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Abstract


This experiment was done to assess the electrophoretic efficiencies of the Invitrogen E-Gel® Pre-cast Agarose Electrophoresis System, the Cambrex FlashGel™ System, and the Biotium GelRed™ Nucleic Acid Gel Stain.  Performing agarose gel electrophoresis takes time and can put the experimenter at risk from harmful staining agents.  The Invitrogen E-Gel® Pre-cast Agarose Electrophoresis System and Cambrex FlashGel™ System are two systems trying to shorten the time it takes to run a test while remaining effective.  Biotium, has developed a product that addresses the safety conditions involved with electrophoresis.  Their GelRed™ Nucleic Acid Stain has tested to be less cytotoxic and mutagenic than the commonly used ethidium bromide.  These products were tested by comparison to traditional agarose gel electrophoresis stained with ethidium bromide.  The results indicated high levels of sensitivity for the FlashGel™ system and GelRed™ Nucleic Acid Stain.  Results also indicated that the E-Gel® Pre-cast Agarose Electrophoresis System consistently produced clear results with sensitivity almost equal to that of the FlashGel™ system and traditional agarose gel electrophoresis.  It was concluded that the two new systems could be deemed useful in sample recognition scenarios, but are not recommended for molecule characterization applications.  It was also concluded that GelRed™ Nucleic Acid Stain is a superior choice to ethidium bromide.   
Introduction

When working with deoxyribose nucleic acids (DNA), agarose gel electrophoresis is the gold standard for analysis.  Agarose gel electrophoresis allows an individual to separate DNA fragments according to size, shape, and charge, for classification and analysis, or to be further analyzed.  Prior to the development of this technique in the 1970’s, scientist had to separate DNA with gravity as the source of molecular movement (Dolan DNA learning Center).  In addition to the analysis of DNA, gel electrophoresis can be used to analyze other macromolecules such as ribonucleic acids (RNA) and proteins.  The basic idea of gel electrophoresis is the use of an electrical field to force the migration of charged molecules across a gel medium.  There are however, many details associated with this process that need to be understood. 


The first facet of gel electrophoresis is the interaction between the fragment of DNA and the electrical field.  This technique requires a charged molecule to be the center of analysis, or the electrical field will have no effect.  DNA carries a negative charge on the phosphate groups that create the linkage between nucleosides, contributing to the backbone of DNA.  The electrical field is created by electrodes in the electrophoresis instrument, that is then conducted by the salt buffer used to make the gels and in which they are submerged.  The positive electrode is known as the anode, and the negative electrode is known as the cathode.  Because DNA molecules have a negative charge, the rules of attraction dictate that they will be attracted to a positive charge, in this case the anode.  This attraction causes the electromotive force that moves the molecules through the gel medium away from the cathode towards the anode. The type of electrical field I used was the standard continuous current.  Different types of electrophoresis based on different forms of electrical fields exist, including pulsed-field electrophoresis (PFE) and field inversion gel electrophoresis (FIGE).  This leads to the next important component, the gel medium.


As previously stated, agarose gel is the gold standard for DNA analysis, although other gel mediums, such as polyacrylamide and starch also can be used.  Polyacrylamide forms a tighter matrix and therefore is useful in particular applications mostly dealing with smaller molecules.  Other macromolecules, such as proteins, can sometimes separate better in these alternative gels, but since DNA separation was our focus, agarose was the medium used in this experiment.  Agarose is a highly purified polysaccharide (carbohydrate) extract from red algae.  Agar, used in microbiology as a matrix for bacteria growth, is also taken from the same red algae as agarose (EDVOTEK, 2003).  Agarose is mixed with a buffer to make a gelatinous and conductive medium.  The two most common buffers are Tris-Borate-EDTA (TBE) and Tris-Acetate-EDTA (TAE) in which the dissolved agarose is allowed to polymerize.  The polymerization, or the linking up of agarose molecules, within the buffer solution, is what creates the gelatinous matrix.  The concentration of agarose dictates how freely molecules migrate through the matrix of the gel.  The higher the concentration of agarose, the smaller the pores, making the molecules travel at a slower rate.  Also affecting the speed of migration are the size, shape, confirmation, and charge of the molecules.  The way in which a molecule migrates can contribute to an understanding of the characteristics of that molecules.  Although the basics of gel electrophoresis appear to be intuitive, many of the details surrounding the types of movement achieved by the molecules and characteristics of the gel medium in relationship to movement of the molecules has been the center of much research in an effort to improve understanding.


