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ABSTRACT 
 

Developing generic platforms to organize discrete 
molecular elements and nanostructures into deterministic 
patterns at surfaces is one of the central challenges in the 
field of nanotechnology.  Here we review three applications 
of the atomic force microscope (AFM) that address this 
challenge.  In the first, we use two-step nanografting to 
create patterns of self-assembled monolayers (SAMs) to 
drive the organization of virus particles that have been 
either genetically or chemically modified to bind to the 
SAMs.  Virus-SAM chemistries are described that provide 
irreversible and reversible binding, respectively.  In the 
second, we use similar SAM patterns as affinity templates 
that have been designed to covalently bind oligonucleotides 
engineered to bind to the SAMs and selected for their 
ability to mediate the subsequent growth of metallic 
nanocrystals.  In the final application, the liquid meniscus 
that condenses at the AFM tip-substrate contact is used as a 
physical tool to both modulate the surface topography of a 
water-soluble substrate and guide the hierarchical assembly 
of Au nanoparticles into nanowires.  All three approaches 
can be generalized to meet the requirements of a wide 
variety of materials systems and thus provide a potential 
route towards development of a generic platform for 
molecular and materials organization. 
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1 INTRODUCTION 
 
The ability to organize macromolecular complexes, 

nanoparticles, and wires into predetermined patterns at 
surfaces has enormous potential in the fields of electronics, 
photonics, biology, and medicine.  For example, assembly 
of quantum dots or light-harvesting dendrimers [1] into 
ordered arrays could lead to high-efficiency solar cells [2-9] 
and photonic solids with tunable optical properties [10].  
Organization of semiconductor nanorods and wires into 
complex patterns of interconnects could form the basis of 
ultra-high density logic circuits [11-13].  An ability to 

deposit biomolecules such as proteins and viruses onto 
specific sites or into ordered arrays would facilitate the 
emerging revolution in biological imaging that will be 
made possible by Free Electron Laser (FEL) photon sources 
[14, 15] and potentially lead to high-throughput protein 
structure determination.  Perhaps most intriguing is the idea 
of combining biological molecules such as proteins, 
peptides, and oligonucleotides with inorganic 
nanostructures to construct hierarchical biological-
inorganic architectures.  This has the potential to lead to 
integration of fundamental biomolecular motifs into 
nanoelectronic devices, nanoelectronic components into in 
vivo medical devices, and perhaps even biomolecule driven 
assembly of circuits or devices [16]. 

To realize these possibilities, robust methods for 
organizing discrete molecular elements and nanostructures 
into deterministic patterns are needed.  Indeed, developing 
a generic platform for doing so has emerged as one of the 
central challenges in the field of nanotechnology.  
Approaches that rely on self-assembly into 2D film or 3D 
solids [17] do not provide a route to deterministic patterns 
incorporating multiple elements or functionalities into 
predetermined geometries.  Printing methods [18, 19], 
which have the potential for organizing nanostructures 
through creation of templates that control the location of 
attachment or deposition at surfaces, can rarely achieve 
patterning below 50 − 100 nm and then controlling 
orientation of individual nanostructures is difficult.  One 
obvious approach is to use a patterning technique with 
much greater spatial resolution to define these templates.  
Electron beam and ion beam lithography, nano-imprinting, 
and scanning probe nanolithography (SPN) have all been 
used for this purpose [20-33].  SPN offers an excellent 
combination of resolution (< 20 nm) and registration (< 100 
nm), feature architecture, chemical flexibility, low cost and 
potential for high-throughput fabrication.  Dip-Pen 
Nanolithography (DPN) [23-26, 29, 32, 34-36] and 
Scanning Probe Nanografting (SPNG) [30-33] are two 
powerful SPN techniques suitable for creating biochemical 
templates.  DPN is a SPN technique where an atomic force 
microscope (AFM) tip is used to transfer functional 
molecules to a reactive surface, usually via a solvent 
meniscus that forms at the tip-substrate contact [23, 24, 29, 
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35, 37, 38].  This meniscus mediates the transfer of 
molecules from the tip to the substrate, can be composed of 
water or organic solvents, and enables surface patterning on 
length scales as small as 10 nm.   

