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ABSTRACT

Technology today is directed towards building smaller devices. To accommodate this
development, printing methods are needed. Some printing methods that are used include
lithography, micro-contact printing, and inkjet printing. These methods all require specialized
instrumentation, hazardous chemicals, and complicated and tedious steps that increase cost of
manufacturing. Nano-contact printing is an alternative solution which relies on the specificity of
DNA to direct molecules into precise patterns. This study attempts to find the limitations of
nano-contact printing through the printing of oligonucleotide monolayers. Eight pattern transfers
were made with one master copy and the oligonucleotide surface coverage was analyzed using
tapping mode atomic force microscopy (AFM). The percent coverage of oligonucleotide was
then calculated from the tapping mode AFM phase images. Two general trends were found. The
oligonucleotide surface coverage on the master increased slightly, while the surface coverage on
the pattern transfers decreased. One possible explanation for the trends is that the decrease in
contact between master and secondary substrate is due to both the accumulation of dirt and the
wear and tear of the master. By improving the contact between master and secondary substrate,
the printing method can be expanded from printing monolayers to high resolution patterns.

Thesis Supervisor: Francesco Stellacci
Title: Finmeccanica Assistant Professor of Materials Science and Engineering
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1. Introduction

The forefront of technological research is the shrinking of devices to the micro and nano

scale. Shrinking technology occurs through shrinking the size of the functioning materials and

through assembling these small materials into a complete device. Because controlling materials

on such a small scale is difficult, self assembling methods are appealing. These methods depend

on patterned templates that use chemistry to direct molecules to specific locations. The uses of

these printed patterns range from assembling circuits to fabricating DNA microarrays.

Printing methods such as lithography, micro-contact printing methods, and inkjet printing

methods have been developed over the years. Lithography involves first coating a substrate with

photoresist. A mask that blocks an energy source is cut in a pattern and placed on top of the

substrate with photoresist, only revealing selected areas. The substrate is exposed to a high

energy source such as ultraviolet light or an electron beam. The photoresist and substrate

material is degraded at the points not covered by the mask. After the photoresist is removed

through solvent washes, a pattern is left on the substrate. Although this method has a high

resolution of 80nm [1], mass manufacturing of devices using lithography is inefficient as well as

expensive. The manufacturer must maintain a high energy source as well as use chemicals such

as the photoresist and other solvents to remove the photoresist after exposure to the energy

source.

Micro-contact printing methods (PDMS) use a stamping technique. The stamps are

fabricated using silicon and polydimethylsiloxane . Molecules in solution are either coated on

the surface of the stamp or absorbed into the stamp. Afterwards, the stamp is dried and

compressed on the desired substrate surface. The soft PDMS allows close contact from stamp to

substrate so that the molecules can be efficiently transferred. This method requires a variety of
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materials and machining as well as chemical processing steps to make the stamp. The biggest

disadvantage to stamping is its lack of resolution in pattern making. The highest resolution that

can be made from the stamps is around 1 m [2]. Unlike lithography, however, once the stamp is

made, it can be used multiple times for the same print without as much processing.

Inkjet printing is also another method that can be used to make patterns. This method

depends on printing machines that use static forces to drive small droplets of liquid onto

substrate surfaces. Sub-10Onm resolution can be printed using inkjet printing technique [3].

However, large-scale manufacturing using inkjet printing is difficult because of the specialized

printing machinery that is needed. For higher resolution, lithography is also needed in

conjunction with inkjet printing.

A new printing method which potentially has a high resolution and requires less

preparation is called nano-contact printing. This process relies on the specificity of deoxyribose

nucleic acid (DNA) to direct molecules to their defined places in a pattern. Single stranded DNA

with activated groups on one end are patterned onto a substrate. The DNA is then hybridized

with its complemnentary strand, which has an activated group oriented upwards after

hybridization. A secondary substrate is placed on top, and the activated groups from the

complementary strand binds with the secondary substrate. The complex is heated to dehybridize

the DNA. This separates the two substrates resulting in two copies of the same pattern. Both

these patterns can be used as masters to make more generations of patterns.

