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About TNO

• Organisation:
• TNO, the Netherlands Organisation for applied scientific research 

TNO, was founded by law in 1932 to enable business and 
government to apply knowledge. As an organisation regulated by 
public law, we are independent: not part of any government, 
university or company. 

• Mission:
• TNO connects people and knowledge to create innovations that 

boost the competitive strength of industry and the well-being of 
society in a sustainable way. 
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Complex exposures at home/ at work
• Lack of knowledge on the associations between risk factors and health is 

limiting effective prevention
The burden of disease due 
to

occupational risks: 4.7%
environmental factors: 
5.7%

of the total in the Netherlands



Necessity to consider occupational exposure 
in relation to health
• Impact of occupational diseases:
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First, to get a feel for chemicals

• hazard, exposure and risk
• some lions and rabbits



hazard, no exposure = no risk



hazard plus exposure = risk



Still, hazard plus exposure = risk? 



Not yet, as internal exposure is needed (biting 
through your skin and beyond!)



Exposure/dose level matters. More lions increased exposure 
increase in risk



Paracelsus (1493–1541), founder of modern toxicology, “The dose 
makes the poison”. 



chemical LD50 mg/kg body weight gram intake at 70 kg  body weight
water 140000000 9800

glucose 35000000 2450

Sodiumchloride 3700000 259
Potassiumiodide 300000 21
Arsenic trioxide 45000 3.15
Potassium cyanide 10000 0.7
Sulfur mustard 3000 0.21
Strychnin 500 0.035
Sarin 20 0.0014
Tedrodotoxin 5 0.00035
Ricin 0.02 0.0000014
Tetanus toxin 0.0001 0.000000007
Botulin toxin 0.00003 2.1E-09
LD50 = dose level at which mortaility occurs in 50% of the population

730 tablets of

~10 liter of water

2450



And then the rabbits. No (lethal) hazard in presence of 
exposure = no risk



Some “psychology”

• Just the fact that a chemical is present, does not mean 
it is harmful to humans, at the amount that is present

• In addition, perception of risks  comes into play:
The more uncontrollable and unobservable risk 
are 
the more severely risks are perceived



Also, perception of risks comes into play
perceived dreadedness of hazards 

Adopted from Casarett and 
Doull's Toxicology: The Basic 
Science of Poison



For health risk management, thresholds to ensure 
maximum exposure levels need to be in place

• Acceptable daily intake (nutrition)
• Occupational exposure limit (profession)
• maximum concentration in air (environmental threshold)
• Maximum daily dose (drugs)
• And maximum possible exposures should not exceed these
• Risk assessment needed!



To define a hazard, possible foreseeable internal effects  (binting of lions)

Understanding of internal exposure and 
effects:  The internal exposomeAdopted from Casarett and 

Doull's Toxicology: The Basic 
Science of Poison



Definition of the internal exposome

The internal exposome is composed of all 
stressors once present in the body:

• chemicals from air, water, soil, food,
• Breakdown products (metabolites) from these 
• endogenous chemicals produced by inflammation, 

oxidative stress, lipid peroxidation, infections, gut flora, 
and other natural processes



From 
Environment and 
Disease Risks 
Stephen M. 
Rappaport and 
Martyn T. Smith
Science 330 (6003), 
460-461. 



Definition of the internal exposome
The internal exposome is composed of all stressors 
once present in the body:

• Can be measured in biofluids/excreta (blood, urine, 
sputum, stool, exhaled breath etc.)

• Can yield signatures of internal exposure



Definition of the internal exposome
The internal exposome is composed of all stressors 
once present in the body:

• Can provide indications for early health effects
• Can help to assist in ensuring risk management

• Detecting exposure and effects in humans
• Proposing biological effect levels 

• blood levels at which an effect is expected
• Detecting the effect of exposure reducing measures



Why characterizing the internal exposome?

• In relation to external exposome
• If suspected/known exposures: Is a chemical/stressor actually entering into 

the body?
• If unknown exposures: which chemicals/stressors are persons exposed to?
• Totality of external exposures is taken into account
• Is somebody truly exposed?
• Use internal exposome/markers to predict the extent of possible external 

exposure?
• Use to define efficacy of exposure reducing measures
• How many subjects are exposed? Group based risk assessment



Why characterizing the internal exposome?

