasing 

the voltage to N.Vc, where N is the number of capacitors and Vc is the charging voltage. 

Once all the switches are closed, the Marx is said to be erected and its equivalent circuit 

is simply one capacitor, with a capacitance of C/N, charged to N.Vc.  
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Figure 4.6 Schematic of a Marx Generator circuit 

 

Figure 4.7 Equivalent circuit of a Marx generator 

A circuit representation of a Marx bank drive PFL is given in figure below. 

 

Figure 4.8 Schematic of a PFL driven by Marx generator 
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The added inductance, L, sets the charging time constant of the PFL and isolates the 

Marx generators from the high frequency load transients [59]. If we choose the equivalent 

capacitor of the PFL much lower than the Ceq, the PFL would be having a double voltage 

from the Marx. 

4.3.1.3 Tesla Transformer 

Tesla transformer is another way of a capacitive storage in-order to charge a PFL. The 

Tesla transformer is a resonant transformer where L1C1=L2C2 thereby both the sides of 

the transformer resonate at the same frequency.  

 

Figure 4.9 Schematic of a Tesla transformer 

The output voltage VC2 is given by  

2
2
1 . cos

√1
cos

√1
                                                          … … 4.1 

where, 

Vo  is the charging voltage; 

ω    is the resonant frequency of the primary and secondary circuits; 
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k   is the transformer coupling coefficient, damping is neglected. 

For a high coupling coefficient, k >0.9, the time to peak voltage can be approximated as  

√1
                                                                                                                          … … 4.2 

Like the Marx generators and the simple discharge circuit the Tesla transformer [61] is 

also used to charge a PFL. The switch, S2, can be fired at 0 < t < τ in order to vary the 

applied voltage and obtain maximum voltage. 

4.3.2 Inductive storage 

The other major section of nanosecond pulse generators is the inductive energy storage 

type. A generator using capacitive energy storage can be considered as a current amplifier 

while generators that use inductive storage are voltage amplifiers. The energy storage 

density of electric and magnetic fields are: 

Electric energy   

                                                                                                                             … … 4.3 

Magnetic energy  

                                                                                                                                … … 4.4 

where E and B are the electric and magnetic fields respectively. 

By choosing reasonable parameters like 

 = 10 

E = 108 V/m 
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B = 10 T 

µ = μ  

results in ≈ 4.4 x 105 J/m3  

and         ≈ 4 x 107 J/m3 

Thus, the energy density in an inductive storage system can be up to two orders of 

magnitude higher than in a capacitive system. 

The basic circuit of an inductive generator is shown in figure below. 

 

Figure 4.10 Circuit of a basic inductive generator 

The inductance is charged from a current generator with an internal impedance Rg while 

switch S1 is closed and the switch S2 is open [59]. The current through the inductor rises 

to a maximum value    . The time constant for charging is L/(Rg+R). If the load 

current Io is large, charging the inductor must occur rapidly and the storage time must be 

short, otherwise the energy loss in the resistance of the inductor windings and the switch 

becomes unacceptably large and the overall efficiency of the systems drops. To achieve 
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fast charging of the inductor, the current source must have high impedance and a large 

power. 

4.4 Pulse forming lines 

There are many applications in both physics and electrical engineering for short electrical 

pulses. The application of sub-microsecond electrical pulses and subsequent 

electropermeabilization of the plasma membrane have found applications in genetics, 

oncology, immunology, and cell biology. These applications often require that the pulses 

have a good square shape, i.e. they have fast rise tr and fall tf times.  Although there are 

many ways for generating these short pulses, the pulse forming line is one of the simplest 

techniques, and can be used even at extremely high pulsed power voltages. There are 

many variants of the basic pulse-forming method, which relies on the use of a single 

length of transmission line and a fast switch. A simple method to provide a voltage pulse 

is to discharge a capacitor. Of the pulse forming lines, the single ended pulse-forming 

line was used in this research. 

4.4.1 Single Ended Pulse Forming Line 

The basic circuit diagram of a pulse generator based on a single pulse forming line is 

shown in Figure 4.11. A length l of transmission line is charged to a potential V by a DC 

power supply, usually via a resistor or inductor, whose impedance is high enough to limit 

the charging current to the maximum corresponding to the output power specification of 

the supply. A capacitor charging supply can also be used only if the switch recovery time 

is at least as fast as the response time of the supply. It is important that the output 
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impedance of the supply and the charging impedance are large in comparison to the 

characteristic impedance of the transmission line Zo. 

 

Figure 4.11 A basic pulse-forming line 

Once the line has been charged the switch is closed and the line is allowed to discharge 

into the load Zl. It is assumed in this description that the impedance of the load Zl is 

purely resistive [58]. Because the stored energy source for the pulse is a transmission 

line, rather than a simple capacitor, a rectangular pulse is generated in the load whose 

duration is equal to twice the transit time a voltage step would take to propagate along the 

line from one end to the other. The propagation velocity of such a step vp is given by  

√
                                                                                                          … … 4.5 

Where = relative permeability of the line, 

 = relative permittivity of the dielectric material insulating the line, 

 c = velocity of light. 

Assuming  is unity; the propagation velocity is given by  
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√
                                                                                                                             … … 4.6  

The duration of the pulse tp that is generated is given by 

2
2                                                                                                                          … … 4.7 

It is important that closing and opening times of the switch are much shorter than the 

duration of the pulse to be generated. It is also important for short duration pulses that the 

stray inductance Ls of the part of the circuit which connects the output end of the line to 

the load is minimized. 

In order to understand the way in which a rectangular pulse is generated, when a charged 

length of the transmission line is discharged into a load, a number if methods can be used. 

Perhaps the easiest, for illustration purposes, is to draw a series of voltage/time diagram 

which show the potential on the line at various times after the switch is closed. Such a 

series of diagrams is given in Figure 4.12 in which the impedances of the load and line 

are matched i.e.  Zo= Zl. 

On closure of the switch, the voltage on the load rises from zero to a value determined by 

the initial charge potential V, the characteristic impedance of the line Zo and the laod 

impedance Zl, i.e. the voltage on the load is given by 

                                                                                                                      … … 4.8 

In the case where the impedances of the line and load are equal then clearly the voltage 

on the load will be V/2. Simultaneously a voltage step Vs is propagated away from the 

load towards the charging end of the line. This step has amplitude Vs given by 
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1                                                                            … … 4.9 

 

Figure 4.12 The potential distribution and reflections on the line at various times 

after closing the switch 

Again, in the case of the line and load impedances being equal, this step will simply be    

–V/2. When this step reaches the charging end of the line after a time l/vp, the step is then 

reflected with a reflection coefficient 1 because the output impedance of the 

charging supply or the charging supply plus the charging impedance is much greater than 

the impedance of the line. Thus, the potential at the charging end of the line falls to zero 
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and a voltage step of amplitude Vs propagates back towards the load. Again, if the line 

and load impedances are matched, this step has an amplitude –V/2 and, as it propagates, it 

completely discharges the line, i.e. the line potential is reached to zero. When the step 

finally reaches the load, the line is completely discharged, the potential in the load falls to 

zero and the pulse terminates. If the impedances of the load and line are not matched, 

further reflections of the propagating step occur at the load and the resulting output pulse 

has a more complicated shape, rather than a single rectangular pulse. 

Commonly, the pulse forming line generators are built using standard coaxial cable, but 

unfortunately this can be supplied in fixed impedances, the most common being 50Ω. 

This limitation can to some degree be overcome by using equal length of the line which 

are either connected in parallel to build lower output impedance generators or connected 

in series to build higher output impedance generators. Alternatively parallel plate type 

lines can be made fairly easily to provide an exact match to loads which have unusual 

impedances. 

4.5 Switches 

After the energy storage device, the switch is the most important element of a high-power 

pulse generator. High-power switching systems are the connecting elements between the 

storage device and the load. The rise time, shape, and amplitude of the generator output 

pulse depends strongly on the properties of the switches in the pulse forming elements. 

Generators with capacitive storage devices need closing switches, while generators with 

inductive storage devices require opening switches [58]. Some of the requirements for 

45 
 



switches that can be used to initiate the discharge of the pulse forming network are as 

follows: 

1. The switch should be non-conducting during the charging period. 

2. The switch should be capable of closing very rapidly at predetermined value. 

3. The switch resistance should be very low as possible during the discharge of the 

network. 

4. The switch should regain its non-conducting state rapidly after the end of the 

pulse. 

The requirement of low resistance and rapid closing of the switch suggest that either 

spark gaps or gaseous-discharge tubes should be used as switches in line-type pulsars. 

4.5.1 Spark Gap 

A spark may be defined as the transient, unstable breakdown of a gas between electrodes 

whereby the gas is suddenly changed from a good insulator to a relatively good 

conductor. It results in the formation of a highly ionized path between two electrodes, 

and, within the limits of voltages considered here, the final voltage current characteristics 

of the spark usually depend more on the external circuit than on the gap dimensions.  

A spark is initiated between two electrodes by raising the voltage to, or above, the static 

breakdown voltage. The static-breakdown voltage is the minimum voltage that, if applied 

to a given gap for a long time, eventually causes it to break down. The concept of time is 

introduced here because the breakdown is initiated by the ionization of the gas molecules 

by free electrons accelerated in a strong electric field. If a voltage higher than the static-

breakdown voltage is applied, or if a large number of electrons are made available in the 
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gap, the chances of obtaining conditions favorable to ionization increase and the 

statistical time lag decreases. Once the ionization process has been initiated, some time 

still elapses before the breakdown takes in the character of a spark. This time is referred 

to as the “breakdown time” of the gap and depends on its geometry and on the pressure 

and nature of the gas, as well as on the shape of the applied voltage wave. 

 

Figure 4.13 Spark Gap connected to single ended pulse forming line 

 

Since the breakdown of a gap can be controlled accurately by adequate overvoltage, the 

problem becomes that of obtaining the necessary overvoltage. 
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4.5.2 Reed Switches 

The reed switch consists of two ferromagnetic, specially spaced, contact blades (reed) 

positioned in a hermetically sealed glass tube. The plate contact surfaces are isolated 

from the outside environment, which protects the contacts from the contamination. The 

tube can be either gas filled or evacuated. The reed switch is open until a magnetic field 

is applied by the external coil until the reed tips gets polarized to become temporary 

magnets. Once magnetic, the reed tips will move towards each other. Eventually, the E-

field, a result of the voltage the switch is holding off, will become high enough to break 

down the gas medium between the tips, developing into an arc discharge. The arc grows 

in time and closes the switch. 

4.5.3 Semiconductor opening switch (SOS) 

The opening, or recovery, of semiconductor opening switch (SOS) pulse generators 

differs from the traditional power diodes in the way the current interruption occurs in the 

narrow high-doped regions, but not in the long drift region. Combined with dense excess 

plasma in the p-n junction, the SOS can switch high-density currents in nanoseconds 

opening times. 

The basic circuit showing the SOS switching scheme is shown in figure below.  
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Figure 4.14 Basic circuit showing SOS switching scheme 

Switches S1 and S2 are saturable core inductors. Initially, S1 is open until the core gets 

saturated and when the core is saturated the switch S1 closes. C discharges into Cp 

through the SOS which is forward biased. Eventually, the voltage across Cp peaks, at 

which time S2 closes, thus lets the current flow in a reverse manner. The current through 

the SOS, Isos, reverses rapidly, eventually opening the SOS. The power stored in L from 

the Cp discharge is then diverted to the load. 

Other solid state devices used for pico and nano-second high-power switching are drift 

step recovery devices (DSRD) and delayed ionization devices (DID). 

4.6 Pulse Generator employed for the effects of nsPEF on Human Prostate 

Cancer cell line - LNCaP 

There are many pulse generators, which are being used in this research. In this thesis we 

would be looking into single ended transmission line where we get half the voltage when 

the load is matched with the impedance of the transmission line, which is acting as a 

voltage storage element. When the load i.e., cells in the cuvette suspended in a buffer is 
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matched with the characteristic impedance Zo of the transmission line we get a good 

shape of the pulse when the voltage is applied, which is shown in Figure 4.15 below. The 

pulse is controlled by a spark gap switch in atmospheric air shown in Figure 4.13. During 

the pulse, the cells are exposed to an electric field intensity defined by the applied 

voltage, V, and the geometry of the electrodes.  

