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It is with great pleasure that I introduce the 2023 edition of TRANSFORM’s Research 
and Innovation Report.

Consistent with our 2021-2025 strategic roadmap, this report treats different 
aspects of the circular bioeconomy, with presented work focusing on food, non-

food biobased products and the fate of end-of-life materials. 

This report aims to provide you with an update of our activities, with particular 
emphasis on the diversity of these. Accordingly, you will �nd in this document 

numerous examples of our scienti�c results and knowledge production, as well as 
illustrations of methodological and technological developments. Similarly, you will 
�nd examples of how my colleagues valorise their diverse and rich expertise to 
support public policy. In the context of the circular bioeconomy transition, we are more 
then ever convinced that public decision-making must be grounded in solid, up-to-
date scienti�c knowledge.

Michael O'Donohue

Head of TRANSFORM Division
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RESEARCH INFRASTRUCTURES

TRANSFORM and IBISBA (Industrial Biotechnology Innovation 
and Synthetic Biology Accelerator)

EU-IBISBA

IBISBA-EU, which was certi�ed by the European Strategy 
Forum on Research Infrastructures (ESFRI) in 2018, is a 
translational research infrastructure that aims to accelerate the 
development of industrial and environmental biotechnologies 
in Europe as a pivotal part of the circular bioeconomy. By 
bringing together leading research infrastructures from 
10 European countries and combining the latest digital 
technologies, IBISBA-EU offers academic and industrial 
stakeholders unique access to integrated and innovative 
R&D&I services in biotechnology to move into the “Bioindustry 
4.0” era.

IBISBA-FR

IBISBA-FR is a French infrastructure resulting from 
interorganisational cooperation among technology platforms 
providing services and training for biotechnology research 
and innovation, some of which are integrated into IBISBA-
EU. IBISBA-FR was certi�ed as part of the French Ministry of 
Higher Education, Research and Innovation’s 2016 roadmap 
(the certi�cation was renewed in 2021) and strives to promote 
biotechnology development in France. Its next challenge 
will be to create the structure for and coordinate the French 
division of IBISBA-EU.

Research infrastructures in the 
national roadmap

-4-

TRANSFORM and CALIS (Consumers – Food - Health )

Research infrastructures lie at the heart of major economic and industrial issues. The use of such infrastructures has 
become, in most disciplines, an imperative in terms of scienti�c competitiveness and international in�uence. National 
and European strategies on research infrastructures are set out in what are known as roadmaps; the French roadmap was 
renewed in 2021.

TRANSFORM is a key player in three research infrastructures – IBISBA-EU (European ESFRI roadmap), IBISBA-FR and CALIS 
(French MESR roadmap) – to ensure multidisciplinary research excellence in the �elds of biotechnology and food.

INRAE, through its TRANSFORM Division, is deeply involved in the coordination of IBISBA-EU and IBISBA-FR. The services offered 
by the Institute are provided by the division’s platforms: TWB, PICT–ICEO (TBI), AlgoSolis (GEPEA), Bio2E (LBE) and 3PE (BBF).

For more information : ibisba.eu - ibisba.fr / Contact : ibisba-fr@ibisba.eu - network@ibisba.fr

Food, a source of signi�cant economic, social, environmental and health issues, is a major public policy concern. The CALIS 
infrastructure offers powerful and innovative methodological and technological services and development based on a national 
network of entities that include i) analytical and technological platforms for food design and characterisation, ii) clinical and 
nutritional epidemiology study facilities, iii) food consumption database platforms, and iv) food experimentation and behaviour 
study facilities. These entities, run by different partners, are grouped into three clusters: Consumers, Food and Health. 

TRANSFORM is especially involved in the “Food” cluster via its Dairy (STLO) and “PLANET” (IATE) technological platforms and its 
INRAE-certi�ed analytical infrastructure “PROBE”. PROBE provides multidisciplinary expertise on the multi-scale characterisation 
of the structure and properties of biobased systems, particularly for food use. PROBE uses complementary cutting-edge 
technologies – mass spectrometry, NMR, MRI, microscopy, chemotyping, sensory analysis and food behaviour studies – and relies 
on innovative expertise in data processing. PROBE leverages the skills of four platforms, three of which are certi�ed by INRAE and 
which are highly complementary in terms of the compounds studied and the approaches used: BIBS (BIA), ChemoSens (CSGA), 
AgroResonance (QuaPA) and Polyphenols (SPO.

