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Post-Genomic Nanotechnology
Society

Health Care

Future Map

Performance

Smart IT Enhancement




The Emergen
Infotech / Biotech / Nanotech / Cognotech

Operational Ecology

NBIC Conference

Converging Technologies

for Improving Human
Performance:

Nanotechnology,
Biotechnology, Information

Technology and Cognitive
Science

NSF/DOC-sponsored report

http://www.wtec.org/ConvergingTechnologies
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The Infotech / Biotech / Nanotech Convergence
NNI - National Nanotechnology Initiative
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The Infotech / Biotech / Nanotech Convergence
Synthetic Biology Manifestation

=

Eium_atariats.FEngineeﬁng
Of Mineralized Tissues

Udrastruciural Anatysis
interfacial Chamistry
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Nanotech / Biotech / Infotedbonvergence
Diagnostic > Therapeutic Pipeline




Nanotech / Biotech / Infotedbonvergence
Diagnostic > Therapeutic Pipeline

The SELDI™ Process

Protein Capture
(Direct from source to ProteinChip ™ Array)

Signal
¢ >-Ampliﬁcaﬁm

Purification

(i &t “on-chip” protein 1solation )

v

Tdentification
Quantitation
Structure
Function

EKnowledge
-~ and
Discovery

88300 snonumnuo ) ¥ 1921(]

Ciphergen

—-alf direcily on the chap
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The Infotech / Biotech / Nanotech Convergence
Nanopharmaceuticals

Diagnostics
-Blochips
-1 dots, SINW. CNTs

Therapeutics

-Drugs Releasa
; : : Biology &
I.-’f :I Target Dalivery oy
|'I (

Biomedicine

|
Hybrid Biodevices

-Tissue Enginearing
-Organ development

Mowvel Solutions for Frontiers in
Medicine and Biology

3/26/2010

sSelf-Assembly

-DNA/Protein Madialed
-oANs

Molecular Elect
-Malecules
-DhA

Bio-inspired Materials
-Self Healing and Repair s
-Sansa and Response h“u—

Movel Solutions for Frontiers in
Materials and Infermation
Frocessing




Semicoductor Laser
Optoelectronics

Han et al, MaASA Ames Research Cender, Oct, 1998




Nanomedicine - Intersection of Materia
Science and Medically Relevabihemistry

Precise targeting and penetration of intra-cellular
subsystems, membranes, organelles

Sustained dynamic physiological interaction

Broad spectrum of potential design strategiesidyrtly
coupled diagnostics, monitoring, and therapeutlc
deployment T iz

’\-.‘_ -y

Nanostructured materials derlved plaﬁwﬁé’ﬁ‘g l_'; |

B TR "K\h

nanodevices > bio-functional dellv}et‘ables
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Nanotechnology Enabled
Process Development Trajectories

Enhance “Friendliness” to Novel Materials In
“Traditional” Micro-litho Fab Facilities

Integrated Biological and Non-Biological NanoStuurets
Supra-molecular Synthesis

Integrated / Inter-related Techniques for Patteymiatter
Chemical Handles for Attachment to Surfaces
Utilizing Biology as a Foundry

3/26/2010




Key Nanelndustrial Infrastructure
Development Indicators

» Diverse Methods for! Patternm_g Mattert .
» Conjunction of Hard angl Soft,Matter 23

o Implementation of Bloc%njugates as an’
Assembly System «** .H.

o Whitney’s Interchangable Parts P.aradlgm Apphe
to Materials / Integrated De\ucé @reatiana

» Merging of Materials, Ievn:as CIFCUI'[S& W
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The goal Is process integration

« Self Assembly / Self Organization
» Biolithography / “Soft” lithography

Complementary

o Supra molecular manipulation | molecules




Complimentary Chemistries In
Molecular Components

 Integration of organic and in-organic dopants wginbon
nanotubes, dendrimers, various molecular structures
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NanoDevice Platform Deliverables
Molecular Components

Precision targeting > selective functionalities
Prophylactic > Pathogen Inhibitor

Synthetic systems / architectures > organellets cel
Enhancement

Regulation
Montoring

3/26/2010




Programmable Nanoporous Materials
Selective / “Smart” Membranes
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4 inch wafer

3/26/2010

NanoGATE Membrane

Observations

e NanoGATE openings formed by
selective removal of thin layer
of silicon dioxide

Openings can be precisely
controlled to be between 4 and

50 nanometers across
‘_ ‘ NanoGATE
PN openings
8 (20+1 nm)

.