• In relation to possible health effects
• If the stressors/chemical is identified within the internal exposome

• Estimation of hazards using existing toxicological data, using epidemiological data
• Estimation of (individual) metabolism/metabolic processes: are potentially 

hazardous metabolites formed?
• Individual susceptibility
• Quantitative determination of internal exposure in relation to early markers 

of health and disease effects
• E.g. binding of a chemical to DNA or a protein
• Early cytogenetic changes



within the internal exposome

• Important to identify hazardous molecules
• all molecules within the exposome are in a way 

hazardous, depending on type of hazard and extent of 
exposure (and exposure route)



within the internal exposome

• Prioritize at which exposure levels health effects are to 
be expected

• External exposures in relation to external exposure 
treshholds (Occupational exposure limit, ADI)

• Internal exposures in relation to external exposure levels
• Internal exposures in relation to internal Biological Effect 

Levels



Internal exposome

What/how much gets
in

which
biomolecule 
is target

activation of 
pathways/
biology

prediction
health effect

Biomarkers to
detect internal
exposure and
health effect

without understanding of the internal effects of the 
exposome, it is not possible to connect to health status, 
susceptibility and propose (individualized) health-based 
interventions in relation to external stressors. 

Quantification



Some technology examples along this 
paradigm
• Ongoing work at TNO , with partners
• No need to understand all details
• To give a flavour of possibilities to prepare for the group assignment



What/how much gets in? I: Biomonitoring
What/how much gets
in



An example: benzene

• Relevant for occupational setting
(petrochemical industry)



Detection of SPMA, a metabolite of benzene

• developing a robust fluorescent immunosensor 
for user-friendly, sensitive and fast biological 
monitoring of benzene exposure in a field 
situation. 



Plot of assay results for calibrators in urine pool (■) and 
measurements of urine samples (▲) from volunteer #2, including 
the fitted calibration curve.

fluorescent inhibition 
immunoassay for S-PMA in 
human urine was successfully 
developed and validated. The 
detection limit obtained was 
1.5 nM S-PMA in urine, 
corresponding to the current 
exposure limit for benzene. 



Point of care assay

• The feasibility of the developed fluorescent S-PMA immunosensor 
was demonstrated in a urine sample matrix. The investigations to 
arrive at a POC instrument based on the fluorescent immunoassay are 
outlined.



Future fluid sensing

• Sweat. Monitoring sweat as a key biometric is not new. Sweat contains biomarkers 
like sodium, glucose, and proteins that can be collected and measured noninvasively 
using sensors. Sweat has been used to monitor other conditions like cystic fibrosis, 
but now sweat can be used to monitor nutritional deficiencies, ion imbalances, 
elevated glucose levels and inflammation that industrial workers experience. Sweat 
can even tell a doctor if your medicines are not working properly.

• https://www.forbes.com/sites/jenniferhicks/2017/04/29/how-this-wearable-smart-patch-analyzes-your-sweat-to-monitor-your-body/#68ae7c244b02
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https://www.kenzen.com/patch

Wearables  – sweat analyser
A possibility

Gao, W. et al. Nature http://dx.doi.org/10.1038/nature16521 (2016)

https://www.forbes.com/sites/jenniferhicks/2017/04/29/how-this-wearable-smart-patch-analyzes-your-sweat-to-monitor-your-body/#68ae7c244b02
https://www.kenzen.com/patch
http://dx.doi.org/10.1038/nature16521


Biomarkers are suitable for internal exposure 
estimation, quantification may depend upon dose and 
time of exposure! Meaning….?



What/how much gets in? II PBPK modelling
What/how much gets
in



TNO’s generic physiologically-based toxicokinetic-toxicodynamic (PBTK-
TD) modeling tool

36

Goals:

1) To predict blood and organ
concentrations (toxicokinetics) and the
toxic effects (toxico-dynamics) of 
chemicals in humans based on in silico, 
in vitro and in vivo data

2) In vitro-in vivo and animal to human 
extrapolation of toxicity data

3) To establish safe exposure limits and
appropriate safety measures for new 
chemicals

Dermal absorption

Inhalation

Ingestion

Joost Westerhout
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Parent compound Primary metabolite Secondary metabolite

Urine Urine Urine

(non-)linear 
metabolism

TNO’s generic PBTK-TD modeling tool
Liver metabolism:



PBPK model prediction of concentration of 
benzene metabolites in bone marrow
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Which biomolecule is target: I: comparison 
with omics datawhich

biomolecule 
is target



24/04/2019 HEALS Kick-Off Meeting Paris 40



Comparison with epidemiological data (in progress) 
Benzene – transcriptomics – health effects

• 125 exposed workers
• 26.000 oligonucleotide probes
• Microarray
• 16 genes differently expressed with all exposures

McHale et al 2010 EHP



42

McHale et al 2010 EHP



Omics and aggregated exposure pathways



Which biomolecule is target: II: Biomolecular data 
computing framework for prediction of molecular effect

which
biomolecule 
is target



TNO safety sciences

ADVERSE OUTCOME PATHWAY



BDC work-flow for AOP generation 
Comparative toxicogenomics
database as starting point





Case study: Benzene
computational approaches to develop Qualitative AOP network generation

exposure health outcome
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