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ABSTRACT 

Patterning bioreceptors on surfaces is a key step in the fabrication of biosensors and biochips. State-of-the art 
technology can produce micrometer-sized biostructures, however, further miniaturization at the nanoscale will require 
new methods and lithographic tools. In this proceeding, we report three approaches: nanopen reader and writer 
(NPRW), nanografting and latex particle lithography; for creating nanostructures of small molecules, DNA and proteins. 
Using nanografting and NPRW, nanostructures of thiol molecules or thiolated ssDNA are fabricated within self- 
assembled monolayers. Proteins attach selectively to nanopattems of thiol molecules containing bioadhesive groups 
such as aldehyde or carboxylates. Using latex particle lithography, arrays of protein nanostructures are produced with 
high throughput on mica and gold substrates. Near-physiological conditions are used in structural characterization, thus 
the orientation, reactivity and stability of proteins and DNA molecules within nanostructures may be monitored directly 
via AFM. While AFM-based approaches provide the highest precision, nanoparticle lithography can produce arrays of 
protein nanostructures with high throughput. The nanostructures of proteins produced by these approaches provide an 
excellent opportunity for fundamental investigations of biochemical reactions on surfaces, such as antigen-antibody 
recognition and DNA-protein interactions. These methods provide a foundation for advancing biotechnology towards 
the nanoscale. 
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1. INTRODUCTION 

Micropattems of bioreceptors such as DNA, proteins, and oligonucleotides have revolutionized the life science and 
biomedical tr1 Microfabricated DNA chips or DNA microarrays have been used to measure the expression 
levels of genes in plant, yeast, and human samples.24 DNA or protein microanays have also been used in disease 
diagnosis.57 Microarrays of peptides using fluorescent probes are also used to screen large numbers of compounds 
produced by combinatorial chemistry for potential drugs in the pharmaceutical industry.8 Further miniaturization of these 
bioarrays or biochips offers the rewards of reduced quantities of analytes and reagents, increased density of sensor and 

chip elements, and faster reaction/response time.913 More importantly, by nanofabrication of bioreceptors, one may be 
able to influence or control bioreactions, since the dimensions of bioentities such as proteins are on the order of 
nanometers. One prospective application is to regulate cell extracellular matrix protein interactions by positioning these 
proteins on surfaces with nanometer precision. 

Micropatterns can be readily produced using well-known techniques, including photolithography,12"47 and 

micromachining.18 These techniques typically fabricate features as small as 1 tm. Recent advances in electron and argon 
ion beam lithography and microcontact printing'7"923 have broken the wavelength barrier to produce patterns as small as 
300 nm.j82426 To generate patterns smaller than 100 nm requires new strategies, both for fabrication and 
characterization. 

Scanning probe microcopy methods, such as scanning tunneling microscopy (STM)27 and atomic force microscopy 
( AFM)28 are well known for their unprecedented spatial resolution.2932 Taking advantage of the sharpness of the tips, 
and strong and localized tip-surface interactions, scanning probe microscopy has also been used to manipulate atoms on 
metal surfaces, and to fabricate nanopatterns of metal and semiconductor surfaces.3339 Various approaches for 
controlling the local interactions between the tip and surface molecules have also been reported. These methods include 
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AFM-based lithography such as tip-catalyzed surface reactions,4° dip-pen nanolithography,4' tip-directed formation of 
metal-oxide devices,42'43 and STM-based lithography such as tip-assisted electrochemical etching, and field-induced 
desorption.44'45 

In this proceeding, we report the utilization of AFM-based lithographic methods, nanografting and NPRW, as well 
as nanoparticle lithography in production of nanostructures of proteins and DNA. The advantage of these approaches is 
the high spatial precision. One shortcoming of scanning probe lithography is the relatively low throughput. 
Complementary to AFM-based lithography, nanoparticle or nanosphere lithography has high throughput. Arrays of 
nanostructures ofproteins may be produced via nanoparticle lithography. 

