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ABSTRACT

In this study, NIH/3T3 cells were permeated with both chemical and physical 

methods for transient gene transfection. Cationic lipid transfection was used as the mode 

of chemical transfection with Transfectam used as the transfection reagent and pSV-P- 

galactosidase as the control vector. After addition of transfection agents, cells were 

exposed to ultrasound with either of two ultrasound probe-type sonicators: either a 20 

kHz, 130 W Vibra-Cell Ultrasonic Processor or a 20 kHz, 400 W Vibra-Cell Ultrasonic 

Processor. With the 130 W Vibra-Cell Ultrasonic Processor, no correlation could be

made between transfection rates and ultrasound exposure (duration or power). Using the 

400 W Vibra-Cell Ultrasonic Processor, it was determined that a 1% amplitude for 30 

seconds may represent the optimal set of conditions to enhance cell permeability and that 

the viability of the cells decreases at higher levels of amplitude.
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INTRODUCTION

During the summer of 1999,1 participated in a student summer research program 

at the Lawrence Livermore National Laboratory in Livermore, CA. I was involved in a 

project in which researchers in the Medical Technology Program investigated cell 

permeability for gene transfection. The intent was to improve gene transfection rates and 

maintain cell viability for drug delivery therapies.

Gene Transfection

Gene therapy, or the introduction of nucleic acids into cells for therapeutic 

purposes, is a revolutionary advancement in the treatment of disease and medicine 

(Bronzino, 1995). The purpose of gene therapy is to alter the cellular activities, ending in 

a desired effect by the cell. Usually, the nucleic acid is double stranded DNA that 

encodes a therapeutic protein.

The first clinical studies in which therapeutic genes were delivered into 

mammalian cells began in the early 1980’s (Bronzino, 1995). Scientists used 

recombinant DNA technology developed in the 1970’s to introduce therapeutic genes 

into retroviruses. These genetically engineered retroviruses were then used to infect 

eukaryotic cells. Since then, recombinant retroviruses have been improved and other 

means for introducing genes into cells have been developed.

There is a vast range of potential applications of therapeutic genes in medicine. 

Today there are over 4,000 human genetic diseases (Bronzino, 1995). Beyond this, 

essentially all other human diseases are influenced by genetic factors. Diseases that have 

no cure today have the potential to be treated in the future with gene therapies.
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Currently, gene therapy techniques are classified as either viral or non-viral. 

Because of their natural processes, recombinant viruses have been used with high 

efficiencies to delivery genes into cells. However, the use of viral gene therapies have a 

number of drawbacks including antigenicity, potential for recombination with wild-type 

viruses, and possible cell damage due to exposure to viral effects (Bronzino, 1995). 

Because of the likely disadvantages of viral gene therapies, non-viral techniques have 

been developed.

Transfection is the introduction of foreign DNA organized within a plasmid into 

cells using non-viral methods (Promega Corporation, 1998). Its study is imperative for 

continuation of gene therapies (Kim et al., 1996). Transfection involves the introduction 

of cDNA, or complementary DNA, into mammalian cells. cDNA is used rather than 

genomic DNA because it is shorter than the genomic intron-containing genes and is 

easier to manipulate (Jones, 1998). However, because cDNA does not contain regulatory 

elements, such as a promoter or an enhancer, it must first be cloned within a plasmid that

holds these elements (Jones, 1998).

Once inside the cells, the foreign material generally remains episomal, meaning

the foreign material does not integrate into the host cell’s genome (Jones, 1998). This 

process is termed transient transfection (Jones, 1998). Any mRNA produced in the cell 

by the foreign material is translated into protein and the cell’s expression of this protein 

can be detected between 12 and 72 hours after transfection (Jones, 1998). Transient 

transfections of plasmid DNA into cells are generally used to examine regulation of 

transcription and gene expression (Zhang, et al., 1996).
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In a small portion of the cells, episomal DNA integrates into the cell’s nuclear 

genome. Transfections of this type are called stable transfections. Stable transfections 

occur at least 72 hours after transfection when the episomal DNA becomes incorporated 

into the cells, leaving the cell with a permanent copy of the foreign genes. Stable 

transfections allow for the isolation and reproduction of individual clones containing the 

transfected DNA incorporated into the cellular genome (Promega Corporation, 1998). At 

this time, it is unclear how the episomal DNA is able to cross the nuclear membrane 

(Promega Corporation, 1998). However, this event is rare and only occurs in a small

number of the overall transfected cells.

There are a number of types of transfection that have been utilized for the delivery 

of DNA into eukaryotic cells (Wyber et aL, 1997). Chemically facilitated transfections 

have been used, including calcium phosphate precipitation and DEAE-dextran methods. 

