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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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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



Nanoparticle view of human nasal 
epithelium



Nanoparticle view of human nasal 
epithelium



Definitions of particle size

• Coarse particles= PM10 = particles with 
average diameter less than 10 Tm

• Fine particles= PM2.5 = particles with 
average diameter less than 2.5 Tm

• Ultrafine particles = PM0.1 = particles with 
average diameter less than 100 nm



BéruBé KA et al (1999). In:
Particulate Matter, (Eds. 
Maynard RL & Howard CV), 
Bios,  Oxford. ISBN 
185996172X





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



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



Engulfing mechanisms



Engulfing of viruses



Caveolar mechanism



F2003 HLTH 350 Lecture 4C 5

Penetration of asbestos fibers into 
airway mucosal epithelium cells

attempted phagocytosis of long chrysotile fiber 
by an airway mucosal epithelial cell (in vitro)

airway mucosal epithelium several weeks after
exposure to crocidolite asbestos



F2003 HLTH 350 Lecture 4C 7

Phagocytosis of asbestos fibers

pulmonary alveolar 
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





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
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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
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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 (2002) Biochem 41 13539-47

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

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



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
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Engine emission particulates may be similar in 
scale to subcellular structures

Characterization of Particulate Sizes, Microstructu res and Fractal 
Geometry of a Light Duty Diesel Engine via Thermoph oretic Sampling
Kyoeng Lee, Jinyu Zhu and Raj Sekar (2003) Center for Transportation 
Research, Argonne National Laboratory



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)
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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
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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
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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



Cellular chaperone machinery can 
interact with nanoparticles

Chaperonin-mediated stabilization and ATP-
triggered release of semi-conductor 
nanoparticles
Ishii et al (2003) Nature 423 628-32
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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
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Increasing commercial activity

Nanotechnology patents by region

(Survey to April 2003 using USPTO database; Huang et al (2003) J Nanoparticle Res 5 3-4)



Wichmann HE & Peters A (2000). Phil. Trans. R. Soc. Lond. A 358: 2751-2769



Wichmann HE & Peters A (2000). Phil. Trans. R. Soc. Lond. A358: 2751-2769



Anderson HR (2000). 
Phil. Trans. R. Soc. 
Lond. A 358: 2771-
2785



“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





Nature is already working at the nanoscale.  One needs to 
understand what is different when nanostructured contaminants 
produced by manufacturing or combustion enter the environment. 
For example, there are current health and environmental risks 
caused by nanoparticles in mines, on construction sites and from 
combustion engines. Manufactured nanostructures may have 
special composition, reactivity, and uniformity that may increase 
the risks, and this must be investigated from the beginning.

Roco MC (2003) Journal of Nanoparticle Research 5: 
181–189, 2003.



Conclusions

• Nanoparticles are comparable in size to intracellular structures including proteins

• Nanoparticle effects are often dependent on extremely high surface area

• Biological effects of nanoparticles may depend more on size than composition

• Nanoparticles interacting with living tissue will be covered with a protein coat

• Nanoparticle fate may depend on alteration to the conformation of the protein coat

• Nanoparticles may act as molecular chaperones, either beneficially or pathologically

• Nanoparticle toxicity may depend on, or be prolonged by, their extreme stability



“A clever man solves a problem, 
a wise  man avoids it”

Albert Einstein



How Does an Atomic Force 
Microscope (AFM) Work?



Advantages of SPM

• Nanometre/atomic resolution
• Accurate height measurements to within 1 angstrom
• Three-dimensional representation of images
• Does not require UHV
• Ability to perform studies in aqueous environments
• Manipulation of surfaces on sub-nanometre scale



AFM facilities at the University of 
Ulster.

TopoMetrix TMX200 
Explorer™. 

This microscope has 4 
scanning modules that 
allow scanning in contact 
and non-contact modes on 
both dry and liquid.



AFM facilities at the University of 
Ulster.



Functionalising cantilever tips

• AFM is capable of making adhesion measurements.

• When the cantilever tip is coated with a specific 
receptor or ligand, AFM can provide
an adhesion map and specific adhesion forces. 



Various Methods Tried

Cantilever Tip 
with protein 
molecule coated 
glass bead 
attached.

Cantilever coated in gold 
and dipped in to protein 
molecules.



Crosslinking to Gold

� DTSSP binds to gold via a disulphide bond
� Forms a covalent bond with primary amines
� Provides motional freedom for the protein 

molecule to reach cell surface receptors

� Crosslinker 3,3’-
Dithiobis(sulfosuccinimidyl
propionate) DTSSP



Gold Coating of Cantilever Tip



Adherence of bacteria to 
epithelial surfaces.

• This is an essential first step in the disease process.

• Adhesion enable bacteria to resist physical removal by 
fluids (saliva, urine); peristalsis (gut) or sneezing 
(respiratory tract).

• Adhesion involves interactions between external 
constituents on the bacterial cells (adhesins) and 
on the host cell (receptors).

BACTERIUM

Host Surface

adhesin

receptor



Bacterial Adhesins
• Usually Proteins

• Often located at tip of scaffold

- Pilus of Fimbriae

Organism Adhesin Cloned

Escherichia coli FimH �

Yersinia enterolcolitica YadA �

Escherichia coli DraA �



The Big Picture

AFM cantilever tip

Adhesin molecule (protein)

receptor

CELL MEMBRANE

Perfused Drug
E.g..antagonist

Ca +



Force Distance Curves

Adhesion mode 
produces qualitative and 
quantitative data on 
receptor binding sites

The yellow area shown 
in this diagram is of 
interest when force 
mapping



Dual beam cryo FIB



Nano-milling



Yeast cells -180C



Sublime!


