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Need for Rapid Assays
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Small changes in nanomaterial can alter conditional behaviors of nanomaterials
(performance, exposure, hazard)



i Embryonic Zebrafish Assay

Evaluations

In vivo system to rapidly screen for biological impacts

General Attributes

Share molecular, cellular and physiological characteristics with other
vertebrates
Develop rapidly
Easy to maintain

Toxicity Evaluation "
Large sample sizes

Many routes of exposure
Transparent - non-invasive evaluations

Amenable to mechanistic evaluations

Investigate genomic = whole animal responses in same organism

Full suite of molecular signaling necessary and active early in development




Impacts Embryonic Zebrafish Assay

Evaluations

Experimental Design
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“Impatts. Embryonic Zebrafish Assay

Evaluations

24 hpf evaluations

Mortality (mort)
Developmental progression (dp)
Spontaneous movement (sm)

Notochord (nc) CONTROL

EXPOSED

varying degrees of
delayed development EXPOSED




“Impatts. Embryonic Zebrafish Assay

Evaluations

120 hpf evaluations - CONTROL

Mortality (mort)

Yolk sac edema (YSE)
Body axis (axis)

Eye

Snout

Jaw

Otic vessicle (otic)
Pericardial edema (PE)

Brain

Somites

Pectoral fin (pfin)
Caudal fin (cfin) EXPOSED
Pigmentation (pig) i :

Circulation (circ)

Trunk

Swim bladder (swim)
Motility (touch response, tr)

Curved Body Axis



@ Concentration-Response to Identifiy

EZ Metric

Concerning Surface Chemistry

Gold and Dendrimer Dose-Response
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Concentration (ppm)

1000

Nanomaterial
DNT-amidoethanol
DNT-succinamic
acid
DNT-amine

Au-MEEE
Au-MEPA
Au-MES

Au-TMAT

Charge
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negative (-)
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negative (-)
negative (-)
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nanomaterial-<biaological interactions

Embryonic Zebrafish Assay:
Iterative Testing to Gain Knowledge

Y

puintegrated biological
studies of impacts

Biological Interactions of
Precision-Engineered
Nanoparticles: Toward

Precision Engineered Enhanced Biomedical
Nanoparticle Applications
Libraries

Bio-nano interaction mechanisms/
“Design rules” for nanomaterials

Nanoparticle
Core

X Surface
Y Functional
Stabilizing Mg Groups
Shell

NanomateriaI-BioIogicaI
Interactions Knowledgebase




Nanomaterial-Biological
Interactions Knowledgebase

WELCOME KNOWLEDGEBASE
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Material Type: Core: Surface Chemistry:
’) ’ A - -
" p— |: 1.4-diaminobutane [DAB] (=1 2,2 2mercaptoeth. .. =1
Nanomaterial -Biological Interactions 5 aluminum oxide [AI203] 2-(2-mercaptoethox...
Knowledgebase cadmium selenide 2, 3-dimercaptoprop...
F\ ‘) - cellulose - 2-mercaptoethanesu... -
—
Shape: Charge:
Welcome to the Nanomaterial Biological Interactions Knowledgebase! ~|  Dendrimer Generation:
+ ol
The NBI Knowledgebase is intended to offer industry, academia, the general public, and regulatory agencies a mechanism to rationally inguire for =
unbiased interpretation of nanomaterial exposure effects in biological systems. . . - -
= y : ’ cylindrical 0 |
The knowledgebase serves as a repository for annotated data on nanomaterial characterization (pu shape, charge, comp: 7, dendriti i NIA il
functio ation, agglomeration state}, synthesis methods, and nanomaterial-biclogical interactions al, benign or deleterious) defined at enantic
multiple levels of biological organization (molecular, cellular, organismal). Computational and data mining tools are currently being developed and

incorporated into the NBIto provide a logical framework to conduct species, route, dose, and scenario extrapolations and identify key data reguired to
predict the biological interactions of nanomaterials

[ Submit Search ][ Filter Search ][ New Search ]

