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^ ? 

' "'^^ Abstract 

<-> Electric fields have been used for DNA separation by electrophoresis and to study the 

behavior of polymers in general. This paper discusses a system that was built to analyze the 

effects of electric fields on DNA. Gold micro channels were fabricated to apply electric fields to 

the DNA. This paper presents the methods for building the micro channels; the design, 

fabrication, and testing of a voltage amplifier to create the electric fields; the procedure for 

hydrating, labeling, and binding the DNA to the gold; and the methods used for detection and 

measurement. A conclusion detailing the results of the project and a brief discussion of future 

work is presented. 
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A. DNA basics 

The double helical structure of double stranded Deoxyribonucleic Acid (DNA) was first 

discovered by Watson and Crick at the University of Cambridge. DNA is composed of four 

different bases (adenine, thiamine, cytosine, and guanine) that based on the order of how they 

appear in the DNA strand determine the genetic make up of each living organism. Figure 1 

shows the chemical schematic of each base. 
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FIG. 1. Chemical schematic ofthe four bases ofDNA (adenine, guanine, 

thymine, and cytosine) [5]. 

The four bases bond to a sugar phosphate backbone to create a single strand ofDNA. In double 

stranded DNA, besides bonding to the sugar phosphate backbone, the bases also bond to each 

other. Adenine always bonds to thiamine with a double hydrogen bond and cytosine al\Na> s 

bonds to guanine with a triple hydrogen bond. When the two strands bond, they create the 
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structure ofthe now famous double helix. Figure 2 shows the bases bonding to each other and 

the sugar phosphate backbone in a simple schematic. The double helix structure is also shown. 

FIG. 2. Structure ofDNA [5]. 

However, this double helix is not always in a straight line up and down. In fact, almost 

always the DNA relaxes to a random coil. If one applies a force to the DNA, though, the DNA 

will stretch out. Also, when many strands of DNA are present, they can easily become entangled 

making it much tougher to separate the strands. It is thought that one ofthe reasons 

electrophoresis works much quicker with an AC field on top ofthe DC bias is that the AC field 

causes the DNA to stretch out and a DNA molecule to "jiggle" itself loose fi-om the rest ofthe 

clump. To further examine this hypothesis and determine the optimum intensity and frequenc> 



ofthe AC field for DNA separation, we are looking in detail at the effect ofthe abo\ e \ariables 

on the DNA in our channel. 

Another important feature ofDNA is that each strand has a 3" and 5' end, each with a 

different chemical makeup. The 5' end has an extra phosphodiester that is used to link the sugars 

connected to each base. For this study, the 5' end is modified by addition of a thiol group to 

allow the DNA to bond to the gold surfaces ofthe channels. Figure 3 shows a single strand of 

DNA and points out the 3' and 5' ends, the phosphodiester, and the sugars. 

X-*— 5'-phosphate 

deoxyribose 
sugar -

. :.:X:, 

Phospho
diester 
links between 
deoxyribose 
sugars 

3-hydroxyl 

FIG. 3. Labeled diagram of single stranded DNA [5]. 

B. Electrophoresis basics 

Electrophoresis is the movement of particles using electric fields and the tendency of 

particles to polarize in these fields. When these charged particles are allowed to move freely in a 

fluid, they will migrate in one direction based on the electric field. An electrolyte is used as the 

fluid to allow the migration. Particles can be separated using this technique based on their 

charge to mass ratio. If a particle has a large charge and small mass, it will traverse through the 

fluid much faster than a particle with a smaller charge or larger mass. These facts make it 

possible to separate small structures such as DNA or proteins. To facilitate the processes, a gel 

10 
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is used to create a more tortuous path for the DNA to negotiate. This more tortuous path causes 

the DNA to run into more molecules as it traverses the channel and slow s down the overall speed 

ofthe DNA. By slowing down the speeds ofthe particles but keeping the relative speeds ofthe 

structures to each other the same, it takes less distance to get good enough separation ofthe 

particles for detection at the end. Figure 4 shows the basics of electrophoresis, separation of a 

sample using an electric field. 

L+ 

I + 

P H H — ^ Electrolytic Fluid ^ ^ H 
teamplej—> (Possibly Gel to Decrease ^ | 
H ^ — ^ Distance Needed for Separtion) ^ H 

h n 1 FIG. 4. Separation of a sample using electrophoresis adapted from [5] 

((A) sample before it has had time to separate (B) sample after separation). 

While a DC electric field provides the field needed to move the particles and create the 

separation, it has been found that by applying an AC electric field along with the DC bias field 

the DNA molecules will separate much faster. As the demand for smaller devices continues to 

increase, decreasing the length ofthe channel needed to separate DNA is becoming especially 

useful [4]. The goal of this project is to help elucidate why DNA separates faster using an 

additional AC electric field and to understand the mechanics of polymers in general under AC 

fields. 

II. VOLTAGE AMPLIFIER 

A. Amplifier design 
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To stretch DNA, an alternating potential must be created across a distance to create an 

electric field. The goal is to create peak electric fields of at least 100,000 V/m. To create this 

electric field, an alternating potential (for this study a sine, square, or triangle wave of varying 

frequencies) with amplitude of at least 25 Volts must be created across a channel of 250 (xm. 

