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2Some definitions

Nanotechnology deals with the manipulation of  matter at atomic and 

molecular levels in order to alter its properties, offering new and innovative 

products for daily life (e.g. antimicrobial goods; nanoparticle-based 

transparent sunscreens).

Nanomaterials are conventionally defined as having at least one 

dimension between 1 and 100 nm (e.g. particles, fibers, sheets).

In nanomedicine field the useful range falls within 5-250 nm

(in some cases <1000 nm)
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Due to their small size and the increased surface area

and reactivity, nanomaterials exhibit fascinating physico-

chemical properties.

Application fields:

 Energy;

 Industrial application;

 Green nanotechnology;

 Nanobiotechnology;

 Nanomedicine.
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Nanomedicine is a discipline of  nanotechnology which 

refers to highly specific medical interventions at the 

molecular scale for curing disease or repairing damaged 

tissues, such as bone, muscle or nerve. 

The European Science Foundation identified five main 

areas: 

(i) Analytical tools; 

(ii) Nanoimaging;

(iii) Nanomaterials and nanodevices; 

(iv) Novel therapeutics and drug delivery systems;

(v) Clinical, regulatory and toxicological issues.
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“The majority of current commercial applications of

nanotechnology to medicine is geared towards DRUG

DELIVERY to enable new modes of action, as well as

better targeting and bioavailability of existing medicinal

substances. Novel applications of nanotechnology

include NANOSTRUCTURE SCAFFOLDS for tissue

replacement, nanostructures that allow TRANSPORT

ACROSS BIOLOGICAL BARRIERS, remote control

of NANOPROBES, integrated implantable SENSORY

NANOELECTRONIC SYSTEMS and

MULTIFUNCTIONAL CHEMICAL STRUCTURES

for drug delivery and targeting of disease.“

http://www.ema.europa.eu/docs/en_GB/document_library/Regulatory_and_procedural_guideline/2010/01/WC500069728.pdf
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Therapeutics

Type of  nanostructure



Approved Nanomedicine Platforms in Clinic

IMAGING



9Global Scenario of  Open Nanomedicine Trials 

In 2014 total open studies: 31

In 2019 total open studies: 242
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Current problems for nanomedicine are related to toxicity 

of  nanoscale materials

Nanomedicine

Nanotoxicology

Two sides of  the same coin!



11For example: Nanomedicine Drug Delivery System Objectives

 Improve the solubility and bioavailability of  hydrophobic drugs (lower doses);

 Improve the circulatory presence of  drugs, e.g. of  protein-based drugs which are 

difficult to administer orally due to their breakdown in the alimentary canal before they 

reach their therapeutic site;

 Reduce toxicity: much lower doses of  highly targeted drugs means less systemic 

toxicity; 

 Design mechanisms to target drugs to specific cells or tissues (decreasing side 

effects);

 Increase specificity: it will become possible to target individual pathogens or bio 

molecules (decreasing side effects);

 Slow release to maintain a level therapeutic dose. 

 Novel nanostructures that can be used in specific applications, e.g. ocular, wound 

management, cancer therapy, neurology, orthopaedics.
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BENEFITS

RISKS

RISK: HAZARD x EXPOSURE
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As any medical devices or drugs, nanomedicines are strictly regulated and have to

follow thorough characterization, toxicity assessment and multi-stage clinical trials

evaluating for their benefit/risk ratio before benefiting patients with their whole

potential.



14Biocompatibility
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NOAEL LOAEL

EC50

EMAX

CITOTOXICITY

ISO 10993-5: in vitro testing
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Increasing toxicity
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THEREFORE

It is essential to evaluate the impact 

of  nanotechnology on human health

Nanotoxicology
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Nanotoxicology studies the toxicity of  nanotechnology.

Nanotoxicology

Nanotechnology, nanomedicine and nanotoxicology

are complementary disciplines aimed at the

improvement of human life.
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Can nanotoxicology use exactly the same 

methodological approaches of  traditional 

toxicology? 

The answer is NO

Why?

Nanotechnology generates new species in contact with 

biological systems
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Surface area and reactivity

> Surface area (R2)/volume (R3)

> Number of  particles/mass

> Numer of  atoms/surface

The dose makes the poison! 

Which is the appropriate dose for nanomaterials?

