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Health Effects of Fine Particulate Air
Pollution: Lines that Connect

C. Arden Pope il
Department of Economics, Brigham Yourg University, Provo, UT
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No safe level of exposure

Recent empirical evidence about the shape of the PM
concentration-response function is not consistent with a
well-defined no-effects threshold. Concentration-re-

Environmental Protection Ageney]

22 APR 2008

ORAL HEARING
RECEIVED G
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Little or no knowledge of the
toxicity of particulate effluvia

Relative Toxicity and Role of Sources and
Copeolilutants
One of the biggest gaps in our knowledge relates to what
specific air pollutants, combination of pollutants, sources
of pollutants, and characteristics of pollutants are most
responsible for the observed health effects. Although the
literature provides little evidence that a single major or
trace component of PM is responsible for the observed
health effects,#”3 various general characteristics may af-
fect the relative toxicity of PM pollution. For example,
with regard to particle size, the epidegﬂological, physio-
logical, and toxicological evidence sgggests that fine par-
ticles (indicated by PM,, ;) pla @\:s@stantial role in affect-
ing human health. These ljﬁxg«ﬁ\artides can be breathed

S
A
SF

KO

;
. L opc
David Jefferson ®,% 0
University of

Cambridge

5, ) i
L C;m‘,
& "&‘(we

Figure 5.2. {p) Schematic model of a spherical mewal nanoparticle wiu? the icq sgrucn:ne.
showing atoms at surface steps. (b) A modet of a cubeoctahedral particie of su’ml{af size,
containing 777 atoms. {¢} Icosahedron with the same number of atoms, canstiucted using the
homogeneous strain model. {(d) decahedron, also with 777 atoms.
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3 Matter:@

Micro 98 — London
Wed 8% July 1998

“Particulate Aerosols —
Physical, Chemical &
Bio-pathological
Properties”

organised by the

Royal Microscopical
Society

ISBN 1-85996-172-X

gl H L ROYAL
L NS

Discussion Philosophical
. Transactions
Meetlng 1 Sth & of The Royal fSociety

16th MaI‘Ch 2'000. Mathematical, Physical

. | . .
and Engineering Sciences

RC’Search

“Ultrafine
Particles in the

29
Atmosphere
Organised by L.M.Brown,
N. Collings, R.M.Harrison,

Fr“”‘iers

A.D.Maynard & R.L.Maynard
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Royal Mictosoopical Society
3113851 Clegens
Onfrd OX4 14)
Tephone 44 ) 1865 20168 Fo +4 ) 863 91237
emakchr@rmsorg.k
Coniat na: Cle ey

~ Royal

A Microscopical
F'3 Society
NANOTOX 2004

Nano Particles and
Nanostructured Materials:
Implications for Health

13 and 14™ January 2004
Daresbury Laboratories
Warrington, Cheshire, U.K.

trvts

i 0&%@%&)5 EMAG, Institute of Physics

CME Accreditation is being sought

10 104 103 102 10

metres
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— e =S

Where is nanoscale?

ES
Route} t¢’nanoparticle cytotoxicity

&
O -
©

[Absorption atportals of entry|
1

[ Distribution to body | [ Excretion |
- — 1
Metabolism to Metabglism to. Metabolism to
" more.toxic - lesstoxic . - conjugation
" metabolite | -rhetabolite - " product
TN S SR S C
I————~| - Distribution”
T n v 1 Lot K v N
Interaction with macromolecules Turnover .
S i Proteiris“_DNA': RNA,"ﬁhqspholi'pigs ) and repair

From Hodgson and Levi (1997)
Textbook of modern toxicology
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Nanoparticle view of human nasal
epithelium
A LA 2
SRR
S
P .
Nanopgﬁhcle view of human nasal
s epithelium
6

EPA Export 26-07-2013:01:18:34



4/22/2008

Pulmonary defence
mechanisms

Nose, pharynx & larynx: impaction

Trachea & bronchi: muco-ciliary
escalator and ingestion

Terminal bronchi and alveolar air
space: alveolar macrophages, enguif
particles and transport to lymphatics.
They do not easily recognise particles of
< 65 nm and are easily ove;whelmed by
large numbers &

Tem’%oral perspectives

Life started about 3.5 billion years ago

Unicellular organisms primarily
internalise larger objects by pinocytosis

Multicellular organisms appeared about
450 million years ago.

