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Abstract. Scanning probe based patterning techniques have the unique ability to deposit biolog-
ical material into specific architectures on substrates and read and analyze the patterns using an
atomic force microscope. Such devices are able to make much smaller biomolecule patterns, on
the order of nanometers, than conventional techniques such as microcontact printing and optical
lithography. A reduction in patterned feature size allows for greater sensitivity in biological stud-
ies and in life sciences applications such as drug screening and immunoassays. A variety of tools
for the fabrication of nanoarrays are discussed. These include open- and closed-channel devices
and pipette-based devices. Their potential for the integration of active components or augmen-
tation to large-scale arrays for high-throughput deposition are examined. The mechanisms for
deposition and biomolecule transport are also explained.
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5.1
Introduction

In recent years novel techniques for depositing very small amounts of material, on
the order of picoliters or less, onto surfaces at precise locations have been developed.
While such efforts are clearly relevant in the fabrication of miniature electronics de-
vices, it is now apparent that such techniques have many applications in biology and
the life sciences as well. For example, the ability to spatially orient and immobi-
lize biomolecules on a solid substrate is useful in the development of genomic or
proteomic profiles of cells, drug screening, as well as biosensing, which requires
precise and high-density arrays of biological material. Because cell functions are
often mediated by the binding of a ligand to its membrane receptor, the study of
cellular functions of living cells at the nanometer scale requires a device capable
of delivering proteins to a particular location at a specific time [1]. This must be
followed by an observation of the response.

In the design of a biomolecule-patterning device it is necessary to consider a mul-
titude of factors. These include its resolution—the minimum feature size that can be
patterned on the substrate; its reproducibility—small features must be repeatable and
reliably patterned; and its ability for precise positioning. For use in high-throughput
applications, a device should be easily scalable, i.e., its design should enable it to
pattern arrays of biological material on the scale of a few centimeters. Devices that
could deliver multiple solutions would have the advantage of depositing different
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molecules within one set of nanostructures spaced nanometers apart. For applications
in the life sciences, a device must be able to function in ambient conditions. Finally,
the ability to verify the successful deposition of biological material is also useful.

A key aspect in nanopatterning is the careful control of substrate surface chem-
istry. Nonspecific binding must be avoided otherwise intended signals will be masked
in biosensing applications. Protein patterns must also be stable because in biosensors
or bioanalytical devices immobilized proteins are often rinsed or washed with water,
buffer solutions or surfactants [2]. This can be controlled by an appropriate choice of
interactions used for immobilization. Immobilization via electrostatic interactions is
normally reversible; proteins may be removed using certain buffers or surfactants.
For long-term stability, covalent binding, which involves the formation of disulfide,
imine or amide bonds, is often used.

In this chapter we review micro and nano patterning technologies with a partic-
ular emphasis on bioapplications. We begin by looking at microscale techniques for
DNA and protein studies and then proceed to a review of nanoscale technologies,
focusing on probe-based device designs and patterning results. The theoretical as-
pects behind nanoscale deposition is discussed followed by an overview of advances
in the parallelization of the aforementioned devices.

5.2
Microarray Technology

Molecular spot arrays can be used for massively parallel determination and measure-
ments of binding events and open up possibilities for automation. A major benefit
of microarrays and nanoarrays is that they require only minute amounts of sample
material. In essence, microarrays consist of many microscopic spots, each containing
identical molecules, attached to a solid support. In a typical microarray experiment,
or immunoassay, these spots contain one binding partner, such as a receptor or
ligand. A sample containing targets to be investigated is then added to the array,
and binding between the probe spots and the targets may occur. Fluorescent labels
are often used to detect such binding events. DNA is likely the most interesting
biomolecule because of its role in information storage [3]. Its stability also makes it
useful in directing the immobilization and assembly of nanostructures. Patterned in
arrays, DNA can be used as probes to analyze genetic defects and single nucleotide
polymorphisms using lab-on-a-chip approaches.

There are two main methods for microarray production. The first involves syn-
thesis on the chip to create libraries of short oligonucleotides (short sequences of
nucleotides, the structural units of DNA and RNA) or peptides (compounds of two
or more amino acids). This may be accomplished using techniques such as opti-
cal lithography. The second method involves separate synthesis with subsequent
deposition on the chip, which is required for larger biomolecules such as polynu-
cleotides or proteins. This type of deposition has been accomplished with restricted
reproducibility via contact printing using pin tools dipped into a sample solution
and brought into contact with the support material, thereby dispensing the solution.
Optical lithography and microcontact printing will be discussed in greater detail in
the following section. The experimental variability using microspotting techniques
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is expected to decrease with the recent advances being made [4]. Other devices
are noncontact equipment such as inkjet printers which use the piezo effect to de-
posit nanoliter volumes of solution [3]. The distance between deposited drops has
been minimized to 200 pm, resulting in arrays that are not very dense. Neverthe-
less, inkjet methods allow for in situ synthesis and can therefore deposit longer
oligonucleotides than methods such as photolithography. Longer oligonucleotides
offer sufficient specificity to detect genes using fewer probes [5].

5.2.1
Microcontact Printing

Microcontact printing is one method used to create microarrays. The technique
covers an existing patterned surface, the master, with a liquid prepolymer. This is
then cured to create an elastomeric stamp [6]. Typically, poly(dimethylsiloxane)
(PDMS) is used. The hardened stamp is then peeled off the master. Ink solution is
applied, the solvent is allowed to evaporate and the stamp is brought into contact
with a substrate, at which point the ink is transferred. The ink forms a self-assembled
monolayer (SAM) which is a replica of the master pattern.

Microcontact printing was first introduced by Whitesides and coworkers in 1993
as an alternative to photolithography [7]. The technique can be used to modify the
adsorption properties of gold substrates for the attachment of proteins. Because pro-
teins adsorb preferentially on some materials and are repelled by others, specific
materials such as alkanethiols can be transferred via microcontact printing onto
gold in order to functionalize it for protein patterning. However, proteins can also
be directly transferred by the elastomeric stamp. Untreated PDMS provides a hy-
drophobic surface very much like the polystyrene used for adsorption of proteins
in immunoassays. The process for protein patterning is as follows. A PDMS stamp
is covered with protein solution for inking. This creates a monolayer of protein on
the stamp surface. The stamp is rinsed and dried, and the pattern is then transferred
onto a substrate. Contact need only be made for a few seconds and pattern transfer
occurs only where the stamp contacts the substrate. Immunoglobulin G (IgG) pro-
tein was transferred onto a silicon wafer using a stamp made of the siloxane Sylgard
184. Features with dimensions as small as 500 nm were replicated. Atomic force
microscopy (AFM) imaging verified that patterns had high contrast and resolution
because the stamp was mechanically stable and proteins did not diffuse significantly
across the surface. The features also retained their biological activity after printing.

For proteins that may not survive adsorption processes at surfaces, additional
steps may be taken to immobilize them onto a substrate although this lengthens and
complicates the process [8]. Aside from proteins, other patterned materials include
lipid bilayers and poly(amino acids). In the case of lipid bilayers however, the printed
lines were expected to be 9-pum wide, but were actually 19-pum wide. Because PDMS
is deformable it would not be surprising if areas surrounding the intended pattern
also made contact with the substrate.

Microcontact printing is suitable for printing over large areas at once. However,
resolution is limited by the feature size of the master, mechanical deformation of the
stamp and ink diffusion around the contact areas. The resolution may be improved by
using stamps of higher stiffness. However, high-resolution masters require electron-
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beam patterning and reactive ion etching of a silicon-on-insulator (SOI) wafer.
Michel et al. [9] used a high-stiffness PDMS stamp with 80-nm-diameter posts to
transfer single antibody molecules. Although they claim 99% transfer efficiency,
the resulting spots were not regular in size and shape. Finally, a major feature of
microcontact printing is that the flexible silicone stamps require a casting mold, the
master, with a predefined layout. This may be costly and may necessitate a series of
photolithography processing steps [10].

5.2.2
Optical Lithography

The photolithographic technique can create DNA patterns with feature sizes as
small as 18 um [5]; however, it is expensive and places a limit on the allowable
oligonucleotide length. For reliable detection of each gene, ten to 20 probes are
needed, thereby limiting arrays to about 12000 genes per square centimeter. Smaller
feature sizes are possible using polymeric photoresists used in the semiconductor
industry which exhibit a nonlinear response to illumination intensity. Features as
small as 8 wm have been constructed in this manner. UV lithography can be used
to directly pattern alkanethiol SAMs with micron-scale resolution [11]. It is then
possible to attach biomolecules to these patterns.