Borst and Aaij had been doing research on the circular DNAs of vertebrate mitochondria and stumbled on agarose gel electrophoresis as a tool for DNA analysis (Aaij and Borst, 1972, as cited by Borst, 2005).  They had been using analytical ultra centrifugation but their machine stopped working.  Once led to agarose gel electrophoresis, they began to analyze the analytical tool itself.  At the time, they were studying three topoisomers of the mitochondrial DNA; the closed circular duplex (form I), the open nicked circles (form II), and the open linear isomer (form III).  In effort to better understand the analytical procedure, they also used DNA from two smaller bacteriophage circular DNAs.  Initially they used 0.6% agarose and followed a pre-staining and post-staining procedure to visualize the DNA.  That method was found to be painstaking, so the decision was made to switch to ethidium bromide stained gels.  They found that the mobility rates of the closed circular DNAs were inversely proportional to the common log of the fragments’ molecular weights (Aaij and Borst, 1972, as cited by Borst, 2005).  Since this was not an attempt to separate different sized molecules but different shapes, the range of molecular mass was kept within 11-110 x 106 Da per fragment for each form.  When doing this comparison of the forms of DNA, which was their original objective, they found that the 0.6% agarose concentration was not appropriate and that the larger molecules did not migrate according to the logarithmic relationship.  When adjusting agarose concentrations, they found that the circular DNA’s mobility decreased with the increase in agarose concentration due to the inability of the DNA to fit through the pores.  The linear forms, however, were able to move through the gel, with size affecting speed but not stopping it completely.  They attributed this to the molecules’ ability to crawl through the pores head first like a snake, which is the basic definition of the reptation model of molecular mobility.  This research delivered some of the initial information on DNA gel electrophoresis.  Some of the observations they made hold true today and provide the foundation for the understanding we now have.  

Smith et al. (1989) also observed the mobility of DNA molecules being run in gel electrophoresis.  Their goal was to better explain this analytical procedure.  Although the model of reptation was known, they questioned its accuracy and the principles upon which it was based.  Reptation can be defined as a “semi-random walk biased by the electric field” (Smith et al., 1989).  This means that the molecule can “crawl” through the gel matrix with some degree of randomness, but always moves at least slightly in the direction of the electric field.  The possible structures of the matrix are described by Smith et al. (1989) as a group of pores resembling a segmented tube or, as Deutsch had put forth, a “lattice of point obstructions” (Deutsch, 1988, as cited by Smith et al., 1989).  These two descriptions of the gel matrix would lead to two different ideas of molecular motion.  


To better understand the matrix and general movement, they used a microscope, video camera, and video recorder.  The microscope used was not able to give defined images of molecular details, but with the help of ethidium bromide, it was able to show the general shape of the DNA chains.  The DNA was premixed into the melted agarose, which was then formed into a thin layer about 10-20 μm thick on a slide and topped with a coverslip. The premixing of the DNA was not a factor because they were just observing its movement, not trying to determine relative fragment size, which would have required the molecules to have a uniform starting point.  They found that in the liquid layer between the agarose gel and coverslip, the DNA molecules exhibited Brownian movement in the absence of the electric field, with the DNA inside the matrix remaining static.  To create an electric field, platinum wires were used as electrodes, and a buffer solution was dropped onto the slide to facilitate conduction.  They found that the DNA molecules in the liquid layer moved very quickly in a tumbling manner towards the anode.  The DNA inside the matrix appeared to move slowly, elongating and contracting as the tail end caught up to the head.  The molecules were always elongated in the direction of the field and when the field was intensified, the alignment became stronger and the elongation more extreme (Smith et al., 1989).  There were also times in which the molecule took on a “U” shape.  When this occurred and the electric field was removed, the molecule contracted back towards its center in an elastic way.  These interpretations agreed with the work done by Deutsch (1988).  They also tested longer DNA molecules from yeast chromosomes.  The observations from that test were a motion similar to that of the other DNA fragments, but with a stronger alignment to the electric field.  They also noticed that the longer DNA created a forked head because the head moved slower than the body of the molecule through the matrix.  In a sense, it began taking its condensed form to go through the matrix returning back to the lineal form when larger pores were encountered.  


The research of Smisek and Hoagland (1990) was aimed at a better understanding the characteristics of molecular mobility induced by an electric field in a gel medium.  They specifically addressed “chain entanglement,” which describes the relationship between mean molecular radii and the average spacing of the gel matrix (Smisek and Hoagland, 1990).  Three regimes were defined: unentangled, weakly entangled, and strongly entangled.  Unentanglement is the condition of a mean molecular radius that is far smaller than the average mesh spacing.  Weak entanglement is achieved when the mean molecular radius is about equal to the average mesh spacing of the gel.  Strong entanglement occurs when the mean molecular radius is much greater than that of the mesh spacing.  The previously described reptation model of molecular movement was thought to be reasonable for the strong entanglement regime.  In the initial run of the molecules from all regimes used to check the relationship between polymerization (number of repeating subunits or base pairs) and movement, this model was supported for the strong entanglement regime.  The main emphasis of the study was to determine whether the sieving model of movement accurately explained the mobility of flexible, irregularly shaped macromolecules in the weakly entangled and unentagled regimes.  The sieving model is a sphere representation of a molecule exhibiting Brownian movement in a gel, which is thought to be a group of randomly arranged fibers (Smisek and Hoagland, 1990).  The movement of the molecule is assumed to be proportional to the fractional volume (open space) of the matrix that it has access to.  When doing the test to check dependence on polymerization, different forms of polystyrenesulfonate (PSS) were used, along with DNA samples.  The PSS was used because of its similar qualities to DNA and its ability to be synthesized and manipulated into an abundance of topologies.  If the sieving model were correct, the mobilities of molecules with identical degrees of polymerization but different mean radii would be different.  


