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Nanotechnology 
Many potential benefits

•
 

Targeted pharmaceuticals
•

 
Water purification

•
 

Photo-voltaics
•

 
Information technology

•
 

HOWEVER –
 

free nanoparticles
 

do pose a 
hazard and there has to be  balance between 
benefit and risk



Nanoparticles
 

–
 

how we make 
heterogeneous catalysts

David Jefferson
University of 
Cambridge
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Where is nanoscale?

Research and technology development at 
the atomic, molecular, or macromolecular 
levels, in the length of approximately 1–100 
nm range, to provide a fundamental 
understanding of phenomena and materials 
at the nanoscale, and to create and use 
structures, devices, and systems that have 
novel properties and functions because of 
their small size. 
The novel and differentiating properties and 
functions are developed at a critical length 
scale of matter typically under 100 nm.

National Research Council 2002

1 nm 100 nm
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Electron microscopy

Where is nanoscale?

Light microscopy
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Nanoparticle view of human nasal 
epithelium



Temporal 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



Pulmonary defence mechanisms

•
 

Nose, pharynx & larynx: impaction
•

 
Trachea & bronchi: muco-ciliary

 
escalator 

and ingestion 
•

 
Terminal bronchi and alveolar air space: 
alveolar macrophages, engulf particles and 
transport to lymphatics. They do not easily 
recognise particles of < 65 nm and are

 easily overwhelmed by large numbers



Nanoparticles
 

have easy access to 
the body via the lungs and gut

BéruBé
 

KA et al 
(1999). 



After entry to the body they can 
travel

Distribution to liver, 
spleen, heart and brain 
Ji et al., 2006; 
Nemmar et al., 2002; 
Hillyer and Albrecht, 
2001; 
Oberdorster et al., 2002





Donaldson et al (1999) have shown that size 
seems to matter for nanoparticle

 
toxicity



Ken Donaldson
Napier 
University







Routes to nanoparticle cytotoxicity

Exposure

Absorption at portals of entry

Distribution to body

Metabolism to 
more toxic
metabolite

Metabolism to 
less toxic
metabolite

Metabolism to 
conjugation

product

Excretion

Distribution

Interaction with macromolecules 
Proteins DNA, RNA, phospholipids

Toxic effects
Genetic, carcinogenic, immunotoxic, reprotoxic

Turnover
and repair

From Hodgson and Levi (1997)
Textbook of modern toxicology

Nanoparticles 
protein coated



What are the sites of cellular 
vulnerability?

Interaction with macromolecules 
Proteins DNA, RNA, phospholipids

Toxic effects
Genetic, carcinogenic, immunotoxic, reprotoxic



Sites of especial cellular vulnerability

• Maintenance of the integrity of cellular membranes
• Critical for ionic and osmotic homeostasis

• Aerobic respiration
• Mitochondrial oxidative phosphorylation and ATP production

• Protein synthesis
• Structural integrity of cellular 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



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



Mechanisms of nanoparticle cytotxicity

Microtubules

C60 fullerene

Nucleus

Foley et al (2002) BBRC 294 116-119

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 
association with the mitochondria



Mechanisms of nanoparticle cytotoxicity

Kamat et al (2000) Toxicology 155 55-61

TBARS thiobarbituric acid reactive substance
LOOH lipid hydroperoxide

Internal membrane fractions from tumour cells 
are damaged by peroxidation of membrane 
lipids on exposure to fullerenes, which act as 
photosensitisers

The lipid peroxidation eventually leads to loss 
of membrane flexibility, a drop in trans- 
membrane potential, progressively increased 
permeability to ions and eventually cell death



Mechanisms of nanoparticle cytotoxicity

Cottingham et al (2004) Lab Invest 84 523-9

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 
surface active

The conditions under which cytotoxicity is 
detected closely parallel conditions under 
which oligomer assembly takes place and 
surfactant properties emerge



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



Diesel particulates Centriole
a subcellular protein assembly 

critical in cytoskeletal regulation

Engine emission particulates may be similar in 
scale to subcellular structures



Outcomes of protein-nanoparticle 
interaction

• 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 altered with loss of function (molten globule)

