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Abstract 

A laser scanner for imaging electrophoretic gels was constructed and tested. The 

scanner incorporates a green helium-neon (HeNe) laser (543.5nm wavelength) and can 

achieve a spatial resolution of 1 9 ~ .  The instrument can function in two modes : "snap-shot" 

and "finish-line". In snapshot mode, all samples are electrophoresed for the same time and the 

gel is scanned after completion of electrophoresis, while in finish-line mode, fluorophore 

labeled samples are electrophoresed for a constant distance and the image is formed as the 

samples pass under the detector. The resolving power of the fkh-line mode of imaging is 

found to be greater than that of the snapshot mode of imaging. This laser scanner is also 

compared with a Charge Coupled Device (CCD) camera and in terms of resolving power is 

found to be superior. Sensitivity of the instrument is presented in terms of the minimum 

amount of DNA that can be detected verses its molecular length. 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, r w m -  
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 
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Chapter 1 

Introduction 

A laser scanner for imaging fluorophore labeled molecules in 

electrophoretic gels was constructed and tested. The scanner was designed to be 

used with a wide variety of electrophoretic apparati. The performance of the 

scanner was compared with a CCD camera, which is also used to image 

electrophoretic gels. An advantage of CCD cameras is that images can be 

acquired in a short period of time, but not necessarily with the best achievable 

resolution. I set out to build an instrument capable of better spatial resolution. 

Electrophoretic resolution can be characterized in terms of resolving power, as 

defined by Ribeiro and Sutherland [l]. Resolving power is used to compare 

snapshot and finish-line imaging with this laser scanner, and to compare this laser 

scanner with a CCD camera. In terms of resolving power, both snapshot and 

finish-line images recorded by this laser scanner are superior to snapshot images 

recorded by the CCD camera for imaging fluorescence from electrophoretic gels. 
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The laser scanner utilizes a Green HeNe laser as its excitation source and 

offers spatial resolution to 19pm. It can be operated in two modes depending on 

the method of advancing the DNA in the gel relative to the laser beam, hence 

defining the slow axis [Z] of the raster image. In both imaging modes, a 

computer controlled rotating mirror scans the focused laser beam along a straight 

line in the image plane of the optical system. The scan line defines the fast axis 

of the raster image [Z]. 

Gels previously electrophoresed can be imaged using this scanner through 

the aid of a one-dimensional horizontal translator that, under computer control, 

advances the gel through the scanning laser beam. This mode is termed snapshot 

imaging [2]. Alternatively, gels can be imaged as they are electrophoresed, This 

method of imaging is given the name finish-he imaging [2]. Finish-line imaging 

resolves DNA bands better than snapshot imaging for gels of similar composition 

and dimensions. 

This thesis describes the design, construction, and performance 0f this 

scanner. Measurement of the spot size of the focused laser beam and 

determination of the spatial resolution of the instrument via the modulation 

transfer function is also covered. Data from both modes of operation are 

presented. 
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Chapter 2 

EIectro p ho resis 

2.1 Theory 

Electrophoresis is the process by which charged solutes are separated in an 

electric field. It is widely used to separate mixtures of proteins, nucleic acids, or 

other biopolymers. 'In the case of nucleic acids, sizes of unknown DNA's can be 

determined, and sequence information can be obtained through electrophoresis. 

There are about 3.109base pairs of DNA in a human cell. It is the goal of the 

Human Genome Initiative to determine the sequence of this DNA. 

Electrophoresis of DNA plays a key role in this undertaking. 

The molecules to be separated are loaded into wells in either 

polyacrylamide or agarose gels depending on the sizes of the molecules to be 

separated. Polyacrylamide gels are used for shorter DNA up to a few hundred 
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nucleotides, while agarose is used for longer DNA's [3]. It is the combination of 

the electric field applied to the gel, and the gel medium itself, which acts as a 

molecular sieve, that separates molecules based on their sizes. 

Smaller molecules encounter less resistance from the gel matrix than do 

larger ones, and hence travel faster through the gel. The electrophoretic mobility 

of a molecule is given by 

V 
P a -  

E 

where V is the velocity of the molecule and E is the electric field applied to the 

gel. In the gels imaged in this thesis, E is constant both throughout the gel and in 

time. 

There are many ways to record the distribution of biopolymers in 

electrophoretic gels, but the method concerning us here is imaging fluorescently 

labeled DNA. There are many different fluorescent labels available, and in 

sequencing, four different ones may be needed, one for each nucleotide base. For 

my scanner, which is used primarily for imaging gels of restriction fragments 

(double stranded DNA molecules ranging in length from about 10' to 10' base 

.pairs), I took advantage of the widely used fluorescent tag ethidium bromide. 



7 c 

, 5 

2.2 Snapshot Imaging 

A snapshot image is recorded after completion of electrophoresis [2]. The 

fluorescence is recorded and the image is described as a function f(x,y), which is 

a measure of the fluorescence, and hence the amount of DNA, at the location 

specified by the coordinates x and y. These coordinates can be expressed in terms 

of picture elements (pixels) within an image, or as physical distances. For most 

purposes, pixels are adequate. In snapshot imaging, the DNA can be labeled 

either before or after electrophoresis. 

2.3 Finish-line Imaging 

A f~sh - l ine  image is an image created as the fluorophore labeled DNA in 

the gel travel a fmed distance from the wells to the detector [Z]. As with snapshot 

imaging, the fluorescence is recorded, and the image can be described by some 

knction f(t,y) that is a measure of the amount of DNA at position y perpendicular 

to the direction of electrophoresis, that arrived at the detector at time t. Finish- 



line imaging requires that the imager is dedicated to a single gel during 

electrophoresis, but for comparable size gels achieves superior resolution because 

most molecules travel hrther through the gel [2]. 

6 
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Chapter 3 

The Laser Scanner 

3.1 Construction 

The principal components of this laser scanner are contained within a 1 

112' by 2' by 3' rectangular aluminum parallelpiped. The laser, scanning mirror, 

and focusing optics are mounted on a 2' by 3' by 1/2" thick aluminum top plate 

suspended above the scanning region by 1 1/2" diameter aluminum legs. 

The laser scanner is shown in Figure 1 below. The green HeNe laser 

(model # 05LGR 173), operating at 543.5nm, With a power of 750pW, from 

Melles Griot (Carlsbad, CA) is held in a Newport (Irvine, CA) Model Ulm-Tilt 

laser holder. The laser holder, in turn, is mounted on two aluminum adapter 

plates. These plates fur the beam height above the top plate at 2.5 inches. The 

laser holder permits precise angular adjustments in directions parallel and 
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perpendicular to the scanning plane. 

A one inch diameter 543nm laser line interference filter with companion 

blocker is mounted to the front of the laser in an aluminum holder. This 4/10'' 

thick holder, machined from 1 1/2" diameter round stock, has a 0.8" diameter 

hole in the center. The holder has a 1" diameter lip, which holds the filter 

combination flush against the front face of the laser. An additional, round, 4/10" 

thick aluminum piece is attached on top of the filter holder. This piece has 

centered 1-32 threads to support a beam expander (model # A61336, Edmund 

Scientific, Barrington, NJ). The laser line filter and beam expander holders are 

shown in Figure 2. The laser and beam expander assembly is mounted diagonally 

on the top plate for compactness. 

The green blocking filter was necessary to remove low levels of red light 

(633nm), that pass through the interference filter, from the green excitation light. 