Although multicellular organisms have
complex digestive systems, they rely
totally on the ability of cells to engulf
particles
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Engulfing mechanisms

Phagocytosis Endacytosis
A, A

-~
Receptor-
mediated

o o °

Pinocytosis endocytosis __ Liga_ndf#'

Particle
membrane surrounded

by-plasma i
membrane: @ - @

Gytopia‘sm
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Phagolcytosis of asbesto

pulmonary alveolar

fibers

4/22/2008

macrophage cell
attempting to engulf
and ingest several
long crocidolite
asbestos fibers

incomplete ingestion
of asbestos fibers
can lead to extensive.
‘selective release’ of
proteolytic enzymes
and ROS from the
‘frustrated’ PAMs

2003

5

Defiriitions of particle size

» Coarse particles = PM,, = particles
with average diameter less than 10 ym

* Fine particles = PM, ; = particles with
average diameter less than 2.5 ym

 Ultrafine particles = PM, , = particles
with average diameter less than 100 nm
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Figure 1. Typica¥ particle number and mass distribution averag from approximately 10000
single measurements, Erfurt. From Wichmq{g} et al. (2000a). )
N

Q
N
Wichmann HE & Peters A (2000). Phil. Tr ra%?.\&c. Lond. A 358:2751-2769
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Figure 4.9. TEM intage of 2
piolatorm-coated grid supposting
s S o = 2o

BéruBé KA et al (1999). In:

Particulate Matter, (Eds.

Maynard RL & Howard CV),

Bios, Oxford. ISBN

185996172X

Figuro 4.5, Fitid emission sconning eioCiron microscope images comparing sonicsied versus
impacted diessl axhaust particulates (DEP). (s} Sonicatod DEP exhibiting a compact
amangemen: of spherulites. Note roduced number of ulualine/ling particies in the
background. (b) Impacied DEP revaaling jtes. Note
ignificant number of padicies in the Scalo bars = 10 ym.

4/22/2008
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1.0 4
0.8 ~
. .
Z 064
E
[ 73
=4
= 1
2
2 04+
=®
0.2 =
0.0 T T i T T 1
0.0001 0.001 0.01 0.1 1 10 100
diameter (pm)
Figure 6. Predicted deposition of inhaled particles of different si s of unit density in the human
respiratory tract during nose breathing, light exercise (ICRIJ1 94). ‘NPL’ denotes nasopharyn-
golaryngeal deposition; ‘TB’ denotes tracheobronchial d ition; ‘A’ denotes alveolar deposi-
tion; ‘total’ denotes the sum of particle depositioi\\s\i%ﬂxe respiratory tract for all three com-
partments. QO s\Ok

Kelly Berube
University of
Wales at
Cardiff

Figure 7.2. Sequential stages of alveolar damage and inflammation following instiflation of
zine shloride, Kay as for Figure 7.1. {0) Extensive blobbing {B) to apithalial type 1 calls. (b)
Blobhing in typa ) cells and evidencn of an increase in plasmalemmal vesicles in endnthalial
colls (orrows). (¢} Both endothelial and type | epithelinl colls show an incresse in
plasmalemmil vesiclos (srrows). (d} Accumulation of fibrin (F) in the alveolar space. (e)
{ntorstitiol and alvoolar surfoce accumulation of intlammatory colls. {1} Extensive damage to
alveolr architeciute with aecumulation of coll detis, tibrin and mononytic calis

11
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Table 8.5. Percentage PMN in lavage 6 h following instillation of 125 mg of carbon black of
various primary particle sizes (from Li ef a/,, in press)
Carbon black primary particle size (nm) Neutrophils in the bronchoalveolar lavage (%)
{mean {SEM)}
14 39.9(4.2)
50 13.7 (26)
260 4.2 (0.73)
\\?g/
&2
S
&
S
NG
W@
&N
KO
-
QZ‘OQ&\ ﬁ
« ne [ ulrafine [
@’Q\O
10+ I v
L]
i 064
=: 4 041
£ 1 021
“Ken Donaldson 0-—-—__, 0._.- , . .
Napier CB Ti0, latex
Universi . .
versity Figure 1. Inflammation, measured as the number (mean + SEM of three rats) of neutrophils
(PMN) in the lavage of rats instilled with either 125 or 500 pg of fine or ultrafine carbon black
(CB), titanium dioxide (TiOs) or latex 24 h previously.
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Figure 1. Particle size distribution of freshly generated aude‘ﬁgd PTFE fumes showing the shift
from ultrafine particle distribution to a size distribuggx %«'Fth a median greater than 100 nm due

to coagulation after 3.5 min of ageing. 69?0 &
PR
W
&
P&
&
KO
S
o &
N OQﬁ hd &
O
80 XS
W PMNS L 6
] n
60 -