The calcium phosphate method involves mixing DNA with calcium chloride which 

generates a precipitate that is taken up by cells through endocytosis or phagocytosis 

(Promega Corporation, 1998). DEAE-dextran is a cationic polymer that associates with

the negatively charged nucleic acids which then is attracted and taken into the cell via 

endocytosis (Promega Corporation, 1998). Vector-mediated methods include liposomes 

and retroviruses. These methods carry genetic material to a cell where endocytosis is 

carried out. Also, microinjection and electroporation have been utilized as physical 

processes for transfection. Mechanical methods are based on disruption of the cell 

membrane and are not highly dependent on cell type (Wyber et aL, 1997).

Successful transfection techniques result in high transfer efficiency, minimal 

interference with normal cell physiology, low toxicity, versatility of use, and in vivo

3



effectiveness (Promega Corporation, 1998). In the last few decades, thorough research 

has resulted in high transfection efficiencies both in vitro and in vivo (Zhang, et al.,

1997).

Transfection has many scientific and medical applications and is commonly used 

in gene therapies to optimize vector design (Zhang, et al., 1997). New vector discoveries 

could lead to treatments of human diseases, including ADA (adenosine deaminase 

deficiency), cystic fibrosis, familial hypercholesterolemia, hemophilia B, cancer, HIV, 

and HTLV (human T-cell leukemia virus) (Bronzino, 1995). Transfection also produces 

a study system to investigate DNA replication, recombination, cellular transformation, 

and can be utilized to quantify cell permeability (Kim et al., 1996).

Cationic Lipid Transfection

Beginning in the 1980’s, one method of transfection being used for in vitro 

studies was cationic lipid transfection, or lipofection (Promega Corporation, 1998). It

includes the delivery of genetic material to cells using cationic liposomes, spherical 

particles of lipid substance suspended in aqueous medium (Bronzino, 1995). In this 

method, cationic lipids are incorporated into artificial liposomes and combined with 

plasmid DNA.

To create cationic liposomes, an aqueous suspension of cationic lipids and neutral 

lipids are combined and treated with ultrasound (Bronzino, 1995). A cationic lipid 

carries a net positive charge at physiological pH. The positive portion of the lipid is 

attracted to the negatively charged nucleic acid of the plasmid. Following a short 

incubation period between the lipid and genetic material, a noncovalent liposome/nucleic 

acid complex is formed that carries a net positive charge. Then, the liposome/nucleic
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acid complex associates with the negatively charged cell membrane, leading to 

endocytosis of the complex by the cell. The positively charged liposome masks the 

electrostatic repulsion between the negatively charged DNA and cell surface (Bronzino, 

1995). This results first in the complex being trapped within the cell in endosomes, 

followed by their release into the cytoplasm. Thus, it is the electrostatic interactions 

between the lipids, the nucleic acids, and the cell membrane that causes internalization of 

the foreign genetic material into the cell.

Transfectam is a cationic lipid reagent that was created specifically for cationic 

lipid transfection. It consists of dioctadeclyamidoglycyl spermine (DOGS), a synthetic 

cationic lipopolyamine and L-dioleoyl phosphatidyl-ethanolamine (DOPE), a neutral 

lipid (Promega Corporation, 1998). The spermine group of DOGS is highly positive and 

gives Transfectam a high affinity for DNA and coats the negatively charged DNA with a 

cationic lipid layer - creating the liposome/nucleic acid complex. This allows the DNA 

to fuse with the plasma membrane of eukaryotic cells, thus resulting in internalization of 

DNA. In addition to its assistance in binding the liposome/nucleic acid complex to the 

outer membrane of the cell, DOPE is thought to be a fusogenic lipid, causing the 

liposome/nucleic acid complexes to escape from the endosomes to the cytoplasm of the 

cell after transfection has occurred (Promega Corporation, 1998).

The cationic lipid technique is beneficial in that it is easy to use and prepare, 

offers high efficiency of gene transfer, has low toxicity, and long term stability. Also, it 

does not contain viral sequences, it can be used with or without the presence of serum, 

and it has the ability to transfect many cell lines that may not be affected by other 

transfection methods (Promega Corporation, 1998, Feigner, Holm, 1989, Bronzino,
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1995). The cationic lipid transfection method is favorable to other chemical methods of 

transfection because it can deliver DNA and RNA to animals and humans both in vitro

and in vivo (Promega Corporation, 1998). Transfectam also increases the efficiency of 

the transfection process by reducing the transfection time, thus decreasing the risk of cell 

death (Promega Corporation, 1998).