Lithographic patterning of DNA operates as follows (Fig. 5.1). Synthetic linkers
modified with photochemically removable protecting groups are attached to a glass
substrate [12]. The substrate is exposed to light directed through a mask to selectively
deprotect and activate certain sites. Protected nucleotides can then attach to these

Table 5.1. Techniques suitable for use in the life sciences

Deposition method Best resolution Ink Substrate  Reference
Microcontact printing 500 nm IgG protein [7]
19 pm Lipid bilayers [8]
Optical lithography 8 pm Alkanethiols [11]
500 nm Streptavidin [16]
Dip-pen nanolithography  30-nm lines Collagen Gold [43]
45-nm dots 1gG protein [44]
Surface patterning tool 2-3-pm dots Cy3-streptavidin [51]
150-nm lines Quantum dots
conjugated to
streptavidin
Microspotters 30-pm dots IgG protein and Glass [53]
oligonucleotides
Nanopipettes 440-nm dots IgG protein Glass [61]
510-nm dots Biotinylated DNA
Nanofountain probe 40-nm lines MHA Gold [35]
200-300-nm dots DNA [67]
200-300-nm dots  IgG protein Unpublished

IgG immunoglobulin G, MHA 16-mercaptohexadecanoic acid
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Fig. 5.1. a Photolithographic oligonucleotide synthesis. Light directed through a mask activates
certain sites and protected nucleotides then couple to these sites. The process is repeated, with
different sites being activated and different bases being coupled. b A lamp, mask and array [12]
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Fig. 5.2. The maskless array synthesizer [13]
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sites. The process is repeated; coupling different bases allows arbitrary DNA probes
to be constructed at each site. A drawback is that a changing set of monitored
genes requires a new design and new masks. To overcome this, a maskless array
synthesizer (MAS; Fig. 5.2) was developed [13]. Computer-generated virtual masks
were relayed to a digital micromirror array which used 1:1 imaging to address pixels
ina 10 mm x 14 mm area. The MAS system was used to print checkerboard patterns
of 16-pum features (the size of each micromirror).

5.2.3
Protein Arrays

Protein patterning is useful for miniaturizing biochemical tests for high-throughput
screening of new drug candidates and for performing studies in protein expression,
protein—protein and protein—enzyme interactions and cell adhesion. Whereas DNA
microarrays have been well established for genomics, no such high-throughput tech-
nologies yet exist for proteomics [14]. However, advances are being made and there
are many protein array suppliers for the wide range of applications for which they
are needed. (Listings are found in [14, 15]). For the photolithographic production
of submicron protein patterns, pH-responsive films were patterned by exposure to
365-nm light. This allowed for the conjugation of aminooxy-modified biotin and the
subsequent immobilization of streptavidin. Protein patterns as small as 500 nm were
produced [16].

A conventional assay technique is the enzyme-linked immunosorbent assay
(ELISA; Fig. 5.3), used to detect peptides, proteins, antibodies or hormones [17,18].
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Fig. 5.3. ELISA immunoassay formats [17]
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For antibody detection, an antigen is immobilized on a solid support. The sample
for inquiry (any body fluid) is applied, and if the antibody in question is present it
will bind to the antigen. Detection is accomplished via an enzyme directly linked to
this primary antibody or a secondary antibody that recognizes the primary antibody.
Or, if the primary antibody has been labeled with biotin, it can then be incubated
with streptavidin. Incubation of this complex with an appropriate substrate produces
a detectable product; typically a color change is imparted. The amount of color
is measured proportional to the amount of antibody present in the sample. The
most commonly used enzymes are horseradish peroxidase and alkaline phosphatase.
ELISA is typically performed in 96-well or 384-well polystyrene plates coated with
a ligand which will passively bind antibodies and protein; thus, unbound materials
can be easily separated from the bound material during the assay. False positives are
possible owing to the nonspecificity of protein—antibody interactions, and some an-
alytes such as HIV require retesting using western blot, an electrophoretic technique
where antibodies are directed against a number of viral proteins.

5.3
Nanoarray Technology

5.3.1
The Push for Nanoscale Detection

The delivery of biological material in increasingly smaller volumes has the potential
to advance many applications. Studies of protein function are made possible, for
instance, protein clustering in cell focal adhesion occurs at 5-200-nm length scales;
delivery of material at this relevant length scale allows proteins of interest to be
bound to a substrate [19]. Lateral control in creating specific adhesive and inert
sites can create rigid ligand templates for cell binding. The specific interactions
between binding pairs can be used for protein immobilization; these include affinity
capture ligands (streptavidin—biotin binding) and antigen—antibody recognition for
immunoassays [20]. Phospholipid deposition can be used to make model systems that
can mimic the structural complexity of biological membranes [21]. Itis also useful for
studies investigating the binding of a protein and drug with supported lipid bilayers.

In the fabrication of arrays, it is important to reduce the sample volume, par-
ticularly in applications where limited sample amounts are available, such as in the
analysis of multiple tumor markers from biopsy material [14]. Laser capture mi-
crodissection for cancer biomarker screening can obtain a few cells from a cancer
tissue section, but it is very difficult to analyze the protein content of these cells
using microarrays [22]. On the other hand, nanoarrays require only minute volumes
of sample, approaching the volume of a single cell, so solid-phase testing on single
cells can be performed.

A reduction in an array spot size suggests that statistically every molecule in
an analyte has the opportunity to sample the entire capture surface in a reasonable
amount of time [24]. In microarrays, not all of the sample will reach the capture
surface unless energy is added to enhance the movement of the analyte, such as by ag-
itation, mixing or electromotive force; thus, part of the analyte is effectively wasted.
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Smaller arrays imply that biochemical reactions may not be diffusion-limited. In
effect, nanoarrays offer the possibility of greater sensitivity in diagnostic tests, since
disease progression is often correlated with protein levels [23]. Protein nanoarrays
would be particularly useful, as protein signals cannot be amplified via methods such
as polymerase chain reaction (PCR). Since many protein biomarkers are present in
concentrations of only 10—100 pg/ml, improving assay sensitivity could lead to the
discovery of new biomarkers that currently go undetected [24]. Essentially, the fabri-
cation of nanoarrays will allow the screening of smaller volumes in shorter amounts
of time. It will allow for higher-density arrays; one assay could then screen a greater
number of targets.

Microarray analysis relies on optical readout methods, either by the observance
of a color change as in ELISA, or the reading of fluoresence signals, which requires
fluorescently labeled molecules for the detection of protein—protein interactions [25].
However, such labeling may cause deformational changes of the protein molecule,
which may in turn affect the protein function. Radioisotopes are also sometimes
used for labeling, but this requires the subsequent management of radioactive materi-
als [26]. Labeling efficiency varies, so quantitation may not be reliable, and the label-
ing process is time-consuming and labor-intensive. For all these reasons, label-free
detection is preferable. It also allows for real-time detection and in situ identification.

The atomic force microscope (Fig. 5.4) is an instrument capable of label-free
sample analysis. It is a member of the family of scanning probe microscopes (SPM),
which makes use of specialized probes to scan a sample surface to produce maps
of topography, conductivity, binding force or friction among many others. These
data sets can also be obtained all at once. The resolution of the technique is highly
dependent on the probe quality and sharpness. Nanoarrays are well suited to atomic
force microscope readout. For example, arrays for virus detection contain domains of

Laser

Photodiode

Cantilever

Fig. 5.4. Principle of atomic

force microscopy (AFM).

The sample is mounted z
on a piezoelectric scanner Z.y
for three-dimensional posi-

tioning. The force between

the tip and the surface is I

Sample

determined by measuring Scanner
the cantilever deflection
optically (with a laser and

a photodiode) [28]



5 Scanning Probes for the Life Sciences 191

antibodies directed against specific viral species [22]. Any of these viruses present
in a test solution will attach to certain domains and can be detected via AFM.
A variety of solutions can be tested, including serum, sputum, sludge, coffee and
urine, some of which inhibit other methods such as PCR. Perhaps most importantly,
AFM is applicable in almost any environment, including liquids. This is required
for studying cells and membranes in their native environment. Lastly, AFM-based
methods are amenable to subsequent manipulation by the probe. For example, DNA
can be induced to fold by controlled pushing by an atomic force microscope tip [27].

5.3.2
Probe-Based Patterning

The following section discusses a variety of scanning-probe-based lithography tech-
niques suitable for use in the life sciences. They each have their own advantages
and disadvantages. Their resolution and typical examples are given in Table 5.1.
Many factors influence the ability to pattern very small features. These include envi-
ronmental conditions, appropriate ink and substrate chemistry and the material and
geometry of the probe tip.

