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Summary
This paper gives an introduction to dip-pen nanolithography (DPN). Further the paper looks into nanoarrays created by DPN and how new developments can make production faster and arrays more complex. Applications of DPN nanoarrays for research and society are discussed together with the possibilities for commercialization of the technique and its applications.
1. Background

Dip-Pen Nanolithography (DPN) was presented to the world by Piner et al. in 1999[1]. This was a new approach for creating nanopatterns and monolayers of soft materials on flat surfaces. The method used the cantilever tip of an atomic force microscope (AFM) coated with some kind molecules to directly write patterns onto the surface. In this way, the AFM tip can imitate a quill pen dipped in ink, where the coating molecules work as the ink (fig. 1). Because of this, the method got the name Dip-Pen Nanolithography.
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The first studies mainly used hydrocarbons with thiol terminal groups (alkanthiols, mainly 1-octadeconthiol, ODT, and 16-mercaptohexadecanoic acid, MHA) on gold substrates, because of the good adhesion of the thiol groups to the gold surfaces.  To achieve homogeneous coating of the tip, two methods were used: chemical vapour deposition (CVD) or dipping of the tip in ODT or MHA solutions followed by N2 or difluorethane blow drying[2]. 
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After coating of the tip, the cantilever is mounted into the AFM and patterning is done by bringing the coated tip in contact with the surface. Contact forces between tip and surface from below 1 nN up to some tenths of nNs and tip speeds of ~0.1µm/s to 3µm/s were reported to give results. Smaller contact forces or higher tip speeds would make the deposition of the alkanthiols to stop, something which is utilized during image recording of the patterned areas. (In general, image recording for detection of the nanomanipulation by the AFM is done by the same tip as during patterning, but further deposition from the tip is avoided because of increased tip speed and decreased contact force during imaging).
When lowering the tip onto the sample surface, a water meniscus will form between tip and surface, simply because of normal air humidity conditions (30% - 50% air humidity is normal in Trondheim) and can not be eliminated unless a completely dry environment is introduced to the sample chamber[3]. The transport of the alkanthiols from the tip to the surface occurs by simple diffusion over or through the water meniscus since the ink concentration is much higher on the tip than on the surface.
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Lines and dots of alkanthiols created by DPN in the first years took the firm of monolayers and had widths down to some tenths of nanometres (fig. 2). Soon it became clear that this technique had the possibility to write patterns of a huge variety of materials and molecules in nanodimensions, opening the eyes of the scientist for DPN as an opportunity for a direct write lithography technique for creating nanoarrays of biomolecules. 
2. Introduction

Creation of nanoarrays is very desirable because of its many advantages compared to arrays in the macro or micro scale. Because of the decreased feature size, nanoarrays can contain up to 10,000 more features than conventional microarrays[4]. The total area is also dramatically reduced, and if screening experiments (for biomarkers, proteins or others) are done, the necessary volume of fluid to be screened is drastically reduced as well. Also, since many more features are available in a smaller area, many more species can be screened in the same experiment than in the conventional microarrays. A drawback of screening using nanoarrays on the other hand is that the nanoarrays will easier become saturated than microarrays when the screening molecules come in high concentrations since there are fewer detection molecules of each species. Also, if the concentration is very low, the lower fluid throughput of the nanoarrays compared to the microarrays will lead to slower detection.
Compared to other lithography techniques as light lithography, microcontact printing (e.g with PDMS), electron beam lithography or focused ion beam, DPN is the technique able to manufacture finest features. Many of the competing techniques also introduce harsh conditions (UV light, electron or ion beams etc.) to the substrate, which is unfavourable. Also, DPN writes the patterns in a constructive way, in contrast to many other destructive techniques which form features from a complete layer using etching or a focused electron or ion beam to remove material between the features in the pattern.
Because of the simplicity of the DPN technique, just requiring an AFM with some additional software making it available to quite many research communities, and because of the advantages compared to pre-existing techniques, it has been studied and developed massively during the last ten years. From depositing alkanthiols, it has been shown possible to directly write patterns with proteins[5,6], DNA[7] and peptides[8]. Also indirect adsorption of both viruses[9] and bacteria[10] has been demonstrated.
3. Nanotechnological solutions for dip-pen nanolithography nanoarrays
3.1 Areas of application