However, there are a few disadvantages to this procedure. The amount of lipid 

used in lipid transfection techniques is often limited because high levels of the lipid cause 

cytoxicity and lipid transfection results only in transient transfections (Bronzino, 1995, 

Zhang, et al., 1997). Finally, cells that have undergone too many passages in culture 

often lose their transfection ability, a problem not specific to lipid transfection but other 

transfection methods as well (Jones, 1998).

Plasmids, Vectors, and Reporter Genes

Once the DNA has been introduced into the cell, the expression of the delivered 

gene must be regulated to allow synthesis of the gene product. In order to monitor 

transfections for the expression of the controlled gene, plasmids with reporter gene 

functions are used. Plasmids are small, circular extrachromosomal DNA molecules that

are capable of independent replication in a host cell, typically a bacterial cell (Bronzino,

1995). Inserted into the plasmid is a reporter gene whose product is unique to the cell, 

can be expressed from plasmid DNA, and can be assayed conveniently (Jones, 1998).

Transfected cells are assayed for the presence of reporter mRNA, the reporter 

protein itself, or the enzymatic activity of the reporter gene (Promega Corporation, 1998). 

The expression of reporter genes monitors upstream transcriptional events involving
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regulatory DNA sequences, promoters, enhancers, and DNA binding proteins 

(Groskreutz, et al., 1996, Zhang, et al., 1996).

The most commonly used reporter gene systems include chloramphenicol 

acetyltransferase (CAT), green fluorescent protein (GFP), and P-galactosidase. Gene

• transfer efficiency can be observed by assaying activity from cell lysates or by staining 

the cells in situ to estimate the percentage of cells expressing the transferred gene 

(Promega Corporation, 1998).

With the p-galactosidase reporter gene system, plasmids are used that contain the

Escherichia coli lacZ gene that codes for p-galactosidase. P-galactosidase is a tetrameric

enzyme that catalyzes the hydrolysis of P-galactoside sugars such as lactose (Promega

Corporation, 1998). The P-galactosidase reporter gene assay system is used in both in

vitro and transgenic systems.

A vector is a plasmid in which a DNA sequence (usually responsible for encoding 

a therapeutic protein) has been inserted (Bronzino, 1995). A common feature of all 

mammalian expression vectors is that they are composed of both prokaryotic and 

eukaryotic components - prokaryotic sequences for preparation and amplification of the 

vector and eukaryotic elements for the expression of the cloned gene in mammalian cells

• (Jones, 1998).

In this study, the pSV-p-galactosidase control vector was utilized (Fig. 1). It 

contains an SV40 early promoter and enhancer that drives transcription of the lacZ gene, 

which encodes the P-galactosidase enzyme (Promega Corporation, 1998). The p- 

galactosidase expression in transfected cells can be visualized by staining the transfected
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FIGURE 1. pSV-J3-Galactosidase control vector used in transfection. The vector 
contains an SV40 early promoter and enhancer that drives transcription of the lacZ gene 
which encodes the P-galactosidase enzyme.
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cells with X-gal color reagent (Jones, 1998). P-galactosidase reacts with X-gal to create a 

vivid blue color that is visible under a microscope. Therefore, cells that are transfected 

express P-galactosidase and stain blue. The proportion of blue to normal cells is a direct 

assessment of the transfection efficiency (Zhang, et al., 1996).
e

The P-galactosidase reporter gene system is beneficial because it can be assayed 

quickly and directly, is highly sensitive, and is simple to use (Zhang, et al., 1996). 

However, because of endogenous cellular activity of P-galactosidase, it is important to 

always include a negative control or untransfected cells that can be used for comparison 

(Promega Corporation, 1998). In most cases, the cells being assayed are fixed prior to 

staining (Zhang, et al., 1996).

Ultrasound and Its Effects on Cells

Ultrasound has been found to temporarily and nondestructively disturb the lipid 

bilayer membrane of cells, forming channels through which compounds that are normally 

impermeable or that have low diffusion rates can enter the cell (Fig. 2) (Visuri, et al., 

2000; Mitragotri, et al., 1996). The ultrasonic waves create what is termed cavitation.

The permeabilization created by the cavitation allows plasmid DNA to penetrate the cells 

passively (Kim et al., 1996). Ultrasonic induction of membrane permeability and

£ resealing has been termed sonoporation (Bao et al., 1997).

The exposure of cells to ultrasound does have some negative effects on the cells. 

The stress waves produced by ultrasound vary in pressure, magnitude, rise time, pulse 

shape, and spatial gradient. These variations could cause mechanical stress on cells, 

displacement of tissues, high shear stresses, free radical generation, and tissue heating 

(Visuri, 1999). Because of this, each variable must be attentively studied to determine its
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FIGURE 2. Ultrasound Effects on Cell Membranes. Ultrasound has been found to 
temporarily and nondestructively disturb the lipid bilayer membrane of cells, forming 
channels through which compounds that are normally impermeable or that have low 
diffusion rates can enter the cell, such as drugs or genetic material.