5.3.2.1
Dip-Pen Nanolithography

Dip-pen nanolithography (DPN; Fig. 5.5) was first introduced to the research com-
munity in 1999 as a tool for patterning nanostructures, in which an atomic force
microscope probe tip (approximately 20 nm radius) is dipped into a solution to coat
it with the desired molecules [29, 30]. Patterning is typically accomplished with
a commercial atomic force microscope which controls the movement of the probe.
When the probe is brought into contact with a substrate, molecules diffuse from the
probe to the substrate. In most cases, the ink molecules produce a local reactive func-
tionalization of the surface, such that specific biochemical adhesion experiments can
be conducted at these length scales. In general, the deposited material and the sub-
strate must be paired, such that a chemical reaction occurs upon delivery, or a surface
SAM is formed so that readout is possible using the atomic force microscope.

DPN is characterized by simplicity and high writing resolution (less than
100 nm). A large amount of literature is available on the use of single-probe DPN.
Apertured probes [32,33] can store and dispense larger numbers of ink molecules,
but the writing speed is not increased substantially and the writing resolution is
inferior to that of DPN. The resolution is affected by the geometry and aperture size
of the probe tip and the wetting properties of the tip and the substrate. The smallest
features produced were typically twice the diameter of the aperture; the smallest
apertures produced were 35 nm in diameter [34]. Lastly, because such apertured
probes are milled by a focused ion beam, they are not easily mass produced. Pulled-
glass nanopipettes offer continuous ink delivery, but lower resolution (approximately
1 wm), and cannot be integrated by microfabrication into larger systems. Nanofoun-
tain probes (NFP) [35,36] exhibit continuous ink delivery for a long-range writing
capability, resolution close to that of DPN, and can be integrated in arrays and sys-
tems, although the probes and AFM systems become more complicated and costly.
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Fig. 5.5. Dip-pen nanolithogra-
phy (DPN) patterning [31]
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Indirect DPN

The most common demonstrations of DPN patterning have involved the deposition
of n-alkanethiols onto gold surfaces because thiols self-assemble and strong thiol—
gold bonds are formed [38]. The fabrication of patterns of biological materials
began with indirect adsorption of the molecules of interest onto DPN-generated
templates. 16-Mercaptohexadecanoic acid (MHA) could be deposited onto gold
substrates via DPN; features as small as 100 nm were possible [39]. Nonpatterned
areas were then passivated with 11-mercaptoundecyl tri(ethylene glycol) (PEG-SH).
The desired proteins, lysozyme or rabbit IgG were attached by submersing the
substrate into a 10 pg/ml protein solution for 1 h. No detectable nonspecific binding
to the passivated areas was observed. It was also demonstrated that retronectin could
adsorb specifically to the MHA-patterned dots 200 nm in diameter, spaced 700 nm
apart. In turn, 3T3 Swiss fibroblast cells could be attached to these retronectin
patterns, indicating that nanoarrays could be used for cell adhesion studies as well.

Metal ion-affinity templates can also be used to immobilize antibodies [40].
As metal ions are not susceptible to denaturation, they can be used as a linker to
immobilize many unmodified polyclonal and monoclonal antibodies. First, DPN was
used to pattern MHA spots. The surrounding areas were passivated with PEG-SH
and the carboxylic acid groups of the MHA were coordinated to Zn'! ions. The
substrates were then exposed to solutions of the desired antibody.

Indirect DPN techniques have the potential to be used for the creation of sandwich
assays with the purpose of disease detection. For example, DPN can be used to deposit
an array of MHA spots which then attract the p-24 antibody for HIV [41,42]. The
surrounding areas are passivated with bovine serum albumin. The array could then be
used to detect HIV in patient samples, exceeding the detection limit of conventional
ELISA-based immunoassays.

Direct DPN

Direct deposition of biological material eliminates the additional step of first pat-
terning a linker molecule. It also eliminates cross-contamination of array features
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because the desired chemistry is carried out only at specific locations [29]. This is
essential for the prevention of nonspecific adsorption, which becomes an increasing
problem as arrays get smaller—a few nonspecifically bound molecules may over-
whelm the entire intended signal [26]. Silicon atomic force microscope tips were
used to deposit thiolated native collagen (1 mg/ml in 1 mM HCl) and collagen-like
peptides (40 mg/ml) onto gold substrates via DPN [43]. Line widths down to 30 nm
were achieved. Collagen arrays could conceivably be used to induce an assembly
network of collagen scaffoldings that would direct cell attachment or as guest—host
systems for other biological entities.

In most cases, however, direct deposition by DPN typically requires prior chem-
ical modification of the atomic force microscope tip. For example, commercial
atomic force microscope tips functionalized with 0.1 mM thiotic acid could be used
to deposit lysozyme and rabbit IgG (Fig. 5.6) [44]. The modified atomic force mi-
croscope tip was immersed in protein solution (500 jLg/ml) for 1h and then used
to pattern immediately. The patterned IgG dots were 45—-200 nm in diameter, and
the biomolecules maintained their biorecognition properties after being patterned.
The study demonstrated that multicomponent arrays could be patterned without
cross-contamination. However, high humidity (80—90%) was required for successful
patterning; a relative humidity below 70% resulted in inconsistent ink transport prop-
erties. Furthermore, the transport rate depended on the composition of the protein.

2-[Methoxypoly(ethyleneoxy)propyl]trimethoxysilane can also be used to func-
tionalize atomic force microscope tips. The material forms a biocompatible and
hydrophilic surface layer on the tip, and prevents protein adsorption and denatura-
tion on the tip surface. It also reduces the activation energy for transporting proteins
from the tip to the substrate. Without it, the protein solutions (500 pg/ml) do not
wet the silicon nitride (Si3N4) cantilevers and inconsistent or low-density protein
patterns are produced. Lim et al. [45] immersed such an atomic force microscope
tip in protein solution for 1 min and used it to pattern in 60—90% relative humidity.
Rabbit IgG features ranging from 55 to 550 nm were fabricated. It was also demon-
strated that human, goat and mouse IgG, and anti-human, anti-goat and anti-mouse
IgG could be patterned in this manner.

Nickel-coated Si3N, atomic force microscope tips were used to deposit histidine-
tagged ubiquitin (300 pg/ml) and thioredoxin (250 pwg/ml) proteins onto nickel
oxide surfaces [46]. As in the previous cases, bare Si3N4 cantilevers could not be
coated homogeneously with the proteins, resulting in inconsistent or low-density
protein patterns.

The proteins angiogenin and integrin o, 3; were deposited using gold-coated
silicon cantilevers functionalized for 30 min in 1 mM mercaptoundecanoic acid [25].
The resulting SAM increased tip hydrophilicity and facilitated protein adsorption
on the tip surface. The tip was then immersed in the desired protein solution for 1 h
and the molecules were patterned via DPN. The smallest spots created were 120-nm
wide and protein transfer was found to be affected not only by the tip—substrate
contact time but also by the contact force. In order to produce regular patterns, high
humidity was required, as in the work in [44].

Demers et al. [47] used DPN to directly pattern hexanethiol-modified oligonu-
cleotides on polycrystalline gold, and oligonucleotides bearing 59-terminal acry-
lamide groups on derivatized silica. The atomic force microscope tip had to be
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Fig. 5.6. AFM images of protein arrays generated via direct-write DPN. a Nanodot array of
lysozyme; b array of immunoglobulin G (IgG); IgG dots before ¢ and after d treatment with
a solution of anti-IgG-coated nanoparticles [44]

first silanized by immersing it in a solution of 39-aminopropyltrimethoxysilane in
toluene, to render it positively charged and hydrophilic.

Although protein delivery was not tested, PDMS-coated atomic force micro-
scope tips were found to deliver MHA, octadecanethiol (ODT) and cystamine [48].
As cystamine is very volatile, its patterning via conventional DPN with Si3Ny tips
is problematic. However, the PDMS-modified tips successfully patterned 200-300-
nm-wide lines. The packing density of cystamine could be influenced by the writing
speed. The PDMS acts as a reservoir that absorbs inks and allows for 1-2 h of con-
tinuous MHA patterning. The pattern resolution was not quite as good as that of reg-
ular DPN—the thinnest lines generated were 55-nm wide; however, these are much
smaller features than can be obtained via methods such as microcontact printing.

