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(57) ABSTRACT 

The invention is a device including array of aciive regions for 
use in reacting one or more species in at least two of the active 
regions in a sequential process, e.g., sequential reactions. The 
device has a transparent substrate member, which has a sur-
face region and a silane material overlying the surface region. 
A first active region overlies a first portion of the silane 
material. The first region has a first dimension of less than 1 
micron in size and has first molecules capable of binding to 
the first portion of the silane material. A second active region 
overlies a second portion of the silane material. The second 
region has a second dimension of less than 1 micron in size, 
second molecules capable of binding to the second portion of 
the active region, and a spatial distance separates the first 
active region and the second active region. 

11 Claims, 13 Drawing Sheets 
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BIOMARKER SENSORS AND METHOD FOR 
MULTI-COLOR IMAGING AND PROCESSING 
OF SINGLE-MOLECULE LIFE SIGNATURES 

CROSS-REFERENCES TO RELATED 
APPLICATIONS 

This application claims priority to U.S. Provisional Appli-
cationNo. 60/627,874 filed on Nov. 15, 2004, and U.S. appli-
cation Ser. No. 11/273.967, of which this is a Divisional 
Application thereof, which are hereby incorporated by refer-
ence herein in their entirety for all purposes. 

STATEMENT AS TO RIGHTS TO INVENTIONS 
MADE UNDER FEDERALLY SPONSORED 

RESEARCH OR DEVELOPMENT 

The invention described herein was made in the perfor-
mance of work under a NASA contract, and is subject to the 
provisions of Public Law 96-517 (35 USC 202) in which the 
Contractor has not elected to retain title. 

BACKGROUND OF THE INVENTION 

The present invention relates generally to printing tech-
niques for the manufacture of active array regions. More 
particularly, the present invention provides a method and 
system for dispensing one or more entities using a nano-
lithography technique for biomarker sensors. Merely by way 
of example, the invention has been applied to dispensing one 
or more patterns of monolayers of materials and even single 
molecule entities using an atomic force microscope tip(s), 
commonly called Dip-Pen Nanolithography ("DPN"), which 
is a direct-write printing technique. But it would be recog-
nized that the invention has a much broader range of applica-
bility. 

As time progressed, a variety of printing techniques have 
been developed. From the early days, printing relied upon 
certain basic elements including ink, paper, and machined 
surfaces, which bear text and/or images in relief that were 
transferred onto the paper. Ink coated steel plates were often 
used as the surfaces that transferred the text and/or images 
onto paper. Other printing techniques developed include 
lithography, typography, xylography, and conventional forms 
of ink jet printing, often used with computer applications. 

Other types of printing techniques have been used to form 
one or more arrays of biological materials (including molecu-
lar probes) onto surfaces of substrates. The array of biological 
materials formed on the substrate is often called a "biological 
chips." Certain types of biological chips include certain spa-
tial regions on the order of about tens of microns in scale. 
These chips have been useful to determine whether one or 
more target molecules interact with one or more probe mol-
ecules on the biological chip. 

Conventional biological chips have been used for certain 
types of screening techniques. Such screening techniques can 
be useful for determining information about either or both the 
probe and/or target molecules. As merely an example, a spe-
cific library of peptides used as probes can screen for one or 
more drugs. The peptides can be exposed to a receptor, and 
those probes that bind to the receptor can be identified using 
certain techniques. Although highly successful, these tech-
niques are often limited in an ability to create smaller and 
smaller regions of biological materials. 

Various limitations exist with these conventional tech-
niques. For example, these techniques often have limited 
resolution and can be reduced to certain spatial sizes. Addi- 

2 
tionally, certain types of materials are often difficult and/or 
even incompatible with applications to other types of sub-
strate structures. Furthermore, these techniques often cannot 
provide adequate spacing between the materials themselves 

5  to carry out sequential reactions in an efficient manner. These 
and other limitations are described throughout the present 
specification and more particularly below. 

From the above, it is seen that an improved technique for 
to printing patterns of chemical and/or biological entities in a 

spatial manner are desired. 

BRIEF SUMMARY OF THE INVENTION 

According to the present invention, techniques for printing 
is one or more patterns using mono-layers of materials are pro-

vided. More particularly, the present invention provides a 
method and system for dispensing one or more entities using 
a nano-lithography technique for biomarker sensors. Merely 

20  by way of example, the invention has been applied to dispens-
ing one or more patterns of monolayers of materials and even 
single molecule entities using an atomic force microscope 
tip(s), commonly called Dip-Pen Nanolithography ("DPN"), 
which is a direct-write printing technique. But it would be 

25 recognized that the invention has a much broader range of 
applicability. For example, the invention can be applied to 
formation of patterns using biological materials, chemical 
materials, metal materials, polymer materials, solid state 
materials, small molecules (e.g., molecule structures of 100 

3o atoms and less), dendrimers, DNA, proteins, semiconductors, 
insulators, organic thin films, inorganic thin films, any com-
bination of these, and the like. Additionally, the method and 
applications can be from a variety of different fields such as 
electronics, semiconductor, inorganic chemistry, organic 

35 chemistry, life sciences, medical and diagnostics, life style, 
security, petroleum, agricultural, biotechnology, financial, 
molecular interaction, and others. 

In a specific embodiment, the present invention provides a 
device comprising an array of active regions for use in react- 

40 ing one or more species in at least two of the active regions in 
a sequential process, e.g., sequential reactions. The device 
has a transparent substrate member, which has a surface 
region. In a specific embodiment, the substrate can be homo- 
geneous and/or layered and/or a composite. The substrate can 

45 be a glass, quartz, silicon, plastic, any combination of these, 
and the like, according to a specific embodiment. The device 
has a silane material overlying the surface region. The device 
has a first active region formed overlying a first portion of the 
silane material. In a specific embodiment, the first active 

5o region has a first dimension of less than 1 micron in size and 
has one or more first molecules capable of binding to the first 
portion of the silane material. In a specific embodiment, the 
device has a second active region formed overlying a second 
portion of the silane material. The second active region has a 

55 second dimension of less than 1 micron in size and has one or 
more second molecules capable of binding to the second 
portion of the active region. In a specific embodiment, the 
device has a spatial distance separating the first active region 
and the second active region. In a preferred embodiment, the 

60 spatial distance is characterized by a dimension of 1 micron 
and less. The device has a fluid material in contact with the 
first active region, the second active region, and the spatial 
distance according to a specific embodiment. The device also 
has a reactant species within the fluid material. The reactant 

65 species is capable of spatially moving from the first active 
region to the second active region over the spatial distance of 
1 micron and less within a time of less than 10 microseconds. 



US 8,492,160 B 1 
3 

In a specific embodiment, the present invention provides a 
method for processing an array of active regions for use in 
reacting one or more species in at least two of the active 
regions in a sequential process. The method includes provid-
ing a substrate member, which has at least a surface region, a 
first active region formed overlying a first portion of the 
surface region, and a second active region formed overlying a 
second portion of the surface region. In a preferred embodi-
ment, a spatial distance separates the first active region and 
the second active region. In a preferred embodiment, the 
spatial distance is characterized by dimension of I micron 
and less. The method subjects the first active region, the 
second active region, and the spatial distance with a fluid 
material. The method dispenses a reactant species within the 
fluid material and causes movement of the reactant species 
from the first active region to the second active region over the 
spatial distance of I micron and less within a time of less than 
10 microseconds. 

In a specific embodiment, the present invention provides a 
method for processing one or more materials using a probe 
device, e.g., AFM probe. The method includes suspending a 
probe device coupled to a tip region (e.g., single walled nano-
tube), which has a determined spatial size, e.g., a few nanom-
eters and less. The method includes moving the probe device 
including the tip region toward a surface of a substrate mem-
ber having one or more species thereon, while maintaining 
the tip region immersed in a fluid (e.g., pH neutral solution, 
acid solution, basic solution, organic solution) overlying the 
one or more species thereon. The method includes applying 
an electrical bias on the probe device relative to a reference 
potential to cause the tip region to change in electrical char-
acteristic. The method includes selectively processing the one 
or more species. In a preferred embodiment, the selective 
processing occurs at a localized region of the one or more 
species, although there also may be global processing accord-
ing to the application. 

In a specific embodiment, the present invention includes a 
system for processing one or more local regions on substrate 
members, e.g., glass, plastic, quartz, silicon, gelled, solid, 
ceramic. The system has a suspension member, e.g., arm. A 
probe device is coupled to the suspension member. In a spe-
cific embodiment, the probe device is coupled to a tip region, 
which has a determined spatial size. In a specific embodi-
ment, the probe device (including the tip region) is adapted to 
move toward a surface of a substrate member having one or 
more species thereon. The system has an electrical drive 
device coupled to the probe device. In a specific embodiment, 
the electrical drive device is adapted to apply an electrical bias 
to the probe device relative to a reference potential (e.g., 
ground, other potential (at a region (e.g., substrate, fluid, 
housing wall)) to cause the tip region to change in electrical 
characteristic to cause a localized change within a vicinity 
(e.g., near, on and in contact) of the one or more species. 
Depending upon the embodiment, a single molecule entity 
may be subject to the localized change. The system has a fluid 
immersing the tip region as the tip region moves toward the 
surface. In a specific embodiment, the fluid includes a local 
region, which is subjected to the localized change. In a spe-
cific embodiment, the localized change is a change in a pH 
characteristic (or other characteristic) of the local region of 
the fluid upon at least application of the electrical bias of the 
probe device from the electrical drive device. 

Numerous benefits can be achieved using the present 
invention over conventional techniques. As merely an 
example, the present invention can provide for an array of 
molecules having a spot size of about I micron and less 
according to a specific embodiment. Additionally, the present 

4 
method and device can also include a spatial separation dis-
tance of about I micron and less between any pair of spots 
according to an embodiment of the present invention. The 
present techniques can also lead to improved throughput, 

5  efficiency, and yield according to a specific embodiment. Still 
further, the present methods and systems provides for one or 
more self-assembled monolayers of deposited materials and/ 
or single molecular entities overlying a substrate surface 

10 
(which were previously incompatible with each other) 
according to a specific embodiment. Other benefits can also 
be achieved according to a specific embodiment. 

According to a specific embodiment, the present method 
and system can also provide for a specific pH environment. In 

15  some cases it is the reaction itself that is made possible using 
a specific pH environment. In other cases it is the equilibrium 
concentrations that are affected by pH. Control of pH, either 
at the molecular distance scale (nanoscale) or within small, 
confined volumes, is desirable for biosystems to achieve 

20 highly efficient fabrication of peptides, oligomers, polymers, 
oligosaccharides, nucleic acids and ribonucleic acids, e.g., 
four oligo. In a specific embodiment, the method and system 
also provides for being able to have chemical flexibility to 
achieve certain complexity of processes. Cells take advantage 

25  of the strategy of creating and then maintaining specific pH 
levels in organelles such as the Lysosome. Such compartmen-
talization according to an embodiment of the present inven-
tion enables families of compounds to be created and reac-
tions to occur at high rate, which would be highly unfavorable 

30 elsewhere in the cell. 
Similarly, we often refer to molecules such as proteins, or 

an assembly of such molecules, that locally manipulate the 
environment on the nanoscale as an enzyme due to their 

35  ability to catalytically enhance the rate of a reaction in one or 
more applications. Catalysts increase the rate of a reaction by 
stabilizing the transient states. A strategy for such enigmatic 
activity, typical of metal ion catalysis, is for the metal ion to 
generate a nucleophile by increasing the acidity of a nearby 

40 molecule such as water in the hydration of CO z  by carbonic 
anhydrase II (see for example, Biochemistry, by J. M. Berg, J. 
L. Tymoczko and L. Stryer, Fifth edition, Chapter 9). The rate 
of bicarbonate formation is greatly increased by carbonic 
anhydrase II through combining regions for binding the car- 

45 bon dioxide substrate near to where the zinc atom generates 
hydroxide ions by facilitating the release of a proton from a 
water molecule. Depending upon the embodiment, the 
present method and system can be used to facilitate these 
applications. Other applications can also exist according to a 

50 specific embodiment. 
In a specific embodiment, the present invention provides a 

method and system to enables local, sharp pH gradients (e.g., 
localized within a vicinity of one or more molecules and/or 
structures) in a small volume including enzymatic and sub- 

55 strate proteins or molecules to catalytically drive reactions in 
a favorable direction. For example, electron donation can be 
used to change protein folding and pH changes enable the 
formation of nucleic acids (e.g. methylated adenine and cys-
teine bases are common in human DNA) with different struc- 

60 tural and chemical properties than the normal bases. This later 
change is desirable to understanding the full versatility of the 
human genome: pH enabled amino-imino and keto-enol tran-
sitions can used to significantly change DNA base structure. 
Depending upon the embodiment, one or more of these ben- 

65 efits maybe achieved. These and other benefits are described 
throughout the present specification and more particularly 
below. 
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From the above, it is seen that techniques for improving 

	
FIG. 1 is a simplified diagram of a Dip-Pen nanolithogra- 

ways to manufacturing probe designs for microscopes are 	phy system 100 according to an embodiment of the present 
highly desired. 	 invention. This diagram is merely an example, which should 

not unduly limit the scope of the claims herein. One of ordi-
BRIEF DESCRIPTION OF THE DRAWINGS 

	
5 nary skill in the art would recognize many variations, alter- 

natives, and modifications. As shown, the system is prefer- 
FIG. 1 is a simplified diagram of a Dip-Pen nanolithogra- 	ably a scanning system 100 according to a specific 

phy system according to an embodiment of the present inven- 	embodiment. This diagram is merely an example, which 
tion; 	 should not unduly limit the scope of the claims herein. One of 

FIG. 2 is a simplified diagram of a probe tip for Dip-Pen io ordinary skill in the art would recognize many other modifi- 
nanolithography according to an embodiment of the present 

	cations, alternatives, and variations. As shown, the present 
invention; 	 system 100 includes a mobile stage 101, which has x-y-z 

FIG. 3 is a simplified diagram of a computer system 	movement capability. The stage can be moved with a toler- 
according to an embodiment of the present invention; 	ance of less than 40 microns for sample positioning and when 

FIG. 3A is a simplified block diagram of a computer sys-  15 used for alignment can be moved with a tolerance of <1 mu. 
tem according to an embodiment of the present invention; 

	A sample 103 is placed on the stage. Additionally, the stage 
FIG. 4 is a simplified flow diagram illustrating a method for 	can provide a scanning speed ranging from about 0.1 Hz to 

printing one or more patterns using a Dip-Pen according to an 	about 12.2 Hz and/or others according to a specific embodi- 
embodiment of the present invention; 	 ment. In a specific embodiment, the stage relative to the probe 

FIG. 5 is a simplified diagram illustrating a method for 20 can be moved a rate of about 0.0004 and greater millimeters 
dispensing an ink medium using a Dip-Pen and surfactant 

	per second according to a specific embodiment, but can also 
according to an embodiment of the present invention; 

	be at other rates depending upon the specific embodiment. 
FIG. 5A is a simplified top-view diagram of an array device 

	Depending upon the embodiment, the system can be operated 
according to an embodiment of the present invention; 

	in an atomic force microscope (AFM) tapping mode and/or 
FIG. 6 is a simplified diagram illustrating a method for 25 contact mode. Here, the probe is in direct contact with a 

dispensing an ink medium using a Dip-Pen according to an 	portion of the sample according to a specific embodiment. Of 
alternative embodiment of the present invention; 	 course, there can be other variations, modifications, and alter- 

FIG. 7 is a simplified diagram illustrating an acid writing 	natives. 
process using an AFM probe according to an embodiment of 

	
Depending upon the application, the sample can include a 

the present invention; 
	

30 substrate according to a specific embodiment. Additionally, 
FIG. 8 is a simplified plot of pH against distance according 

	the sample can be a plurality of substrates according to a 
to an embodiment of the present invention; 	 specific embodiment. Depending upon the embodiment, the 

FIG. 9 is a simplified illustration of a process of manufac- 	substrate can be made of a single layer or multiple layers. The 
turing a single carbon nanotube AFM probe according to an 	substrate can be homogeneous and/or made of a variety of 
embodiment of the present invention; 

	
35 different materials according to a specific embodiment. The 

FIG. 10 is a simplified illustration of an AFM system for 	substrate can be a semiconductor (e.g., silicon, germanium 
writing materials according to an embodiment of the present 