In nano-contact printing, the DNA can be used as pixels in the pattern. Since the double

stranded DNA molecule is only angstroms in diameter, nano-contact printing can potentially

have a resolution down to the angstrom scale. However, the process must be refined before

achieving this goal.
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The ideal application for nano-contact printing is the manufacturing of DNA microarrays.

The printing process uses the single stranded DNA that is needed in DNA microarrays, so little is

needed to customize the process. The specificity of DNA also allows the use of multiple DNA

sequences in one pattern, which is necessary for the DNA microarray application. Currently,

DNA microarrys are fabricated using lithography to build the oligonucleotide strands directly on

the chip one base at a time. This process is time consuming, produces a large percentage of

errors while building sequences, and requires specialized instrumentation. Although the use of

nano-contact printing requires one initial master copy to be made from a method similar to the

one previously mentioned, many more copies can be readily made with only one master.

Before nano-contact printing can be used to print patterns, printing conditions must be

optimized. In this study, the DNA coverage on both master copy and pattern transfer copies are

monitored through tapping mode atomic force microscopy (AFM) after each printing. The same

master is used for eight pattern transfers. As each print is made, it is expected that the quality

(i.e. surface density of DNA) of the pattern transfer will diminish. This study investigates the

possible causes of the degradation.

2. Methods

Three steps are needed to monitor the surface density of DNA through a family of prints.

They include fabrication of the master, fabrication of the pattern transfer copy, and

characterization of the master and pattern transfer copy. These steps are repeated eight times to

obtain a family of eight first generation copies. Throughout the fabrications of the copies, the

gold-thiol bond is used as the glue between the DNA strands and the substrates. All chemistry is

done under a laminar hood.
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2.1 Fabrication of Master

Because the master needs to be used eight times consecutively, it should be robust. The

surface of the master also needs to be flat to obtain the best contact between the two substrates.

A system of gold on epoxy on glass was chosen as a robust master.

A 1 cm x 1 cm piece of glass was cut. It was cleaned by a series of rinses, first in acetone,

then in isopropanol. The glass piece was sonicated in isopropanol for ten minutes to remove the

residual dirt and oil. After air drying the glass, epoxy (377 from Epotek) was mixed, and a thin

layer of epoxy was applied on the surface of the cleaned glass. A piece of gold on mica

(Molecular Imaging, Corp) was placed gold side down on top of the epoxy. Gold on mica was

chosen because of the flatness of the gold as it is deposited on the mica. Due to the relatively

weak bond between the gold and the mica, the mica can be removed after the epoxy is cured,

which exposes the face of gold which was adjacent to the mica.

The epoxy was cured overnight at 150°C. Afterwards, the master was immersed in

ethanol for two hours. The ethanol slips between the gold and the mica and disrupts the already

weak gold-mica bond. After the master was removed from the ethanol, the mica was peeled off

the rest of the master.

A solution of single stranded oligonucleotide was made. Custom-made oligonucleotides

of 18 bases in length were obtained from Integrated DNA Technologies. These oligonucleotides

were modified with thiol functional groups, which bonded together to form disulfide bonds

connecting two strands of 18mer oligonucleotides. The stock of single stranded oligonucleotides

was aliquoted into 50gL volume containing 7.88ng of oligonucleotide. To make the solution,

one aliquot was reduced with solid phase dithiolthreitol (DTT) in 0.1 OM sodium phosphate

buffer solution with pH 7. This separates the disulfide bonds to form single stranded
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oligonucleotides with one activated group on one end. The aliquot with DTT and buffer solution

was gently shaken for 15 minutes. Afterwards, the DNA solution was filtered using a syringe

filter with pore size of 50pm. A buffer solution of 1M potassium phosphate was added to the

filtered oligonucleotide solution. The solution of the complementary strand oligonucleotide was

made using the same method except 1M sodium chloride and TE buffer solution (10mM Tris

buffer pH 7.2 and 1 mM ethylene-diamine-tetra-acetate (EDTA)) was used instead of 1M

potassium phosphate.