Maybe the most obvious application for nanoarrays is the use as downscaled DNA or protein microarrays (why this is favourable is discussed in the introduction). This can be used as detection systems for specific proteins or DNA sequences. 
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The DPN approach for creating protein nanoarrays is usually through indirect adsorption of the protein on a MHA patterned surface[11]. First, a tip is coated with MHA, and the wanted pattern (usually dots) is written to the surface. Next, before proteins are introduced, the surface not covered by the MHA pattern need to be passivated to avoid non-specific binding of proteins to the surface. Passivation can for example be done by putting a droplet of a solution of poly(ethylene glycol), PEG, on the surface which will lead to PEG adsorption  between the features in the MHA pattern. After rinsing, the desired protein is introduced which leads to specific adsorption to the MHA molecules.
In this study (Source 11, Lee at al.), the adsorbed proteins were ImmunoglobulinG (IgG). After IgG adsorption to the surface, a solution of anti IgG (antigene G) was introduced to the surface, leading to specific binding of anti IgG to IgG (fig. 3). By imaging the patterned area before and after anti IgG binding, an increased height profile of the patterned area can verify the specific anti IgG binding to IgG.
This method is quite similar to enzyme-linked immunosorbent assay (ELISA). ELISA can also be extended by letting a new layer of antibodies bind to the adsorbed antigens (sandwich ELISA), and by this making the height difference even more distinguishable. Lee et al. expanded this by letting the antibodies introduced in the sandwiching layer be bound to nanoparticles for easier detection[12]. In this study the researchers were able screen human serum samples for the HIV-1-virus p24 antigens by immobilizing anti-p24 antibodies on a MHA patterned surface (fig. 4).
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Is has been demonstrated possible to immobilize viruses using nanoarrays made by DPN[9]. The general approach uses thiol groups on the surface of the virus, and makes them form disulfide bonds with the molecules in the pattern. Even though not studied to a large extent, this opens the doors of virus biorecognition and virus-cell infectivity processes. 
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It has also been shown that a large range of enzymes can be written with DPN without loosing their activity[4]. In addition to being interesting when thinking of protein nanoarrays, this is also a unique opportunity to tailor a specific nano-environment to which cells can be introduced. The fate and functions of a cell is highly influenced by its surrounding micro- and nano-environment. By writing features with active enzymes (or other proteins) or components of the extracellular matrix, mechanisms as cell-cell adhesion or cell migration can be studied[4].
Nanoarrays has also been shown to possibly function as biosensors[13]. The fluorescent molecule fluorescein goes from fluorescent form to a non-fluorescence form when changing from basic to acidic conditions (Fluorescein is a di-anion at basic conditions, with pKa1=6.4 and pKa2=4.3, see fig. 5). By writing dot patterns of fluorescein with dot diameter of ~400nm, multiple arrays of pH responsive fluorescent dots were created. The dots were still fluorescent active after binding to the substrate, and continued to change from fluorescent to non-      fluorescent form still after several cycles of changing the conditions from basic to acidic. This is an example of nanoarrays creating a pH-sensor with fluorescent detection, which for example can be    implemented in a lab-on-a-chip system.

3.2 Commercialization, increasing the throughput of DPN
DPN has shown out to be a promising technique for manufacturing nanoarrays of different applications. But if it shall be hope for the products of DPN to become standard implementation in lab-on-a-chip systems, the technique needs to be made more efficient. This is both in the context of writing more patterns in less time and in the context of fast and secure tip coating and opportunities for flexible switching between different inks.
To address the first question, many groups have done experiments with 1 or 2D arrays of AFM cantilevers. By this, a single pattern can be written multiple times simultaneously in one operation, and the throughput of DPN can be increased drastically.  Until parallel arrays of cantilevers were introduced, the area one could be able to manipulate in one operation was restricted by the region in which the AFM cantilever was able to move, typically a ~ 90x90 µm area. After introducing the parallel cantilever solution, this region has been extended to at least ~1x1 cm, and will probably continue to expand[4]. Still, even though the area of single operation manipulation increases, this does not affect the resolution, and sub-100nm features are still feasible.
Protein nanoarrays of the type presented by Lee et al. (source 11 and 12), have now been reported made by cantilever arrays methods. In a study by Mirkin et al., a 26-pen array (26 cantilevers in one row) was used to write 23,400 dots of NHSC11SH able adsorb protein A/G with a 1 µm dot-to-dot spacing[14].