After initial testing, the sieving model did not appear to be a good representation of the weakly entangled or unentangled regimes.  To further test this, star shaped PSSs were used.  Because of their unique shape, star shaped PSSs were an ideal way to determine whether topology (which would affect the mean molecular radius) or polymerization was the controlling factor.  Star shaped PSS are comprised of linear arms with nearly equal degrees of polymerization attached centrally.  They also tested circular and linear DNA analogs.  Along with the reptation model for the strongly entangled regime, Smisek and Hoagland’s evidence pointed them to the conclusion that the unentagled regime could be explained by the sieving model but that the weakly entangled regime could not.  The weakly entangled regime depicted molecules migrating as a function of polymerization, not topology, in which mean radius plays a role (Smisek and Hoagland, 1990).


The first part of my experiment compared the efficiencies of the Invitrogen E-Gel® Pre-cast Agarose Electrophoresis System (Invitrogen, Carlsbad, CA) and the Cambrex FlashGel™ System (Cambrex, Rockland, ME) against traditional self-cast agarose gel electrophoresis.  The Invitrogen E-Gel® Pre-cast Agarose Electrophoresis System system comes complete with base (the electrophoresis unit), pre-cast agarose gel, and incorporated stain.  The claim made by the manufacturer is that the samples will run in 12-30 minutes, depending on the level of throughput, which ranges from 1-96 samples (Invitrogen, 2006).  The higher the throughput setup, the faster the run.  There are three throughput options: 1) low throughput, which can do up to 12-16 samples, depending on if the gel is double-combed or single-combed; 2) medium throughput, which handles up to 48 samples; and 3) high throughput, which can run up to 96 samples.  The sensitivity (or ability to visualize DNA bands) is said to be good for samples in the size range of 10 to 10,000 base pairs (bp).  Specifically, I tested the double-combed low throughput system.

The FlashGel™ System is the new agarose gel electrophoresis system manufactured by Cambrex.  This system makes claims of even faster results with lower concentrations of sample DNA than the Invitrogen system.  Cambrex claims that its system is capable of sensitive electrophoresis runs in 2-7 minutes with a lower sample concentration of DNA by a factor of 5.  The reduced time of the test is due to a higher voltage used for the separation, 275 V (Cambrex, 2006).  Not only does it claim to be faster, it claims to do the runs with a reduction in DNA concentration by a factor of 5.  There is also no need for a separate UV transilluminator as the samples can be seen migrating in real time with the built-in transilluminator.  This system also comes with a base, pre-cast gel, and incorporated stain.  When compared to the Invitrogen system, fewer samples can be run, with a maximum of 34.  Sensitivity is claimed to be strong for DNA ranging from 10 to 4,000 bp.  In a product review on Biocompare’s website, Michael Campa, Ph.D., an associate research professor at Duke University Medical Center, states that it “is an incredibly fast, effortless, and sensitive method for carrying out DNA electrophoresis” (Campa, 2006).  He also says there are some negative aspects however, including limited fragment size, expense, and waste.


My research was done to assess the validity of the claims made by the manufacturers of these new agarose gel electrophoresis systems.  I set up an experiment to determine if their quick electrophoresis run times would sacrifice sensitivity, intensity, or clarity, which would make them unreliable for field analysis.  I formed a null hypothesis that the systems would exhibit no difference in electrophoresis efficiency when used properly.  Conditions that had to be appropriate include: DNA concentration, stain concentration, optimal level of buffer components in the control, and proper technique.


The second part of my experiment compared staining agents used in gel electrophoresis.  Ethidium Bromide (EB) is the most commonly used electrophoresis gel stain used when the samples are DNA.  It allows the bands of DNA to be visible when excited by UV light by intercalating itself within DNA.  EB naturally fluoresces under UV light, this is primarily due to its aromatic conformation, but when teamed up with DNA molecules, it fluoresces with greater intensity.  The stain has been demonstrated to be effective, but has two major drawbacks, high toxicity and strong mutagenic capability (the ability to cause mutations in genetic material).  Biotium (Biotium, Hayward, CA) has created a stain intended for electrophoresis of DNA that is not mutagenic or cytotoxic at the amounts used for gel staining (Biotium, 2007).  Biotium claims that GelRed™ Nucleic Acid Gel Stain is “far more sensitive than EB” and very stable, able to be microwaved and stored at room temperature (Biotium, 2007).


Huang and Fu (2005) studied the staining efficiencies of staining agents that were less toxic and mutagenic than EB.  The fluorescent dyes they tested were SYBR® Gold, SYBR® Green I, and Goldview™, which were compared to the ethidium bromide control.  Nine fragment sizes of 50, 100, 150, 200, 250, 300, 350, 400, and 500 bp were run on a 2.5% agarose gel in 1X TAE buffer.  Dye concentrations were determined according to manufacturer’s suggestions along with a standard concentration of ethidium bromide for the control (0.5μg/ml).