25Volts AVolt 100,000Fo/r5 

250//m \/j.m Imeter 
(1) 

The function generators readily available were not capable of creating such potentials, so 

an amplifier had to be designed and built. The chosen design for the amplifier was a simple 

inverting configuration using an operational amplifier [6]. Figure 5 shows the schematic ofthe 

amplifier design. 

FIG. 5. Schematic of inverting amplifier used to generate desired electric fields. 

The resistor values 10 kQ and 100 kQ were chosen to create an amplifier with a gain of • 

10 VA .̂ 

-R2 -100*Q ,^V 
Gain = = = -10— 

R\ lOitQ V 

(2) 

The OPA445 high voltage amplifier from Texas Instruments was chosen because it has 

plus and minus power supply inputs rated up to 45 Volts, the output is capable of plus and minus 

the power supply voltage minus 3 Volts (+42 Volts to -42 volts when using a 45 Volt power 
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supply), and the slew rate is 15 V/^is [7]. The specifications fi-om the data sheet for the OPA445 

operational amplifier can be found in the Appendix. 

The slew rate of 15 V/^is means the amplifier is capable of creating a sinusoidal electric 

potential with amplitude of 30 Volts and a frequency of over 1 kHz. 

(^^)max ^ ' max[l5F +15Fsin(2;r * \kHz)] = 
dt d, 

max[l 5F * 2;r * \kHz * cos(2;r * IkHz)] = 

60,000;r ^ »188496 ̂  = 0.19 — 
S S /JS 

(3) 

B. Amplifier simulation 

The amplifier was simulated in Oread P-SPICE to verify the validity ofthe design. The 

amplifier was tested for both voltage and frequency response in the ranges desired. For the 

voltage test, a sinusoidal potential of 1 kHz, amplitude of 3 Volts, and offset of-1.5 Volts was 

applied to the input. The output was the expected 1 kHz sinusoidal potential oscillating between 

30 Volts and 0 Volts. Figure 6 shows the output from the simulation. 
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FIG. 6. Output of amplifier voltage response simulation. 
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The frequency response ofthe amplifier was simulated by applying a \ ar> ing sinusoidal 

frequency with amplitude of 1.5 Volts and DC offset of 1.5 Volts. The expected output was that 

the amplifier would create a sinusoid with amplitude of 15 Volts for all frequencies less than 100 

kHz. Figure 7 shows the flat frequency response ofthe amplifier from the output ofthe 

simulation. 

FIG. 7. Output of frequency response simulation. 

C. Amplifier testing 

After the amplifier was simulated, it was constructed and tested on a bread board and has 

also been constructed on a copper board since the ability ofthe design to meet the specifications 

has been verified. In addition to the schematic presented earlier, the operational amplifier had an 

offset trim, and the plus input needed to be grounded through a large resistor to reduce the effect 

ofthe offset current [8]. Figure 8 shows how the amplifier was cormected in the circuit. 

8 NC 

7 V+ +30 Volte 

6 Output 

5 Offset Trim 

1 Meg 

-30 Volts 
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FIG. 8. Circuit used to implement amplifier design. 

The amplifier was tested for both frequency and voltage response characteristics. Figure 

9 shows the block diagram ofthe setup used to test the amplifier. The oscilloscope had an input 

impedance of 1 MQ. Figure 10 shows the sample input and output from the amplifier. 

Function 
Generator 

+ 3 0 Volt 
Power Supply 

M/ 

Amplifier Circuit 

"TfT 

Oscilloscope 

-30 Volt 
Power Supply 

FIG. 9. Block diagram for testing voltage and frequency response of amplifier. 

FIG. 10. Sample input and output of amplifier, 

(input = smaller trace 1 Volt/division and 0 Volt offset, output = larger trace 5 Volts/division and 

15 Voh offset) 
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To test the voltage response ofthe amplifier, the input was held at a constant 10 Hz and 

the amplitude ofthe sinusoidal signal was varied. The output amplitude ofthe amplifier was 

measured. As expected, the gain ofthe amplifier is close to linear until it reaches the input 

power supply saturation point. Figure 11 shows results from the voltage test. 

Voltage Test at 10 Hz Output (Volts) 

0.5 1.5 2 2.5 

Input (Volt^ 

FIG. 11. Results of voltage response tests. 

The frequency response ofthe amplifier was tested by holding the input signal at a 

constant amplitude of 3.0 Volts and measuring the output amplitude. As expected, the gain is 

close to 20 db until the frequency can not be sustained by the slew rate. The gain ofthe 

amplifier then decreases 20 db/decade as expected for a smgle pole filter. The Gain Bandwidth 

(GBW) is 2 MHz and Full Bandwidth Product is 70 kHz (see appendix). Figure 12 shows the 

results ofthe frequency response test. 
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Frequenc. Test at 10 Volts 
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FIG. 12. Frequency response results. 

D. Additional amplifier fabrication 

Once the amplifier had been verified to work as desired in both the frequency and output 

potential range, it was built on a milled copper circuit board to reduce parasitics and make it 

more portable. Figure 13 shows the layout for the top ofthe milled board with the bottom side 

being a ground plane. 