Nanomaterial Library Biological Interactions Database

. o - Link to material record

Structure

e — Link to experimental data

Data repo SIto ry pd Nanomaterial EZMetric N
D amily Core Surface Chemistry Shape Size Charge Concentration \
nbi_0010 | metal | gold [Au] 2-mercaptoethanesu. .. spherical 1.5 - control | 16 ppb | 50 ppb | 400 ppb (2 ppm | 10 ppm | 50 ppm | 250 ata
Average Values 0.00 0.00 0.00 0.07 0.08 0.05 0.00 0.08 |View
nbi_0004 | metal | gold [Au] | 24{2-mercaptoethox. .. | spherical | 0.3 | 1] control | 16 ppb | &0 ppb | 400 ppb |2 ppm | 10 ppm | S0 ppm | 250 ppm | Data
Average Values 0.00 0.00 0.04 0.02 0.04 0.04 0.09 015 | View
nbi_0007 | meetal | gold [Au] | N, M, H-timethylamm... | spherical | 1.5 | + control | 16 ppb | &0 ppb | 400 ppb | 2 ppm | 10 ppm | 50 ppm | 250 ppm | Data

Average Values 0.03 013

nbi_0013 | metal | gold [Au] | E-mercaptehexanoic... | spherical | 10 | - control [ 16 ppk 400 ppb
htt .//nbi Ore Onstate ed u/ Average Values 0.00 0.08 0.02 0.10 0.04
p - * g b nbi_0012 | metal | gold [Au] | 1,N, N-trimethylamm... | spherical | 10 | + control | 16 ppb | 30 ppb | 400 ppb | 2 ppm

Average Values 0.00 0.00 0.00 0.00 0.04




Material Record Experimental Data

£Z Metric
Nanomaterlal -Biological Interactions
() Knowledgebase
NBI Knowledgebase
Field - 2
0.1
Nal rdale”al |d?n"ﬁ9’ 4 g 0 25 50 75 100 125 150 175 200 225 250
Particle Descriptor alumina-doped silicon diox Concentration (ppm)
Investigator / Material Data Contributor: Name Stacey Harper
Investigator / Material Data Contributor: Affiliation Oregon State University
Investigator / Material Data Contributor. Email stacey harper@oregonstat 8- nbi.0073 - nbi_0075 - nbi.0072 -4~ nbi.0074 4 nbi0076
Matenzl Type metal oxide
Manufacture Date N el EZ Metric
Manufacturer Sigma-Aldrich
O | Famiy | Core Surface Chemistry | Shape [ Sze | Charge Concentration

Synthesis Process

ob_0073 | metal | gokd [Au) phosphatdylchoine rod 7 0 control | 16ppb | BOppb | 400ppb | 2ppm | 10ppm | 50 ppm | 250 ppm | Data
Synthesis Precursors
Purity pure Average Vales 000 | ooo | oco | @S View
Types of knpuios w0075 | metn | goiau) |  prospratycrome | [w] o ot | vooen | 0ie0 | woseo | 2oom | 1osom [ soomm | 2000 Joma |
Primary Particle / Material Core Data: EEREGLISEN 08| 00| (1L S ..
Primary Particle Size: Avg. (nm) 245 coi_0072 | metat | goujauy | prosprataycnome | roa [ 7 | o ][ conwor [ 160mm [ sapse | eonppe | 2p0m [ 1050m | 50pom [ 250p0m [ oaa
Primary Particle Size: Min. (nm) 0 Average Vales 004 | 000 | o000 | o008 View
Primary Particle Size: Max (nm) 49 w0074 | metal | goisjau) | phosphatsyicrome | [2] o control | 16 ppb | 80ppd | 400ppb | 2pem | 10ppm [ Soppm | 250 pem | Data
Method of Size Measurement BET Average Vaues 000 | 000 | ooo View
Instrument Used for Size Measurement nbi_0078 | *IMM | phosphatdyicholne I |« | 0 control | 16 ppb | 80ppb | 400ppt | 2ppm | 10 ppm | 50 ppm | 250 ppm | Deta
Core Shape irreqular-angular Average Vel 000 | 008 | o018 View
Core Structure
Crystal Structure
Core Atomic Composition silicon dioxide [Si02];aluminum oxide [AI203]
Number of Core Atoms
Mass Core Atoms (ng)
Core Shell / Coating (if present):
Shell Composition [PTEr T —— PTPrar Jp——
Shell Surface Shape (oarwers Wagiead SaShe W o - L] L A - 4 -] v
Shell Linkage —— Cllieety CIMmet poa A JRA M R N JRA M PRA N PRA M WA R JRA Rl (WA M A N JRA AW pee e
Surface Linkages / Ligands (if present): < e o : C : & ¢ ¢ 6 ¢ ¢ & o ¢ ¢ o ¢ @
Outermost Surface Functional Groups i e &3 & 2 ¢ 2 6 ¢ 3 @ s & 0 . & 8 & @ .
Surface Chemistry Linkage Group / Type = “ 3 5 5 @ P e - a2 : &8 6 ‘ « 8
Density of Surface Covered with Ligands (%) sed ¥y - H H .8 e s » " . " ' 11 =
Minimum Number of Ligands 3 & s 8 ¢ $ 5 ® 3 *T 3 * * 3 2 T 2 T B *?
Maximum Nunber of Ligands : see .58 “ s & 8 : @ ¢ s M s & o0 we w3 3
Complele Material: - .. . L) LA L 6 @ . ’ T 4 H « 3 « 3 L)
Mass of Core + Shell + Linkages and Ligands (ng) 280 __. - s s s 3 e Eme Twe B s ¢ s 7 38 &