Normal Cell 
Lipid Bilayer

Impermeant Drug

Disordered Cell 
Lipid Bilayer

Ultrasound
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effects on cell membrane structure, cell membrane permeability, and under what 

conditions that method is safest for therapeutic use.

Ultrasound and Gene Transfection

With the advances made in biotechnology, many categories of molecules have 

been created for use as therapeutic agents - including protein based drugs and DNA 

based treatments (Wyber et al., 1997). Throughout the course of medical history, 

administration of therapeutic drugs has most commonly been carried out through either 

oral or injection methods. Treatments have been found to be vulnerable to degradation in 

the intestinal tract, have low gastrointestinal uptake, and to have speedy elimination from 

the blood stream (Wyber et al, 1997). Although the current methods have been very 

beneficial, they are also limiting in that the entire body, instead of an intended target, is 

affected by some dose of the drug.

Important benefits could be achieved by locally delivering and enhancing the 

uptake of drugs across cell barriers. These benefits include the transfer of gene vectors 

for gene therapies, improved local drug delivery, reduced required doses, decreased side

effects, and the capacity to explore therapies such as drugs preventing coronary artery 

restenosis, thrombolytics to dissolve blood clots, and chemotherapeutics for cancerous 

tumors (Visuri, 1999). Based of successful past studies of transdermal delivery of 

macromolecules, ultrasound is likely to be useful for systemic delivery of therapeutic

macromolecules (Wyber et al., 1997).

A number of studies have found that transfection may be enhanced by exposing 

cells to ultrasound (Fechhemer et al., 1987, Kim et al., 1996, Mitragotri, et al., 1996, 

Greenleaf et al., 1997, Wyber et al., 1997). The earliest report of ultrasound mediated
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DNA delivery was in 1987 when the thymidine kinase gene was introduced into 

fibroblasts using pulsed ultrasonic waves from a probe-type sonicator (Fechhemer et al., 

1987, Wyber et al, 1997).

Fechhemer et al. found that ultrasound at 20 kHz enhances the permeability of 

cell membranes in vitro, thus increasing transfection efficiency (1987). However, the 

transfection efficiencies found in the study were very low (less than 40/106 plated cells) 

(Fechhemer et al., 1987). Mitragotri et al. found that the utilization of 20 kHz ultrasound 

with intensities ranging between 12.5 and 225 mW/cm2 increased the permeability of rat 

and human skin to drugs between three and 5000 times (1996). The drugs tested included 

high molecular weight proteins, which would normally be excluded from a cell. Wyber 

et al. discovered that ultrasound was optimal for DNA transfection at an output of 2.0 

watts using short sonication times near 30 seconds (1997). In this study, plasma DNA 

was unaffected by the ultrasound procedure. However, mammalian cells were not used.

Ultrasound transfection, as a physical method for transfection, has a number of 

advantages. It is rapid, inexpensive, appropriate for a number of cell and tissue types, 

and can be incorporated with in vivo studies because the treatment can be focused on 

specific areas of a body cavity or tissue (Kim et al., 1996, Wyber et al, 1997). In 

addition, the ultrasonic waves can be transmitted through the walls of containers used to 

grow cells in vitro (Kim et al., 1996).

Lawrence Livermore National Laboratory Research

A number of approaches have been proposed to enhance transdermal drug 

transport including: 1) use of chemicals to modify the skin structure or to increase the 

drug concentration in the transdermal drug patch, 2) application of electrical fields to
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create transient transport pathways (electroporation) or to increase the movement of 

charged drugs through the skin (iontophoresis), and 3) the application of ultrasound 

(sonophoresis) (Mitragotri et al., 1996).

Researchers at the Lawrence Livermore National Laboratory in Livermore, CA 

have developed a technique for the introduction of macromolecules, now including genes 

and eventually therapeutic drugs, into cells based on acoustic waves. The technology has 

the potential to better localize drug delivery, decrease required dosages, decrease side 

effects, and enable revolutionary therapies (Visuri, 1999). LLNL researchers have 

proposed many applications to this technology including localized delivery of drugs to 

prevent coronary artery restenosis, thrombolytics to dissolve bloods clots,

chemotherapeutics for cancerous tumors, and gene vectors for gene therapies. As a 

primary step in their research, it is necessary to determine the ultrasound parameters that 

effect cell permeability and gene transfection.
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MATERIALS AND METHODS

Cell culture conditions

NIH/3T3 mouse fibroblast cells were cultured as monolayers in 25 cm2 canted 

neck and phenolic cap culture flasks (Sigma Chemical Company, St. Louis, MO) with 

Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma Chemical Company, St. Louis, 

MO) supplemented with l.Og/L D(+)Glucose, 0.584 g/L L-Glutamine, 0.11 g/L Sodium 

Pyruvate and containing 10% fetal bovine serum (FBS) (Sigma Chemical Company, St. 

