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Model 2D system: self-assembly of viral particles

-Viruses are . and have surfaces that can be modified
using genetic engineering

-In addition to use as a model system for simulations of self-assembly, we hope
to use viral arrays as scaffolds for nanoparticle organization

C. Ashley, D Peabody, D. Dunphy...
Q-Beta

Control charge and distribution Red = positive charge, blue = negative charge
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Characterizing the little buggers

At least 1 dimension of 1 to 100 nm
Particles — fumes, smokes, exhausts
Balls — fullerenes

Tubes - single and multi-walled

Dendrimers — branching spheres
(spherical snowflakes)

Quantum dots — packaged crystals




Head of a pin
1-2 mm The Challenge

1,000,000 nanometers =
1 millimeter (mm)

MicroElectroMechanica
. @) b | (MEMS) devices
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Human hair
~60-120 um wide

Pollen grain
Red blood
cells

1,000 nanometers = Zone plate x-ray “lens”
1 micrometer (um) Outer ring spacing ~35 nm

Red blood cells £
with white cell

~— Microworl

Fabricate and combine
nanoscale building
blocks to make useful
devices, eg., o .
photosynthetic reaction
center with integral
semiconductor storage.
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Self-assembled,
Nature-inspired structure
Many 10s of nm
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1 nanometer (nm)
buckyball

~1nm
diameter

Carbon nanotube
~1.3 nm diameter

_ . Quantum corral of 48 iron atoms on copper surface
~2-1/2 nm diameter Atoms of silicon positioned one at a time with an STM tip Ofe s crry s
spacing ~tenths of nm Corral diameter 14 nm Vorson 106703 o
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Products

Fullerenes — discovered in 1985. Nobel Prize In
1996
Carbon nanotubes — discovered 1991 by lijima

Single walled (SWCNT)
Multi-walled (MWCNT) — 2 or more layers

Quantum dots (Qdots)

Fluorescent
“Functional” coatings

Semiconductors




Fullerenes &
arbon Nanofubes
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Special Properties

Difference in chemical reactivity
for
end caps and side wall

High axial mechanical strength
Special electrical properties:
Metallic

Semi conducting
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Image credit NanoLab Inc.




POROSITY OF HIERARCHICAL
STRUCTURES

Porosity of Primary Cluster

—

225330 M ~rP D =2.5 |

M

Mass = Mo<rP, D<3

Densitv = Mass/VVolume = rD/r‘d — 1/r(3-D)

Porosity < 1/Density = (3-D)
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“Guiding” or “directing” the assembly process:
Semiconductor Nanocrystals

Synthesis Size Processing Film Growth: Nanocrystal
Self-Assembly Superlattice
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Monodisperse Colloid Growth (La Mer)

Staturation

Nucleation Threshold
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Coordinating solvent
Stabilizer at 150-350C
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Self-Assembly and integration of robust 3D nanocrystal
arrays - sensors, plasmonics, electronics

[0-10][0-22}; ““ _({ s 00 & O ' & Self-Assembly of Ordered,

Robust, Three-Dimensional Gold
Nanocrystal/Silica Arrays

Homgyou Fan,"** Kai Yang? Daniel M. Boye * Thomas Sigmon,?
Kevin ). Malloy,® Huifang ¥u,* Gabriel P. Lopez,®
€. Jefirey Brinker'>*

We mport the synthesiz of a new nanoaystal [NC) mesophase through salf-
assermbly of water-soluble NC micelles with soluble silica. The mesophase
comprizes gold nane<rystals armrged withina silica matres ina face-certered
cubic lattice with cell dimersions that are adjustable through comtrol of the
rarecrystal dame ter andiorthe alkame dain lengths of the primary alkanethiol
stabilizing ligards or the surrounding secondary surfactarts, Under kingtically
controlled silica poly merization conditiors, evaporation drives self-assembly of
MC mikcelles imto ordered Wi silica thin-film mesophases during spin coating,
The irtermedate MC micelles are water soluble and of intenest for biolabeling,
Initial ecperiments on a metalinsulator-metal capacitor fabricated with an
ordered three-dimerslonal gold rarccrystalf silia array as the “insulator® dem-
onstrated collectie Coulomb bleckade behavior belos 100 kebein and estab-
lisheed thie curre mt-woltage scaling relationship for a well-defined three-dimen-