43
£ 40- L3
8 L

. g

-2 >
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0 I 1 o P — . 1 )]
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Figure 2. Lung lavage parameters of rats 4 h after a 50 min exposure to fresh and aged PTFE
fumes. The percentage of neutrophils of the total lavage cells and the lavage protein content are
shown. (N = 4 per group; mean £SD; *, significantly different from sham and aged {ANOVA,
p < 0.05).)
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[0} >k number concentration
® mass concentration
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Figure 4. {a) Seven

NC 0.01-0.02
NC 0.03-0.05
NC 0.05+-0.1
NC 0.0b-D.5

winter

01972 97/98

9RO

Phias of FPs in
20M0n). (B) Seven years trend of

s trond of the mass concentration (MO 0.01-2.53 =
Erfurt, winters 199172 to 199879, From Wichmann ef al.

the relative particle uumnber coneentration {in %): differemt size ranges (0.01-0.03, 0.03-0.05.
0.05-0.1. 0.1-0.5 pru dimneter). The concvotration of UPs is approximately constant (ser table 1)
and the fraction in 1he smallest size fraction increnses steadily. From Wichmann e ol. (2000a).

Wichmann HE & Peters A (2000). Phil. Trans. R. Soc. Lond. A 358: 2751-2769
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London, UK N -
Aphea {8 cities) "l
Los Angeles, CA O
Chicago, IL )
Erfurt, Germany
Santiago, Chile roer

Amsterdam, NL P P
Anderson HR (2000). Steubenvilie. OH

Phil. Trans. R. Soc. Santa Clara, CA

Lond. A 358:2771- Brisbane

2785 Athens, Greece et
Detroit, MI [o
Birmingham, AL [
Cincinnati, OH [E—
Philadelphia, PA [
Sao Paulo, Brazil (R
Utah Valley, UT ™
St Louis, MO
Kingston, TN

-2

Figure 1. Particulate matter wu% aero Qazmc diameter less than 10 pm {PMyo) and daily
xpressed as a percentage change in daily mortality

mortality from cities around ¢

associated with a 10 pg m?r@ in P\hu

S
S
\\0 (\é\
& &
Routes w nanopartlcle cytotoxicity
&
OO

Nanoparticles

- protein coated

From Hodgson and Levi (1997)
Textbook of modern toxicology
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What are the sites of cellular
vulnerability?

. & .
Sites of especial cellular vulnerability

Maintenance of the integrity of cellular membranes
o Critical for ionic and osmotic homeostasis
Aerobic respiration
+ Mitochondrizl oxidative phosphorylation and ATP production
Protein synthesis
¢+ Structural integrity of celiular compartments
« Preservation of intermediary metabolism
Preservation of the integrity of the genetic apparatus of the cell
« Prevention of alterations to genetic material
+ Repair of damage to DNA

16
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Mechanisms of nanoparticle
cytotoxicity

Catalysis

 Often oxidative damage
Membrane perturbation

* Lipid peroxidation

+ Surfactant effects

Chaperone effects on proteins
« Pathological effects on folding

Physical darnage &
» Accumulation at extracellular or inge}a\éellular sites
>

Mecho@ﬁs"i&sms of nanoparticle
cytotoxicity

Catalysis

- Often oxidative damage
Membrane perturbation

* Lipid peroxidation

* Surfactant effects

Chaperone effects on proteins
+ Pathological effects on folding

Physical darmage
« Accumulation at extracellular or intracellular sites

17
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Mechanisms of nanoparticle
cytotoxicity

Catalysis

+ Often oxidative damage
Membrane perturbation

* Lipid peroxidation

+ Surfactant effects

Chaperone effects on proteins
+ Pathological effects on folding

Physical damage &

S
* Accumulation at extracellular or ig@acellular sites
§)

Intracellular distribution of a modified C60
fullerene, C61 carboxy-fullerene detected using

an antibody

The fullerene derivative gains access to the
interior of the living cell and accumulates in