	
Group III/V materials, semiconductor polymer material, 

invention; 
	 Indium Tin Oxide, a conductor (e.g., metal, doped semicon- 

FIG. 11 is a simplified flow diagram of a method of using 
	ductor, conductive plastic or polymer, ITO, or an insulator 

an array of materials according to an embodiment of the 40 (e.g., glass, ceramic, polymer, plastic, dielectric material, 
present invention; and 
	 mica), or any combination of these, depending upon the spe- 

cific embodiment. In a preferred embodiment, the substrate is 
DETAILED DESCRIPTION OF THE INVENTION 

	
often a glass or quartz plate, which is suitable for biological 
reactions. The glass plate also has a suitable rigidity and 

According to the present invention, techniques for printing 45 substantially flat upper surface region, although there can be 
one or more patterns using monolayers of materials are pro- 	other variations, modifications and alternatives. 
vided. More particularly, the present invention/provides a 

	
In a specific embodiment, the sample can be maintained in 

method and system for dispensing one or more entities using 	a desired environment. In a specific embodiment, the desired 
a nano-lithography technique for biomarker sensors. Merely 	environment includes liquids, fluids (e.g., liquid and/or 
by way of example, the invention has been applied to dispens-  50 vapor), air, inert gas environments, or in vacuum and at spe- 
ing one or more patterns of monolayers of materials and even 	cific temperatures (cryogenic, room temperature, warm to 
single molecule entities using an atomic force microscope 	extremely high temperatures), depending upon the specific 
tip(s), commonly called Dip-Pen Nanolithography ("DPN"), 	embodiment. Additionally, the environment can also be sub- 
which is a direct-write printing technique. But it would be 

	
jected to a determined relative humidity according to a spe- 

recognized that the invention has a much broader range of 55 cific embodiment. The relative humidity can range from 
applicability. For example, the invention can be applied to 	about 22% to about 92% depending upon the specific 
formation of patterns using biological materials, chemical 

	
embodiment. In a specific embodiment, the system also can 

materials, metal materials, polymer materials, solid state 	maintain a substrate temperature ranging from about 23' C. to 
materials, small molecules (e.g., molecule structures of 100 

	
about 24° C. Of course, there can be other variations, modi- 

atoms and less), dendrimers. DNA, proteins, semiconductors, 60 fications, and alternatives. 
insulators, organic thin films, inorganic thin films, any com- 	In a specific embodiment, the system also includes a tap- 
bination of these, and the like. Additionally, the method and 

	
ping mode atomic force microscope ("AFM") 110. Depend- 

applications can be from a variety of different fields such as 
	

ing upon the specific embodiment, the probe tip can be main- 
electronics, semiconductor, inorganic chemistry, organic 	tained at a contact force overlying a portion of the substrate at 
chemistry, life sciences, medical and diagnostics, life style, 65 about 9 nano-Newton to about 25 nano Newton. Alterna- 
security, petroleum, agricultural, biotechnology, financial, 	tively, the probe tip can be maintained at a contact force 
molecular interaction, and others. 	 overlying the portion of the substrate greater than about 9 
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8 
nano Newton, but can also be at other one or more forces 	scattered photons are detected by way of photodetector 117, 
according to a specific embodiment. In a specific embodi- 	which is coupled to control electronics 107. The control elec- 
ment, the AFM 110 has various elements such as probe 111, 	tronics provide feedback 119 to the stage according to a 
a cantilever to support the probe, which is coupled to a piezo- 	specific embodiment. The control electronics provide feed- 
electric stack 105. Such piezo-stack provides for dithering 5 back 119 to the probe according to a specific embodiment. 
and z-motion of the cantilever. The AFM also includes a 

	
Feedback can also be provided to boththe stage and cantilever 

driving signal, which is coupled to control electronics 107 for 	according to a specific embodiment. Depending upon the 
signal detection and correction. Preferably, probe has a pyra- 	embodiment, the AFM may be coupled to an inverted optical 
midal shape according to a specific embodiment. In the 	microscope (not shown) according to a specific embodiment. 
present embodiment, the tip includes the nanotube structure io Additionally, the system also includes one or more sample 
according to a specific embodiment. Specific details of the 	reservoirs 123 according to a specific embodiment. In an 
present probe can be found throughout the present specifica- 	optional embodiment, the reservoir includes at least a plural- 
tion and more particularly below. 	 ity of molecules to be dispensed and one or more surfactant 

As shown, FIG. 2 is a simplified diagram of a probe tip for 	species, which enhance transfer of the molecules onto a 
Dip-Pen nanolithography according to an embodiment of the 15 sample substrate. The reservoir is operably coupled to the 
present invention. This diagram is merely an example, which 

	
probe tip, which is insertable within a portion of the fluid 

should not unduly limit the scope of the claims herein. One of 
	

medium provided in the reservoir. 
ordinary skill in the art would recognize many variations, 	Depending upon the specific embodiment, the system is 
alternatives, and modifications. As shown, the AFM probe 	overseen and controlled by one or more computer systems, 
201 is characterized by a tip structure 205. The tip structure is 20 including a microprocessor and/controllers. In a preferred 
often made of silicon bearing species. The silicon bearing 	embodiment, the computer system or systems include a com- 
species is from a silicon wafer and/or other like material. The 	mon bus, oversees and performs operation and processing of 
tip structure has a pyramid-like shape that protrudes from a 

	
information. The system also has a display 121, which can be 

base to an end, as shown. In a specific embodiment, the tip 	a computer display, coupled to the control system 380, which 
size ranges from about 20 to about 60 nanometers and is 25 will be described in more detail below. Of course, there can be 
preferably less than about 30 nm. In a specific embodiment, 	other modifications, alternatives, and variations. Further 
the tip is coated with a silicon nitride bearing material, but can 

	
details of the present system are provided throughout the 

be others. 	 specification and more particularly below. 
Depending upon the specific embodiment, the tip structure 

	
FIG. 3 is a simplified diagram of a computer system 300 

may include other characteristics. In a specific embodiment, 30 that is used to oversee the system of FIG. 1 according to an 
the tip structure can include a nanotube base structure (e.g., 	embodiment of the present invention. This diagram is merely 
single walled nanotube) coupled thereon. Additionally, the tip 	an example, which should not unduly limit the scope of the 
can behydrophilic and/or hydrophobic according to a specific 	claims herein. One of ordinary skill in the art would recognize 
embodiment. In a specific embodiment, the tip can be from a 	many other modifications, alternatives, and variations. As 
dip pen probe with a hydrophobic material thereon. In a 35 shown, the computer system includes display device, display 
preferred embodiment, the present dip pen probe has a coat- 	screen, cabinet, keyboard, scanner and mouse. Mouse and 
ing that is chemically inert, relative to a chemical and/or 

	
keyboard are representative "user input devices." Mouse 

protein ink, and is a hydrophobic material, e.g., a polymer. In 
	

includes buttons for selection of buttons on a graphical user 
a specific embodiment, the hydrophobic material may be a 

	
interface device. Other examples of user input devices are a 

Teflon-like polymer or TeflonTM material coating manufac-  40 touch screen, light pen, track ball, data glove, microphone, 
tured by E. I. du Pont de Nemours and Company. The coating 	and so forth. 
may be <20 nanometers thick or <10 nanometers thick or <5 

	
The system is merely representative of but one type of 

nanometers thick according to a specific embodiment. In a 	system for embodying the present invention. It will be readily 
specific embodiment, the probe can be a general-use probe for 	apparent to one of ordinary skill in the art that many system 
many water-based protein inks. 	 45 types and configurations are suitable for use in conjunction 

In a specific embodiment, the present invention can be used 
	

with the present invention. In a preferred embodiment, com- 
with a probe(s) that may be a single walled nanotube or a 	puter system 300 includes a PentiumTM class based computer, 
silicon or silicon-nitride AFM probe that may or may not be 	running WindowsTM NT operating system by Microsoft Cor- 
coated with several materials. These probes may be conduc- 	poration or Linux based systems from a variety of sources. 
tive or coated to be conductive. Additionally these probes 5o However, the system is easily adapted to other operating 
may be coated with materials (such as Teflon-like polymers) 

	
systems and architectures by those of ordinary skill in the art 

that electrically insulate the probe at all locations except at 	without departing from the scope of the present invention. As 
their very extremity. Additionally the probes may be shaped 

	
noted, mouse can have one or more buttons such as buttons. 

to achieve geometric electric field enhancement at the probe 
	

Cabinet houses familiar computer components such as disk 
apex in a manner akin to the methodology of a lightning rod, 55 drives, a processor, storage device, etc. Storage devices 
see below. A method for applying an electric potential to this 

	
include, but are not limited to, disk drives, magnetic tape, 

probe of any defined frequency or of constant voltage. The 	solid-state memory, flash memory, bubble memory, etc. Cabi- 
region of this electric potential will be sharply limited to a few 	net can include additional hardware such as input/output 
nanometers (<100 nm or <20 nm or <5 nm) as a function of 

	
(I/O) interface cards for connecting computer system to exter- 

ionic and polar molecular content in the solution. Addition-  6o nal devices external storage, other computers or additional 
ally, these probes may be coated with one or more functional 

	
peripherals, which are further described below. 

molecules at their apex. Of course, there can be other varia- 	FIG. 3A is a more detailed diagram of hardware elements 
tions, modifications, and alternatives. 	 in the computer system according to an embodiment of the 

Referring back to FIG. 1, the AFM also includes a laser 	present invention. This diagram is merely an example, which 
source 113, which is directed to the cantilever or probe. The 65 should not unduly limit the scope of the claims herein. One of 
laser source is used as a position detector, which provides 	ordinary skill in the art would recognize many other modifi- 
photons that scatter off of the cantilever and/or probe. Such 

	
cations, alternatives, and variations. As shown, basic sub- 
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systems are included in computer system 300. In specific 
embodiments, the subsystems are interconnected via a sys-
tem bus 385. Additional subsystems such as a printer 384, 
keyboard 388, fixed disk 389, monitor 386, which is coupled 
to display adapter 392, and others are shown. Peripherals and 
input/output (I/O) devices, which couple to I/O controller 
381, can be connected to the computer system by any number 
of means known in the art, such as serial port 387. For 
example, serial port 387 can be used to connect the computer 
system to a modem 391, which in turn connects to a wide area 
network such as the Internet, a mouse input device, or a 
scanner. The interconnection via system bus allows central 
processor 383 to communicate with each subsystem and to 
control the execution of instructions from system memory 
382 or the fixed disk 389, as well as the exchange of infor-
mation between subsystems. Other arrangements of sub-
systems and interconnections are readily achievable by those 
of ordinary skill in the art. System memory, and the fixed disk 
are examples of tangible media for storage of computer pro-
grams, other types of tangible media include floppy disks, 
removable hard disks, optical storage media such as CD-
ROMS and bar codes, and semiconductor memories such as 
flash memory, read-only-memories (ROM), and battery 
backed memory. 

Although the above has been illustrated in terms of specific 
hardware features, it would be recognized that many varia-
tions, alternatives, and modifications can exist. For example, 
any of the hardware features can be further combined, or even 
separated. The features can also be implemented, in part, 
through software or a combination of hardware and software. 
The hardware and software can be further integrated or less 
integrated depending upon the application. Further details of 
certain methods according to the present invention can be 
found throughout the present specification and more particu-
larly below. 

A method for forming one or more patterns using a Dip-
Pen and surfactant according to an embodiment of the present 
invention may be outlined as follows: 

1. Provide a substrate member, e.g., glass cover sheet; 
2. Dip probe tip (e.g., atomic force microscope probe 

(AFM probe)) into ink solution, including an optional surfac-
tant species; 

3. Transfer ink solution onto probe tip to form a volume of 
fluid coupled to the probe tip; 

4. Align the probe tip within a vicinity of a first spatial 
region of a surface region of the substrate member, which is 
characterized by a first characteristic, e.g., hydrophobic, 
hydrophilic, partially hydrophobic, partially hydrophilic; 

5. Applies the probe tip within the vicinity of the first 
spatial region of the surface region of the substrate member; 

6. Transfer one of more of a plurality of molecules charac-
terized by a second characteristic through a fluid medium 
comprising the optional one or more surfactant species (e.g., 
detergent) overlying the spatial region via the probe tip pro-
vided within the vicinity of the spatial region of the surface 
region; 

7. Move the probe tip from the vicinity of the first spatial 
region to a vicinity of a second spatial region on the surface 
region; 

8. Continue to deposit one or more of the plurality of 
molecules characterized by the second characteristic through 
the fluid medium; 

9: Repeat steps (2) through (8) for other ink solution (which 
may be the same, similar, or different) and other spatial 
regions, which can have the same size, different size, or 
similar size; 

10 
10. Form a micro-array (e.g., symmetrical, non-symmetri-

cal) or other confirmation (e.g., circuit, sequential process, 
parallel process) of deposited molecules; 

11. Perform other steps, as desired. 
5 	The above sequence of steps provides a method according 

to an embodiment of the present invention. As shown, the 
method uses a combination of steps including a way of form-
ing a micro-array of deposited molecules according to a spe-
cific embodiment. Additionally, the method can also be used 

io with an optional surfactant species to facilitate transfer of one 
or more molecules from an AFM probe tip or like probe tip 
onto a selected spatial region of a substrate member according 
to a specific embodiment. Further details of using the surfac-
tant species can be found in U.S. Patent Application 

15 20060242740 filed Aug. 10, 2005, and hereby incorporated 
by reference herein. Other alternatives can also be provided 
where steps are added, one or more steps are removed, or one 
or more steps are provided in a different sequence without 
departing from the scope of the claims herein. Additionally, 

20 the present method can be applied to other applications that 
are not for AFM techniques. Further details of the present 
method can be found throughout the present specification and 
more particularly below. 

FIG. 4 is a simplified flow diagram 400 illustrating a 
25 method for printing one or more patterns using a Dip-Pen 

according to an embodiment of the present invention. This 
diagram is merely an example, which should not unduly limit 
the scope of the claims herein. One of ordinary skill in the art 
would recognize many variations, alternatives, and modifica- 

30 tions. As shown, the method begins with start, step 401. In a 
specific embodiment, the method provides (step 403) a sub-
strate member, e.g., glass cover sheet. Depending upon the 
embodiment, the substrate can be made of a single layer or 
multiple layers. The substrate can be homogeneous and/or 

35 made of a variety of different materials according to a specific 
embodiment. The substrate can be a semiconductor (e.g., 
silicon, germanium Group III/V materials, semiconductor 
polymer material, a conductor (e.g., metal, doped semicon-
ductor, conductive plastic or polymer, ITO), or an insulator 

40 (e.g., glass, ceramic, polymer, plastic, dielectric material, 
mica), or any combination of these, depending upon the spe-
cific embodiment. In a preferred embodiment, the substrate is 
often a glass or quartz plate, which is suitable for biological 
reactions. The glass plate also has a suitable rigidity and 

45 substantially flat upper surface region, although there can be 
other variations, modifications and alternatives. 

In a specific embodiment, surfaces of the substrate are 
subjected to a cleaning and drying process. In a specific 
embodiment using a glass cover slip, the method uses a Pira- 

5o nha solution, which are often used to remove organic resi-
dues. As merely an example, the piranha solution is a 3:1 
mixture of sulfuric acid and 30% hydrogen peroxide accord-
ing to a specific embodiment, although it can vary depending 
upon the specific embodiment. The solution can be mixed 

55 before application or directly applied to the material, apply-
ing the sulfuric acid first, followed by the peroxide. (Note: 
Piranha solutions are energetic and may result in explosion or 
skin burns if not handled with extreme caution). Once 
cleaned, the substrate is subjected to a drying process accord- 

60 ing to a specific embodiment. The drying process often uses a 
bake and/or other techniques to substantially eliminate mois-
ture from the substrate member according to a specific 
embodiment. Of course, there are other variations, modifica-
tions, and alternatives. 

