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nanomaterial-<biological interactions

Nanomaterial-Biological Interactions
Y AU—

‘Structure”-"Activity” Relationships

 The holy grail for nanomaterials

e Structure = inherent properties
e Activity = conditional behavior



Challenges in Measuring Biological Responses
to Nanomaterial Exposure

Nanomaterial Stability

Dissolution - particles + ionic species

Week 0 Week 1 Week 3

100 nm

Glover et al., ACSNano, 2011
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Particle degradation mass transport nucleation



Challenges in Measuring Biological Responses

to Nanomaterial Exposure

Nanomaterial Stability

Agglomeration — “Biologically Available Dose?”

expected expected

Response

Response

measured

“Biologically Available Dose”

Dose (Concentration)
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Challenges in Measuring Biological Responses

to Nanomaterial Exposure
Y

Influence of Exposure Scenario

« Sample preparation — sonication, vortex, solution

 EXxperimentation design - timing, duration,
organism

« Transformation during exposure

 Nanomaterials are dynamic — “conditional behavior”

«  Solution vs. dispersion - not in equilibrium
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Challenges in Measuring Biological Responses

to Nanomaterial Exposure
Y

ADME — Tox Limits for Nanomaterials

 Complex matrixes make finding nanomaterials
difficult — limits of instrumentation

 EXxposure = dose unknown

o |ICP-MS, fluorescent labeling limits
e Biodistribution

 Fluorescence

e Microinjection

Nanomaterial Interference
e Optical analysis limited for some nanomaterials



Diverse, Disparate Data for Risk Assessment/ nanoSARs

Exposure [Study

Scenario
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Need for Rapid Assays
Y SO—

Nanomaterial Diversity Nanomaterial Complexity

-1 Compositional diversity [ . :
e T[T Relative importance of nanomaterial
characteristics are unknown

McNeil SE., 2005 |mag::;.rturast fvol:ygﬁ.)em thslcochemlcal propertles :
Chemical Structure
Synthesis process influences Core Particle Composition

. Size
nanoparticle shape Shape

m Charge
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Zeta Potential

http://www.vincentherr.co
m/cf/nanomain.html

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



Toward Establishing SARs

S S—
H,: A select set of inherent nanomaterial features can be

used to predict their environmental behavior and
biological impacts (conditional behavior).

Nanomaterial
Platform

Informatics and
Computational
Analysis

Nanomaterial
‘Structure-Activity’ Relationships



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

male female Ease of cell culture,
Q‘ & X benefits of whole animal!
-/

8h AA
> S ose  embryos
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dechorionate embryos

| add 1 embryo/well
90l000]00/0000e)]
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e COO0OOCLOOO .
add 90]00]0/00©0/0 )0 evals evaluations
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COCOOCO0O000 Harper et al., J Exp Nanoscience, 2008




“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) 5 :

Circulation (circ)

Trunk

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




>~/ Informatics and Computational Analysis

EZ Metric (embryonic zebrafish metric)
A single metric representative of lethal and sublethal impacts on
embryonic zebrafish in a screening-level assay

« Combines 21 endpoints of morbidity and mortality
e Additive EZ Metric

« Sum of all effects independent of impact

e e.g., eye malformation = mortality

Concentrations WWeighted Additive

(ppm) EZ Metric EZ Metric
0.00 0.04 0.04
0.02 0.00 0.00
0.08 0.00 0.00
0.40 0.08 0.17
2 0.21 0.38
10 0.34 0.54
50 0.78 1.46

250 1.00 1.00



EZ Metric

Informatics and Computational Analysis

A single metric representative of lethal and sublethal impacts on

embryonic zebrafish in a screening-level assay

Ranking

e Combines 23 endpoints 1
« Additive EZ Metric 0'06
* Weighted EZ Metric 0.04

0.95

* Weighted metric based on hierarchical 012

0.12

ranking of effects 0.10

0.08
e Takes into account embryo survivability =
56
0.02

* Calculations:  frequency of effect 002

0.02

X hierarchical ranking 0.02

0.02

weighted EZ Metric 0.02

0.02
0.02

Effect

Mortality — 24 hpf
Notochord Malformation
Developmental Progression
(delayed development)
Spontaneous Movement
Mortality — 120 hpf
Heart Malformation
Brain Malformation

Yolk Sac Edema

Axis Malformation
Trunk Malformation

Eye Malformation

Jaw Malformation
Circulation

Snout Malformation

Otic Malformation
Somite Malformation
Pectoral Fin Malformation
Caudal Fin Malformation
Pigmentation

Swim Bladder

Touch Response
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Embyronic Zebrafish Assay

B S——
Weighted EZ Metric more predictive than

Additive

Correlation of actual and predicted 'Weighted EZ Metric Score’
By Bagging
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= o =
=1

Predicted Value
(4]

=
S

orrelation Map
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Liu et al., Int J Nanomedicine, 2013
Tang et al., Int J Nanomedicine, 2013