2. MATERIALS AND METHODS 

2.1 Preparation of self-assembled monolayers 
The compounds 2-mercapto-l-propionic acid (HS(CH2)COOH, 1-hexanethiol (HS(CH2)5CH3), 1-decanethiol, 

(HS(CH2)9CH3), and 1-octadecanethiol (HS(CH2)17CH3) were purchased from Aldrich (St. Louis, MO) with purity 
greater than 95%. Compounds of 3-mercapto-1-propanal (HS(CH2)2CHO), and 1 1-mercapto-1-undecanal 
(HS(CH2)10CHO), were synthesized by oxidizing with pyridium dichromate (PDC).46 Ultraflat gold films, 150 nm in 
thickness, were prepared according to previously reported methods.47'48 The resulting gold surfaces have a mean 

roughness of 2—5 A according to AFM measurements. SAMs were prepared by immersing freshly prepared gold films 
into corresponding thiol solutions (0.1 to 1.0 mM) for at least 18 h. 

2.2 Solutions of proteins and latex particles 
Bovine serum albumin (BSA, fraction V, which is essentially fatty acid free), lysozyme (LYZ, from hen egg, 95% 

purity), rabbit immunoglobulin G (IgG, purity 95%), and mouse anti-rabbit IgG were purchased from Sigma 
Biochemicals (St. Louis, MO) and used without further purification. The proteins were diluted to the desired 
concentrations of 10 ig/mL in HEPES or PBS buffer solutions prior to AFM experiments. 

Latex particles were obtained commercially (Duke Scientific, Palo Alto, CA). The latex particles were washed in 
deionized water by centrifugation. The latex pellets were resuspended with deionized water and vortex mixing. Protein 
concentrations ranged from 10-200 .tg/mL and were added to the latex solution according to the desired protein:latex 
ratio. 

2.3 Oligonucleotides 
The thiolated ssDNA oligomers used for fabrication were 5'-HS-(CH2)6CTAGCTCTAATCTGCTAG-3' (oligo 1), 

and 5'-HS-(CH2)6AGAAGGCCTAGA-3 (oligo 2) (Synthegen LLC, TX). 

2.4 Optical microscopy. 
Optical micrographs were acquired using an Olympus model BH-2 phase contrast microscope. Digital images were 

acquired with a Sony DXC-107 color video CCD camera, with a 768 x 494 pixel chip. The computer interface includes 
an Osprey 100 video capture card and its driver (version 1.2.00), using the VidCap 32 software within Windows98. 
Samples were immersed in Cargill type DF immersion oil (Electron Microscopy Sciences, Washington, PA) for 
examination under lOOx objective. The video-capture images were further magnified for the CCD camera using a 2.5x 
objective. 

2.5 Atomic force microscopy 
The AFM used for this study incorporates a home-constructed, deflection type scanner controlled by commercial 

electronics and software (RHK Technology, Inc., Troy, MI).49'5° The Si3N4 cantilevers were either sharpened microlevers 
from ThermoMicroscopes (Sunnyvale, CA) with a force constant of 0.1 N/rn or standard microlevers from Digital 
Instruments (Santa Barbara, CA) with a force constant of 0.38 N/m. Images were acquired with a typical imaging force 
of 0.15 nN using contact mode imaging in liquid media, where little tip-induced deformation was observed for 
immobilized proteins. 
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3. RESULTS AND DISCUSSION 

3.1 Basic procedures to fabricate nanometer-sized patterns 
Figure 1 illustrates the basic procedures of nanografting and NPRW used to produce nanopattems of SAMs with 

high precision.553 Prior to fabrication, the surface structure of SAM resists are first characterized under a very low force 
or load. Fabrication locations are selected, typically in flat regions, e.g. Au(l 1 1) plateau areas with few surface defects. 
Then nanopattems are fabricated under high forces. In nanografting,54 the SAM and the cantilever are immersed in a 
solution containing another thiol with various terminal groups (Fig. IA). As the AFM tip plows through the matrix 
under high force, thiol molecules on surface are shaved to expose areas of the gold surface (Fig. 1B). Thiols in solution 