This is required because the laser line filter is designed to reject all unwanted 

light in the vicinity of the 5 4 3 . 5 ~ 1  line, but wavelengths farther removed (633nm 

light from the HeNe laser can reach the detector) can pass. The extra blocking 

filter insures that no significant light, from 50nm to 1500nm, other than the green 

HeNe line reaches the detector. 
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Figure 1 Top View (above) and side view (below) of laser scanner. 



t 

10 

B 

9eJIf:O.S 

10 
d 

Figure 2 Holder for the laser line interference filter combination 
at the top, and beam expander at the bottom. A denotes 4-40 
clearance holes on a bolt circle of radius 0.625", while B denotes 
a one-inch threaded hole to mount the beam expander. 

The expanded laser beam was passed through a spatial filter to remove any 

stray light around the edge of the beam that may affect image quality. The spatial 

filter also serves to insure that the beam diameter prior to the F-Theta lens (model 

# 4401.206, Rodenstock Precision Optics Inc., Rockford, E) is the required 

12mm. 

A 45 degree mirror is mounted on an MMI mirror mount and micro post 

from Newport, Inc. The post can be rotated for beam redirection, and the MM1 

mount allows for angular adjustment perpendicular to the optical axis. 
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A 3 1/2" diameter clearance hole was cut in the top plate as shown in 

Figure 3. This hole allows the laser light that passes through the F-Theta lens to 

reach the gel area of the laser scanner. 

! 

*A AC 

Figure 3 Layout of Top Plate showing dimensions and locations of holes. 
A 1/2-13 clearance, B 3.5" clearance, C 3 equally spaced 1/4-20 threaded 
holes on circle of radius 2.125" for anchoring F-Theta holder, D 1/4-20 
threaded, E 1/4-20 thrded holes on circle of radius 3.202" at angles 96.341, 
173.659, 276.341, and 353.659 degrees for mounting laser holder adaptor 
plate. 
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A holder for the F-Theta lens, shown in Figure 4, was designed and 

machined out of aluminum. The round piece has an outer diameter of 5 inches, 

and M-76 threads turned on the inside to accommodate the F-Theta lens. Six 

equally spaced holes, three 1/4-20 clearance and three 1/4-20 tapped holes, were 

positioned on a bolt circle of radius 2.125 inches. The tapped holes are for 1/4-20 

Threads 

! 

Figure 4 F-Theta lens holder. 

round tipped screws that are used for adjusting the vertical position of the lens to 

position the entrance pupil of the lens at the height of the beam above the top 

plate. The clearance holes permit passage of three 1/4-20 screws into tapped 

T 
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holes in the top plate for anchoring the F-Theta lens and holder. 

The scanning mirror galvanometer (model G325DT, General Scanning 

Inc., Watertown, MA) was secured to a bracket made from a seven inch long 

piece of aluminum U-channel. The bottom of the channel was milled to allow 

clearance for the F-Theta holder, as the galvanometer must be close enough to the 

F-Theta so that the scanning mirror is at the entrance pupil of the lens. A half 

inch clearance hole was drilled in the center of d e  piece at a height of 2.5 inches 

to pass the galvanometer shaft. This places the scanning mirror at the beam 

height. This galvanometer bracket was bolted to the top plate. A diagram of this 

bracket is shown in Figure 5.- 



Front View 
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Side View 

U ~ : I l I c h o S  
seele 1 : 1.5 

Figure 5 Scanning mirror galvanometer bracket. 

Since the scanning mirror needs to be centered at the entrance pupil of the 

F-Theta lens, and given that this distance is 12- from the back of tlie lens 

surface, it was necessary to construct a mirror and shaft (the mirror obtained from 

General Scanning was too large). The F-Theta lens allows for a maximum scan 

of the focussed laser beam of 140mm in one dimension in the image plane. The 

General Scanning galvanometer has a maximum range of 50 degrees. These 

specifications translate into 7 0 d 2 5  degrees, or 2 .8ddegree .  For one 
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available, typical electrophoresis apparatus, (Fotodyne, Inc., Hartland, WI) a scan 

length of 95mm is necessary to cover the width of the gel, which corresponds to 

an angular range of plus/minus 17 degrees. Thus, the mirror orientation will vary 

from 28 to 62 degrees over the width of the gel, with 45 degrees corresponding to 

the center of the gel. 

The diameter of the laser beam after exiting the beam expander is 12mm, 

so the mirror must be long enough to capture all of the beam at one extreme angle 

of the scan range (62 degrees), and yet not so long as to hit the F-Theta lens at the 

other extreme (28 degrees). Using this information, a minimum and maximum 

mirror length can be calculated, and any value in between the two can be chosen. 

I found that a mirror length of 26mm was sufficient and used a silicon wafer with 

a gold coating. 

It was necessary to machine a holder for this mirror since the original 

General Scanning mirror and shaft are one unit. The new holder, machined from 

1/2" aluminum round stock, is 1 1/4" long. The outside was turned down until 

smooth, while the inside was reamed out to 3/16 inch diameter, to fit snugly on 

the galvanometer shaft. Two holes, offset by 90 degrees, were drilled and tapped 

at one end of the piece to fit silver-tipped, 6-32 set screws, to fix the holder to the 

galvanometer shaft. At the far end, a 1/8" deep groove was milled out, slightly 

thicker than lmm to accommodate the mirror. The groove was machined such 
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that the reflective surface of the mirror is on the center of rotation of the 

galvanometer shaft, insuring that the expanded laser beam hits the surface of the 

galvanometer mirror at the entrance pupil of the F-Theta lens. The mirror was 

fixed in place with crystal mounting wax, and checked for orthogonality with the 

axis of rotation with a miniature square. 

The top plate is suspended by four 1 1/2" round, 10.5" long aluminum 

legs. The length of the legs allows electrophoresis equipment to be positioned so 

that the gel is in the focal plane of the F-Theta lens. The top end of the legs have 

centered 1/2-13 tapped holes and the bottoms have 1/4-20 holes. The legs are 

fastened to the bottom plate with 1/4-20 bolts, and the top plate is fastened with 

1/2-13 threaded rods, nuts and washers. Half inch clearance holes are cut in the 

comers of the top plate to accommodate the 1/2-13 threaded rods that are inserted 

into the tops of the legs. The top plate is inserted on the threaded rods and 

fastened in place with nuts and washers. In this manner, the vertical position of 

the top plate, and hence the vertical position of the focusing optics -is not 

permanently fxed, and could be adjusted to accommodate other electrophoresis 

equipment which may require more or less vertical clearance in the interior of the 

laser scanner. 

Aluminum angle is placed at the comers of the scanner to facilitate the 

addition of 1/16" thick aluminum side plates. The angle provides a flat surface to 



17 

which the sides can be attached. A groove was milled in the tops of the 

aluminum angles so as not to constrain the vertical position of the top plate. To 

make this adjustment, all that need be done, is removal of the sides. 

A Daedal (Harrison City, PA) model I# 106101C-04 M-LH, one 

dimensional, computer controlled stepping motor translator was mounted to the 

bottom plate in the center of the laser scanner. This translator permits gels that 

have been electrophoresed previously to be scanned. Two 12" x 20" x 1/4" 

aluminum plates are mounted above one another on the translator. The plates are 

fastened together by 1/4-20 rods, nuts, and washers, and are separated by an 

adjustabIe distance. In this fashion, a variety of gel holders or electrophoretic 

equipment can be positioned in the focal plane. 

3.2 Fluorescence Detection 

Fluorescence data are collected by means of a model number R1612 

Hammamatsu (Middlesex, NJ) photomultiplier tube (PMT). The photocathode of 

this detector is rectangular in shape with dimensions of 88mm x 40mm. A 

housing was constructed from a 3" x 5" x 10" aluminum box that is 1/16" thick. 