"
4 | m 4




Nanocomposix BioPure (silver aver gold - 110nm)

Nanocormposix BioPure (silver aver gold - WUUnm}
MNanocomposix BioPure (silver over gold - 30nm
gold nanarods (AuSoy35PC-1org2)

gold nanorods (AuSoy35PC-1orgl)

Holmiurm Oxide Nanoparticles

Gole-MHA({ 10nm

Gold-TMAT(10nm)
Gold-MES(1.5nm)-ultrapure-dermal
Nanocomposix BioPure (silver over gold - 60nm)
Erhium Cxide () Nanoparticles

Samarium Oxide Nanoparticles
Gold-TMAT(1.5nm)-ultrapure-dermal
STARBURST (R) PAMAM Dendrimer DNT-107
Gold-TMAT(1 brim)-ultrapure-inhalation
Nanocompaosix BioPure (sikver over gold - 50nm)
MNanocomposix BioPure (silver aver gold - B0nm)
Nanocomposix BioPure (silver over gold - 20nm)
STARBURST (R) PAMAM Dendrimer DNT-106
STARBURST (R) PAMAM Dendrimer DNT-105
Nanocomposix BioPure (silver aver gold - 40nm)
Gold-TMAT(1.5nmy)-dirty
Gold-TMAT(1.5nm)-pure

§nru nanorods (AuSoy95PC-3AQ

STARBURST (R) PAMAM Dendrimer DNT-10
AuSoy85PC-2org1

gold nanarods (AuSquGF'C 20rg2)

TMAT(D Enm;

N\ 005 (7.9.08

FITC Encapsulated Si02 (\W084)

Aldrich ZnO + Benzoic Acid (TLAD334A)

Sulfonated Nanocrystaline Cellulose
Carboxylated Nanocrystaline Cellulose
NI0D2 (7.7

Voxtel ZnO (TLAD24
Aldrich ZnO + Cyclohexane Carboxilic Acid (TLAD314)
Cerium Oxide Nanoparticles
Yoxtel ZnO + Qctanoic Acid (TLAD27)
Aldrich ZnO (TLAD24A)
Voxtel ZnQ + Benzoic Acid (TLAD33
Aldrich ZnO+0Oleic Acid (TLAD25A,
NI 001 (7.2.08)
Zirconium Oxide Nanoparticles
NI 003 (7.9.08)
Aldrich ZnO + Octanoic Acid (TLAD274)
Voxtel ZnO + Oleic Acid (TLAD25)
Ytrium Oxide Nanoparticles
Gold-MES(1. 5nrn) ultrapure inhalation
Gold-MEPA(1.5 nm)
Dysprosium Oxide Nanoparticle
Gold-MES(1.5nm)-pure
STARBURST (R) PAMAM Dendrimer DNT-189
alumina-doped silicon dioxide
Gold-| (0.8 nim)
Aldrich ZnO + para-Nitrobenzoic Acid (TLAD35A)
Gadolinium Oxide Nanoparticles
Aluminium Oxide Nanoparticles
WVoxtel ZnO + Cyclohexane Carboxilic Acid (TLAD31
Gold-MEEE(10nm)
Gold-MES{1 5nm)-dirty
Voxtel ZnO + para-Nitrobenzoic Acid (TLAD3S)
Titanium Dioxide Nanoparticles
STARBURST (R) PAMAM Dendrimer DNT-174
Gold-MEEE(0.8nm)
Gold-MEE(1.5 nrn)
Gold-MEEE(1.5 nm)
Gold-MEE(D 8nm)