It was demonstrated that a monolayer of succinic acid succinimidyl ester 5-
thioyloxy-2-nitrobenzyl ester (SSTN) could be used as a photocleavable cross-linker
to chemically link avidin to a gold-coated atomic force microscope tip [1]. When
the tip was brought into contact with a biotinylated mica substrate, UV irradiation
was applied to cleave the SSTN, releasing avidin onto the substrate. The protein-free
atomic force microscope tip could then be used to image the deposited material. The
delivered avidin was confined in a range of 100 x 90 nm? and maintained its affinity
to biotin.
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Most DPN writing has been accomplished using the contact mode operation of
the atomic force microscope. This is the most common method of AFM operation,
in which the probe tip and the substrate remain in close contact while the substrate
is being scanned. A drawback of this method is the exertion of large lateral forces
on the substrate as the probe is dragged across it. In tapping mode AFM, a can-
tilever probe of lower stiffness is oscillated at its resonance frequency and taps the
substrate for a small fraction of its oscillation period, thereby reducing the lateral
force exerted on the substrate as well as the tip—substrate adhesion forces. Agarwal
et al. [49] deposited a synthetic peptide MH; via tapping mode AFM, which allows
for gentle imaging of deposited material as well as deposition on soft substrates. The
drive amplitude was found to be a critical factor. When coated with peptide, the drive
amplitude of the AFM probe decreased significantly, and as the peptide was being
deposited, the drive amplitude required for imaging increased. In order to success-
fully deposit peptides in tapping mode, the drive amplitude had to be increased by
a factor of 2—5 from its imaging value, causing the probe to exert a greater contact
force on the substrate. Nevertheless this force is still less than that in contact mode
DPN.

5.3.2.2
Open-Channel Pens

Reese et al. [5] micromachined stainless steel fountain pens (Fig. 5.7) with open
trenches which narrowed to a width of 30 pum at the pen tip. The trench width dictated
the patterned spot size; spots 10—30 pm wide and 20— 140 um long were deposited.
The highest density arrays were 25,000 spots per square centimeter of fluorescent
dye. With a single loading, a pen could print five to 20 spots. Printed oligonucleotides
with a mean spot size around 3500 um?” were successfully hybridized. Nevertheless,
such fountain pens are not capable of nanoscale patterning.

A device named the surface patterning tool (SPT) was developed by Henderson
et al. [50]. An SPT consists of a cantilever with a split gap at the end, a reservoir on
the handling chip, and a 1-pum-deep open transportation microchannel connecting
the gap and the reservoir. Sample loading is carried out by filling the reservoir
with sample solutions as well as by dipping the cantilever end into sample fluid.
These designs, dedicated to biomolecular patterning, allowed reliable patterning of
large molecular species and reduced reloading requirements. The length of the SPT
cantilevers ranges between 200 and 300 pum, and the width ranges between 20 and
40 pm. The split gap is approximately 1 pum wide and approximately 40 pm long.
At the fixed end of the cantilever, a 10-pum-deep rectangular reservoir is located on
the handling substrate. The depth and the width of the microchannel are 1 um and
1-10 pm, respectively.

Testing of the fabricated SPTs was performed using a dedicated commercial
instrument called a NanoArrayer (BioForce Nanosciences, Ames, IA, USA). This
instrument is equipped with a precision motion control system and an environmental
chamber. Although this instrument uses the same optical lever deflection scheme
employed in AFM, it does not scan or acquire images. SPTs are mounted to form
a 12° angle with the deposition substrates such that only the tip end is in contact with
the substrate. Patterning was demonstrated at a relative humidity of 35-50% using
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Fig. 5.7. Stainless steel fountain pens [5]

Cy3-streptavidin [50]. A 10 x 10 array of spots with a diameter of 2—3 pum was
routinely obtained; this value was limited by the width of the SPT’s split-gap. A single
loading of the tool printed at least 3000 spots in about 1 h. It was also demonstrated
that quantum dots conjugated to streptavidin could be deposited in patterns of lines
and spots using the SPT. These features had line widths of approximately 150 nm to
7 pm and spot diameters of 3—5 pum [51].

5.3.2.3
Microspotters

In microspotting technologies, a biochemical sample is loaded into a spotting pin
by capillary action, and a small volume is transferred to a solid surface by physical
contact between the pin and the solid substrate [52]. Other than microspotting pins,
capillaries or tweezers can act as a printhead of biochemical samples. Printheads
can be moved by the XYZ motion control system of an atomic force microscope and
brought into a contact with a surface to transfer the sample.

Belaubre et al. [53, 54] fabricated microspotters (Fig. 5.8) on SOI substrates
using conventional micromachining techniques.

Arrays of 2-mm-long, 210-pum-wide and 5-pum-thick cantilevers, spaced 450 pm
apart, were microfabricated. These cantilevers were used to pattern a glass slide
with 1-pl volumes of a solution containing cyanine3-labeled oligonucleotides (15-
mers) [53]. Anti-goat IgG (rabbit), microarrays were also generated on a glass slide
coated with dendrimer molecules as cross-linkers. In both cases, 30-pum-diameter
spots were obtained. It was also demonstrated that no cross-contamination was ob-
served for two different biological samples deposited with the same cantilevers if
a cleaning procedure was used. Using a similar microspotter, Leichle et al. [55]
deposited colloidal solutions containing poly(ethylene glycol) 600 and aminopropy-
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Fig. 5.8. Microspotter array [53]

Itriethoxysilane nanoparticles with diameters of approximately 300 and approxi-
mately 150 nm, respectively, on surfaces to form spots with diameters ranging from
approximately 10 wm to more than 100 pm.

To further reduce droplet size, Saya et al. [56] introduced a technique to fabricate
an in-plane sharp nanotip incorporated into the channel of a cantilever (Fig. 5.9).
Tips with a curvature radius less than 100 nm were fabricated, and were connected
to V-shaped microchannels 5 um wide. The cantilevers were used to deliver water—
glycerol droplets. The surface wettability of the nanotip and the substrate were
important factors in determining the droplet size. For a hydrophilic tip contacting
a hydrophobic substrate, droplets 3—4 pm in diameter were achieved, and the contact
time did not significantly affect the drop size. Smaller droplets 2 um in diameter
could be achieved with high uniformity using a hydrophobic tip and a hydrophilic
substrate; however, the contact force and time affected the spot size.

Pens with open microchannels integrated on cantilevers have the advantage of
being clog-free and allow for easy cleaning and simple microfabrication. How-
ever, such open microfluidic elements such as microchannels and reservoirs are
prone to cross-contamination via vapor from different types of samples, espe-
cially when loaded in arrays of cantilevers [57]. Evaporation may be critical in

Fig. 5.9. Scanning electron microscopy (SEM) images of a cantilever array (left) with a nan-
otip (center and right) [56]
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some applications although its rate can be reduced with environmental condition-
ing. Enclosed microchannels are beneficial in such cases, although they are more
difficult to microfabricate and are subject to clogging. Pipettes are conventionally
used microfluidic devices with enclosed channels. Microneedles with embedded
microchannels were also demonstrated to deliver liquid materials [58]. In the fol-
lowing subsections, microcantilever devices with enclosed microchannels are de-
scribed.

5.3.24
Pipettes

Bruckbauer et al. [59] developed a delivery system based on scanning ion-
conductance microscopy. In this voltage-controlled nanopipette, an ion current flows
between an electrode in the pipette and one in a bath; the pipette acts as the ink reser-
voir. Deposition of molecules to a surface occurs in the presence of aqueous buffer.
Protein G was successfully delivered using the pipette. Biotin and single-standed
DNA with spot sizes of 830—-860 nm were also deposited.

Following this, goat anti-rabbit IgG antibody was delivered onto charged glass,
with spot sizes of about 2 wm [60]. The flow of molecules began at an applied voltage
of —0.5V and increased linearly with applied voltage between —1.0 and —1.5 V.
Although voltage control allows for the control of ink delivery at the single-molecule
level, the diffusion of molecules in solution and on the substrate ultimately increases
the patterned feature size. Because the nanopipette deposits in solution, protein
denaturation may be prevented. However, the use of voltage subjects the sample
to a high electric field. Nevertheless, owing to the small current, very little heating
(less than 1 K) occurs. Indeed, the biomolecules were demonstrated to maintain their
functionality after deposition. This was demonstrated via binding experiments with
IgG and hybridization studies with DNA.

In order to reduce the patterned feature size, a double-barreled nanopipette
(Fig. 5.10) operating in air was fabricated from 1.5-mm-diameter pulled-glass cap-
illaries with a septum down the center [61]. The device was used to deliver fluo-
rescently labeled rabbit IgG to a polyethyleneimine-coated glass surface, with the
smallest spot produced being about 440 nm in diameter. Biotinylated DNA was de-
livered onto streptavidin-coated glass with an average spot size of 510 £ 40 nm for
a 5-s deposition time. In both cases, molecules were delivered out of one barrel at
any one time. Distinguishing itself from the original nanopipette, the double-barreled
pipette could write with two different inks. Two different, noncomplementary se-
quences of biotinylated DNA were loaded into the barrels. The DNA to be patterned
could be selected by changing the sign of the applied voltage. The two inks could
be delivered to the same location on a substrate. The double-barreled pipette is also
capable of topographical scanning but its resolution is not as good as that of AFM;
it cannot track up steep slopes or tight grooves as effectively. Most recently, the
double-barreled pipette was used to deposit water droplets, working under oil [62].

