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Synthetic biology

Definition: to apply engineering principles to design, construct, and redesign 
of biological systems for a specific purpose 

Core concepts: 

Design and construction: breaking down complex biological systems into parts 
and assembling them back together 

Engineering principles: abstraction, standardisation, quantification, simulation 

Rational design: predict and optimize biological system behavior 

Genetic engineering: design-driven DNA synthesis, DNA assembly, synthetic 
genomes
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Land mines

Millions of hectares in 70 countries are contaminated with land mines and 60 
million people live on a daily basis with the risk of landmines 

Land mines cause significant land degradation due to (1) restricted access, (2) 
loss of biodiversity, (3) micro-relief disruption, (4) altered chemical composition, 
(5) loss of productivity



Land mines in Ukraine and it’s 
impact on global food production

Ukraine is one of the world’s top agricultural 
producers (wheat, corn, sunflower oil) 

About 174,000 km2 (=25 million football fields) 
of it’s land are contaminated with land mines 

About one third of arable area is currently 
affected by land mines



Remote detection of buried landmines using bacterial sensors



Design of a genetically engineered 
bioreporter for detection of land mines
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US Patent 5,972,638
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First field tests reported by the 
US Army in 1999

4 out of 5 TNT sites were detected within a radius of 2m



Patent hindered commercial 
development for 20 years



Nonpayment of patent fees released 
the approach after 10 years

https://patents.google.com/patent/US5972638A/



First scientific demonstration for remote 
detection of land mines with bacterial sensors



The design
Sensing explosives with E. coli
Step 1: GFP assay to monitor promoter activity in E. coli after exposure with 2,4-DNT (2,000 promoter library screened) 

Step 2: 11 promoters with positive 2,4-DNT hits screened in a concentration series 

Step 3: 2 promoters selected with dose-dependent response to 2,4-DNT (yqiF and ybiJ) 

Step 4: Test for specificity with compounds that are structurally relevant or similar 

Step 5: Enhance sensitivity based on random promoter mutagenesis (eg, PCR or synthetic) 

Step 6: Study mechanism for biosensing (eg, yqiF/ybiJ involved in removal, degradation, or neutralization of 2,4-DNT)

Appl Microbiol Biotechnol (2014) 98:885–895
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Actuation — remote detection of TNT soil samples

Belkin S. Nat Biotechnol 35, 308–310 (2017).

The design



Future developments
Remote sensing of GFP-positive bacterial colonies with drones



Sustainable development with synthetic biology
Bioremediation: degrade pollutants such as heavy metals, plastics from contaminated sites 

Carbon sequestration: capture and convert greenhouse gases 

Sustainable material production: biodegradable plastics, lab-grown leather, bio-based 
dyes 

Environmental monitoring: detect biosensors that detect pollutants in water/soil for real-
time data for environmental management and monitoring 

Gene drives: spread desirable traits through wild populations 

Agriculture: enhance crop resilience to climate change 

Biomedicine: cancer therapeutics, disease surveillance 

Energy: enhanced production of biofuels



Challenges and considerations

Ecosystem risks: introduction of engineered organisms into the wild can have 
unintended consequences on ecosystems (biodiversity, food webs) 

Ethics: ethical questions about the manipulation of nature and potential for 
unintended consequence 

Public perception: understanding and addressing public concerns about 
synthetic biology is key for “lab-to-environment” translation



Design choices in synthetic biology
Single gene, gene circuit, or full synthetic genome

Gene Genetic 
circuit

Complete 
synthetic genomeScale of genetic 

engineering
1-3 kb 3-100 kb >100 kb



Design choices in synthetic biology

Chemical synthesis of a 531 kb minimal genome with 473 genes

Synthetic genomes



Design choices in synthetic biology
DNA synthesis for genetic circuit designs

DNA printer based on enzymatic DNA synthesis DNA synthesis as-a-service (up to 8 kb)



Design choices in synthetic biology
Environmental DNA for discovery of genetic circuits

van der Helm, E., Genee, H.J. & Sommer, M.O.A. Nat Chem Biol 14, 752–759 (2018).

Discovery of DNA and circuits in the range of 5 to 150 kb



Design choices in synthetic biology
Genetic circuits to process eDNA libraries for various screens

van der Helm, E., Genee, H.J. & Sommer, M.O.A. Nat Chem Biol 14, 752–759 (2018).