4

Close-ups of
Membrane area

Cross-section of
Membrane




NanoGATE = Molecular Gating

Diffusion of Drug through conventional membrane (Fickian release rate)

3/26/2010




NanoGATE Prototype

End cap and membrane support Titanium housing Polycarbonate membrane
surrounding drug reservoir

Formulation
(dry drug particles in non-aqueous solvent)

3/26/2010




NanoGATE Prototype

End Non-aqueous Titanium Silicon
cap reservoir housing membrane
with support
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Examples of Nanofabrication Enabled by Self Assenalnigt
Biologically Inspired Processes

ST
Self organizing / assembling nanostructures\x
Integrated 2D and 3D structures 53

Genetic “magnification” of desired attrlbutes

and affinities in biologically derived
materials

Living organisms as biofoundries and
nanomecharjical syst ms ] ] '




Define Foundn
Living Systems aBioFoundries

with 1P Random

Phage Library l [
Pepride !rl..-h*-'r'l'll

with Hurface Bired ing

Interaction ‘ | Speilic
11.| surface

X -.éﬂﬂf!}alihm'é_r{qrs ‘

Peptide Binding w2 ugHicing Am plification




Define Foundn
Living Systems aBioFoundries

Exotic Materials
Constructs from
hybrid combinatory
bio-conjugates and =" *
inorganic nano- - %
structures

B




The Nanelndustrial
Development Stream

Nano Systems §
]

Materials

Infrastructure #*

ey

/ Years




The Nanelndustrial Infrastructure
Development Stream

Nano Systems §

Ma'[(:‘l"lalsf_ e ” :

Infrastructure g
4 Bilo-Integration |

e Tie / Years




Nanostructured Materials

o Foundry processes / fabrication techniques enabliags
production of nanostructural components

» Broad range of functionality

-l'.t .lll “a .,. i i.&i lljt ‘E.r
e i
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Self Assembly as a Foundry Proce

SEH—H‘SSEHTE]IF is the most practical and realizable approach to fabricate arrays of

nanadevices with the sub-100nm size features in short-term  (the canwventional lithaographic methods
of microsystemprocessing offer very limited control over the fabrication on the sub-100 nm scale)

Spontaneous Controllable
self-assembly

self-assembly
This approach relies on structural disorder at the

interface bhetween the two materials with different

phwvsical properties heteroepitasy, fluctuations of
the dopantconcentration, etc.)

Invalves self-fassembly of the toaols far fabrication of

nanoastructuresand nanaodevices such as masks ar
templates.

-

Se!f—assemb!ed&: nanowires grown by
maghnetron sputtering
(E.A. Guliantzand W A, Anderson, " Mowvel Method of Structure

Control inSi Thin Film Technologu? @@ ileabmmg of Ties
E et eenitinay Socseiy Toronto, QM. hday 20007



Some of the potential applications of periodic nanostructures are:

S
MNanowires

Periodic Nanostructures

Substrate

Light

Elass shak

| TCO

P

Semiransparent
metal

Badk ahmic
| cantadt

+  Cluantum effect dots

* Feszonant tunneling diodes

*  Single-domainfhit magnetic storage media
+  Single electron transistors (RETS)

+  Light-emitting diodes (LEDs)

+  Photodetectars

+  Cluantum well optoelectronic devices

+  Cuantum cellular automata

*+  High-density memory

| [ | -
—_ —_— - — - — g
- - - e
| |
Iletallized Electroplate 2ag EES?EI: Nmz};:;ide
template Ft, M1, ete. F S

Schematic of aSi photodetectorarray
fabricated on periodicSi nanowires




Periodic Nanostructures

NanoPlex
Technologies




Spherical Periodic Nanostructures

The color of the the light emitted by the
dots is dictated by their size,




GE Nanotechnolog#latforms

SW/MWNT, Pt, Ni, MoC..._ fPF7 S8

Application ATeas M X F T Application Areas

= Sensors... D _ZEd#l| = Molecular Imaging
= BioSensors...