 

Figure 4.15 Capture of a 6.5 kV, 60-ns pulse 

For two plane parallel electrodes with an electrode area large compared to the distance 

between the electrodes, d, the electric field between the electrodes is homogeneous with a 

field strength E of  

                                                                                                                                    … … 4.10. 
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For this kind of exposure cells were placed in electroporation cuvettes built with plane 

parallel electrodes with gap distance 0.2cm, which hold volume of 0.4 cm3 (Bio-Rad 

Laboratories).  

 

Figure 4.16 Bio-Rad pulsar cuvettes with gap distances 0.1cm, 0.2cm and 0.4cm, 

respectively 

The experimental setup is shown in figure below. 

 

Figure 4.17 Experimental setup for nsPEF on LNCaP cells 
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The energy storage concept is based on simple capacitive storage where we charge the 

transmission line with a voltage source. A Glassman High Voltage Inc., is used in this 

case to charge the transmission line with a voltage of 15kV.  

The charging time constant,  is determined by the electrical parameters of the medium 

in suspension and also the cell. For a suspension with a relatively small concentration of 

cells, for a spherical cell [62] the charging time constant is taken as:  

0.5 . . 0.5                                                                                            … … 4.11 

where, 

 is resistivity of the cytoplasm 

 is the resistivity of the suspension medium 

 is the capacitance of the membrane per unit area of its membrane 

 is the diameter of the cell. 

For a typical cell with a diameter 10µm and an assumed membrane capacitance of 

1µF/cm2 [63], suspended in Hank’s Balanced Salt Solution without Ca++ and Mg++ 

(HBSS w/o), the charging time is 75ns. The smaller the cell diameter the faster the 

subcellular membranes will be charged and when it reaches a critical value poration 

occurs. 

Once the outer membrane is charged a counterfield is developed inside the cell thus 

shielding the cell interior from the electric field thus subcellular structures are not 

affected. But if the pulse rise is less than the charging time of the plasma membrane 
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intracellular structures can be affected. In this case the rise time is ~20ns duration which 

is less than 75ns required for electroporation. 

To record an accurate representation of the generated pulse, the electrical diagnostic has 

to be fast. A Tektronix oscilloscope with a bandwidth of 100-500MHz and a sampling 

rate of 5GS/s is used. With these specifications, rise times as low as 0.7ns can be 

recorded. The amplitude of the pulse is given by the average of these measurements, 

which can be read directly from the oscilloscope. With a higher sampling rate we can 

record the pulse more precisely. To measure the high voltage applied to the system, an 

attenuated voltage probe proportional to the voltage applied is selected.  

A single pulse forming transmission line based pulse generation has been discussed here, 

also the various kinds of switches and storage elements and circuits in applications.  

Selection of pulse generators depends on: 

• Load requirements 

• Flexibility 

• Pulse characteristics 
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CHAPTER 5 

SIMULATIONS OF PULSED ELECTRIC FIELDS (PEF) ON 

BIOLOGICAL SYSTEMS 

A new field of research, bioelectrics, is emerging to study the effects of pulsed power 

technology on living tissue, tumors, cancer cells, correcting genetic defects, as well as the 

naturally occurring electric fields in biological systems. Certain Pulsed electric fields 

(PEF) can wipe out Melanoma skin tumors [4] in mice, causes programmed cell death-

apoptosis [5, 42, 64] in cancer cells causing cell killing and DNA damage [20, 65], used 

as bacterial decontamination of water [66]. Nanosecond pulse electric fields treatment 

involves application of high voltage of nanosecond duration pulses to cells suspended in 

a conducting medium placed between two electrodes (cuvette). Some important aspects 

in the nsPEF are the generation of high electric field intensities with the required pulse 

width, appropriate pulse amplitude, rise times, uniform electric field with minimum 

increase in temperature and minimum energy consumption. Other researchers have 

explored the PEF application on cells with microsecond duration – electroporation. Our 

research focuses on the nanosecond pulse width with minimum rise times.  

High intensity pulsed electric fields are obtained by storing large amount of energy by 

charging the transmission line with high DC voltage, which is then discharged to the cells 

in the cuvette. This acts as a simple resistive load, which is matched with the 

characteristic impedance of the transmission line. Over the past decade, nanosecond pulse 

electric field generators have become increasingly popular for a number of applications 

requiring nano second and pico-second pulse duration with high power levels.  
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5.1 Effect of pulsed electric fields on biological cells 

Biological membranes are good electrical insulators and the main barrier for mass 

transport through cells. Their main function is to maintain ionic gradients and electrolyte 

homeostasis. When electric fields are applied to biological cells in a medium, the 

resulting currents causes accumulation of electrical charges at the cell membrane and 

consequently, a voltage across the membrane. If the induced membrane potential exceeds 

the critical value, structural changes in the surface membrane occurs that cause pore 

formation, a process known as electroporation. The phenomenon of dielectric breakdown 

of cell membrane by high-voltage electric pulses [67], or electroporation, has been known 

for several decades. Recently, it was proposed that shortening electric pulses into the 

nanosecond range would facilitate the electric field penetration through the plasma 

membrane into the cell interior, including the various intracellular effects directly [3]. In 

such applications, instantaneous power is high (~MW) but due to short pulse duration, 

energy delivered to cells and tissue is low (~nJ per cell). For pulse widths less than the 

time constant of the outer membrane (ε/σ ~ 100ns) an electric field is established inside 

the cell without poration of the cytoplasm membrane.  

5.2 Electrical Breakdown and Electroporation 

The term electric breakdown of cell membranes refers to reversible increase in membrane 

conductance once a critical potential across the cell membrane is reached when external 

electric field is applied on the cell. The electrical breakdown of a cell membrane is shown 

in Figure 5.1. The cell membrane can be modeled as a capacitor filled with a dielectric. 

The normal potential difference across membrane, V’m, is 10mV and leads to the build-
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up of a membrane potential difference V due to charge separation across membrane [67, 

68]. The increase in the membrane potential leads to a reduction in the cell membrane 

thickness. The voltage, V, is proportional to the field-strength, E and the radius of the 

cell. Breakdown of the membrane occurs if the critical breakdown voltage Vc (on the 

order of 1V) is reached by a further increase in the external field strength. Due to the 

breakdown the membrane becomes permeable to ions and macromolecules when large 

electric fields are applied which is described as electroporation. Breakdown is reversible 

if the induced pores are small in relation to the total membrane surface. Above the critical 

field strength and with long exposure times, large areas of the membrane are subjected to 

breakdown. If the induced size and number of pores is large in relation to the total 

membrane surface, the reversible breakdown becomes an irreversible breakdown, which 

is associated with mechanical destruction of the cell membrane. The electroporation 

mechanism can be explained using an electric model of the cell in which the cytoplasm 

and cell membranes can be modeled with resistors and capacitors. 
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Figure 5.1 Schematic diagram of reversible and irreversible breakdown. (a) Cell 

membrane with potential V'm, (b) membrane compression, (c) pore formation with 

reversible breakdown, (d) large area of the membrane subjected to irreversible 

breakdown with large pores[69]. 

 

 
5.3 Cell Model and Simulation 

Modeling allows us to determine the response of electric fields on the entire cell, 

including plasma and intracellular membrane. A simple analytical, passive and linear 

approach that could describe the transmembrane potential and pore formation on cell is 

described in this section. In these models the cells are represented as micro resistor-

capacitor (RC) elements. 
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The effect of pulsed electric fields can be easily understood by considering the cell as an 

electrical circuit, and the cytoplasm, which they enclose, by its resistance. The function 

of the cell membrane is to isolate regions, but also to facilitate the flow of selected types 

of ions and other materials from one region to other.   

The Figure 5.2 shows a cross section of a mammalian cell. The cytoplasm, which fills a 

greater part of the cell, contains dissolved protein, electrolytes, and glucose and is 

moderately conductive. So are the nucleoplasm and cytoplasm in other organelles. The 

membranes, on the other hand have low conductivity (10-5 to 10-8 S/m) [70]. Thus, we 

can treat a cell as a conductor surrounded by an insulating envelope and containing 

substructures with similar properties. The equivalent circuit of a cell with one 

substructure, the nucleus is shown in figure below. 

 

Figure 5.2 Cross-section of a biological cell with nucleus. 
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Figure 5.3 Electrical equivalent circuit of cell between electrodes 

The value of resistances and capacitances depends on the electrical properties of the 

medium in which the cells are in solution. 

The parameters used in the simulation are given in the table below. 

 

Table 5.1 Simulation parameters  
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Cell responses to sub-microsecond pulsed electric fields is examined by using an 

Equivalent Circuit Model (ECM). The interpretation of the final cell response to applied 

pulses requires knowledge of the voltage, current, power and energy signals initially 

induced in the cell structures. Calculations of these induced signals are achieved using an 

ECM to represent the dielectric properties of a cell and its structures. OrCAD® software 

systems were used in this case [17]. A slightly modified version of the more detailed 

electrical model of a cell reported by Schoenbach et al. was used. The plasma membrane 

was modeled as resistors, together with capacitors. The interior of the cell substructure, 

i.e., the nucleus, was modeled as resistors and capacitors as well. These nucleus model 

elements were connected in parallel with another resistor, which represents the 

conductive cytoplasm. The values of the resistances and capacitances chosen for 

cytoplasm and nucleoplasm were estimated using a cubic cell of dimension 10 μm and a 

nucleus of dimension 5 μm. The resistivities of the cytoplasm and nucleoplasm were 

assumed to be the same at, 100 Ω cm [71]. The specific capacitance of the outer 

membrane was 1 μF/cm2. The capacitance of the nuclear membrane was assumed to be 

half that of the outer membrane because two lipid membranes comprise the nuclear 

envelope, whereas the outer membrane consists of only one membrane. This electrical 

model can be considered as a cell with nucleus. The equivalent circuit is shown below. 
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Figure 5.4 Electrical equivalent circuit of a simple biological cell 

The suspension medium is represented by a capacitor and a resistor (right). The nucleus 

is represented by the membrane capacitance Cn1 and Cn2 with their resistances Rn1 and 

Rn2 respectively. The cytoplasm is represented by Rc2 and the leaky dielectric outer 

membrane is represented by resistances Rc1 and Rc2 and capacitances Cm1 and Cm2.  

Due to the application of electric voltage across the cell, electroporation is expected to 

occur. The application of voltage should open up pores in the membrane which allows 

ions to pass through it. This behavior of the cell was analyzed and the results are shown 
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in Figure 5.6. Figure 5.5 shows the energy requirement to create the pores as a function 

of pore radius for different voltages.  

The membrane potential Vm is given as 

1.5 cos / 1 0.5
1

1                                                 … . .5.1 

Where  and  are resistivities inside and outside the cell, R is the cell radius, and δ is 

the angle between the electric field E and the radius vector, and ω is the radian frequency, 

T is the time constant, and  is the membrane conductance. 

In the presence of the transmembrane potential, the energy function is given by  

 2   /                                                              … … 5.2 

where, 

 r 

 is the transmembrane potential. 

is the radius 

 Energy per unit length of the 
pore meter 

1.8 x 10-11 (J m-1) 

 Energy per unit area of the 
intact membrane 

10-3(J m-2) 

 constant 9.67 x 10-15 

 Coefficient  is the 
property of the membrane 
and its aqueous environment 

6.9 x 10-2(F m-2) 

 

Table 5.2 Values for calculation of transmembrane potential 
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Figure 5.5 Energy requirements for pore creation 

It shows the energy increases with pore radius reaches maxima and then decreases again 

which means that pores can be created either permanently or temporarily depending upon 

the voltage and radius. 

5.4 Frequency Analysis 

The behavior of the cell under different frequencies of applied voltage was investigated 

by simulating the circuit shown in Figure 5.4 in frequency domain. It exhibits low-pass 

filter-like characteristics as shown in Figure 5.6. As the frequency was increased, the 

voltage output at the cell membrane decreased. At low frequencies of applied voltage, the 

outer membrane, which has a large capacitance, is affected. At these frequencies, the 

induced voltage for a 1V input was about 0.5 V, which is the threshold for 

Electroporation. The frequency response across the interior of the cell, the nucleus is 

shown in Figure 5.7. It can be seen that at low frequencies, the potential across the 
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interior is very small. As the frequency increases, the outer membrane begins to behave 

like a short circuit, and the applied input voltage appears mainly across the interior of the 

cell. The current flowing through the nucleus also showed an increase for higher order 

frequencies is shown in Figure 5.8. 

