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Airborne Particulate Matter (PM)

• A ‘cocktail’ of organic (C-rich aerosols) + 
• inorganic, primary & secondary components.
•

• Urban PM enriched in metals (Fe, Cu, Pb, Zn, Ba, Mn, 
Cd Cr)……and invariably, in magnetic PM.

• Sources? 
• Combustion, abrasion, corrosion – e.g. vehicle brake 

wear, exhausts, tyre wear, road dust……

NB.  ~10% of solid PM = iron-rich, strongly magnetic 
nanoparticles (< 100 nm)
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Air pollution particles on roadside birch leaf
(Norwich, UK, scanning electron micrograph, 

micrograph width = 60 µm)



Pb

Bullard Lecture, AGU, 2021

Magnetic content and Pb, leaf-

deposited PM (roadside, Norwich, UK)



Iron-rich air pollution particles
magnetite 
‘nanospheres’ –
ubiquitous and 
abundant in urban, 
airborne pollution. 



Magnetic content of PM from different sources

NOTE LOG 
SCALE!



(A) TEM of UFP agglomerate, & selected-area

electron diffraction pattern corresponding to an

ensemble of randomly oriented magnetite

nanocrystals; (B) high-angle annular dark-field

(HAADF) image of UFP agglomerate from stage 10

(~ 1.6 µm) and (C) its EDS elemental map,

showing distributions of Cr, Fe, Cu and Ti, &

composition of the entire agglomerate.
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CO-ASSOCIATION OF 
MAGNETITE WITH 
OTHER METAL 
SPECIES:
BRAKEWEAR



Mass concentration (wt.%) of metallic Fe, magnetite and haematite

in dynamometer-derived, size-fractionated particulate brake

emissions, estimated from magnetic component analysis. Gonet et

al., 2021
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MAGNETITE, HAEMATITE & METALLIC FE 
IN BRAKEWEAR PM



Magnetic content OF AIR POLLUTION 
correlates with e.g. PM mass, NOx 
content…



Magnetic properties of PM, Marylebone Road, London, 

U.K.
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Potential health significance of 
iron-rich air pollution particles?

• Iron-bearing particles often the most abundant 
composition of the solid (non-volatile) urban PM.

• Iron is an essential element in all human tissues, 
especially the brain…….BUT toxic when not safely 
stored/transported/ regulated.

• Causes excess formation of damaging reactive oxygen 
species:

• Fe2+ + H2O2 → Fe3+ + OH + HO·



Of course, not just particle 
composition but particle 
size important…



r
BUT WHAT ABOUT THE NANOPARTICLES?



Nano-
Particles/
UFPs

PM10

PM2.5

N.B. NANOPARTICLE NUMBERS VS PARTICLE MASS



Most traffic-derived air pollution 
particles are nanoparticles



Shi et al.,

PM 2.5

PD

AD

Airborne Particulate Matter (PM) 
and neurodegenerative disease?
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The Lancet Jan 2017



MAGNETITE AND ALZHEIMER’S DISEASE (AD)?

• Fe concentration in AD plaques (~1 mmoL L-1) is higher than in 
normal brain tissue (~0.35 mmol L-1) 

• Fe2+ an effective catalyst for production of damaging reactive oxygen 
species (incl. free radicals) in brain tissues. 

• Magnetite particles found directly associated with AD plaques; may 
enhance toxicity of the plaque-forming protein, β-amyloid. 



Magnetite found directly 
associated with Alzheimer’s 
disease plaques
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Plascencia-Villa et al., Nature SciReps, 2016
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METALLIC FE & 
CU ALSO FOUND 
IN AMYLOID 
PLAQUES FROM 
HUMAN BRAINS
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Existing paradigm?

• All brain magnetite/metallic Fe (and Cu) formed in situ, of 
biogenic, possibly pathological, origin...
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NEW HYPOTHESIS

Brain contains varying concentrations of externally-sourced 
magnetite (and other Fe-bearing) pollution NPs, typically co-
associated with range of other, including non-physiological, 
metal species (Maher et al., 2016)



Magnetic and HRTEM analyses, 
human brain samples
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1. ‘natural’/biogenic magnetite
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WHY?

NAVIGATION SENSE?

‘SAFE’ IRON STORAGE?