Block copolymers, GaN... Application Areas
Application Areas » High strength materials
= Lighting — white LED... < » Thermal barriers...

| Forged + 450°C/530 h

Application Areas
= Optical materials
= Structural ceramics...

broad range of nanomaterials
3/26/2010




BioSante — Casein coated CAP-PH (biodegradable
calcium phosphate insulin) particles for potenbial delivery

CAP-PEG-Ins

Casein Coat

Hydrophilic {hairy) layer
(mostly x-casein)

CAPIC formmlation mn CAPIC in > 5.5 pH of
acidic pH of the Stomach the intestines




Dendrimers
molecular delivery vehicle

BRANCHED

GENERATION 1
DENDRON GENERATION 2
DENDRON
s s

GENERATION 3
DENDRIMER

0 layer 1 layer

(O N AV FAVERY)




Immune responses to
nanomaterials..

One approach:
isofunctional
device variants
tailored to
individuals

one device
becomes many...
What If it contained
multiple proteins?

Leeet al.2001. Biomedical Microdevice8: 51-57.
Leeet al. 2004. Biomedical MicrodeviceB) press

3/26/2010




How many possible protein components c
nanodevices are there?

At least 25,000 genes in humans?
At least 100,000 proteins?

>3X 10° living species described to date 7

t
Exponential numbers of engineered variants of
each protein are possible

1. Southan. 2004. Proteomics 4:, 1712-1726
2. Edwards et al. 2000. Science (2000 Sep 29), 289:2312-4.

Is there a reason for fungible protein
components of nanodevices?




Protein Size Mimicry

10 nanometers Hemoglobin

Cytochrome

Insulin ,i‘
‘.-‘- ﬁ wﬂr
-
r.. . - * :'
. . ¥ J

-

Generation 3 Generation 4 Generation 5
3 nhanometers 4 nanometers 5 nanometers




Dendrimers as Nano -Diagnostics

Signal Amplifier
Q Opacifiers

} Targeting Groups

Modifying Groups



Dendrimers as Nano -Delivery Containers

Q Active Pharma

Delivery Control
Groups

Targeting Groups




Dendrimers as Nano -Drugs

Active Groups
Targeting Groups

Modifying Groups



Most small molecule drugs are only capable of monovalent binding.



@
Dendrimer Based Polyvalent Drugs dnt

Dendrimers are capable of polyvalent (multiple recep  tor-site) binding to cell or viral receptors.



DNT’s Opportunities

Nano - catalysts

NEE reag ents SIGMA-ALDRICH

FINE CHEMICALS

Nano - optics

Nano - electronics L‘t‘« . L . N
.é"i':-.'_,, 3 TN Mllltary " ’1y Resear.ch‘Laboratory

Nano - sensors

Thin Films Pharmaceutical starplmrma




Value Proposition Is In Synergistic Opportunity
Carbon Fullerenes — from probes to delivery plat®

BUCKY DRUG. Model of a
fullerene-based HIV protease
inhibitor recently designed by Simon
Friedman.

3/26/2010




Value Proposition Is In Synergistic Opportunity
Carbon Fullerenes — from probes to delivery plat®

3/26/2010

Fullerene-based protease inhibitor fights
HIV by binding to the active site of the
protease enzyme (green ribbon). The
carbon-60 molecule (green ball) is
decorated with various chemical
appendages (green, red, white, and
blue). C Sixty plans to test it in patients.
A. Kirschner/NYU




Value Proposition Is In Synergistic Opportun
lerenes — synthetic architecture

Computer model image of a
fullerene-based artificial membrane
courtesy of Andreas Hirsch, Ph.D.,
University of Erlangen, Germany




Nanotubes from other materials —
polymers, proteins, synthetic organic molec

A self-assembled rosette nanotube
and its mirror image prepared in
the Fenniri laboratory. These
materials are now made with
predefined chiroptical, physical
and chemical properties. The
Fenniri group's nanotubes promote
their own formation and offer
numerous potential applications.
(Purdue University Department of
Chemistry)

3/26/2010




Molecules as Tools — o

Not Just Endproducts inigg

I ‘*‘a{a
Nanotubes - carbon, polym4r, 4 e T %

protein, etc.