immediately adsorb to the uncovered substrate, following the scanning trajectory of the tip. Returning to low force, the 
nanografted patterns can be characterized (Fig. 1C). In NPRW, the tip is coated with desired molecules by soaking in 
the desired solution, then drying in nitrogen. The first step is reading or characterization, in which the matrix SAM is 
characterized and areas for fabrication are selected. The second step is writing or fabrication, in which the molecules 
from the tip are transferred under high force to the substrate (Fig. 1E). Nanostructures are characterized in the final step 
using the same pen at a reduced force (Fig. lF).52 Nanopatterns of protein-adhesive thiol molecules produced by 
nanografting and NPRW can serve as templates for attaching proteins. The selectivity of protein adsorption is achieved 

by utilizing the variation in protein affmity towards different SAMs.5559 

Figure 1. Schematic diagram illustrating the basic steps ofnanografting and NanoPen Reader and Writer (NPRW) 
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Compared to other fabrication techniques, nanografting and NPRW have the highest precision and resolution, and 
can routinely obtain an edge resolution of 1 nm.5o52 The smallest feature fabricated by nanografting is 2 x 4 nm2, as 
shown in Fig. 2A, consisting of 32 thiol molecules.53 One-dimensional features such as 10 nm wide lines (Fig. 2B),52 or 
two-dimensional nanoislands with various shapes can also be engineered. More importantly, for positioning 
biomolecular building blocks, bioadhesive ligands such as biotin, -COOH, and —CHO can be positioned with nanometer 

precision.6° In Fig. 2C, an HS(CH2)17CH3 pattern (600 x 600 nm2) was first grafted within an HS(CH2)9CH3 matrix, to 

produce a nanosquare of positive contrast. Then, two nanostructures of aldehyde-terminated thiols, a 70 x 70 nm2 square 
and a 70 x 3ØØ2 rectangle were produced within the HS(CH2)17CH3 nanosquare. 

iI[ 
---. 

I nm 

Figure 2. Nanopatterns produced within a CH3(CH2)9S/Au(1 I 1) monolayer using AFM-based lithography. (A) Thirty-two 
CH3(CH2)17SH molecules are grafted to form a 2 x 4 nm2 "dot." The "dot" is 8.8 A higher than the surrounding monolayer, indicating 
that thiols are closely-packed. (B) A 10 x 100 nm2 line of CF3(CF2)11(CH2)2SH molecules produced using NPRW. (C) 
Nanostructures with multiple components may be produced. Two small patterns of aldehyde-terminated SAMs are grafted into a 600 
x 600 nm2 square area of CH3(CH2)17SH. (D) Fabrication of arrays of nanostructures. Each element consists of CH3(CH2)17SH 
molecules. This array was fabricated in four minutes using automated scanning probe lithography. 

The example shown in Fig. 2C demonstrates the capability of nanografting for producing nanostructures with 
various heights and functionalities. The proof-of-concept experiment in Fig. 2D displays a 9 x 8 array of nanostructures. 
Each element has a 1 50 x 1 1 5 nm2 head attached to two small "legs" of 40 x 45 nm2. The nanostructures consist of 
octadecanethiol, which is 0.8 nm taller than the decanethiol matrix. The examples in Fig. 2 demonstrate the precision of 
AFM-based lithography for positioning small molecules, as well as the flexibility in designing nanostructures with 
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various shapes, size and reactivities.61 The nanostructures of these ligands are not observed to exhibit lateral diffusion, 
due to their organization into closely packed structures which are surrounded by matrix SAMs. 