Louis, MO) in a humidified incubator at 37°C with 5% CO2. All cell culture procedures

were done in aseptic conditions under a sterile hood.

Plasmid preparation

pSV-P-galactosidase (P-Gal) control plasmid (Promega Corp., Madison, WI) was

thawed 20 minutes prior to transfection in a 37°C water bath. Plasmid was added to 37°C 

DMEM without serum or supplements (Solution A). Transfectam transfection reagent 

was added to 37°C DMEM without serum or supplements (incomplete media) (Solution

B). Solution A was combined with Solution B (Solution A/B) and incubated at room 

temperature for 15 minutes. All plasmid procedures were done in aseptic conditions.

Trypsin procedure

• To detach the cells from the well-plate floor, all media was removed from each

well and 500pL phosphate-buffered saline (PBS) was added and then removed to rinse 

the cells of added proteins. Trypsin-EDTA solution (50% trypsin, 50% EDTA) was 

added to each well and incubated at room temperature for 10-20 minutes. After gently 

tapping the culture flask to detach any remaining cells, DMEM with serum and 

supplements (complete media) was added (at ten times the original amount of trypsin-
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EDTA) to inhibit additional tryptic activity. All trypsin procedures were done in aseptic

conditions.

Cell preparation

Cells were trypsinized 48 hours after initial growth and plated, using a 

hemocytometer as a counting aid, at a concentration of 5.0 x 104 cells per well with 2 mL 

complete media in a 24-well plate (1.88 cm2 growth area) (Sigma Chemical Company, St. 

Louis, MO) and were incubated overnight until the cells were 50-80% confluent. All 

media was removed from each well, the cells were washed with 500(iL PBS, and 2mL

37°C incomplete media was replaced in each well. Solution A/B was divided evenly 

among the wells to be transfected. All cell preparation was done in aseptic conditions. 

Ultrasound exposure

Cells were treated with ultrasound immediately following addition of transfection 

agents using either of two ultrasound probe-type sonicators: a 20 kHz, 130 W Vibra-Cell

Ultrasonic Processor or a 20 kHz, 400 W Vibra-Cell Ultrasonic Processor. Each device

had an attached titanium tapered probe that transmitted acoustic stress waves to the liquid 

media. Wells were exposed individually to a variety of magnitudes and durations either 

from the underside of the well plate or by immersion of the sonicator tip into the well 

plate, depending on the ultrasound sonicator used. Electrical power delivered to the 

ultrasound transducer ranged from 0-8W or 0-2% amplitude (depending on the 

ultrasound device used) and duration ranged from 0-2 minutes. The resulting acoustic 

power was later measured to be less than 10W/cm2 at the probe tip. Ultrasound exposure 

at the cells was temporarily varying but significantly less than 6W/cm2. Some wells were 

employed as controls, receiving no treatment by either ultrasound and/or transfection.
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After exposure, cells were placed in the incubator overnight. The next day, 500pL of 

37°C complete media was added to each well. Cells were again placed in the incubator 

for 24 additional hours. Ultrasound treatment was done in aseptic conditions.

X-Gal Color Reagent preparation

* To prepare the X-gal stock color reagent, 0.5mL X-gal (20mg X-gal/mL in 

dimethyl formamide, stored at -20°C), 0.1 mL 0.4M potassium ferricyanide, and 0.1 mL 

0.2M magnesium chloride were added to 9.3 mL PBS (Zeneca Agrochemicals, Bracknell, 

UK). All X-gal color reagent preparation procedures were done in aseptic conditions. 

X-Gal assay

Forty-eight hours after ultrasound exposure, all media was removed from each 

well and 500gL PBS was gently added and removed to wash the cells without disturbing

the fragile cell monolayer at the bottom of the well. lOOOpL fresh PBS was added to

each well followed by X-gal color reagent. The well plate was either left sitting under 

the sterile hood or was completely covered with tin foil, then incubated at room 

temperature overnight. All X-gal assay procedures were done in aseptic conditions.

Cells in representative sections of each well were observed and counted under an inverted

phase-contrast microscope.