C60 fuilerene
association with the mitochondria

Nucleus

Foley et al (2002) BBRC 294 116-119

18
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Mechanisms of nanoparticle cytotoxicity

Internal membrane fractions from tumour cells

! “ ‘ are damaged by peroxidation of membrane
lipids on exposure to fullerenes, which act as
g s photosensitisers
i . The lipid peroxidation eventually leads to loss
I . of membrane flexibility, a drop in trans-
0 ” . membrane potential, progressively increased
i o permeability to ions and eventually cell death
TBARS thiobarbituric ac'd reactive substance
LOCH lipld hydroperoxice
Kamat et al (2000) Toxicology 155 55-61 \}o?/'
<&
&
)
SHE
<O
S5
&
N
O &
5 &
5
AV
<<O\ :\\0)
N
O
§)

Self-assembling biological
nanoparticles, in this case
oligomers and fibrils of an
amyloid-forming peptide,
exhibit cytotoxicity to cultured
neuronai cells

The mechanism was initially
obscure, but became more
apparent when the surfactant
properties of the
nanoparticles was examined

Cottingham et al (2002) Biochem 41 13539-47

19
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Mechanisms of nanoparticle cytotoxicity
INEINRIEIN
| j | ) “ jg

Self-assembling biological nanoparticles,
in this case oligomers and fibrils of an
amyloid-forming peptide, were found to
be strongly surface active

Moreover, other examples of self-
assembling toxic amyloid species, such
as the A-beta peptide associated with
Alzheimer's Disease, are also highly

o | # e surface active
02
£ oo The conditions under which cytotoxicity is
g o ' detected closely parallel conditions under
e 5 which oligomeggassembly takes place and
o1 [z anel \~ surfactant Péoﬁerties emerge
o7 Al 10 100 éS\
loglpapiaa) (DM}
) QY S
Cottingham et al (2004) Lab Invest 84 523-9 QO \d\
A
WS
&
W @
&
: \é{(\\
RS
)
o°®

Mechanisms of nanoparticle
cytotoxicity

Catalysis

- Often oxidative damage
Membrane perturbation

* Lipid peroxidation

+ Surfactant effects

Chaperone effects on proteins
 Pathological effects on folding

Physical damage
» Accumulation at extracellular or intracellular sites
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Engine emission particulates may be similar in
scale to subcellular structures

675 rpm - 0 % load 1000 rpm - 100% load 2500 rpm - 100% load
120 120 120
d _ e286nm 4 ., °%2em - d = 184nm
0ot Saow-romn {100} wiow=gden 100} | St Dev « 340
é 80 { 8o} 80
;' 0} 60| 60t
S @t w@r @l
g 1 2o P
[} Py a - N
1 @ i [ c§ ]
\} d' {nm)
Chal n of Sizes, Mi and Fractal
éﬁ ight Duty Diese! Engine via Thermophoretic Sampling
wg Jinyu Zhu and Raj Sekar (2003) Center for Transportation
Argonne National Laboratory
m
S
S
S®
O
R
E
QO

Engine en'ys?smn particulates may be similar in
$cale to subcellular structures

Centriole
a subcellular protein assembly
critical in cytoskeletal regulation

Diesel particulates

EPA Export 26-07-2013:01:18:34

4/22/2008

21



4/22/2008

Outcomes of protein-nanoparticle
interaction

s Nanoparticles stabilised as monodisperse suspension
» Aggregation of nanoparticles minimised

+ Protein adsorbed onto nanoparticle surface

¢ Protein conformation and function unaltered (e.g. antibody label)
+ Protein conformation aitered with loss of function (molten globule)

s Protein conformation altered with altered f%nption (chaperone)

6{\6
N

OE

e

S

8
Outcomies of protein-nanoparticle

Q . .
© interaction

s Nanoparticles stabilised as monodisperse suspension
» Aggregation of nanoparticles minimised

s Protein adsorbed onto nanoparticle surface

+ Protein conformation and function unaltered (e.g. antibody label)
+ Protein conformation altered with loss of function (molten globule)

+ Protein conformation altered with aitered function (chaperone)

22
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Outcomes of protein-nanoparticle
interaction

Colloidal gold nanoparticles (10nm
diameter) have been stabilised with a
protein, in this case an antibody that
recognises a protein found in the inner
membrane of mitochondria

The antibody adsorbed to the
nanoparticles retains normal folding and
function, targeting the gold particles to
the inner membrane of the mitochondria