3.2 Production of protein nanopatterns 
The success of our approach relies upon production of nanometer-sized patterns of SAMs, and on the selective 

adsorption of proteins onto these patterns. The quality of the protein nanostructures depends on the spatial precision of 
nanopattems and on the selectivity of protein adsorption. In Fig. 3, lysozyme (LYZ) nanopattems were produced via 
electrostatic immobilization. The two patterns, a narrow line (10 x 150 nm2) above a rectangle (100 x 150 nm2), were 
fabricated into the decanethiol matrix. The two patterns are separated by 30 5 nm as shown in Fig. 3A. Both patterns 
exhibit negative contrast in the topographic image because the chain length of mercapto-propanoic acid is 0.5 0.1 nm 
shorter than the matrix thiols. Prior to protein adsorption, the patterned SAM was washed with deionized water and then 

Figure 3. Nanopatterns of LYZ produced by immobilization of proteins via electrostatic interactions. (A) A 10 x 150 nm2 line and a 
100 x 150 nm2 rectangle of 3-mercapto-l-propanoic acid nanografted within a 400 x 400 nm2 area of a decanethiol SAM; (B)The 
same area imaged after 4-mm incubation with a LYZ solution. (C) Corresponding cursor profile of the protein nanopattems. The 
origin of the Y-axis is the gold surface. The cursor profile of the corresponding pattemed SAM is shown in the same plot. The dark 
gray, solid filled area represents undisturbed matrix SAM, the area filled black follows the topography ofthe nanografled pattern from 
the white lines in image B, the light gray areas show the adsorbed protein, for the cursor line in B. (D) Schematic diagram depicts the 
orientation of protein upon adsorption. 

with 20 mM HEPES buffer (pH 7.0) to remove any remaining thiol molecules. After rinsing, a 10 g/ml solution of LYZ 
was injected into the AFM liquid cell. Within 3 mm, proteins adsorbed exclusively onto the two patterned areas, as 
shown in Fig. 3B. The high selectivity observed at pH 7 is mostly due to electrostatic attraction between the LYZ 
molecules and the carboxylate-terminated nanopatterns. Because the IEP of LYZ is 1 1 . 1 ,62 LYZ exhibits a net positive 
charge at pH 7. The pKa value of mercapto-propanoic acid SAM is 8,63 thus at neutral pH, 1O% of the nanopatterned 
area has a net negative charge. Therefore, electrostatic attractions drive the selective adsorption of LYZ onto the 
carboxylic-terminated areas instead of the methyl-terminated area. Under these conditions, little adsorption was observed 
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at methyl-terminated areas within the time frame of the entire experiment (4 h). Furthermore, the boundary between the 
two nanopatterns remained clearly visible. Individual LYZ particles within the patterns can be clearly resolved in the 
AFM image of Fig. 3B. The corresponding cursor profiles in Fig. 3C reveal that the immobilized protein molecules 
exhibit two different heights: 4.3 0.2 nm and 3.0 0.2 nm. It is known that physical interactions are not specific; 
therefore, various orientations with respect to the surface are observed for the adsorbed proteins. Because LYZ 
molecules are ellipsoidal with the approximate dimensions 4.5 x 3.0 x 3.0 nm from X-ray crystallographic studies,64 the 
observed heights conespond to side-on and end-on orientations of LYZ, presented in the schematic diagram (Fig. 3D). 

3.3 Reactivity and stability of protein nanostructures 
We tested the reactivity and stability of nanopattems of proteins. Figure 4 shows an example in which the 

bioactivity ofnanostructures of rabbit IgG was tested by adding specific antibody, mouse anti-rabbit IgG. In Fig. 4A, 
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Figure 4. Recognition (binding) ofrabbit IgG within nanopatterns by specific mouse-anti-rabbit IgG. (A) Nanopatterns of mercapto- 
undecanal: 250 x 250 nm2, 100 x 100 nm2, and a linewidth of25 nm for the two letters. An incomplete pattern 300 x 300 nm2 on the 
right was formed by using a smaller fabrication force. (B) The same area after immersing in a 0.01 mg/mi solution ofrabbit IgG for 3 
mm followed by washing. (C) After introducing mouse anti-rabbit IgG, the patterns display an increase in height, indicating the 
specific binding of antibody to the immobilized protein. (D-F) Higher-resolution topographic images were acquired by zooming into 
the areas indicted in (A-C). (G—I) Corresponding cursor profiles following the fabrication and recognition process. 
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several aldehyde-terminated patterns, were first grafted. Three squares with sizes 250 x 250 nm2, 100 x 100 nm2, and 
300 x 300 2 are shown. The third pattern, (upper right corner) contains mixed dodecanethiol and mercaptoundecanal, 
resulting from incomplete removal of the matrix SAM during nanografting. Two letters "N" and "A" were also 
produced, which have a linewidth of 25 nm. Gold steps and defects are clearly visible throughout the experiments. The 