SPNG uses an AFM probe to displace the “resist” 
molecules of a self-assembled monolayer (SAM) initially 
deposited uniformly on a solid substrate such as Au or 
SiOx.  Application of the probe to the surface under high 
load force and high scan speed creates “trenches” of SAM-
free surface surrounded by the background resist.  These 
trenches are then subsequently re-functionalized with 
molecular linkers to form a functionalized pattern.  Here we 
report using these SPN techniques to: 1) create biochemical 
affinity templates for organization of macromolecular 
complexes such as Cowpea Mosaic Virus (CPMV) and 
Tobacco Mosaic Virus (TMV), 2) pattern functional 
oligonucleotides that mediate the subsequent formation of 
Pd nanocrystals, and 3) use the meniscus as a physical tool 
to both modulate the surface topography of the substrate 
and guide the hierarchical assembly of Au nanoparticles 
into nanowires. 

 
2 RESULTS AND DISCUSSION 

 
2.1 Use of Scanning Probe Microscopy to 
Create Affinity Templates Designed to Bind 
Sites on Modified Macromolecular Complexes  

We have used CPMV and TMV as model 
macromolecular complexes.  The CPMV capsid is a sphere 
with a diameter of 28 nm and is composed of 60 copies 
each of large and small coat proteins arranged with pseudo 
three-fold symmetry [39-42]. A high resolution AFM image 
of CPMV particles showing 5-fold symmetry of the virus is 
shown in Figure 1.  CPMVs were generically engineered to 
present either cysteine (Cys) [42] or histidine (His) [41] 
residues at specific sites on the capsid surface.  These were 
used for chemoselective immobilization. 

The TMV capsid is a 300 nm long rod, with an outer 
diameter of 18 nm and an inner diameter of 4 nm.  2130 
identical copies of the coat protein self assemble into the 
rod-like helical structure around genomic RNA [43-45].  In 
the absence of RNA, the aggregation state of TMV coat 
protein monomers can be controlled by adjusting the pH 
and ionic strength of buffered solution. Aggregates, 
including ca. 4 nm thick double disks and micron-length 
rods can be assembled [44, 46, 47].  TEM and AFM images 
of Tobacco Mosaic Virus coat Protein (TMVP) disk 
aggregates showing a doughnut shape are given in Figure 1.  
A methodology for modification of native [48] and 
engineered [47, 49] residues on the capsid surface has been 
developed.  In this study, chemoselective immobilization 
via engineered cystein residues is utilized.    

 

 
Figure 1. (a) High-resolution AFM topographic (height) 
image of typical CPMV particles on mica surface. (b) 
Schematic of assembly of TMVP monomers into disk 
aggregates (1 at pH = 7; 400 mM potassium phosphate 
buffer) and rod aggregates (2 a pH = 5.5; 100 mM sodium 
acetate buffer). (c) TEM image of TMVP disk aggregates. 
(d) TEM image of rod-shaped TMV capsids. (e) AFM 
topographic image of TMVP disk aggregates on atomically 
flat Au surface. (f) AFM topographic image of rod-shaped 
TMV capsids on atomically flat Au surface. 

 
Starting with the methoxy-terminated poly(ethylene 

glycol) (PEG) alkanethiol (MeO-PEG-SH) functionalized 
atomically flat gold substrates described above, patterns of 
various alkanethiol linkers were deposited by either DPN or 
SPNG to produce affinity templates.  Typically, these 
templates were comprised of lines or dots having a 
minimum dimension ranging from 10 − 100 nm, separated 
by 100 − 1000 nm (Figure 2-a, b, c, and d).  These features 
provided chemoselective attachment sites for CPMV and 
TMVP disks.   

For CPMV, nickel(II)-chelating nitrilotriacetic acid 
(Ni-NTA) terminated alkanethiol (Ni-NTA-PEG-SH) 
linkers were used to reversibly bind His-CPMVs through a 
metal coordination complex (Scheme 1-a) and maleimide-
terminated functional groups were used to covalently attach 
Cys-CPMVs.  Figures 2-e and 2-f show AFM images of 
CPMVs assembled on linear templates demonstrating two 
different morphologies depending on the choice of 
immobilization chemistry. His-CPMV particles bind almost 
exclusively along Ni-NTA patterned lines showing a fully 
populated single line of His-CPMV particles [33] with 
virtually no inter-viral binding.  However, Cys-CPMV 
particles assembled on maleimide-functionalized lines 
exhibit dendritic patterns extending away from the lines 
reminiscent of epitaxial growth in a regime of diffusion 
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limited aggregation [32].  This lack of order and control 
over assembly of Cys-CPMV on maleimide templates is 
likely due to two factors: The first is a strong irreversible 
attractive interaction between Cys-CPMV particles and the 
template, which prevents any virus reorganization from 
providing a means for achieving well ordered packing 
along the lines.  The second is the formation of covalent 
disulfide bonds between neighboring virus particles, which 
leads to uncontrolled lateral aggregation.    
 