R4
@
&
O@%’ S

o%ﬁ‘é

N
Rt

S
. (\09 \O

N

S
Outcorfies of protein-nanoparticle

© interaction

+ Nanoparticles stabilised as monodisperse suspension
» Aggregation of nanoparticles minimised

s Protein adsorbed onto nanoparticle surface

* Protein conformation and function unaltered (e.g. antibody label)
+ Protein conformation altered with loss of function (molten globule)

* Protein conformation altered with altered function (chaperone)

23

EPA Export 26-07-2013:01:18:35



4/22/2008

Outcomes of protein-nanoparticle

interaction
T T (R | T Trrey
proanl ‘ Silica nanoparticles (9nm
. -1.0103 . ] diameter) have been stabilised
_‘5’ ! with a protein, in this case a
X -3.0103 . human enzyme, carbonic
g : ] anhydrase i
¥, 5.0 103 | &
2 : The circular dichroism spectrum
T -7.0 108 § ] shown reveals the secondary
= ] structure of the enzyme in
-9.0 103 3 solution (solid line;
] predominantly beta-sheet) and
11 104 Dosbundo b o vy after exposure to the

nanoparticles for 24 hours

180 190 200 210 220 230 240 250 260 !
(dotted line; most beta structure

Wavelength (nm)

lost%o?f
Billsten et al (1997) FEBS Lett 402 67-72 o’\\oé
3
O& \(é\
L
QQ\%&\\
O &
& &
Rt
AR
o
S . .
Outcoriies of protein-nanoparticle
© interaction

v+ Nanoparticles stabilised as monodisperse suspension
» Aggregation of nanopatrticles minimised

s+ Protein adsorbed onto nanoparticle surface

s Protein conformation and function unaltered (e.g. antibody label)
v+ Protein conformation altered with loss of function (molten globule)

s 'Protein conformation altered with altered function (chaperone)
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Outcomes of protein-nanoparticle
interaction
1 Amphiphilic hydrogel nanoparticles (18nm
o diameter) can act as chaperone to prevent
® N&ﬁ)’“"‘ heat damage to an enzyme
- L]
3 \
¥ e ’\ In this experiment, carbonic anhydrase
g ° | was heated to different temperatures for 10
& \ minutes, cooled and assayed for activity.
» { The black dots show permanent heat
" e . damage to the enzyme; the open dots
k4 N 0 L) ™ & "« 100 .
shows the protective chaperone effect of
Temperature / °C .
the nanoparticles
| Akiyoshi et al (1999) Bioconj Chem 10 321-324 o&
\(\é
&
S
S
-
WY
&
P&
&
KO
i RS
EX
QOQ
CeIIuIago;@Thaperone machinery can
interact with nanoparticles
b c:mgulation
pe
'?)Re)ease
[GroEL—CdSpanicle]m
Chaperonin-mediated stabilization and ATP-
triggered release of semi-conductor
nanoparticles
Ishii et al (2003) Nature 423 628-32
25
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Mechanisms of nanoparticle
cytotoxicity
e Catalysis
» Often oxidative damage
» Membrane perturbation
« Lipid peroxidation
+ Surfactant effects
» Chaperone effects on proteins
+ Pathological effects on folding
* Physical darmage &
» Accumulation at extracellular or mgéaceuular sites
Q&
O&A\{é\
£
I
R
Se
ES
\QOQ
Outc%mes of protein-nanoparticle
O . .
© interaction
Lam et al (2004) Tox Sci 77 126-134
 Garbonblack  Raw Carbon nanotubes  Nanotubes in granuioma
Rats were challenged by intratracheal instiliation of carbon as carbon black (a low toxicity
dust) or as single walled nanotubes and the lungs were examined after 90 days
Although the carbon black has been taken up by alveolar macrophages, these cells have
remained dispersed in the lung. In contrast, macrophages that have taken up nanotubes
have migrated, become activated and have proliferated to form granulomas
26
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Can ultrafine particles travel?

e —— v

Hugh Volume Air Samplers

Appraximane route of
RA Efluas Pipeline

N e
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[ W VL»v
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KEY:
3 High-Volume Air
Sampling Sizes

Yes: thousands of miles

Uranium in high-volume air sample filters near Aldermaston, UK
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j | Gulf War Il ‘Shock and Awe’

Uranium in HVAS near Aldermaston
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