 

Figure 5.6 Transmembrane potential of the cell exhibiting filter characteristics of cell 

64 
 



 

Figure 5.7 Voltage across the interior of the cell 
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Figure 5.8 Current flowing through the cell 
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We also compared the potential across the plasma membrane and nucleus by simulating 

the circuit as shown in Figure 5.9 with input frequency range 100MHz to 100GHz. 
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Figure 5.9 Equivalent circuit of a biological cell simulated in ORCAD® to measure 

and compare voltages across the plasma membrane and nucleus. 
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Figure 5.10 Voltage across the cell and nucleus at various frequencies 

 

Thus, at frequencies in the radio frequencies (RF) range, the input voltage is applied 

across the nucleus and other cell components. Generally, the electric pulses do not affect 

the intracellular organelles, such as the nucleus, at the low-to-medium frequencies 

traditionally used for electroporation. At low frequencies, the internal field strength is 

very low. The cell interior is shielded by the capacitive plasma membrane (leaky 

dielectric). Thus, the outer plasma membrane receives the total potential applied to the 

cell as shown in Figure 5.10, inducing voltage across the membrane and causing 
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electroporation of the outer membrane. As the frequency is increased, however, the 

voltage appearing across the nucleus increases, and less voltage appears across the outer 

membrane. Membrane potentials at microwave frequencies are therefore much smaller 

than at lower frequencies. Hence, membrane interactions are less likely to occur at such 

high frequencies. At very high frequencies, the membrane capacitance sustains almost no 

voltage drop, and the total voltage applied to the cell is available to the cytoplasm. 

5.5 Transient analysis or Time Domain Analysis 

In order to understand how cell membranes become permeable to flow of ions as a result 

of application of voltage, transient analysis of the cell equivalent circuit has been 

performed. Figure 5.11 and Figure 5.12 shows the simulated results for that. We have 

investigated the impact of pulse width on the transmembrane potential by applying pulses 

with different widths. Figure 5.11 shows the applied pulse and simulated transmembrane 

potential for a longer pulse, ~280 ns wide, whereas the effect of pulses with much shorter 

duration are depicted in Figure 5.12. It is very interesting to note that for longer pulse 

width transmembrane potential do not almost reach its maximum value. But for short 

pulse of only 11 ns wide, it quickly reaches its maxima and gets saturated. This indicates 

that the shorter pulses are much more effective in opening the cell membrane compared 

to the longer pulses. 
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Figure 5.11 Transmembrane potential (red) with longer pulse (green) 

 

 

Figure 5.12 Transmembrane potential (red) with shorter pulse (green) 
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This opens up a new possibility, since application of electric pulses for longer period of 

time is not acceptable from medical point of view. 

The electrical properties of tissues and cells are extremely complex. They behave 

differently at various frequencies. Electrical modeling can be effective in studying the ac 

frequency response of biological cells. The electrical model serves as a great aid to 

understanding the behavior of cells under over a wide frequency range. The results 

confirm that a high frequency, alternating electric field might also be used for 

electroporation. The dielectric properties of the model can also aid in understanding the 

basic physiological difference between normal and cancerous cells on a molecular level. 

More work has to be done to explore these possibilities. 
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CHAPTER 6 

EFFECTS OF nsPEF ON THE ENZYME 11 β - HYDROXYSTEROID 

DEHYDROGENASE TYPE 2, PROTEIN AND DNA 

CONCENTRATION IN LNCaP CELLS 

6.1 Significance 

Cancer is a group of diseases characterized by uncontrolled growth and spread of 

abnormal cells. If this spreading of cells if not controlled, it can result in death. Cancer 

can be caused by both external and internal factors. External factors causing 

abnormalities may be tobacco smoke, chemicals, radiation and infectious organisms. 

Internal factors may be inherited mutations, hormones, immune conditions, and 

mutations that occur from metabolism. Changes in cellular behavior are critical factors 

for understanding the disease. Many other factors may act together or in sequence to 

initiate or promote carcinogenesis. Cancer is treated with surgery, chemotherapy, 

hormone therapy, biological therapy, and targeted therapy. 

According to the National Cancer Institute an estimate of 1,437,180 new cancer cases are 

expected to be diagnosed in 2008. It also estimated that approximately 10.8 million 

Americans with a history of cancer were alive in January 2004. This year, about 565,650 

Americans are expected to die of cancer, more than 1,500 people a day. 

Statistics from the Table 1.1 indicate that the Lung and bronchus cancer is high in both 

men and women and the incidence of Prostate and Breast cancer is increasing in males 

and females respectively. Also the incidence of the estimated new cases in male and 
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female differed from the estimated death indicating that the prostate and breast cancer 

deaths are increasing. 

From the above statistics and an incline in cancer incidences, there is no reason why there 

are many research projects being developed and performed to try and implement new 

cancer therapy strategies. A defining characteristic of cancer cells is their ability to divide 

under conditions where their normal counterparts do not. Malignant cells may acquire 

independence from mitotic signals that are normally required for cell cycle progression. 

The fundamental task of the cell cycle is to ensure that DNA is faithfully replicated once 

during S phase and that identical chromosomal copies are distributed equally to two 

daughter cells during M phase. Having a defect in an apoptotic pathway or a defect in an 

apoptotic regulatory protein such as p53 may be one of the reason that why a normal cell 

transforms into a malignant phenotype [72]. With all the malfunctioning proteins cells 

proliferate out of control. 

6.2 Background 

6.2.1 Prostate cancer 

For the present study, human prostate cancer cell line – LNCaP was used, due to large 

amounts of conversion of the steroid Corticosterone [B] which is biologically active to 

Dehydrocorticosterone [A], an inert steroid, by the enzyme 11 β-Hydroxysteroid 

Dehydrogenase type 2 (11 β-HSD2) which acts like a catalyst [10]. The cell lines of other 

prostate cancer did not show significant presence of the enzyme 11 β-HSD2 (data not 

shown), thus utilizing 11 β-HSD2 as a specific bio-marker in looking into the effects of 

conversion after pulsing the cells with high intensity pulsed electric fields (nsPEF). 
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In American men, prostate cancer is the most common cancer and the second lead cause 

of estimated cancer deaths. The prostate gland is walnut-sized and is located on front of 

the rectum and under the bladder. It contains cells that produce seminal fluid, which 

protects and nourishes sperm cells in semen. Prostate cancer occurs when cells of prostate 

begin to mutate and begin to multiply out of control. These cells may spread to different 

parts of the body such as bones and lymph nodes. Most early cases of prostate cancer 

cause no symptoms, but some signs may be frequent urination, difficulty in urination and, 

blood in urine. Scientists have established few prostate cancer cell lines in order to 

investigate the mechanism involved in the progression of cancer. LNCaP and PC-3 are 

the most common human prostate cancer cell lines. LNCaP cells are androgen-sensitive 

human prostate adenocarcinoma cells [73], which were isolated from the left 

supraclavicular lymph node metastasis from a 50-year-old man with prostate carcinoma 

in 1977 while PC-3 are human prostate carcinoma established from the bone marrow 

metastasis isolated post-mortem from a 62-year old Caucasian man. LNCaP cells express 

androgen receptor (AR) thus proliferation of LNCaP cells are androgen dependent, 

however PC-3 [74] show very little or no AR. In order to establish a complete animal 

model in which to study approaches to prostate cancer several cell lines were established 

from the Transgenic Adenocarcinoma of the Mouse Prostate (TRAMP) three cell lines 

were established from a primary tumor in the prostate of a TRAMP mouse [75] and were 

designated as TRAMP-C1, TRAMP-C2 and TRAMP-C3 .  
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6.2.2 Apoptosis 

Apoptosis, programmed cell death, is a distinct mode of cell death that is responsible in 

deleting cells in normal tissues [76]. It is a process vital to maintain tissue homeostasis in 

multicellular organisms. Genetic and environmental signals such as chemotherapeutic 

agent, radiation etc., can induce apoptosis so that cells can commit suicide in a quick 

manner. Cells undergoing apoptosis exhibit a distinctive phenotype characterized by cell 

shrinkage, maintenance of membrane integrity, phophatidylserine (PS) externalization at 

the plasma membrane, DNA fragmentation, activation of caspase proteases, membrane 

blebbing and in some cases cytochrome c release from the mitochondrion [77]. The 

discovery of the tumor suppressor gene, p53 which is involved in the apoptotic pathway 

leads us to find specific roles of the p53 gene in different aspects of the cell cycle. One 

such role is apoptosis or programmed cell death; p53 functions to modulate the cell cycle 

by arresting cells in G1 and G2 phases to repair DNA damage, and/or to induce 

apoptosis. If there is damage to a cell, p53 and consequently apoptosis allows the cell to 

stop division so that damage is not passed through generations [78]. The physical changes 

in the cell reflect the degradation that is occurring to its DNA and proteins and allow it to 

be recognized by the other immune system. Although the cell is being systematically 

broken down on the inside of the plasma membrane, integrity is generally maintained 

until a much later time so that the enzymes responsible for degradation are not released 

into the surrounding healthy tissue areas thus avoiding gross damage to the area. 
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6.2.3 Cell cycle 

The fundamental task of the cell cycle is to ensure that DNA is faithfully replicated once 

during S phase and that identical chromosomal copies are distributed equally to two 

daughter cells during M phase. The cell cycle [79] is a series of events which ensures the 

growth and transfer of genetic information to the daughter cells. It has four phases G1, S, 

G2 and M phase. When cells do not replicate they remain in G0 phase. An example of a 

cell in G0 phase is a differentiated cell or a non dividing cell that is unable to reenter into 

the cell cycle for division. Upon stimulation with no growth factors, cell may reenter the 

cell cycle to replicate and divide by entering into G1. Before entering the S and M- 

phases the cell monitors the internal and external environment when in the two gap 

phases G1 and G2, which also serves as a time serves as a time delay to allow cell 

growth. S-phase is when DNA replication occurs and this phase typically occupies about 

half the cell cycle in some mammalian cells. The cell cycle is a highly regulated by a 

complex network of regulatory proteins. Coordination of these complex processes is 

thought to be achieved by a series of changes (phase transitions) in the cyclin-dependent 

kinases (CDKs), which have no activity unless they are associated with a cyclin. The cdk-

cyclin complexes in G1 prepare the cell for S-phase by activating transcription factors 

that cause the expression of enzymes required for DNA synthesis and the genes encoding 

S-phase cdk complexes. S-phase cdk-cyclin complexes are help inactive until their 

inhibitor is degraded; this stimulates entry into S-phase. Once activated, DNA replication 

is initiated and each chromosome is replicated only once. Once DNA replication is 

complete M-phase cdk-cyclin complexes are activated to induce chromosome 

condensation, nuclear envelope breakdown and alignment of condensed chromosomes at 
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the metaphase plate. Once the cell has divided the cell cycle begins again.  P53 plays a 

role in cell cycle checkpoints by trascriptionally activating genes in cell cycle arrest. 

6.2.4 Deoxyribonucleic acid (DNA) 

DNA, or deoxyribonucleic acid, is a hereditary material in humans and almost all other 

organisms. Nearly every cell in a person’s body has the same DNA. Most of the DNA is 

located in the cell’s nucleus (nuclear DNA), but a small amount of DNA can also be 

found in mitochondrion (mitochondrion DNA). It is important to all cell, and to all 

organisms, because: 

1. It is responsible for passing genetic information to new cells during the process of 

cell division  

2. It is responsible for passing genetic information from one generation to the next 

during reproduction, and 

3. It provides the instruction for building proteins, which in turn carry out the major 

functions of the cells 

The information in DNA is stored as a code made up of four chemical bases: adenine (A), 

guanine (G), cytosine (C), and thymine (T). Human DNA consists of about 3 billion 

bases, and more than 99% of those bases are the same in all people. The order, or 

sequence, of these bases determines the information available for building and 

maintaining an organism, similar to the way in which letters of the alphabet appear in a 

certain order to form words and sentences. 

DNA bases pair up with each other, A with T and C with G, to form units called base 

pairs. Each base is also attached to a sugar molecule and a phosphate molecule. Together, 
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a base, sugar, and phosphate are called a nucleotide. Nucleotides are arranged in two long 

strands that form a spiral called a double helix. The structure of the double helix is 

somewhat like a ladder, with the base pairs forming the ladder’s rungs and the sugar and 

phosphate molecules forming the vertical sidepieces of the ladder. An important property 

of DNA is that it can replicate, or make copies of itself. Each strand of DNA in the 

double helix can serve as a pattern for duplicating the sequence of bases. This is critical 

when cells divide because each new cell needs to have an exact copy of the DNA present 

in the old cell. 