•
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RESULTS

For this study, both chemical and physical methods of transient transfection were 

used to study cell permeabilities. Cationic lipid transfection and ultrasound with either a 

20 kHz, 130 W Vibra-Cell Ultrasonic Processor or a 20 Mkz, 400 W Vibra-Cell
»

Ultrasonic Processor were used to introduce the pSV-P-galactosidase (P-Gal) vector

within NIH/3T3 mouse fibroblast cells. In each trial, the amount of vector, time of 

transfection, and intensity of ultrasound treatment were varied while searching for the 

greatest efficiency of gene transfer without impacting cell viability.

To begin the ultrasound transfection procedure, cells were grown to densities of 

50-80% confluence and were passed and plated at 5.0 x 104 cells/well in the presence of 

complete media (media with 5% fetal bovine serum) (Promega Corporation, 1998).

Then, the plasmid DNA was made free of protein, RNA, and chemical contaminants 

using PBS washes. Any presence of albumin, heparin, trypsin, or EDTA in the medium 

would decrease the efficiency of transfection (Promega Corporation, 1998).

To initiate the transfection, Transfectam and plasmid were added at varying 

ratios, always with the amount of Transfectam exceeding the amount of plasmid. It was 

necessary for the positive charge of the Transfectam reagent to equal or exceed the

9 amount of negative charge contributed by the plasmid, resulting in a net neutral or

positive charge (Promega Corporation, 1998). Then, the cells were exposed to ultrasound 

at varying times and intensities. With each transfection trial, cells were carefully 

observed during each phase of the transfection and ultrasound to assure maximum cell

health and minimal contamination.

Transfection Using 20 kHz, 130 W Vibra-Cell Ultrasonic Processor
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A total of five ultrasound transfections were completed using the 130 W Vibra- 

Cell Ultrasonic Processor. I found the first attempt, well-plate 1, to be the most 

successful. For this procedure, 20pg pSV-P-gal control plasmid and 11 pL of 

Transfectam transfection reagent was divided between 20 total wells. Four ultrasound 

powers were used for either one or two minute lengths (Table 1). Column 1 of well-plate 

1 was used as a control, eliminating ultrasound, pSV-P-Gal control plasmid, and 

Transfectam. Column 6 was also used as a control, only eliminating ultrasound.

Duplicate samples were set up for each set of conditions. After transfection was allowed 

to proceed for 48 hours, 80pL X-gal color reagent was added to each well to stain the

transfected cells. The transfected cells were observed under an inverted phase-contrast 

microscope and the number of blue transfected cells per well were estimated by counting 

with direct visualization (Table 2).

In well-plate 1, the highest number of blue cells was in well C5 when 8W of 

ultrasound were administered for two minutes (Table 2). This was the maximum time 

and power (intensity) tested. A large number of blue cells were also observed in control 

column six. It is possible that ultrasound treatment of neighboring cells may have 

effected the transfection among these control cells. Table 3 shows the average number of 

transfections for each repeating set of conditions. No clear-cut correlation is seen with 

increasing ultrasound power (across the rows) or with duration (down the columns).
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TABLE 1. Ultrasound powers (Watts) and duration (minutes) for each of the wells 
in well-plate 1 (24 well well-plate).

Column 1 2 3 4 5 6

A no ultrasound 
no transfection

3 W
1 min

5 W
1 min

7W
1 min

8W
1 min

no ultrasound 
transfection

B no ultrasound 
no transfection

3 W
1 min

5 W
1 min

7 W
1 min

8W
1 min

no ultrasound 
transfection

C no ultrasound 
no transfection

3 W
2 min

5 W
2 min

7 W
2 min

8 W
2 min

no ultrasound 
transfection

D no ultrasound 
no transfection

3 W
2 min

5 W
2 min

7 W
2 min

8 W
2 min

no ultrasound 
transfection

TABLE 2. Number of blue cells in the representative sections for each of the 
wells in well-plate 1, using lpg plasmid and .55pL Transfectam per well for 
overnight transfection followed by 80pL color reagent per well for staining 
purposes. Cells in well B5 could not be counted due to extreme folding of cell 
monolayers.

Columnl 2 3 4 5 6

A 0 30 20 30 30 5

B 0 25 30 35 unknown 2

C 6 0 29 27 70 25

D 0 20 50 40 25 0

TABLE 3. Average number of transfections between each duplicated trial in 
well-plate 1. Rows A and B and rows C and D were averaged, as the 
conditions were identical.