A major drawback of this device is that it is not easily scalable because the
pipettes are individually fabricated by laser pulling. The smallest pipette that can be
made using this approach has a radius of approximately 20 nm, limiting the pattern
resolution [63].
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Fig. 5.10. Principle of
double-barreled pipette
deposition. The voltage nanopipet
between the two barrels
controls the molecular
delivery [61]

functionalized surface

o

5.3.2.5
Closed-Channel Cantilevers

The concept of the nanofountain probe (NFP) was first introduced by Espinosa
and coworkers in [64-66]. The device allows for both high-resolution patterning
and continuous sample feeding through closed microchannels. The chip without its
cantilevers has an overall size of 1.8 mm x 3.2 mm to fit easily into commercial
AFM equipment. In the latest version of this chip, the two opposing sides of the
chip each have 12 cantilevers; one set is 520 um long and the other is 430 wm long.
A volcano-like dispensing tip (Fig. 5.11) exists at the end of each cantilever and has
a ring-shaped aperture and is able to generate sub-100-nm lines routinely.

For fast-evaporating solutions such as alkanethiols, the writing mode is similar
to that of DPN, and pattern resolution is controlled by the radius of the core tip,
not the aperture size. MHA (1 mM) in ethanol with line widths as small as 40 nm
was patterned onto a gold substrate at a humidity of 60% using the NFP [35].
The NFP’s imaging capability in topography was similar to results obtained using
commercially available atomic force microscope tips, and its sensitivity in lateral-
force imaging was better than with commercial tips, an advantage when imaging
SAM patterns. This imaging capability is essential for immediate examination of
deposited patterns and also serves as a means for realigning probes when writing
multiple materials.

In typical operation, however, the NFP preserves the liquid state of the ink during
the patterning process [36]. The liquid present near the writing tip provides a contin-
uous source of solvent vapor, preserving a high local solvent vapor pressure, which
may contribute to the formation of a more vigorous capillary condensation menis-
cus [65]. Solvent vapors may also condense on the substrate, leading to a solvent
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Fig. 5.11. Second-generation nanofountain probe (NFP) chip. a Optical image of the front view
of an NFP chip b Closeup view of the chip showing / on-chip reservoir, 2 microchannels
and 3 volcano tip ¢ SEM image of a cantilever integrated with a volcano-like tip at the end;
inset closeup of the volcano tip [36]

prewetting layer in the vicinity of the tip. The transport of ink molecules may also
occur by coevaporation with the solvent and recondensation. This mechanism may
lead to feature-growth dynamics different from that of DPN.

Batch fabrication allows for straightforward scaling to NFP arrays. Indeed, 12-
cantilever NFP arrays have been fabricated, and their multiple on-chip reservoirs
allow simultaneous patterning of two different solutions. Because the NFP can make
use of two different reservoirs, it does not require a second tip to deposit an additional
species. Simultaneous patterning with two different thiolate solutions, MHA and
1H,1H,2H 2 H-perfluorododecane- 1-thiol in acetonitrile was demonstrated with the
NFP [36]. Also, use of the NFP does not require repeated reinking and realignment
of the tip during patterning, the latter of which is time-consuming and difficult to
accomplish precisely. Finally, deep channels (more than 500 nm) allow the delivery
of larger particles, including nanoparticles [37]. High compliance of the core tip
relative to the volcano shell structure was observed in the induced deformation
during scanning electron microscopy (SEM) observation of dry tips and is helpful in
preventing clogging of the probe orifice and mechanically aids the transfer of larger
species from the volcano cavity to the substrate. However, this may negatively affect
alignment accuracy.

What sets the NFP apart from other devices is that while nanopipettes, apertured
pyramidal tips and quill-type SPTs function by the formation of an outer meniscus
between the probe and the substrate, the NFP forms a meniscus between the ultra-
sharp atomic force microscope-like tip and the substrate, as in DPN. However, the
NFP does not require modification of the tip surface in order to deliver biomolecules,
because solutions are directly delivered from the on-chip reservoir to the tip. The
NFP was capable of direct deposition of hexanethiol-modified oligonucleotides on
a gold substrate [58, 67].

As shown in Fig. 5.12, the NFP was used to pattern a gold substrate with
alkanethiol-modified oligonucleotides. After passivation of the unpatterned areas,
the DNA spots were hybridized with complementary DNA-functionalized gold
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Fig.5.12.Experimental procedure for DNA patterning: a molecular ink feeding, b direct patterning
of a gold surface with alkanethiol-modified oligonucleotides, ¢ passivation of the unpatterned
areas with C6 thiol to avoid unspecific binding, d hybridization of the linker and probe DNA
strands. C Height profile of the same array, acquired in tapping mode operation. D, E SEM image
of a dot array and a single dot, respectively. Multiple gold nanoparticles are visible in E [67]
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Fig. 5.13. a Cross section of the micromachined fountain pen; b top view and ¢ bottom view of
the fountain pen; inset closeup view of the pen tip, with outlet holes indicated by arrows [68]
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nanoparticles (approximately 15 nm in diameter), demonstrating that the patterned
DNA maintained its biological activity. Features 200-300 nm in diameter were
routinely achieved.

A variation of the NFP concept introduced by Espinosa and coworkers [64, 65]
was implemented by Deladi et al. [68,69] in a fountain pen consisting of two V-shaped
cantilevers, one that is “multifunctional,” and the other an inner cantilever solely
for detection. A channel embedded in the first cantilever connected the reservoir to
the tip. Two variations of this design were fabricated. In the first design, the outlet
hole was located at the apex of the pyramidal probe tip, and had to be fabricated by
focused ion beam milling, a process which must be done individually on each pen.
The second design made use of batch processing, which dictated an opening at the
base of the pyramid (Fig. 5.13). The pen allowed for continuous fluid supply. It was
demonstrated that etchant could be delivered to etch chromium; the thinnest line
etched was 350 nm wide and 14 nm deep. The thinnest features constructed were
500-nm-thick ODT lines on gold substrates.

533
Alternative Patterning Methods

5.3.3.1
Nanografting

Nanografting is a technique similar to DPN, but involves material removal as well
as deposition. The basic procedure involves scanning a SAM on a substrate with an
atomic force microscope tip using a force greater than the threshold force needed
to displace SAM molecules [70]. SAM molecules are thus removed, and thiol inks
previously adsorbed on the atomic force microscope tip can be adsorbed to these
areas of the substrate. Care must be taken not to cause plastic deformation of the
substrate beneath the SAM. Xu et al. [70] nanografted thiol solutions with con-
centrations ranging from 2 pM to 2 mM; the concentration did not appear to be
a critical parameter in grafting. On the other hand, the scan rate was important.
Slow scans often resulted in distorted patterns due to thermal drifts, but fast scans
did not produce patterns with sufficient coverage. Liu et al. [71] demonstrated that
alkanethiol features as small as 2 x 4 nm?, and 10-nm-wide lines could be produced
via nanografting. Wadu-Mesthrige et al. [2] used nanografting to prepattern SAMs
with thiols terminated with protein-adhesive groups such as aldehyde and carboxy-
late, which would then dictate the subsequent adsorption of proteins. Nanopatterns
of lysozyme, bovine serum albumin and rabbit IgG were fabricated, with lateral
dimensions ranging from 10 nm to 1 um.

5.3.3.2
Conductive DPN

In AFM charge writing, positive or negative surface charge patterns are created on
an insulating substrate such as a polymer or silicon dioxide by applying voltage
to an atomic force microscope tip. Mesquida et al. [10] created microarray charge
patterns on poly(methyl methacrylate) substrates which were then immersed in
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water-in-perfluorinated oil emulsions where the water microdroplets were filled
with TTR¢s_115 peptide fibrils. The fibrils then attached to the charge patterns. The
resolution was mainly limited by the size of the water droplets, which can typically
be up to 5 um in diameter. The use of water droplets as “containers” is advantageous
in that the attachment process depends little on the content of the droplets, allowing
the patterning of a variety of nano-sized biological materials.