A window was cut in one of the 3" x 5" faces of the box, and the inside of the 

face was lined with neoprene to support the photocathode end of the tube. The 

first piece of neoprene glued to the inside of this face is cut slightly smaller than 

the photocathode window to protect the window. Successive pieces of neoprene, 

cut slightly larger than the girth of the photocathode end of the PMT, are glued on 

top of the first piece for support of'the photocathode end. The PMT is held in 

place by a brace that applies light pressure to position the photocathode end of the 

PMT against the neoprene. 

Necessary electrical components and C O M ~ C ~ ~ O ~ S  were made within the 

PMT housing. The resistor chain for the relegation of voltage to the dynode 

stages of the photomultiplier was constructed within a resistor chain housing unit 

included with the PMT. Two connectors, one MHV for the high voltage 

connection to power the phototube, and the other BNC for the phototube output, 

were attached to the side of the phototube housing. The photomultiplier is 

powered by a Pacific Instruments (Concord, CA) model 204-03 high voltage 

power supply. Within the phototube housing a circuit utilizing an LF347 

operational amplifier converted the photo-current to a voltage. A one megaohm, 

temperature stable resistor, provides a gain of a million volts/amp. This resistor 

can be easily changed. The phototube housing unit was attached to the underside 

of the top plate via two aluminum brackets. 

18 
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In order to achieve sensitive detection of labeled molecules in the gel, 

collection of fluorescence should be efficient. Due to space limitations imposed 

by the focal length of the F-Theta lens, and the size of the phototube, a Plexiglas 

light guide was used to assist in fluorescence collection. 

A piece of Plexiglas, 1.25 inches thick, and approximately 5.5 inches long, 

was shaped on a milling machine as shown in figure 6. All faces were sanded and 

polished with plastic polish. The back face was dimensioned to fit the 

photocathode face of the phototube, while the front face, the end used for 

fluorescence collection, was constructed to span the width of a typical gel. 

The objective was to position the end of th'e light guide as close to the gel 

as possible to maximize fluorescence collection. This was achieved by locating 

the face of the light guide at an angle of 45 degrees with respect to the image 

plane of the scanner as shown in Figure 1. However, limited space under the top 

plate made it necessary to bend the light guide. 
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Figure 6 
before bending. 

Top view of Plexiglas light guide 

A two piece wooden mold was fabricated. The outside of the mold was 

cut flat and sanded smooth to insure that when clamped in a press, equal pressure 

was applied to all points of the mold. The inside of the mold was lined with 

aluminum shim stock to insure a smooth uniform surface on the Plexiglass when 

clamping it in the press. 

The Plexiglas was clamped loosely on the bottom mold and heated at 180 

degrees in a vacuum oven for several hours. The oven was vented with nitrogen 

before removing the Plexiglas to prevent impurities from reaching the surface of 

the heated Plexiglas. The heated Plexiglas light guide was immediately placed in 

the mold, and clamped firmly in a press where it remained overnight. 
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The bending process distorted the sides of the Plexiglas slightly, so it was 

necessary to reface them on a milling machine. The front light collection end was 

also shaped to insure that when in place, an angle of 45 degrees exists with the 

horizontal. All sides were once again sanded and polished with plastic polish. 

The Plexiglas light guide was placed firmly against the photocathode 

window of the PMT, and affixed to the phototube housing unit with a few beads 

of epoxy cement (Torr Seal, Varian Vacuum Products, Lexington, MA). The 

epoxy provides a nearly permanent bond. Black silicon adhesive was used to 

form a complete seal at the junction of the Plexiglas and the phototube housing 

unit. This strengthens the bond between the Plexiglas and the PMT housing, and 

prevents reflected light from reaching the PMT. 

The DNA molecules imaged with this laser scanner were labeled with the 

fluorophore ethidium bromide, whose structure is shown in Figure 7. Ethidium 

bromide is a dye that binds to the DNA molecules by intercalation [4] at a 

maximum density of 1 molecule of ethidium bromide for every 5 bases of DNA 

[4]. The intercalation occurs through hydrophobic reactions in which ethidium 

molecules slide in between bases of the DNA molecule. The attractive property 

of ethidium bromide is its 21-fold increase in quantum efficiency of fluorescence 

upon binding to double-stranded DNA [4]. The fluorescence excitation and 

emission spectra of ethidium bromide are shown in Figure 8. 
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Figure 7 Structure of ethidium bromide molecule [4]. 

An emission filter was needed to prevent scattered 543.5nm excitation 

light from the surface of the gels from reaching the photomultiplier tube. It 

consists of a double layer of Coming 2-73 colored filter glass (Esco Products Inc., 

Oak Ridge, NJ) providing a total thickness of 6mm. Two pieces were needed to 
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Figure 8 Excitation spectra of free and bound ethidium 
bromide in curves 1 and 2, respectively. Fluorescence 
emission spectrum of bound ethidium bromide in curve 3 
[41. 

completely eliminate any stray excitation light by providing greater optical 

density, while at the same time allowing for the use of Ethidium Bromide as a 

fluorescent label. The transmission spectrum of the glass, taken on an Hp 

spectrophotometer (model # 8452A Diode Array Spectrophotometer, Boise, ID), 

is shown in Figure 9. Two pieces of the glass were cut and mounted at the 

collection' end of the Plexiglas optic. 
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Transmission Spectrum of 2-73 Glass 
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Figure 9 Transmission Spectrum of Corning 2-73 glass. 

3.3 The F-Theta Lens 

An F-Theta lens is designed so that the displacement of the image point is 

linearly related to the angular deflection of the laser beam with respect to the axis 

of the lens according to the equation y' = f.8, where y' is the distance from the 

normal, f is the focal length of the objective, and 8 is the scanning angle, as 

24 
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shown in Figure 10 [ 5 ] .  An F-theta lens has a large diameter, an entrance pupil 

that lies outside the objective, and must have a good flattening of field [ 5 ] .  

Laser Beam 
Scanning Mirror 

F-Theta Lens 

Angle of Mlmr vs. PosMon Slgnal 

g - t  8 ‘O 

E -  - ? O -  

a 

cr) t i -  
! -  
L 
0 -io - 

a i  I I I 

4 

Figure 10 Diagram of F-Theta condition (above) and 
verification of linearity of angle of scanning mirror and 
scanner control amplifier position signal (below). 
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The laser beam is directed by the scanning mirror and focused by the F- 

Theta lens to scan electrophoretic gels. Ordinary objectives free from distortions 

obtain images geometrically similar to the object. When the image height y' is 

proportional to the object height, then there are no distortions. In this case, 

y'=f.tan(B). For scanning in a plane though, where a linear relationship between 

the scanning angle and the image height y' is desired, an F-Theta lens must be 

used. 

With an F-Theta lens, the image angle is proportional to the object height, 

and it is assured that the rate of rotation of the scanning mirror is proportional to 

the speed of the focused laser beam as it scans across the gel, and thus all points 

on the gel are excited for the same time. This is important when quantitating the 

fluorescence obtained from electrophoretic gels. With an ordinary objective, e is 

not proportional to y', and thus, collecting a spatially and photometrically 

accurate image is more difficult. 

The entrance pupil of the F-Theta objective must be completely filled in 

order for the lens to function properly. If the entrance pupil is only partially 

filled, or is asymmetrically filled, then the spot size of the focused beam will 

increase [SI, which is undesirable. Expanding the laser beam fills the entrance 

pupil of the F-Theta lens reducing beam divergence, and obtaining the smallest 

spot size possible [6] .  The beam expander increases the diameter of the laser 
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beam to the required 12mm for the F-Theta lens. To insure that the entrance 

pupil was symmetrically filled with the green HeNe light, and that the light 

exiting the beam expander has essentially plane wave fronts, or is coming from 

infinity, the beam expander was checked with a shear-plate interferometer. 