 
Figure 2. AFM topographic images of typical affinity 
templates of various alkanethiol linker and dot patterns 
(line width = ~ s5 nm) separated by (a) 100 nm, (b) 200 nm, 
(c) 1 µm, and (d) 150 nm. (e) AFM topographic image of 
His-CPMV chemoselectively bound on Ni(II)-NTA-
terminated line patterns.  Each line is populated with a 
single layer of His-CPMV.  The measured height (~28 nm) 
closely matches with that previously reported in the 
literature.  (f) AFM topographic image of Cys-CPMV 
chemoselectively bound on maleimide-terminated line 
patterns.  (g) AFM topographic image of TMVP disk 
aggregates nonspecifically bound on methoxy-terminated 
“resist” SAM (dotted line represent patterns initially 
intended to TMVP disk immobilization). (h) AFM 
topographic image of TMVP disk aggregates where Cys-
residues were chemoselectively bound on maleimide-
terminated line patterns.   

 
Initially, a similar MeO-PEG-SH SAM was employed 

to resist non-specific adsorption of TMVP on affinity 
templates.  However, this SAM did not sufficiently resist 
attachment of TMVP disks.  Most of the disks bound the 
MeO-PEG-SH SAM, resulting in the “inverted” pattern 
shown in Figure 2-g.  Preferred attachment of TMVP disks 
on the resist area is presumably due to relatively significant 
hydrophobic interactions with this SAM [50, 51].  It is to be 
expected that TMVP disks, which represent an intermediate 
assembly state, are subject to greater hydrophobic 
interactions than fully assembled, negatively-charged 
capsids.  Screening of various functional SAMs led to the 
development of a more hydrophilic OH-PEG-SH SAM.  
This monolayer is significantly more hydrophilic, as 
indicated by water contact angle (ca. 30º vs ca. 50º for 
MeO-PEG-SAM), and sufficiently resists protein 
adsorption.  With the improved resist SAM in hand, the 
cysteine-based immobilization strategy similar to that 
employed for CPMV also proved successful for TMVP 

disks.  Figure 2-h shows AFM images of TMVP disks 
assembled only on maleimide-terminated linear templates.   

These results show that SPM-based fabrication of 
biochemical affinity templates provides a means for 
creating chemoselective features ranging from tens of 
nanometers to microns, a size scale that is relevant for 
viruses and other functional macro-biomolecular 
complexes.  SAM functionality can be chosen to selectively 
complex or react with modified viral particles, and 
organization can be directed by altering the surface 
chemistry of the complexes by chemical or genetic means.  
Changes to capsid surface chemistry can also modulate 
virus-virus interaction, as can alterations to solution 
environment such as pH and ionic strength.  We are now 
using these affinity templates to interrogate the role of viral 
interaction on directed assembly kinetics and morphology. 

 
2.2 Use of Scanning Probe Microscopy to 
Pattern Functional Molecules that Drive the 
Formation of Materials 

Biomolecule in vitro selection methods [52-57] such as 
phage display, ribosome display, and SELEX have been 
enormously successful at the discovery of peptides and 
oligonucleotides with high binding affinities to proteins and 
catalytic activities toward organic reactions [58-72].  These 
methods have also recently been adapted to the discovery of 
biomolecules that possess high binding affinities to 
inorganic solids or that can mediate or catalyze solid-state 
reactions. (Note the differences in “mediation” and 
“catalysis” have recently discussed [73].)  For example, 
RNA sequences have been selected from a large random 
sequence RNA library (ca. 1014 unique sequences) that 
mediate the formation of metal crystals when incubated 
with solutions containing the metal complex [Pd2(DBA)3] 
[74, 75].  Moreover, one sequence isolated from the initial 
library mediated the formation of crystals with hexagonal 
morphology while another sequence yielded crystals with 
cubic morphology [74, 75].  While the detailed atomic level 
structure, composition, and formation mechanism of these 
crystals are still being investigated, the selected RNA 
sequences can be thought of as biomolecule codes for 
materials.  As such, we found them to be attractive 
candidates for creating spatially well-defined patterns of 
materials on surfaces.  We have used one of these RNA 
sequences (referred to as sequence Pd017) to mediate the 
formation of Pd nanocrystals on surfaces.  Atomically flat 
gold substrates were first functionalized with MeO-PEG-
SH to resist non-specific attachment of excess RNA and Pd 
precursor.  SPN was utilized to pattern maleimide linkers 
(Mal-PEG-TA) for the covalent immobilization of Pd017 
that was modified on the 5’ end with guanosine 
monophosphorothioate (GMPS). 
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Figure 3. AFM topographic images of typical affinity 
templates of maleimide-terminated alkanethiol grid patterns 
(line width = ~ 25 nm) separated by (a) 100 nm, (b) 250 
nm, (c) 500 nm.  (d) AFM topographic image of hexagonal 
PD nanocrystals on Pd017 RAN molecule chemoselectively 
immobilized on linear affinity template where bottom left 
inset shows phase image.  Inset (top left) shows TEM 
image of hexagonal Pd nanocrystals formed in solution, 
mediated by Pd017 RAN, and (top right) the AFM image of 
surface grown hexagonal Pd nanocrystals, mediated by 
Pd017 RNA molecules immobilized on the surface. 
 