Naujoks and Stemmer [72] used the same method to attach IgG—biotin stabi-
lized emulsion droplets onto positively charged patterns. After drying, the protein
molecules and salt from the buffer solution were left behind. The resulting spot
sizes varied from 0.5 to 1.5 pm (Fig. 5.14). For these experiments, an atomic force
microscope was operated in Kelvin probe force microscopy mode, where the lateral
resolution was known to be in the range 50—100 nm, defined by the long range of
electric forces and the geometry of the atomic force microscope tip. The pattern res-
olution might be enhanced by finding optimal emulsifying parameters and process
conditions such as immersion time and drying ambiance.

Fig. 5.14. a AFM (topography) image of IgG-biotin deposited on poly(methyl methacrylate).
b Kelvin probe force microscopy (surface potential) image of positive charge pattern [72]

5.3.3.3
Electrochemical DPN

For the direct patterning of biological material, Agarwal et al. [73] used electrochem-
ical DPN (e-DPN) to deposit a histidine-tagged peptide MH; and the histidine-tagged
protein TIpA in tapping mode. An ionized nickel-coated substrate was held at ground
potential and a negative bias was applied to the AFM probe tip. The method takes
advantage of nickel-histidine binding and requires that a potential of about —2V
be applied. No functionalization of the silicon AFM probes was necessary. They
were simply coated by immersing them in the desired solution for 15-30 s and then
air-dried before patterning.
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54
Nanoscale Deposition Mechanisms

Reproducibility is a concern for any fabrication technique. Nanopatterning results
are not always repeatable and the resulting features are not necessarily well formed.
An understanding of the ink deposition process is essential; however, in DPN, the
mechanism for ink transfer is not completely understood and there is much contro-
versy. It has been generally accepted that DPN patterning involves two processes:
first, the transport of the molecular species from the atomic force microscope tip to
the substrate through a water meniscus and, second, the adsorption of the ink onto
the substrate. Control of these processes then would ultimately control the patterned
feature resolution. Most studies on the patterning mechanism thus far have focused
on the deposition of alkanethiols.

Theoretical studies on the dynamics of self-assembly have been performed in or-
der to investigate the effects of deposition and atomic force microscope tip scanning
rates on the resulting patterns generated via DPN [74]. The DPN process was treated
as a two-dimensional Fickian diffusion process with a fixed source. Ink molecules
on the atomic force microscope tip were driven by a concentration gradient to be
deposited on a substrate. They then diffused over a monolayer of existing ink, and
the diffusion was terminated by binding of the molecules to the bare substrate. In the
patterning of dots by holding an atomic force microscope tip in contact with a sub-
strate, the constant flux model predicted a t'/? dependence of the dot diameter, where
t is the tip—substrate contact time. For the same number of molecules deposited, the
final spot radius converged to the same value at long times, independent of the depo-
sition rate. Increasing the diffusivity over the bare substrate resulted in circles that
were fuzzier and not as well defined. For the generation of more complex patterns
such as lines, a moving tip was needed and the tip scan rate had to be considered. In
general, a fast scan or a slow deposition rate enhanced resolution, but as the scan rate
increased further, patterned lines were no longer continuous. Such studies underline
the necessity of determining optimal scan and deposition rates in order to produce
coherent patterns using DPN. However, the effects of temperature, relative humidity
and the presence of a water meniscus were not accounted for in these studies.

It is known that in ambient conditions, a water meniscus exists between an atomic
force microscope tip and a substrate, and its volume increases with increasing relative
humidity [75]. There have been suggestions that ink molecule transport occurs
through this meniscus; however, Sheehan and Whitman [75] found that facile ODT
deposition occurred even at 0% relative humidity in dry nitrogen. Since ODT is
water-insoluble, its transport is not easily explained using a water meniscus model.

Cho et al. [76] proposed a “double-molecular layer” model in which the molec-
ular ink on the atomic force microscope tip consists of a bulk solid region covered
by a thin mobile layer on the surface (Fig. 5.15). A melting transition is suggested
to explain the observed temperature dependence of the growth rate of patterns. The
solid region serves as a reservoir of ink molecules which regulates the density of the
surface layer, and the mobility and the number density of the mobile layer determine
the molecular transport rate in DPN. It was proposed that three properties affect the
mobility of the surface molecules—thermal energy, which increases the diffusion
constant, residual solvent, which enhances diffusion of surface molecules, and ad-
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Fig. 5.15. Double molecular layer model for molecular ink transport [76]. SAM self-assembled
monolayer

sorbed water, which enhances the mobility of hydrophilic molecular inks such as
MHA and biomolecules.

In the general case where the diffusion and deposition rates are on the same
order,

Roct’ and 1/3<v<1/2,

where R is the radius of a patterned dot, ¢ is the tip—substrate contact time and v is
the scaling parameter. v approaches 1/3 as the deposition rate becomes comparable
to the diffusion rate, and v = 1/2 in a constant deposition case. In the patterning
of ODT, a hydrophobic ink, on gold substrates, there are unstable fluctuations in
the scaling parameter. These experimental results were explained using the double-
molecular layer model. Above the melting temperature of ODT, the solid region
melts and a single molecular layer forms. There is no longer a solid “reservoir”
that regulates the density of the surface layer, leading to the unstable fluctuations
in v. Essentially there is a phase transition of the molecular species moving through
the nanoscale junction. In the patterning of MHA, the scaling parameter increases
with increasing relative humidity. It is suggested that adsorbed water enhances the
diffusion constant on the substrate more than it enhances the transport rate at the
tip—substrate contact point, implying that water molecules are also adsorbed on the
SAM regions, not just on the probe tip.

In any case, direct environmental SEM (ESEM) observations verified that the
height of the water meniscus between a silicon nitride probe tip and a gold or silicon
substrate increases exponentially with increasing relative humidity [77]. In addition,
for gold substrates, there was no observable meniscus below a relative humidity of
about 70%, although, since the ESEM resolution in the imaging conditions used
was approximately 50 nm, it is possible there was still a small meniscus. Still, these
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results are consistent with experimental results for the patterning of MHA, in which
there was little increase in the patterning rate at relative humidity between 0 and
50%, while the rate increased significantly at a relative humidity above 50%.

AFM studies by Rozhok et al. [78] of water meniscus formation between a probe
tip and a NaCl substrate suggested that even at 0% relative humidity as defined by
Sheehan and Whitman, water on the substrate will collect at the point of contact form
to ameniscus. As itis very difficult to remove adlayers of water from surfaces, a small
meniscus will typically form, even when a hydrophobic atomic force microscope tip
is used. Only in ultra-high-vacuum conditions can the meniscus be eliminated.

Weeks et al. [79] found no observable MHA deposition at a relative humidity
below 15%. This was attributed to the lack of meniscus formation. Increasing the
humidity increased the patterned dot size for a given tip—substrate contact time.
The group proposed that the DPN deposition process transitions from a dissolution-
dominated regime to a diffusion-dominated one. For the fabrication of small alka-
nethiol features, the most important parameter is the activation energy of thiol
detachment from the atomic force microscope tip. This transition occurs at a partic-
ular contact time, independent of the relative humidity. For short contact times, the
transfer process is dominated by surface kinetics, whereas for long contact times,
it is controlled by diffusion. Furthermore, no effect of contact force was observed,;
the water meniscus causes a capillary force between the tip and the substrate that is
much greater, so capillarity dominates the total load force. This is in agreement with
Zou et al. [80], who concluded that feature size is independent of contact force over
arange from 0 to 10 nN.

It is thus fairly well agreed upon that the molecule transport rate is different in
the fabrication of small and large patterns. It is slower for large features (longer tip
dwell times) because the cantilever continues to deposit molecules on an area that has
already been patterned. Ink depletion on the surface of the atomic force microscope
tip also contributes to this phenomenon. Moreover, there is an equilibration time
when patterning begins. This may imply that the solvent plays an important role in
determining the mobility of the ink on the cantilever [81]. It may also be due to the
fact that a water meniscus takes time to reach an equilibrium width when patterning
begins, as observed via ESEM [82]. Moreover, the transport of thiol inks is affected
by the state of the substrate, not only the ink already present on the substrate, but
also adsorbates that may unintentionally be present. Uncontrolled surface chemistry
may be one factor leading to differing results found in the DPN literature.

Schwartz [83] contends that the water meniscus is not universally responsible
for molecular transport in DPN. In contrast to many other experimental results, both
ODT and MHA were readily patterned on a gold substrate at 0.0% relative humid-
ity. Two different but compatible models were proposed. For less polar molecules
such as ODT, molecular transport occurs via molecular surface diffusion, known
as “reactive spreading” in microcontact printing. This process depends on thermal
energy. The second model is relevant to the transport of small ions such as DNA, as
a solution in adsorbed water, and is compatible with the humidity dependence of the
patterning rate of certain molecules. The degree of polarity of a molecule will deter-
mine its patterning behavior between the two extreme models. It has been suggested
that MHA transport is due to two mechanisms. At low to moderate (50%) relative
humidity, transport is caused by thermally activated surface diffusion [84]. As hu-
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midity is increased, dissolution and bulk transport enhance the transport rate; above
70% humidity, the water meniscus begins to have an effect as well. Furthermore,
surface water is not responsible for molecular transport.