The linearity of the F-Theta condition was verified during the construction 

of this laser scanner. The model G325DT galvanometer optical scanner and CX- 

6325 scanner control amplifier from General Scanning, Inc. were utilized for this 

test. The galvanometer has a total scanning range of 50 degrees. The CX-660 

provides a position signal in volts that represents the position in the scanning 

movement of the deflecting mirror. The zero degree position for the mirror is 

such that the mirror is at 45 degrees with respect to the horizontal, so that the 

reflected laser beam is vertical. By setting the galvanometer at a known height 

from the table (in this case, the F-Theta lens and beam expander are removed 

from the beam path), the distance that the beam moves from the zero position can 

be measured, and the angle of the mirror with respect to its zero position 

determined. 

The angle of the scanning mirror was compared to the position signal from 

the scanner amplifier. The position signal corresponds to the angle of the 

galvanometer mirror exactly as it should, as 1 volt = 5 degrees, as shown in 

Figure 10. Then, the position signal was checked with the F-Theta lens in place. 
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Positions along the scan path traced by the laser were marked off in 0.2" 

segments, and the position signal was noted when the laser beam was moved to 

these individually marked locations using the manual position control on the CX- 

660 scanner control amplifier. The resulting plot of position signal versus 

distance is shown in Figure 11 below. The result is linear with a slope of 

73.6V/m. Since the analog position signal corresponds directly to the angle of the 

galvanometer mirror, this is essentially a plot of scanning angle vs. distance of 

displacement of the focused laser beam, and a verification of the F-Theta 

condition. 
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V'Vication of F-meta Condition 

Figure 11 Verification of linearity of F-Theta condition. 
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3.4 Scanner Control and Signal Acquisition 

The laser scanner is controlled by a small computer (386-SX 20MHz, 

Gateway, N. Sioux City, SD) as shown in figure 12. The computer controls the 

angle of the scanning mirror by generating a voltage from a digital to analog 

@/A) converter that is applied to the scanner control amplifier, and reads the 

output of the photomultiplier using a 12 bit analog to digital (A/D) converter. 

Both the A/D and D/A converters are located on a Lab-PC+ multifunction analog, 

digital, and timing YO board for the PC from National Instruments (Austin, TX). 

The rotation of the galvanometer defmes the fast axis of the image. For snapshot 

imaging, the slow axis is determined by the linear translator that, under computer 

control, moves the gel by a specified increment between each scan of the laser 

beam along the fast axis. 

The data collection program' prompts the user for width and length-of the 

gel, step size of the scanning motion (which includes step size of the translator 

and step size of the galvanometer mirror, as it %tepsO the focused laser beam 

'Written by Denise Monteleone, Biology Department, Brookhaven National 
Laboratory. 
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across the gel), and the number of readings to be taken at each point along the 

path of the scanning laser beam. The number of readings per point affects the 

speed of the scan. More readings per point means a longer scanning time, but 

better image quality. The readings at each point are averaged, and these averaged 

values determine the image. 

The galvanometer mirror "steps" the laser beam across the gel in the 

increments defined by the user. The maximum width of images taken with this 

laser scanner is 1024 pixels (limited by the Image Analysis2 software which 

utilizes a frame grabber that is 1024 pixels wide), so this may limit the scan 

increment depending on the width of the gel. For wide gels, if the user enters a 

scan increment that is too small, in other words, one that would require more than 

1024 'kteps" of the galvanometer mirror, the program automatically adjusts the 

scan step size. 

The user also has the option to display a small portion of the image on the 

PC screen as it is being taken. This image is 320 x 200 pixels, and is limited by 

the software. This live image is useful for alignment and focusing, as well as 

choosing a reasonable number of readings per point. 

For finish-line imaging, the user is required to answer the same prompts as 

Written by Denise Monteleone, Biology Department, Brookhaven National 
Laboratory. 
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for a snapshot image, in addition to providing the delay time between scans of the 

laser beam, and the total collection time. In finish-line mode, motion along the 

slow axis of the system is provided by the motion of the labeled molecules 

undergoing electrophoresis. 

Analysis of gels is accomplished using the program Image Analysis. The 

user can take columns, lanes, rows, or bands of data, depending on the 

application, and extract the digital information. Columns are vertical strips of 

digitized data that are one pixel wide, while lanes are a range of columns chosen 

by the user. The digital information obtained when taking a lane profile, is the 

average of the range of columns d e f h g  the lane. Similarly, rows are one pixel 

wide horizontal strips of digitized data, while bands are a range of rows chosen 

by the user. The digital information obtained when taking a band profile, is the 

average of the range of rows defming the band. Images longer than 1024 pixels 

can readily be handled, as the user can choose a range of 1024 pixels from a 

longer image to view. In this sense, the image can be scrolled. 
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Figure 12 Electronic Schematic of the Laser Scaner System. 
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Chapter 4 

Spatial Resolution 

4.1 Spot Size of the Focused Laser Beam 

4.1.1 Theory 

In order to determine the inherent spatial resolution of the laser scanner, it 

is necessary to assess the size of the focused laser spot. The spatial resolution of 

the scanner is an upper limit of the resolution that can be achieved when imaging 

a gel. The Point Spread Function is a measure of the quality of an image formed 

by a lens. The Point Spread Function in x and y is representative of the size and 

shape of the image. The height of the Point Spread Function is proportional to 
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the power density focused at that point on the image plane [7]. 

Ignoring the wave properties of light, the image of a point source formed 

with a perfect lens, would have a diameter of zero, in other words, a delta 

function for the Point Spread Function [7]. In reality, diffraction effects at the 

lens aperture cause an Airy Pattern to be formed for an image. This is a bright 

spot, within which 85% of the focused power lies, surrounded by dim concentric 

rings. The diameter of the central focused spot is proportional to the lens F/# 

and the wavelength of the laser light. The spot size diameter is given by the 

equation [7] 

d = 2.44 A @I#) = 2.44 A (fD) (4.la) 

where D is the diameter of the lens, f is effective focal length of the lens, and A is 

the wavelength of laser light. This equation applies for uniform illumination of a 

diffraction limited lens. This has to be slightly modifred when using a laser with 

a Gaussian intensity profile since the entrance pupil of the lens is not uniformly 

filled by the laser radiation. For a Gaussian beam profile, the spot size isgiven 

by the equation [7] 

d,,2 = 1.27AflD1,; . (4.lb) 

Here dl,$ is the full width at half maximum (FWHMJ of the focused laser beam 

and Dl,$ is the FWHM of the beam at the entrance pupil of the F-Theta lens. 

In order to ascertain the spatial resolution of the laser scanner, it was 
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necessary to determine the size of the focused laser beam. This was 

accomplished by moving a very fine edge into the beam, and measuring the 

intensity of the light that is transmitted passed the edge. 

4.1.2 Measurement Process 

The procedure for measuring the focused spot size of the green HeNe is as 

follows. A disposable microtome blade (essentially a long knife edge) was 

mounted on a differential micrometer stage (Newport model 420). This provided 

repeatable movement for the knife edge into and out of the beam with a 

resolution of 0.25pm. This stage was mounted to another differential micrometer 

stage providing repeatable vertical micron movement via a right angle bracket. 

The two stages were fixed to the inside bottom of the laser scanner with a second 

right angle piece. These micrometer stages allowed for two dimensional profiling 

of the focused laser beam. 

The portion of the beam that passes by the knife edge was reflected off a 

mirror to direct it to the R1612 Hammamatsu photomultiplier tube. Several 

neutral density filters were stacked in front of the photomultiplier tube to guard 
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against damage from the intense laser light. 