  Figure 3-a, b and c show AFM images of maleimide-
functionalized templates with grid patterns.  Pd017 was 
then covalently immobilized onto the patterns via coupling 
of the maleimide and GMPS moieties.  Subsequent bathing 
of the chip in an aqueous THF solution containing the 
[Pd2(DBA)3] precursor generated nanocrystals on the 
substrate.  Figure 3-d shows AFM images of hexagonal 
nanocrystals formed on a patterned Pd017 surface.  AFM 
height measurements showed that Pd nanocrystals were ca. 
25 nm thick and 250 nm wide, as previously found when 
nanocrystals were mediated by Pd017 in solution [74, 75]. 
Most of the hexagonal nanocrystals grew exclusively from 
the patterned area of the template, indicating the presence 
of functionally active immobilized RNA.  However, it is 
currently unclear why the coverage of RNA-mediated 
nanocrystals synthesized on patterned surface is not high.  
Because it is unknown both how many RNA molecules are 
immobilized on the substrate (i.e. the covalent conjugation 
reaction efficiency between the maleimide functional group 
and 5’-GMPS moiety of Pd017 RNA) and how many of the 
immobilized RNA molecules are indeed functionally active, 
it is difficult to define the overall yield of Pd nanocrystals 
on the surface.  As these molecular-level details are 
understood and optimized, we anticipate that greater control 
over the position and efficiency of inorganic nanostructure 
synthesis on patterned surfaces will be afforded.  The 
demonstration that RNA sequences patterned on surfaces 
can mediate the formation of nanocrystals suggests a new 

method for integrating nanoscale materials on surfaces. As 
more RNA sequences coding for different materials are 
discovered, it should be possible to affect the orthogonal 
synthesis of nanoscale materials in ways that could lead to 
functional device architectures. 
 
2.3 Use of Scanning Probe Microscopy and 
its Meniscus as a Tool for Patterning and 
Modifying Surfaces 

Our initial experiments with meniscus-based 
fabrication of nanostructures focused on the repair of 
topographic defects in crystal surfaces.  As Figure 4 (a1 − 
a5) shows, the grooves made by mechanical etching, as 
described above, are eliminated as the meniscus is rastered 
over the area.  We analyzed the time dependence of this 
effect and have derived a general expression to describe it 
[76].  The underlying physical driver for this process is the 
relaxation of curvature driven by the Gibbs-Thomson 
effect.  The presence of the meniscus provides a solution 
environment for rapid transport of material from regions of 
high curvature to those of low curvature, but the rate is 
determined largely by an effective diffusivity related to the 
step stiffness and the step kinetic coefficient [76]. 