FIG. 13. Layout for copper board. 

An amplifier has been constructed on a copper board and tested to create the electric 

potentials needed to stretch the DNA across a micro channel. 
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III. MICRO CHANNELS 

A. General device architecture 

The DNA is stretched across a channel approximately 250 jxm in width. A DNA 

molecule containing 40,000 base pairs can be stretched to approximately 13.6 ^m [9]. For this 

study, it is expected that the number of base pairs will be much less than 40,000, so there is not a 

problem of connecting the sides ofthe two channels and shorting the device when the DNA is 

stretched. Many different stretching devices were created during the project as individual 

problems were discovered and additional experiments were needed. 

B. Micro channel version 1 (milled copper chaimel) 

A micro channel was created by milling a channel in a copper circuit board then 

sputtering gold onto the chip. The copper circuit board has a fiber glass insulator of 

approximately 2 mm sandwiched by two extremely thin layers of copper. A channel was milled 

into the copper circuit board on both sides using a 10 mil wide milling bit. The copper was 

milled on both sides because light will pass through the fiber glass insulator but not through the 

copper. However, the insulator was found to fluoresce at the same wavelengths as those needed 

for the DNA labeling dyes, so the bottom ofthe chaimel was painted with black enamel paint. 

Figure 14 shows standard microscope and scanning electron microscope (SEM) pictures ofthe 

milled board. 

(a) (b) 
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(c) (d) (e) 

FIG. 14. Milled channel in copper circuit board 

((a) focus on edges, (b) focus on fiberglass insulation, (c) SEM of gold top, (d) SEM of insulator, 

(e) SEM of channel). 

After the channel had been milled into the copper boards, gold was sputtered onto the 

board and because ofthe chemical reactions only bonded to the copper, not the insulating 

substrate. Figure 15 shows the two process steps needed to create the channel. 

Copper 

Fiber Glass 
Substrate 

Fiber Glass 
Substrate 

FIG. 15. Process used to create micro channels. 
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Gold was used because it bonds readily to DNA using thiol groups consisting of 

hydrogen, carbon, and nitrogen, and is an electrical conductor. The thiol groups are first bonded 

to the DNA (process is explained in latter section). Then, the DNA is bonded to the gold. Once 

the DNA is bonded to the gold channels, it can be stretched across the channel using the electric 

potentials created by the amplifier. 

C. Micro channel version 2 (glued copper channel) 

A second copper channel was created by adhering a piece of copper to a glass slide using 

PDMS. The purpose of this method was to eliminate the fluorescing insulating substrate that 

caused problems in the channel discussed above. After the thin piece of copper sheeting was 

glued to the glass slide, a channel was milled in the copper. In one version of this type of 

channel, a glass coverslide was glued to the top ofthe copper to create a channel. This version 

had two problems. First, it was tough to glue the cover slide to the copper without plugging the 

channel with PDMS. Second, holes had to be drilled into the glass slide to access the closed 

channel. Drilling these holes in the glass without breaking the glass required a small drill bit and 

a high speed drill. Since these two problems required time and effort to overcome and a closed 

channel was not necessarily needed, it was decided to just set the glass cover slide on the copper 

after the solution had been put in the channel. Figure 16 shows (a) a drawn side view ofthe 

channel and (b) a picture ofthe top view. 

(a) Cb) 
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Drawn side view of channel Picture of top view of channel 

FIG. 16. Glued copper channel. 

D. Micro channel version 3 (vertical channel) 

A third micro channel was created to stretch the DNA vertically in relation to the 

microscope objective as seen in Fig. 17. 

-200 

Glas5 Slide 

Gold 

1-2 X 
Dm 

PDMS 

Gold 

Glas$ Slide 

-200 

FIG. 17. Test setup (all measurements in ^im). 

The device fabrication follows a relatively straightforward fabrication procedure. First, a 

brass mold is created by milling grooves into the brass. Next, a more durable plastic resin mold 

is created by using a commercial plastic resin kit. To create the plastic resin mold, 3 drops of 

crosslinker were put into a small cup, followed by 20 ml of plastic resin, and then another 3 

drops of crosslinker were added. The plastic resin liquid is mixed for 5 minutes and then placed 

in a vacuum to pump out as many air bubbles as possible. Next, the mixture is poured on top of 

the brass mold which is surrounded by glass slides to keep the mixture on top ofthe mold and 

pumped down again to remove air bubbles. Figure 18 shows the glass slide arrangement used to 

create the mold. 

21 
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FIG. 18. Glass slide arrangement used to create plastic resin mold. 

After the plastic resin has cured in an oven at 100 degrees Celsius for 1 hour, the brass mold, 

plastic resin mold, and glass slides are separated. The resulting plastic mold has ridges 

compared to the brass mold which had grooves. Next, the actual stretching device is created 

using PDMS and glass slides that were sputter deposited in house with gold. Sputtering gold is 

done by creating plasma in a vacuum and bombarding the target with electrons knocking 

molecules off the target that fall on to the glass slide. Gold sputtering can be done in an air 

vacuum, but Chrome (used as an intermediate to bond gold to glass) must be done in an Argon 

vacuum because the Chrome molecules will react with air creating an impure deposition. Figure 

19 shows a schematic of a sputtering deposition. 