The master was then immersed in the oligonucleotide solution for five days, during which

the oligonucleotides attaches to the gold through gold-thiol interactions. By the end of the

immersion time period, the maximum stable amount of oligonucleotides should be attached to

the master. Afterwards, the master was rinsed in Millipore water (1 8.2Mf2 resistance) and

immersed in Millipore water for 10 minutes for cleaning purposes.

Next, the master was immersed in lmM 6-mercapto-1-hexanol (MCH). This molecule

binds to the surface of the master that is not covered by oligonucleotides. It acts as a spacer

which forces the oligonucleotides into a more upright position. After two hours, the master was

again rinsed and immersed in Millipore water for cleansing.

2.2 Fabrication of Pattern Transfer

The master was immersed in the complementary oligonucleotide solution for three hours.

The high salt content in the solution shields the negatively charged oligonucleotides from each

other so that they can form double stranded DNA more easily. While in the complementary

oligonucleotide solution, the oligonucleotides are hybridizing to for double stranded DNA. After

the master was removed from the oligonucleotide solution, it was rinsed and immersed in

Millipore water for ten minutes.
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The master was placed in the middle of a Petri dish with its gold face pointing upwards.

A piece of gold on mica, the secondary substrate, was rinsed then placed on top of the master

with its gold in contact with the gold from the master. To decrease the space between the master

and the secondary substrate, a glass slide was placed on top of the secondary substrate to add

pressure to compress the entire complex. Additional pressure was applied on the slide for five

seconds to compress the structure even more. Capillary force from the liquid left on the master

and secondary substrate pull the two closer as the liquid evaporates. This system was left over

night so the activated groups on the complementary strand DNA could bind with the gold on the

secondary substrate.

The next day, the double stranded DNA was dehybridized by heating the system to 85°C

for thirty minutes. 0.1 OM sodium chloride/TE buffer solution was also warmed to 85°C. The

sodium chloride solution was pipetted onto the system after dehybridization. The pattern transfer

copy was then removed, rinsed with Millipore water then dried with nitrogen. The master copy

was thoroughly rinsed and immersed in Millipore water for ten minutes.

2.3 Analysis of the Surface Density

The samples were imaged using tapping mode AFM (Multimode Scanning Probe

Microscope made by Veeco). Height and phase images were obtained at three different areas on

the samples for both the master and the pattern transfer. The scanning size for the images was

300nm x 300nm. The phase images were used to calculate the surface density of

oligonucleotides because height images may be affected by the roughness of the samples. The

phase images were also used because the density of the oligonucleotides was unique and

different from both the gold surface and the MCH also on the surface. The calculation of surface

density was done by calculating the percentage of the image that was above a designated
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brightness. In the phase image, the brightness increases with the decrease of density. Because

the oligonucleotides were the least dense of the surface features, the brightest areas on the

surface could be identified as oligonucleotides.

2.4 Fabrication of the Family of Prints

After one master was made, eight pattern transfers were printed using the same master to

make a family of prints. Therefore, the process of fabricating the pattern transfer and

characterization was repeated eight times. The samples were stored in small sample boxes in

ambient environment between prints. The complementary oligonucleotide solution was used for

five days before a fresh solution was made.

3. Results

The goal of this study was to monitor the surface density of oligonucleotides through

making eight first generation prints. Both qualitative and quantitative data were collected. The

qualitative data of the AFM images showed the actual topography of the surface of each print. A

quantitative density was then calculated from the phase images. The quantitative data serves to

highlight the trends of the surface density. It gives an overall idea of how the surface density

changes after each subsequent print. The qualitative data can be used to decipher the reason for

the trends.