65 	In a specific embodiment, the method transfers an ink 
solution, including a surfactant, for dispensing using a probe 
tip, which includes a tip structure. The tip structure is often 
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made of silicon bearing species. The silicon bearing species is 	according to a specific embodiment. This diagram is merely 
from a silicon wafer and/or other like material. The tip struc- 	an example, which should not unduly limit the scope of the 
ture has a pyramid-like shape that protrudes from a base to an 	claims herein. One of ordinary skill in the art would recognize 
end, as shown. In a specific embodiment, the tip size ranges 	many variations, alternatives, and modifications. As shown, 
from about 20 to about 60 nanometers and is preferably less 5 the method provides a substrate member 502, which includes 
than about 30 nanometers. In a specific embodiment, the tip is 	a surface region 501. The surface region may be subjected to 
coated with a silicon nitride bearing material, but can be 	one or more overlying mono-layers according to an embodi- 
others. Depending upon the specific embodiment, the tip 	ment of the present invention. As shown, the method forms a 
structure may include a nanotube base structured coupled 

	
mono-layer of molecular species 511 according to a specific 

thereon. Of course, there can be other variations, modifica-  io embodiment. Each of the molecules includes a first end 
tions, and alternatives. 	 attachable to a portion of the surface region and a second end, 

In a specific embodiment, the method dips (step 405) the 	which is attachable to another molecule and/or species 
tip into the ink solution, including an optional surfactant 	according to a specific embodiment. As shown, the probe 503, 
species. Depending upon the specific embodiment, the ink 

	
includes cantilever member coupled to a probe tip 505, which 

solution includes at least one or more molecular species to be 15 has an end 507 region. The end region is pointed toward the 
transferred. The one or more molecular species can include 	surface region in a specific embodiment. The end region may 
biological materials, chemical materials, metal materials, 	be normal or within an angle ranging from greater than about 
polymer materials, solid state materials, small molecules 

	
0 Degrees to less than about ISO degrees from an imaginary 

(e.g., molecule structures of 100 atoms and less), dendrimers, 	line parallel to the surface region according to a specific 
DNA, proteins, semiconductors, insulators, organic thin 20 embodiment. The probe, including a volume of fluid, is dis- 
films, inorganic thin films, any combination of these, and the 	pensed 509 overlying a spatial region of the surface region 
like. Additionally, the method and applications can be from a 	according to a specific embodiment. As the probe tip is moved 
variety of different fields such as electronics, semiconductor, 	from a first region to a second region (which is indicated by 
inorganic chemistry, organic chemistry, life sciences, life 	the "Writing Direction"), the molecules within the fluid con- 
style, security, petroleum, agricultural, biotechnology, finan-  25 tinue to dispense across selected portions of the surface 
cial, and others. Of course, there can be other variations, 	region according to a specific embodiment. Of course, there 
modifications, and alternatives. 	 can be other variations, modifications, and alternatives. 

Optionally, the ink solution includes a surfactant entity 
	

Optionally, the volume of fluid includes the surfactant spe- 
and/or species. In a specific embodiment, the surfactant is a 	cies, which facilitates transfer and attachment of the one or 
detergent, which is capable of attracted to one or more por-  30 more molecules in the fluid volume. The surfactant has been 
tions of the one or molecules being disposed. In a specific 	mixed with into the volume of fluid and facilitates the transfer 
embodiment, the detergent is also capable of being attracted 

	
and application of the one or more molecules onto selected 

to one or more portions of a surface region of the substrate. In 	portions of the surface region. Of course, there can be other 
a specific embodiment, the surfactant can be any suitable 	variations, modifications, and alternatives. 
entity such as Tween 20. Further details of using the surfac-  35 	As further shown, the method includes moving (step 415) 
tant species can be found in U.S. Patent Application 	the probe tip from the vicinity of the first spatial region to a 
20060242740, and hereby incorporated by reference herein. 	vicinity of a second spatial region on the surface region. 
Of course, there can be other variations, modifications, and 

	
Referring again to FIG. 5 and step 417, the method continues 

alternatives. 	 to deposit one or more of the plurality of molecules charac- 
In a specific embodiment, the method transfers (step 407) 40 terized by the second characteristic through the fluid medium 

the ink solution onto probe tip to form a volume of fluid 
	

comprising one or more surfactant molecules. In a specific 
coupled to the probe tip. Oftentimes, the transfer occurs using 	embodiment, the movement of the probe is made at a suitable 
cohesive forces within the fluid and between the probe tip and 

	
speed and rate, which may be consistent and/or vary with 

the fluid, which assists with the transfer of the fluid volume to 	respect to time. The probe movement rate, also called scan- 
the probe according to an embodiment of the present inven-  45 ning rate, can range from about 0.4 µm/sec to about 40 µm/sec 
tion. Depending upon the specific embodiment, the transfer 	according to a specific embodiment. The rate is preferably 
of the fluid is unaffected by the presence of the optional 

	
about 10 µm/sec and greater according to a specific embodi- 

surfactant species. Of course, the surfactant may slightly 	ment. Of course, one of ordinary skill in the art would recog- 
retard or even enhance the transfer of the fluid volume accord- 	nize other variations, modifications, and alternatives. 
ing to a specific embodiment. 	 50 	Depending upon the specific embodiment, the present 

As shown in step 409, the method aligns the probe tip (e.g., 	method can also have other steps added, repeated, combined, 
atomic force microscope probe (AFM probe)) within a vicin- 	and/or any combination of the above, and others outside of the 
ity of a first spatial region of a surface region of the substrate 	present specification. In a preferred embodiment, the method 
member, which is characterized by a first characteristic, e.g., 	repeats (step 419) the above steps for the same and/or other 
hydrophobic, hydrophilic, partially hydrophobic, partially 55 ink species and/or molecules according to a specific embodi- 
hydrophilic. The method applies (step 411) the probe tip 	ment. In a specific embodiment, the present method continues 
within the vicinity of the first spatial region of the surface 	to use the dispensing technique for form an array of active 
region of the substrate member. Upon application, which 

	
regions and/or spots on the substrate. Depending upon the 

occurs upon direct contact with the substrate or close prox- 	embodiment, other steps can also be added, inserted, and/or 
imity to the surface of the substrate, the method transfers (step 60 performed (step 412) on the present substrate, including the 
413) one of more of a plurality of molecules characterized by 	mono-layer according to a specific embodiment. In a specific 
a second characteristic through a fluid medium comprising 	embodiment, the present method stops, at step 423. Of 
the one or more surfactant species (e.g., detergent) overlying 	course, there can be other variations, modifications, and alter- 
the spatial region via the probe tip provided within the vicin- 	natives. 
ity of the spatial region of the surface region. 	 65 	Referring to FIG. 5A, the method forms an array 550 of 

Referring to FIG. 5, we have illustrated an example of a 	spots and/or active regions on the substrate 551 according to 
probe tip dispensing 400 one or more molecules in a pattern 	a specific embodiment. In a specific embodiment, the sub- 



US 8,492,160 B 1 
13 
	

14 
strate can be homogeneous and/or layered and/or a compos- 	according to a specific embodiment. Of course, there can be 
ite. The substrate can be a glass, quartz, fused silica, gelled, 	other variations, modifications, and alternatives. 
silicon, plastic, ceramic, any combination of these, and the 

	
In a specific embodiment, the first region and second 

like, according to a specific embodiment. The substrate has a 	region are provided in an array configuration. Here, the first 
silane material overlying the surface region in a specific 5 region and the second region are two of a plurality of active 
embodiment. Depending upon the embodiment, the silane 	regions in an array configuration according to a specific 
material can be a blanket layer and/or patterned according to 	embodiment. Alternatively, the first region and the second 
the embodiment. In a most general embodiment, the substrate 	region are two of a plurality of active regions in a circuit 
has an overlying layer of material, which can be used as a 	configuration, which may be in series and/or parallel, depend- 
starting point for building a plurality of active regions io ing upon the specific embodiment. In a specific embodiment, 
thereon. Of course, there can be other variations, modifica- 	where the second region or one or more active regions are in 
tions, and alternatives. 	 the array or circuit configuration, one or more of the active 

As shown, the substrate has a first active region 553 formed 
	

regions can be for detection and/or monitoring capability. In 
overlying a first portion of the silane material. In a specific 	a specific embodiment, either direct readout (e.g., electrical, 
embodiment, the first active region has one or more first 15 optical, physical) and/or production of a molecule that can be 
biological molecules, chemical molecules, enzymes, pro- 	detected through a photon emission and/or electrical signal at 
teins, semiconductor molecules, conductive molecules, any 	yet another region can be included. In a specific embodiment, 
combination of these and/or other species of these entities, 	the present detection technique can detect a consequential 
and the like. In a specific embodiment, the first active region 	and/or incidental product (e.g., waste) rather than a molecule 
has a first dimension of less than 1 micron in size 557 and has 20 species and/or molecule of interest to avoid damaging or 
one or more first molecules capable of binding to the first 	slowing it. In a specific embodiment, a two component fluo- 
portion of the silane material. Of course, there can be other 	rophore can be used for monitoring and/or detection. Of 
variations, modifications, and alternatives. 	 course, there can be other variations, modifications, and alter- 

In a specific embodiment, the substrate has a second active 	natives. Further details of using the present substrate can be 
region 559 formed overlying a second portion of the silane 25 found throughout the present specification and more particu-
material. In a specific embodiment, the first active region has 

	
larly below. 

one or more second biological molecules, chemical mol- 	The above structure(s) and sequence of steps provide a 
ecules, enzymes, proteins, semiconductor molecules, con- 	method and structure according to embodiments of the 
ductive molecules, any combination of these and/or other 	present invention. As shown, the method uses a combination 
species of these entities, and the like. Here, the terms "first' 30 of steps including a way of forming a micro-array of depos- 
and "second" are not intended to be limiting. In a preferred 

	
ited molecules according to a specific embodiment. Addition- 

embodiment, the first and second active regions are different 	ally, the method can also be used with an optional surfactant 
types of regions or may be similar or the same. The second 

	
species to facilitate transfer of one or more molecules from an 

active region has a second dimension of less than 1 micron in 
	

AFM probe tip or like probe tip onto a selected spatial region 
size and has one or more second molecules capable of binding 35 of a substrate member according to a specific embodiment. In 
to the second portion of the active region. In a specific 	a specific embodiment, the structure can provide a high den- 
embodiment, a spatial distance 554 is separating a first active 	sity array with different types of active regions. Other alter- 
region and a second active region. In a preferred embodiment, 	natives can also be provided where steps are added, one or 
the spatial distance is characterized by a dimension of 1 

	
more steps are removed, or one or more steps are provided in 

micron and less. Depending upon the embodiment, various 4o a different sequence without departing from the scope of the 
techniques can be used to form the active regions. In a pre- 	claims herein. Additionally, the present method can be 
ferred embodiment, the first active region is provided by a 	applied to other applications that are not forAFM techniques. 
first dip pen process. In a preferred embodiment, the second 

	
Alternative methods according to the present invention can be 

active region is provided by a first dip pen process. Of course, 	found throughout the present specification and more particu- 
there can be other variations, modifications, and alternatives. 45 larly below. 

In a specific embodiment, the active regions are spatially 
	

A method for applying one or more specific maleimide 
separated from each other by a determined dimension. In a 	entity molecules coupled to a cover glass according to an 
specific embodiment, the active regions are spatially sepa- 	embodiment of the present invention may be outlined as 
rated by 100 nm or less. In an alternative embodiment, the 

	
follows: 

active regions are spatially separated by 30 nm or less. 50 	1. Provide a glass cover slip; 
Depending upon the embodiment, one active region can be 

	
2. Clean cover slip with Piranha solution; 

separated by almost any dimension to another active region 
	

3. Dry in bake oven for 25 to 30 minutes at a temperature of 
using the dip pen process. That is, the dip pen process allows 	about 80 Degrees Celsius or greater; 
for any desired dimension between any two or more than two 

	
4. Form a mono-layer coating of silane (e.g., MPTMS) 

active regions according to a specific embodiment. Of course, 55 overlying a surface of the glass cover slip at a temperature of 
there can be other variations, modifications, and alternatives. 	about 110 Degrees Celsius, where the silane group forms 

Additionally, each of the active regions has a determined 
	

overlying the glass surface; 
size and/or spot size according to a specific embodiment. In a 

	
5. Subject a tip having a silicon nitride material of a probe 

specific embodiment, the active regions have dimension of 
	

to a fluid including maleimide and surfactant entity to hold a 
less than 300 nm in size. In an alternative specific embodi-  60 fluid volume of the fluid on the tip of the probe; 
ment, the active regions have dimension of less than 100 nm 

	
6. Apply tip of probe using an AFM tapping mode on a 

in size. In yet an alternative embodiment, the active regions 	portion of the surface of the cover glass; 
have dimension of less than 30 nm in size. Using the present 

	
7. Transfer one or more molecules from the fluid to the 

dip pen process, the size of the active region can vary on the 	portion of the surface; 
substrate according to a specific embodiment. That is, the size 65 	8. Continue steps (5) through (7) to form a pattern on a 
can be the same and/or similar among active regions or sub- 	selected portion of the surface of the cover glass to form an 
stantially different in size between two or more active regions 	array of materials on the surface of the substrate; 
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9. Apply one or more other molecules on unpatterned 
region of the surface of the cover glass; and 

10. Apply one or more bio-functional species onto the 
patterned; and 

11. Perform other steps as desired. 	 5  
The above sequence of steps provides a method according 

to an embodiment of the present invention. As shown, the 
method uses a combination of steps including a way of form-
ing an array of materials using an AFM probe tip or like probe 
tip onto a selected spatial region of a substrate member i0 

according to a specific embodiment. In a specific embodi-
ment, the present method can be used to form an array of 
molecules onto portions of the substrate member. Other alter-
natives can also be provided where steps are added, one or 15  
more steps are removed, or one or more steps are provided in 
a different sequence without departing from the scope of the 
claims herein. Additionally, the present method can be 
applied to other applications that are not forAFM techniques. 
Further details of the present method according to the present 20 

invention can be found throughout the present specification 
and more particularly below. 

FIG. 6 is a simplified diagram 600 illustrating a method for 
dispensing an ink medium using a Dip-Pen and surfactant 
according to an alternative embodiment of the present inven- 25  
tion. This diagram is merely an example, which should not 
unduly limit the scope of the claims herein. One of ordinary 
skill in the art would recognize many variations, alternatives, 
and modifications. As shown, the method includes steps of 
coating a substrate with reactive silane molecules, which are 30 

illustrated by reference numerals 601, 611, and 621. Each of 
the reactive molecules 602 has a first end, which attaches to a 
portion of the substrate, and a second end, which will be 
attached to a functionalized maleimide, according to an 35  
embodiment of the present invention. 

Referring again to FIG. 6, the method includes patterning 
(step 603) of functional maleimide onto a selected portion of 
the substrate. As shown, each functional maleimide 604 has a 
first end, which attaches to a reactive silane, and a second end 40 

according to a specific embodiment. The patterning is also 
illustrated using a side-view illustration 613 and a probe tip 
illustration 623 according to a specific embodiment. Of 
course, there can be other variations, modifications, and alter-
natives. 45 

In a specific embodiment, which refers back to FIG. 6, the 
method includes passivating an unpatterned area with PEG-
maleimide molecules, step 605. Each of the molecules 606 
includes a first end, which attaches to a functionalized male-
imide, and a second end, which is non-reactive, according to 50 

a specific embodiment. In a specific embodiment, the mol-
ecules can be applied (step 625) using a batch wet process, dry 
process, spray process, and/or any combination of these, and 
the like. That is, the PEG molecules selectively attach to the 
unpatterned area to form a resulting array structure 615 55 

according to a specific embodiment. Of course, there can be 
other variations, modifications, and alternatives. 

The method performs a bio-functionalization process (step 
607 of the pattered regions with one or more enzymes accord-
ing to a specific embodiment. Each of the enzymes 608 has a 60 

first end, which couples to the functionalized malemide, and 
second end, which may or may not be reactive, according to 
a specific embodiment. The enzymes can be applied (step 
627) using a batch wet process, dry process, spray process, 
and/or any combination of these, and the like. That is, the 65 

enzymes selectively attach to the functionalized maleimide 
area to form a resulting array structure 617, which can be  

16 
detectable and/or identified, according to a specific embodi-
ment. Of course, there can be other variations, modifications, 
and alternatives. 

It is also understood that the examples and embodiments 
described herein are for illustrative purposes only and that 
various modifications or changes in light thereof will be sug-
gested to persons skilled in the art and are to be included 
within the spirit and purview of this application and scope of 
the appended claims. 

In yet an alternative specific embodiment, the present 
invention provides a method for forming an array of mol-
ecules using an acid writing technique, which is briefly out-
lined below. 