Columnl 2 3 4 5 6

AB 0 27.5 25 32.5 15 3.5

CD 3 10 39.5 33.5 47.5 12.5
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Transfection Using 20 kHz, 400 W Vibra-Cell Ultrasonic Processor

Four ultrasound transfections were completed using the 400 W Vibra-Cell 

Ultrasonic Processor. The third attempt, well-plate 22, was the most successful. For this 

procedure, 40pg pSV-p-Gal control plasmid and 80pL of Transfectam transfection 

reagent were divided between 10 total wells. Once these agents were added to the cells, 

the transfection was allowed to proceed for 48 hours. Three ultrasound amplitudes were 

used for time lengths ranging from 30 seconds to one and a half minutes (Table 4, Table 

5). Column 1 was used as a control, eliminating only ultrasound. Column 6 was also

used as a control, eliminating ultrasound, pSV-P-Gal control plasmid, and Transfectam.

Duplicate samples were set up for each set of conditions. To stain the transfected cells,

lOOpl X-gal color reagent was divided between the ten wells. The cell culture plate was

wrapped in foil and placed in the sterile hood until observations of transfected cells were 

made. The transfected cells were viewed under an inverted phase-contrast microscope. 

The proportion of blue cells per well was estimated by taking representative computer

generated photos of each well and counting the number of normal, untransfected cells

versus blue, transfected cells (Table 6).

Well B4 had the greatest number of blue cells per well (Table 6). No blue cells 

were observed in control column 6, as would be expected due to control conditions 

without ultrasound or transfection. Table 7 shows that samples AB4 had the highest 

average number of transfections, suggesting that using 1% amplitude for 30 seconds may 

represent the optimal set of conditions to enhance cell permeability.
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When the experiment using the 400 W Vibra-Cell Ultrasonic Processor was 

analyzed for percent transfection efficiency rather than actual number of cells (Table 8), 

high efficiency of transfection was observed for all four wells receiving the higher 

amplitudes of ultrasound. High transfection efficiencies were maintained for all wells 

undergoing transfection even though the number of blue cells decreased. Decreased 

numbers of cells present suggests that the viability of the cells decreases at the highest

ultrasound amplitudes.
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TABLE 4. Ultrasound amplitude (%) and duration (minutes) for each of the wells 
used in well-plate 22.

Column 1 2 3 4 5 6

A no ultrasound 
transfection

0%
1 min

0%
2 min

1%
30 sec

2%
30 sec

no ultasound 
no transfection

B no ultrasound 
transfection

0%
1.5 min

0%
2 min

1%
30 sec

2%
30 sec

no ultrasound 
no transfection

TABLE 5. Corresponding electrical power to each amplitude setting used in 
well-plate 22.

Amplitude 0% 1% 2% 3% 4% 5%

Power 0-1 1 1 5 8 12

TABLE 6. Number of blue cells for each of the wells in well-plate 22. 4pg 
plasmid and 8pL Transfectam were used per well for overnight transfection at 
37°. lOOpL color reagent per well was used for staining.

Columnl 2 3 4 5 6

A 25 25 20 46 33 0

B 20 20 47 68 35 0
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TABLE 7. Average number of transfections between each duplicated trial. 
Rows A and B were averaged as the conditions were identical - A2 and A3 
were only slightly different conditions leaving them to also be averaged 
together.

Columnl 2 3 4 5 6

AB 22.5 22.5 33.5 57 34 0

TABLE 8. Total number of cells, number of blue transfected cells, and 
percentage of transfected cells for each of the wells used in well-plate 
22.

well number of blue cells total cells percent blue cells

Al 25 67 37.3
A2 25 73 34.2
A3 20 76 26.3
A4 46 57 80.7
A5 33 42 78.6
A6 0 unknown 0
BI 20 57 35.1
B2 20 38 52.6
B3 47 60 78.3
B4 68 82 82.9
B5 35 44 79.5
B6 0 45 0
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DISCUSSION AND CONCLUSIONS

Nine ultrasound transfection procedures were completed - five ultrasound 

transfections using the 130 W Vibra-Cell Ultrasonic Processor and four ultrasound 

transfections using the 400 W Vibra-Cell Ultrasonic Processor. With the first ultrasound 

device, the first trial (well-plate 1) produced the best results in terms of number of 

transfected cells. However the same results were never repeated, as the other four trials 

were inconsistent or unable to be interpreted. In the four trials using the second 

ultrasound device, the transfection efficiencies were the greatest in the third trial (well- 

plate 22). Again, the three other trials showed results that were inconsistent or were 

unable to be interpreted. Time played a factor in all trials - each taking approximately 

five days to complete, so only the nine transfections could be completed in the time I was 

at the Lawrence Livermore National Laboratory.

For well-plate 1, the first transfection procedure with the 130 W Vibra-Cell

Ultrasonic Processor, transfection efficiencies were not determined because the total 

number of cells could not be counted as a result of cell conditions. During the 

transfection procedure the sheet of cells became detached from the well bottoms and 

folded up on each other. This may be due to the fragility of the cells since they began to 

die after being treated with the X-gal stain in the absence of media.