It was found that ethidium bromide was the best and most sensitive dye throughout the dilutions.  It was noted that when certain PCR products were expected, such as products that would be in the size range shown to be clearly visible with the safer dyes, these other options may be appropriate to create safer lab conditions.  Results indicated that ethidium bromide was the most sensitive with fragments less than 100 bp in length.  Also, it was observed that DNA mobility was affected by DNA concentration in the case of SYBR® Gold and SYBR® Green I.  As expected, the fluorescence intensity decreased with deceasing DNA concentrations for fragments less than 300 bp in length for all four dyes.  The DNA concentrations used were 50, 25, 12.5, and 6.25ng/band.  SYBR® Green I and Goldview™ showed the lowest efficiency for fragments less than 50 bp, with no visible bands even at a concentration of 12.5ng/band.  However, ethidium bromide and SYBR® Gold produced visible bands at this concentration (Huang and Fu, 2005).  Therefore, it was recommended that Goldview™ and SYBR® Green I only be used with relatively high DNA concentrations and that SYBR® Gold and SYBR® Green I should only be added to the gel after electrophoresis due their effects on the mobility of fragments.


This additional information led me to hypothesize that EB would stain the samples better than GelRed™ Nucleic Acid Gel Stain.  I came to this hypothesis after reading Huang and Fu’s article that showed the less mutagenic and cytotoxic stains sacrificed sensitivity to increase safety.  
Materials and Methods

Making gels


In this study, two conventional agarose gels had to be cast, one stained with GelRed™ Nucleic Acid Gel Stain, and the other with Ethidium Bromide (EB).  The GelRed™ stain had been shown to be less mutagenic and toxic but was still handled with caution (Biotium, 2007).  Both gels were made to have an agarose concentration of 2%.  It was decided that thin gels would work faster and be just as accurate for a comparison experiment, so 70 ml gels were chosen.  To make a 70 ml gel, 1.4 g of Low Melting Agarose was measured on a Metler AE 200 analytical balance and dissolved in 70 ml of Sigma® 1X Tris-Borate-EDTA (TBE) buffer in an Erlenmeyer flask.  To make the agarose dissolve, it was microwaved for 2.5 minutes.  Since the agarose could degrade if boiled for too long, after the initial minute, the flask was taken out of the microwave and swirled for the remaining 30 second intervals.  Once dissolved, 3.5 μl of EB was added to one of the gels and it was swirled gently in its flask.  The other gel received 7 μl of GelRed™ Nucleic Acid Stain in accordance to the manufacturer’s directions and was also swirled gently in its flask (Biotium, 2007).  At this point, the gels were poured into separate clean gel trays, each containing a 12 well comb.  Gels were then allowed to polymerize for 30 minutes.

Loading and Running the gels with Roche DNA Molecular Weight Marker XIV (100-1500bp)

The sample being used for the comparison was a 100 base pair ladder spanning from 100-1500 bp (Roche, Penzberg, Germany).  The stock concentration of the ladder was 250 μg/ml.  Master mixes of dilutions made in sterile water from the original concentration were used to test for sensitivity.  The dilutions were as follows; 1/2, 1/4, 1/8, and 1/16.  This equates to band concentrations for the 1/2 dilution of; 14.5 ng/band for the 300 bp band, 9.5 ng/band for the 200 bp band, and 13 ng/band for the 100 bp band.  The 1/4 dilution yielded band concentrations of; 7.25 ng/band for the 300 bp band, 4.75 ng/band for the 200 bp band, and 6.5 ng/band for the 100 bp band.  The 1/8 dilution had band concentrations of; 3.625 ng/band for the 300 bp band, 2.375 ng/band for the 200 bp band, and 3.25 ng/band for the 100 bp band.  The 1/16 dilution had band concentrations of; 1.8125 ng/band for the 300 bp band, 1.1875 ng/band for the 200 bp band, and 1.625 ng/band for the 100 bp band.  For each master mix, a total volume of 60 μl was achieved.  Before loading the samples into the two self-cast gels, they had to be mixed with a loading dye.  The loading dye allows for some visualization of migration and acts as an anchor adding density to keep the samples in their respective wells.  Four microliters of the ladder from each concentration of master mix was mixed with 3 μl loading dye in a microplate well.  The total 7 μl of sample/dye solution was then loaded into a sample well of the GelRed™ stained gel and repeated for each concentration of master mix.  This was done in a descending order of ladder concentrations in the sample lanes from left to right.  Immediately after loading all the samples of each concentration into the gel, it was run to avoid DNA diffusion out of the wells.  Then the EB stained gel was loaded using the same master mixes and loading dye (including volumes loaded) and identical techniques.  This was also run immediately to avoid diffusion.  When running the gels, it was decided that a lower voltage was needed in the electrophoresis chamber to achieve good band separation.  We decided to use a constant electrical flow of 80V generated by a Savant PS250B power source for 2.25 hours.  