This is consistent with MHA dot patterns generated at high humidity [85]. At
relative humidity less than 80%, filled MHA dot patterns were always observed,
but increasing the humidity to approximately 84% resulted in the formation of
hollow ring structures. A bulk meniscus transport model cannot explain such patterns
because it predicts only filled circles. Rather, an annular diffusion model proposed
that ink molecules are transported at the air—interface of the meniscus.

Whereas the models mentioned previously could describe the deposition of
molecules which bind strongly to their substrates, Manandhar et al. [86] investigated
the anomalous patterns formed by the weak binding of 1-dodecylamine (DDA) on
mica, which cannot be explained by random walks. Anomalous patterns are some-
times formed when surface binding is weak and interactions between molecules
dominates, determining the final pattern. For DDA, small patterns are isotropic, but
become more anisotropic as the pattern size increases. Thus, to create large, regular
patterns it may be necessary to move the atomic force microscope tip to fill the
area, instead of relying on diffusion to produce the final pattern. Finally, a constant
deposition rate was observed, implying that stable DPN writing is possible even for
weak-binding cases. Lee and Hong [87] developed a theoretical model to explain
these irregular patterns. The corresponding computer simulations showed that in the
presence of strong intermolecular interactions and preferential substrate—molecule
interactions while the diffusive motion of individual molecules is suppressed, irreg-
ular star patterns and fractal-like structures can be formed. On the other hand, if the
intermolecular interactions between deposited molecules are weak relative to the
thermal energy, diffusive motion becomes important and regular circular patterns
are formed as predicted by random-walk models.

Beyond the physical capability of patterning dots with specific sizes, there is the
question of the appropriate feature size for a particular application. In biodetection,
there exists an optimal spot size for the attainment of a robust diagnostic readout. In-
dividual molecules are dynamic in nature; in order to obtain a good signal there must
be many sampling events or long sampling times for a single molecule. Array spots
smaller than a certain size will not have enough active and correctly oriented capture
molecules, leading to inaccurate quantitation and reduced dynamic range [24]. It
was estimated that for typical IgG, the number of molecules in a 1-pum-diameter
spot is on the order of 10* whereas a 250-nm-diameter spot will have on the order
of 10 molecules. Spots below this 250-nm threshold may lack a sufficient number
of molecules for reliable quantitative data to be obtained. Further studies must be
conducted to determine the optimal feature size for particular bioassays.

5.5
AFM Parallelization

One requirement for a deposition technique is its capability for high-throughput
patterning. A particular device design should be scalable, i.e., its ink-delivery probe
should be arrayable and it should be possible to fabricate the entire device in mass
quantities.
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5.5.1
One-Dimensional Arrays

Xu et al. [88] reported a second version of the quill-type SPT described in
Sect. 5.3.2.2, in which five cantilevers were arranged linearly (Fig. 5.16) [88]. The
microcantilevers and corresponding microfluidic network were capable of transport-
ing multiple fluid samples from macroscale reservoirs located on the SPT substrate
through microscale channels to the distal end of the cantilevers. Five cantilevers and
five reservoirs were arranged in a chip so that multiple biological samples could be
transferred from the reservoirs to the SPT cantilever array. The overall size of an
SPT chip was 3mm x 6 mm. Each cantilever was 250 um long, 30 pum wide and
2 wm thick, while consecutive cantilevers were separated by a spacing of 50 pm.
The microchannel on each cantilever was 15 um wide and 1 pum deep. Multiple ink
loading and patterning were tested using two different fluorescent protein solutions,
Cy2-donkey anti-goat IgG and Texas Red—donkey anti-rabbit IgG in phosphate-
buffered saline, and alternatively loaded into the five reservoirs by hand-pipetting.
The solutions transferred from the reservoirs to the distal end of each channel by cap-
illary action and the fluids were confined inside the microchannels without observed
cross-contamination. A dithiobis(succinimidyl undecanoate)/gold surface was pat-
terned to generate 10 x 10 multiple-ink dot arrays, with the mean spot diameter
being about 12 wm. The SPTs generated biological arrays with a routine spot size of
2-3 pm. Several thousand spots could be printed without reloading. The minimum
spot size of the SPT was mainly limited by its gap width, which could be further
reduced with a higher-resolution lithography technique.

Using single AFM probes in DPN limits a pattern to the 90 um x 90 pm scan size
of the AFM instrument. In order to create patterns that span macroscopic distances on
the order of centimeters, it is necessary to use multiple-pen cantilever arrays. A 26-
pen array of cantilevers was used to pattern a 10 mM NHSC;; SH acetonitrile solution

250um
e —————

Fig. 5.16. Surface patterning tool cantilever array [88]
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(NHSC;;SH is an amine-reactive alkyl thiol molecule) [89]. The surrounding areas
on the substrate were passivated with PEG-SH. The dot array was then used as
a template to immobilize protein A/G through covalent coupling. Highly dense
arrays of 23,400 dots spaced 1 um apart could be generated in this manner. The
protein A/G templates could then be used for adsorption of human IgG, anti-8-
galactosidase and anti-ubiquitin. It was demonstrated that the anti-S-galactosidase
and anti-ubiquitin retained their biological activity after being deposited.

The second and third generations of the NFP introduced by Espinosa and cowork-
ers allowed for multi-ink patterning using a linear array of 12 cantilevers [36, 66].
The device successfully deposited alkanethiols and oligonucelotides as described in
Sect. 5.3.2.5, as well as bovine serum albumin and IgG proteins and gold nanopar-
ticles [37].

5.5.2
Two-Dimensional Arrays

The IBM Millipede was likely the first example of a massively parallel cantilever
array. The chip was an array of 32 x 32 cantilevers conceived for data storage using
polymer thermal indentation [90, 91]. Feedback control in the z direction brought
the entire array into contact with a substrate. This simplified the system but imposed
a strict requirement on the uniformity of tip height and cantilever bending in order to
minimize tip wear due to force variations over the array. Another two-dimensional
cantilever array includes a 25 x 40 array of nickel probes fabricated by Zou et al. [80],
with a tip-to-tip distance of 100 pum in the x and y directions.

In an initial attempt at a very large scale array for DPN, a 55,000-pen
two-dimensional array occupying 1cm? was fabricated using lithographic tech-
niques [92]. The pens were spaced 90 and 20 jum apart in the x and y directions, re-
spectively. As is the case for all arrays, the tips must all be aligned prior to patterning.
Rather than implementing feedback for each individual cantilever, a gravity-driven
alignment method was used for this large array. Complex patterns of 80-nm ODT
dots on a gold substrate were successfully generated. One challenge that remains
with DPN arrays is the difficulty in realigning the array after reinking or switching
inks. Another is the variability in the inking process. In most cases, when the DPN tip
is inked, excess ink is removed by a high-pressure blast of air. In an effort to increase
reproducibility in inking the tip, Rosner et al. [31] developed arrays of microfab-
ricated inkwells to supply ink to specific cantilevers in a probe array. A noninked
probe could then be used for pattern inspection. A slower scan speed could be used
to obtain better image quality while minimizing contamination onto the pattern. The
inkwells employ open-channel meniscus-driven flow in microchannels to bring fluid
stored in 1-mm-diameter reservoirs to a series of appropriately spaced inkwells. Dif-
ferent inks can be loaded onto different tips on the same cantilever array, allowing
for multicomponent patterning.

The 55,000-pen array was used to deposit 1,2-dioleoyl-sn-glycero-3-phospho-
choline (DOPC), a phospholipid, via DPN onto substrates of silicon wafers, glass
slides and evaporated metal films [21]. Line features as thin as approximately 93 nm
were patterned. The probe tips were coated with ink by immersing them into inkwells
for at least 30 min. It was observed that in ambient humidity (30-50%), the DOPC
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did not flow onto the tips, but at a humidity greater than 70% the phospholipid ink
became sufficiently fluid to easily coat the tips.

Although most cantilever probe arrays used in the experiments described are
made of inorganic materials such as silicon, silicon nitride or other metals, polymer
probes may be of interest because they offer different biochemical properties [80].
Furthermore, they have a smaller Young’s modulus; thus, cantilevers can be made
shorter while maintaining the same force constant. Processing of polymers does
not require sophisticated equipment, so such probe arrays could be manufactured
more cheaply. Zou et al. fabricated an array of more than 1,000,000 probes on
a 7.5-cm glass slide. Tips and cantilevers made of photodefinable polyimide film
were individually supported on SU-8 bonding structures; each of these structures
had a footprint of 10 pm x 10 pm.