The best focus as observed by eye determines the initial placement of the 

Spot size measurements were taken until the focal plane was knife edge. 

determined by trial and error. The measurement process began with the blade 

obscuring the beam. The blade is moved out of the beam in micron increments, 

and the PMT signal is recorded. Intensity data were recorded until the entire 

beam passed by the knife edge. Initially, the PMT signal is small, since the entire 

beam is obscured. As the blade is moved out of the beam, the signal increases, 

and then levels off as the entire beam passes by the edge unobstructed. Typical 

data are shown in Figure 13 . 



Assuming the beam is Gaussian, the data can be fit using curve fitting 

software. I used the program TableCurve from Jandel Scientific (San aafael, 

CA) to fit the data to a Gaussian cumulative. From the equation of the 

cumulative, one can determine the full width at half maximum, which is taken to 

be the spot size of the focussed laser beam, as shown in Figure 13. 
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Tjqical Spot Size Detennination Data 

0 m 

Figure 13 Typical spot size determination data and the Gaussian 
cumulative fit, which has a correlation coefficient of 0.9985, indicating that 
the beam is indeed Gaussian. This fit leads to a spot size of 12.7pm. 
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4.1.3 Results 

The spot size was determined at 5 positions along the scan path of the 

laser beam, for five vertical positions including the focal plane, to get an 

understanding of the profile of the beam, and for cross section recorded both 

parallel and perpendicular to the scan plane. Some of the gels that will be used 

with the scanner are up to 4mm thick, so it is necessary when considering the 

interaction of gel and focused laser beam to have an idea of the shape of the beam 

throughout the gel. The spot sizes in microns, for the two orthogonal directions 

of measurement are shown in Table 4.1. 
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TABLE 4.1 

Focused Laser Beam Spot Sizes (in pm) 
for Two Orthogonal Directions of Measurement : 

Parallel / Perpendicular to Direction of Electrophoresis. 
Position Along Scan Path Relative to Center 

(Along Horizontal) 
Position Relative to Focal Plane 

(Along Vertical) 

The spot size of my focused laser beam, determined by averaging the focal 

plane values, can be taken to be 12 f 2pm. Rodenstock quotes a value of 16pm 

for their F-Theta lens, using a red HeNe laser. Since the spot size depends 

linearly on the wavelength of the laser used, my spot size should be 

(543/633).16jim, or 13.7pm. My value of 12 f 2pm is thus consistent, within the 

error, with this diffraction limited value. 

The spot size measured perpendicular to the direction of the scan path was 

also determined while the beam was scanning to insure that the dynamics of the 

scanning process do not alter the size of the focused laser beam in any fashion. It 

was found that the spot size is not altered by the scanning motion (Data not 
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shown). 

4.2 Modulation Transfer Function 

4.2.1 Theory 

To further characterize the spatial resolution of the laser scanner, it was 

also necessary to measure the modulation transfer hnction. The modulation 

transfer function is a quantitative method for specifying the spatial resolution of 

an instrument. In order to do this, a resolution target from Newport Inc., 

conforming to the USAF-1951 resolution target standard, was scanned with the 

laser scanner. The target is shown in Figure 14. It contains groups of horizontal 

and vertical line-space patterns whose spatial frequency increases as the sixth root 

of two. The target was supplied as an emulsion on paper positive. There are 

eight groups of six elements each. Goups zero and one are the outermost groups, 

while groups two and three reside within the boundaries of groups zero and one, 



and groups four and five reside within the boundaries of groups two and three. 

Finally, groups six and seven are contained within the confmes of groups four and 

five. 

The spatial resolution of an imaging system is not specified by pixel size. 

The pixel size designates precision with which features in an image can be 

located, while spatial resolution is a measure of the ability to distinguish adjacent 

features. Usually, pixel size is chosen to be less than the size of the smallest 

feature to be resolved. 
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Figure 14 Newport resolution target which 
CO~OIIIIS to USAF-195 1 standad. 
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4.2.2 Measurement Process 

The spatial resolution is determined using the resolution target in the 

following manner. The target provides a pattern of uniform signal-producing 

bands of width Ax separated by spaces of the same width. When the width is 

much larger than the spatial resolution of the system, the response of the imaging 

system follows the shape of the patterns on the target. As the width of the bands 

and the spatial resolution become comparable though, the peaks in the image 

representing the patterns of the target become rounded, and the troughs do not 

quite reach zero. 

The entire target was scanned in 15 micron steps. This is primarily for 

observing groups zero and one. Groups two and three were scanned in five 

micron scan increments, while groups four and five were scanned in one micron 

scan increments. Scanning at increments less than the size of the focused laser 

beam for measurement of spatial resolution was performed to insure that the step 

size of the scanning motion is not a limiting factor in determining spatial 

resolution of the optical components. 

The modulation transfer function is defined as the difference between the 

average values of the peaks and troughs generated in the image divided by their 

43 
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mean value [Z]. By plotting the modulation for each group of lines vs. the 

number of line pairs per millimeter for each group, the limit of resotution can be 

ascertained. The limiting spatial resolution is usually taken as the line density 

that corresponds to a modulation transfer function of 0.1 [8]. 

4.2.3 Results 

Data for a determination of resolution in the direction of electrophoresis 

(three scans of the resolution target) are shown in Figure 15. Resolutions for the 

three scans are characterized by three different slopes that the groups of data 

follow. This reflects the fact that the size of the scanning step directly affects the 

spatial resolution of the instrument. Groups zero and one are represented in the 

upper le& of the graph, groups 2 and 3 in the center, and group 4 in the’lower 

right. 

The modulation [8] is defined as the following : 

(4.2a) 

The average maximum and average minimum are the digitized signal values 
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taken over each element from each group of the resolution test target. They are 

determined using the Image Analysis program which allows the user to take 

columns and rows in the image, and extract the digitized values. 

Modulation Transfer Function Data 
Data From Three Scans of USAF-1951 Target 
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Figure 15 Data for determination of the spatial resolution of the optical system 
in the direction of electrophoresis. The distance between the centers of the 
focused laser beam was l5pm for groups 0 and 1,5pm for groups 2 and 3, and 
1 pm for group 4. 

The data points from group four of the resolution test target were used to 

determine the limiting spatial resolution of the laser scanner in the direction of 
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electrophoresis as shown in Figure 16. The data were fitted with a straight line 

(correlation coefficient of 0.979) from which the line-pair separation that 

corresponds to a modulation of 0.1 was found to be 26.5 mm-', which means that 

dark elements 19pm wide, separated by the same distance, can just be resolved 

with my laser scanner. 

Modulation Transfer Function 
ksolution in Direction of Electrophoresis 
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I 

Figure 16 Modulation transfer h c t i o n  for determining 
spatial resolution parallel to the direction of electrophoresis. 
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Data for determination of the spatial resolution perpendicular to the 

direction of electrophoresis are shown in Figure 17. Using the analysis described 

above, the modulation equals 0.1 at 19.6 LP/mm leading to a spatial resolution of 

about 25pm. 

Generally, spatial resolution along the direction of electrophoresis is more 

important than resolution in the orthogonal direction. The spatial resolution 

achievable when measuring fluorophore labeled biopolymers in electrophoretic 

gels will always be lower than the inherent resolution of the optical system due to 

scattering of the laser light by inhomogeneities in the gel and the thickness of 

gels. As most of the bands of DNA in gels are greater than Imm'FWHM in the 

direction of electrophoresis, the data presented here demonstrate that the 

instrument response function of the scanner will have little if any effect on 

observed electrophoretic resolution. 
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Modulatlon Transfer Functlon 
Resolution Perpcndlcukr To Dlrectbn of Elcttrophorcrk 
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Figure 17 
in the direction perpendicular to electrophoresis. 