DOSE-METRIC
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Conclusions from toxicological studies are that

neither NP mass nor NP number but NP

surface area is the most appropriate dose-metric

for comparing the effects of NP of different

sizes and different types…IT IS NOT ALWAYS

POSSIBLE!
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Some other nano-related issues:

 Nanomaterials composed of the same chemical

element but with different size, form, aspect ratio behaves

differently and represents a new “compound” to be

tested. Is grouping possible?

 In biological systems, nanomaterials undergo chemical

transformations affecting their biodistribution and

intrinsic toxic properties. Depending on exposure route

biodistribution and toxicity change.

 What is the applicability of conventional testing

methods for nanomaterials?

 Biopersistence/bioaccumulation/long-term effects
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Nanomaterials composed of the same chemical element

but with different size, form, aspect ratio behaves

differently and represents a new “compound” to be

tested.



25Different phys-chem properties and behaviour
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Biodistributions of  inorganic NPs after intravenous 

injections into mice
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Size

Surface charge

Different phys-chem properties and toxicity
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What is the applicability of conventional testing

methods for nanomaterials?



29Testing nanomaterials: HAZARD evaluation

Nanoparticles because of  their size and ability to pass 

across cellular membranes represent a potential biohazard.

A decrease in size could be responsible for a number of  

material interactions that could lead to toxicological effects. 
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Optical interferences

NPs absorbance (or scatter) adds to 

the assay absorbance

Fluorescence quenching by NPs

- optical interferences

Cell Viability: MTS

Increased mitochondrial activity: pathological condition
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Caspase 3/7 assay on A549 cells treated

with staurosporine 0.5 μM (Positive

control) (A), after addition of silver

NPs (B) and after their removal (C).



35Enzyme inhibition:

 Specific (catalytic site)

 Aspecific (protein denaturation)
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Example: Lactate Dehydrogenase (LDH)

[Formulation] (mg/ml)
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Sometimes (e.g. organic nanocarriers):

Formulation 1

Formulation 2

Positive control (Lysis solution)

Formulation 1

Formulation 2

Positive control (Lysis solution)

Positive controlFormulation 2 [8 mg/ml]Formulation 1 [8 mg/ml]
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LDH Interference test

Control Formulation 1 Formulation 2

Is it only a technical problem? 

NO, it could also represent a mechanism of  action.
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Interferences by system used

Aspecific oxidation of DCFH2 in

phosphate buffer (A) and cell culture

medium F12 (B).
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Cell  SystemNanoparticle Characterization

Choice of cytotoxicity assay

Interferences

Cytotoxicity Screening TC50, IC50, 
EC50, 
LC50…

Mode of Action

Grouping

Development of  
more predictive
and reliable
assays
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TAKING INTO CONSIDERATION ALL THESE ASPECTS, 

IT IS REALLY IMPORTANT TO DEVELOP AND USE 

STANDARD OPERATING PROCEDURES.

Several efforts have been made to develop nano-specific tests:

NANoREG

NanoValid

NanoReg2
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Biopersistence/bioaccumulation/long-term effects
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Inorganic nanoparticle-based contrast agents for molecular 

imaging
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…other inorganic nanoparticles are used for stimulating 

immune system (e.g. silver)

The use of inorganic nanomaterials rises two concerns:

1- the introduction in biological systems of non-

physiological elements;

2- the exposure of elements through non-physiological

routes.
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Essential elements in biological 

systems



47Exposure Routes
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Example: Neurological consequences of Mn Exposure

 Excessive exposure to Mn is associated with an irreversible brain disease, characterized 
initially by a psychiatric disorder (locura manganica)

 Ataxia ensues followed by an extrapyramidal syndrome

Mn NP have been shown to enter into dopaminergic neuronal cells exerting neurotoxic 
effects by activating an apoptotic signaling pathway and autophagy. 

This emphasizes the need for assessing possible health risks associated with an 
increased use of Mn nanoparticles and idiopathic PD.

Exposure:

“non-physiological routes”, as in the case of occupational exposure, may lead to metals dys-
homeostasis and degenerative disorders.

Occupational exposure to manganese and copper, for instance, has 
been linked to Parkinson disease (PD).
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Interaction wtih essential elements
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Nanoparticles (NP) Ion 
released

Interference with essential 
elements

Silver NP (AgNP) Ag+ Cu

Gold NP (AuNP) Au3+ Ca, Zn, Cu, Fe

Titanium dioxide NP (TiO2
NP) Ti4+ Ca, Mg, Na, K, Zn, Fe

Iron oxide NP (IONP) Fe3+ Fe

Cobalt NP (CoNP) Co2+ Ca, Mg, Cu, Zn

QDs (Cd/Se/Te) Cd2+ Ca, Cu, Zn, Mn
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The patient had elevated blood levels of  circulating:

silver at 2552 nmol/L (limit <2.8 nmol/L) 

elevated urinary excretion of  silver at 615 nmol/L (<7.42 nmol/L). 