Malaria

A life-threading disease caused by Plasmodium 
parasites (eg, P. falciparum) that spreads to humans 
via bite of an infected female Anopheles mosquito 

About 260 million malaria cases worldwide and 
600,000 deaths in 83 countries (mostly in the African 
region and children under 5) 

Risk factors of malaria infection and death include 
tropical climate (environmental), poverty (socio-
economic), and limited healthcare (socio-economic) 

Prevention & treatment: bed nets, antimalarial therapy 



Antimalaria medication
Artemisinin-based Combination Therapy (ACT)
Artemisinin is a natural compound extracted from the plant Artemisia 
annua (sweet wormwood) that was originally described as an anti-
malarial treatment by the Chinese physician Ge Hong in the 4th century 

Artemisinin (re)discovered by Tu Youyou in the 1970s as part of the 
Chinese military project “Project 523”. Ge Hong’s original 4th century 
extraction method was key to obtain the active compound from the A. 
annua plant (fresh vs dried leaves + extraction at low temperatures) 

Tu Youyou was awarded with the Nobel prize in 2015 for her “Discovery 
of Artemisinin: A Gift from Traditional Chinese Medicine to the World” 

Artemisinin kills Plasmodium parasites in the blood stage of injection 
and acts rapidly via production of free radicals that damage parasite 
proteins 

Used worldwide in Artemisinin-based Combination Therapies (ACT) and 
is now the standard first-line treatment for P. falciparum malaria



Artemisinin
Strong prize fluctuations for artemisinin ($100-500) 

Artemisinin can be only extracted from the Artemisia 
annua plant 

Crop yields vary based on whether and farming 
conditions (bad harvest = lower supply = higher 
price) 

Oversupply and undersupply creates year-to-year 
uncertainties for farmers, manufacturers, and health 
programs  

Long production cycle (6-8 months) creates lag in 
Artemisinin availability



Semi-synthetic artemisinin (SSA)

Goal: Laboratory-produced version of artemisinin to 
address fluctuations in natural artemisinin supply. 

Step 1: Genetic engineering of the mevalonate pathway in 
yeast to enhance conversion of sugar into FPP, an 
intermediate of sterol biosynthesis, and introduction of A. 
annua plant enzymes to convert FPP into artemisinic acid 
(=a precursor of arteminisin) in a 3-step oxidation process. 

Step 2: Artemisinic acid is transported out of yeast cells, 
retained on the outside of engineered yeast, cells are 
purified, and chemically converted to artemisinin. 

Fast production (4-5 days) with consistent yield & purity 
and highly scalable with industrial fermentation

Nature Vol 440|13 April 2006|doi:10.1038/nature04640

From plant to engineered yeast



The journey of semi-synthetic artemisinin
Origin & promise: 

Melinda & Bill Gates Foundation sponsored research on SSA with 
$64 million 2005 

Sanofi licensed the engineered yeast from UC Berkeley in 2008, with 
the aim to provide a stable, scalable, and affordable alternative to 
plant-based artemisinin (“no profit, no loss” model) 

Sanofi produced by 2014 semi-synthetic artemisinin to treat 40 million 
people with malaria



The journey of semi-synthetic artemisinin
Real world challenges: 

Sanofi stopped production in 2015 due to lower prices of natural 
artemisinin ($250/kg vs $400/kg) 

ACT manufacturers and competitors were reluctant to buy semi-synthetic 
artemisinin from Sanofi 

Demand flattened due to better diagnostics of malaria making artemisinin 
combination therapy unnecessary 

Sanofi sold the SSA plant to Huvepharma 

Gates Foundation issued in 2017 new grants for a “truly sustainable low 
cost supply of semi-synthetic artemisinin” and $100/kg or less



The journey of semi-synthetic artemisinin
Novel innovations 

Optimize yeast fermentation process 

Engineering E. coli to produce artemisinin acid 

Use of A. annua plant cells for fermentation 

Best of both worlds? 

Use crude plant extracts for natural product synthesis using novel 
bioreactor with more efficient yields 

Collaboration between plant farming industry and biotech



Lessons learned from SSA for synthetic biology in 
sustainable development

Research into semi-synthetic artemisinin crossed several boundaries: military, private non-profit 
foundations, university, for-profit pharmaceutical companies 

Hundreds of compounds have been screened in the past for anti-malarial activity yet only a plant 
extract revealed one of the most potent treatments against malaria (—> eDNA and 
metagenomics-based synthetic biology) 

Is synthetic biology the ultimate solution towards sustainable development or equally fragile like 
the farming industry? 

Artemisinin-resistant P. falciparum has emerged with the rise of ACT therapy 

Novel plant-based anti-malarial compounds are being developed (eg, neem tree from tropical 
areas) which reemphasis the need for conservation of habitats for future healthcare



Design a biosensor for real-world impact
Goal: design a biosensor that targets one of the UN SGD missions 

Questions: 

What will the sensor detect (toxin, pathogen, pollution, hormone)? 

Where will it be used (environment, healthcare, agriculture, industry)? 

How will you design it (sensor, processing unit, actuator)? 

How will you it be used in the wild (deployment, specialized?) 

Are there any ethical considerations (risk of misuse, who benefits, who doesn’t)? 

Is it economically feasible (affordable, who would fund it, who would pay for it) 

3-minute pitch