depth of these negative-height patterns is 6.0 1.0 A, in good agreement with the expected height difference between 
the SAM and the patterns. After the templates were created, the liquid cell was washed with water and PBS buffer. 
Rabbit IgG was injected, and adsorption was observed on all five patterns. The covalent immobilization ofrabbit IgG on 
aldehyde-terminated nanopatterns is highly stable. Washing with 1% Tween 20 and PBS did not change the pattern. 
During the 36 hr experimental period, no morphology changes of the protein patterns were observed. There is a clear 
increase in height, after injecting protein solution and rinsing, as demonstrated in the AFM topographs of Figs. 4A and 
4B. With IgG bound to the nanopatterns, the heights range from 3.0 - 4.4 nm taller than the octadecanethiol matrix. 

Analysis of the entire set of patterns indicates that IgG molecules exhibit heights ranging from 3.8 to 7.0 nm. The 
variation in height is consistent with the expectation that each rabbit IgG has 57 lysine residues containing amines (PDB 
ID code 1IGT). Thus immobilized IgG may adopt various configurations after reacting with aldehyde. 

Specific recognition of the fabricated antigenic address to anti-rabbit IgG is demonstrated in Fig. 4C. Rabbit IgG in 
solution was removed from the AFM liquid cell before injecting secondary antibodies. Figure 4C shows the same region 
of the surface presented in Figs. 4A and 4B, after 10 mm of exposure to mouse anti-rabbit IgG. A further increase in 
height was observed after the injection, ranging from 2.8 to 7.5 nm, indicating the attachment ofthe secondary antibody. 
A wide height range is expected because the rabbit IgG molecules within the patterns have various orientations on 
surfaces. Higher-resolution topographic images are shown for the mixed SAM nanopattern within the white frame (Figs. 
4D-4F). The heights of the nanopatterns are more quantitatively illustrated from the cursor profiles in Figs. 4G-41. The 
end of the F fragment of each rabbit IgG serves as the binding site for the mouse anti-rabbit IgG. The ends of the Fab 

fragment of the Y-shaped mouse anti-rabbit IgG bind specifically to the rabbit TgG. Various orientations of the rabbit 
IgG lead to different configurations of the antibody-antigen binding complexes. In contrast, injection of non-specific 
antibodies did not result in any observable height increase. 

3.4 Nanostructures of thiolated single-stranded DNA 

Nanostructures of single-stranded DNA (ssDNA) can be produced using nanografting. Fig. 5A shows a 115 x 135 2 nanopattern of oligo 1 (18-nucleotide ssDNA) grafted within a CH3(CH2)55/Au(1 1 1) matrix. Nanografting and 

imaging of the DNA patterns were conducted in a liquid medium containing 40 tM ssDNA. The fabrication was 
accomplished using a force of 20 nN and at a speed of 800 nm/s. The cursor profile in Fig. SD indicates that the oligo 1 

pattern measures 54 - 74 A higher than the matrix SAM (or 63 - 83 A of the total length). Figure SB reveals another 

example, in which a 190 x 230 2 pattern of oligo 2 (12 - nucleotide ssDNA) was grafted into a different alkanethiol 

matrix, CH3(CH2)95/Au(1 11). The height difference between the pattern and matrix measured 36 - 46 A, as shown in 
the corresponding cursor profile in Fig. SE. Thus, the oligo 2 molecules have total heights ranging from SO to 60 A. In 
Fig. SC, three ssDNA nanolines of oligo 2, were grafted by a single scan. The sizes of a1-a3 are 20 x 170 nm2, 15 x 150 2 25 x 160 nm2, respectively. The matrix is decanethiol SAM. The narrowest width of the DNA line patterns we 
have achieved is 10 nm. The apparent heights are shown in the cursor profile (Fig. SF). The overall height appears 
lower than the rectangular pattern because the lines are subject to tip pressure. The middle pattern, a2, is a broken line, 
in which the smallest ssDNA dot is 7 x 1 1 .5 nm2 (indicated by an arrow). Assuming that DNA forms a close-packed 
structure and the cross section diameter of ssDNA is 20 A, this dot consists of only 26 molecules. 