Contact : probe-ir@inrae.fr ; calis-ir@inrae.fr



AGRORESONANCE - UR QuaPA

Whether in the form of spectra or images (MRI), nuclear magnetic resonance (NMR) 
offers an array of analytical methods for identifying the chemical structure of compounds, 
quantifying the concentration and dynamics of small molecules, and characterising the way 
the constituents of a material are organised at different scales. This technology provides 
valuable insights on the composition and structure of tissues and materials as well as on how 
living organisms function.

The AgroResonance platform is a facility of the INRAE Clermont-Auvergne-Rhône-Alpes centre. 
It leverages a range of skills and high-level technology for analyses and new developments 
and answers questions in the �elds of agri-food, plants, nutrition and health.

AgroResonance is ISO 9001 certi�ed and is an INRAE Collective Scienti�c Facility. As a 
founding member of the IBISA-certi�ed In Vivo Imaging in Auvergne (IVIA) regional 
multimodal platform, it has access to most of the other types of in vivo imaging (from animal 
to human) in Clermont-Ferrand.

Contact:  Guillaume.pages@inrae.fr

BIORESOURCES : IMAGING, BIOCHEMISTRY & STRUCTURE (BIBS) - UR BIA

The BIBS platform is unique in the way it pools expertise (14 permanent INRAE 
staff members) and powerful tools from various analytical �elds (mass spectrometry, 
NMR, microscopy, chemotyping and digital processing) to characterise bioresources and 
bioproducts with regard to their food and non-food uses. More speci�cally, BIBS develops 
its expertise in multimodal imaging and structural analysis of biopolymers to combine 
the various data and identify key ways to interpret the complexity of the objects studied. 
The different methods are used to i) characterise biopolymer structures (identi�cation, 
quanti�cation, modi�cations of oligo- and polysaccharides, peptides/proteins, lipids), their 
interactions, their organisation (local order, mobility) and their location; ii) monitor their 
degradation or transformation; iii) screen collections of samples based on chemical and 
structural criteria; iv) obtain images of the systems using different techniques and scales for 
correlative imaging; and v) understand dynamic parameters (diffusion).

Contact: contacts-bibs@inrae.fr

CHEMOSENS- UMR CSGA

ChemoSens is the platform for research and methodological development of the Centre for 
Taste and Feeding Behaviour (CSGA), located in Dijon, France. A unique aspect of this platform 
is the integration of expertise in chemistry and sensory analysis to develop new approaches to 
characterizing food and consumer behaviour. 
Food �avour molecules are characterised through physicochemical analysis methods and 
monitored as they release active molecules during chewing. In addition, the platform has 
expertise in the analysis of lipids in food and in neurosensory tissues.
ChemoSens is renowned for developing sensometrics and sensory data acquisition techniques, 
including Temporal Dominance of Sensations (TDS). Through the platform, extensive databases 
have been built up, and TimeSens® has been developed as a web-based tool for the analysis 
of sensory data.
Contact: carole.tournier@inrae.fr

�8�7�&�3���+�4�7�2���G�S�P�P�I�G�X�M�Z�I���W�G�M�I�R�X�M�û�G���J�E�G�M�P�M�X�M�I�W

COLLECTIVE SCIENTIFIC FACILITIES AND INFRASTRUCTURES
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DAIRY PLATFORM (PFL) - UMR STLO

The Dairy Platform is an experimental facility (https://www6.rennes.inrae.fr/plateforme_lait) 
where various technological processes can be implemented in a single location, at different scales 
and according to �exible and controlled processing technologies. These technologies include the 
fractionation of raw ingredient components; the development of plant-based or other matrices at 
varying concentrations, both fermented and not (fresh products, cheese, concentrated milk or plant-
based matrices); and product drying. The 1,000-square-metre facility was completely refurbished 
in 2013. It is ISO 9001 certi�ed and is an INRAE Collective Scienti�c Facility. The platform is open 
to academic and industrial partnerships. It leverages in-house expertise (technology, process 
engineering, biochemistry, microbiology, nutrition and eco-friendly design) for academic and private 
research projects as well as for training programmes aimed at future food industry executives.