1. Provide a glass cover slip; 
2. Clean cover slip with Piranha solution; 
3. Dry in bake oven for 25 to 30 minutes at a temperature of 

about 80 Degrees Celsius or greater; 
4. Form a layer of linker molecules bearing dimethylox-

ytrityl (DMT) acid labile protecting groups; 
5. Subject the layer of linker molecules to an aqueous 

solution; 
6. Subject a conductive tip a probe to a selected portion of 

the linker molecule layer; 
7. Apply an electrical potential relative to a reference point 

to the conductive tip of the probe; 
8. Selectively remove one or more DMT protecting groups 

to expose respective one or more molecule regions; 
9. Apply reactants to the one or more exposed molecule 

regions; 
10. Repeat steps (6) through (9) for other linker molecule 

regions and other reactant species to form a pattern on the 
linker molecule layer; and 

11. Perform other steps as desired. 
The above sequence of steps provides a method according 

to an embodiment of the present invention. As shown, the 
method uses a combination of steps including a way of using 
an AFM probe tip, which has been biased using a voltage, to 
selectively remove certain protecting groups according to an 
embodiment of the present invention. In a specific embodi-
ment, the present method can be used to form an array of 
molecules onto portions of the substrate member. Other alter-
natives can also be provided where steps are added, one or 
more steps are removed, or one or more steps are provided in 
a different sequence without departing from the scope of the 
claims herein. Additionally, the present method can be 
applied to other applications that are not forAFM techniques. 
Further details of the present method according to the present 
invention can be found throughout the present specification 
and more particularly below. 

For assisting with the understanding of the present inven-
tion, we have determined that scanning probe nanolithogra-
phy is not often compatible with solution-based chemistry 
necessary to synthesize template sites of high chemical diver-
sity. This is because such synthetic schemes rely on multiple 
sequential steps in aqueous or organic solvents and would 
often require that the probe be fully immersed in solution 
while nanoscopic patterning is usually carried out in air. An 
electrochemical AFM-based nanolithographic technique is 
proposed here, which will permit the rational synthesis of 
specific monomer sequences of oligonucleotides, based on 
well-known combinatorial solid-phase DNA synthesis with 
nucleoside phosphoramidites. A conducting AFM probe tip 
serves as an amperometric electrode to generate extremely 
localized amounts of excess acid in buffered aqueous solution 
through the electrolysis of water. The diffusion field of the 
free acid will be limited to just a few nanometers beyond the 
physical surface of the probe by extremely rapid reactions of 



US 8,492,160 B 1 
17 
	

18 
the electrogenerated protons with the conjugate base of a 

	
In a specific embodiment, an electrochemical AFM tech- 

weak acid. This will result in a sharp pH gradient in the 	nique is included, which will permit the rational synthesis of 
immediate vicinity of the tip. The local concentration of acid 

	
specific monomer sequences at precise sites with nanometer 

very near the probe surface will be high enough to selectively 	accuracy and precision. In particular, we focus at an explor- 
remove acid labile dimethoxytrityl (DMT) protecting groups 5 atory level on the synthesis of oligonucleotides, based on 
from the 5' ends of oligonucleotides immobilized on a sub- 	well-known combinatorial solid-phase DNA synthesis with 
strate and in close proximity to the probe. However, the pH of 

	
phosphoramidites [5]. In a specific embodiment, a conduct- 

the bulk solution will be much higher, leaving the acid labile 
	

ing AFM probe tip will serve as an amperometric electrode to 
protecting groups on the functionalized substrate outside of 

	
generate extremely localized amounts of excess acid through 

the tip interaction region intact. Subsequent steps will add a io the electrolysis of water at a sufficiently positive potential 
specific monomer to the deprotected oligonucleotides only at 	relative to a reference electrode also present in solution. The 
the small regions defined by the probe tip. The modification of 

	
diffusion field of the free acid will be limited to just a few 

a surface functionalized with acid labile protecting groups 	nanometers beyond the physical surface of the probe apex by 
can be performed with an acidic tip as it makes intermittent 	extremely rapid reactions with the surrounding solution, buff- 
physical contact with the substrate in tapping mode. Of 15 ered by a weak acid and its conjugate base. This will result in 
course, there can be other variations, modifications, and alter- 	a sharp pH gradient in the vicinity of the tip. The local con- 
natives. 	 centration of acid very near the probe surface will be high 

Depending upon the specific embodiment, the present 	enough to selectively remove dimethoxytrityl (DMT) pro- 
method and system can have a variety of applications. As 	tecting groups from the 5' ends of oligonucleotides immobi- 
merely an example, this technique may be adapted to numer-  20 lized on a substrate and in close proximity to the probe. 
ous examples of combinatorial synthetic methods using 

	
However, the pH of the bulk solution will be much higher, 

highly efficient acid or base deprotection chemistry followed 
	

leaving the acid labile protecting groups on the functionalized 
by coupling reactions to fabricate peptide, oligomer, polymer, 	substrate outside of the tip interaction region largely intact. 
oligosaccharide, nucleic acid, and ribonucleic acids for 

	
Subsequent steps will add a specific monomer to the depro- 

extremely diverse and specific affinity tags patterned at the 25 tected oligonucleotides only at a small region defined by the 
nanoscale. Nanoarrays can be fabricated in a combinatorial 

	
probe tip. 

fashion to contain extremely high information content, 	This electrochemical synthetic scheme has been success- 
defined by the number of unique sequences of monomers that 

	
fully applied in the construction of fluorescent patterns on 

can be synthesized at each site and the density of sites that can 	glass at 40 µm pitch, using DMT deprotection chemistry 161, 
be patterned. Adaptation of combinatorial chemical methods 3o and in the development of nucleic acid and polypeptide 
for fabricating DNA, peptide, small-molecule, and protein 	micro-arrays (100 µm diameter sites separated by 100 µm) 
micro-arrays to construct well-ordered and addressable archi- 	[7]. The use of acid/base buffering reactions as a "chemical 
tectures at nanoscopic length scales will add valuable insights 

	
lens" in order to limit proton diffusion in scanning electro- 

to our understanding of the nature of the interactions between 	chemical microscopy (SECM) has been reported recently [8] . 
biomolecules and nanostructured materials. In a specific 35 Applying the chemical lens technique with aconductiveAFM 
embodiment, the present method and system can also be 	probe will enable the tools of solid-phase electrochemical 
applied to a field of molecular electronics. Further details of 

	
synthesis to be applied to nanolithography, a synergistic com- 

the present method and system can be found throughout the 
	

bination of methods which will enable the construction of 
present specification and more particularly below. 	 biological and chemical arrays at previously inaccessible 

We have also determined that scanning probe nanolitho-  40 length scales. 
graphic techniques have become extremely useful and versa- 	We have also determined certain tradeoffs between high- 
tile tools for the controlled fabrication of a range of organic, 	resolution patterning and chemical diversity in conventional 
inorganic and biological structures at nanometer length 

	
scanning probe lithographic techniques: conventional nanos- 

scales. Nanolithography using an atomic force microscope 	cale scanning probe lithography is not compatible with the 
(AFM) or scanning tunneling microscope (STM) enables 45 solution-based chemistry necessary to synthesize template 
precise chemical modification or highly-specific deposition 	sites of high chemical diversity. This is because such syn- 
of atoms or molecules on various surfaces. However, the 	thetic schemes rely on multiple sequential steps involving 
possible implications for this technology go far beyond the 

	
deprotection followed by coupling reactions. Conventional 

capacity to fabricate unique nanostructures. The full power of 
	

nanoscopic patterning is usually carried out in air, while the 
nanolithography lies in enabling large-scale integration of a 50 conditions necessary for performing combinatorial solid- 
diverse set of molecular components into fully functional 

	
phase syntheses, like those proposed here, often require that 

synthetic architectures that are addressable by the outside 	the probe be fully immersed in aqueous or organic solvents 
world [1]. Living systems offer compelling examples of such 

	
according to an embodiment of the present invention. 

integration, an area of inquiry that is of fundamental impor- 	As additional background information, we determined that 
tance in the biological and chemical sciences. The assembly 55 scanning probe nanolithography describes a broad class of 
of complex biological materials [2], as well as the emergence 	methods that employ a sharp scanning probe to specifically 
of dynamic higher-order functional capabilities from com- 	alter the chemical or material property of a surface. Dip-pen 
plex networks of interacting biomolecules at the cellular level 

	
nanolithography (DPN) [9] uses an "inked" AFM tip to 

is presently not well understood [3]. Bottom-up approaches to 
	

directly deposit molecules onto a substrate, and has been used 
building simpler architectures include template-directed self- 60 to create nanoscopic patterns of many different materials 
assembly of integrated biological and non-biological objects 

	
including solid-state materials [10], DNA [11], proteins [12] 

with nanoscopic precision will help our understanding of 
	

and viruses [13]. Other scanning probe methods involve 
these processes [4]. In order to have the greatest utility, each 

	
applying a potential difference between the tip and a substrate 

site in the template should be designed to recognize a particu- 	to initiate an electrochemical process, such as conducting- 
lar component (such as a protein, a sequence of DNA or an 65 probe AFM [14-17] and scanning electrochemical micros- 
antibody) present in a complex mixture with extremely high 

	
copy (SECM) [18]. Scanning probes have also been used to 

specificity. 	 mechanically alter a surface, such as AFM-induced nan- 
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ografting or nanoshaving of self-assembled monolayers [19, 	non-conducting substrates. Resolution as high as one third of 
20]. Biological macromolecules including proteins have been 	the tip diameter have been reported. However, it is important 
immobilized in this way. This latter approach is attractive 	to note that the UMEs used in these studies were several 
because it can be performed under physiologically relevant 	micrometers in diameter. 
conditions in solution. Numerous variants and hybrids of 5 	The majority of studies employing chemical lens systems 
these techniques have also been reported. 	 have been carried out in feedback mode, which is the most 

Lithographically defined surface templates guide the 
	

frequently used mode of operation for SECM. In the feedback 
assembly of molecular building blocks through carefully 	mode, the tip is held close to the substrate in solution con- 
designed chemical or physical interactions. The limiting spa- 	taining one form of a redox pair that functions as an electro- 
tial resolution in the construction of these templates by scan-  io active mediator. The mediator serves both as a means for 
ning probe techniques is ultimately defined by the effective 	controlling tip position relative to the substrate by ionic cur- 
interaction region of the scanning probe tip with the substrate. 	rent measured by the UME, and as a way to drive specific 
The highest resolutions are obtained when this interaction 	electrochemical reactions to pattern the substrate. The tip 
region approaches the physical dimensions of the sharp tip 	current is perturbed by the presence of the substrate by block- 
itself. In the majority of scanning probe lithographic tech-  15 age of diffusion of the mediator to the tip (negative feedback) 
niques, tip-defined high resolution writing is only possible 	or by regeneration of mediator at the substrate (positive feed- 
when the patterning is carried out in air with careful control of 

	
back). In the other mode of SECM, the direct mode, the tip 

the relative humidity. In these cases, the spontaneous conden- 	generates a reactant that can then be detected at a substrate 
sation of a nanometer-thick atmospheric water layer between 	electrode (or viceversa). STM imaging and nanopatterning on 
the probe tip and the substrate may facilitate local molecular 20 mica in humid air is an example of direct mode SECM [22]. 
transfer from the tip [21], or can define a nanoscale electro- 	It has been suggested that an electrochemical mechanism 
chemical cell for patterning by reduction-oxidation (redox) 

	
could be responsible for STM-based nanolithography in air 

reactions when a potential difference is applied between the 
	

[29] although the majority of reports on STM nanofabrication 
tip and the surface. This has been demonstrated with conduct- 	do not distinguish between tunneling and faradaic processes. 
ing-probe AFM [14-17] and direct mode scanning electro-  25 The use of feedback mode SECM in solution with a chemi- 
chemical microscopy (SECM) using an STM tip as the elec- 	cal lens is promising for synthesizing specific DNA oligo- 
trode [22]. Here, only the very end of the tip is in contact with 

	
mers at precise locations. However, the resolution in feedback 

the liquid layer. 	 mode is limited by the size and shape of nanoelectrodes that 
Although numerous specific chemical or physical modifi- 	can be produced. Micron-sized UME disk electrodes can be 

cations have been initiated by scanning probes on a wide 3o routinely fabricated whereas nanoscale UMEs are much 
variety of substrates, a common limitation is that currently 

	
harder to produce reliably, although considerable progress 

only a single modification at a surface is possible with the 
	

has been made [30]. For operation in liquids, the electrode 
same probe. A coated AFM tip used for DPN can generate 	must be encased in an insulator except for the very end of the 
multiple different patterns, but all sites will present the same 	tip. The shape of the UME is important: UMEs with near 
chemical functionality after eachwriting step unless the tip is 35 perfect disk shapes inlaid in an insulating sheath give the best 
replaced with one "inked" with a different molecule. Nan- 	sensitivity. These requirements are more difficult to meet for 
ografting or nanoshaving removes or alters surface bound 

	
nanometer UMEs. Below a radius of about 2 µm, a perfect 

material through the action of the scanning probe but is simi- 	microdisk UME is unlikely to be made [31]. The true geom- 
larly impractical for multiple sequential modifications at a 	etry of the nanoelectrode should be carefully characterized by 
given site. Electrochemical patterning under ambient condi-  40 scanning electron microscopy (SEM), voltammetry, or 
tions in air may offer greater flexibility if a mixture of species 	related techniques. Even assuming that nanometer UMEs can 
coated on the tip or dissolved in the ultra-thin hydrated layer 

	
be reliably and reproducibly manufactured, additional diffi- 

can be selectively deposited onto a substrate at different 	culties arise when employing them in feedback SECM [32]. 
applied potentials, or if different regions of the substrate can 

	
Although decreasing the tip size improves resolution, it can 

be differentially etched, oxidized or reduced. However, this 45 have opposite effects on the signal-to-noise ratio (SNR) and 
has not been demonstrated in a general manner. The necessity 	scanning speed. Faradaic currents for disk shaped UMEs are 
of an ultra-thin hydrated layer in order to obtain high-resolu- 	linearly proportional to tip size. A decrease in tip radius from 
tionpatterns makes rapid changes of solution composition for 

	
5 µm, a reasonable value for an UME, to 10 nm for an AFM 

sequential modifications of patterned areas (needed for syn- 	tip, represents a factor of 500 drop in current, which will 
thesis of an oligonucleotide or polypeptide) impractical. 	50 probably be measurable in the low pA to fA range. Such small 

The "chemical lens" increases resolution in solution-phase 	currents can be detected by contemporary instrumentation, 
SECM: The deprotection of acid labile groups in DNA syn- 	but a proportionate increase in the low-pass filtering fre- 
thesis is a reaction that must be carried out in solution. SECM 

	
quency (which leads to increased distortion of data) or a 

combines scanning probe microscopy and lithography with 
	

slower scan speed will be needed in order to maintain the 
the versatility and generality of an ultra-micro-electrode 55 same SNR. These considerations also affect the sensitivity, 
(UME) for probing electrochemical and chemical reactions. 	time response and dynamic range of the electronic feedback 
The SECM is thus an ideal tool for driving a wide variety of 

	
loop controlling the scanning of the probe. 

processes in solution including oxidation-reduction, acid- 	Adapting the "chemical lens" for scanning probe nano- 
base and precipitation reactions for patterning surfaces [23]. 	lithography: There has been much recent interest in coupling 
SECM operation in solution requires the use of a chemical 60 SECM with other scanning probe techniques, such as AFM 
lens in order to limit molecular diffusion and achieve or even 

	
[33] and near field scanning optical microscopy (NSOM) 

surpass tip-limited resolution. In addition to the example 
	

[34]. Complementary information acquired simultaneously 
given above of a chemical lens employing an acid/basebuffer 	and at the same location will expand the capabilities of 
[8] numerous other buffers and scavengers have been 

	
SECM: In the specific case of the work proposed here, the role 

reported that improve resolution when using SECM for pat-  65 of the nanoscopic scanning probe in generating the electro- 
terning metals [24, 25], semiconductors [26], conductive 	active species of interest is actually divorced from that of 
polymers [27] and enzymes [28] on both conducting and 

	
detection of weak steady-state currents for position control. 
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The positioning of the probe should instead be controlled 
through detection of force, that is, by using an AFM. There is 
no a priori reason why the probe position must be controlled 
through detection of current when the only goal is to electro-
chemically modify a surface. This is why AFM-based tech-
niques have become so popular recently in electrochemical 
nanolabrication. The chemical lens concept is general and 
does not necessarily rely on regeneration of redox mediators 
employed in feedback controlled SECM. What it does require 
is ultra fast quenching of the electroactive species generated 
in solution by the probe tip before molecular diffusion in 
solution can broaden their spatial extension. The modification 
of a surface functionalized with acid labile protecting groups 
can be performed with an acidic tip as it makes intermittent 
physical contact in tapping mode. Tapping mode AFM has 
been proven to be gentle enough not to damage oligonucle-
otides tethered to surfaces [35]. 