Table 1 shows the data of the actual oligonucleotide coverage and the normalized value.

Previous investigation has shown that the average coverage of the oligonucleotides for a master

before printing is 78%. The average for coverage for the first pattern transfer is 72%. The data

obtained were normalized with respect to the previously mentioned numbers. Figure 1 shows the

graph of the normalized data.
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Table 1. Actual and normalized percent surface coverage of
oligonucleotides of master and printed copy after each subsequent
print.

Sample

Master before Printing

Master after Pattern Transfer 1

Master after Pattern Transfer 2

Master after Pattern Transfer 3

Master after Pattern Transfer 4

Master after Pattern Transfer 5

Master after Pattern Transfer 6

Master after Pattern Transfer 7

Master after Pattern Transfer 8

Pattern Transfer 

Pattern Transfer 2

Pattern Transfer 3

Pattern Transfer 4

Pattern Transfer 5

Pattern Transfer 6

Pattern Transfer 7

Pattern Transfer 8

Average %
Surface Normalized %
Coverage Surface Coverage
oligonucleotides Oligonucleotides

34.80 +/- 1.61

38.04 +/- 2.38

32.78 +/- 3.85

39.02 +/- 6.03

36.08 +/- 3.27

33.50 +/- 2.39

48.85 +/- 4.17

43.94 +/- 5.78

40.21 +/- 2.95

33.89 +/- 5.37

24.97 +/- 10.77

10.56 +/- 5.28

30.72 +/- 3.84

17.03 +/- 5.31

16.00 +/- 10.38

18.57 +/- 6.99

17.38 +/- 0.95

78 +/- 3.61

85.26 +- 5.33

73.48 +- 8.63

87.46 +/- 13.51

80.87 +/- 7.33

75.08 +/- 5.37

109.46 +/- 9.34

98.48 +/- 12.95

90.12 +/- 6.61

72.00 +/- 11.41

53.05 +/- 22.89

22.43 +/- 11.22

65.26 +/- 8.17

36.18 +/- 11.28

34.00 +/- 22.05

39.45 +/- 14.85

36.93 +/- 2.02
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Figure 1. Graph of surface density trends for master and pattern
transfers in one family. The surface density of master increases
slightly as the pattern transfer densities decrease then level off.

Two trends can be seen in Figure 1. The first is that the surface density of the master

slightly increases throughout the printing process. The second can be seen in the data for the

pattern transfers. Unlike the data for the master, the surface density of oligonucleotides for the

pattern transfers decreases quickly then levels off near the end. The error bars show that the

coverage is not always consistent throughout the three regions chosen for each sample. Some

areas may have better contact than others due to roughness of sample, placement of physical

force, or dust that may have found its way onto the master or the secondary substrate.

Figure 2 shows tapping mode AFM phase images of the master after each print. As

mentioned in the Methods section, the bright areas are the oligonucleotides. In all the images of

the master, similar patterns of the bright areas can be seen. This shows that there is not much

degradation to the master copy even after eight prints.
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Figure 3 shows the tapping mode AFM phase images of the pattern transfers. These

images have less density than the masters. Also, the pattern transfers do not form the exact same

patterns as the masters. In most cases, bright spots can be seen. However, in the background of

images from pattern transfer 5 (Figure 4) and pattern transfer 8 (Figure 5), another pattern can be

seen. This pattern is similar to the pattern on the masters, and would indicate that the brightest

spots may not be oligonucleotides, but some contamination instead.

Pre-
printing

After
pattern
transfer 3

After
pattern
transfer 6

After
pattern
transfer 1

After
pattern
transfer4

After
pattern
transfer 7

After
pattern
transfer 2

Aliter
pattern
transfer 5

After
pattern
transfer 8

Figure 2. Tapping mode AFM phase images of master from
before printing to after the eighth print. The brighter areas are
oligonucleotides.
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Pattern Transfer 2

Pattern Transfer 5 Pattern Transfer 6 Pattern Transfer 7 Pattern Transfer 8

Figure 3. Tapping mode AFM images of pattern transfers. There
are more round bright spots than the master. Most of the patterns
on the printed copies are different than those of the master.