While these gels ran, I ran the dilution series from the same master mixes on an Invitrogen E-Gel® double combed 2% agarose pre-cast gel and a Cambrex 1.2% agarose pre-cast FlashGel™.  Both of these gels come pre-stained with EB.  Before loading the samples in the sample wells of the E-Gel® system, the gel had to be run to shock the system for two minutes.  The sample wells of the E-Gel® system were then loaded according to the manufacturer’s instructions with 4 μl of each dilution being added to each respective lane combined with 16 μl of sterile water to give a total load volume of 20 μl (Invitrogen, 2006 b).  All unused sample wells had 20 μl of water added and 10 μl of water were added to the marker wells also in accordance with the instructions.  At this point, the gel was run on the E-Gel® system power source for 15 minutes.  



When loading the FlashGel™ cassette, the instructions were not followed exactly.  The instructions recommend the loading of 7 μl of sterile water into the sample wells that would be used before loading the samples themselves (Lonza, 2007).  This step was found to be unnecessary from previous testing done by Naomi Iihoshi.  As with the E-Gel® cassette, 4 μl of each dilution master mix was added to individual lanes.  Unused lanes did not require water in this system.  The gel was then run with the BIORAD PowerPac™ Basic at 275 V on the FlashGel™ base/UV transilluminator for 5 minutes.  No loading dye was required for either of these two pre-cast systems.  

Running and Loading the gels with FlashGel™ DNA Marker (100-4000bp)


Two new gels were cast, one with GelRed™ and one with EB, according to the same protocol as mentioned previously.  While these gels were polymerizing, a new serial dilution was done using the FlashGel™ DNA Marker (100-4000bp).    All bands in this ladder had the same approximate concentration of 15 ng/band.  Each master mix had a total volume of 60 μl with the same dilution series of, 1/2, 1/4, 1/8, and 1/16 the stock concentration.  Before loading the samples in all of the gels, a solution of 1 μl of FlashGel™ loading dye to 4 μl of each master mix was made on a Microtitre® well plate immediately prior to loading.  Other than that, all of the same protocols for loading and running the gels were identical.  
Running and Loading the gels with Three Amplicons


Again, two new gels were cast, one with GelRed™ and one with EB, according to the same protocol as previously mentioned.  No dilutions were done for this part of the experiment.  The three amplicons, all taken from the same source, were loaded into the sample wells of the four gels along with both of the previously used ladders.  For the self-cast gels, 4 μl of sample and of each ladder were mixed with 3 μl of loading dye while the samples run on the E-Gel® system and FlashGel™ system were run without loading dye.  Running times and voltage levels were kept the same as the rest of the study. 
Analysis of Results

To assess the E-Gel® system and FlashGel™ system, the two systems were compared to a self-cast gel stained with EB containing the same ladder or samples.  Therefore, the E-Gel® cassette with the Roche Marker was compared to the FlashGel™ cassette and self-cast gel with the same marker and so on for the FlashGel™ marker and amplicons.  The other comparison was accomplished by comparing the self-cast gel stained with EB to the self-cast gel stained with GelRed™.  This was done with a similar method comparing the two gels with the same samples.  Visualization of the self-cast gels along with the E-Gel® cassettes was done with a UVP High Performance Ultraviolet Transilluminator (UVP, Upland, CA).  The gels were placed on the UV transilluminator inside an EDAS 290 Imaging Cabinet and photographed using a Kodak DC 290 Zoom Digital Camera with a EDAS 290 Close-up Lens and an EDAS EB Filter (Kodak, Rochester, NY).  The photographs were then run through Kodak ID Image Analysis Software (Kodak, Rochester, NY).  

To help organize the comparisons, scorecards were developed using the pictures taken.  The first part of the study had scorecards that assessed sensitivity, intensity (brightness), and clarity.  To measure sensitivity (the ability to be visualized) I counted the number of bands present for the bands with 300 base pairs (bp), 200bp and 100bp across the dilution series.  Low molecular weight molecules are the best indicator of sensitivity since they are the first to fail to be visualized when concentrations are too low.  All of the bands that were larger than 300bp were able to be visualized for all dilutions making them an inadequate standard for comparison.  When comparing actual PCR amplicons on the different gels for the second part of my study, I did not measure sensitivity by doing a simple dilution series of the products.  Instead, I solely measured clarity and intensity (brightness) with a general ranking system from 1 being the best to 3 being the worst.  I also used a general ranking system to give an overall assessment of the gels run with the PCR amplicons.  All of my analysis was completely subjective and relative between the comparisons.  Due to this subjective assessment, no statistical analysis was possible or necessary.  

My experiment was done at the Fort Lewis Center for Health Promotion and Preventative Medicine-West (CHPPM-W) under the supervision of Dr. Miguel Quintana and Naomi Iihoshi.   