In a specific embodiment, the present method and system 
can be applied to a broad class of solid phase polymeric 
synthetic routes for producing DNA, RNA, polypeptide, and 
many other chemical sequences, which can be adapted to 
nanoscale electrochemical patterning techniques. As merely 
an example, we note that the AFM is a versatile tool for such 
a feasibility study since most of the operating conditions and 
experimental parameters can be explored quickly andrapidly. 
Examples include changes in scanning parameters, electrode 
potentials, and tip geometry and composition. AFM is par-
ticularly useful in this regard since the patterned areas can be 
imaged immediately, allowing for rapid feedback and process 
optimization. In a specific embodiment, the present method 
and system can be scaled-up for the fabrication of vast num-
bers of nanoscale array elements, electrochemically pat-
terned either by parallel multiple-probe "nanoplotter" 
devices [36], or by individually addressable fixed nanoscopic 
electrodes [37], which could be placed in proximity to the 
patterned substrate. Of course, there can be other variations, 
modifications, and alternatives. 

FIG. 7 is a schematic representation of the chemical steps 
701, 703, 705 provided to carry out for the synthesis of 
specific sequences of oligonucleotides at patterned sites 
according to an embodiment of the present invention. This 
representation is merely an example, which should not 
unduly limit the scope of the claims herein. One of ordinary 
skill in the art would recognize other variations, modifica-
tions, and alternatives. The location of each site will be deter-
mined by a conductive AFM probe tip 707 electrochemically 
generating acid 709 in close proximity to a surface function-
alized with a first layer of phosphoramidite monomers bear-
ing dimethoxytrityl (DMT) acid labile protecting groups. In a 
specific embodiment, the substrate is functionalized every-
where with a precursor monolayer of DMT-protected 
cytosine phosphoramidites (C) by a linker attached to the 
surface. The linker should be terminated with pendant 
hydroxyl groups that will react with phosphoramidites, but 
the head group can be designed to bind to a variety of insu-
lating or conducting surfaces, for example, through thiol-
binding to gold surfaces or silane-binding to glass. 

In a specific embodiment, the chemical synthetic steps for 
forming oligonucleotides will be the same as used by com-
mercial DNA synthesizers except that the DMT deprotection 
step in a synthesizer is carried out with trichloroacetic acid in 
anhydrous acetonitrile. Here, the substrate is exposed to an 
aqueous solution containing approximately 0.1 M H 2PO4/ 
HP042-  buffer. A positive potential is applied to a suitably 
modified conductive AFM tip at specific locations, which 
removes the DMT protecting groups from the cytosine phos-
phoramidites (C). The substrate is washed with acetic anhy- 

dride and then exposed to a solution of thymidine phosphora-
midite (T) and tetrazole in anhydrous acetonitrile. The T 
nucleotides react with the C nucleotides to form C-T dimers 
only at the patterned sites. Any remaining unreacted C nucle- 

5  otides are capped by exposing the substrate to acetic anhy-
dride and 1-methylimidazole in anhydrous acetonitrile. The 
internucleotide linkages in the C-T dimers are converted from 
the phosphite to the more stable phosphotriester using iodine 
as the oxidant and water as the oxygen donor. This procedure 

10 can be repeated multiple times at selected sites with any 
combination of adenosine (A), guanosine (G), C, and I phos-
phoramidites to synthesize a diverse array of oligonucleotide 
sequences in a combinatorial manner. Removal of base labile 

15  protecting groups from the exocyclic amines on the A, G and 
C nucleotides and of the cyanoethyl protective groups from 
the phosphotriester internucleotide linkages by aqueous 
ammonium hydroxide at 50° C. leaves single strands of active 
oligonucleotides bound covalently to the substrate. These 

20 series of chemical steps, carried out with different reagents 
for each step as well as the inclusion of several intermediate 
rinse steps will necessitate careful design of an electrochemi-
cal AFM fluid cell that is compatible with fluid-flow and 
temperature control. Although the above has been shown in 

25 terms of acid based chemistry, other chemistries including 
bases (e.g., hydroxide) can be used. Of course, there can be 
other variations, modifications, and alternatives. 

In a specific embodiment, the present method and system 
can be applied to development of other applications. This 

30 technique may be adapted to numerous examples of combi-
natorial synthetic methods using highly efficient acid or base 
deprotection chemistry to fabricate peptide, oligomer, poly-
mer, oligosaccharide, nucleic acid, and ribonucleic acids for 
extremely diverse and specific affinity tags patterned at the 

35 nanoscale. Nanoarrays can be fabricated in a combinatorial 
fashion to contain extremely high information content, 
defined by the number of unique sequences of monomers that 
can be synthesized at each site and the density of sites that can 
be patterned (feature size, pitch). 

40 Combinatorial chemical methods for fabricating DNA, 
peptide, small-molecule, and protein micro-arrays show 
promise in becoming powerful tools for probing gene expres-
sion, identifying new binding interactions between specific 
ligands and receptors, and discovering new components of 

45 signaling pathways [38-40]. Extension of this chemistry to 
the nanoscale will allow for reduced feature size and more 
densely packed features. More importantly, the nanoscale is 
the relevant length scale for probing the processes of molecu-
lar recognition and intermolecular dynamics between pro- 

50 teins and other biological macromolecules. It is also the rel-
evant length scale for understanding and exploiting the 
interactions between biomolecules and nanostructured mate-
rials such as carbon nanotubes and semiconducting or metal-
lic nanoparticles and nanowires. It will thus be useful for the 

55 assembly of hybrid biological and nanoscale materials and 
the development of molecular electronics. 

In a specific embodiment, the present method and system 
can be used for applications to AFM nanolithography in solu- 
tion: In a specific embodiment, a core concept is that electro- 

60 chemically generated reagents diffuse outward from the sur- 
face of a conductive AFM tip while buffering or scavenging 
species diffuse inward toward the tip. If the chemical reaction 
between them is fast enough, the reaction zone is spatially 
constrained to a very thin layer about the tip, where both 

65 species encounter one another. Inside of this zone, the con- 
centration of the tip-generated species is much higher than the 
buffering species, and the opposite is true outside of this zone. 
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If the tip-generated species is an acid, then a very steep 
steady-state pH gradient will be rapidly generated at the tip. 

A way to electrochemically generate H' at the tip is 
through electrolysis of water (which we have outlined below 
as an example): 

H20~2H'+'ho2+2e [EO=1.67V vs. NHE] 	 (1) 

where E0  is the standard reduction potential versus a normal 
hydrogen electrode (NHE). 

Buffers could include any electrolyte salt used in aqueous 
or semi-aqueous reactions, but for the specific example pre-
sented here, the phosphate buffer system consisting of the 
singly-dissociated H2PO4 anion as the weak acid and its 
conjugate base will be considered. The pK a  of this butler is 
7.3: 

24 
where CH  is the concentration of H' and D H  is the diffusion 
coefficient of H'. This estimate of the concentration profile 
will be close to correct only near the tip. At steady state 
(t>4/kb), the concentration profile of the acid is independent 

5  of time: 

a  CH (x, 0 
=0 

at 
10 

and equation (4) can be simplified to: 

15 	 CH (x) 	kb  

dxl - ~ )CH(x) 
H 

(5)  

(6)  

	

4 ks 
H + HPO2 	 (2) 	with boundary conditions 

H2P0 -  ~; 	q 
kb 

20 

H' HPO42-  k 

Ka [ [112P041 ] - kb 
= 5 x 10-$  M CH(x = —) = &H 

~ dCHW 

dx x_0  nF9DH  

(7) 

Including equal amounts (0.1 M) of H 2PO4 and HP042- 25 
buffers the pH of the solution at 7.3. The heterogeneous 
surface reaction driven by the production of H+ is the detri-
tylation of the nucleotide base: 

H'+DMTOB—HOB+DMT' 
	

(3)  30 

The homogeneous buffering reaction (2) is extremely 
rapid. The transfer kinetics between a proton and the anion of 
many weak acids are diffusion limited, and are one of the 
fastest classes of bimolecular reactions known. Typical val-
ues for the backward rate constant in equation (2) represent- 35 
ing the reprotonation of the anion are on the order of 10 10  to 
10 i t  M-t  s-t . These are typical values for the anions of acids 
in which the acidic proton is located on oxygen or nitrogen 
[41]. 

Although the local concentration of H+ needs to be high for 40 
the detritylation reaction at the surface, the absolute flux of 
protons injected into bulk solution by the tip will be quite low 
(the fa adaic currents needed for surface modification will 
likely be in the pA range). The concentration of the conjugate 
base in the phosphate buffer system outside the reaction zone 45 
will therefore remain many orders of magnitude higher than 
that of electrochemically generated changes in the concentra-
tion of H+ near the tip. It can then be assumed that the 
concentration of HP042-  will be nearly constant during the 
process and the homogeneous reaction (2) is pseudo-first 50 
order with rate constant k b  If the initial concentrations of 
H2PO4 and HP042-  were each 0.1 M, then kb  would equal 
about 109  s-1 . In addition, inspection of the equilibrium 
expression in equation (2) shows that k., the forward rate 
constant for dissociation of H 2P042- , is many orders magni- 55 
tude smaller than the reverse rate. An additional approxima-
tion can then be made to neglect the dissociation of H 2P042-
in determining the concentration profile of H+ near the tip. 
With these two approximations, the one-dimensional concen-
tration profile of the confined electrochemically generated 60 
acid can be estimated from: 

aCH(x, 0_ DH  92
CH(x, 0 -kbCH(x t 	 (4)  

at 	 axe 	 ) 	 65  

Here, i is the current, F is the Faraday constant, n is the 
number of electrons (two) transferred during the generation 
of Ham, and A is the active tip radius. C 0H  is the bulk concen-
tration of H+ (solution pH), defined by the initial composition 
of the buffer components before the voltage is applied to the 
tip. The second boundary condition in (7) gives the steady 
state concentration of H+ in the immediate vicinity of the 
nanoelectrode, well within the reaction zone. The concentra-
tion of the acid as a function of distance from the electrode 
can be found by solving equation (6): 

X )  
(8) 

CH(x)= nF9DH PeXp ~ u )  

_  (DH`2 
Kb  1 

µ is a measure of the thickness of the reaction zone and has 
units of length. Based on the values for the diffusion coeffi-
cient of in aqueous solution (9.3x10 -9  m2  s- ')  and kb'(109  
s-t ), this length is on the order of 3 mu. The derivation of µ is 
adapted from the work of Tian and coworkers, which they call 
the "confined etchant layer technique" (CELT) [42]. In CELT, 
a scavenger (arsenic acid) was used to limit the diffusion of 
electrochemically generated bromine in the etching of silicon 
with an SECM [26]. 

As merely an example, in the technique reported by South-
ern and coworkers [6], the total surface coverage of DMT 
groups attached to a 1 x I cm 2  glass surface was determined to 
be 10 pmoles/mm2 . 100-fold excess of electrochemically 
generated protons from an indium microelectrode array sepa-
rated vertically from the glass surface by a gap of 20 µm 
resulted in complete removal of the DMT groups under the 
anodes within a few seconds. In this volume, a surface cov-
erage of 1000 pmoles/mm 2  corresponds to a solution concen-
tration of 0.5 mM H+ (assuming all the protons generated by 
the anodes crossed the gap and reacted with the DMT-func-
tionalized surface). Although a different electrochemical sys-
tem was used to generate Ham, and anhydrous acetonitrile was 
used as the solvent, this result suggests that 0.5 mM (pH=3.3) 
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is a reasonable lower limit for the local acid concentration 	nature of this enhanced electrocatalytic performance relative 
needed to pattern a DMT-functionalized surface with a con- 	to other materials, including other forms of carbon, is not 
ducting AFM tip. FIG. 8 is a simplified plot of equation (8) 

	
clearly understood, but is thought to depend sensitively on 

(generated using Mathcad, as an example) which displays the 
	

defect sites along the walls and at open ends of the nanotubes. 
change in pH with distance from the nanoelectrode. The 5 These mimic reactive edge planes of highly oriented pyrolytic 
current, i, was set to 10 pA, and the radius of the electrode was 	graphite, allowing for more efficient electrical transfer with 
7.5 mu, a typical value for an AFM tip. The pH at steady state 	electroactive species in solution and faster electrochemical 
conditions has increased from 3.1 at the electrode to 7.0 

	
kinetics [50]. Cyclic voltammetry of the Fe(CN) 63 14-  redox 

within a distance of just 27 nm. 	 couple using bundles of MWNTs as the electrode showed 
There are notable differences in the "chemical lens" tech-  io purely Nernstian behavior, with no apparent activation bar- 

nique as it applies to fabricating structures with SECM and its 	rier, which is not the case for a platinum electrode [51]. A 
implementation using AFM proposed here. In SECM, the 

	
decreased activation barrier for a carbon nanotube electrode 

chemical lens actually produces the highest resolution pat- 	implies that these probes may enable more efficient electroly- 
terns beyond a critical tip-sample separation distance. This is 	sis of water at lower voltages, in addition to their use as 
because at larger distances, more scavenger molecules can 15 high-resolution imaging tools. This would limit the possibil- 
diffuse between the tip and sample and react with the elec- 	ity of unintended and nonspecific oxidative damage to the 
trochemically generated species. Linewidths as small as 1/3 

	
functionalized substrate at higher anodic potentials. 

the tip size have been reported (10 µm for a 35 µm diameter 
	

Generalized techniques for the growth and attachment of 
UME) [24] . For tapping mode AFM, the surface modification 

	
SWNTs as robust and well characterized tools forAFM imag- 

is most likely to occur during physical contact of the tip with 20 ing have been developed. The present method and structure 
the surface. In this case, the resolution will be defined by the 	also attaches SWNTs, grown by metal-catalyzed chemical 
size of the active area, which is on the scale of nanometers. 	vapor deposition (CVD) on standard substrates, to commer- 

In a specific embodiment, the amount of acid that will need 
	

cial silicon AFM cantilevers and shortened them via an elec- 
to be generated by a conductive AFM probe for nanoscale 	trical etching process to achieve the 10-40 nm tube lengths 
patterning will be extremely small (1000 pmoles/mm 2), cer-  25 suitable for high-resolution topographical imaging. Both 
tainly much smaller than would be needed for the bulk elec- 	single-wall nanotubes and bundles of SWNTs have been 
trolysis of water. The tiny amount of acid generated at the tip 	attached to AFM tips by growing individual nanotubes on flat 
will not exhaust the capacity of the buffer and there will be no 	surfaces, and using the silicon probe tip to pick up vertically 
noticeable change in solution pH. Of course, there can be 	oriented tubes during imaging of these substrates in tapping 
other variations, modifications, and alternatives. 	 30 mode. These probes have been successfully used for imaging 

In a specific embodiment, the present invention includes a 	and have achieved lateral resolution as high as 0.5 nm when 
method and structure for a probe including a tip region. For 

	
imaging SWNTs on flat substrates. Finally, SWNTs have 

SECM, not only the tip size, but also the tip shape has an 
	

been adhesively attached to AFM tips for imaging in liquid 
impact on obtaining quantitative measurements. This con- 	environments with uv-curable epoxy (the probes retain their 
straint is relaxed with AFM since the scanning of the tip is not 35 conductivity after curing of the epoxy). The development of 
controlled via currents. AFM tips coated with a metal, such as 

	
SWNT AFM probes. 

platinum or gold, which are commercially available, would 
	

In a specific embodiment, the SWNT probes can be selec- 
be convenient probes for evaluating the present method and 

	
tively insulated except at the last few mu by a combination of 

system. In addition, high resolution scanning probes based on 	electrochemical deposition of an insulating polymer in solu- 
multiwall carbon nanotubes (MWNTs) [43-45], single wall 40 tion followed by electrical etching of the coated nanotube in 
carbon nanotubes (SWNTs) [46-48] and bundles of SWNTs 	air. See also an example of a procedure for insulating a mul- 
[49] are being developed. Aspects of AFM tips that should be 	tiwall carbon nanotube electrode with polyphenol by cycling 
considered in deciding which type of probe to use include the 	the potential on the nanotube between 0 and LOV (vs an 
physicochemical heterogeneity of the electrode surface-solu- 	Ag/AgO reference) in an aqueous phenol solution (pH -0.3) 
tion interface, which affects the electron transfer efficiency, 45 for thirty minutes [52]. Electrical etching of the end of the 
and the means available for insulating the entire probe surface 

	
insulated nanotube can then be performed by application of 

except for the last few nm of the tip. Conventional metal- 	+5 to +30 V for 20 to 100 µs duration between the AFM probe 
coated AFM tips can be insulated with varnish, polymers or 	and a conductive substrate during tapping mode. The high 
electrophoretic paint, although each technique has its draw- 	density of electric field lines at the end of the nanotube probe 
backs. However, because the reaction zone distance, µ, is so 5o results in specific local etching and surface modification. 
small (3 nm for the conditions described above), it may not 