Clustering Analysis of EZ Metrics

)%j’_l—cmster B2

5
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Cluster B

Cluster B1

Dendrogram plot

«80 nanomaterial files

*92% accuracy

Qutermost surface chemistry
strongest predictor

Cluster A

|
0 1

2

Ward linkage with Euclidian distance measure

3 4
Distance



Nanomaterial
Hazard Ranking
Based on EZ
Metric Scores

Color-coded to
core composition

— == High Toxicity

EZ Metric Toxicity Rank

Low Toxicity

1 Gold

H Dendrimer
B2 Silver

B Metal Oxide
EEE Lead Sulfide
E=1 Cellulose
[III1 Polystyrene

>250

ECg0 (Mmg/L)




NEI Miner Analysis

82 nanomaterials at 8 concentrations

RELEIF algorithm attribute weights with respect to the 24 hpf mortality.

1.000
0.900
0.800
0.700
0.600
a—
S
g 0.500
0.400
0.300
0.200
- I I
0.000 - || || [T | _— = —_—
» i Stabla ) _
3 Custermost Cissi erlmbl:'n ey gnh.bitw' & Primary Primary l;g;ndrg Mz
lconoantrations surfa . ) . s s spersity ! particle
used | Shel funchonsl . com . | ot | s | om i ) VPR R Potential | mecgum e iy size: i Rl i
(ppm) groups Purity | sructwre | charge o shape route type igands | - cdia () bedia (nm) mf',.'m;g' F"I_:_I’; I:IT"} [,?,;1}5 aloms
|lSeries1 1.000 0.852 0.486 0.330 0.263 0.249 0.181 0.154 0.128 0.039 0.032 0.024 0.020 0.018 0.014 0.014 0.007 0.008 0.000 0.000

Tang et al., 2013
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Manocomposix BioPure (silver over gold - 110nm)
Nanocomposix BioPure (silver over gold - 100nm
Nanocomposix BioPure (silver over gold - 30nm

gold nanorods (AuSoy85PC-1org2)

gold nanorods (AuSoy85PC-1org1)

Holmium Oxide Nanoparticles

Gold-MHA(10nm)

Gold-TMAT(10nm)

Gold-MES(1 5nm)-ultrapure-dermal

Nanocomposix BioPure (silver over gold - 60nm)

Erbium Oxide (Ill) Nanoparticles

Samarium Oxide Nanoparticles

Gold-TMAT(1 5nm)-ultrapure-dermal

STARBURST (R) PAMAM Dendrimer DNT-107

Gold-TMAT(1.5nm)-ultrapure-inhalation

Nanocomposix BioPure (silver over gold - 50nm)

Nanocomposix BioPure (silver over gald - 80nm)

Nanocomposix BioPure (silver over gold - 20nm)

STARBURST (R) PAMAM Dendrimer DNT- 106

STARBURST (R) PAMAM Dendrimer DNT-105

Nanocomposix BioPure (silver over gald - 40nm)

Gold-TMAT(1.5nm)-dirty

Gold-TMAT(1.5nm)-pure

_lga\d nanorods (AuSoyd5PC-3AQ

STARBURST (R) PAMAM Dendrimer DNT- 10

AuSoy95PC-2org1

gold nanorods (AuSoy35PC-2org2)
Gold-TMAT(0.8nm

NI 005 (7.9.08

FITC Encapsulated Si02 (W084)

Aldrich ZnC + Benzoic Acid (TLADESSJ)