But 2. Brain magnetic content (SIRM, 77 K) vary by 
individual
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Many of the highly magnetic brain samples were from young 
(< 40 years at death) Mexico City residents exposed to high 
levels of airborne particulate pollution, & those with severe 
to moderate AD in the older Manchester cases (> 65 years at 
death). 
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MAGNETIC CONTENT BY BRAIN REGION 
AND GEOGRAPHIC SOURCE

Hammond et al., 2020



Magnetic content (MMC) 
by brain region



Electron microscopy, frontal cortex 
(possible olfactory portal of entry)
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Biogenic brain magnetite
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C/W Non-biogenic brain magnetite

UFP 2022



Abundant abiogenic magnetite nanoparticles 
in (some)brains



TEM, brain magnetic extracts…109/g tissue
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TEM, Brain magnetic extracts

UFP 2022



FRONTAL CORTEX NPS CONTAIN RANGE OF 
CO-ASSOCIATED METAL SPECIES
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Iron most common, + Al, Ti

Calderon-Garciduenas et 
al., 2020
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BRAINSTEM METAL NANOPARTICLES

Acicular Ti-
rich NPs





EM SUMMARY

Many, not all, of the brain magnetite particles:

• Rounded/spherical 

• Diameters range widely, from 5 to 150 nm

• Some display fused surface crystallites

• Found associated with nanoparticles containing other metals, such as 
platinum, titanium, nickel, and cobalt
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Fe-, Al- & Ti-bearing NPs directly associated with 
damaged brainstem organelles/ structures, & 
presence of AD, PD & MND pathology
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Calderon-Garciduenas et al., 2020



‘core’ ‘halo’

Tau filaments inside 
nerve cells 

Contain β-amyloid (Aβ)

Senile plaques and neurofibrillary tangles
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senile
plaque

neurofibrillary
tangles

50 µM

Both plaques and tangles are sites of metal accumulation



IRON- AND CO-ASSOCIATED METAL-RICH 
AIR POLLUTION NANOPARTICLES

• Appear to be capable of evading all body defences

• We have now found them in the brain, heart, placenta…

• Others now identifying them in lung effusions, bloodstream, CSF….

• N.B. Magnetic and EM data indicate different portals of NP entry: inhalation to 
lungs/circulation (likely most important); direct olfactory nerve uptake; ingestion (e.g. to 
brainstem via neuroenteric system)
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Gonet & Maher, 2020



All micrographs from Maher et al, except h, Lu et 
al, 2020



UFP 2022



Air pollution and CV disease

• Annual excess mortality rate from ambient air pollution (mainly 
PM2.5) in Europe = 790,000 [95% confidence interval 645,000–
934,000]…

• of which between 40 and 80% are due to cardiovascular events, 
which dominate health outcomes

• (Lelieveld et al., 2019).
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Intact myocardial mitochondria, low-
pollution control…metal NPs absent



METAL-RICH NPS IN DAMAGED
MYOCARDIAL MITOCHONDRIA

Associated with significant up-regulation of GRP78, a marker of endoplasmic 
reticulum stress

Maher et al., 2020



Fe-rich NPS in myocardial mitochondria
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Fe-rich air pollution NPs a plausible and 
pervasive risk factor for ND and CV diseases

BECAUSE of their ultrafine size
catalysis of ROS formation 
ubiquity within airborne PM

• exposure to magnetite (and associated metal-bearing) nanoparticles might 
be an environmental risk factor for diseases associated with cascading 
inflammation and oxidative stress, including CVD and neurodegeneration.

• Exposure to higher concentrations of magnetite pollution nanoparticles in:
• Some occupational settings
• Indoors, from open fires or poorly-sealed stoves
• Outdoors, from vehicle and/or industrial PM sources. 
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Chronic insult from inhaled metal-
rich NPs, resultant inflammation?

(Modified from Takeda et al., 2014)

e.g. Anger/aggression



Magnetite, ROS catalysis (Fenton reaction)



Microglial activation, excess inflammation

(Adapted from Morales et al., 
2014)



Cancer and chronic exposure to 
Fe-rich NPs?

• Repeated inflammatory response, oxidative stress, constant Fe 
replenishment…..possible progress from neurodegeneration to 
carcinogenesis (Maher, J Alzh Disease, 2019).



Conclusions

• Of the mix of components which contribute to 
airborne particulate pollution, magnetite and 
associated Fe- and metal-rich, redox-active 
nanoparticles may represent a key driver of excess 
ROS production, oxidative stress and inflammation. 

 Hence, exposure to such NPs from road traffic and 
other emitting sources may be an environmental 
risk factor for CV and neurodegenerative diseases, 
including AD, PD and MND.



Thank you for your time and attention