Contact: gilles.garric@inrae.fr

PLANET - UMR IATE

The Processing of Plant Products with Emergent Technologies (PLANET) platform at the Joint Research 
Unit for Agropolymer Engineering and Emerging Technologies (IATE) is a technological platform that 
tackles the transformation and use of plant resources (e.g. cereals, legumes, straw, wood, algae) and 
biobased resources (biopolymers).

PLANET brings together an original set of instrumented equipment to study and characterise the main 
individual operations in plant processing. This approach optimises the use of natural resources (products 
and coproducts, energy) and can be used to study the impact of processes on the functional properties of 
those resources. The platform’s activities are centred around various themes: the fractionation, separation 
and sorting of plant matter using dry processes; the structuring and hydrothermal treatment of agro-
based composites (food and non-food); and the characterisation of granular and continuous media. The 
PLANET platform provides technical expertise to study the relationships between the structure of a raw 
material, the processes and the usage properties of the resulting materials.

Contact: contact-planet@inrae.fr 

TOULOUSE WHITE BIOTECHNOLOGY (TWB)

As an expert in leading research and development (R&D) projects, TWB assists industry players in 
developing innovative and sustainable solutions for the bene�t of people and the planet.
TWB sets up and runs R&D projects in the �eld of industrial biotechnology in collaboration with 
public laboratories and industrial players, supports the development of start-ups by offering them 
accommodation on its premises in a state-of-the-art scienti�c and technological environment and 
promotes the emergence of breakthrough innovations. By bringing together researchers, entrepreneurs, 
�nanciers, institutions and industrial players, TWB integrates and enhances all skills and areas of 
expertise and creates synergies while simplifying the contractual relationship.
Since its launch in 2012 under the triple supervision of INRAE, INSA and CNRS, and with a consortium 
of 49 private and public members as of 1 January 2022, TWB has contributed to the completion of 
nearly 260 collaborative R&D projects and to the growth of numerous start-ups that have raised a total 
of more than €250 million in funding.
Contact: laurie.rey@inrae.fr

BIO2E PLATFORM - UR LBE

The Bio2E – Environmental Biotechnology and Biore�nery platform specialises in treating 
and recovering organic ef�uents and residues (urban, agricultural, agroindustrial) in the form 
of matter and energy through integrated bioprocesses (anaerobic digestion, biomethanation, 
biohydrogen, microalgae) and physicochemical processes (pre- and post-treatment) to minimise the 
environmental impact of the various sectors. It encompasses the partner-based research activities of 
the Laboratory of Environmental Biotechnology (LBE) and hosts the METYS INRAE Transfert service 
activities. This coordination means it can offer a range of services adapted to its partners’ needs, 
from laboratory tests to the monitoring of industrial facilities: collaborative R&D, analytical services, 
feasibility studies, training, expertise and hosting.

Contact: audrey.battimelli@inrae.fr

COLLECTIVE SCIENTIFIC FACILITIES AND INFRASTRUCTURES
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Part 1

Numerous (bio)-technological tools and methodologies are developed by our scientists, the 
ultimate aim being to develop more sustainable production, processing and consumption 
systems. Herein, the discovery and use of new enzymes to synthesize target molecules is an 
excellent illustration of advanced bioengineering. Likewise, the development of imaging 
techniques to tackle various scientific questions and understand different phenomena is 
described.

In this section, emphasis is also placed on wastewater, this being a source of valuable 
molecules, but also of micropollutants. The approach described addresses both issues, 
generating an overall environmental benefit.

We believe that prediction, simulation and digital twins are catalysts for a sustainable future, 
because they enable the virtual exploration solution space. Ultimately, these approaches 
hold the key to the development of solutions that procure both environmental and societal 
benefits. In TRANSFORM, we use these methods to study the dynamics of food, from 
manufacture to digestion.

  Research and Innovation TRANSFORM 2023

EDITION 2023 -7-

Establish the (bio)-technological means to 
develop sustainable bio-economic systems

Predictions, simulations and 
digital twins

© David Ribeaucourt - Culture fongique



Read more

Li A. et al.

Discovery and Biotechnological 
Exploitation of  GlycosidePhosphorylases.

International Journal of Molecular 
sciences . 2022

https://doi.org/10.3390/ijms23063043

Exclusive licence agreement on the 
international patent PCT/FR2021/050827 
acquired by the compagny SweeTech.