Figure 4 Tapping mode AFM phase image of pattern transfer 5.
The background shows patterns similar to master suggesting that
the oligonucleotide layer lies underneath the bright spots.
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Figure 5. Tapping mode AFM phase image of pattern transfer 8.
Similar to pattern transfer 5, there is an underlying pattern (arrow),
similar to the pattern on the master, beneath the bright spots
suggesting the oligonucleotide layer is beneath the bright spots.

4. Discussion

The purpose of this study was to follow the surface density of the oligonucleotides on the

master and the pattern transfers through multiple prints so that the limiting factor to the printing

process can be found. After each iteration through the protocol, the master and the new pattern

transfer were analyzed using tapping mode AFM. At first, it was expected that both the master

and the pattern transfer should degrade throughout the printing process. Each printing step

involves large forces from the outside compared to the size of the oligonucleotides. These forces

would be expected to tear oligonucleotides off the surface of the master so that the density would

decrease after each subsequent printing. The oligonucleotide surface density of pattern transfers

would also be expected to decrease because there would be fewer oligonucleotides to copy from

the master.
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Another expectation that would cause decrease of surface density on the pattern transfers

was the wear and tear that the master undergoes. The constant heating and cooling for

dehybridization and the forces applied to the master during the printing process could warp the

epoxy as well as scratch the surface of the master. This would make the surface of the master

rough so that there would be less contact between the master and the secondary substrate and

force a decrease in the surface density of the pattern transfer. However, since the tapping mode

AFM image is only taken in a 300nm x 300nm area, the scratches cannot be seen in the images.

The patterns on the images is expected to stay consistent, and the surface density is expected to

increase because most of the oligonucleotides left on the master would be double stranded.

The expectation of oligonucleotides being tomrn off from processing was not found to be

true in the first eight prints. The results of the study show two general trends: the

oligonucleotide surface density of the master increases slightly throughout the course of printing

and the oligonucleotide surface density of the pattern transfers decreases. These inverse trends

show that when the master possesses a higher oligonucleotide surface density, the pattern

transfer shows a lower density. The inverse correlation could be due to oligonucleotides not

being transferred from master to secondary substrate. Therefore, even after printing, there were

still some double stranded oligonucleotides left on the master's surface, which increases the

oligonucleotide surface density from its original single stranded state.

The lack of complete transfer of the oligonucleotides could correspond to diminished

contact between the master and the secondary substrate. If the secondary substrate does not

have access to the activated group on the complementary oligonucleotide, then the

oligonucleotide will not be bound to the secondary substrate and the oligonucleotide density will

decrease. One specific example of this occurring can be seen through the trend between pattern
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transfers 2 through 4. There was a sudden drop in surface density between pattern transfer 2 and

3, but a rise in the surface density of the master after these prints. This suggests that much of the

oligonucleotides did not transfer onto the secondary substrate and was left on the master. The

next pattern transfer showed an increase in surface density while the master showed a decrease in

surface density. This could be due to the increase in contact between the master and the

secondary substrate. Fewer double stranded oligonucleotides were left on the master after

pattern transfer 4, which lowered the surface density, and more oligonucleotides were able to

attach to the secondary substrate, which increased the density on the pattern transfer.

The decrease in contact throughout the entire printing process could be accounted for by

the increase of contamination as each printing was made. Because the processing was not done

in a clean environment, dust, dirt, and other contamination accumulated throughout the printing

process. This could be seen visually, as well as on larger tapping mode AFM images (3ptm x 3

gm). The contamination would add extra space between the master and the secondary substrate,

thus lowering the contact and preventing the complementary oligonucleotides from binding to

the secondary substrate. The gradual increase of oligonucleotide surface density shows that

fewer oligonucleotides were being transferred to the secondary substrate with each subsequent

printing. The decrease of the oligonucleotide surface density of the pattern transfers also

supports this theory.