  

Figure 6.1 Structure of DNA double Helix 

Portions of DNA sequence are transcribed into RNA. The first step is to copy a particular 

portion of its nucleotide sequence, a gene. 
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Similarities: 

• DNA and RNA is a linear polymer made of four different types of nucleotide 

subunits linked together by phosphodiesterbonds. 

• DNA and RNA contains the bases adenine (A), guanine(G) and cytosine (C). 

Differences: 

• In RNA the nucleotides are ribonucleotides. 

• RNA contains uracil (U) instead of thymine (T). 

A gene is a section of DNA that functions as a unit. It can be a sequence of the molecules 

A, T, C, and G, which are the script for producing a specific protein, or enzyme, say a 

hair protein. In order to make a hair protein the gene first makes an RNA molecule. It 

does this with the help of special proteins that temporarily separate or unwind and unzip 

the DNA strands so that the bases that make up the hair gene are exposed. At first, an 

RNA copy (transcription) of the DNA blueprint is made, then the RNA copy (translation) 

is used as a template to create hair protein and many of these proteins join together to 

make actual hair.  

6.2.5 Protein Quantification 

It is important to quantify the amount of protein present in the samples using specific 

protein assay thus, an accurate measurement of protein concentration is critical since the 

results are used in other calculations, such as determination of enzymatic activity. Errors 

in protein concentration determination tend to amplify overall errors in these calculations.  

There is no single protein assay method that yields absolutely accurate results. Each 
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method has its own advantages and disadvantages. In the determination of the protein in 

the LNCaP prostate cells we have used a Bio-Rad DC Protein Assay (Catalog #5000-

0116). The samples are compared to the known standard, in this case Bovine Serum 

Albumin (BSA), in order to calculate total protein concentration in the cells. 

The Bio-Rad DC Protein Assay (Bio-Rad, Catalog #5000-0116) is a colorimetric assay 

for determining protein concentration in the human prostate cancer cell – LNCaP. This is 

similar to Lowry assay but with some improvements like the reaction reaches 90% of its 

maximum color development within 15 minutes and the color changes not more than 5% 

in 1 hour or 10% in 2 hours after the reagents are added. The assay is based on the 

reaction of the protein between an alkaline copper tartrate solution and Folin reagent, 

which has a maximum absorbance at 750nm and minimum absorbance at 405nm. 

Spectroscopy is the study of electromagnetic radiation and how it is absorbed by or 

emitted from a chemical substance. The amount of light emitted or absorbed by a 

chemical is related to the quantity of the substance. Therefore, spectroscopy is a useful 

technique for quantifying the amount of particular species in the sample. The basic design 

of spectrophotometers is the same where the source of light is dispersed into different 

wavelengths of light and then focused on one wavelength at a time on the sample. The 

fraction of incident light that is transmitted through the sample is then measured at the 

detector. The absorbance of the sample is related to the intensity of the incident light (I0) 

and the light transmitted through the sample (I) is given by EQ: The detector measures 

I/I0 and the computer converts into absorbance. 
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For different proteins different color formations are formed. The choice of the method for 

different methods used depends on the nature of the protein, the nature of the other 

components in the protein sample, desired speed, accuracy and sensitivity of the assay. 

6.2.6 11 β Hydroxysteroid Dehydrogenase 

The living cell is a site of various tremendous biochemical activities called metabolism. 

The building up of new tissues, replacement of old tissues, disposal of waste materials 

occurs through a series of biochemical reactions. Catalysis is defined as the acceleration 

of a chemical reaction by some substance, which does not undergo permanent chemical 

change. The catalysts of biochemical reactions are enzymes and are responsible for 

bringing about almost all chemical reactions in living organisms. Without these enzymes, 

these reactions take place at a very slow rate compared to the pace of metabolism. One of 

the properties of enzymes that make them so important is the specificity they exhibit 

relative to the reactions they catalyze. However, few enzymes exhibit absolute 

specificity; that is, they will catalyze only one particular reaction.  

11 β Hydroxysteroid Dehydrogenase (11βHSD) is the name of a family of enzymes that 

catalyzes the conversion of inert 11 keto-products (cortisone) to active cortisol, or vice 

versa, thus regulating the access of glucocorticoids to the steroid receptors[80]. 

Glucocorticoids are known to inhibit the growth of many cells, suggesting therapeutic 

modalities for arresting tumor growth [11]. Intracellular glucocorticoid concentrations are 

modulated by two isoforms of 11 β Hydroxysteroid Dehydrogenase (11βHSD). The type 

1 isoform (11βHSD1) is a bidirectional enzyme, but acts predominantly as an 
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oxidoreductase to form the active glucocorticoids cortisol or corticosterone, while type 2 

enzyme (11βHSD2) acts unidirectionally producing inactive 11-keto metabolites.  

 

Figure 6.2 11 β Hydroxysteroid Dehydrogenase 

6.2.6.1 Cancer and 11 β Hydroxysteroid Dehydrogenase 

There is now increasing evidence of 11 β Hydroxysteroid Dehydrogenase (11βHSD2) 

expression in cancer cells. Glucocorticoids have been shown to inhibit cell proliferation 

in some types of cancers, suggesting that inhibition of 11βHSD2 activity may retard 

growth of the tumor. 11βHSD2 plays an important role in the normal physiological 

function of the breast [11]. A study of normal and pathological human breast tissue 

shows colocalization of mineralocorticoid receptor and 11βHSD2 in ductal epithelia with 

labeling indices significantly higher in invasive ductal carcinoma than invasive lobular 

carcinoma, suggesting that the expression of these proteins may be related to ductal 
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differentiation [81]. There is some evidence that targeting 11βHSD2 activity may retard 

tumor growth. An in vitro study of MCF-7 and ZR-75-1 breast cancer cells showed that 

inhibition of activity enhanced the antiproliferative effects of glucocorticoids [11]. The 

prostatic cancer cell line LNCaP has also been shown to possess high amounts of 

11βHSD2 together with a functional mineralocorticoid receptor. High corticosterone 

levels have been shown to decrease prostatic weight, suggesting that 11βHSD2 could 

play a protective role in this tissue [82].  

It was reported that a significant level of activity of 11βHSD2 was present in human 

prostate carcinoma cell line LNCaP. The 11-dehydrogenase activity of 11βHSD was 

present, while the 11βHSD reductase activity was undetectable in these tumor cells under 

present culture conditions. The activity was found to be linear with time of incubation 

atleast up to 8h, and is proportional to plated cell density. This clearly indicates that the 

controlling mechanism offered by the enzyme is an important factor in the prostate. 

We looked into the oxidase activity of 11βHSD enzyme in different prostate cell lines. 

PC-3 and TRAMP-C2 cell lines yielded very low enzyme activity, while LNCaP cell line 

had a significant activity. 

6.3 Materials and methods 

6.3.1 Cell Culture 

Human Prostate cancer cell line – LNCaP cells were obtained from American Type 

Culture Collection (ATCC), Manassas, VA, and cultured according to their requirements. 

The cells were grown in ATCC-modified RPMI 1640 medium supplemented with 10% 
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Fetal Bovine Serum (FBS), glucose, L-glutamine, non-essential amino acids, and 1% 

penicillin/streptomycin (Invitrogen) in a 370C with 5% CO2 / 95% air incubator. 

6.3.2 Pulsed Power system 

A typical pulse generator for producing nsPEF effects consists of a pulse-forming 

network, a switch and a load. In case of a matched load, where the resistance of the load 

is equal to the impedance of the pulse forming network, the voltage pulse across the load 

has amplitude of half the voltage applied to the pulse forming network. For the 

experiments described, the pulse forming network included 5 high voltage 50Ω cables in 

parallel, which achieved the required 10Ω impedance for matched operation. The switch 

is a simple spark gap in atmospheric air. Varying the gap distance sets the breakdown 

voltage.  

The load consists of 400µl of cell suspension to be exposed to nsPEF, and when Hank’s 

Balanced Salt Solution without Ca++ and Mg++ (HBSS w/o) is used to suspend the cells, 

the electrical resistivity is 100Ω-cm. The load is placed in an electroporation cuvette 

(BioRad, Inc., Hercules, CA) constructed with parallel aluminum plate electrodes 

separated by 0.2cm, resulting in a load resistance of R=10Ω. Figure 2 shows the shape of 

the pulse measured across the electrodes captured on the oscilloscope. The cells were 

treated in 4 groups namely, Controls, 1 Pulse, 5 Pulses and 10 Pulses with 32.5kV/cm 

electric field and a pulse width of 60ns.  The in-situ experimental setup is displayed  in 

Figure 6.3. 
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Figure 6.3 Experimental setup for nsPEF on LNCaP cells 

 

Figure 6.4 Capture of a 6.5 kV, 60-ns pulse 
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6.3.3 Cell preparation for pulsing 

The protocol for cell preparation (from 1 flask of cells) is given below: 

Protocol 

1. Remove and discard the culture medium from the flask. 

2. Wash the flask with 10ml of 1 X PBS (pH 7.1). Remove and discard 1 X PBS. 

3. Repeat step 2. 

4. Add 2 ml of Trypsin to the flask and wait until the cell layer is dispersed. 

Note: To avoid clumping do not agitate the cells by hitting or shaking the flask 

while waiting for the cells to detach. 

5. Add 10ml of growth medium and aspirate cells by gently pipetting.  Wash 

properly the sides of the flask and transfer into 50ml Eppendorf tube. 

6. Centrifuge the Eppendorf tube at 600rpm, for 5 minutes at 210C. 

7. A pellet is formed at the bottom. Do not disturb the pellet and discard the medium 

above the pellet. 

8. Add 5ml of Hank’s Balanced Salt Solution without Ca++ and Mg ++ (HBSS w/o). 

Gently pipet and repeat steps 6 and 7. 

9. Repeat step 8. 

10. Add required amount of HBSS w/o sufficient for all the cuvettes (400ul/cuvette) 

and cell count (100ul). 

11. Hemocytometer cell count: Aliquot 100ul of cell suspension and add to 100ul of 

trypan blue and obtain the cell density. 

12. Pipet 400ul of the cell suspension into the cuvette for nanosecond pulses. 
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13. The samples are pulsed in triplicates with Control (0), while single (1), five (5), 

and ten (10) pulses served as Treatment Groups. 

14. After the nanosecond pulses, the cells are recultured back with 5ml of growth 

medium onto 6 well plates for 48h. 

6.3.4 Haemocytometer counting 

A device routinely used for determining the cell density i.e., the number of cells per unit 

volume of suspension is called a counting chamber. Hemocytometer is the most widely 

used counting chamber for performing cell counts. This is often the simplest, most direct, 

and cheapest method of counting cells in suspension. It allows the percentage of viable 

(intact) cells in the preparation to be determined using the dye-exclusion method. The 

hemocytometer is a modified microscope slide that bears two polished surfaces each of 

which displays a precisely ruled, sub-divided grid. The grid consists of nine primary 

squares, each measuring 1mm on a side (area 1mm2) and limited by three closely spaced 

lines (2.5µm apart). These triple lines are used to determine if cells lie within or outside 

the grid. Each of the primary squares is further divided to help direct the line of sight 

during counting. Other lines create additional grid patterns, but these are not used for 

routing cell counting. The plane of the grid rests 0.1mm below two ridges that support a 

sturdy coverslip. There is a beveled depression at the leading (outer) edge of each 

polished surface, where cell suspension is added to be drawn across the grid by 

capillarity. Dye exclusion involves mixing an aliquot of the cell suspension in trypan blue 

that is visible when it leaks into cells that have damaged plasma membranes. Live cells 

do not take in the trypan blue, by which they glow in the counting chamber. 
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Figure 6.5 Hemocytometer for counting cells 

Protocol 

1. Prepare dissociated cell suspension in complete medium. 

2. Collect 100µl aliquot and mix with 100µl trypan blue in dilution tube. 

3. Clean hemocytometer and coverslip with ethanol and Kim-wipes. 

4. Seat clean coverslip squarely on top of hemocytometer. If the supporting surfaces 

are polished, lightly moisten them before passing the coverslip into position. 

5. Gently mix cells. Use Pasteur pipette to resuspend cells gently. 

6. Load hemocytometer so that fluid entirely covers the polished surface of each 

chamber. Do not overfill or underfill the chamber. 