Sulfonated Nanocrystaline Cellulose
Carboxylated Nanocrystaline Cellulose
NI 002 (7.7.08)

Voxtel ZnO (TLAD24)

Aldrich ZnO + Cyclohexane Carbaoxilic Acid (TLAD31A)
Ceriurn Oxide Manoparticles

Voxtel ZnO + QOctanoic Acid (TLAD27)

Aldrich ZnO (TLAD24A)

Voxtel ZnO + Benzoic Acid (TLAD33

Aldrich ZnO+Oleic Acid (TLAD25A

NI 001 (7.2.08)

Zirconium Oxide Nanoparticles

NI 003 (7.9.08)

Aldrich Zn© + Octanoic AcidéT D274)
Voxtel ZnO + Oleic Acid (TLAD25)

Yttriumn Oxide Nanoparticles
Gold-MES(1.5nm)-ultrapure-inhalation
Gold-MEPA(1.5 nm)

Dysprosiumn Oxide Nanoparticle
Gold-MES(1.56nm)-pure

STARBURST (R) PAMAM Dendrimer DNT- 189
alumina-doped silicon dioxide

Gold-MES(0.8 nm)

Aldrich ZnQO + para-Nitrobenzoic Acid (TLAD354)
Gadolinium Oxide Nanoparticles

Aluminium Oxide Nanoparticles

Voxtel ZnO + Cyclohexane Carboxilic Acid (TLAD31)
Gold-MEEE(10nm)

Gold-MES(1.5nm)-dirty

Voxtel ZnO + para-Nitrobenzoic Acid (TLAD3S)
Titanium Dioxide Nanoparticles

STARBURST (R) PAMAM Dendrimer DNT-174
Gold-MEEE(0.8nm)

Gold-MEE(1.5 nm)

Gold-MEEE(1.5 nm)

Gold-MEE(0.8nm)

o

Clustering Analysis of EZ Metrics

nanomaterials based on summarized toxicity

Cluster B2

i

Cluster B

Cluster B1 Dendrogram plot
«80 nanomaterial files
*92% accuracy
Qutermost surface chemistry
strongest predictor

Cluster A

Ward linkage with Euclidian distance measure

i

.8
Distance



Self-Organizing Map (SOM) Clustering

e

74 nanomaterials at 8 concentrations SOM Cell >
No.(ID) [y 18 103

SOM, where each cell (i.e. the hexagons)
contains a certain number of similar NPs.

5 clusters of similar SOM cells were
Identified with a clustering index of 0.89
Indicating a significant clustering pattern.

Particle concentration, surface chemistry
and surface charge were related to the
clustering pattern




Overall Consensus
O ——

Exposure Outermost
Concentration Surface Core
(ppm) Chemistry Surface Charge = Compaosition Partcile Size
NEI Minor X X X
MATLAB X X X
Au GLM X X X
SOM X X X

e Qut of up to 20 input variables considered in each approach, only 5
features are shown to be predictive of nanomaterial toxicity.

» QOutermost surface chemistry is the only determining feature common to

all 4 modelling efforts.
« Understanding changes in surface chemistry resulting from interactions with
biological media should improve models.

* Interestingly, core composition was only found to be predictive in one
case.
» For single-composition nanoparticles like metal oxides core composition can
be viewed as predictive.



Data Sharing — A case for this becoming the norm

Y AU
* Widespread use of the NBI data in national and international efforts to
understand nanomaterial hazards:

— European Union’s NanoSafety Modeling Cluster and NanoPUZZLES
Project;

— the US Nanomaterial Registry;
— UCLA's Center for the Environmental Implications of Nanotechnology; and
— Duke University’s Center for Environmental Implications of NanoTechnology.

« Data mining of large experimental databases comprised of
heterogeneous nanoparticles, such as the NBI, are useful for
developing predictive models of nanomaterial toxicity.

* Predictive model refinement can be achieved through consensus
modeling of the same large datasets.

« Data that includes thorough nanomaterial characterization and
multiple endpoints provide the volume of information required for
model development.



nanomaterial-<biological interactions
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Thank you for your attention!
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m on board for microbrews, but nanopizza is
taking technology a step too far.”

Balbus et al. (2005) Issues in Science and Technology