Partnerships
- INRAE UR BIA BIBS (David Ropartz)

- SweeTech (https://www.sweetech.fr, 
Julien Durand)

H2020 Project FNR-2020 : Rapid 
discovery and development of enzymes 
for novel and greener consumer products 
(RadicalZ)

Contacts

Gabrielle Potocki-Veronese and Julien 
Durand 

UMR TBI

veronese@insa-toulouse.fr

j.durand@sweetech.fr

Context

Glycoside phosphorylases (GPs) are 
fascinating enzymes. They are capable 
of not only catalysing the degradation 
reactions of sugar-based oligomers and 
polymers with the help of inorganic 
phosphate present in cells, but also the 
reverse reaction, i.e. their synthesis from 
sugar phosphates.

Very few GPs have been characterised 
to date, even though they are involved 
in many biological processes, and 
especially in the mammalian digestive 
system. Depending on their speci�city, 
some bacterial GPs are involved in 
the metabolism of glycosides of 
plant, human or microbial origin, and 
thus participate in the interactions 
between the human gut microbiota, 
the food and the host. Their original 
catalytic mechanism can also be 
exploited in synthesising high added 
value glycosides, which are of major 
interest for many human health-related 
applications.

Results

To speed up the discovery of new 
GPs, a new approach was developed. 
It takes a multi-step analysis of a wide 
variety of genomic and metagenomic 
sequences and combines it with 
functional screening of these enzymes’ 
activity and speci�city. By exploring 
a sequence space of several tens of 
millions of sequences, new enzyme 
functions were identi�ed. Several 

enzymes involved in microbial 
interactions within the human gut 
microbiome, including in pathological 
contexts, were identi�ed. The original 
speci�city of some of them was exploited 
for the in vitro and in cellulo synthesis (in 
a bacterial chassis obtained via metabolic 
engineering) of oligosaccharides of 
interest for human health marketed by 
the start-up SweeTech. These include 
antigenic glycosides, which can be 
used for the detection, prevention and 
treatment of infections from Candida, 
an opportunistic yeast pathogen. 
Candidiasis infections are a major public 
health concern. They affect more than 
300 million people a year worldwide, 
and are lethal in their most severe forms, 
especially in immunocompromised 
patients. Finally, the potential of 
other GPs with different speci�cities is 
currently being evaluated within the 
scope of the European project RadicalZ 
for the synthesis of oligosaccharides of 
nutritional interest.

Future outlook

The current challenge is to improve 
the prediction of speci�city of glycoside 
phosphorylases for the synthesis 
of oligosaccharides and functional 
glycoconjugates with various structures 
and application potential. The prediction 
will rely on machine learning approaches 
to integrate structural and biochemical 
data acquired at high throughput, 
namely via micro�uidic screening.

New enzymes to synthesise oligosaccharides of 
interest for human health
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Molecular structure of a new glycoside 
phosphorylase and its crystals (top left)



Read more

Leroy A. et al.

Real-time imaging of enzymatic 
degradation of pretreated maize 
internodes reveals different cell types 
have different pro�les

Bioresource Technology . 2022

 https://doi.org/10.1016/j.biortech.2022.127140

Partnerships

• INRAE UR BIA BIBS, 

• Synchrotron SOLEIL

Contacts

Fabienne Guillon and Gabriel Paës

UR BIA and UMR FARE

fabienne.guillon@inrae.fr

gabriel.paes@inrae.fr

Context

The biochemical conversion of 
lignocellulosic biomass to obtain 
biobased compounds is an attractive 
approach due to the selectivity of 
the enzymes and their use under 
“mild” conditions. However, without 
pretreatment, the conversion ef�ciency 
via biochemical means is low. Various 
pretreatment technologies are used 
to overcome the recalcitrance of 
biomass to enzymatic degradation. 
Optimising pretreatment technologies 
requires a better understanding of the 
changes they induce and the impact 
on enzymatic degradation, while 
taking into account the heterogeneity 
of lignocellulosic biomass. However, 
conventional techniques do not allow 
the simultaneous visualisation of 
enzyme locations in the tissues and 
their effect on the architecture and 
composition of the plant cell walls.