7. Let the cell suspension be drawn under the coverslip by capillarity. 

8. Carefully blot off any excess liquid. 

9. Count the cells on the four corner primary squares of each grid. Record the 

unstained (viable) cells. 
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10. After counting all the grids take the average of them. Multiply this number by 2 x 

104 cells/ml. Thus the obtained number equals number of cell/ml. 

Note: The suspension should be uniform and ideally, monodisperse (i.e., without 

cell clusters). 

In 48h the control cells are known to reach confluency. We then perform a protein assay, 

DNA assay and 11β Hydroxysteroid Dehydrogenase (11βHSD) assay on these cells in 

order to look into the effects of nsPEF on LNCaP cancer cells. 

Take the recultured plates and follow the protocol below and perform a protein assay. 

Protocol 

1. Remove and discard the growth medium from the wells. 

2. Wash the well twice with 1XPBS. 

3. Add 100ul of 1XCell Lysis buffer (Epitomics, Catalog #3500-1) containing 1mM 

PMSF to the well. 

4. Scrape the well and place the lysate into micro-centrifuge tubes. 

5. Sonicate the cells for 10 seconds. 

6. Centrifuge the cells at 14,000rpm at 40C for 30mins. 

7. After 30 minutes transfer the supernatant into another centrifuge tube without 

disturbing the pellet. 
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6.3.5 Protein Assay 

An accurate measurement of protein concentration is critical since the results are used in 

other calculations, such as determination of enzymatic activity. Errors in protein 

concentration determination tend to amplify overall errors in these calculations. There is 

no single protein assay method that yields absolutely accurate results. Each method has 

its own advantages and disadvantages. In the determination of the protein in the LNCaP 

prostate cells we have used Lowry assay, or a Bio-Rad DC Protein Assay.  

The Bio-Rad DC Protein Assay (Bio-Rad, Catalog #5000-0116) is a colorimetric assay 

for determining protein concentration in the human prostate cancer cell –LNCaP. This is 

similar to Lowry assay, but with some improvements like the reaction reaches 90% of its 

maximum color development within 15 minutes and the color changes no more than 5% 

in 1h or 10% in 2h after the reagents A and B are added.  

Note: The choice of the method depends on the nature of the protein, the nature of the 

other components in the protein sample, desired speed, accuracy and sensitivity of the 

assay. 

Protocol 

Standard: 

The choice for the standard protein for this assay is Bovine Serum Albumin (BSA). 

Prepare the standards of 0, 2.5, 5, 10, 20, 40, 50, 60 µg/100µl. Prepare dilutions in 

autoclaved water, double distilled, deionized. A standard curve should be prepared each 

time the assay is performed. 
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Samples: 

1. Prepare proper dilution of the lysate. Pipet 100µl of the diluted sample and put 

them in protein assay cuvette. 

2. Add 125µl of reagent A (Bio-Rad, Catalog #5000-0116) into all cuvettes 

including the standards. 

3. Add 1ml of reagent B (Bio-Rad, Catalog #5000-0116) into all cuvettes including 

the standards. 

4. Cover, incubate for 20minutes. 

5. Measure absorbance at 750nm. The absorbances will be stable for atleast 1h. 

6.3.6 DNA Assay 

We investigated the effects of nanosecond pulsed electric fields (nsPEF) on DNA 

structure and on the survival LNCaP cancer cells. DNA damage was evaluated using a 

method developed by Labarca and Paigen (1980). Nanosecond pulsed electric field 

(nsPEF) application using 60ns duration with voltage amplitude of 32.5kV/cm were 

applied to cell in trains of 1, 5, and 10 pulses.  

A compound Hoechst 33258 is useful in the quantitative determination of DNA in 

biological materials [83]. This method is a very simple and sensitive method that utilizes 

the enhancement of fluorescence seen when compound Hoechst 33258 binds to the DNA. 

RNA does not interfere and the method can readily quantitate DNA. 
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Protocol 

Standard: 

Use DNA stock of 10µg/ml in EDTA-KH2PO4 buffer (pH 7.2). Dilute this to a total of 

200µl with EDTA-KH2PO4 buffer to give a final concentration of 0, 0.1, 0.2, 0.5, 1.0, 

1.5, 2.0µg/tube (in duplicates) 

Samples: 

1. Wash samples with 1X HBSS+H (HBSS+HEPES), 1ml/well. 

2. Add 1ml 10mM EDTA. Let sit for 5 minutes. Neutralize with 100µl 0.45M 

KH2PO4. 

3. Sonicate wells (35% power) for some time. 

4. Transfer 20ul of each samples to a 10x75 borosilicate tube containing 180ul of 

EDTA-KH2PO4 buffer to obtain a 1/10 dilution. 

5. Prepare PES + 0.5% Hoechst 33258 in PES, enough for 2ml per sample. 

6. Add 2ml of the mixture to all samples and to standard curve tubes. 

7. Sonicate the tubes briefly and vortex them. 

8. Incubate 24h. 

9. Vortex them and read fluorescence. Use standard curve to determine linear 

regression used to calculate DNA concentration of unknowns. 

6.3.7 11 β Hydroxysteroid Dehydrogenase (11βHSD) Assay 

Two isoforms of 11β-HSD are known. The type 1 isoform (11βHSD1) is a bidirectional 

enzyme, but acts predominantly as an oxidoreductase in vivo to form the active 
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glucocorticoids cortisol or corticosterone, while type 2 enzyme (11βHSD2) acts 

unidirectionally producing inactive 11-keto metabolites. It is reported that a significant 

level of 11β-HSD2 enzyme is present in human prostate carcinoma cell line LNCaP 

cultures. LNCaP cancer cells were used in this research for the reason that the enzyme 

11βHSD2 is present in it, which could also be looked at as a biomarker into the effect of 

nsPEF.  

Once the lysate was obtained, it is to be incubated in screw-top borosilicate glass tubes 

with 2.5nM of corticosterone(Cold B) (Sigma Chemical Co., USA), plus 3H-

corticosterone(Hot B) (Amersham International, USA) plus Krebs-Ringer buffer, pH 6.9 

and 0.5mM co-factor NAD+ for 30minutes at 370C. The incubation time points, 

concentrations of substrate, and co-factor were ultimately, optimized to achieve linearity 

within assay. 

Following the incubations, the incubation media was extracted in two ways. One is by 

C18 solid phase extraction column (J. T. Baker, USA) and other by ethyl acetate 

extraction. Briefly, the columns were activated by washing the columns with 2ml of 

methanol followed by 2 ml of distilled water, without drying the column following the 

addition of water. The incubation media was then applied to the C18 solid phase 

extraction columns and washed with 2ml of 1:4 methanol/water followed by 2 ml of 

methanol, the latter fraction of which contained the steroids. This latter methanol fraction 

(which contained the steroid) was evaporated to dryness under nitrogen, thus 

concentrating the steroids into the very bottom of the tubes. Acetone (200ul) was then 

added to the dried extracts to wash all the steroids to the bottom of the tube and to 

transfer the extract to TLC plates. The steroids were then separated by Thin-Layer 
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Chromatography (TLC) using a mobile phase consisting of chloroform and ethanol 

(92:8). Unlabeled steroid control lanes were ran in parallel with the sample extracts for 

quantitative control over isolation, identification, and the spatial aspect of each steroid 

under UV light (254nm). The spot containing the intra-converted steroids were then 

identified (based on the control steroids) and scraped from the surface of the TLC plates. 

Thereafter, the steroids within were extracted from the silica gel powder by spinning the 

samples for 15mins at 1500rpm with 1 ml of isopropanol. The isopropanol / 3H steroid 

mixture was then decanted into liquid scintillation counting vials and dried under 

nitrogen. After drying was complete, 6ml of liquid scintillation cocktail was added 

(Ultima Gold, PerkinElmer) and the samples were counted with Liquid Scintillation 

Counter (β-counter). Enzyme activity was calculated and expressed as a percentage of 

conversion of one steroid to its complement form. Finally, the 11βHSD2 enzyme activity 

was expressed as Picomoles of Dehydrocorticosterone formed/ (mg Protein * time of 

incubation). 
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CHAPTER 7 

EXPERIMENTAL RESULTS AND DISCUSSIONS 

The primary objective of this research was to examine the effects of nsPEF on human 

prostate cancer cells. In the past few years several researchers have analyzed the effects 

of pulsed electric fields on various biological systems. This research focuses on the 

determination of both protein and DNA concentrations as well as the specific activity of 

the enzyme 11β Hydroxysteroid Dehydrogenase type 2 (11βHSD2) in human prostate 

cancer cell line (LNCaP). The specificity of the selection of this cell line is due to unique 

presence of the 11βHSD2. It is shown that glucocorticoids inhibit cell proliferation in 

some types of cancers, suggesting that inhibition of 11 βHSD2 activity may indeed retard 

growth of the tumor and, perhaps metastasis. 

Simulation and experimental results indicate that ultrashort pulses, with pulse durations 

on the order of, and less than, the charging time constant of plasma membrane, affect the 

intracellular structures. 

The experimental treatments comprised of Controls, 1 Pulse, 5 Pulses and 10 Pulses, 

which were exposed to high electric field intensity pulses of 32.5kV/cm and 60ns 

duration and were re-cultured for 48h to analyze the effects of pulses. 

7.1 Effect of High intensity pulses on Protein Concentration 

Several experiments were performed to quantify the amount of protein present in the cells 

with a BioRad DC protein assay (Bio-Rad, Catalog #5000-0116). Significant differences 
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(P<0.001) in protein concentration were observed in Controls and 1 Pulse and, between 

Control and 10 Pulse samples as shown in Figure 7.1 and Table 7.1. Also significant 

differences (P<0.05) were seen among pulsed samples.   

 Control 1 Pulse 5 Pulse 10 Pulses 

Protein Concentration 
(µg/µl) 

15.84 ± 1.32 13.11 ± 1.21 14.75 ± 1.36 13.07 ±2.09 

 

Table 7.1 Protein Concentrations (X̄ ±SEM) in LNCaP cells when exposed to 

Treatments, namely: Control, 1 Pulse, 5 Pulses and 10 Pulses of 32.5kV/cm and 

60ns.  

 

Figure 7.1 Multiple nanosecond pulsed electric field Exposures on Protein 

Concentration. LNCaP cells were exposed to 1, 5, and 10 pulses at 60ns 32.5kV/cm. 

Protein concentration (X̄ ±SEM) was determined 48h after pulsing and, subsequent 

culture to reach confluency. Significance between pulsed cells and non-pulsed cells 
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(Control) are indicated by asterisks (*** P<0.001).  Means with the same letter are 

not significantly different. 

7.2 Effect of High intensity pulses on DNA Concentration 

DNA concentration was also quantified in these cells (plated in 6 well plates) utilizing 

Hoeschst 33258 dye accounting to the method of Labarca and Paigen (1980). The values 

from Table 7.2 indicate a reduction in the DNA concentration of 5.29% for 1 Pulse, 

8.95% for 5 Pulses and 18.36% for 10 Pulses compared to Controls. Graphical mean 

representation of the DNA concentration is shown in Figure 7.2. 

 Control 1 Pulse 5 Pulse 10 Pulses 

DNA Concentration    
(µg DNA/well) 

26.16 ± 0.65 25.75 ± 0.57 25.83 ± 1.39 22.77 ±0.74 

 

Table 7.2 DNA Concentrations (X̄ ±SEM) in LNCaP cells when exposed to 

Treatment namely: Control, 1 Pulse, 5 Pulses and 10 Pulses of 32.5kV/cm and 60ns.  
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Figure 7.2 Multiple Nanosecond Pulsed Electric Field Exposures on DNA 

Concentration. LNCaP cells were exposed to 1, 5, and 10 pulses at 60ns 32.5kV/cm. 

DNA concentration (X̄ ±SEM) was determined 48h after pulsing and, subsequent 

culture to reach confluency. Significance between pulsed cells and non-pulsed cells 

(Control), are indicated by asterisks (* P<0.05). Means with the same letter are not 

significantly different. 