Au deposited on slide 

FIG. 19. Gold sputtering schematic. 
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The actual process used to sputter the gold starts with pumping the sputtering chamber 

down to 100 mtorr. Next, the voltage is applied to create a steady current of 50 mAmps and 

plasma can be seen in the chamber. This plasma is allowed to continue for the desired amount of 

sputtering time. For this study, 2 minutes of sputtering time was typically used. 

By sputtering for two minutes, the gold is thin enough on the glass slide to transmit light 

but thick enough to conduct electricity. An experiment was conducted to determine the optimum 

time for gold coating. One slide was coated for one minute, another slide for two minutes (two 

one minute time periods), and one gold slide was coated 4 times each for one minute. Sputtering 

for 4 one minute increments created an oval pattern on the slide as seen in Fig. 20 (the regions 

are labeled for later measurements). The sputtering formation for the one and two minute time 

periods was much more uniform. 

FIG. 20. Distinct regions of gold after 4 one minute periods of sputtering. 

Measurements ofthe conductivity of each slide and microscope pictures ofthe slides coated once 

and twice were recorded to determine the optimum amount of sputtering time. It was determined 

from these measurements and a little extra trial and error that is was best to coat the gold slide 

continuously for two minutes. Table I shows the measured conductivity values, and Fig. 21 

shows the slides under a microscope. 
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Number of Coatings on Slide 

Glass Slide 

1 
2 
2 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 

Measurement Region 

Leads Next to Each Other 

Across the Distance ofthe Slide 

4 to 4 

4 to 3 

4 to 2 

4 t o 1 

3 to 3 

3 to 2 

3 to 1 

2 to 2 

2 t o 1 

I t o l 

Resistance (Ohms) 

Overioad 

Overioad 
2 

160 
0 1 

0 3 

0 " 

1 
05 
07 
09 
08 
1 6 

1 

TABLE I. Conductivity measurements of gold coated slides. 

One coat of gold Two coats of gold 

FIG. 21. Microscope pictures of gold coated slides. 

The PDMS is Slygard 184 and is mixed in a ratio of 10 parts PDMS to 1 part curing 

agent by mass. Typically 2-3 ml of PDMS is used to begin the process. After the curing agent is 

added according to the proper ratio, the two reactants are mixed for five minutes. Then, the air 

bubbles are pumped out using a vacuum. The PDMS is poured on the plastic resin mold and once 

again placed in a vacuum to remove air bubbles. Next, the gold slide is clamped on top ofthe 

PDMS and allowed to cure for 1.5 hours at 100 degrees Celsius. The PDMS structure is then 

separated from the plastic resin mold. Finally, another gold sputtered glass slide is adhered to 
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the side ofthe PDMS opposite the first glass slide. The adhering process is done by spra>'ing a 

coat of crosslinker on to the gold slide, clamping it to the existing structure, and curing at 100 

degrees Celsius for half an hour. Once the PDMS structure has been created, a 26 gauge needle 

is inserted into the channel to insert the fluids for testing. In addition, a small piece of stained 

glass copper foil is attached to each gold electrode to assist in connecting the device to a function 

generator or amplifier. Figure 22 shows the process flow for the fabrication ofthe device. 

Step 1: Brass mold with grooves 

Step 2: Plastic resin poured on brass mold 

Step 3: Resulting plastic resin mold with ridges 
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Plastic 

Pe:iti Mold 

Step 4: PDMS poured on plastic resin mold and glass slide sandwiched on top 

Step 5: Remove plastic resin mold and add second gold slide 

Step 6: Finished product with needle for fluid insertion 

FIG. 22. Process flow for vertical stretching device fabrication. 
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The fact that there is a thin layer of PDMS between the electrodes in the channel part of 

the device will cause discontinuities in the electric field and reduce the intensity ofthe electric 

field in the channel. However, if that thin layer of PDMS is made small enough relative to the 

height ofthe channel, it will have little effect on the electric field in the channel. The following 

equations show how making the thin layer of PDMS small enough will have a negligible effect 

on the field in the channel. 

£"1 = Field _ in _ Channel 

E^ = Field _ in _ PDMS 

^distilled_water ~ ® 1 

^PDMS ~ ^- ' •' 

2 75E 
V = Ed + ' d 
'^ ^1" channel^ d "pDMS 

81 (4) 

Assuming a PDMS distance of 2 |im, a channel distance of 200nm, and a voltage of 30 

Volts, the electric field in the channel can be calculated as 150,000 V/m. This electric field is 

sufficient for stretching the DNA as desired. 

E. Micro channel version 4 (horizontal channel) 

It was found that it is easier to see the DNA physically move if the movement is 

horizontal when looking down on the stretching device. As a result, a third device was created 

as shown if Fig. 23. 

First, a thin coat of PDMS was put down on a glass slide to help the gold adhere. 