TEK
i
bl (VIV, 1)
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Fan et al. Science 304 567 (2004). Model artificial
solids to understand collective phenomena

sional armay of Coulomb islands,

Despibe recent advanos in the syothesis md
clamoterization of mancorysals and NC ar-
mys ([, 2 thers remmin numerous challenges
that limit their pmotical use. First, for exnm-
ple, synthesis procedurs genemlly ussd for
melallio and semiconducting NCs vse orgamio
presiviting ligands that waks the MCs water
insoluble. This is problematio for bislogioal
imaging md miore genernlly for unifom in-
corpomiion of manoorysals in hydrophilio
malrices like silion or tiloia needed for the
fbrication of robust, funotional lesecs (3, 41
Second, while seric stobidlimbon of mno-
orystals with organic passvalicg lnyers sup-
presses piimotive  particle-particle  intemo-
tons, thereby facilimling sslfassembly of
MIC armys, it necessarily omses the armys bo
be mechanically wesk and often themmlly

and chemically unstable. Third, although
evnpomtion of MC dispersions hos been used
1o prepares quasi-30 NC oomys (5 and films
containing isclbed 30 NC islands (&), there
exist mo progedres to relinbly fabrionte 30
NC mrays as miform thin films. Theas com-
bined fuctors ultimately limit roatins intsgn-
tion of mncorysals ints 30 amificial solid
devices, in which elecwonia, mugnetio. and
oplical propecties ould be mned through
electron charging nnd quanmm ¢ enfinement
af idividmal HCs mediated by soupling in-
ternctions with neighboring NCs (7, &)
Here, we describe the direct synthess of
water-saluble MC gold micel bes and their fir-
ther salf-assembly with silion inte robust, or-
dered 30 MC armya in bulk or thin-film
forms. The synthetio approach i geneml and
avoids the complicatsd multistep proosdures

Sandia Mational Leboratoriss, Chemical Synthesis
vl Manomiaterials Do part ment, Advanoed Hatsrids
Lab-mbc-ly, 1000 Linversity BDl.IH.'iIﬂSE,AIhIq.hr-
ﬁ.l-, MH BP0, U8, *The University of Mew Haioo
SF Cantter fior Hl\:n:\-!.n&n‘-r-d wber lads, Dﬁt-
it of Chemical and Muckar Enginsering, and “Cen-
tef Tor High Techn ology Maerials, Nh.llgqc.:l.hlh
B3, 'ﬂ'ljlﬂa%-ﬂ:rrhrt, Crav ks,
Durvidson, HC 25035, LEA
*Ta whom v st M b ackdressed. B mad:
I arvesa redl a gow (HF.), o brinkaezandia gov (CLE)

ported  previously (9). Our conoept & 1o
consider monosized. orginically pessivabed
His s lnnge hydrophobic molesules that, if
incorpomted individually into the hydrophe.
bio inberices of surfbctant micelles, =ould
result in the fommtion of moncszed MNC
mivelks compossd of o metallic (or other)
N oore and o brybrid bilmyer shell with pre-
cisely defined primmy and secondary layer
thicknesss= (Fig. 1H). The hydrophilio MC
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Historical Note

1959: Richard Feynman - precision
machines at the atomic level possible

1970’s: Eric Dressler — “molecular
machines” to control manufacturing.
Taniguchi — “nanotechnology”

Late 90’s - Federal funding for nanotech
research

2000: concerns about safety
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Potential Commercial Uses

Spacecraft, space elevators
Artificial muscles, combat jackets
Land and sea vehicles

Electrical conduction, power cables
Semiconductors

Drug delivery, medical imaging




STM Image
1.0nm




Credit: NIST




Special Medical Potential

Carbon nanotubes and other particles

Packaging for pharmaceuticals and chemotheraputics
(nanomedicines)

Reduction of systemic toxicity
Linkages to DNA or cancer cell components

Quantum dots
Attached to specific cell receptors
Luminescence helps identify cancer cells

Magnetic nanoparticles for imaging accuracy







Image credit Nanolab Inc.




Market Prices

“Hundreds of thousands per gram” initially

2005 - $100 per gram or $50,000 per
pound

2008 - $30 to $1500 per gram
Projected for 2010 to be <$20 per pound

<$2 per pound when millions of tons
produced annually




We search the world for the highest quality,
lowest cost carbon nanotubes,
so YOU don't have tolll

http://www.cheaptubesinc.com




Nanoparticle exposure

Not new
10,000 year old Greenland ice — Neolithic Stone Age

1012 (one trillion) submicron particles consumed per
person per day

5000 to 3 million particles/cm? in heavy traffic
Household gas appliances

May be incidental (“natural”) or engineered

Routes of exposure
Inhalation

Dermal
Gl
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Inhalation Exposure

Difficult to control background exposure
for proper studies

Nanoparticles naturally tend to aggregate
Smaller particles aggregate faster
Higher concentrations aggregate faster

Aggregates deposit In upper airways

Disaggergation may occur at cells or
surfaces




Inhalation Exposure (cont.)

Systemic translocation from the lung
To circulation via pulmonary vasculature
Lymph system
To Gl tract from mucociliary apparatus

Mixed study results:

Liver, spleen, heart, brain deposition of iridium
particles in rats

No distribution of inhaled radio-labeled carbon
nanoparticles in humans




Inhalation Exposure (cont.)