Results

An imaging approach using the 
SOLEIL Synchrotron light and matrix-
assisted laser desorption ionization 
(MALDI) imaging was implemented on 
hydrothermally pretreated native maize 
stalk sample sections. Real-time imaging 
was used to visualise changes in enzyme 
distribution within the sample and track 
the kinetics of cell wall degradation. 

Hydrothermal pretreatment induces a 
new heterogeneity in wall composition 
depending on cell types and the 

position in the maize stalk internode. 
The parenchyma cells from the pith 
furthest from the rind and most in 
contact with water are most strongly 
affected by the pretreatment. Variations 
in the yield and kinetics of cell wall 
degradation were demonstrated. The 
degradation pro�les were correlated 
with the nonhomogeneous distribution 
of the enzymes, which show preferential 
concentration at the beginning of the 
reaction on the walls rich in accessible 
cellulose, then diffuse towards the more 
recalcitrant walls. However, the walls 
of the lignin-rich rind and vascular 
bundles remained resistant to enzymatic 
degradation.

Future outlook

Advancing our understanding of the 
effect of hydrothermal pretreatment 
for better control would require greater 
insights into the factors limiting heat 
transfer and water diffusion in samples 
as heterogeneous as lignocellulosic 
biomass. Characterising the interactions 
between polymers and between 
polymers and enzymes, as well as the 
organisation of polymers within the wall, 
is also a key point to explain the varying 
reactivity of lignocellulosic tissues to 
pretreatments and enzyme action.

Understanding lignocellulosic biomass recalcitrance 
with real-time imaging

-9-

©Adobe Stock- Swetlana Wall
Corn stalk

E
st

ab
lis

h 
th

e 
(b

io
)-

te
ch

no
lo

gi
ca

l m
ea

ns
 to

 d
ev

el
op

 s
us

ta
in

ab
le

 b
io

-e
co

no
m

ic
 s

ys
te

m
s



Read more

Clerjon S. et al.

Quantitative sodium magnetic resonance 
imaging in food: Addressing sensitivity 
issues using single quantum chemical 
shift imaging at high �eld

MCR . 2022

https://doi.org/10.1002/mrc.5239

Partnerships
CSGA, INRAE, Dijon

ANR Project Sal&Mieux ANR-19-
CE21-0009

Contact

Sylvie Clerjon

UR QuaPA

sylvie.clerjon@inrae.fr

Context

For your health, avoid eating too 
many foods that are high in fat, sugar 
or salt. A diet high in salt is known to 
raise the risk of cardiovascular disease. 
Reducing the amount of salt in our 
food remains a major public health 
issue today. Optimising industrial 
salting not only improves diets but 
also reduces energy consumption 
and NaCl emissions released into the 
environment.

Analytical tools to objectively identify 
solutions to reduce salt without altering 
the taste are needed to suggest new 
domestic practices and optimise 
industrial salting processes. To meet this 
need, we have developed a new tool for 
mapping sodium in food.

Results

The nuclear properties of sodium 
make it dif�cult to map in MRI. This 
original solution consists in recording 
the entire temporal signal after 
excitation, in each voxel of the image. 
The signal decay is then modelled for 
each voxel using single exponential 
decay. The �t parameters (amplitude, 
characteristic time) give the amount 
of sodium and its binding state with 
regard to the matrix. This solution thus 
makes it possible to distinguish salt 
gradients that were previously invisible 
using MRI.     

These �ndings are part of the ANR 
Sal&Mieux project and provide sodium 
maps that can be used to understand 
the links between distribution and 
sensory availability as well as the 
determinants of salt sensation. They will 
also aid the development of solutions to 
reduce the amount of salt by optimising 
industrial processes and domestic uses, 
such as by adjusting the distribution of 
salt, which is known to modulate the 
sensation. This new non-destructive 
imaging method is now part of the 
PROBE research infrastructure’s service 
offer.

Future outlook

The next step is to link the sensory 
availibility of sodium, measured by 
sensory analysis and instrumental 
measurements of sodium release in 
the mouth (ANR Sal&Mieux), with the 
binding and distribution properties 
obtained by NMR/MRI. This body of 
knowledge will ultimately allow us to 
make recommendations for optimum 
domestic salting practices.

An innovative imaging technique to reduce the salt 
content in food
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Read more

Berger M. et al.