 

7.3 Effect of High intensity pulses on Specific Activity of 11β Hydroxysteroid 

Dehydrogenase 11βHSD2 

Determining the enzymatic conversion of corticosterone to dehydrocorticosterone was 

important to look into the effects of nsPEF on LNCaP cells. The data obtained from the 

enzymatic assay is shown below in Table 7.3 and, graphically shown in Figure 7.3.  
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 Control 1 Pulse 5 Pulse 10 Pulses

Specific Activity    

[Picomoles of Dehydrocorticosterone 
formed/ (mg Protein * time of 

incubation)] 

1.49        
± 0.02 

0.47      
± 0.25 

0.47       
± 0.03 

0.5        
± 0.203 

 

Table 7.3 11βHSD2 activity (X̄ ±SEM) in LNCaP cells when exposed to Treatment 

namely Control, 1 Pulse, 5 Pulses and 10 Pulses of 32.5kV/cm and 60ns.  

 

Figure 7.3 Multiple Nanosecond Pulsed Electric Field Exposures on the specific 

activity of 11βHSD2 activity. LNCaP cells were exposed to 1, 5, and 10 pulses at 

60ns 32.5kV/cm. 11βHSD2 activity (X̄ ±SEM) was determined 48h after pulsing and, 

subsequent culture to reach confluency. Significance between pulsed cells and non-

pulsed cells (Control), are indicated by asterisks (* P<0.05).  Means with the same 

letter are not significantly different. 
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The results indicate a significant difference between the Pulsed cells and the Controls.  If 

nsPEF has predominant effects on intracellular membranes, it is possible that the nucleus 

could be a target for intracellular manipulation or electromanipulation.  
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CHAPTER 8 

CONCLUSIONS 

These studies related to the treatment of prostate cells with electromagnetic pulses are a 

natural extension of the research that seeks a cure for prostate cancer. Several reports on 

the effect of nsPEF on various cell lines have been published, all striving to find a way to 

treat cancer. The basic preliminary studies in this thesis have shown promising results 

indicating the advent of the new pulsed power technology in the treatment of cancer. 

From all the simulation performed and from our experimental results, we conclude that 

the nsPEF was significantly reducing both the protein concentration and specific activity 

of the 11βHSD2 enzyme suggesting that the intracellular structures are probably affected. 

The PEF were targeting the DNA in the nucleus, which encodes a RNA molecule specific 

to the enzyme 11βHSD2.  If the DNA concentrations were reducing due to the 

applications of nsPEF we can explain the observed decrease in the specific activity of the 

11βHSD2 enzyme activity. It can be inferred that inhibiting the activity of this enzyme 

could perhaps putatively, enhance the antiproliferative effects in cancer cell lines, thus 

supporting our hypothesis that nsPEF does affect the intracellular structures thereby, 

causing an increased cell death (apoptosis). In other words, if the pulsed electric fields 

were not affecting the intracellular structures we will not be noticing a reduction in the 

three parameters namely, protein concentration, DNA concentration and the specific 

activity of the enzyme 11βHSD2. The unique nature of the present study encompasses 

culturing prostate cancer cells to confluency subsequent to the exposure of nsPEF. It is 

novel in that the interactions of time and pulse strength on Prostate cancer cells have been 
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observed for the first time. Studies of nsPEF have just begun in last several years and 

further experimentation is required to define the full usefulness and limitations. The 

results obtained in this research were supported by many other experiments and 

simulations, where the ultrashort duration pulses with minimum thermal effect and high 

electrical field intensity were targeting the intracellular structures and thus foreseeing 

further research in this area of Bioelectrics. 
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APPENDIX 

 

EXPERIMENTAL RESULTS DATA – PROTEIN ASSAY 

 

Experiment 1                                                                Date: 3/13/2008 

Name Protein, μg/μl Average Protein, μg/μl 

Control 1 10.73 12.15 

Control 2 12.89  

Control 3 12.82  

1 Pulse 8.67 9.37 

1 Pulse 9.76  

1 Pulse 9.69  

5 Pulse 9.68 10.2 

5 Pulse 10.46  

5 Pulse 10.45  

10 Pulse 8.25 7.71 

10 Pulse 7.35  

10 Pulse 7.54  
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Experiment 2                                                                Date: 4/25/2008 

Name Protein, μg/μl Average Protein, μg/μl 

Control 1 19.53 17.24 

Control 2 16.38  

Control 3 15.82  

1 Pulse 13.62 14.38 

1 Pulse 13.29  

1 Pulse 16.22  

5 Pulse 20.24 18.76 

5 Pulse 17.16  

5 Pulse 18.88  

10 Pulse 11.89 12.97 

10 Pulse 11.93  

10 Pulse 15.10  
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Experiment 3                                                                Date: 4/30/2008 

Name Protein, μg/μl Average Protein, μg/μl 

Control 1 14.22 12.97 

Control 2 14.74  

Control 3 9.96  

1 Pulse 10.19 10.37 

1 Pulse 9.96  

1 Pulse 10.97  

5 Pulse 11.80 12.49 

5 Pulse 12.15  

5 Pulse 13.51  

10 Pulse 7.52 8.04 

10 Pulse 8.24  

10 Pulse 8.37  
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Experiment 4                                                               Date: 5/16/2008 

Name Protein, μg/μl Average Protein, μg/μl 

Control 1 17.29 20.20 

Control 2 20.33  

Control 3 22.98  

1 Pulse 15.08 15.72 

1 Pulse 16.21  

1 Pulse 15.88  

5 Pulse 15.35 15.80 

5 Pulse 14.8  

5 Pulse 17.25  

10 Pulse 16.14 17.91 

10 Pulse 17.62  

10 Pulse 19.99  
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Experiment 5                                                              Date: 5/22/2008 

Name Protein, μg/μl Average Protein, μg/μl 

Control 1 14.76 16.66 

Control 2 16.52  

Control 3 18.69  

1 Pulse 14.88 15.73 

1 Pulse 15.56  

1 Pulse 16.75  

5 Pulse 16.58 16.52 

5 Pulse 16.19  

5 Pulse 16.8  

10 Pulse 18.07 18.72 

10 Pulse 17.50  

10 Pulse 20.57  
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 EXPERIMENTAL RESULTS DATA – DNA ASSAY  

Experiment                                                                            Date: 5/29/2008 

Name  

 DNA Concentration,  

ug DNA/well  

Average Concentration,  

ug DNA/well  
 Control                   25.890            26.16 

                   28.560    

                   24.360    

                   28.370    

                   24.550    

                   26.270    

                   25.120    

 1 Pulse                   27.030            25.75 

                   22.640    

                   26.650    

                   25.890    

                   26.650    

                   25.120    

                   26.270    

 5 Pulse                   28.180            25.83 

                   24.360    

                   25.700    

                   18.620    

                   26.080    

                   27.990    

                   29.900    

 10 Pulse                   22.440            22.77 

                   22.440    

                   25.890    

                   20.150    
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                   24.740    

                   21.300    

                   22.440    

 

EXPERIMENTAL RESULTS DATA – 11βHSD2 ASSAY 

Co-factor: NAD+ 

Time of Incubation: 30mins at 370C 

Cold B: 2.5nM 

Hot B: 20μl (100,000cpm) 

 Experiment                                                                            Date: 3/5/2008

Name 
Protein, 

mg 
% Conv.

% Conv./mg 
Protein 

Specific Activity, 
Picomoles of 

Dehydrocorticosterone 
formed/ (mg Protein * 

time of incubation). 

 Control  
           

0.372  
          

10.962  
                

29.450                  1.473  

 Control  
           

0.438  
          

13.215  
                

30.177                  1.509  

 1 Pulse  
           

0.673  
          

9.733  
                

14.458                  0.723  

 1 Pulse  
           

0.894  
          

6.330  
                

7.082                  0.227  

 5 Pulse  
           

0.563  
          

5.592  
                

9.927                  0.496  

 5 Pulse  
           

0.553  
          

4.848  
                

8.764                  0.438  

 10 Pulse  
           

0.845  
          

4.942  
                

5.845                  0.292  

 10 Pulse  
           

0.541  
          

7.559  
                

13.961                  0.698  
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STATISTICAL ANALYSIS USING SAS Version 9.1.3 

Protein Assay 

Code: 

options ls=100 ps=70; 

data one; 

input Obs  Trts$  Reps Protein; 

sp='Exp 3-13'; 

cards; 

1      control      1   10.73    

2      P1      1      8.67 

3      P5      1      9.68 

4      P10     1      8.25 

5      control      2     12.89  

6      P1      2      9.76 

7      P5     2      10.46 

8      P10      2      7.35 

9      control      3      12.82 

10      P1      3      9.69 

11      P5     3      10.45 

12      P10     3      7.54 

; 

data two; 

input Obs  Trts$  Reps Protein; 

sp='Exp 4-25'; 

cards; 

1      control      1      19.53 

2      P1      1      13.62 
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3      P5     1      20.24 

4      P10     1      11.89 

5      control      2      16.38 

6      P1    2      13.29 

7      P5     2      17.16 

8      P10     2      11.92 

9      control      3      15.83 

10      P1     3      16.22 

11      P5     3      18.88 

12      P10     3      15.1 

; 

data three; 

input Obs  Trts$  Reps Protein; 

sp='Exp 4-30'; 

cards; 

1      control      1      14.22 

2      P1      1      10.19 

3      P5     1      11.8 

4      P10     1      7.52 

5      control      2      14.74 

6      P1    2      9.96 

7      P5     2      12.15 

8      P10     2      8.24 

9      control      3      9.96 

10      P1     3      10.97 

11      P5     3      13.51 

12      P10     3      8.37 

; 
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data four; 

input Obs  Trts$  Reps Protein; 

sp='Exp 5-16'; 

cards; 

1      control      1      17.29 

2      P1      1      15.09 

3      P5     1      15.35 

4      P10     1      16.14 

5      control      2      20.33 

6      P1    2      16.2 

7      P5     2      14.8 

8      P10     2      17.62 

9      control      3      22.98 

10      P1     3      15.88 

11      P5     3      17.25 

12      P10     3      19.99 

; 

data five; 

input Obs  Trts$  Reps Protein; 

sp='Exp 5-22'; 

cards; 

1      control      1      14.76 

2      P1      1      14.88 

3      P5     1      16.58 

4      P10     1      18.07 

5      control      2      16.52 

6      P1    2      15.56 

7      P5     2      16.18 
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8      P10     2      17.5 

9      control      3      18.69 

10      P1     3      16.75 

11      P5     3      16.8 

12      P10     3      20.57 

; 

data all; set one two three four five; 

proc print; 

proc glm; classes sp trts; 

model protein=sp|trts; 

means sp trts/lsd lines; 

means sp|trts; 

lsmeans sp|trts/s p; 

run; 

 

Results: 

The SAS System            10:33 Monday, July 14, 2008 

 

                        Obs    Obs    Trts       Reps    Protein       sp 

 

                          1      1    control      1      10.73     Exp 3-13 

                          2      2    P1           1       8.67     Exp 3-13 

                          3      3    P5           1       9.68     Exp 3-13 

                          4      4    P10          1       8.25     Exp 3-13 

                          5      5    control      2      12.89     Exp 3-13 

                          6      6    P1           2       9.76     Exp 3-13 

                          7      7    P5           2      10.46     Exp 3-13 

                          8      8    P10          2       7.35     Exp 3-13 
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                          9      9    control      3      12.82     Exp 3-13 

                         10     10    P1           3       9.69     Exp 3-13 

                         11     11    P5           3      10.45     Exp 3-13 

                         12     12    P10          3       7.54     Exp 3-13 

                         13      1    control      1      19.53     Exp 4-25 

                         14      2    P1           1      13.62     Exp 4-25 

                         15      3    P5           1      20.24     Exp 4-25 

                         16      4    P10          1      11.89     Exp 4-25 

                         17      5    control      2      16.38     Exp 4-25 

                         18      6    P1           2      13.29     Exp 4-25 

                         19      7    P5           2      17.16     Exp 4-25 

                         20      8    P10          2      11.92     Exp 4-25 

                         21      9    control      3      15.83     Exp 4-25 

                         22     10    P1           3      16.22     Exp 4-25 

                         23     11    P5           3      18.88     Exp 4-25 

                         24     12    P10          3      15.10     Exp 4-25 

                         25      1    control      1      14.22     Exp 4-30 

                         26      2    P1           1      10.19     Exp 4-30 

                         27      3    P5           1      11.80     Exp 4-30 

                         28      4    P10          1       7.52     Exp 4-30 

                         29      5    control      2      14.74     Exp 4-30 

                         30      6    P1           2       9.96     Exp 4-30 

                         31      7    P5           2      12.15     Exp 4-30 

                         32      8    P10          2       8.24     Exp 4-30 

                         33      9    control      3       9.96     Exp 4-30 

                         34     10    P1           3      10.97     Exp 4-30 

                         35     11    P5           3      13.51     Exp 4-30 

                         36     12    P10          3       8.37     Exp 4-30 
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                         37      1    control      1      17.29     Exp 5-16 