In theory, there is no limit of how many cantilevers one can align in one array system, and by this, the throughput of one pattern with one ink can be expected to become very high. Examples have been presented were 55,000 cantilevers were aligned, and were able to produce 450,000,000 sub-100-nm-features in less than 30 minutes (fig. 6)[4].


All examples described above are single-ink experiments. To produce functional DNA or protein arrays, one would like to create patterns of multiple inks, so that more than one biomolecule (protein or DNA) can be screened in the same experiment. Coating of the cantilever arrays with one ink have traditionally been performed through chemical vapour deposition or dipping in solution. New methods have to be tried out to be able to coat each tip in a large array specifically with different inks. 
One of the solutions to this obstacle is inspired from quill-pens which the DPN technique resembles. The quill-pen is refilled by dipping the tip in an inkwell. For an array of cantilevers, an adapted array of inkwells with the same internal spacings as the cantilevers and with inkwell geometry matching the geometry of the cantilever tips can be manufactured. By this, each tip of the whole cantilever array can be coated specifically by dipping the cantilever tips in the inkwell array.
Using this approach, an array of inkwells can be designed to match any array of cantilevers. Also, each single inkwell in the array can be filled with different ink molecules, resulting in specific coating of each tip. The challenge of this approach is how to fill the individual inkwells with different inks in a fast and precise manner. At least to methods are presented in the literature to meet this microfluidic challenge: microchannels and microbeads.

The inkwell arrays are generally manufactured through optical lithography procedures. In this process, each inkwell can be connected to a bigger reservoir through a microchannel (fig. 7). The inkwells need to be in the dimension of microns (diameter of 5 to 10 µm) to keep the cantilever density high, whereas the reservoirs can be much bigger (in the range of 1 mm). By this, each ink reservoir can be filled quite easily, and the ink is allowed to flow from the reservoir to the inkwell. This approach was demonstrated by Banerjee et al. in a study where ten inkwells were connected to ten reservoirs[15]. It was shown that the ink reached a speed of ~1 m/s while flowing from the reservoirs to the inkwells. This setup worked for many fluids (inks), both hydrophobic and hydrophilic.
The second approach for filling of the inkwells uses microbeads (fig. 8). Here, one mircobead (diameter of 30 to 80 µm) of PEG was placed manually in each inkwell in an array of 96 inkwells[16]. By cooling the inkwell array to 2°C, condensed water droplets formed on the substrate. After 5 minutes, the cooler was switched of and the water droplets evaporated except from in the inkwells where the water had dissolved the PEG microbeads creating a water-PEG solution. PEG microbeads can be used to incapsulate different biological materials as proteins, nucleic acids or lipids, and by this, solutions of specific biological inks can be placed in the inkwells. Rivas-Cardona et al. (source 16) states that in a commercial application, the manual placing of the microbeads can be replaced by using automated pneumatic robot handlers specifically designed for picking and placing microbeads.

4. Discussion
Even though DPN is a relatively new technique, it has developed impressively fast the ten years it has excisted. From being a technique able to write simple patterns of monolayers of alkanthiols, it has been shown possible to write intricate patterns simultaneously duplicated thousands of times using multiple inks in one operation.
This development indicates that DPN has become an important technique with relevance for many difference special fields. Indeed, over 200 labs worldwide have established DPN as a standard technique, and more labs are adding to the list. DPN is available to any researcher who knows how to operate an AFM. 
As described in section 3.1, nanoarrays from DPN can be used directly in research (e.g. while studying cell mechanisms in a tailored nano-environment), implemented as sensors in a lab-on-a-chip, or used in diagnostics as templates for DNA or protein nanoarrays. Additionally, there are thought of and experimented with many additional areas of application than those discussed here.