Second, a micropipette 300 ^m wide was used as a mask while gold was sputtered. Finally, the 

micropipette was removed creating a 300 fim wide channel. Once again, a small piece of stained 

glass foil was adhered to each electrode to help establish a connection with the amplifier or 

function generator. 
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Step 1: Coat glass slide with PDMS and use micro-pipette as a mask 

Step 2: Sputter gold (unknown height) 

I 
Gold 

Glass SlliJe 

|1 
I 

Step: 3 Remove micro-pipette creating a 300 jam wide channel 

FIG. 23. Fabrication process for horizontal channel. 

IV. DNA DETECTION 

The DNA will be detected using fluorescent marker molecules and a microscope with the 

proper set of filters. Thiazole orange will be used to mark the DNA so that it is possible to see 

the molecules under a microscope. Thiazole orange is used because it is an intercalating dye and 

works well with the fiher set that is easily available for the microscope in the lab. An 

intercalating dye is one with molecules that bond all along the length ofthe DNA, but the exact 

location is ofthe bonding is not always known. Figure 24 shows the marker molecules (red) 

bonding to the DNA. 
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FIG. 24. Intercalating molecules (red) binding in between bases of double stranded DNA. 

A. Microscope optics and filters 

A fluorescent molecule is used because it is excited by one wavelength of light and then 

emits a second wavelength of light. For example, the absorption band for intercalated thiazole 

orange is centered near 509 nm and the emissions band is centered near 530 nm [10]. Figure 25 

shows an example drawing ofthe spectra absorbed and emitted by a fluorescent molecule. 

\ 
Emtsston 
Spectaim 

FIG. 25. Example absorption and emission spectra of a fluorescent molecule [11]. 
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The optics ofthe microscope allow each wavelength of light to be filtered at the proper 

point in the light path. The microscope setup includes a light source, lenses, an excitation filter, 

a dichroic mirror, the sample, an emissions filter, and the optical piece for viewing (either a 

camera or the eyepiece). Figure 26 shows the microscope setup. 

Microscope 
Lens 

Camera 

FIG. 26. Microscope optics 

For this study, the light source is a mercury arc lamp. The first filter after the light source 

passes only the light that is used to excite the fluorescent molecule. A lens is used to focus the 

light on the sample. The dichroic mirror then reflects the excitation wavelength of light up to the 

sample. Once the light hits the sample, it excites the sample and the sample emits a second 

wavelength of light. The second wavelength of light is allowed to pass through the dichroic 

mirror without being reflected and passes through the lens and second filter. The second filter 

ensures that the emissions wavelength passes but no other ambient light or extraneous emissions 

reach the camera. Finally, the light that was emitted by the sample is impinged on the camera 

and recorded. 

Since the light that excites thizaole orange and the light thiazole orange emits is not a 

single discrete wavelength, the bands can overlap with filter sets. For example, with the filter 

sets for the microscope used for this study, the thiazole orange can be excited with blue light 
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causing it to emit green light or it can be excited with green light causing the thiazole orange to 

emit red light. Figure 27 shows the transmittance values for the two sets of filters used with the 

microscope for this study. 

Ti 

<1 K-1 

4a& 

X>D 

ion 

r\r^ 

^ V i 

f ^ ^ 
[̂  1 

I 

i 

FIG. 27. Filter sets for microscope (blue - excitation filter, green - dichromatic mirror, red -

emission filter). 

The thiazole orange labeled DNA is visible when either filter set is used. Also, the 

thiazole orange labeled molecules will photo bleach, or lose emission intensity, when the 

molecule is exposed to excitation light for an extended period of time. In this way, the DNA can 

be positively identified by checking for emissions using both filter sets and watching for photo 

bleaching. Figure 28 shows an example of a molecule that has been labeled with thiazole orange 

under the two different filter sets. 
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(a) (b) 

Excited with blue, emitting green Excited with green, emitting red 

FIG. 28. Example of thiazole orange labeled molecule under two different filter sets. 

V. DNACHEMSITRY 

Calf-thymus DNA, both single strand and double strand, was purchased from 

SigmaAldrich. The single stranded DNA is approximately 50,000 base pairs and the double 

strand is between 13 and 115 kilo base pairs. The DNA is kept in a refrigerator until it is used. 

For complete specifications see appendix. To see these long strands of DNA under a 

microscope, fluorescent markers were used. Three different markers have been tried, acridine 

orange, thiazole orange, and ethidium bromide. All three dyes are intercalating, they bond in 

between the DNA backbones, for double sfrand DNA and bond electrostatically to the single 

strand DNA. From tests, thiazole orange was determined to be the best labeler because it is not 

affected by photo bleaching as much as the other dyes. 

The DNA comes in a solid form that must be placed in solution. A buffer solution of 2 

Molar Tris and 0.5 Molar EDTA was created and the pH was lowered to 8.2 using acetic acid. 

The DNA was placed in the buffer solution and allowed to hydrate over a period of several days 

while being gently rocked. A second mixture was created with de-ionized water in place ofthe 
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tns buffer because it was found that the tris buffer solutions had a tendency to be too conductive 

and cause the solution to evaporate out ofthe channel when an electric potential was applied. 