Modulation transfer function for determining spatial resolution 
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Chapter 5 

Electrophoretic Gels 

5.1 The Dispersion Function 

The dispersion function of an electrophoretic system is the relationship 

between molecular length of the DNA, or other material, and its distance (or 

velocity) of migration [l]. It is a way of characterizing the quality of the 

separation and is necessary for the calculation of the resolving power which will 

be discussed shortly. The dispersion fbnction determined from known lens of 

DNA can be used to determine unknown lengths of DNA separated in the same 

gel. The known lengths of a particular DNA and the distances the fragments 

move into the gel can be utilized to determine a dispersion function using a curve 

fitting program such as Tablecurve. This is not always the most informative 

approach, however, as it may not be possible to extract meaningful information 



3Reptation results from deformation of the random-coil structure of DNA, which 
predominates in free solution, to an essentially linear structure which "snakes" 
through the gel. 

, 
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from the equation describing the particulars of the electrophoretic system at hand. 

I describe the approach presented by Ribeiro and Sutherland to determine 

a "global" dispersion function describing the motion of all lengths of DNA during 

electrophoresis. This method provides physically meaningfbl constants to 

characterize the electrophoretic process. 

Consider electrophoresis in a static, uniform electric field. This is the 

condition for both the snap-shot and finish-line modes of operation. For a group 

of molecules of length L, the average velocity v Q ,  must be a constant [l]. It is 

well known from snapshot imaging experiments, that the velocity is 

approximately inversely proportional to the length [l]. For smaller and smaller 

molecules though, the velocity cannot increase without bound, but must approach 

a frnite limit. This limiting velocity is termed v,, meaning the velocity of a 

molecule of "zero" length [I]. At the other end of the spectrum, for very large 

molecules, the velocity will not go to zero, but will also approach a frnite value. 

This is due to the process of reptation3. This velocity is termed v-, meaning the 

velocity of a molecule of "infinite" length El]. Taking both of these limiting 

factors into consideration leads to the following equation for v(L) : 



5 1  

(5.la) 

Replacing v(L) by dddt, performing variable separation, and integrating with 

respect to x and t leads to 

(5.1 b) 

for the dispersion function. 

For snapshot imaging, electrophoresis is carried out for a constant time. 

Thus, the substitutions x, = vot and x, = v,t can be made, and the dispersion 

function is given by the equation [ 11 

( S A )  

The subscript denotes constant time of electrophoresis or snapshot imaging, while 

xo and x, are the distances that a molecule of "zero" length and one of 'infinite" 

length would move into the gel, and can be determined from a digitized image of 

length standards. The product ct is a "gel constant" and is approximately equal to 

the product of velocity and molecular length of molecules near the center of the 

molecular length range that can be separated [ 11. 

For finish-line imaging, the derivation is much the same except here 

The electrophoresis is carried out over a fixed distance, so x is constant. 
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dispersion function for finish-line imaging is given by the equation [ 1 J 

(5.ld) 

where cx-' is the gel constant as mentioned beforehand, and t,, and t, are the times 

it takes for molecules of "zero" and "infinite" length respectively to reach the 

detector or "finish-line". The cons&ts and t, can also be determined from a 

digitized image of a set of length standards. 

5.2 Resolving Power 

One measure of the ability of an electrophoretic system to separate 

macromolecules such as DNA, is called resolving power. The electrophoretic 

resolving power, as defined by Ribeiro and Sutherland [l], is a dimensionless 

quantity, and thus facilitates comparisons of electrophoretic apparati that function 

in different manners. It is a way of determining the resolution actually achieved 

'in an image. In my case, resolving power is used to compare the snapshot and 

finish-line modes of imaging. It is also used to compare this laser scanner with a 

CCD camera. Resolving power is usually presented as a hnction of molecular 
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length and need not depend on the observation of closely spaced bands, but rather 

well resolved ones [ 11. 

By definition, resolving power is given as the ratio of the length of the 

molecules in a band to the resolution length of that band [l]. Resolution length is 

the minimum resolvable difference in molecular length of a particular band [9]. 

The quality of the separation of molecules of similar length can be directly 

inferred from the resolving power. The higher the value of the resolving power, 

the better the resolution [ 11. 

For snapshot imaging, the resolution length AL(x) for minimally resolved 

bands is given by the following 

a (4 A L ( ~ )  = - r(x) - 
& 

(5.2a) 

where dL(x)/dx is the derivative of the dispersion function, and I'(x) is the full 

width at half maximum of the band in question. The negative sign arises from the 

fact that smaller molecules migrate faster than larger ones, hence if x-is the 

distance of migration, &(x)/dx is negative. The resolving power as defmed by 

Sutherland and Ribeiro [ 11, for snapshot imaging, is given by 

(5.2b) 
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R(x) plotted against DNA length signifies the ability of the system to separate 

molecules relative to their size. As stated, the higher the value of R(x), the better 

the resolution. 

For finish-line imaging, the analysis is much the same with resolving 

power being expressed in terms of time as [ 11 

(5.2~) 

Here L(t) is the dispersion knction expressed in terms of time of arrival of the 

DNA molecules at the detector or finish-line, and a minus sign is not necessary 

since smaller molecules reach the detector before larger ones and hence dL(t)/dt 

is positive. 

5.3 Snapshot Imaging 

Numerous images of gels, both snapshot and finish-line, were taken with 

this electrophoretic gel laser scanner system. Two are presented here in Figures 

18 and 23. All graphs derived from these images were created using Lotus 1-2-3 



version 4 (Lotus Development Corporation, Cambridge, MA) for Windows. 

Figure 18 is a snapshot image of DNA, taken with the laser scanner, from 

bacteriophage T7 treated with HaeII restriction endonuclease. T7 DNA is 39,936 

bp in length and when treated with the restriction endonuclease HaeII, which cuts 

at the sequence (A/G)GCGC(T/C), produces fragments of 6514, 4635, 3655, 

3461, 2398, 1949, 1938, 1631, 1579, 1494, 1441, 1195, 1039, 996, 857, 833, 

827,785,589,474,399,346,278,257, 196, 141, and 29 base pairs [lo]. The gel 

is 1% agarose run in an electric field of 3Vkm for approximately 2 hours. As 

each band contains the same number of DNA molecules, the mass of DNA in 

each band is easily computed from the known lengths of each molecular species. 

In the lanes from left to right., the amount of DNA loaded is decreased by a factor 

of two from 250ng in lane 1 down to 0.3125ng in lane 8. This dilution series 

permits determination of the sensitivity of the instrument. 

Figure 19 is a lane intensity profile of lane 1 of the snapshot image of the 

HaeII fragments of T7 DNA shown in Figure 18. The digitized fluorescence data 

were obtained using the program Image Analysis. The location of the band 

maxima and corresponding molecular lengths are shown in Table 5.1. 
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Figure 18 Laser Scanner Snapshot Image (T7-HaeII) 

. .  

. .  
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Lane Intensity Profile 
Lane 1 of Snapshot Image of Haell Fragments of T7 DNA 
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Figure 19 Laser scanner snapshot image lane intensity profile of HaeII fragments 
of T7 DNA. Each pixel corresponds to 50pm. 

The profiles of bands of DNA as separated by molecular length are 

approximately Gaussian in nature [I]. The peak data were fitted to Gaussians 

using Tablecurve to determine the positions of the maximum, the FWHM, and 

the area under the Gaussian fit to the peak. 
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Multiplicity of Peak 

Table 5.1 

Length of DNA 

Band Position and Molecular Lengths for the HaeII Fragments of T7 DNA 
Shown in the Snapshot Image Lane Intensity Profile of Figure 19 

1 

1 

(in pixels) 

65 14 

463 5 

I 412 

2 

2 

2 

1 

~~ 

I 490 

1949, 1938 

1631, 1579 

1494, 1441 

1195 

I 562 

I 579 

I 725 

8 12 

898 

934 

1025 
~~ ~ 

I 1091 

I 1169 

(in base pairs) 

~ 

1 I 3655 

1 
~ 

3461 

1 I 2398 

2 I 1039,996 

4 857,833, 827,785 

474 

Figure 20 shows the dispersion function for the HaeII fragments of T7 

DNA found in lane 1 of the laser scanner snapshot image of Figure 18. The 

dispersion function in equation 5.lc was fit to the data in Figure 20 using 

Tablecurve. 
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Snapshot Image Dispersion Function 
Laser Scanner Snapshot Image of Haell Fragments of T7 DNA 
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Figure 20 
fragments of T7 DNA. 

