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1950

Runs at 500 kHz
512 word memory

2015

Runs at ~GHz
GB of memories
10–14 nm resolution for transistor

The most striking example of the power of : 
Miniaturization | Automatization | Systems integration

Technology background
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ca. 2000

Performs 1 assay per s
µL volumes

ca. 2010+

Performs 1 000 assays per s
pL volumes
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Technology background : µflu

Translating to Biology the power of
Miniaturization | Automatization | Systems integration

https://en.wikipedia.org/wiki/High-throughput_screening
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Protein engineering
Antibody screening
Molecular diagnostics
Single cell analysis
Strain selections
… 

Droplet-Based Microfluidics

Droplets as micron-sized microreactors, actuated in a carrier oil in microchannels
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Protein Engineering
Objective 

Optimise catalysts for use in industrial processes, diagnostic systems,...

Baret et al. Lab Chip 2009

Agresti et al. PNAS 2010

Implementation in microfluidics

(1) Generate millions of mutants of a native enzyme, expressed in a host or in vitro

(2) Analyse each individually in droplets, select the best ones (hits – typically 1000)

(3) Recover the DNA and repeat (1) from the hits / refine the screen using standard assays

Principle

Improve the enzyme by cycles of mutations and selection (directed evolution) : 
mimicking Natural Evolution
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Integration

Baret et al. Lab Chip 2009

Agresti et al. PNAS 2010

pL

kHz

Millions

Fluorescence

Cell expression
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HRP Proof of concept

Agresti et al. PNAS 2010
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Directed evolution in drops: molecular aspects and applications,
A. Manteca, A. Gadea, D. van Assche, P. Cossard, M. Gillard-Bocquet, T. 
Beneyton, A. Innis, J.-C. Baret, ACS Synthetic Biology (2021)

Protein Engineering by Dir. Evo.
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Evolving single enzymes of practical / industrial / therapeutic interest in 
microfluidics is demonstrated.
Limitations when the enzyme must be produced by organisms 
that can evolve, if the enzyme is toxic to the cell... 

We also need to integrate functionalities of interest in 
metabolic pathways   

Microfluidics use in evolving systems for CO2 fixation
(Collaboration with Tobias Erb, MPI Marburg)

- Example 1 : Evolving enzymes of CO2 fixation pathways
- Example 2 : Reconstruction of pathways in droplets
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1 - Glycolyl-CoA Carboxylase (GCC)

Tartronyl-CoA pathway : 

Proposed to produce 
glycolate from CO2

But : 

GCC is lacking

Scheffen, (…), and Erb, Nature Catalysis 2021

Engineering CO2 fixation strategies is of relevance in the context of high 
atmospheric CO2 concentrations  

Trudeau et al., PNAS 2018
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Glycolyl-CoA Carboxylase (GCC)

Scheffen et al. Nature Catalysis 2021

Library analysis in microfluidics reveals about 5 % of active variants

Further screen in plates allows to identify hits

A GCC is finally integrate to run the TaCo Pathway

Screening approach based on 
NADPH readout in droplets

Microfluidic workflows fully integrate in screening strategies for 
protein engineering : rapid readout, HTS, pre-screening,...

1 - Glycolyl-CoA Carboxylase (GCC)
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2 – Artificial metabolic cycles

Schwander et al. Science (2016)
Miller, Beneyton et al. Science (2020)

CETCH cycle (T. Erb)

CO2 fixation in a 
microcompartment 
using light
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2 - Artificial metabolic cycles

Miller, Beneyton et al. Science (2020)

Efficient biomimetic synthesis of C2 compounds from CO2 
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Miller, Beneyton et al. Science (2020)

Droplets as microreactors for the integration and miniaturization 
of metabolic cycles (artificial)

Further use possible for screening (eg fluorescence readout)

Microfluidics usable to screen experimental conditions 
(compositions)

2 - Artificial metabolic cycles
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Take Home Message

Protein engineering benefits from microfluidic methods
Microfluidics for the selection of hits

Microfluidics generate data (phenotypes) at high throughput that 
can be linked to genotypes (DNA recovery)

Usable to improve molecules (biocatalysts) 
Train IA-based models to predict sequence/function properties ? 
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