Passive pen arrays command that all pens in the array create the same pattern.
Different inks must be amenable to the same environmental conditions in order to be
deposited at the same time. Although they are more complicated to fabricate, active
pens can create more complex structures, with multiple inks over large areas, and
inks that do not necessarily deposit under the same environmental conditions can be
deposited in series.

Rosner et al. [31] fabricated thermal bimorph actuators from evaporated Cr/Pt/Au
on silicon nitride cantilevers. The gold thin-film resistor essentially acts as a heater
and concentrates the heat away from the probe tip. When power is delivered, can-
tilevers are actuated in the direction normal to the heated surface. Bullen et al. [93]
fabricated a similar array of ten thermal bimorph actuators, with cantilevers 300 pm
long spaced 100 wm apart. Resistive heating actuates the cantilevers away from the
substrate. Each cantilever was individually addressed by two lead wires. A typical
actuation current of 10 mA resulted in an 8-pm deflection and an average probe
temperature of 298 K above ambient. A ten-probe individually addressed, thermally
actuated array of cantilevers 1400 wm long, 20 wm wide, 8 wm thick and spaced
100 pm apart was used to pattern ODT on gold substrates with sub-50-nm reso-
lution [94]. Zou et al. [80] fabricated an array of 45 thermal bimorph probes in
which cantilever alignment was achieved via contact sensing based on the detection
of electrical continuity between the tips and the substrate. This required that both
elements be partially or entirely conductive.

Limitations to thermal bimetallic actuation include the potential negative effects
of the heat on inks such as biomolecules [95]. There may also be thermal crosstalk
between probes—heat conduction and convection through the air between probes
leading to unwanted tip deflection, effects which increase as the distance between
probes decreases. Bullen and Liu [95] found that the smallest pitch in thermal
bimetallic arrays where crosstalk was manageable was 100 wm. This led to the
fabrication of an array of electrostatically actuated DPN probes with an array pitch of
30 wm (Fig. 5.17). The probes act as electrodes separated from the counter electrode,
the array holder, by SU-8 photoepoxy acting as an insulator. The probes are grounded
via conducting paste. Actuation occurs by applying a voltage (typically around
190 V) to the counter electrode; the probe tips are then pulled off the surface.
Grounding the lithography surface ensures there is no electric field or actuator
force between the tips and the substrate. While thermal crosstalk is avoided with
electrostatically actuated probes, there may be crosstalk due to fringe electric fields.
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Fig.5.17. SEM image of an electrostatically actuated DPN array [95]

Crosstalk deflection with these probes was similar to that in thermal bimetallic
actuators, but at the substantially reduced array pitch of 30 pm.

A third method for probe actuation uses piezoelectric films. Lead zirconate ti-
tanate (PZT) has a high piezoelectric coefficient and can be integrated into cantilever
probes. Zhu et al. [96] described a method to fabricate 50 x 100 wm? microcantilevers
with 1-pwm-thick PZT membranes with almost 100% yield. Currently, the integra-
tion of piezoelectric bending actuators onto the NFP array is under development, and
preliminary actuation results confirmed the feasibility of the operation with active
probes [97]. With active probes capable of lifting the tips off the substrate, indepen-
dent patterns can be made on individual writing sites, in one scanning stroke. Since
scalability was proven with the one-dimensional array, the NFP is currently being
augmented to a two-dimensional array with an integrated microfluidic network. This
would bring the NFP one step closer to a production tool to generate, in a massively
parallel fashion, templates that consist of broad range of analytes. While the aug-
mentation to two-dimensional arrays is a matter of scalability and wafer-level-yields
engineering, the operation of two-dimensional NFP arrays would require specially
designed AFM systems rather than the presently available AFM instruments. With
the adoption of piezoelectric precision stages or microelectromechanical system
stages [98,99], it is feasible that the two-dimensional NFP array could pattern large
areas to produce multicomponent templates. In this case, leveling between the array
and the substrate can be achieved with a three-probe feedback scheme, as reported for
scanning probe data storage [ 100]. By avoiding the implementation of individual sen-
sors on each probe, this approach can reduce the complexity of the system. With this
scheme, the two-dimensional array can be maintained parallel to the substrate in the
same way as an air table. Like one-dimensional arrays, passive probes are adequate
if duplicate patterns, for example, nanoarrays, are to be fabricated. Alternatively,
individual active probes allow the writing of different patterns with each probe.

For the operation of two-dimensional arrays of active probes with independent
bending actuation, each cantilever requires one electrical connection for its electrode,
assuming one set of electrodes shares the electrical path, while the others are indepen-
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Reservoir

Fig. 5.18. Conceptual diagram of massively parallel NFP arrays for wafer-level patterning. PZT
lead zirconate titanate

dently driven. Such direct drive is straightforward and simple when the size of the ar-
ray is small. However, for a large array, such as a massively parallel two-dimensional
array with a large number of cantilevers, a multiplexed addressing scheme needs to
be employed to reduce the number of connections. This scheme is widely used in
computer memories and liquid-crystal displays. Since the probe must be in con-
tinuous contact with the substrate between command signals, a bistable (memory)
element must be integrated at the root of each cantilever. Furthermore, with multiple
reservoirs on the wafer, individual reservoirs may contain one type of molecular ink
to feed a cantilever or a group of cantilevers. Through this approach of multiple inks
and massively parallel tips, NFP arrays have the potential to manufacture nanoscale
features of chemical/biochemical materials at the wafer level (Fig. 5.18).

5.6
Future Prospects for Nanoprobes

Cantilevered nanoprobes offer the possibility of flexible protein deposition for di-
agnostic applications and drug screening. In addition to being compatible with
SPM-readout methods, nanoprobe devices can be used in concert with classic pro-
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tein analysis techniques such as ELISA. The probes can also deliver DNA for the
purposes of genomic studies or nanoconstruction. The most recent advances in
nanoprobes for biomolecule deposition involve the integration of microfluidics into
cantilevers and the arraying of multiple probes in one and two dimensions. Higher-
throughput patterning and a reduction in feature size have been achieved, and a better
theoretical understanding of the patterning process has been acquired.

Aside from the direct and indirect patterning of biological materials, there are
several other applications offered by cantilevered probes, such as in-depth studies of
cell adhesion. Cells were able to adhere to DPN-generated patterns [39], although the
pattern resolution was well below that of the length scale at which protein clustering
in focal adhesion occurs [19]. Increasing the resolution attainable via probe-based
patterning methods will improve the quality of rigid ligand templates for such
studies. Controlled delivery can also be used for the study of cell communication:
local perturbation of one cardiac myocyte in a small cluster of cells was achieved
with the insertion of less than five o-toxin channels into the cell membrane using
the nanopipette [101]. It could be observed that perturbation of one cell in a small
cluster can affect the neighboring cells.

The atomic force microscope can also be exploited for its force sensitivity; it
is able to measure piconewton forces associated with single molecules. In fact,
AFM is currently the only force technique capable of mapping and analyzing single
molecules with nanoscale lateral resolution [28]. AFM force spectroscopy involves
measuring the interaction force between the AFM probe tip and the sample as the
tip is pushed towards the sample and then retracted. The AFM probe deflection is
measured as a function of the vertical displacement of the piezoelectric scanner.
The technique can interrogate the forces and dynamics of interaction between indi-
vidual ligands and receptors; this is essential to fundamental studies in molecular
recognition, protein folding and unfolding, DNA mechanics and cell adhesion. The
development of smaller cantilevers such as nanotube tips functionalized with single
biomolecules should improve the force resolution, allowing for the measurement of
smaller unbinding forces.

Finally, functionalized cantilevers may also operate as biosensors. For exam-
ple, specific binding events cause changes in cantilever deflection [102]. Grogan
et al. [103] demonstrated that antibody-coated cantilevers could be used to detect
myoglobin concentrations in the range of normal physiological concentration in hu-
man serum. The change in frequency of a resonating cantilever can also be measured;
this change is due to adsorption of biological material onto an appropriately func-
tionalized tip. For example, Gupta et al. [104] fabricated arrays of silicon cantilever
beams 20—30 nm thick to detect the mass of individual virus particles.

Cantilevered probes have the potential to enable new investigations in the life
sciences, and improve diagnostic abilities in the health sciences. With continuing
advancements, high-throughput assays performed rapidly and with high sensitivity
are becoming a reality.
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