For well-plate 22, the third ultrasound transfection using the 400 W Vibra-Cell 

Ultrasonic Processor, higher amounts of plasmid and transfection reagents were used per 

well, allowing a higher concentration of the reagents to interact with the cells. Also, for 

the first time, both the ultrasound treatment and transfection procedures were carried out

in a 37° water bath. Kim et al. found that ultrasound transfection at room temperature
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was negligible (1996). In addition, the foil wrap placed around the well-plate after 

addition of the X-gal color reagent seemed to make a great difference in the number of 

blue cells present compared to the previous trials. This was possibly due to the X-gal 

color reagent being light sensitive when left open to room lighting (Zhang, 1996).

From the transfection procedures performed, there were a number of factors that 

played important roles in the overall process. First, the 400 W Vibra-Cell Ultrasonic 

Processor was much more powerful than the 130 W Vibra-Cell Ultrasonic Processor and 

caused the sheets of cells to detach from the wells at amplitudes greater than 2%.

Sterility is another important factor. All cell maintenance and cationic lipid 

transfection procedures were carried out under a sterile hood. However, until the 400 W 

Vibra-Cell Ultrasonic Processor was used, the ultrasound treatment took place in the 

open air. On a number of occasions there was evidence of contamination in the plates

that were not treated under the sterile hood.

Next, the amount of pSV-P-gal control plasmid and Transfectam transfection

reagent used per well was important. Promega found that the use of plasmid to 

Transfectam in a 1:1.5 to a 1:5 ratio produced the best results (1998). In most cases, a 

1:4 ratio was used, but the actual amount of plasmid/Transfectam solution added to each 

well varied, due to availability of the reagents. With well-plate 22, greater amounts of 

plasmid/Transfectam solution were used compared to prior trials, possibly exposing a 

greater number of cells to the plasmid and initiating transfection.

Following the addition of transfection agents and ultrasound treatment, the 

transfection was allowed to continue for an average of five hours before media was 

added, thus halting the procedure. Promega found optimal transfection periods to be

25



between 30 minutes and 24 hours, followed by incubation for a total of 48 hours before 

the reporter assay was analyzed (1998). Further study should be made of the dependence

of duration of transfection and incubation on transfection rates.

The amount of X-gal color reagent added to each well was also important for the 

reporter assay analysis. In well-plate 22, lOOpl X-gal color reagent was divided between 

10 wells instead of 16 as in the previous trials and prior studies with smaller amounts of 

reagent (Jones, 1998). The higher concentration in well-plate 22 made more reagent 

available to the cells. Also, because the X-gal color reagent was light sensitive, wrapping 

the cell culture plate in foil to decrease light exposure caused a more vivid color reaction 

in well-plate 22. In prior trials, either very little blue stain was evident or none at all - 

even in wells where transfection was assumed to occur. Variation in color intensity from

that reported by Promega may be because the p-galactosidase reporter gene system was

previously used to stain fixed cells (Zhang, et al., 1996).

Finally, the proportion of blue transfected cells to normal untransfected cells 

found in each trial was determined in a very objective manner. For the first five 

ultrasound procedures, the number of blue to normal cells was counted by direct 

visualization under an inverted phase contrast microscope. Thus, user error could 

contribute to the numbers found. In the next four transfections, cell images were 

captured with a CCD camera attached to the inverted phase contrast microscope and the 

number of blue to normal cells was counted. However, only a portion of the image in the 

microscope at a 1 OX magnification was transferred to the television screen. Therefore, 

only a small representative section of each well in the well-plate could be viewed at one
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time. Granted, even though photos representative of each entire well were used, it was 

difficult to obtain exact results instead of simple estimations.

In the fiiture, scientists at the Lawrence Livermore National Laboratory will 

continue to fine-tune the ultrasound transfection experiment parameters. For further use 

of the 400 W Vibra-Cell Ultrasonic Processor, it would be imperative to design a more 

permanent device that will allow for ultrasound transfection to take place under a sterile 

hood or in sterile conditions. Also important in the fiiture to the transfection procedure 

would be the development of a more accurate way to measure transfection after treatment 

with ultrasound - either by advancing the X-gal assay already developed, creating a new 

reporter assay system, or by improving the inverted phase-contrast microscope imaging 

system already in use.

In conclusion, the transfection efficiencies found in this study are greater than 

those found in past studies (Kim et al., 1996). With time and continued fine-tuning of the 

ultrasound transfection procedure and evaluation methods, repeatable results will be 

attainable. Ultimately, these studies should lead to the improvement of DNA-based drug

delivery systems.
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