Results

The first comparison was between the Invitrogen E-Gel® Pre-cast Agarose Electrophoresis System, Cambrex FlashGel™ System and the self-cast gel stained with EB, all of which were run with the Roche Science DNA Molecular Weight Marker XIV (100-1500 bp) (Figure 1).  The FlashGel™ System indicated the highest level of sensitivity and intensity down the dilution series, but did not produce very clear bands.  The self-cast gel appeared to be the next most sensitive of the three with all but the 100bp band at 1/16 the concentration being visible.   Through the stock solution and the first two dilutions, the self-cast gel also appeared to be the clearest of the three only losing out at the final two dilutions to the FlashGel™ System.
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Figure 1.
Scorecard 1; Gels A, B, and C where compared to test for electrophoretic efficiency with a simple dilution series of the Roche DNA Molecular Weight Marker XIV (100 bp-1500 bp).  Gel A is a self-cast 2% agarose gel in TBE buffer; Gel B is the 1.2% Cambrex FlashGel™ cassette; Gel C is the 2% Invitrogen E-Gel® cassette.  Lane 1 indicates the stock concentration; Lane 2 indicates 1/2 concentration; Lane 3 indicates 1/4 concentration; Lane 4 indicates 1/8 concentration; Lane 5 indicates 1/16 concentration.  Sensitivity is measured by the presence of 300bp, 200bp, and 100bp bands, the number is the amount of bands able to be visualized.  Clarity and Intensity are scored on a ranking system where 1 indicates the best performance and 3 the worst.


The next test was done using the Cambrex FlashGel™ DNA Marker (100 bp-4 kb) (Figure 2).  The FlashGel™ system had the highest level of intensity, but the lowest level of sensitivity, failing to visualize the 100 bp band on the 1/16 dilution.  The other two systems showed 100% visualization on this test.  The Invitrogen E-Gel® system did well on clarity, but had the lowest score on intensity.  The self-cast gel generated scores placing it directly in the middle for all of the parameters except sensitivity in which it also gave 100% visualization.    
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Figure 2.

Scorecard 2; Gels A, B, and C where compared to test for electrophoretic efficiency with a simple dilution series of the FlashGel™ DNA Marker 100 bp-4 kb.  Gel A is a self-cast 2% agarose gel in TBE buffer; Gel B is the 1.2% Cambrex FlashGel™ cassette; Gel C is the 2% Invitrogen E-Gel® cassette.  Lane 1 indicates the stock concentration of approximately 15 ng/band; Lane 2 indicates 1/2 concentration with approximately 7.5 ng/band; Lane 3 indicates 1/4 concentration with approximately 3.75 ng/band; Lane 4 indicates 1/8 concentration with approximately 1.875 ng/band; Lane 5 indicates 1/16 concentration with approximately .9375 ng/band.  Sensitivity is measured by the presence of 300bp, 200bp, and 100bp bands, the number is the amount of bands able to be visualized.  Clarity and Intensity are scored on a ranking system where 1 indicates the best performance and 3 the worst.

The last experiment to compare electrophoretic efficiencies was done with both of the ladders at their stock concentrations and three PCR amplicons taken from another experiment (Figure 3).  This test indicated that the Invitrogen E-Gel® system was the overall best system based primarily on clarity.  The self-cast gel was a close second with a good balance of clarity and intensity.  The FlashGel™ system again was the highest scoring gel for intensity and the lowest for clarity giving it and overall 3rd place in the ranking.  
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Figure 3.

Scorecard 3; Gels A, B, and C where compared to test for electrophoretic efficiency with the FlashGel™ DNA Marker 100 bp-4 kb, Roche DNA Molecular Weight Marker XIV (100 bp-1500 bp), and three PCR amplicons.  Gel A is a self-cast 2% agarose gel in TBE buffer; Gel B is the 1.2% Cambrex FlashGel™ cassette; Gel C is the 2% Invitrogen E-Gel® cassette.  Lane 1 indicates the Roche DNA Molecular Weight Marker XIV (100 bp-1500 bp); Lane 2 indicates the FlashGel™ DNA Marker 100 bp-4 kb; Lane 3-5 indicate the respective PCR amplicons.  Clarity and Intensity are scored on a ranking system where 1 indicates the best performance and 3 the worst.  An overall ranking was also given to these gels. 

The next part of my study was a comparison of the staining efficiencies of EB and the Biotium GelRed™ Nucleic Acid Stain.  This was done with the same dilution series of the same two ladders with the same PCR amplicons in the first part of my study.  Both stains were used on 2% self-cast agarose gels and were added to the agarose solution prior to polymerization.  The comparisons using the two ladders indicated that the GelRed™ Nucleic Acid Stain was superior in sensitivity with visualization possible at every concentration, while the EB stained gels had both 100bp bands at the 1/16 concentrations fail to be visualized (Figures 4 and 5).  Intensity was always brighter with the GelRed™ Nucleic Acid Stain but some of the bands were less clear (Figures 4 and 5).  The gels that had the amplicons run on them were given overall ranks of 1st in the case of GelRed™ Nucleic Acid Stain, and 2nd for the gel stained with EB (Figure 6).  This overall rank was given on the basis that GelRed™ Nucleic Acid Stain had the greatest intensity and was only slightly less clear.