• Protein conformation altered with altered function (chaperone)



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



Outcomes of protein-nanoparticle 
interaction

• 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 altered with loss of function (molten globule)

• Protein conformation altered with altered function (chaperone)



Outcomes of protein-nanoparticle 
interaction

Silica nanoparticles (9nm 
diameter) have been stabilised 
with a protein, in this case a 
human enzyme, carbonic 
anhydrase II

The circular dichroism spectrum 
shown reveals the secondary 
structure of the enzyme in 
solution (solid line; 
predominantly beta-sheet) and 
after exposure to the 
nanoparticles for 24 hours 
(dotted line; most beta structure 
lost)

Billsten et al (1997) FEBS Lett 402 67-72



There are 42 protein misfolding
 diseases –

 
mostly in the CNS

•
 

Alzheimer’s Disease, Synucleinopathies
 (Parkinson’s Disease), Spongiform 

encephalopathies
 

(CJD), Cystic fibrosis, Primary 
systemic amyloidosis, Secondary systemic 
amyloidosis, Familial amyloidotic

 polyneuropathy, Senile systemic amyloidosis, 
Hereditary cerebral amyloid

 
angiopathy, 

Haemodialysis-related amyloidosis, Familial 
amyloidotic

 
polyneuropahy, Finnish hereditary 

amyloidosis, Type II diabetes, Medullary
 carcinoma of the thyroid, Atrial

 
amyloidosis, 

Lysozyme
 

amyloidosis, Insulin-related amyloid, 
α-chain amyloidosis, 



Outcomes of protein-nanoparticle 
interaction

• 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 altered with loss of function (molten globule)

• Protein conformation altered with altered function (chaperone)



Outcomes of protein-nanoparticle 
interaction

Akiyoshi et al (1999) Bioconj Chem 10 321-324

Amphiphilic hydrogel nanoparticles (18nm 
diameter) can act as chaperone to prevent 
heat damage to an enzyme

In this experiment, carbonic anhydrase 
was heated to different temperatures for 10 
minutes, cooled and assayed for activity.  
The black dots show permanent heat 
damage to the enzyme; the open dots 
shows the protective chaperone effect of 
the nanoparticles



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



Outcomes of protein-nanoparticle 
interaction

Lam et al (2004) Tox Sci 77 126-134

Carbon black Raw Carbon nanotubes Nanotubes in granuloma

Rats were challenged by intratracheal instillation 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



Anderson HR (2000). 
Phil. Trans. R. Soc. 
Lond. A 358: 2771-

 2785



Poland et al (2008) Nature Nanotechnology 
20 May 2008; doi:10.1038/nnano.2008.111

Frustrated phagocytosis
Granulomatous

 inflammation



Takagi A, et al(2008).
 J Toxicol Sci. 33(1): 105-16.

•
 

Similar findings to Poland et al (2008). 
Granulomatous

 
changes in a p53+/-

 
mouse 

when multi-walled carbon nanotubes
 introduced into the peritoneum.

http://www.ncbi.nlm.nih.gov/pubmed/18303189?ordinalpos=4&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum




Can nanoparticles
 

undergo long 
range transport?



New Scientist ‘How war debris could 
cause cancer’

 
6 Sept 2008 p 8-9

Uranium in HVAS near Aldermaston
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A. Elsaesser (2007) –
 

secondary 
photo-electron production

-Proportional to 5th

 
power of Z

-Model shows up to 25,000-fold 
amplification in photoelectron 
production when nanonised, 
compared to bulk material

Low energy electro-magnetic 
radiation gives rise to the biggest 
biological effect through ionisation 
of water to produce ROS



Predicted spectrum of disease

•
 

Intracellular particles
–

 
Acute inflammation 

–
 

Chronic inflammation –
 

cancer
–

 
Oxidative stress -

 
cancer

–
 

Chronic protein misfolding
 

‘-opathies’
–

 
Altered immune response

•
 

‘Indigestible’
 

nanorods
 

& fibres
–

 
Foreign body type reactions -

 
cancer



“The discoverer of an art is not the best judge 
of the good or harm which will accrue to 
those who practice it.”

Plato, Phaedrus
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