	
As merely an example, the present method is illustrated in 

even be necessary to insulate the tip, since only the very end 
	

a simplified set of diagrams 1000 FIG. 9. This diagram is 
of the probe in direct physical contact with the substrate 	merely an example, which should not unduly limit the scope 
would efficiently modify the surface. The time scale for 	of the claims herein. One of ordinary skill in the art would 
achieving the steady state generation of the nanoscopic pH 55 recognize other variations, modifications, and alternatives. 
gradient about the tip (ns) will be orders of magnitude faster 

	
The exposed end of the nanotube probe can function as the 

than the round-trip travel time of the oscillating cantilever in 	working electrode, or a metal such as silver can be electrode- 
tapping mode (tens of µs). The consequence of this is effec- 	posited from solution (5 mM AgNO 3  in 0.1 M H2SO4, +200 
tively an "acidic" probe, the size of which is twice the sum of 

	
mV to -80 mV vs Ag wire). Further details of fabricating an 

the true tip radius plus the distance necessary to raise the pH 60 individual carbon nanotube can be found in "Method for 
to the point where the DMT groups are no longer efficiently 

	
Manufacturing Single Wall Carbon Nanotube Tips," in the 

removed. For most commercially available probes this effec- 	names of Collier, Charles Patrick, et al. and listed under U.S. 
tive diameter would be just a few tens of nanometers. 	Patent Application 20050269509, filed Jan. 27, 2005, and 

In a specific embodiment, the present method and structure 
	

hereby incorporated by reference for all purposes. Of course, 
uses a carbon based nanotube. In a specific embodiment, the 65 there can be other variations, modifications, and alternatives. 
carbon nanotube-based electrodes and electrode arrays have 

	
In a specific embodiment, the present invention provides a 

demonstrated exceptional electrocatalytic activities. The 	system and associated methods for carrying out the function- 
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ality described herein. In a specific embodiment, the present 	or quality factor of the resonance peak of the probe. Q factors 
system includes an accurate and reproducible positioning of 

	
are 50-500 times smaller in fluids than in air, due to strong 

the AFM probe on the nanometer scale, since the synthesis of 
	

hydrodynamic interactions between the oscillating cantilever 
polymeric sequences such as DNA oligonucleotides requires 	and the fluid. This low Q results in the feedback loop of the 
multiple surface modification steps to be carried out over 5 AFM controller not being able to track damping of the oscil- 
selected sites, e.g., localized. In a specific embodiment, the 

	
lation amplitude of the cantilever as effectively. The result is 

system has a closed loop Dimension CL scan head from 	much higher forces between the tip and the substrate (nanon- 
Digital Instruments, which has an rms uncertainty in the XY 

	
ewtons), and degraded resolution. Inroads have been made 

plane of about 2 mu. This closed loop scan head was specifi- 	however, in increasing the Q factor using an additional feed- 
cally designed for nanomanipulation and nanolithography io back control loop, which can be implemented in a straight- 
experiments and can be reversibly mounted on many inverted 

	
forward manner [54] . Of course, there can be other variations, 

optical microscopes. In contrast, the standard open loop AFM 
	

modifications, and alternatives. 
will typically have drift rates on the order of 0.5 to 1 nm/s, 	In a specific embodiment, the present method and system 
which are primarily due to piezoelectric strain relaxation. 	can be applied to a variety of applications. As an example, the 
This drift would not be a problem for imaging with conven-  15 present method and system can be applied to tip-induced 
tional AFM tips having 5-20 mu radii, but would prevent 

	
DMT deprotection, and then incorporating coupling reac- 

precise, repetitive positioning of the probe accurately, which 
	

tions to form dimers, trimers and so forth at precisely defined 
will be necessary for patterning specific polymer sequences. 	locations. Conventional phosphoramidite coupling can be 
Patterning will be performed with the aid of a C++ program 	used to functionalize the entire surface of a glass substrate 
called Nanoscript, which generates a series of automated 20 with deoxyribothymidine (dT) phosphotriester via a suitable 
commands sent to the scanner. 	 linker molecule, like a poly(ethylene glycol) silane (PEG- 

FIG. 10 is a schematic representation of a system 1000 of 
	

silane). The dT molecules carry a DMT group on the 5' 
an electrochemical cell to perform in situ electrochemical 

	
hydroxyl. After removal of the DMT groups with acid gen- 

nanolithography with an AFM in solution. This diagram is 	erated by the nanoprobe functioning as a nanoelectrode in 
merely an example, which should not unduly limit the scope 25 aqueous buffer, the resulting patterns can be detected via 
of the claims herein. One of ordinary skill in the art would 

	
height changes or phase angle changes in tapping mode AFM, 

recognize other variations, modifications, and alternatives. 	or friction changes with lateral force microscopy (LFM). 
Input and output ports are included for rapid exchange of 

	
These methods can be carried out in air or in solution, depend- 

solutions needed for the different steps involved in sequential 
	

ing on which environment offers the greatest contrast. Con- 
syntheses. Electrical control of the conductive AFM cantile-  30 ventional metal-coated vs nanotube mounted scanning 
ver assembly as well as a reference and a counter electrode is 	probes will be directly compared and characterized fully at 
accomplished through use of a potentiostat. Although it is not 

	
this stage, as patterning tools as well as imaging tools. Insu- 

indicated in the figure, the top of the cell will be precisely 
	

lated and non-insulated probes of both types will be devel- 
machined in order to mate to the protective skirt assembly of 

	
oped and characterized. 

the Dimension AFM scan head as it is lowered down into the 35 In an alternative specific embodiment, the present method 
cell from above. [The protective skirt is supplied withthe scan 	and system can be used for a single coupling reaction of a 
head for AFM operation in fluids and is designed to prevent 	second phosphoramidite to patterned areas to form dimers. 
liquids from contacting the high voltage electrical connec- 	The second monomer would have a fluorophore attached for 
tions and piezoelectric elements that position the tip.] For 

	
detection with an epifluorescent optical microscope. AFM 

electrical access to the AFM tip in solution, a thin conductive 40 imaging and fluorescence detection would be complemen- 
wire can be attached to the leaf spring assembly that holds the 	tary: the resolution of the nanoscopic patterns can be deter- 
cantilever firmly in place in the glass fluid tip holder. In 	mined by AFM, while fluorescence imaging indicates the 
liquids, the excitation energy needed to drive the oscillating 	extent and specificity of the coupling reaction. The spacing of 
cantilever in tapping mode is supplied by an isolated piezo- 	the array sites at this stage will have to be larger than the 
electric transducer, which does not come into contact with the 45 diffraction limit of the optical microscope (0.5 to 1 µm). 
fluid. Reagents can be selectively introduced into the electro- 	In yet an alternative embodiment, the present method and 
chemical cell using a syringe pump manifold. In a specific 	system can be used for testing the fidelity of a combinatorial 
embodiment the process is automated as in a DNA synthe- 	array with four different fluorescently labeled oligonucle- 
sizer. Provisions can also be made for incorporating heating 	otide probes that are complementary to oligonucleotides syn- 
elements and a thermostat for temperature control. The 50 thesized on the array, using an epifluorescent microscope. 
present system can be used with any of the features described 

	
Non-specific absorption can be discriminated against by 

herein as well as the system above and others. Of course, there 	washing the substrate with deionized water at 70° C. The 
can be other variations, modifications, and alternatives. 	oligonucleotides should be at least 15-mers to ensure fidelity 

In order to control the tip-sample forces and prevent deg- 	of the hybridization reactions. Of course, there can be other 
radation of the functionalized surface, during patterning or 55 variations, modifications, and alternatives. 
imaging, the AFM will be operated exclusively in "attractive 

	
Although the above has been described in terms of specific 

mode", which is an operating regime where net attractive 	methods and systems, there can be other variations, modifi- 
forces dominate the tip-sample interactions according to a 	cations, and alternatives. Additionally, certain aspects of the 
specific embodiment. Often, the attractive force regime 	present methods and systems can be highlighted as follows. 
involves the absence of physical probe-sample contact (at 6o As an example, the present methods and system can be used 
least in air). High resolution AFM images of the individual 

	
for 

segments of antibodies have been obtained in this regime with 
	

1. Electron donation or acceptance by the probe to trigger a 
instantaneous tip-sample forces estimated to be below 400 pN 

	
change in reaction rate or direction in the local fluid environ- 

[53]. An AFM can be operated exclusively in this regime 	ment or a small area of a substrate. 
simply by limiting the oscillation amplitude of the cantilever 65 2. Induce via probe electric field polarity in a targeted mol- 
to just a few mu. Another parameter that can affect the tip- 	ecule or molecular assembly (either in fluid or in a small area 
sample forces in solution phase tapping mode AFM is the Q, 	of a substrate) a local change in reaction rate of direction. 
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3. Utilize electrolysis of a buffered water solution to achieve 	surrounding fluid and substrate materials and even relative to 
very tight local confinement of a highly enriched proton or 	the rest of a patterned nanoarray or circuit. Additionally, this 
hydroxide (OH ) concentration (i.e. change the local pH up 	technique could be used to deposit material or an ultra-thin 
or down) to effect a change in reaction rate or direction in the 

	
hydrated layer in a high-resolution nano-pattern. Of course, 

local fluid environment or a small area of a substrate. 	5 there can be other variations, modifications, and alternatives. 
Each of the above may be either to produce a final product, a 

	
Alternately in a specific embodiment, the system is oper- 

molecular or chemical step in a process, to deprotect (acti- 	ated in a feedback mode in which the tip is held close to the 
vate) a molecule or substrate active area or to protect (passi- 	substrate in a solution containing one form of a redox pair that 
vate) a molecule or substrate active area. Of course, there can 

	
functions as an electroactive mediator. The mediator serves 

be other variations, modifications, and alternatives. Although io both as a means for controlling tip position relative to the 
the fluid has been described above, it can be a solution of 

	
substrate by ionic current and as a way to drive specific 

water with other active and passive chemical components. 	electrochemical reactions to pattern the substrate. The tip 
The solution may contain salts, proteins, and or materials to 	current can be perturbed by the presence of the substrate by 
enable pH buffering. The buffering can serve to quench an 

	
blockage of diffusion of the mediator to the tip (negative 

electroactive species within nanoseconds or nanometers. 15 feedback) or by regeneration of mediator at the substrate 
Variations of the substrate can also exist. As an example, the 

	
(positive feedback). Of course, there can be other variations, 

substrate can be any solid or gelled material or it may be 	modifications, and alternatives. 
stabilized by hydrophobic behavior (e.g. bilayered lipid 

	
In yet an alternative specific embodiment, the present 

membranes) or hydrophilic behavior and may be coated with 
	

invention provides a method for using an array of molecules, 
one of more materials. Of course, there can be other varia-  20 which is briefly outlined below. As will be illustrated the 
tions, modifications, and alternatives. 	 method is directed to processing an array of active regions for 

Additionally, the present method and system uses an appli- 	use in reacting one or more species in at least two of the active 
cation of the electric potential, which can vary as well, 	regions in a sequential process and/or other processes accord- 
according to a specific embodiment. By application of an 

	
ing to an embodiment of the present invention. 

electric potential, eitherpositive or negative, a local change in 25 	1. Provide a substrate member, which has a surface region, 
pH is enabled relative to the greater fluid environment and or 	the surface region, a first active region formed overlying a first 
the substrate. The pH change can made the local environment 	portion of the surface region and a second active region 
proximate to the probe either more acidic or more alkaline 

	
formed overlying a second portion of the surface region, a 

according to a specific embodiment. The pH change could be 	spatial distance separating the first active region and the sec- 
made to effect nanoscale chemical patterning or functionality 30 and active region, the spatial distance being characterized by 
of a substrate, or to create or modify one or more active areas 	a dimension of 1 micron and less; 
or elements of a nanoarray or molecular circuit. In addition, it 

	
2. Subject the first active region, the second active region, 

could be used to produce or modify a molecular species of 
	

and the spatial distance with a fluid material; 
interest within a fluid. Through the change in local environ- 	3. Dispense a reactant species within the fluid material; 
ment reaction rates can be significantly affected. The change 35 	4. Cause movement of the reactant species from the first 
can be to stop or preclude a local reaction or more commonly 	active region to the second active region over the spatial 
to increase the rate of a local reaction. The change could be 

	
distance of 1 micron and less within a time of less than 10 

accomplished via electron donation. Alternately, the electric 	microseconds; and 
field can change or stabilize the polar orientation of a mol- 	5. Optionally, change a configuration of the reactant spe- 
ecule or the strength of its polarity or the strength of a polar 40 cies from a first state to a second state as the reactant species 
region within a larger protein or protein assembly to accom- 	moves from the first active region to the second active region 
plish these changes in reaction rate. Of course, there can be 	or maintain a configuration of the reactant species between 
other variations, modifications, and alternatives. 	 the first active region to the second active region, while initi- 

In a specific embodiment, other variations to the present 	ating change upon interacting the reactant species with the 
method and system can be included. Depending on tip loca-  45 second active region; and 
tion relative to the substrate these changes could affect the tip 

	
6. Perform other steps, as desired. 

and it's structure and any attached molecules, and the sur- 	The above sequence of steps provides a method according 
rounding fluid media and its contents, and potentially the 	to an embodiment of the present invention. As shown, the 
surface or near-surface of the substrate. If the fluid is buffered, 	method uses a combination of steps including a way of using 
the potential could be used to achieve electrolysis of one or 5o a first active region and a second active region immersed in a 
more water molecules in the surrounding fluid that is 

	
fluid material according to an embodiment of the present 

extremely localized. The diffusion field of the free acid will 
	

invention. In a specific embodiment, the active regions have 
be limited to just a few nanometers beyond the physical 

	
been formed using an AFM probe tip, which has been 

surface of the probe by rapid reactions of the electrogenerated 
	

immersed in one or more ink species. Other alternatives can 
proteins with the conjugate base of a weak acid (buffer). In the 55 also be provided where steps are added, one or more steps are 
case of interactions with DNA molecules, the field will be 	removed, or one or more steps are provided in a different 
sufficiently limited such as to remove acid labile dimethox- 	sequence without departing from the scope of the claims 
ytrityl (DMT) protecting groups from the 5' ends of oligo- 	herein. Additionally, the present method can be applied to 
nucleotides while leaving intact the acid labile protecting 	other applications that are not for AFM techniques. Further 
groups on the substrate or in the fluid outside the tip interac-  6o details of the present method according to the present inven- 
tion region. In addition this local electric or pH region can be 	tion can be found throughout the present specification and 
used to deprotect a protein or other enzyme or passivation 	more particularly below. 
substance near the tip while leaving intact those outside the 

	
FIG. 11 is a simplified flow diagram 1200 of a method of 

tip interaction region. Alternately local pH control can be 	using an array of materials according to an embodiment of the 
used to facilitate addition of functional molecules or groups to 65 present invention. This diagram is merely an example, which 
patterned substrates or to create such patterning. The result- 	should not unduly limit the scope of the claims herein. One of 
ing active area of this process can be unique relative to the 	ordinary skill in the art would recognize other variations, 
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modifications, and alternatives. As illustrated the method is 	the first active region is provided by a first dip pen process. In 
directed to processing an array of active regions for use in 	a preferred embodiment, the second active region is provided 
reacting one or more species in at least two of the active 

	
by a first dip pen process. In a specific embodiment, the dip 

regions in a sequential process and/or other processes accord- 	pen process uses an AFM probe including a single strand 
ing to an embodiment of the present invention. In a specific 5 carbon nanotube, but can be others, depending upon the spe- 
embodiment, the method begins at start, step 1201. 	 cific application. Additionally, the first and second dip pen 

In a specific embodiment, the method includes providing 	processes can be the same, similar, or use different inks and 
(step 1203) a substrate member, which has a surfaceregion.In 	other parameters, such as solutions, temperatures, sizes, and 
a specific embodiment, a first active region is formed overly- 	other characteristics. Of course, there can be other variations, 
ing a first portion of the surface region and a second active io modifications, and alternatives. 
region is formed overlying a second portion of the surface 

	
In a specific embodiment, the active regions are spatially 

region. In a preferred embodiment, a spatial distance sepa- 	separated from each other by a determined dimension. In a 
rates the first active region and the second active region. In a 	specific embodiment, the active regions are spatially sepa- 
specific embodiment, a non-reactive and/or non-active region 	rated by 100 mn or less. In an alternative embodiment, the 
separates the first and second active regions. The terms 15 active regions are spatially separated by 30 nm or less. 
"active" and "non-reactive" are to be interpreted by one of 