Nanomaterial-Biological
Interactions Knowledgebase

WELCOME KNOWLEDGEBASE

v

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




Clustering Analysis of EZ Metrics

Nanocomposix BioPure (silver aver gold - 110nm)
Nanocormposix BioPure (silver aver gold - WUUnm}
MNanocomposix BioPure (silver over gold - 30nm
gold nanorods (AuSoy35PC-1org2)
gold nanorods (AuSoy35PC-1orgl)
Holmiurm Oxide Nanoparticles
Gole-MHA{ 10nm)

Gold-TMAT(10nm) C | USter Bz
Gold-MES(1.5nm)-ultrapure-dermal

Nanocomposix BioPure (silver over gold - 60nm)
Erbium Cxide (Il) Nanoparticles
Samarium Oxide Nanoparticles
Gold-TMAT(1.5nm)-ultrapure-dermal
STARBURST (R) PAMAM Dendrimer DNT-107
Gold-TMAT(1 .6nm)-ultrapure-inhalation
Nanocompaosix BioPure (sitver over gold - 50nm)
Nanocomposix 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 nanorods (AuSoy35PC-2org2)

Dendrogram plot
e

NI .9.08 - -
s e e 80 nanomaterial files
Sulfonated Nanocrystaline Cellu\cgg 0
Carboxylated Nanocrystﬁl‘(%%:?(e?lll.%\?;) o 9 2 A) aC C u r acy

Cluster B

|| Cluster B1

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 ZnQ + Octanoic Acid (TLAD27A)
Voxtel ZnO + Oleic Acid (TLAD25)
Yttrium 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
Voxtel ZnO + Cyclohexane Carboxilic Acid (TLAD31)
Gold-MEEE(10nm)
Gold-MES{1 5nrm)-dirty
Voxtel ZnO + para-Nitrobenzoic Acid (TLAD3S)
Titanium Dioxide Nanoparticles
STARBURST (R) PAMAM Dendrimer DNT-174

Aldrich ZnO + Cyclohexane Carboxilic Acid (TLAD314) ° Outermost Surface Chemistry
strongest predictor

Cluster A

Gold-MEEE(0.8nm)
soiiam?  Ward linkage with Euclidian distance measure
0 1 2 3 4 5 B

Distance
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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




EZ Metric

Gold and Dendrimer Dose-Response

1.2

1.0 -

0.8 -

———— DNT-Amidoethanol
AVA DNT-Succinamic Acid
O DNT-Amine

-l === AU-TMAT

LN N Au_'vl':b

@ came  AU-MEEE

—cca@emmcc  AU-MEPA

Dose (ppm)

1000

Dose-Response of Weighted EZ Metric Scores

Nanomaterial
DNT-amidoethanol
DNT-succinamic
acid
DNT-amine

Au-MEEE
Au-MEPA
Au-MES

Au-TMAT

Charge
neutral
negative (-)

positive (+)

neutral

negative (-)
negative (-)
positive (+)



Nanomaterial
Hazard Ranking
Based on EZ
Metric Scores

Color-coded to
core composition

EZ Metric Toxicity Rank

Low ————

| ] Gold-TMAT {(2nm)-as synthes zed
Gold- TMAT (0.8nm)

G3 PAMAM Dendrimer-amine

Gold-TMAT (2nm)-pure

G5 PAMAM Dendrimer- amine

Gold- phos phatidy choline ( 14nm)

G4 PAMAM Dendrimer-amine

Silver-citrate (10nm}

Gold- TMAT (2nmy-ultrapure

| Gobphosphmdylcholmenmn‘i

&cxphat' ktholine (22nm)

Siler/Gold-phes aeieﬁnmJ

G6 PAMAM Dendrimer-amine

Gold- TMAT (2nm)- ultrapure

Erbium Oxide (25nm)

Silver/Gold (92nm)

Lead Sulfide-monothicl, axidized (3nm)

Gold-ph osmﬁ%sldﬂolme (7nm)

Samari

Gold-MHA (10nm)

Lead Sulfide- monothicl, unaxidized (3nmj

Gold- phos phatidylchdline (7nmjy

Silver/Gold-phos phate{61nm)
Silver/Gold-phos phate (70nm)

Homium Oxide (25nm)

Silver/Gold-phos phate (101nmy

Siler/Gold-phos phate (122n

Dys s kMG ae Gonmy EC50
Silicon Dicxide - FITC (S4nm)

Zinc Oxide-benzoic acid (62nm)

Nanocrystaine Cellulose-s ulfonated EC1 0

Zinc Cxide (10nm}

ron Cxide (110nm}

Zinc Oxide (34nmy

Zinc Cxide-benzoic acid (26nm)
Zinc Cxide-cleic acid (26nm}
Nanoarys taline Cellubs e- carbaxylated
Lead Sulfide-dithiol unaxidized (3nm}
Zinc Oxide (Snm)

Zinc Oxide (62nm}

Zinc Oxide- o::lanonc acid (26nm)

Zinc Oxide (26nm)

Zinc Oxide-octanoic acid (62nm)

Zinc Oxide (Snm)