The measured DNA heights within the nanopattern correspond well with a standing-up and nearly stretched 

configuration. The variation in DNA height within the pattern is likely due to variations in configuration. Achieving a 
standing-up orientation is very important for the performance of the DNA patterns, particularly when used as sensing 
elements. The accessibility of a DNA pattern with molecules lying down will be hindered by the substrate, and thus the 

performance of such an anay is likely to be compromised. The fabrication method described here provides a promising 
way to make DNA arrays in which the orientation and position of DNA molecules can be well controlled. 
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Figure 5. Positioning ssDNA on gold surface. (A) A 1 15 x 135 nm2 square of oligo 1 nanostructure grafted within a hexanethiol 
SAM. (B) A 190 x 230 nm2 rectangle of oligo 2 fabricated within a decanethiol SAM. (C) Three nanolines of oligo 2 with sizes 20 x 
170 nm2, 15 x 150 nm2, 25 x 160 nm2 were produced within a decanethiol SAM: al and a3 are solid lines, while a2 is a broken line. 
(D-F) Conesponding cursor profile for images (A-C). 

3.5 Periodic Arrays of BSA Nanostructures on Mica 
Complementary to nanografting and NPRW, we have developed a new method, latex particle lithography, to 

produce periodic arrays of protein nanostructures with high throughput. The procedure is illustrated in Fig. 6. First the 
protein and latex are mixed together in an aqueous solution (Fig. 6A). For best results, the solution containing protein 
and latex is allowed to remain at room temperature for time intervals ranging from 10 mm to 4 hours. 

In the second step, (Fig. 6B), the colloidal suspension is deposited on the substrate and then allowed to dry. As it 
dries, the protein and latex mixture adsorbs to mica to form ordered assemblies. Next, the latex is rinsed away with 
deionized water to produce periodic arrays of protein nanostructures on the substrate, shown schematically in Fig. 6D. 
The assembly of latex particles and the protein nanostructures can be characterized using AFM at various stages of the 
nanofabrication process. 

In order for this protocol to succeed, the protein needs to exhibit strong adhesion, whereas latex needs to adhere 
weakly to the substrate. Further, the adhesion between the protein and latex needs to be relatively weak, in order for the 
latex to be released by rinsing. Polystyrene latex spheres have relatively weak adhesion to hydrophilic mica in 
comparison to the proteins, and thus can be selectively removed. Another requirement is for the substrate to be flat, to 
minimize defect formation during the assembly oflatex spheres. 

The long-range order and periodicity of the 2D array is maintained after removal of the latex template. Figure 7A is 
an optical microscopy image of BSA arrays immediately after removal of the latex template, 802 6 nm in diameter. 
The morphology spans the entire mica substrate, typically 1 cm2 in surface area. Figure 7A also demonstrates the high 
throughput nature of particle lithography. For latex particles smaller than 800 urn, AFM was employed for imaging 
because it has higher resolution than optical microscopes. Figure 7B shows an AFM topograph of a BSA array formed 
after removing a template of 503 4 mn latex particles. At a BSA:latex ratio of 61,000:1, particle lithography yields a 
BSA array with a periodicity measuring 556 65 rim. 
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I A. Mixing oflatex particles and protein molecules 
J I B. Deposition onto a flat surface 