	
Depending upon the embodiment, one active region can be 

ordinary skill in the art, including those specific descriptions 	separated by almost any dimension to another active region 
provided herein. Such terms are not intended to be limiting 	using the dip pen process. That is, the dip pen process allows 
the scope of the claims herein and are to be given ordinary 

	
for any desired dimension between any two or more than two 

interpretations that are known by a person of ordinary skill in 20 active regions according to a specific embodiment. Of course, 
the art. Depending upon the embodiment, the substrate can 	there can be other variations, modifications, and alternatives. 
have various features that have been described in the present 

	
Additionally, each of the active regions has a determined 

specification including variations, alternatives, andmodifica- 	size and/or spot size according to a specific embodiment. In a 
tions, which would be understood by one of ordinary skill in 	specific embodiment, the active regions have dimension of 
the art. 	 25 less than 300 nm in size. In an alternative specific embodi- 

In a specific embodiment, the substrate can be homoge- 	ment, the active regions have dimension of less than 100 mn 
neous and/or layered and/or a composite. The substrate can be 

	
in size. In yet an alternative embodiment, the active regions 

a glass, quartz, fused silica, silicon, plastic, ceramic, any 
	

have dimension of less than 30 mn in size. Using the present 
combination of these, and the like, according to a specific 

	
dip pen process, the size of the active region can vary on the 

embodiment. The substrate has a silane material overlying the 30 substrate according to a specific embodiment. That is, the size 
surface region. Depending upon the embodiment, the silane 	can be the same and/or similar among active regions or sub- 
material can be a blanket layer and/or patterned according to 	stantially different in size between two or more active regions 
the embodiment. In a most general embodiment, the substrate 	according to a specific embodiment. Of course, there can be 
has an overlying layer of material, which can be used as a 	other variations, modifications, and alternatives. 
starting point for building a plurality of active regions 35 	In a specific embodiment, the first region and second 
thereon. Of course, there can be other variations, modifica- 	region are provided in an array configuration. Here, the first 
tions, and alternatives. 	 region and the second region are two of a plurality of active 

In a specific embodiment, the substrate has a first active 	regions in an array configuration according to a specific 
region formed overlying a first portion of the silane material. 	embodiment. Alternatively, the first region and the second 
In a specific embodiment, the first active region has one or 4o region are two of a plurality of active regions in a circuit 
more first biological molecules, chemical molecules, 	configuration, which may be in series and/or parallel, depend- 
enzymes, proteins, semiconductor molecules, conductive 

	
ing upon the specific embodiment. In a specific embodiment, 

molecules, any combination of these and/or other species of 
	

where the second region or one or more active regions are in 
these entities, and the like. In a specific embodiment, the first 

	
the array or circuit configuration, one or more of the active 

active region has a first dimension of less than 1 micron in size 45 regions can be for detection and/or monitoring capability. In 
and has one or more first molecules capable of binding to the 	a specific embodiment, either direct readout (e.g., electrical, 
first portion of the silane material. Of course, there can be 	optical, physical) and/or production of a molecule that can be 
other variations, modifications, and alternatives. 	 detected through a photon emission and/or electrical signal at 

In a specific embodiment, the substrate has a second active 	yet another region can be included. In a specific embodiment, 
region formed overlying a second portion of the silane mate-  50 the present detection technique can detect a consequential 
rial. In a specific embodiment, the first active region has one 	and/or incidental product (e.g., waste) rather than a molecule 
or more second biological molecules, chemical molecules, 	species and/or molecule of interest to avoid damaging or 
enzymes, proteins, semiconductor molecules, conductive 	slowing it. In a specific embodiment, a two component fluo- 
molecules, any combination of these and/or other species of 

	
rophore can be used for monitoring and/or detection. Of 

these entities, and the like. Here, the terms "first' and "sec-  55 course, there can be other variations, modifications, and alter-
ond" are not intended to be limiting. In a preferred embodi- 	natives. 
ment, the first and second active regions are different types of 

	
In a specific embodiment, the method includes subjecting 

regions. The second active region has a second dimension of 
	

(step 1205) the first active region, the second active region, 
less than 1 micron in size and has one or more second mol- 	and the spatial distance with a fluid material. In a specific 
ecules capable of binding to the second portion of the active 60 embodiment, the method immerses an entirety of the surface 
region. In a specific embodiment, a spatial distance is sepa- 	region of the substrate and/or immerses the entire substrate 
rating a first active region and a second active region. In a 

	
itself. In a specific embodiment; the fluid material can be a 

preferred embodiment, the spatial distance is characterized 
	

liquid, vapor, a gas, any combination of these, and the like. In 
by a dimension of 1 micron and less. Of course, there can be 	a specific embodiment, the fluid material can be an ultra-clean 
other variations, modifications, and alternatives. 	 65 water (e.g., pH-7), an acid solution, a basic solution, an 

Depending upon the embodiment, various techniques can 	organic solution, and/or others. Additionally, the fluid mate- 
be used to form the active regions. Ina preferred embodiment, 	rial can be subjected to thermal energy (e.g., heating) in a 
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global and/or patterned format according to a specific 
embodiment. In a specific embodiment, the thermal energy 
can be ramped, cycled, and/or other time dependant and/or 
spatially dependant formats. In a specific embodiment, the 
fluid material can also be moving and include a convective 
characteristic, e.g., flow. Depending upon the specific 
embodiment, the flow characteristic can be laminar, turbu-
lent, plug, and/or other forms and combination of forms 
depending upon the specific application. Of course, there can 
be other variations, modifications, and alternative. 

In a specific embodiment, the present method dispenses a 
reactant species within the fluid material. In a specific 
embodiment, the reactant species can be provided in addition 
to the fluid material and/or within and/or a part of the fluid 
material depending upon the application. In a specific 
embodiment, the reactant species can be a chemical entity, a 
biological entity, a physical entity, and/or any combination of 
these, and the like. Other examples of reactant species can be 
found throughout the present specification. That is, the reac-
tant species is comprised of one or more organic or biological 
molecules according to a specific embodiment. In a specific 
embodiment, some part of the reactant species is modified or 
bound by the first region. Of course, there can be other varia-
tions, modifications, and alternative. 

In a specific embodiment, the method includes causing 
movement of the reactant species from the first active region 
to the second active region over the spatial distance of 1 
micron and less within a time of less than 10 microseconds. 
Depending upon the embodiment, there can be other dimen-
sions and other time periods, without departing from the 
scope of the claims herein. In a preferred embodiment, the 
close spatial distance allows for movement of the reactant 
species, which may change in form and/or configuration, 
greater than a time period of about 10 micro-seconds. That is, 
the reactant species, which has a selected configuration and/ 
or form at the first active region, is of a substantially similar 
and/or same configuration and/or form at the second active 
region, which then allows for the reactant species to interact 
with the second active region. In a specific embodiment, the 
movement is provided by a diffusion process (e.g., concen-
tration gradient) of the reactant species from the first active 
region to the second active region. Alternatively, the spatially 
movement is provided by a convection process of the reactant 
species from the first active region to the second active region. 
Alternatively, the movement is caused by any combination of 
diffusion and/or convection and/or other processes, e.g., 
physical placement. Of course, there can be other variations, 
modifications, and alternatives. 

Referring to step 1211, the method changes a configuration 
of the reactant species from a first state to a second state as the 
reactant species moves from the first active region to the 
second active region. In a preferred embodiment, the reactant 
species does not change configuration during a time frame 
between interacting with the first active region and the second 
active region, but changes configuration upon interacting 
with the second active region. In a specific embodiment, the 
reactant species (e.g., modified or not) is released by the first 
active area and then binds at the second active area. In a 
specific embodiment, the reactant species, which can be 
modified, is enabled by modification of another constituent of 
the reactant species, e.g., ATP. Of course, there can be other 
variations, modifications, and alternatives. 

In a specific embodiment, the method includes repeating 
(step 1213) certain steps, 1207, 1209, and 1211 via branch 
1214. Alternatively, one or more of these steps, and others can 
be repeated according to a specific embodiment. In yet an 
another embodiment, other steps can be added and/or inserted 

34 
to any of these steps. In a specific embodiment, the method 
can also perform yet other (step 1215) processes. Of course, 
there can be other modifications, alternatives, and variations. 

In a specific embodiment, the other process can be associ- 
5  ated with a detection process associated with the reactant 

species. In a specific embodiment, the method includes a 
result, which is detection of less than 100 molecules of one 
species and configuration. In a specific embodiment, the 
method includes a result, which is detection of as few as 1 

10 molecule of a species or configuration. In a specific embodi-
ment, the method includes a result, which is production or 
creation of a specific molecule. In a specific embodiment, the 
method includes a result, which is chemical accomplishment 

15  of a logical function. In one or more embodiments, the logical 
function includes an output that can be switched via binding 
at some point in the array or circuit of an alternate reactive 
species. In a specific embodiment, the method includes a 
result, which is accomplished though any combination of 

20 molecular production, detection/monitoring and logical func-
tion, or other processes. In a specific embodiment, the method 
stops at step 1217. Of course, there can be other modifica-
tions, variations, and alternatives. 

The above sequence of steps provides a method according 
25 to an embodiment of the present invention. As shown, the 

method uses a combination of steps including a way of using 
a first active region and a second active region immersed in a 
fluid material according to an embodiment of the present 
invention. In a specific embodiment, the active regions have 

30 been formed using an AFM probe tip, which has been 
immersed in one or more ink species. Other alternatives can 
also be provided where steps are added, one or more steps are 
removed, or one or more steps are provided in a different 
sequence without departing from the scope of the claims 

35 herein. Additionally, the present method can be applied to 
other applications that are not forAFM techniques. Of course, 
there can be other variations, modifications, and alternatives. 
Other examples of the present method and system can be 
found throughout the present specification and more particu- 

40 larly below. 
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Experiments: 	 65 

To prove the principles and operation of the present inven-
tion, we performed various experiments. These experiments  

38 
have been used to demonstrate the invention and certain ben-
efits associated with the invention. As experiments, they are 
merely examples, which should not unduly limit the scope of 
the claims herein. One of ordinary skill in the art would 
recognize many variations, alternatives, and modifications. 
Details of these experiments are provided below. 

We achieved a breakthrough in the discovery of life on 
other planets and also uncover things about our present 
planet. On an aggressive timescale, we desired suites of novel 
sensors, based on the mature chemical techniques of the 
protein and DNA microarray industry, using certain nano-
lithographic techniques that we have developed. We laid the 
foundation for future life-detection missions and to enhance 
the science yield of sample return missions by fabricating 
several critical proof-of-concept nanodevices with dip-pen 
nanolithography technology (DPN). We use carbon nanotube 
Atomic Force Microscope (AFM) probes for the first time as 
pens to write protein and DNA aptamer `inks' on glass sub-
strates functionalized with silane-based self-assembled 
monolayers. This enables fabrication of extremely fine pat-
terns of detectors suitable for multicolor imaging of single-
molecule samples at resolutions far below the diffraction 
limit. By extremely compact sensors suitable for characteriz-
ing subnanoliter sample volumes typical of State-of-the-Art 
(SoA) microfluidics devices,' an opportunity is created for 
further interrogation of hiosignatures via Raman imaging, 
time-of-flight fluorescence imaging, probing via functional-
ized nanotube sensors, nanotube-based electrical probes, 
molecular recognition chemistry via antibodies, etc. The 
power of this technique is its ability to rapidly interrogate, 
with high selectivity, very sparse samples: either via active 
molecular circuit interactions or by holding them for further 
detailed examination by a comprehensive suite of comple-
mentary analytical techniques. In particular, the extremely 
small size of these sensors enables rapid, highly specific 
screening for hundreds of functionalities within a single, 
small, integrated microfluidics chip. 

Hong, S. R. Quake, Nat. Biotech. 2003, 21, 1179-1183. 

The techniques here will be synergistically combined with 
high-resolution single-molecule microscopes, microfluidics 
and nanotube probes for in-situ biosignature detection. In a 
specific embodiment, a goal is to advance the SoA for fabri-
cating nanoarray devices utilizing specific molecular recog-
nition chemistry with DPN to the point where NASA will 
support full instrument development (e.g. via ASTID). Of 
course, there can be other variations, modifications, and alter-
natives. 

We will provide four proof-of-principle demonstrations. 
Multicolor optical microscopy calibration standards will be 
created at sub-micrometer pitch based on molecular fluoro-
phores and conjugated quantum dots, to enable multi-focal 
plane frame-adding with accuracy far below the optical dif-
fraction limit. In addition, demonstrations of patterned 
nanoarrays on silanized glass cover slips using biotin-male-
imide and Nit '-NTA ink chemistries for single-molecule 
detection of specific proteins will be provided and character-
ized. We will provide true biomarker sensors with extremely 
high specificity and sensitivity. In a specific embodiment, a 
first target will be an adenosine triphosphate (ATP) bio/ 
chemiluminescence assay using the well-known luciferin/ 
luciferase system. The resulting advances in optical readout 
capabilities and chemically specific templates for capturing 
sparse life signatures and precursors will lay the foundation 
for new kinds of exploratory missions. 

We will use carbon nanotube AFM probes to reduce lin-
ewidths of patterned proteins and DNA apatmers on glass 
substrates with DPN from the 70 mu current SoA 2  to -10 um. 
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Devices written with silane-based inks can utilize glass, 
quartz and fused silica substrates to enable high-resolution, 
high-specificity optical readout with single-molecule sensi-
tivity. In contrast, certain DPN technique uses alkylthiol mol-
ecules as inks written on opaque gold substrates. Interactions 
of immobilized proteins with other biomolecules are typi-
cally detected as changes in shape or height with standard 
Atomic Force Microscope (AFM) imaging, thereby restrict-
ing detection to large molecules or large quantities of small 
molecules. In addition, dust, nonspecific binding and other 
contamination sources can compromise such detection. 
Using nanotube probes, we desire to achieve detector spot 
sizes of —10 mir with sensitivity to single-molecule capture 
and high-specificity. In contrast, commercial micro arrays, 
such as those made by Affymetrics of Santa Clara, have 
detector sizes 1000 times larger .4  Such commercial micro 
arrays typically require 10 3  to 105  bindings for successful 
detection. Thus we expect to expand the areal density of our 
detectors 10 6 -fold while simultaneously improving sensitiv-
ity by at least 1000-fold over the SoA. 
'H. Jung, C. K. Dalai, S. Kuntz, R. Shah, C. P. Collier, Nano Lett. 2004, 4, 
1873-1879. 

° Affvmetries U133 Plus 2.0 Array has 11 um detector size. 

Optical microscopes perform multicolor imaging with 
separate focal planes or detectors for each color. As the opti-
cal paths and aberrations are somewhat different for each 
color, it is difficult to map the relative position of the pixels in 
each color image to allow co-adding with an uncertainty less 
than X/2(-300 nm). This uncertainty limits the ability of 
observers to determine the proximity of objects tagged with 
different colored fluorophores. Precise nanopatterning of 
fluorophores of constant line width and known location can 
be used to reduce pixel mapping uncertainty of images taken 
with conventional multicolor microscopes to <20 nm (—X/ 
30), having immediate impact on the entire field of molecular 
biology and on the analysis of returned samples. By pattern-
ing conjugated quantum dots in a similar fashion, hybrid 
A1N/optical microscopes 3  can achieve pixel co-adding of 
separate focal lanes with an uncertainty <2 mir (x/300): a 
150-fold improvement in the SoX 
3  J. M. Gerton, L. A. Wade. G. A. Lessard, Z. Ma. S. R. Quake. Phys. Rev. Lett., 
2004, 93, 180801. 