Following our observation of groove-filling, we 
explored the effect of scanning on a groove-free KDP 
surface.  We discovered that, when the meniscus is allowed 
to remain stationary, a convex “dot” forms beneath it.  If 
the tip is rastered back and forth along a line, a convex 
“line” is formed.  Figures 4-d and e show examples of a 
KDP “dot” and “line” fabricated via this method. The 
driving force and physical principles underlying this 
process are not clear.  However, given that material is 
transported to the meniscus from surrounding flat regions, 
that the method only works at certain humidities high 
enough to ensure that the entire KDP surface is covered by 
a one-to-two monolayer thick film of water, and that the 
width is defined by the diameter of the meniscus, we 
conclude that the chemical potential of the solution with 
respect to solid KDP is different in the bulk fluid of the 
meniscus than it is within the thin water layer due to its 
comparatively water-poor volume [77].  The resulting 
difference in local KDP solubility may be the main driver 
behind the formation of these nanostructures, although 
some process involving continuous evaporation may also be 
important [78].  Whatever the mechanism, this process 
provides a facile method to form 3D structures that can be 
used for forensic purposes since these features disappear 
progressively, to minimize surface energy, when exposed to 
humid air, (i.e., when the surface has been tampered with) 
[76].  In principle, this method and process can be applied 
to many organic and inorganic materials and surfaces that 
have a finite solubility in water or other solvents with 
sufficient vapor pressure near room temperature.   
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Figure 4. (a) Time dependent ex situ AFM (deflection) 
images of repair of topographic groove defects in KDP 
crystal surfaces.  Initially the grooves were fabricated via 
SPNG at time = 0 (a1).  Then the AFM tip was 
continuously scanned along the long axis of the groove 
back and forth at 2 Hz (tip speed: 24 µm/s) at 85% R.H. 
and the grooves were refilled wit hKDP dissolved in the 
surrounding water meniscus.  Each AFM image was 
captured at time = 4 min (a2), 9 min (a3), 13 min (a4), and 
71 min (a5).  (b) Time –dependent ex situ AFM (deflection) 
images of mechanically formed KDP trenches as templates 
to guide and fill in 2 nm diameter Au nanoparticles.  At 
time = 0 (b1), Au nanoparticles start to spontaneously 
diffuse and assemble in the trench on a KDP crystal 
surface.  Au nanoparticles show coalescence at time = 42 
min (b2) and eventually produce a Au wire at time = 76 
min (b3) at room temperature under ambient condition R.H. 
= 85%).  (c) Another example of Au wire formation nat 
time = 0 (c1) and time = 400 min (c2) under the same 
experimental conditions as (b).  (d) AFM (deflection) image 
of a KDP “dot” overgrown on KPD crystal surface at 85% 
R.H. when the water meniscus at the AFM tip-surface 
interface was allowed to remain stationary for ~ 15 min.  
The height of the dot is 900 nm but can be made as small as 
a few nanometers by reducing the contact time, size of the 
tip-meniscus, and humidity [76].  (e) AFM (deflection) 
image of a KDP “line” overgrown on KDP crystal surface 
at 85% R.H. when the water meniscus was scanned along 
the long axis of the wire for ~ 10 min.  The width and 
height of the line are 800 and 10 nm, respectively.   
 

Finally, we found that we could use the mechanically 
formed trenches as templates to guide and fill in foreign 
materials such as Au nanoparticles.  Figure 4 (b1−b3 and 
c1−c2) shows AFM images of 2 nm diameter Au 
nanoparticles selectively assembled in a groove on a KDP 
crystal surface.  When an aqueous solution of Au 
nanoparticles was deposited on a KDP surface by solution 
casting, the majority of Au nanoparticles were observed to 
spontaneously localize in pits or trenches.  Depending on 
the environmental conditions, these Au nanoparticles were 
sometimes observed to coarsen into a solid Au wire.  Figure 
4 (b1−b3 and c1−c2) shows this process within a groove on 
a KDP surface.  Our preliminary explanation why the gold 
nanoparticles accumulate in the trench to form a nanowire 
is as follows.  Nanoparticles deposited on the surface can 
experience Brownian motion facilitated by the molecularly 
thin liquid condensate layer.  The gold nanoparticles reach 
the trench as a result of this motion where they became 
physically trapped.  The wetting angle of gold by bulk 
water in air is ca. 70º [79] suggesting a moderate, but still 
positive, wetting.  This hydrophilicity probably makes 
removal of a nanoparticle from the bulk aqueous solution 
unfavorable.  Therefore, the nanoparticles should 
accumulate in a trench filled by the bulk solution and 
remain there by such capillary trapping.  In the trench, the 
nanoparticles sinter to minimize surface energy although 
the details of the structure in the metallization process of 
the nanoparticle aggregates (Figure 4 b and c) are still being 
investigated.  The geometry of the physical templates 
dictates the resulting organization of the desired materials, 
which, when combined in orthogonal steps, can lead to 
hierarchical structures whose resulting functions depend on 
the combined properties of the individual nanomaterials. 
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