Figure 6. Schematic diagram ofthe basic procedure to produce protein nanostructures using particle lithography. 
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Figure 7. (A) Optical micrograph (65 x 45 jm2) ofa 2-D BSA array on mica(0001) immediately after removal oflatex (802 6 nm). 
The BSA:latex ratio is 398,000: 1. The micrograph displays broad regions ofperiodic dots, spanning 5 to 40 pn-i2 areas. The removal 
oflatex was not complete in this example, as identified by the white opaque contrast in the images. (B) AFM topograph for a 12 x 12 

tm2 area of an array of BSA nanostructures produced after 503 nm latex were rinsed away. The BSA:latex ratio is 6 1 ,000: 1. 
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Figure 8. Periodic arrays of BSA nanostructures produced by particle lithography. (A) AFM topograph of a 3 x 3 jtm2 area of a BSA 
pattern after the 304 nm latex were removed, acquired using CR165 at 37.6 kHz and 204 mV. The BSA:latex ratio is 9,000:1. (B) 
High-resolution view ofa 1 x 1 tm2 area ofA. (C) Cursor profile for the line in B, shows a height of 3.9 0.3 nm. (D) Topograph of a 
3 x 3 tm2 area for a BSA pattern from 204 nm latex, acquired in ethanol using CR1 at 29.3 kHz and 408 mV. The BSA:latex ratio is 
9,000: 1. (E) Topograph for a 1 x 1 jtm2 scan area. (F) Cursor profile for the line in E, indicates a height of3.8 0.5 nm. 

Arrays of BSA nanostructures with even smaller periodicity can be produced. Using 304 5 nm diameter latex 
particles as templates, the resulting BSA nanostructures are shown in Figs. 8A and 8B. The periodicity in this example 
is 335 37 urn. The thickness ofthe protein nanostructures measured from the corresponding cursor in Fig. 8C is 3.9 
0.3 nm, corresponding well with the diameter ofBSA (4.0 nm).66 

Nanoparticle lithography also works with latex spheres as small as 204 nm, (Figs. 8D-F). The cursor in Fig. 8F 
shows a height of 3.8 0.5 nm. The periodicity measured 189 24 nm. The arrays of BSA nanostructures are stable 
under ambient conditions. In buffer solution, the stability was tested by imaging a sample immersed in PBS buffer over 
time. The pattern remained unchanged for the 16 hr duration ofthe experiment. 

The detailed morphology and periodicity of protein nanostructures are determined by the latex diameter and 

protein:particle ratio. Typically, the heights of protein nanostructures correspond to the dimensions of single protein 
molecules. Our method of latex particle lithography was also applied to IgG, in which AFM measurements show that 
antibodies adopt various orientations when adsorbed on surfaces. The arrays were tested to see if the proteins maintain 
their activity, and the proteins within the nanostructures retain the ability to bind corresponding specific antibodies. 

4. CONCLUSIONS 

We have reported three approaches for nanolithography using small molecules, DNA and proteins: nanografting, 
NPRW and nanoparticle lithography. AFM-based lithography, such as nanograftmg and NPRW, achieve the highest 
spatial resolution. Using these methods, nanostructures of thiol molecules have been produced successfully with various 
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chain lengths and terminal groups such as —OH, —CO2H, —NH2, and —CHO.60'6' Nanoislands of only 32 alkanethiol 
molecules were produced on metal surfaces.51 Individual proteins can be aligned on a 10 x 150 nm2 line.46 Nanopattems 
consisting of 26 molecules of ssDNA were positioned within a SAM matrix.67 Arrays of protein nanostructures were 
produced on mica and gold surfaces with high throughput.68 Nanostructures produced via nanografting and NPRW are 
characterized in situ using the same AFM probe. While it is more difficult to position and image protein systems, our 
approaches allow individual protein molecules be immobilized and imaged. Since near-physiological conditions are 
used in structural characterization, the orientation, sensitivity and stability of protein and DNA molecules within 
nanostructures may be directly monitored and measured via AFM. Complementary to AFM lithography, nanoparticle 
lithography produces arrays ofprotein nanostructures with high throughput. 

Nanostructures produced by these approaches provide an opportunity for investigations of biochemical reactions at 
interfaces, such as antibody-antigen recognition and DNA-protein interactions. In addition, these methods provide 
groundwork for future developments in nanotecimology and biotechnology. 
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