A. DNA labeling 

The labeling solution was created by using a ratio of .5 mg of thiazole orange to 1 ml 

DMSO. 48 nl of labeling solution was added to 100 ̂ l ofDNA solution to create a ratio of 1 

labeling molecule for every 20 base pairs ofDNA. The DNA solution was diluted twice using 1 

|xl ofDNA and 1 ml ofthe tris buffer solution or De-Ionized water. If the solution is not diluted, 

the concentration of fluorescent molecules is too great causing so much light to be emitted by the 

solution that it is not possible to distinguish the actual DNA. 

B. DNA immobilization 

To stretch the DNA, it must also be immobilized on the gold so that it does not float 

down the channel when the electric field is applied. The DNA is immobilized by attaching a 

thiol group to the end ofthe 5' end of a DNA strand. First, 1.25 mg of carbodiimide EDC is 

measured into a small centrifuge tube. Next, 5-10 ^1 ofthe above DNA solution is added to the 

EDC. Immediately following, 5 ml of 0.25M cystamine in 0.1 M imidazole is added to the tube 

because EDC is labile in aqueous solution. These reactants are mixed using a vortex mixer for 5 

min. Then, another 20 \i\ ofthe 0.25M cystamine and O.IM imidazole solution is added to the 

tube and mixed in. The tube is then allowed to react overnight at room temperature. Finally, 20 

|il of DTT is added to the tube and allowed to react for at least 15 minutes at room temperature 

[12], After all the chemistry is performed, DNA molecules labeled with thiazole orange and 

having an activated thiol group on the end to bond to the gold are present in the solution. This 

33 



solution can then be injected into the channel to observe the effect ofthe electric fields on the 

DNA. 

The actual chemistry involved in the process is relatively straightforward. There are 

unmodified 3' and 5' ends present in the initial solution. The goal is to modify the 5' end so that 

it will bind with the gold. First, the EDC and imidazole are added to create a reductive 

phosporimidazolide. Next, the cystamine is added to form a 5'-cystamine modification tail to the 

DNA. Finally, the addition ofthe DTT causes a reduction to a free 5' sulfhydryl that will bond 

with the gold and a 2-mercaptoethylamine that is extraneous. It is possible to remove the 

mercaptoethylamine from the solution [12], but that step is not required for this study. Figure 29 

shows the process of creating the free 5' sulfhydryl. 

0 
II 

HO^ L \ \ r- 0 - P-OH 
I 
0" 

Step 1: Initial DNA in solution with unmodified 5' end 

0 
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I 

o 
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Step 2: Add the EDC and imidizole to create a reductive phosporimidazolide 

0 
II 

H 0 - ' 1 I 1 <- 0 — P—OH 
I 

HN 

\ 
I 
\ 

^NH2 

Step 3: Add cystamine to make a phoshporamidate formation creating a 5'-cystamine 

modification 

34 



HO- J L 0 — P — O H 
I 

HN 

Step 4: Add DTT to form the finished product of a free 5' sulfhydryl and an exti-aneous 2-

mercaptoethylamine 

FIG. 29. Modification of 5' end ofDNA to create a free 5' sulfhydryl that will bond to gold. 

VI. DNA MOVEMENT AND STRETCHING OBSERVATION 

A. General DNA observation 

The DNA is observed using thiazole orange fluorescent molecules as mentioned above. 

To determine the presence ofDNA, a solution with thiazole orange and DNA was compared to 

the same solution without DNA. This test was done for both the de-ionized water and the tris 

buffer solution. The results are shown in Fig. 30, and it can be seen that the presence of DNA 

greatly affects the intensity of fluorescent light emitted. All pictures were taken with an 8 

second exposure time. 

(a) 

Tris Buffer witii DNA 

(b) 

Tris Buffer without DNA 
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(c) 

DI Water with DNA 

(d) 

DI Water without DNA 

FIG. 30. Presence ofDNA in solution. 

B. Observation ofDNA stretching through gold quenching 

If the DNA cannot be resolved into individual strands under the microscope, it is possible 

to observe sfretching ofthe DNA because gold quenches the fluorescent intensity when the 

fluorescent molecule is near the gold surface (on the order of lOO's of nanometers) [4]. Figure 

31 shows an example of a DNA molecule stretched by an electric field that should have a higher 

intensity of fluorescence than the molecule that is not stretched. 

Stretclisd DNA 
(More Fiuorescence) 

Unstretclied DMA 
(Less Fiuorescence) 

FIG. 31. Changes in fluorescence intensity as a result of sti-etching. 

VII. RESULTS AND CONCLUSIONS 

A. Copper channels 
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The DNA solution was first placed in a milled copper channel micro channel device (Fig. 

15). First, the DNA was observed without any electric fields. The DNA fluoresces and can be 

seen under a microscope using the correct filters. Figure 32 shows DNA in the channel. 

FIG. 32. DNA in channel. 

Next, a 30 Volt DC electric field was applied to the channel. Bright, flashing 

fluorescence was observed. It looked similar to lightning in a night sky. Also, movement of 

particles, including DNA, was observed. In addition, crackling noises were heard. Upon further 

examination, it was found that the DNA was being burnt to the glass and causing damage to the 

micro channel device. 