Nasal sensory neurons

Animal evidence for olfactory nerve (and potentially
CNS) accumulation

Difficult to interpret due to differences between
humans and animals

Known nasal sensory transportation of viruses

High deposition of nanoparticles in human
nasopharynx




Dermal Exposure

Probably a significant route of exposure
Sunscreens with TiO, nanoparticles
MWCNT’s can enter keratinocytes

_ittle evidence for systemic absorption or
penetration past the striatum corneum

Damaged skin probably not a barrier




Gl Exposure

May be a significant exposure pathway
Food, water
Swallowing inhaled particles
Hand-to-mouth transfer

Absorption (and toxicity) governed by
Size
Surface characteristics
Water solubility




Other Exposures

Placental transfer of fullerenes

Blood brain barrier
Fat soluble fullerenes
Olfactory nerve uptake




Literature Examples of MnO Jacks and Cubes
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David Zitoun, et al. JACS, 2005, 127, Fangyi Cheng, et al. Inorg. Chem. 2006,
15035. ASAP

Jikang Yuan, et al. JACS, 2005,
127, 14184.

See Paul Alivisatos,
UCB




Image credit: Courtesy National Institute of Standards and Technology




Image credit: Courtesy National Institute of Standards and Technology
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Image credit: ARC Center for Excellence in Functional Nanomaterials
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Image credit: ARC Center for Excellence in Functional Nanomaterials




Mechanisms of Toxicity

Inflamation
Cytotoxicity
Antigenicity
Genotoxicity




Nanotoxicities

Pulmonary
Cutaneous
Systemic
Carcinogenic




Pulmonary Toxicology

Primarily inflammation
More dependent on surface characteristics
Aspect ratio

Urban air pollution
Asthmatics

Cardiorespiratory mortality
Impaired respiratory function

Biopersistence of MWCNT’s
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Pulmonary Toxicology (cont.)

Extrapolating animals studies to humans
Intratracheal instillation
Obligatory nasal breathing of rodents
Lung overload
Contaminants

Human epidemiology — TiO, workers
No increased lung cancer
No increased mortality




Cutaneous Toxicology

Nanoscale metal oxides in sunscreen
Minimal irritancy
No sensitization
No photo-irritation
Fullerenes, CNT’s
No irritation
No patch test allergy
No ocular toxicity
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Systemic Toxicology

Limited acute studies
Lack of chronic studies

Acute studies — slightly to moderately toxic
(based on oral LD50)

Target organs
Lymphatics
Liver

Spleen
Kidney




Carcinogenicity

Early studies just concluding

Fullerenes
No dermal tumors in mice
Negative in Ames assay (non-mutagenic)

Anti-mutagenic in chromosome aberration
tests

Photo-activation mutagenicity
Photo-activation cytotoxicity




Environmental Hazards

Concern about rapid distribution and bio-
accumulation

Dispersion limited due to rapid surface
absorption and low water solubllity

Requires individual nanomaterial
assessments due to widely variable
characteristics




Characteristics that Modify Hazard

Size

Surface area

Solubility

Surface characteristics and reactivity
Shape and aspect ratio
Agglomeration states

Contamination




Risk Assessment

Hazard identification
Potential pulmonary and systemic toxicity

Dose response assessment
Intratracheal injection not like inhalation
Chronic inhalation studies needed

Exposure risk assessment
Respirable particles

Risk characterization
Toxic dose




Regulatory Issues

Current regulatory status
EPA, OSHA, NIOSH, NTP & FDA research agendas

Are nanomaterials “new chemicals” triggering
Independent EPA review?

Current OSHA PEL’s for nanoparticles
Asbestos
Carbon black
Metal fumes and dusts
“nuisance dust”
Graphite (where PEL'’s currently fall)

Personal Protective Equipment (PPE)




Material Safety Data Sheet for Carbon
Nanotubes (CNTSs)

Component % OSHA/PEL ACGIH/TLV

Synthetic graphite Up to 100% 15 mg/m3 (total dust) 2 mg/m3 TWA
5 mg/m3 (respirable fraction)

Metallic impurity EIE (o

Potential Health Effects

Eye Contact: May cause eye irritation
Skin Contact: No known hazards, but may be mildly irritating
Inhalation: May cause irritation to respiratory tract
Ingestion: No known hazards, but may irritate gastrointestinal tract
Acute and Chronic High concentration of dusts may be irritating to eyes, skin,
Health Effects: mucus membranes and respiratory tract.




Regulatory Issues — recent
decisions

EPA
nanomaterials not “new” compounds

British Solils Association

Ban on engineered nanoparticles <200 nm in
organic food




Future Issues

Nanomaterials are hugely diverse

Need to accurately characterize
nanoparticles

Need physiologic and chronic exposure
studies

Increased biocompatibility may increase
exposure and environmental persistence
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