As previously mentioned, the wear and tear of the master could account for both the

increase of the surface density for the master and the decrease of surface density of the pattern

transfers. Throughout the printing process the amount of scratches that could be seen on the

surface of the master increased with more prints. These scratches were probably created during

the application of physical force to the system.
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Based on the results from the surface density of the master, the master could potentially

print many more than eight prints. No degradation of the oligonucleotide monolayer could be

seen through the printing of the pattern transfers. Only the quality of contact between the master

and the secondary substrate prevented high oligonucleotide surface density prints. Two observed

reasons for the lack of contact include the dirt and the scratches on the surface of the master. To

improve on these two aspects, preparation and analysis of the samples should be done in a clean

room to avoid contamination. The scratches from the physical force could be improved if the

force was applied at a slower rate and care was taken that the printing system is not moved while

it is under physical force.

Another possible way to improve contact between master and secondary substrate is to

use softer material as the secondary substrate. With two rigid substrates, it is imperative to have

flat surfaces so that the oligonucleotides do not lie in an unreachable valley. A softer material

will be more forgiving to the roughness of the master. The soft material can mold to the

topography of the master and reach all the oligonucleotides on the master's surface. The

material cannot be too soft, though. This would cause a distortion in the pattern if too much

force is applied. A possible solution is to choose a material that has a glass transition

temperature close to that of the dehybridization or melting temperature of DNA, which is 58.8°C

for 30mer [4]. A higher dehybridization temperature can be used to ensure full separation of the

DNA. The material should not be liquid at the melting temperature of DNA used, yet it should

be soft at or below the melting temperature. One possible material to consider is

polymethylmethacrylate (PMMA). Its glass transition temperature is 105°C, which is a possible

dehybridization temperature. Although PDMS works well for micro-contact printing, its
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application in nano-contact printing is not optimal because of its softness and low melting

temperature, which cannot withstand the dehybridization temperature of DNA.

Making these changes can improve the consistency of printing and potentially increase

the number of prints that can be made. Previous studies have shown that the oligonucleotide

surface density of the first pattern transfer made from a master decreases at approximately the

same rate from master to print as from the one print to the next in the same generation. An

example can be seen in Figure 6. If a lower boundary for percentage surface coverage of

oligonucleotide is set so that all prints below the set surface density is omitted, then the total

number of prints that can be fabricated in one family can be modeled by the Fibonacci triangle.

Therefore, the number of prints that can be made is equal to 2n, where n is equal to the number of

first generation prints that can be made within the quality limit. With the improvement of one

print within the quality limit, the total number of prints that can be made doubles. This high rate

of improvement is another advantage of nano-contact printing.

100% DNA coverage

I

/ 1\/\

/\ \
I

Figure 6. Diagram of Fibonacci triangle model for family of
prints. With the improvement of one additional print in the first
generation, the number of possible prints that can be made with
one original master doubles.
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5. Conclusion

This study aimed to search for a limiting factor in nano-contact printing. The

experiments showed that the major limiting factor in the printing method is the quality of contact

between the master and the secondary substrate. As the contact increases, the better the pattern

transfers are. It was shown that contamination of the master and the deformation of the master

after many prints decreases the contact, and is thus responsible for the diminishing quality of

pattern transfers. The quality of the oligonucleotides on the surface of the master remained

constant, which indicates that the potential for printing more pattern transfers per master is good.

Adjustments, such as working in a cleaner environment and experimenting with softer secondary

substrate materials will increase the quality of pattern transfers. The next step in developing the

nano-contact printing method is to print patterns. The size of the printed patterns can gradually

be decreased to find the resolution limitation of printing method. Multiple oligonucleotide

sequences can also be used. Nano-contact printing can then be used to fabricate a multitude of

devices.
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