The results using the glued copper channel (Fig. 16) were similar to those ofthe milled 

copper channel above. Using the glued copper channel and the DNA in a tris buffer solution 
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caused the channel to have shorts and burnt the DNA. This problem was verified by using a 

multimeter to measure the resistance across the channel. Without the solution, the resistance was 

on the order of Megaohms; and with the solution, the resistance was on the order of Ohms. 

Using the formula for electrical power and plugging in 30 Volts and 5 Ohms, the power that had 

to be dissipated by the solution would be 180 Watts. One possible explanation is that copper 

ions are being liberated from the copper channel by the solution, thus making the solution 

conductive. This theory is supported by the fact that bluish-greenish patches of color could be 

seen spanning across the channel. In addition, microscope pictures showed that the DNA 

solution had evaporated but there was still somethmg that was bridgmg the channel. Figure 33 

shows the before and after of applying the electric field. The fact that the DNA solution is no 

longer in the channel can be seen from this picture. Figure 34 shows a microscope picture of a 

burnt area that is bridging the channel. Besides the still microscope pictures shown here, 

electrical arching could be seen in the channel when one observed the chaimel through the 

microscope using the eye piece (just like the previous copper channel, it looked similar to a 

lightning storm on the horizon). 

(a) Before applying voltage 

(b) After applying 20 Volts DC to channel 
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FIG. 33. Evaporation ofDNA solution after applying 20 Volts DC 

(note: each large tick mark is 100 îm). 

(a) No light filters on microscope 

(b) Using fluorescent filters on microscope 

FIG. 34. Microscope picture of bridged channel 

(note: each large tick mark is 100 )am). 

B. Gold channels 

The gold channels yielded better success in terms of moving and stretching the DNA. 

The DNA solution was physically observed moving in the horizontal channel (see Fig. 23). For 

this experiment, the DNA is allowed to float freely in the solution and was not bonded to the 

gold. When a low frequency square wave (1-10 Hz) with a peak to peak voltage of 20 Volts was 

applied across the channel, it was possible to see the DNA solution physically moving back and 

forth in the channel. Figure 35 shows two different times steps in the movement ofthe DNA 

solution. 
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'-1 

FIG. 35. Two different time steps from DNA in alternating field 

(note: each large tick mark is 100 |im). 

The frequency ofthe square wave could be adjusted and a change in the oscillation 

frequency ofthe solution could be observed as a direct result. Once the frequency ofthe square 

wave was more than 20 Hz, it was hard to see the oscillation ofthe solution using just the eye. 

Data suggesting the DNA was stretched using the vertical channel (see Fig. 17) was also 

observed. For this channel, it was expected that the intensity ofthe fluorescence would change 

when the electric field was applied. In this experiment, the DNA was bonded to the gold. Figure 

36 shows the original microscope pictures taken while observing the DNA stretching. 

111111 
(a) 

No electric field 

(b) 

1 Hz, 20 Volt P-P square wave 

FIG. 36. DNA being stretched vertically 

(note: each small tick mark is 10 |im). 
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Since it is hard to physically see the change in intensity, a plot profile and a histogram 

were used to help analyze the pictiires. Figure 37 shows the rectangular section (yellow outiine) 

used to analyze the picture. 

FIG. 37. Portion of picture analyzed. 

Both the plot profile and the histogram show that the intensity ofthe background ofthe 

rectangular section increased when the electric field was applied. As can be seen from data 

below the histogram plots, without an electric field, the average intensity was 33.479 and with 

the electric field, the average intensity was 38.347. In addition, the maximum and minimum 

intensity also saw increases when the electric field was applied compared to when there was no 

electric field. From this general trend, it is thought that there was a statistically valid change in 

the background intensity to suggest that the DNA may be stretched away from the gold, reducing 

the quenching effect. Figure 38 shows the histogram plots, and Fig. 39 shows the intensity plot 

profile. 
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Count: 2478 
Mean: 33.479 
StdDev: 1.166 

Min: 29 
Max: 45 
Mode: 33(866) 

(a) 

No electric field 

Count: 2478 
Mean: 38.347 
StdDev: 1.160 

Min: 34 
Max: 48 
Mode: 38 (1177) 

(b) 

Electric field present 

FIG. 38. Histogram plot of background intensity. 
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34.36 

32.69 

Distance (pixels) 

(a) 

No electric field 

39.17 

37.36 
Distance (pixels) 

(b) 

Electric field present 

FIG. 39. Plot profile of background intensity. 

Though we were unable to resolve mdividual stiands ofDNA, we have decent evidence 

that there was movement and sfretching ofthe DNA using electiic fields. Further studies will 

attempt to find individual DNA and physically measure tiieir length when stretched and when not 

sfretched. 
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APPENDIX: DATA SHEETS AND AMPLIFIER DATA 

This appendix details the data sheet ofthe OPA445 operation amplifier from Texas Instilments, 

provides the data recorded from amplifier tests, and shows the data sheets for the DNA. 