                         38      2    P1           1      15.09     Exp 5-16 

                         39      3    P5           1      15.35     Exp 5-16 

                         40      4    P10          1      16.14     Exp 5-16 

                         41      5    control      2      20.33     Exp 5-16 

                         42      6    P1           2      16.20     Exp 5-16 

                         43      7    P5           2      14.80     Exp 5-16 

                         44      8    P10          2      17.62     Exp 5-16 

                         45      9    control      3      22.98     Exp 5-16 

                         46     10    P1           3      15.88     Exp 5-16 

                         47     11    P5           3      17.25     Exp 5-16 

                         48     12    P10          3      19.99     Exp 5-16 

                         49      1    control      1      14.76     Exp 5-22 

                         50      2    P1           1      14.88     Exp 5-22 

                         51      3    P5           1      16.58     Exp 5-22 

                         52      4    P10          1      18.07     Exp 5-22 

                         53      5    control      2      16.52     Exp 5-22 

                         54      6    P1           2      15.56     Exp 5-22 

                         55      7    P5           2      16.18     Exp 5-22 

                         56      8    P10          2      17.50     Exp 5-22 

                         57      9    control      3      18.69     Exp 5-22 

                         58     10    P1           3      16.75     Exp 5-22 

                         59     11    P5           3      16.80     Exp 5-22 

                         60     12    P10          3      20.57     Exp 5-22
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The SAS System            10:33 Monday, July 14, 2008 

 

                                         The GLM Procedure 

 

                                      Class Level Information 

 

               Class         Levels    Values 

 

               sp                 5    Exp 3-13 Exp 4-25 Exp 4-30 Exp 5-16 Exp 5-22 

 

               Trts               4    P1 P10 P5 control 

 

 

                              Number of Observations Read          60 

                              Number of Observations Used          60
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The SAS System            10:33 Monday, July 14, 2008 

 

                                         The GLM Procedure 

 

Dependent Variable: Protein 

 

                                                Sum of 

        Source                      DF         Squares     Mean Square    F Value    Pr > 
F 

 

        Model                       19     789.1409067      41.5337319      18.78    
<.0001 

 

        Error                       40      88.4563333       2.2114083 

 

        Corrected Total             59     877.5972400 

 

                        R-Square     Coeff Var      Root MSE    Protein Mean 

 

                        0.899206      10.47535      1.487080        14.19600 

 

 

        Source                      DF       Type I SS     Mean Square    F Value    Pr > 
F 

 

        sp                           4     595.2092567     148.8023142      67.29    
<.0001 

        Trts                         3      81.9104267      27.3034756      12.35    
<.0001 

        sp*Trts                     12     112.0212233       9.3351019       4.22    
0.0003 
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        Source                      DF     Type III SS     Mean Square    F Value    Pr > 
F 

 

        sp                           4     595.2092567     148.8023142      67.29    
<.0001 

        Trts                         3      81.9104267      27.3034756      12.35    
<.0001 

        sp*Trts                     12     112.0212233       9.3351019       4.22    
0.0003   
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The SAS System            10:33 Monday, July 14, 2008 

 

                                         The GLM Procedure 

 

                                     t Tests (LSD) for Protein 

 

 NOTE: This test controls the Type I comparisonwise error rate, not the experimentwise 
error rate. 

 

 

                               Alpha                            0.05 

                               Error Degrees of Freedom           40 

                               Error Mean Square            2.211408 

                               Critical Value of t           2.02108 

                               Least Significant Difference    1.227 

 

 

                    Means with the same letter are not significantly different. 

 

 

                          t Grouping          Mean      N    sp 

 

                                   A       17.4100     12    Exp 5-16 

                                   A 

                              B    A       16.9050     12    Exp 5-22 

                              B 

                              B            15.8383     12    Exp 4-25 

 

                                   C       10.9692     12    Exp 4-30 
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                                   C 

                                   C        9.8575     12    Exp 3-13   
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The SAS System            10:33 Monday, July 14, 2008 

 

                                         The GLM Procedure 

 

                                     t Tests (LSD) for Protein 

 

 NOTE: This test controls the Type I comparisonwise error rate, not the experimentwise 
error rate. 

 

 

                               Alpha                            0.05 

                               Error Degrees of Freedom           40 

                               Error Mean Square            2.211408 

                               Critical Value of t           2.02108 

                               Least Significant Difference   1.0975 

 

 

                    Means with the same letter are not significantly different. 

 

 

                        t Grouping          Mean      N    Trts 

 

                                 A       15.8447     15    control 

                                 A 

                                 A       14.7527     15    P5 

 

                                 B       13.1153     15    P1 

                                 B 

                                 B       13.0713     15    P10   
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The SAS System            10:33 Monday, July 14, 2008 

 

                                         The GLM Procedure 

 

 

                         Level of            -----------Protein----------- 

                         sp            N             Mean          Std Dev 

 

                         Exp 3-13     12        9.8575000       1.78807731 

                         Exp 4-25     12       15.8383333       2.81785809 

                         Exp 4-30     12       10.9691667       2.37548639 

                         Exp 5-16     12       17.4100000       2.48902683 

                         Exp 5-22     12       16.9050000       1.64191961 

 

 

                         Level of            -----------Protein----------- 

                         Trts          N             Mean          Std Dev 

 

                         P1           15       13.1153333       2.91733211 

                         P10          15       13.0713333       4.98911367 

                         P5           15       14.7526667       3.26029023 

                         control      15       15.8446667       3.57815568 

 

 

                   Level of     Level of           -----------Protein----------- 

                   sp           Trts         N             Mean          Std Dev 

 

                   Exp 3-13     P1           3        9.3733333       0.61010928 
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                   Exp 3-13     P10          3        7.7133333       0.47437678 

                   Exp 3-13     P5           3       10.1966667       0.44747439 

                   Exp 3-13     control      3       12.1466667       1.22736846 

                   Exp 4-25     P1           3       14.3766667       1.60487798 

                   Exp 4-25     P10          3       12.9700000       1.84469510 

                   Exp 4-25     P5           3       18.7600000       1.54350251 

                   Exp 4-25     control      3       17.2466667       1.99645519 

                   Exp 4-30     P1           3       10.3733333       0.52937070 

                   Exp 4-30     P10          3        8.0433333       0.45785733 

                   Exp 4-30     P5           3       12.4866667       0.90334563 

                   Exp 4-30     control      3       12.9733333       2.62254329 

                   Exp 5-16     P1           3       15.7233333       0.57134345 

                   Exp 5-16     P10          3       17.9166667       1.94206934 

                   Exp 5-16     P5           3       15.8000000       1.28549601 

                   Exp 5-16     control      3       20.2000000       2.84722672 

                   Exp 5-22     P1           3       15.7300000       0.94651994 

                   Exp 5-22     P10          3       18.7133333       1.63298296 

                   Exp 5-22     P5           3       16.5200000       0.31432467 

                   Exp 5-22     control      3       16.6566667       1.96856123
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The SAS System            10:33 Monday, July 14, 2008 

 

                                         The GLM Procedure 

                                        Least Squares Means 

 

                                   Protein        Standard                  LSMEAN 

                  sp                LSMEAN           Error    Pr > |t|      Number 

 

                  Exp 3-13       9.8575000       0.4292832      <.0001           1 

                  Exp 4-25      15.8383333       0.4292832      <.0001           2 

                  Exp 4-30      10.9691667       0.4292832      <.0001           3 

                  Exp 5-16      17.4100000       0.4292832      <.0001           4 

                  Exp 5-22      16.9050000       0.4292832      <.0001           5 

 

                                 Least Squares Means for effect sp 

                                Pr > |t| for H0: LSMean(i)=LSMean(j) 

 

                                    Dependent Variable: Protein 

 

             i/j              1             2             3             4             5 

 

                1                      <.0001        0.0745        <.0001        <.0001 

                2        <.0001                      <.0001        0.0134        0.0866 

                3        0.0745        <.0001                      <.0001        <.0001 

                4        <.0001        0.0134        <.0001                      0.4104 

                5        <.0001        0.0866        <.0001        0.4104 
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NOTE: To ensure overall protection level, only probabilities associated with pre-planned 

      comparisons should be used. 

 

 

                                  Protein        Standard                  LSMEAN 

                  Trts             LSMEAN           Error    Pr > |t|      Number 

 

                  P1           13.1153333       0.3839625      <.0001           1 

                  P10          13.0713333       0.3839625      <.0001           2 

                  P5           14.7526667       0.3839625      <.0001           3 

                  control      15.8446667       0.3839625      <.0001           4 

                                Least Squares Means for effect Trts 

                                Pr > |t| for H0: LSMean(i)=LSMean(j) 

                                    Dependent Variable: Protein 

 

                    i/j              1             2             3             4 

 

                       1                      0.9358        0.0044        <.0001 

                       2        0.9358                      0.0036        <.0001 

                       3        0.0044        0.0036                      0.0511 

                       4        <.0001        <.0001        0.0511 

NOTE: To ensure overall protection level, only probabilities associated with pre-planned 

      comparisons should be used. 

                                        Protein        Standard                  LSMEAN 

            sp          Trts             LSMEAN           Error    Pr > |t|      Number 

 

            Exp 3-13    P1            9.3733333       0.8585663      <.0001           1 

            Exp 3-13    P10           7.7133333       0.8585663      <.0001           2 
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            Exp 3-13    P5           10.1966667       0.8585663      <.0001           3 

            Exp 3-13    control      12.1466667       0.8585663      <.0001           4 

            Exp 4-25    P1           14.3766667       0.8585663      <.0001           5 

            Exp 4-25    P10          12.9700000       0.8585663      <.0001           6 

            Exp 4-25    P5           18.7600000       0.8585663      <.0001           7 

            Exp 4-25    control      17.2466667       0.8585663      <.0001           8
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The SAS System            10:33 Monday, July 14, 2008 

 

                                         The GLM Procedure 

                                        Least Squares Means 

 

                                        Protein        Standard                  LSMEAN 

            sp          Trts             LSMEAN           Error    Pr > |t|      Number 

 

            Exp 4-30    P1           10.3733333       0.8585663      <.0001           9 

            Exp 4-30    P10           8.0433333       0.8585663      <.0001          10 

            Exp 4-30    P5           12.4866667       0.8585663      <.0001          11 

            Exp 4-30    control      12.9733333       0.8585663      <.0001          12 

            Exp 5-16    P1           15.7233333       0.8585663      <.0001          13 

            Exp 5-16    P10          17.9166667       0.8585663      <.0001          14 

            Exp 5-16    P5           15.8000000       0.8585663      <.0001          15 

            Exp 5-16    control      20.2000000       0.8585663      <.0001          16 

            Exp 5-22    P1           15.7300000       0.8585663      <.0001          17 

            Exp 5-22    P10          18.7133333       0.8585663      <.0001          18 

            Exp 5-22    P5           16.5200000       0.8585663      <.0001          19 

            Exp 5-22    control      16.6566667       0.8585663      <.0001          20 

 

                               Least Squares Means for effect sp*Trts 

                                Pr > |t| for H0: LSMean(i)=LSMean(j) 

 

                                    Dependent Variable: Protein 

 

   i/j         1        2        3        4        5        6        7        8        9       
10 
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      1            0.1792   0.5016   0.0278   0.0002   0.0051   <.0001   <.0001   0.4151   
0.2799 

      2   0.1792            0.0474   0.0007   <.0001   <.0001   <.0001   <.0001   0.0344   
0.7872 

      3   0.5016   0.0474            0.1161   0.0014   0.0278   <.0001   <.0001   0.8850   
0.0838 

      4   0.0278   0.0007   0.1161            0.0737   0.5016   <.0001   0.0001   0.1520   
0.0016 

      5   0.0002   <.0001   0.0014   0.0737            0.2535   0.0008   0.0230   0.0021   
<.0001 

      6   0.0051   <.0001   0.0278   0.5016   0.2535            <.0001   0.0011   0.0386   
0.0002 

      7   <.0001   <.0001   <.0001   <.0001   0.0008   <.0001            0.2199   <.0001   
<.0001 