Other measurements (with reference ranges) were serum: 

selenium 0.53 µmol/L (0.89–1.65)

zinc 12.0 µmol/L (10–18)

copper 4.0 µmol/L (11–20)

caeruloplasmin 0.14 g/L (0.20–0.40) 

24-h urine excretion of  copper 0.4 µmol (<0.9). 
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Iron Oxide Nanoparticles for Theranostic purposes

The two main forms are magnetite (Fe3O4) and its

oxidized form maghemite (γ-Fe2O3). They have attracted

extensive interest due to their superparamegnetic

properties and their potential applications in many fields

(although cobalt and Nickel are also highly magnetic

materials, they are toxic and easily oxidized).

Applications of iron oxide nanoparticles include high-

sensitivity biomolecular magnetic resonance imaging

(MRI) for medical diagnosis and therapeutics.
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Duodenum

Inorganic Iron

Heme Iron

DcytB

SLC11A2

NRAMP2

DCT1
HO-1/HO-2 catabolizes heme

in inorganic iron

[5 µM] ~ 1/10 total Tf

Iron regulatory hormone:
• Binds to ferroportin

• Promotes Fpn Jak-dependent

phosphorylation

• P-Fpn internalization and 

• Lysosomal degradation

Intracellular iron retention

Cu-dependent 

ferroxidase
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A correlation between iron and breast cancer progression

has been recently demonstrated, and the ratio of Fe(II) to

Fe(III) content in tissues increases with tumour malignancy

grade. To date, no information on the relationship between

iron-based MNP, iron homeostasis and cancer are available,

which is an important gap in nanomedicine.

Hyperthermia-Cancer treatment and side effects
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Risk assessment describes the overall processes to:

• Identify hazards and risk factors that have the potential to cause harm 

(hazard identification).

• Analyze and evaluate the risk associated with that hazard (risk analysis, 

and risk evaluation).

• Determine appropriate ways to eliminate the hazard, or control the risk 

when the hazard cannot be eliminated (risk control).

RISK = HAZARD X EXPOSURE



58Exposure



59

Exposure Route Primary target organs

Inhalation Respiratory tracts

Ingestion Digestive tract

Dermal Skin

Blood Circulation Blood cells, endothelial cells, 
internal organs
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EXAMPLE

https://www.bag.admin.ch/bag/en/home/gesund-leben/umwelt-und-gesundheit/chemikalien/nanotechnologie/sicherer-umgang-mit-
nanomaterialien/vorsorgeraster-nanomaterialien-
webanwendung.exturl.html/aHR0cDovL3d3dy5iYWctYW53LmFkbWluLmNoLzIwMTZfdGFnbG/FiLzIwMTZfbmFub3Jhc3Rlci9wb3J0YWxfZW4ucGh
wP21vZD1h/Jmxhbmc9ZW4mU0lEPWxybmh2Z2xnY2s3bGw4N2pqZXFjc21pNW/1iNXVwNzJjdWhtNXVvY3RndmFubjMycGRkcDE=.html

https://www.bag.admin.ch/bag/en/home/gesund-leben/umwelt-und-gesundheit/chemikalien/nanotechnologie/sicherer-umgang-mit-nanomaterialien/vorsorgeraster-nanomaterialien-webanwendung.exturl.html/aHR0cDovL3d3dy5iYWctYW53LmFkbWluLmNoLzIwMTZfdGFnbG/FiLzIwMTZfbmFub3Jhc3Rlci9wb3J0YWxfZW4ucGhwP21vZD1h/Jmxhbmc9ZW4mU0lEPWxybmh2Z2xnY2s3bGw4N2pqZXFjc21pNW/1iNXVwNzJjdWhtNXVvY3RndmFubjMycGRkcDE=.html
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Safe by Design
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Nanotoxicology and Nanomedicine: making hard decisions

Successful development of  future nanomedical devices and 

pharmaceuticals requires a the use of  nanotoxicology, risk assessment 

modeling, and tools developed in the field of  multicriteria decision analysis.
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