One challenge of protein nanoarrays or nanoarray sensors is detection. The most used detection method for adsorbing events is simply to image the surface and measure height differences before and after adsorption. This is easy, quite reliable, but time consuming. If protein nanoarrays are going to be commercial, it would be too time consuming and resource demanding if each sample had to be imaged with an AFM. One other opportunity is to use fluorescent markers or other forms of luminescence. This again puts a limitation on the resolution, as luminescent particles divided by less than some 100 nm will be impossible to distinguish according to the diffraction limit and Rayleighs Criterion.
The biggest challenge of the future of DPN, however, is its relatively low throughput. AFM is in general a slow scanning technique (compared to e.g. scanning electron microscopy or confocal laser scanning microscopy) and operating one single cantilever for DPN manipulation is time consuming. If the technique is to be commercialized, big advances have to be done with regards to throughput.
The development has come quite far with concern to parallel arrays of cantilevers leading to multiple writing events. Experiments have been done with 55,000 aligned cantilevers, and it has also been produced a single 3 inch wafer with 1,2 million aligned cantilevers[4]. Still, fast, flexible and stable tip coating methods are not able to match these numbers of aligned cantilevers.
Several methods for flexible and/or integrated coating systems have been suggested and tested. The inkwell solution has been demonstrated with a potential of 96 different inks[16], but still has its challenges. The amount of fluid (ink) in each inkwell is very little, in the pL regime. Evaporation from the inkwells has been reported as a problem, and for fluids with low boiling points, it is a matter of minutes before the fluid has evaporated[15]. For other fluids, this period of time has been observed to last for some hours, but sooner or later complete evaporation will take place. 
Both inkwell methods presented in this paper had procedures for filling the inkwells which need to be improved if they are to be expanded for thousands of inks coating the same number of cantilever tips. The microchannel system needs big reservoirs which are space consuming if the numbers are big enough, and the microbead system needs a robotic placing system for distributing the different beads to their specific location, which probably will be a time consuming process. Also, both methods presented here are still in the µm regime (inkwells from ~5 to 80 µm in diameter), leading to big cantilever separation, and not really able to meet the demands of nanoarrays even though the written features still can be in the nanoregime.
When this is stated, it should also be mentioned that this is just two specific suggestions on how to address the problem. Much research is done on the field, and progress is made continuously. For example, Nafday et al. presented earlier this year a study where two inks could be written in specific locations compared to each other (fig 9)[17].  In contrast to aligned cantilevers, here two tips write patters succeeding each other: first one tip writes a pattern, than a second, independent tip recognizes the pattern and writes a new pattern with a new ink site specifically compared to the first ink. By this method, DPN has gone from just being able to create patterns in parallel to create patterns in series as well. This study was carried out in a technology company named NanoInk, Inc., a company which works exclusively with DPN research and development of the technique and related equipment. 
5. Conclusion
Dip-pen nanolithography has after ten years of existence developed to be involved in many special fields and has got a big range of applications. Today the technique is still expanding and developing, and even though not any application has yet been commercialized, many of the applications are very relevant for other research purposes. 
Companies as NanoInk, Inc. tells us that it is an emerging industry related to DPN technology, even though this is a company helping research communities and not producing products with integrated DPN applications.
It is probably still a long walk before e.g. protein nanoarrays can reach the market and become standard diagnosis equipment. Challenges as large enough number of aligned cantilevers and a fast and secure way to coat the cantilever tips with different specific inks are still major obstacles. DPN nanoarrays has at the same time already proved to be a tool able to help scientists explore new sides of the biomedical and biotechnological research area, or explore old sides through new approaches. Even though if it turns out that DPN not will be fast and flexible enough for commercialization in the future, it will probably remain as a research tool for decades.
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Figure 1. Schematic drawing of the dip-pen nano-lithography process.





Figure 2. Lateral force AFM image of alkanthiols written with DPN to gold surfaces. A, C and D are ODT, B is MHA.





Figure 3. Schematic diagram of pattern writing, passivation, protein adsorption and antigen binding.





Figure 4. a) Schematic diagram for immobilization of HIV-1-virus antigen p24 on MHA patterned Au surfaces and sandwiching with p24 antibody bound nanoparticles. b) Array before antigene adsorption, c) after adsorption, and d) after antibody bound nanoparticles amplify the signal.





Figure 5. Arrays of fluorescein changing from fluorescent to non-fluorescent form when the environments change from basic to acidc.





Figure 6. DPN patterning with 55,000 AFM cantilevers in parallel. a) Optical micrograph of a small portion of the 2D array of cantilevers used for patterning. The inset shows an SEM image of the tips. b) SEM image of a portion of an 88,000,000 gold dot array. On the right hand side is a representative AFM topographical image of a part of a block. c) Optical micrograph of a region of the substrate where ~55,000 sophisticated features were patterned.





Figure 7. Schematig drawing of inkwells (microwells) connected to a reservoirs through microchannels.





Figure 8. Inkwells before, (a), and after, (b), the microbeads were manually placed in them.





Figure 9. Lateral force AFM image of an ODT dot and a MHA square written with two different tips  in succeeding operations.
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