B 75 licate Framewor
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o Hydrophobic Core
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Organometalll
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Molecules as Tools - Not Just Endproduct
Complex Nanostructures > Nanodevices

Molecules Bilayer Vesicle

Vi

Polat  Nonpalar  Amphiphilic
(N.O.F) (C-H)

Protocell

Absorption and transduction

o Transpaort of nu tmn’m.'-
Monolayer of amphiphiles

3/26/2010




Define “Tools

Goal of the tool is to manipulate molecules andgoatmatter

Electro-Molecular —— Heterogeneou
Manlpulatlon » AN AN Assembly

AFM dewces / GUEVE

'HHEEEEE
e e e e e =
.TE"E"EEEEEIEEE




Objective: Improved Processes for ManufacturingrHig
Precision Functionalized Nanostructures

Present strategies for nanofabrication

Core : “Active Material™
1-30 nm Size Spheres,
Rods, Disks, etc...

QD decorated With “” charges
Shells: “Proctive or
Complementary Layers™

Functional Groups:

“Chemical Hooks or other

chemically, electrically, Surface Groups: “Passivating, Proctective, and o et
optically active groups™ Chemically Active Layer” Assembly

Mattoussi et al,
(IACS, 2000)

Target future nanofabrication goals

20 nanometers




Heterogeneous Integration Process
for Micro/Nanofabricatior--Syyergy obT ogD

DNA
Attachme nt\

dhdddeddy. BORBORARE

Electronic e
“‘Pick and Place” /




Biology as a mechanism for material
production, patterning, and fabricatio

Key Properties:

Photonic “*:\‘&"';”" Living

*‘m S Systems as

: ¥
Electro_nlc }_ & ﬂ‘.‘iﬁ ;;-g Biofoundry
Mechnical R e

Vig o l

Chemical
Genetic Magnification

Dynamic Agent Controlled Replication

/ N\

Material Patterning / Materials Harvest /
3/26/2010 Structural Systems “Biocomponents”




Naturés Nanofoundries

chromatin

nuclear envelope
nuclear pore Vg

nuclealus

Golgi complex

lysosome

flagellum

*\plasma membrane
./"I:

smooth

endoplasmic & endoplasmic
reticulum  ribosomes reticulum




In-Silico Biology —
Schematic Engine of Biological Systems
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HOW A GENETIC PART WORKS

ochemical equivalent of electronic components, performir = Boolean 1D

A CIRCUIT

One simple genetic circuit connects three inverters, each of which contains a different

gene [gene 1, 2 or 3] The genes oscillate between on and off states as the signal

propagates through the circuit. The behavior is monitored through a gene [ far right ]
that intercepts some of the sutput

A COMPONENT
A biochemical inverter performs the Boolean NOT
operation in response 1o an input signal, inthe form
of a protein encoded by another gene

ON

When no input protein is
present [input =0}, the
inverter genea is “on"—it
gives rise toits encoded

OFF
When input protein is

abundant [input = 1], the

inverter gene turns off
[output = 0].

AT 150 MINUTES

ON .o,

protein generated by one of the inverter
genes [pene 3] and gives rise to
fluorescence in response

Gene 1 ’ u% -@

Input f
3 e AT 200 MINUTES
) % ™ . % Mo autput

oy L & O
.H.fﬁ.li:f"““" d = «*x uFF@ — o~

protein [output =1],

No input Dutput

protein
-

& B
ﬂ‘*

Protein-cading Gene 1
regian of
Inverter gene

A CIRCUIT IN ACTION
Cells containing such a circuit blink on and off repeatedly [graph ). Butin practice, identically altered cells in a culture
[photograph] blink atvarying rates, because genetic circuits are noisier and less controllable than electronic ones.