A
 1        2        3        4        5                  B          1       2       3       4       5

[image: image10.png]ki
Rl
Bl



       [image: image11.png]



	Lane
	1
	2
	3
	4
	5

	Sensitivity
	3
	3
	3
	3
	3

	Clarity
	2
	2
	2
	2
	1

	Intensity
	1
	1
	1
	1
	1

	Lane
	1
	2
	3
	4
	5

	Sensitivity
	3
	3
	3
	3
	2

	Clarity
	1
	1
	1
	1
	2

	Intensity
	2
	2
	2
	2
	2


Figure 4.

Scorecard 4; Comparison of GelRed™ Nucleic Acid Stain to EB with Roche DNA Molecular Weight Marker XIV (100 bp-1500 bp).  Gel A is a 2% agarose gel in TBE buffer with incorporated EB stain.  Gel B is a 2% agarose gel in TBE buffer with incorporated GelRed Nucleic Acid Stain.  Lane 1 indicates the stock concentration; Lane 2 indicates 1/2 concentration; Lane 3 indicates 1/4 concentration; Lane 4 indicates 1/8 concentration; Lane 5 indicates 1/16 concentration.  Sensitivity is measured by the presence of 300bp, 200bp, and 100bp bands, the number is the amount of bands able to be visualized.  Clarity and Intensity are scored on a ranking system where 1 indicates the best performance and 3 the worst.
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Figure 5.

Scorecard 5; Comparison of GelRed™ Nucleic Acid Stain to EB with FlashGel™ DNA Marker 100 bp-4 kb.  Gel A is a 2% agarose gel in TBE buffer with incorporated EB stain.  Gel B is a 2% agarose gel in TBE buffer with incorporated GelRed Nucleic Acid Stain.  Lane 1 indicates the stock concentration of approximately 15 ng/band; Lane 2 indicates 1/2 concentration with approximately 7.5 ng/band; Lane 3 indicates 1/4 concentration with approximately 3.75 ng/band; Lane 4 indicates 1/8 concentration with approximately 1.875 ng/band; Lane 5 indicates 1/16 concentration with approximately .9375 ng/band.  Sensitivity is measured by the presence of 300bp, 200bp, and 100bp bands, the number is the amount of bands able to be visualized.  Clarity and Intensity are scored on a ranking system where 1 indicates the best performance and 3 the worst.
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Figure 6.

Scorecard 6; Comparison of GelRed™ Nucleic Acid Stain to EB with actual PCR amplicons compared to both the Roche DNA Molecular Weight Marker XIV (100 bp-1500 bp), and the FlashGel™ DNA Marker 100 bp-4 kb, each of which at stock concentrations.  Lanes 1-3 indicate the PCR amplicons; Lane 4 indicates the FlashGel™ DNA Marker 100 bp-4 kb; Lane 5 indicates the Roche DNA Molecular Weight Marker XIV (100 bp-1500 bp).  Clarity and Intensity are scored on a ranking system where 1 indicates the best performance and 3 the worst.  An overall ranking was also given to these gels.
Discussion

The first part of my experiment yielded results that did not support my null hypothesis that the Invitrogen E-Gel® Pre-cast Agarose Electrophoresis System and Cambrex FlashGel™ System would show no difference in effectiveness when compared to traditional self-cast agarose gels stained with ethidium bromide.  This initial hypothesis was based on the idea that gels run in such a short period of time, would not be able to out-perform the clear band separation and sensitivity accomplished by standard gel electrophoresis.  Invitrogen claims that the E-Gel® Pre-cast Agarose Electrophoresis System will run up to 16 samples on the double-combed low throughput cassette in 15 minutes with sensitivity for molecules in the range of 10 bp to 10,000 bp (Invitrogen, 2006).  Cambrex makes similar claims, stating that their FlashGel™ System will run 34 samples in 2-7 minutes, and will visualize bands between 10 bp to 4,000 bp.  They also claim their system will visualize DNA samples that have been diluted by a factor of 5 (Cambrex, 2006).


My results indicate that the FlashGel™ System showed the highest level of sensitivity at the lowest concentrations, with only one band failure throughout the experiment.  It also typically produced bands of the greatest intensity.  The only parameter at which the FlashGel™ System did not excel was clarity.  However, clarity improved at lower concentrations.  All of these parameters together can be seen in Figures 1 and 2.  When taking all results into account, it appears that if lower concentrations of DNA samples are all that is available, the FlashGel™ System is the most appropriate choice.  The E-Gel® Pre-cast Agarose Electrophoresis System yielded different results than the FlashGel™ system.  Where the FlashGel™ system was weak, the E-Gel® Pre-cast Agarose Electrophoresis System excelled.  The E-Gel® System was consistently clearer than the FlashGel™ system, except at lower concentrations.  It showed less sensitivity and intensity than the FlashGel™ system and traditional agarose gel electrophoresis, as evident in Figures 1 and 2.  The traditional self-cast agarose gels produced the most balanced results, remaining consistently strong across all measures of effectiveness.  When separating the amplicons, the E-Gel® System received the highest ranking on the basis of its superior clarity.  