Dispersion function for laser scanner snapshot image of HaeII 

The dispersion function for this particular lane is given by equation 5.lc, 

with ct = 1.926x106, xo = 1967 pixels, and x, = 156 pixels. The fit to the data 

gives a correlation coefficient of 0.999. This dispersion function could be used to 

determine the lengths of unknown fragments of DNA on the same gel given their 

respective positions in the image. It also determines the maximum size of the gel 

that is utilized in separating this particular DNA for this particular method of 
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imaging. The dispersion function, and its derivative, are needed to determine the 

resolving power which is the ultimate test of the instrument. 

The laser scanner snapshot image resolving power, computed for each 

singlet band in Figure 19, is shown as a function of molecular length in Figure 

21. The resolving power for each band was calculated from the experimentally 

determined dispersion function and the peak widths. The fit to the data shown in 

the figure was determined using Tablecurve. 

The resolving power curve can be divided into three regions. For the 

shorter DNA molecules, resolving power is low due to the fact that L(x) is small, 

while the widths of the peaks in the image are large. Smaller fragments at the 

bottom4 of gels tend to be smeared out, and hence their FWHM's are large. 

Towards the middle of the curve, where resolving power is highest, dL(x)/dx is 

small compared to L(x), and the widths of the peaks are smaller. 

41n molecular biology it is conventional to describe the direction of electrophoresis 
as from top to bottom, even though the actual orientation may be either vertical or, 
as in the gels I used, horizontal. 
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Snapshot Image Resolving Power 
Laser Scanner Snapshot Image of Hadl Fragments of T7 DNA 
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Figure 21 
fragments of T7 DNA. 

Resolving power for the laser scanner snapshot image of HaeII 

Finally, for longer DNA's, dL(x)/dx is large, and is the dominant factor in 

lowering the resolving power. Static field gel electrophoresis is not the most 

effective method for separating long DNA's [ 13, and this fact is reflected in the 

resolving power curve. This c w e  in effect defines a performance envelope for 

which snapshot imaging with my laser scanner system is optimized. Later on, 

this resolving power will be compared with the resolving power for finish-line 

imaging, and that for imaging with a CCD camera. 



Figure 22 shows the snapshot imaging sensitivity presented in terms of 

molecular length of DNA. The longer the DNA, the more ethidium bromide 

intercalated, and the easier the band is to detect. The mass in each band is easily 

computed from the known lengths of the fragments in each band, the known 

length of T7 DNA, and the quantity of DNA loaded in each lane. 

Snaps hot I mage Sens I tlvlty 
Mtnbnum Qumtlty of DNA Ddectd vs. Length 

4 

2 4 6 6 
Thousands 

i o  
Length Qf DNA (Base p a h )  

Figure 22 Snapshot imaging sensitivity presented as a function 
of molecular length. 

Data were used from as many as possible of the 8 lanes of the snapshot image in 

Figure 18. A peak was considered valid if a signal to noise ratio of five or greater 

was evident. Only those peaks with a multiplicity of one, and which lay at the 
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signal to noise threshold of five, were used for this analysis. The line should be 

used merely as a guide, and not as a statement of linearity of sensitivity. The 

sensitivity of detection is greater for longer DNA molecules (i.e. the minimum 

quantity detected is lower) because the bands are more compact, hence the 

fluorescence per unit area of the image is greater for the longer molecules. 
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5.4 Finish-line Imaging 

Figure 23 is a finish-line image of HaeII fragments of T7 DNA taken with 

The gel is a 1% agarose gel run at 3V/cm overnight for the laser scanner. 

approximately 18 hours. As in the case of the snapshot image, the gel is a 

dilution series with lane 1 containing 125ng of DNA, over to lane eight which 

contains 0.1563ng of DNA. This was done to determine the sensitivity of the 

finish-line mode of imaging of this instrument. 

Figure 24 is an intensity profile of lane 1 of the finish-line image of the 

HaeII fragments of T7 DNA. The location of the band maxima and 

corresponding molecular lengths are shown in Table 5.2. The digitized 

fluorescence data were obtained using the program Image Analysis. The peaks 

were fitted to Gaussians, using Tablecurve, to obtain the positions, FWHM's, and 

areas under the peaks. 



65 

1 2 3 4 5 6 7 8  

UWR 



66 

Lane Intensity Profile 
Lane 1 of Flnlrh-line Image of Haell Fragments of T7 DNA 
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Figure 24 
fragments of T7 DNA. Each pixel corresponds to 30 seconds. 

Laser scanner finish-line image lane intensity profile of HaeII 
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~ 

Time of Migration 

(in pixels) 

Multiplicity of Peak 

270 1 

Table 5.2 

Length of DNA 

(in base pairs) 

278 

Band Position and Molecular Lengths for the HaeII Fragments of T7 DNA 
Shown in the Finish-line Image Lane Intensity Profile of Figure 24 

293 1 346 

43 8 4 

487 2 

540 1 

I 

857,833,827,785 

1039,996 

1195 

309 

660 2 

756 2 

399 

1631, 1579 

1949, 1938 

330 1 474 

I 

I 624 I 2 I 1494, 1441 I 

I 869 I I I 2398 I 
I 1154 I 1 I 3461 

I 1195 I 3655 

I 1389 I 1 I 463 5 I 
I 1648 I 1 I 65 14 I 

Figure 25 shows the dispersion function for the HaeII fragments of T7 

DNA found in lane 1 of the laser scanner finish-line image in Figure 23. Here, 
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the length of the DNA is plotted versus the time of migration as the molecules 

make their way to the finish-line. The data were fit once again using Tablecurve. 

Flnlsh-llne Image Dlsperslon Functlon 
Lmsu -nu Fhkh-llne Okpwrbn Fundkn for H w l l  Fngments of T7 DNA 

0 

Figure 25 
of HaeII fragments of T7 DNA. 

Dispersion function for laser scanner finish-line image 

The dispersion function for this fraish-line image is given by equation 

5,ld, with c/x = 2.33, t,, = 145 pixels, and t, = 3797 pixels. The fit to the 

experimental data gives a correlation coefficient of 0.999. This equation tells us 
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that a molecule of "zero" length would take 145 units of time (pixels) to reach the 

detector while a molecule of "infmite" length would take 3797 units of time 

(pixels). As in the case of snapshot imaging, the dispersion function for these 

known DNA's in the finish-line image, could be used to determine lengths of 

unknown DNA's based on their arrival times at the detector. 

The dispersion function for finish-line imaging delineates the usefbl time 

range involved in this method of separation. During the formation of this image, 

the scanning laser beam was forced to take 15 seconds traversing the width of the 

gel, while pausing 15 seconds before beginning the next scan. This would set 

each pixel to represent 30 seconds in time. There is also a period of 30 minutes at 

the beginning of electrophoresis that is not recorded in the image. It is not 

necessary to start recording at the start of electrophoresis, since none of the 

molecules of DNA are anywhere near the finish-line. The finish-line dispersion 

function tells us that we would have to wait no more than approximately 

(3797 pixels)(3Os/pixel)/(3600s/hr) = 32 hours 

to image the entire range of molecular lengths. 