Fluorescence geng

s

3%

=
§

Brightness of a single programmed cell

[}
=
i

Flugrescence [arbitrary units)

300 400 500 GO0

fime [minutes)
BRYAN CHRISTIE DESIGN (tog) : LUCY READING {graph); MICHAEL ELOWITZ (bottom right)

0 100 200




From Reductionism to Integrated Systems Biology
® understanding the information content encoded in
biological networks

e mapping the design rules for progressively greater
complexity of biological order

gene(s)

: 2

pathways, circuits and networks

.

progressively ordered assemblies: organelles, cells, tissues, organs

. =

homeostatic integration of myriad, complex, interactive networks
(physiology)

Dr. George Poste
Director

3/26/2010 Address: george.poste
Server: asu.edu
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HF }‘_‘ Detachment

' '@ ISy S
| ' . f"o‘ E—
freatment ’«6\(.!

Silicon wafer after
Silicon wafer porosification Mesoporous silicon

“top-down” porous silicon fabrication

Detachment
+

Silicon wafer substrate Silicon whisker synthesis and growth Free-standing Silicon
with gold catalyst on substrate whisker carpet

Non-resorbable “bottom -up” porous mesh based on Si wires

3/26/2010 Jeff Coffer -TCU - j.coffer@ tcu.edu




Synthetic Biology .
How far will this paradigm go?

Artificial Immune System

env
Surface Glycoprotein SU

Synthetic Antibodies ap120

TrunsmE;:'ulqruna Q
BlOnlC Ce”S Glycoprotein M ™ —>»

gp4|

qag
Membrane Associoted

(Matrix) Fﬂ::nhaln Mﬁi‘--..___*
L

Caps SCA
{Core Shell)

p24

RMA
{2 molecules)

pol
Protease PR p?
Folymersase RT &
RNAse H RNH p&&
Integrase IN p32




Synthetic Biology . . .
How far will this paradigm go?

Artificial Immune System
Synthetic Antibodies

Bionic Cells




Synthetic Biology . . .
How far will this paradigm go?

model courtsey Petr G. Leiman
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Synthetic Biology . . .
How far will this paradigm go?

3/26/2010




Synergistically Enabling Foundry Processes in
Photonics, Electronics, Fluidics — Nanolmprinting
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Biopathogen Detection —
Live Cells as Sensors

3/26/2010




HIPPOCAMPUS REPLACEMENT

Chip takes over the processing of nervous signals normally performed by the hippocampus

CROSS SECTION
THROUGH Y 4
HIPPOCAMPUS

Multiple electrodes are
placed on each array,
They are positioned to
mimic the stricture of
nernve tissue within a slice
of the hippecampus, and
make contact with other
parts of the brain

ELECTRODE

HIPPOCAMPUS CHIP

[

-
Recording electrode agray B
"ligtens” 1o neuron DAMAGED
activity coming inta the HIPPOCAMPLS
hippacampues and feeds TISSUE

it to the chip

Stimulating electrode
array delivers the
appropriate electrical
output to the rest of

the brain - ' i

RAT HIPPOCAMPUS T




Biolithography — Directed Biochemical Assembl

3/26/2010




Value Proposition Is In Synergistic Opportun
Example - AFM arrays

Molecular electronics
(organic, bio-organic
circuits)

Crystallization
Solid-state (colloidal crystals,
nanoresists \ / biostructures)

Cryptography <&— ‘
Ultra-small, Uitrahigh density

-sensitive, and oligonucieotide
-selective sensors Nano- and arrays (gene chips,

Bl
r/ : — Nanoprinted

! catalysts

microfluidics

sequencing)



Value Proposition Is In Synergistic Opportun

Example - AFM arrays

« Enabling platform for data
storage

» Massively parallel molecular
deposition
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Value Proposition Is In Synergistic Opportun
Example - AFM arrays

The Millibede chip! showing

electrical wiring for 1,024 tips
ctched out 1n a 3x3mm sauare,

3/26/2010



Biomolecular Nanoarrays via Direct-Write DPN

More than just miniaturization with higher density

New opportunities for biodetection and studying biorecognition

Small sample volumes required

Higher sensitivity

New readout capabilities (eg. probeless detection)
| NANOIN get small ™

.