The FlashGel™ system may have had greater intensity and sensitivity because of greater concentrations of incorporated EB used in the manufacturing process.  The E-Gel® System may have had greater clarity because of the uniformity of the gel as a result of good manufacturing, whereas the self-cast gels may not always have as uniform of a matrix.  It may also have produced clearer band separation than the FlashGel™ system because of the lower agarose concentration in the FlashGel™ cassette.


These results suggest that each type of gel may have a set of circumstances in which it performs best.  For example, when only limited time is available to run a gel, obviously the traditional method would not be the best choice.  However, if DNA analysis needs to be done, such as mapping the physical characteristics of the molecule, not just product recognition as in PCR, the traditional method would still be the standard.  This method has been used for this purpose for many years and allows the experimenter to have more control in the process by giving the ability to alter gel concentrations and electric fields which the other systems can not do.  As mentioned earlier, when only small concentrations of a sample are available, the FlashGel™ system appears to be the best system.  As found when testing the Roche Applied Science DNA Molecular Weight Marker XIV (100-1500 bp), the FlashGel™ system should not be used when there are many DNA bands larger than 500 bp  that are close in size due to the lack of clarity (see Figure 1-B).  Larger DNA bands close in size to one another may be indistinguishable from each other.  This offers a good suggestion for future testing, in which larger bands but in a smaller range could be run.  This would equate to a ladder with fewer than 10 bands but all larger in size.  If time is short and clear results are desired for samples that may be large (> 1000) and near each other in size, the E-Gel® Pre-cast Agarose Electrophoresis System becomes the optimal choice.  This would be ideal for PCR reactions run in the field.  When doing field work it is important to save as much time as possible and this is one way of accomplishing that.  Disease infected samples, and products needing to be identified can be handled quickly and clearly.


The next part of my study compared the staining efficiency of GelRed™ Nucleic Acid Stain against ethidium bromide (EB).  My initial hypothesis was that EB would show greater sensitivity than GelRed™ Nucleic Acid Stain based on an earlier study of stains done by Huang and Fu (2005).  They tested SYBR® Gold, SYBR® Green I, and Goldview™ (all of which are shown to be less toxic and mutagenic than EB) against EB and found EB to be the most sensitive (Huang and Fu, 2005).  GelRed™ Nucleic Acid Stain appeared to be similar to the other stains tested by Huang and Fu being less mutagenic and toxic than EB.  In fact, GelRed™ Nucleic Acid Stain is said to be “nonmutagenic and noncytotoxic at concentrations used for gel staining” (Biotium, 2007).  Because of its decreased risks, I hypothesized a sacrifice in efficiency.  The results however, failed to support my hypothesis.  GelRed™ Nucleic Acid Stain had the highest level of sensitivity and intensity when the two different dilution series were run on the four gels.  When amplicons were separated, the gel stained with GelRed™ Nucleic Acid Stain also produced the best results.  The only problem with the stain, as admitted by Biotium, is a slight retardation effect on DNA migration, which EB does not cause (Biotium, 2007).  In analytical cases, where band migration measurements may be made to describe the molecular characteristics of the sample being studied, a simple post-staining protocol can replace the pre-staining and the problem would be solved.  


For future experimentation, I believe a wider range of dilutions could be made leading to a larger number of treatments.  I also would dilute the amplicons to see whether PCR products at different concentrations would have produced different results.  It may be sufficient to use DNA ladder dilutions as an indicator, but the diluted amplicons would be worth exploring since it is the PCR products and other DNA samples that are the center of research, not the ladders themselves.  It may also be useful to test a range of agarose concentrations to see if the results hold true under that change in condition.  This may reveal that the lack of clarity for the FlashGel™ system can be attributed to its lower agarose concentration.  One final idea to give more reliable results would be to have more than one person making and loading all of the gels.  This would give less room for experimenter error or at least a way to reduce its effects on the results by giving a larger and more diverse sample size.  The utilization of loading robots would also help indicate if one person doing the procedure is a true source of error.  

Since DNA analysis is an important part of many types of research, it is imperative to have good tools to accomplish the task with.  The manufacturing of innovative analytical equipment, such as these two new electrophoresis systems, and confirmation of their reliability is vital to the progression of research in many different fields.  With electrophoresis systems such as the two studied here, faster diagnoses of disease, based on PCR techniques, can be made in the field for example, with confidence that the correct results are being indicated.  Products like GelRed™ are also important contributions to the field, providing safer staining alternatives for the visualization of results in this analytical method, with out placing the researcher in danger.  With constant advances in technology, come advances in scientific findings. 
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