Figure 26 is the finish-line image resolving power shown plotted vs. 

molecular length of the DNA in base pairs. The resolving power is again easily 

calculated from the experimentally determined dispersion function and the widths 

of the peaks. The fit as determined using Tablecurve is quite good with a 
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correlation coefficient of 0.99. 

Flnlsh-llne Image Resolvlng Power 
L.ur S M n w  Flnlrh-lho I- of H W  F n g i ~ ~ n t r  d TI DNA 
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Figure 26 
fragments of T7 DNA. 

Resolving power for laser scanner finish-line image of HaeII 

The resolving power curve for finish-line imaging can also be divided into 

three regions. Initially, resolving power is low. This is due to the fact that L(t) is 

small. The f~sh - l ine  dispersion function is nearly linear for small DNA's. 

Towards the middle of the molecular length range, the increase in the value of the 
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dispersion function far outweighs the smaller increase in its derivative dL(t)/dt, 

hence resolving power is higher. Toward longer DNA's, the widths of the peaks 

become larger, and the derivative of the dispersion function increases as well, 

combining to lessen resolving power. This curve defines the performance 

envelope for which finish-line imaging with my laser scanner is optimum. 

The minimum quantities of DNA detected with fmish-line imaging are 

presented in terms of molecular length in Figure 27. Again, a signal to noise ratio 

of five was used as a criterion for peak determination. The line in the figure 

should be used only as a guide, and not as a statement of the functional 

dependence of the sensitivity on the molecular length of the DNA. 

Flnlsh-llne lmaglng Sensitivity 

_ .  
4 0  1 2 3 4 5 

Thwwrdr 
L.ngthofDNA(b.repatr) 

Figure 27 Laser scanner finish-line imaging sensitivity. 
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5.5 Snapshot Imaging vs. Finish-line Imaging 

The resolving powers for snapshot and finish-line imaging are compared 

in Figure 28. It is apparent that the resolution of the finish-line technique of 

imaging is greater for DNA's longer than about 1 kB when compared with 

snapshot imaging for the range of DNA studied. These two methods of imaging 

are completely different, yet easily compared to one another using the criterion of 

resolving power. Although the resolution of the finish-line method of imaging is 

up to about 25% greater than the snapshot mode, finish-line imaging requires a 

dedicated imager during the entire period of electrophoresis, in my case, about 18 

hours. The snapshot mode of imaging ties up the scanner for a much shorter 

period (-Zhr). So although finish-line imaging offers better resolution when 

compared to snapshot imaging, there is a trade-off between cost and resolution. 
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i 

Figure 28 Comparison of resolving powers for snapshot and finish-line 
modes of imaging using the laser scanner. 

Snapshot and f&h-line imaging sensitivities are compared in Figure 29. 

The f~sh - l ine  technique of imaging provides greater sensitivity, particularly for 

shorter DNA molecules. This can be attributed to the fact that more readings per 

point were taken in the fmish-line image (roughly 12 times more), and 



74 

essentially, the contrast between the bands in the gel, and the background is 

greater. 

Comparison of Imaging Sensitivities 
Snapshot vs. Finish-iine 
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Figure 29 Comparison of laser scanner imaging sensitivities. 
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5.6 The Laser Scanner vs. a CCD Camera 

A Star 1 CCD camera from Photornetrics, Ltd. (Tuscon, AZ) was used to 

take a snapshot image of a gel containing HaeII fragments of T7 DNA, run under 

the same conditions as the snapshot gel used in analysis of the laser scanner. The 

CCD sensor (Thompsin model number CSF TH7883) had 384 x 576 sensitive 

elements. The gel was placed on an ultra violet transilluminator, and illuminated 

with broad spectrum uv light (maximum intensity at about 300nm). An 8 second 

exposure was taken with the CCD camera. The image of the gel is shown in 

Figure 30. 

Figure 31 is an intensity profile of lane 1 of the CCD camera snapshot 

image. The location of the band maxima and corresponding molecular lengths 

are shown in Table 5.3. 



Figure 30 CCD Camera Snapshot Image (T7-HaeII) 
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Lane Intensity Profile 
h e  1 of CCD Camen Snapshot Image of Hadl Fragmentc of l7 DNA 
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Figure 31 CCD camera snapshot image lane intensity profile of HaeII fragments 
of T7 DNA. 

It is evident from visual comparison of the lane profiles of the snapshot 

images taken with the laser scanner and the CCD camera, in Figures 19 and 3 1 

respectively, that the laser scanner offers better resolution. The 3655 and 3461 

base pair fragments are not nearly as well resolved with the CCD camera. 
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Table 5.3 

Band Position and Molecular Lengths for the HaeII Fragments of T7 DNA 
Shown in the Snapshot Lane Intensity Profile of Figure 3 1 

Distance of Migration 

(in pixels) 

Multiplicity of Peak Length of DNA 

(in base pairs) 

130 1 65 14 

151 1 463 5 

169 1 3655 

173 1 
~~ 

3461 1 
21 1 1 23 98 

234 2 1949, 1938 

256 2 1631, 1579 

266 2 1494, 1441 

289 1 1195 

3 06 2 1039,996 

I 327 I 4 I 857,833,827,785 I 
359 1 589 

3 78 1 474 

Resolving powers for this laser scanner and the CCD camera are compared 

in Figure 32. In terms of resolving power, the laser scanner is superior, but there 

is a tradeoff in terms of the amount of time spent collecting data. Acquiring a 
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snapshot image with the laser scanner presented here, takes roughly 2 hours, 

whereas the snapshot image with the CCD camera took only 8 seconds. The 

lower resolving power of the CCD camera is due to the number of sensitive 

elements in the CCD array which limit the pixel density in the image. 

Comparison of Resolving Powers 
Electrophoretic Gel Scanner vs. Star 1 CCD Camera 

0 Laser Scanner Snapshot + Laser Scanner Fmish-lime o CCD Snapshot 
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0- 
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3 4 5 6 7 
Thousands 

Length of DNA (base pairs) 

Figure 32 Comparison of imaging resolving powers. 
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Since the diffraction limit of resolution of the imaging process should be 

equivalent for the two methods, the resolving power achieved by a CCD could be 

improved either by repeatedly imaging smaller segments of the gel with the 

present CCD, or by using a CCD with more detector elements. The former would 

present problems with integrating the multiple images, especially in applications 

in which accurate quantitation is important, while the latter would result in a 

significant increase in the cost of the camera. In comparison, a laser scanner can 

generate an arbitrarily large number of pixels, but requires more time to generate 

an image. 

Figure 33 compares the imaging sensitivities of my laser scanner, in both 

snapshot and f~sh - l ine  mode, with the CCD camera. Thus, as presently 

configured, the laser scanner in finish-line mode offers comparable sensitivity and 

significantly better resolving power than this CCD camera system. The 

sensitivity of the laser scanner could presumably be improved significantly by 

increasing the power of the laser beam. 
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Comparison of Imaging Sensitivities 
Laser Scanner vs. CCD Camera 
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Figure 33 Comparison of imaging sensitivities of the laser scanner 
and the CCD camera. 



Chapter 6 

Conclusion 

This laser scanner was proven to be successful in imaging DNA restriction 

fragments in both snapshot and finish-line methods of imaging. The finish-line 

method provides better resolution than that of the snapshot technique, although it 

requires that the scanner must be dedicated to a single gel for the entire period of 

electrophoresis. The resolution of this laser scanner is shown to be superior to 

that of a CCD camera. It is used now primarily with Ethidium Bromide labeled 

restriction fragments, but with further revisions, may be able to be used in DNA 

sequence analysis. 
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