PARAMETER 

OFFSET VOLTAGE 
Input Offset Voltage v-js 

vs Temoerature Voj/dT 
vs Po*er SJOO y PSRR 

INPUT BIAS CURRENTiH 
Input Bias Current 13 

Over Specified Temperature Range 
Input Offset Current los 

Over Specified Temperature Range 

NOISE 
Input Voltage Noise Density f = UHz e^ 
Current 1*3-se Density •'= UHz î  

INPUT VOLTAGE RANGE 
Common-Mode Votage Range V(^ 
Common-Mode Rejection CMRR 

Over Specified Temperature Range 

INPUT IMPEDANCE 
Dfferental 
Common-Mode 

OPEN-LOOP GAIN, DC 
OpervLoop voltage Gam A^^ 

Over Specified Temperature Range 

FREQUENCY RESPONSE 
Gain Bandvirdth Product GBW 
Slew Rate SR 
Full Power Bandwidth 
Rise Time 
Overshoot 
Total Harmomc Distortion + Noise THD+N 

CONDITIONS 

•/CM = 0 io = 0 
TA » -25'C to taS'-C 
Vs = ±10V to ±45V 

VcM = OV 

VcM = OV 

Vg = ±40V 
VcM = -35V to +35 .̂' 

\'c = -35V to *35V 

Vo = 70Vps> 
Vo = 70VP-P 
V3 = ±200mV 

G = +1 Zt = 5l(fi||50pF 
f = 1kHz, Vo = 3.5Vrnra, G = 1 
f = IKHz, Vo = lOVrms G = 1 

OPA445BM 

MIN 

0/-)+5 
80 
80 

100 
97 

5 
23 

TYP 

±1 
±10 

±10 

±4 

1? 

95 

10'^ II 1 
10'Mi 3 

110 

2 
IS 
70 
100 
35 

0.0002 
000006 

MAX 

±3 

100 

±50 
±10 
±20 
±5 

(V+V-5 

OPA445AP. AU 

MIN 

* 
* 
* 

* 
* 

• 
* 

TYP 

±1.5 
* 
* 

* 

* 

• 

* 
* 

• 

* 
* 

* 

MAX 

±5 

* 

±100 
±20 
±40 
±10 

« 

UNITS 

n'.' 
(iV/C 

3A 
TA 

oA 
nA 

n.,' .H : 
fA/'.Hz 

d3 
d3 

Oil 3F 
n i l DF 

d3 
d3 

MHz 

TS 

% 
% 

TABLE II. Data sheet for OPA445 operation amplifier used in system [8]. 
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Voltagejes 
Input 

jyolte)___ 
0.75 
1.125 
1.41 

1.625 

1.91 
2.18 

2.31 

2.4 
2.68 

2.89 

2.93 

3.18 

3.21 

3.43 
3.71 

tat 10 Hz 
Output 
(Volts) 

7.65 
10.78 

13.4 

17.03 

19.2 
22.3 

22.9 
25.1 

25.93 

27.65 

30 
31.5 
32.9 

35.46 

36 

Frequency Test at 3.0 Volts 
Frequency 
(Hz) 

0.521 

1.01 
2.04 

5.01 

8.35 
10.02 
20.04 

30.76 
53.3 

80.8 
100.2 
511 
1000 
5100 

10000 
51100 
100200 
156000 

357000 
835000 
1000000 

Output 
(Volts) 

31.09 

31.09 

31.09 
31.09 

31.09 
30.62 
29.53 

30.31 
30.15 
29.69 
29.53 

30.31 
30.31 

30.31 
30.09 
31.53 
29.06 
21.87 

9.37 
3.43 
2.18 

Frequency 
loq(Hz) 

-0.283162277 

0.004321374 

0.309630167 

0.699837726 

0.921686475 

1.000867722 
1.301897717 

1.487986331 
1.726727209 

1.907411361 
2.000867722 

2.7084209 
3 

3.707570176 
4 

4.7084209 
5.000867722 
5.193124598 

5.552668216 
5.921686475 

6 

Gain 
loq(V/V) 
20.30998935 
20.30998935 

20.30998935 

20.30998935 

20.30998935 
20.17767863 
19.86284384 

20.08929363 
20.04332124 

19.90977886 
19.86284384 

20.08929363 
20.08929363 

20.08929363 
20.02601866 
20.43205432 
19.7234871 

17.25455057 

9.892366723 
1.163457306 
-2.77329522 

TABLE III. Data from voltage and frequency response tests of amplifier. 
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CAS Number 
EG/EC Number 2935073 
MDL number MFCD00151698 

Features and 
Benefits 
Applicat ian 

Preparat lan 
Nate 
Quantity 
Equivalency 

Properties 

•No nuclease activity dotectsd after 16 h at 37 °C incubation 
•High quality template DNA 
Calf thymus DNA is exceptionally useful as a substrate for DNA polymerase 
assaySj in the amplification of very long fragments and as a earner DNA for 
precipitations. 
Prepared from highly polymerized calf thymus DNA and nicked with DNase 
using the method of Aposhian and Kornberg. 
One mg DNA is approx, 20 Aj^junits. 

stnrage t e m p . 2-8°C 

FIG. 41. Data sheet for double stranded DNA [13] 
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