Finding convincing evidence or even the simplest or lire 
precursors on Mars, water, has taken decades of effort! 
Detecting life on other planetary bodies will prove still 
tougher in the absence of living creatures or even in the 
presence of existing sparse microbial life. In either case, it is 
reasonable to expect that remnants, or biosignatures, will be 
left behind. Typically, we expect that these bio signatures will 
be molecules embedded in cold ground environments and 
thereby shielded from UV exposure and active degrading 
chemistries. Unequivocal detection is likely to involve col-
lecting samples from likely sites, sifting through them to find 
and sort out organic molecules, individually trapping them, 
and characterizing their chemical functionality. Only by the 
clear identification of a significant number of molecules with 
chemical functionality and/or structures too improbable to 
have been derived though processes not involving life, will 
we be able to declare success. Even recognizable organic 
molecules would have to be well characterized as reliable 
biomarkers for this result to be compelling, as extraordinary 
claims require extraordinary proof. For a mission to have a 
robust chance of successfully meeting this stringency test, the 
sensor array will have to include a large number (10 2-103) of 
highly specific functional tests, high capture efficiency and 
probably single-molecule sensitivity. We envision that the 
sensors for such a mission will be integrated with soft-lithog- 

40 
raphy microfluidics, with typical sample volumes of 1 to Pico 
liters. This enables rapid sample testing of both binding and 
kinetics as the molecular diffusion time is very short at these 
distance scales. By using chemistries and sensor size com- 

5  patible with SoA microfluidics, a single sub-nanoliter volume 
sample can be tested sequentially by hundreds of small, 
highly specific chemical sensors integrated on-chip. The 
study of many thousands of such samples can be conducted 
with minimal use of reagents. 

to 	Therefore, successful life detection will require combining 
a number of advanced technologies into extraordinarily small 
packages. Many of these advances are already being pursued 
vigorously: microfluidics for sample sorting, molecularreso- 

15  lution microscopes, rovers, etc. However the most significant 
gap remaining to be filled is a highly specific means for 
detection and characterization ofbiosignature chemical func-
tionality by devices small enough to be compatible with sub-
nanoliter samples. Advancing the technology enough to merit 

20 prototype instrument development will often require not just 
an advance in technology, but a clear demonstration of sensor 
capability to detect multiple sparse biosignatures with single-
molecule sensitivity. As a significant step in this direction, we 
will develop and demonstrate proof-of-principle biomarker 

25  sensors for optical detection of single-molecule life signa-
tures using silane-based dip-pen nanolithography on glass 
substrates suitable for multi-color optical imaging. 

In a specific embodiment, DPN uses chemically modified 
AFM tips to pattern biological molecules on a surface of 

30  interest with nanoscale resolution, high registration align-
ment capabilities and control over biological activity of the 
resulting nanostructures.' Combinatorial chemical methods 
for fabricating DNA, peptide, and protein micro arrays have 
shown great promise in becoming powerful screening tools 

35 for genomics, proteomics and the pharmaceutical industry. 
Extension of this chemistry to the nanoscale will allow for 
reduced feature size and more densely packed features. The 
majority of DPN efforts described in the literature utilize a 
thiol-on-gold system where chemisorption of the thiol mol- 

40  ecules on a gold surface is the driving force for ink transfer 
from the tip. As a result, the substrates are opaque and pat-
terned sensors can only be observed from above, with low-
resolution optical objectives, or with an AFM. This limits 
chemical discrimination if imaged topographically and limits 

45 sensitivity if imaged optically. Linewidths of chemical or 
biological materials patterned via this DPN technique are 
typically better than 100 nm, and in the best case as high as 15 
mu, a length scale that is on the order of the dimensions of 
individual biological macromolecules.' 

50 1 D. S. Ginger, H. Zhang, C. A. Mirkin, Angew. Chem. Int. Ed. 2004,30-45. 

For our purposes, single-molecule optical imaging of 
nanoarrays necessitates the use of transparent glass, quartz or 
fused silica surfaces as the substrates for DPN. A successful 
genera/strategy for attaching biologically active molecules to 

55 glass, oxidized silicon or fused silica surfaces involves reac-
tion with organofunctional silanes followed by subsequent 
coupling reactions of biomolecules to the pendant functional 
groups introduced on the surface. This method is widely 
used for immobilizing biomolecules, including fabricating 

60  DNA, small-molecule and protein microarrays. 3  The success 
of this approach lies in its flexibility and generality; in prin-
ciple, any biomolecule, including proteins, can be anchored 
to the silanized surface without loss of functionality, provided 
it can be appropriately modified. 

65 z L. C. Shriver-Lake. Immobilized Biomolecules in Analysis, Cass. A. E. G., 
Ed.; Oxford University Press: Oxford, U.K., 1998; pp 1-14. 

3  M. C. Pirrung, Angew. Chem. Int. Ed. 2002, 41, 1276-1289. 
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42 
We successfully combined dip-pen nanolithography with 

silane chemistry to pattern functional proteins in the present 
example. We have demonstrated nanoscale patterning of 
reactive mercaptopropyltrimethoxysilane on clean glass with 
DPN, followed by subsequent immobilization of fluores-
cently labeled streptavidin proteins from solution via cova-
lent attachment of the small-molecule ligand biotin. 4  We have 
also recently achieved direct DPN writing of biotin on mer-
captosilanized glass under ambient conditions by adding 
0.1% (v/v) of the biocompatible surfactant Tween-20 to an 
ink consisting of a functionalized linker molecule (biotin-
(polyethylene oxide)2 -maleimide). 5  In an embodiment, 70 
nm wide lines of patterned biotin on silanized glass have been 
measured with friction force microscopy. Non-written areas 
were first passivated against non-specific adsorption of pro-
teins with polyethylene glycol (PEG)-maleimide. We have 
also immobilized avidin-linked horseradish peroxidase 
enzymes to biotin-written areas on silanized glass and 
directly characterized enzymatic activity from the sites with a 
fluorescence-based assay involving conversion of fluoro-
genic substrate molecules to fluorescent products (not single-
molecule fluorescence). Multiple array sites of peroxidase 
enzymes patterned with DPN (1x1 µm square) all showed 
similar pseudo first-order reaction kinetics, consistent with 
the Michaelis-Menten mechanism. 
° Jung, R. Kulkarni, C. P. Collier, J. Am. Chem. Sec. 2003,125,12096-12097. 
s H. Jung, C. K. Dalai, S. Kuntz.. R. Shah, C. P. Collier, Nano Lett. 2004, 4, 
1873-1879. 

Fabrication of streptavidin or avidin nanostructures built 
upon DPN patterning of biotin represents a general route 
toward molecular recognition-mediated protein immobiliza-
tion at the nanoscale due to the ubiquity of biotin-tagged 
biomolecules. This includes capturing monoclonal antibod-
ies, which further expands molecular recognition capabili-
ties. We have demonstrated Ni t '/nitilotriacetic acid (NTA)-
maleimide based inks that bind to mercaptosilane 
functionalized S'0 2  surfaces for the reversible immobiliza-
tion of biomolecules containing polyhistidine tags. 

Here we propose utilizing carbon nanotube probes for the 
first time to perform DPN nanolithography of proteins and 
other biomolecules at 10 mu linewidths on glass coverslips: at 
least 5 times finer than the SoA. DPN linewidths are typically 
limited to at least two times the diameter of the stylus used for 
writing (i.e. —70 nm for typical silicon AFM probes, carbon 
nanotube-based probes for AFM that achieved 5 A image 
resolution (compared with —10 mu resolution typical of sili-
con AFM probes)) along with methods that enable fabrication 
of such probes at rates compatible with their routine labora-
tory use. 6  In addition, a Teflon-coated probe compatible with 
immersion in liquids has been developed by Prof. Collier's 
group.' The compatibility of such a coating on a Si 3N4  AFM 
tip with maleimide-biotin ink was demonstrated through 
nanopatterning on a silanized glass cover slip. 
6  L. A. Wade, L R. Shapiro, Z. Ma, S. R. Quake, C. P. Collier, Nano Lett. 2004, 
4,725-731. 
7 M. J. Esplandiu. V. G. Bittner. K. P. Giapis, C. P. Collier. Nano Len. 2004, 4, 
1873-1879. 

In the present example, we have propose the work for this 
task to be done at Caltech using our facilities. Nanotube 
probes will be grown using a custom CVD reactor and fabri-
cated, then plasma-coated with a fluorocarbon polymer in an 
inductively coupled plasma reactor. We will use one of two 
AFMS (closed-loop BioScopes with Nanoscope IV control-
lers from Veeco Instruments) for nanolithography. Wet lab 
facilities are already in use for preparing substrates and inks. 
To perform optical readout we will utilize a conventional 
far-field optical microscope with an intensified CCD camera 
(Pentamax) that can detect single photons and a near-field 

optical microscope developed by us that consistently 
achieves <10 mu resolution.' FIG. 3Z shows a single Cy3 
molecules attached to both ends of a short DNA oligomer 
imaged with this microscope. This is the first sub-10 mu 

5  resolution demonstrated by any optical microscope in which 
resolution and sensitivity are directly demonstrated through 
image separation of two objects rather than via inference from 
features in the point spread function of a small source. Of 
course, there can be other variations, modifications, and alter- 

10 natives. 
8 M. Gerton. L. A. Wade, G. A. Lessard, Z. Ma, S. R. Quake. Phys. Rev. Lett., 
2004, 93, 180801. 

Two kinds of multicolor optical microscopy calibration 
standards will be created based on molecular fluorophores 

15 and conjugated quantum dots patterned with high precision at 
the nanoscale. Each device will incorporate at least two colors 
and will be used to calibrate microscope focal planes to 
enable multicolor image addition with <20 mu uncertainty for 
a conventional optical microscope, and <2 nin uncertainty for 

20 our Fluorescence Aperterless Near-Field Scanning Optical 
Microscope (FANSOM). In addition, nanoarrays fabricated 
using Biotinmaleimide and Ni el-NTA ink chemistries with 
DPN on silanized glass coverslips for single-molecule cap-
ture of specific proteins will be developed and characterized. 

25 Patterning of these nanoarrays will be done via nanotube 
probes. Technology maturation studies will include single-
molecule capture/detection efficiency as a function of detec-
tor size and density. 

In another example, we will develop biomarker sensors 
30 with high specificity and sensitivity. There are three possible 

strategies for such devices: 1) Uniquely bind a biosignature 
molecule through a specific chemical interaction; 2) Non-
specifically bind a biomarker molecule and then interrogate it 
for specific functionalities; 3) Allow a freely diffusing bio- 

35 signature molecule to interact with a patterned molecular 
circuit. As a first step, we will develop a nanoarray sensor that 
will detect the presence of ATP through bio/chemilumines-
cence. ATP is an essential metabolite in most living organisms 
on earth and is therefore a sensitive and specific biomarker. It 

40 is likely that extraterrestrial cold environments would pre-
serve ATP for very long periods of time, since hydrolysis and 
other degradation pathways are thermally activated. On the 
other hand, ATP synthesis is energetically unfavorable. 
Hence, it can only be found in environments that at one time 

45 had living organisms; making it an ideal biosignature. We will 
immobilize streptavidin-linked firefly luciferase enzymes to 
biotin-written areas defined by DPN. The luciferin/luciferase 
assay has been used extensively to quantify living bacteria in 
samples by measuring intracellular ATP.' The reaction has a 

50 fast response time (milliseconds) and a large linear dynamic 
range for ATP. Because only ATP reacts with the luciferase 
enzyme to produce light, the sensitivity can be extremely 
high, with zero background theoretically. With an intensified 
CCD camera having single-photon detection sensitivity, ATP 

55 levels as low as 10 -$  M have been imaged in a far-field optical 
microscope in milliseconds. )  ° At this concentration, lumines-
cent reactions involving single ATP molecules can be imaged 
in optical volumes of about 10 -15  L or less. Such imaging 
volumes are easily obtained with both near-field and far-field 

60 optical techniques (e.g. Total Internal Reflection Fluores-
cence (TIRE) microscopy). 
9 A. There. A. Anschn. A. Lundin, S. Bergman, J. Clin. Microbiol. 1975, 1-8. 

° Z. Wang. P. Hayden, F. S. Yeung, Anal. Chem. 2000, 72, 2001-2007. 

We also established the efficacy of silane-based chemistry 
65 with DPN. This chemistry offers many diverse capabilities 

and enables optical readout of patterned arrays of functioning 
proteins on glass substrates. Note that we are not limited to 
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patterned proteins as high affinity binding can also be 
afforded by DNA sequences that stereo-specifically fold to 
bind small molecules such as ATP. The mature and diverse 
capability of silane chemistry is already well established by 
the success of the biochip industry. 

In this work, we propose to use nanotubes as dip-pen 
probes for the first time, thereby improving feature sizes by at 
least a factor of 5, to —10 mu. In addition, we propose to 
develop spatial calibration standards for multicolor micro-
scopes using fluorophores and conjugated quantum dots such 
that we can combine separate color images with pixel uncer-
tainties of <20 mu for conventional optical microscopes and 
<2 mu for FANSOM. This exceeds the SoA by a factor of 15 
for conventional microscopes and a factor of 150 for near-
field microscopes. 

By applying nanolithographic techniques to silane chem-
istry sensors, we have the opportunity to achieve an astonish-
ing breakthrough in device size, capability and sensitivity. 
These nanoarray devices will reduce detector areal density by 
a factor of 1,000,000 and reduce the required sample for 
detection at least 1000 fold in comparison with the best com-
mercial micro arrays currently available. 

The size reduction is critical to ensure high binding/detec-
tionefficiency and fast readout. This also enables compatibil-
ity with SoA microfluidics devices. The resultant instrument 
mass savings (hardware and reagents) and the potential 
increase in device functionality is phenomenal: the difference 
being a device sitting under a microscope compared to one 
filling a room. 

Finally, these technologies will be extended to develop a 
highly specific ATP biomarker sensor and to establish a new 
class of active sensors based on molecular circuitry. Together, 
the success in these proposed tasks will establish a major 
breakthrough in in-situ sensor technology. 

We propose a series of synergistic steps that greatly extend 
the state-of-the-art in several fields: to develop calibration 
standards of immediate relevance to sample return missions, 
and to produce the first nano-array sensors with high density, 
specificity and single-molecule sensitivity. Finally we pro-
pose advances significant to the search for life on other plan-
etary systems by developing several new and fundamentally 
different approaches to life detection and validating them 
through detection and functional interrogation of biosigna-
tures at the single-molecule level. In doing so, we advance the 
SoA sufficiently to seriously propose developing prototype 
instruments upon completion of these tasks. 

The proposed devices have direct application to in-situ life 
detection sensors, planetary protection, and the study of 
returned samples. In addition, such sensors will have impor-
tant application to assessing astronaut health, particularly in 
regards to microgravity and radiation effects on their immune 
system. Of course, there can be other variations, modifica-
tions, and alternatives. 

t is also understood that the examples and embodiments 
described herein are for illustrative purposes only and that 
various modifications or changes in light thereof will be sug-
gested to persons skilled in the art and are to be included 
within the spirit and purview of this application and scope of 
the appended claims. 

44 
What is claimed is: 
1. A method of processing one or more materials using a 

probe device, the method comprising: 
providing a substrate member baying a buttered fluid over- 

5  lying the substrate member, the buffered fluid having 
one or more species mixed within the buffered fluid, the 
buffered fluid comprising a first pH range that makes the 
one or more species unreactive with each other and the 
substrate, the one or more species selected to be reactive 

10 	to each other and the substrate or with only the substrate 
in a second pH range; 

suspending a probe device coupled to a tip region, the tip 
region having a determined spatial size; 

15 	moving the probe device including the tip region toward a 
surface of the substrate member while maintaining the 
tip region immersed in the buffered fluid; applying an 
electrical bias on the probe device relative to a reference 
potential to cause the tip region to change in electrical 

20  characteristic so that the change in electrical character-
istic is applied to a localized volume of the fluid of less 
than about 100 mn in diameter from the tip region of the 
probe device, creating a pH gradient within the localized 
volume, the pH gradient being within the second pH 

25 	
range, while the fluid outside the localized volume 
remains at about the first pH; and 

wherein a portion of the one or more species located within 
the localized volume reacts with each other and the 
substrate or with only the substrate to pattern the sub- 

30 
strate and a portion of the one or more species located 
outside the localized volume does not react with each 
other and the substrate or with only the substrate. 

2. The method of claim 1 wherein the electrical bias is a 
positive bias or a negative bias. 

35  3. The method of claim 1 wherein the one or more species 
comprises a linker layer of molecules. 

4. The method of claim 1 wherein the tip region comprises 
a conductive characteristic. 

5. The method of claim 1 wherein the tip region comprises 

40 
a coating thereon. 

6. The method of claim 1 wherein the first pH of the 
buffered fluid is characterized by a pH of less than 7 or greater 
than 7. 

7. The method of claim 1 wherein the portion of the one or 
45  more species within the localized volume reacts by causing an 

acidic characteristic within the localized volume. 
8. The method of claim 1 wherein the tip is on and in 

contact with at least one of the one or more species. 
9. The method of claim 1 wherein the substrate is made of 

50 
a material selected from glass, quartz, ceramic, plastic, or 
semiconductor. 

10. The method of claim 1 wherein the change in electrical 
characteristic forms one or more proton species within the 
localized volume. 

55 	
11. The method of claim 1 wherein the steps of providing, 

suspending, moving, and applying are repeated for at least a 
second localized volume of less than about 100 mn in diam-
eter from the tip region of the probe device. 
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