      8   <.0001   <.0001   <.0001   0.0001   0.0230   0.0011   0.2199            <.0001   
<.0001 

      9   0.4151   0.0344   0.8850   0.1520   0.0021   0.0386   <.0001   <.0001            
0.0621 

     10   0.2799   0.7872   0.0838   0.0016   <.0001   0.0002   <.0001   <.0001   0.0621 

     11   0.0142   0.0003   0.0666   0.7809   0.1274   0.6927   <.0001   0.0003   0.0895   
0.0007 

     12   0.0051   <.0001   0.0276   0.4999   0.2546   0.9978   <.0001   0.0011   0.0384   
0.0002 

     13   <.0001   <.0001   <.0001   0.0053   0.2740   0.0288   0.0166   0.2169   <.0001   
<.0001 

     14   <.0001   <.0001   <.0001   <.0001   0.0058   0.0002   0.4913   0.5842   <.0001   
<.0001 

     15   <.0001   <.0001   <.0001   0.0045   0.2480   0.0249   0.0193   0.2405   <.0001   
<.0001 

     16   <.0001   <.0001   <.0001   <.0001   <.0001   <.0001   0.2426   0.0196   <.0001   
<.0001 

 

                               Least Squares Means for effect sp*Trts 

                                Pr > |t| for H0: LSMean(i)=LSMean(j) 
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                                    Dependent Variable: Protein 

 

   i/j        11       12       13       14       15       16       17       18       19       
20 

 

      1   0.0142   0.0051   <.0001   <.0001   <.0001   <.0001   <.0001   <.0001   <.0001   
<.0001 

      2   0.0003   <.0001   <.0001   <.0001   <.0001   <.0001   <.0001   <.0001   <.0001   
<.0001 

      3   0.0666   0.0276   <.0001   <.0001   <.0001   <.0001   <.0001   <.0001   <.0001   
<.0001 

      4   0.7809   0.4999   0.0053   <.0001   0.0045   <.0001   0.0053   <.0001   0.0009   
0.0006 

      5   0.1274   0.2546   0.2740   0.0058   0.2480   <.0001   0.2717   0.0009   0.0852   
0.0677 

      6   0.6927   0.9978   0.0288   0.0002   0.0249   <.0001   0.0285   <.0001   0.0057   
0.0042 

      7   <.0001   <.0001   0.0166   0.4913   0.0193   0.2426   0.0168   0.9695   0.0725   
0.0909 

      8   0.0003   0.0011   0.2169   0.5842   0.2405   0.0196   0.2189   0.2342   0.5529   
0.6297 

      9   0.0895   0.0384   <.0001   <.0001   <.0001   <.0001   <.0001   <.0001   <.0001   
<.0001 

     10   0.0007   0.0002   <.0001   <.0001   <.0001   <.0001   <.0001   <.0001   <.0001   
<.0001 

     11            0.6907   0.0110   <.0001   0.0094   <.0001   0.0109   <.0001   0.0019   
0.0014 

     12   0.6907            0.0290   0.0002   0.0251   <.0001   0.0286   <.0001   0.0057   
0.0042 

     13   0.0110   0.0290            0.0784   0.9500   0.0007   0.9956   0.0182   0.5155   
0.4466 

     14   <.0001   0.0002   0.0784            0.0890   0.0673   0.0793   0.5155   0.2569   
0.3056 

     15   0.0094   0.0251   0.9500   0.0890            0.0008   0.9543   0.0212   0.5565   
0.4846 
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     16   <.0001   <.0001   0.0007   0.0673   0.0008            0.0007   0.2280   0.0043   
0.0058   
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                                           The SAS System            10:33 Monday, July 
14, 2008  80 

 

                                         The GLM Procedure 

                                        Least Squares Means 

 

                               Least Squares Means for effect sp*Trts 

                                Pr > |t| for H0: LSMean(i)=LSMean(j) 

 

                                    Dependent Variable: Protein 

 

   i/j         1        2        3        4        5        6        7        8        9       
10 

 

     17   <.0001   <.0001   <.0001   0.0053   0.2717   0.0285   0.0168   0.2189   <.0001   
<.0001 

     18   <.0001   <.0001   <.0001   <.0001   0.0009   <.0001   0.9695   0.2342   <.0001   
<.0001 

     19   <.0001   <.0001   <.0001   0.0009   0.0852   0.0057   0.0725   0.5529   <.0001   
<.0001 

     20   <.0001   <.0001   <.0001   0.0006   0.0677   0.0042   0.0909   0.6297   <.0001   
<.0001 

                               Least Squares Means for effect sp*Trts 

                                Pr > |t| for H0: LSMean(i)=LSMean(j) 

                                    Dependent Variable: Protein 

 

   i/j        11       12       13       14       15       16       17       18       19       
20 

 

     17   0.0109   0.0286   0.9956   0.0793   0.9543   0.0007            0.0184   0.5190   
0.4498 
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     18   <.0001   <.0001   0.0182   0.5155   0.0212   0.2280   0.0184            0.0784   
0.0981 

     19   0.0019   0.0057   0.5155   0.2569   0.5565   0.0043   0.5190   0.0784            
0.9109 

     20   0.0014   0.0042   0.4466   0.3056   0.4846   0.0058   0.4498   0.0981   0.9109 

 

 

NOTE: To ensure overall protection level, only probabilities associated with pre-planned 

      comparisons should be used. 

DNA Assay 

Code: 

options ls=100 ps=70;                                                               
      
data one;                                                                           
      
input Obs  Trts$  Reps DNA  ;                                                  
      
      
cards;Obs Trts Reps DNA 
 
1 control 1 25.89  
2 P1 1 27.03  
3 P5 1 28.18  
4 P10 1 22.44  
5 control 2 28.56  
6 P1 2 22.64  
7 P5 2 24.36  
8 P10 2 22.44  
9 control 3 24.36  
10 P1 3 26.65  
11 P5 3 25.7  
12 P10 3 25.89  
13 control 4 28.37   
14 P1 4 25.89   
15 P5 4 18.62   
16 P10 4 20.15   
17 control 5 24.55   
18 P1 5 26.65   
19 P5 5 26.08   
20 P10 5 24.74   
21 control 6 26.27   
22 P1 6 25.12   
23 P5 6 27.99   
24 P10 6 21.3   
25 control 7 25.12   
26 P1 7 26.27   
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27 P5 7 29.9   
28 P10 7 22.44   
; 
proc print;                                                             
      
                                                                          
proc sort; by trts;                                                                 
      
proc means mean var; by trts;                                                       
      
var DNA;                                                                     
      
proc rank;                                                                          
      
ranks                                                                               
      
rprotein;                                                                     
      
var DNA;                                                                     
      
proc glm; classes trts reps;                                                        
      
model   DNA=reps trts;                                       
   
mean trts/lsd lines;                                                                
      
lsmeans trts/s p;                                                                   
      
/*                                                                                  
      
proc mixed; class reps trts;                                                        
      
model DNA=trts;                                                                     
      
random reps;                                                                        
      
lsmeans trts/pdiff;                                                                 
      
*/                                                                                  
      
run;      
             

Results: 

The SAS System            23:49 Sunday, July 13, 2008 
 
                               Obs    Obs    Trts       Reps     DNA 
 
                                 1      1    control      1     25.89 
                                 2      2    P1           1     27.03 
                                 3      3    P5           1     28.18 
                                 4      4    P10          1     22.44 
                                 5      5    control      2     28.56 
                                 6      6    P1           2     22.64 
                                 7      7    P5           2     24.36 
                                 8      8    P10          2     22.44 

145 
 



                                 9      9    control      3     24.36 
                                10     10    P1           3     26.65 
                                11     11    P5           3     25.70 
                                12     12    P10          3     25.89 
                                13     13    control      4     28.37 
                                14     14    P1           4     25.89 
                                15     15    P5           4     18.62 
                                16     16    P10          4     20.15 
                                17     17    control      5     24.55 
                                18     18    P1           5     26.65 
                                19     19    P5           5     26.08 
                                20     20    P10          5     24.74 
                                21     21    control      6     26.27 
                                22     22    P1           6     25.12 
                                23     23    P5           6     27.99 
                                24     24    P10          6     21.30 
                                25     25    control      7     25.12 
                                26     26    P1           7     26.27 
                                27     27    P5           7     29.90   
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--------------------------------------------- Trts=P1 -----------------------------------
----------- 
 
                                        The MEANS Procedure 
 
                                      Analysis Variable : DNA 
 
                                            Mean        Variance 
                                    ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
                                      25.7500000       2.2695667 
                                    ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
 
 
--------------------------------------------- Trts=P10 ----------------------------------
----------- 
 
                                      Analysis Variable : DNA 
 
                                            Mean        Variance 
                                    ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
                                      22.8266667       4.5678267 
                                    ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
 
 
--------------------------------------------- Trts=P5 -----------------------------------
----------- 
 
                                      Analysis Variable : DNA 
 
                                            Mean        Variance 
                                    ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
                                      25.8328571      13.4962238 
                                    ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
 
 
------------------------------------------- Trts=control --------------------------------
----------- 
 
                                      Analysis Variable : DNA 
 
                                            Mean        Variance 
                                    ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
                                      26.1600000       2.9404667 
                                    ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ   
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The SAS System            23:49 Sunday, July 13, 2008 
 
                                         The GLM Procedure 
 
                                      Class Level Information 
 
                             Class         Levels    Values 
 
                             Trts               4    P1 P10 P5 control 
 
                             Reps               7    1 2 3 4 5 6 7 
 
 
                              Number of Observations Read          27 
                              Number of Observations Used          27 
 
 
 

The SAS System            23:49 Sunday, July 13, 2008 
 

                                         The GLM Procedure 
 
Dependent Variable: DNA 
 
                                                Sum of 
        Source                      DF         Squares     Mean Square    F Value    Pr > 
F 
 
        Model                        9      69.1433386       7.6825932       1.18    
0.3689 
 
        Error                       17     111.0804688       6.5341452 
 
        Corrected Total             26     180.2238074 
 
 
                         R-Square     Coeff Var      Root MSE      DNA Mean 
 
                         0.383653      10.13232      2.556197      25.22815 
 
 
        Source                      DF       Type I SS     Mean Square    F Value    Pr > 
F 
 
        Reps                         6     30.88646574      5.14774429       0.79    
0.5915 
        Trts                         3     38.25687282     12.75229094       1.95    
0.1596 
 
 
        Source                      DF     Type III SS     Mean Square    F Value    Pr > 
F 
 
        Reps                         6     23.99620734      3.99936789       0.61    
0.7177 
        Trts                         3     38.25687282     12.75229094       1.95    
0.1596   
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The SAS System            23:49 Sunday, July 13, 2008 
 
                                         The GLM Procedure 
 
                                       t Tests (LSD) for DNA 
 
 NOTE: This test controls the Type I comparisonwise error rate, not the experimentwise 
error rate. 
 
 
                               Alpha                            0.05 
                               Error Degrees of Freedom           17 
                               Error Mean Square            6.534145 
                               Critical Value of t           2.10982 
                               Least Significant Difference   2.9422 
                               Harmonic Mean of Cell Sizes      6.72 
 
                                  NOTE: Cell sizes are not equal. 
 
 
                     Means with the same letter are not significantly different. 
 
 
                           t Grouping          Mean      N    Trts 
 
                                    A        26.160      7    control 
                                    A 
                                    A        25.833      7    P5 
                                    A 
                               B    A        25.750      7    P1 
                               B 
                               B             22.827      6    P10   
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                                         The GLM Procedure 
                                        Least Squares Means 
 
                                                 Standard                  LSMEAN 
                  Trts         DNA LSMEAN           Error    Pr > |t|      Number 
 
                  P1           25.7500000       0.9661518      <.0001           1 
                  P10          23.0237302       1.0681210      <.0001           2 
                  P5           25.8328571       0.9661518      <.0001           3 
                  control      26.1600000       0.9661518      <.0001           4 
 
 
                                Least Squares Means for effect Trts 
                                Pr > |t| for H0: LSMean(i)=LSMean(j) 
 
                                      Dependent Variable: DNA 
 
                    i/j              1             2             3             4 
 
                       1                      0.0755        0.9524        0.7678 
                       2        0.0755                      0.0678        0.0438 
                       3        0.9524        0.0678                      0.8136 
                       4        0.7678        0.0438        0.8136 
 
 
NOTE: To ensure overall protection level, only probabilities associated with pre-planned 
      comparisons should be used. 
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