Nanoarrays for Antigen-Based Detection of HIV

AR

Ink coated
AFM tip

¥ 4%

2 2N I O
%45 % 8
222 R L

Au Surface

Anti-p24 |, Protein Adsorption

i Blocking

T with BSA ‘
& &8 VW A
Y'? 2 | N
NP labeled (ARSI P24(HIV) @
with anti-p24 @EEERERL W WY

3/26/2010




Protein Nanoarrays for Cell Adhesion Studies

DPN arrays of Retronectin
(AFM topography)

Fluorescence Micrograph of Cell
Spreading onto DPN Pattern

10.0 nm

-
"

5.0 nm

.a
’
F Y B »

0.0 nm

® VPV
L D

|

» -
-
-
-
-
-
-
-

L I

L
B

with J. C. Smith and M. Mrksich at U. of Chicago

nnnomx@ get small™
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Combinatorial DPN

DPN enables one to systematically
vary lattice parameters...
Composition

Spacing

Dot size

Orientation

Applications...

- Magnetic, metallic, and polymer
nanoparticle assembly
Colloidal crystallization
Catalysis
Cell adhesion studies
Photonic materials
Combinatorial synthesis of
materials and biomolecules (DNA,
peptides)

NANOI NK@ get small ™



rocesses and materials
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Integrated BiofoundryProcesses

Bio- assembled materials self

organized on structured x & ﬁ,-
platforms QPN o
Integration of organic and W-Nﬁ ““"’**wf"'

organic material systems \"‘f;;ﬁw




Structural Proteomics - Proteomic Assemb

3/26/2010




Structural Proteomics - Proteomic Assembl
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Structural Proteomics - Proteomic Assemb

Modify Proteins

A taik to
fiber adhesion T cargo
site (red) {  binding
i T site

-,Hﬁ::r-.m"

Frar
3
_—

safe=-==li

i

L neck and
mechanical

W
"ﬁ ,-f}“ _
cata hytic site for ::l;_,a- i linkers
ATP hydrolysis

£

Activate Proteins

Assemble Fiber Networks

Monitor Protein Function




Combinatorial / Synergistically
Inter-relatable Process Modalities

o Self-assembled DNA
carbon nanotube
“nanobiotronic’
devices

U of South Carolina -
Seminario, Agapito,

Figueroa

Fig. |. A bhinmochip, hased in polygons made of carbon
nunotubes and interconnecting DNA ragments.

3/26/2010




Process Dynamics of the
Evolutionary Eventstream

Designed Evolution Restoration & Healing Augmentation

N >

Present Transition Future




.

~ Scenario:

Synthetic Nano-Organisms
Xenomorphic Hunter/Killer Biobots

“Smart” nano-defensive skin / ;
molecular neufralization )
"\.\Syn’rhe’ric immune system “patrol nc:ni’re_s,”f"'

"~ Nano-bio sensor implants "
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Scenario: ~.
Boda Lovianase Fold :

/ Extended sensory capacities

| m " -I
‘~.\Ex’rreme hardened” endurance /
~__ Enhanced performc:nce__,_,_._..»""

_— Solution; =
/" Nano-enhanced tisuue ™\
- “Smart” healing nano devices |
"‘\\Bi ochip / integrated implants
“~_Neuro-prosthetics "



Infotech / Biotech / Nanotech Convergence

Think Different > Think Holographic

Bioinfomatics

In Silico Biology

METAIDLIC PATIWAT S

3/26/2010 S
Genetic / BloMed Proteomic




Nano Electronics &
Photonics Forum

Conference Oct 26, 2004, Palo Alto
www.NanoSIG.org/hanoelectronics.htn

Our mission is to provide our members and

sponsors with a key competitive advantage |
the next industrial revolution spawned by the
convergence of interrelated domains of appli
nanotechnology in electronics and photonics

TOWNSEND and TOWNSEND and CF