CerumOxide (13nm}

Zinc Cxide (Snmy

Zinc Oxide- oy clohexane carboxilic acid (62nm)
Zinc Oxide (15nm}

Yttrium Ox ide (25nm)

i Ll T Core Composition

Zinctygxide- ¥ ariw?gfemoig)a'g"d (Gﬁnm -
Polys tyrene Fuarospheres ( -sulfona
Folys tyrene Fluorcs pneres (20nmi-aldehyde-sulfate C_1 Gold )
GE PAMAM Dendrimer-amidoethanal I Dendrimer
Gold- MES (2nmyj-ultrapure ;
FrommadeChm, B Siver
icon mna .
SR s o — oo
o
Gold-MES (2nm) utrapure BER) Lead Sufide
Titanium Dioxide (30nm) E=3] Cellulose
Gold-MEPA (2nmy
Gold-MES (2nm)-pure [T Polystyrene
Polystyrene Fluoros pheres (20 nm)-car boxy lated

Zinc Oxide (10nm)

Gold-MES (0.8nm)

Zinc Oxide-cyclohexane car boxilic acid (26nm)
G6 PAMA M Dendrimer-s uccinamic acid
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Embyronic Zebrafish Assay

Y

EZ Metric for Nanomaterial Hazard ID

* Asingle metric representative of lethal and
sublethal impacts on embryonic zebrafish in a
screening-level assay

o Utility in hypothesis generation
 Rapid, low-cost whole animal model

BUT .. .this is one type of organism in
one exposure scenario

Movement toward weight-of-the-evidence will require additional
datasets to be considered.
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Toward a Community-Driven Informatics

Framework
e SR—

Current Limitations to Data Integration

* Protocols not standardized — lack key information
for replication

* Lack of standards for nanomaterial |
characterization and representing nanomaterial
‘structure’

« Lack of standards for data sharing

 Nanomaterials studied often produced in small
batches
e Batch to batch variability

« Limits sharing of nanomaterials for inter-laboratory
testing

 Material quantity is limited
* Diversity of data
* Inconsistency of data
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ISA-TAB-Nano: A standard tab-delimited
format for data exchange

5

Specification to facilitate the import/export of data on
nanomaterials and their characterizations to/from nanotechnology

resources

STANDARDIZED

Sample Identifiers

Protocol Reference

A A—
r Y

SSS ple Material Name alue[instrumen] alue[pH of sols Value [NaCl concentratiq
NNNNNN 000 7.4

NNNNNN

zzzzzz

zzzzzz

zzzzzz

NNNNNN

NNNNNN ution 7.4

NNNNNN Size/Size ution 7.4

AL

Is ~

Perf Date Assay Name __|Factor Value[temperature] [Unit Term SourcdTerm AccegFactor Value[media solvent]
[Anil Patri 010:05:12[Size by DL Uo saline

[Anil Patri 010:05:12[Size by DL Uo PBS

[Ani 010:05:12(Size by DL! uo sali

[Ani 010:05:12(Size by DL! uo PBS

[Ani 010:05:12(Size by DL! uo S

[Anil Pat 2010:05:12|Size by DLS Uo ]

[Anil Patri 2010:05:12|Size by DLS Uo PBS

[Anil Pat 2010:05:12|Size by DLS Uo PBS

Measurement Value[Z-avg (nm)] File

Measurement Value[Peak size (nm)] [Measurement Value[pdI]
-2 4.4]

Data Repositories
NTP (NIEHS)

NCL (NCI, FDA, NIST)
NBI (ONAMI)
InterNano (NNN)
NIL (NIOSH)

d3Z1ddVANVLS
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ISA-TAB-Nano Standard
A tab-delimited format for data exchange

Describes data related to investigations, nanomaterials,

studies and assays

Leverages and extends the Investigation/Study/Assay (ISA-TAB)
developed by the European Bioinformatics

ISA-TAB-Nano supports ontology-based curation; nanomaterials
and concepts from the NanoParticle Ontology (NPO)

Investigation

ASTM E2909: Guide for Investigation/Study/Assay Tab-Delimited Format for
Nanotechnologies (ISA-TAB-Nano): Standard File Format for the Submission and Exchange
of Data on Nanomaterials and Characterizations
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Toward a Community-Driven Informatics

Framework
e SR—

Promoting Data Integration

 Informatics framework can provide needed
organization for diverse and often disparate data

* Application of weight-of-the-evidence to larger
volume of data

« Data sharing mechanisms need to be expanded
 |SA-TAB-Nano
« Community driven standards

« Use-case driven collaborations to define required
Information and level of detall

« Value added examples
« Manufacturing performance:EHS measures

modeling modeling

inputs e particles & —>  product & EHS
T properties |

Based on stakeholders with differing perspectives
(enable redesign, for example)



Thoughts from the 2012 Nanoinformatics Workshop

http://nanoinformatics.org/
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Harper, SL, J Hutchison, N Baker, M Ostraat, S Tinkle, J Steevens, MD Hoover, J Adamick , K Rajan, S Gaheen, Y Cohen, A Nel, R
Cachau and M Tuominen. 2013. Nanoinformatics infrastructure: Current resources, community needs, and the proposal of a
collaborative framework for data sharing and information integration. Computational Science and Discovery, In press.



Thank you for your attention

“I’m on board for microbrews, but nanopizza is
taking technology a step too far.”

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