Friability of Maize Shoot (Zea mays L.) in 
Relation to Cell Wall Composition and 
Physical Properties

Agriculture . 2022

https://doi.org/10.3390/agriculture12070951

Partnerships

• Limagrain Europe,

• INRAE UR BIA,

• INRAE UMR IATE,

• INRAE UR Herbivores

Contacts

Cécile  Barron, Fabienne Guillon and 
Marie-Françoise Devaux

UMR IATE and UR BIA

cecile.barron@inrae.fr

fabienne.guillon@inrae.fr

marie-francoise.devaux@inrae.fr

Context

The forage quality of most maize 
hybrids has been stagnant for the past 
40 years, and breeding efforts have 
focused on grain yields and agronomic 
attributes. Efforts to improve the feed 
value of forage maize mainly focus 
on increasing one of its components, 
digestibility. A second component, 
ingestibility (which has not been 
studied in depth) is de�ned as the 
quantity of forage voluntarily ingested 
by the animal. Ingestibility is likely 
partly governed by the friability of 
the forage, measured by its ability 
to be broken into to smaller pieces. 
Evaluating and identifying the structural 
factors of this characteristic should 
eventually make it possible to suggest 
ingestibility markers that can be used in 
breeding.

Results

The friability of forage maize lines 
(whole plant without the cob) was 
assessed based on their grinding 
performance. Two indices have been 
proposed: one based on the energy 
required to reach a target particle 
size, the other on the amount of �ne 
particles produced with the same 
energy input during milling. These two 
indices make it possible to discriminate 
between different lines according to 
their friability. Taking into account the 
different milling methods used, these 
two indices reveal friability at different 

scales. Friability, which varied by a factor 
of two within this sample collection, 
was related to the high variability of 
the lines in terms of morphology, 
particle appearance after milling and 
plant cell-wall composition. While both 
indices are sensitive to the cellular 
organisation of maize stems, the 
second index also re�ects a difference 
in composition between samples. Thus, 
the higher the hemicellulose content 
of the whole plant without cobs, the 
more friable it is. The impact of lignin 
was not emphasised but should be 
addressed through a more detailed 
characterisation of the phenolic 
compounds present in the whole plant 
without cobs.

Future outlook

These two estimates provide 
an overall and complementary 
understanding of the friability of forage 
maize. Collaborative partnerships have 
been set up to apply and transfer these 
�ndings to develop a breeding tool. 
Although the friability measurements 
were validated with animal testing 
under ingestive mastication, this 
approach must be further enhanced 
with ingestibility measurements.

Determinants of the friability of forage maize

-11-

©Adobe Stock- Segey Fedoskin

E
st

ab
lis

h 
th

e 
(b

io
)-

te
ch

no
lo

gi
ca

l m
ea

ns
 to

 d
ev

el
op

 s
us

ta
in

ab
le

 b
io

-e
co

no
m

ic
 s

ys
te

m
s



Read more

https://doi.org/10.1080/09593330.2021.2023222 

https://doi.org/10.1016/j.chemosphere.2022.135704

Partnerships

• INRAE UR OPAALE,

• INRAE UR REVERSAAL,

• VEOLIA

Contact

Marie-Line Daumer

UR OPAALE

marie-line.daumer@inrae.fr

Context

There can be no life without 
phosphorus (P). It is used as a fertiliser 
for plants and is an essential element in 
our diet. But to be effective, it must be 
consumed in extremely high quantities. 
The surplus, released by the organism, 
ends up in wastewater. Recovering P 
from wastewater encompasses three 
major issues:

• Conserving P mineral reserves, which 
will last only a few hundred years. 

• Ensuring food independence for 
Europe, which has hardly any of this raw 
resource available.

• Reducing leaking into the 
environment to limit hyper-
eutrophication that creates suffocating 
conditions in surface waters.

To prevent leaking into the 
environment, P from wastewater is 
concentrated in sewage sludge at 
treatment plants (WWTP), usually by 
adding iron salts. Sludge spreading on 
agricultural land allows some P to be 
recycled, but it is becoming increasingly 
dif�cult to �nd enough agricultural land 
to use all the phosphorus in sludge. 
The challenge is to dissolve P from the 
sludge to extract it and make fertilisers 
that can be substituted for mineral 
fertilisers in agricultural areas.

Results

The rustic biological acidi�cation 

process developed at the OPAALE 
research unit promotes the growth 
of bacteria capable of dissolving up 
to 75 % of the P from sludge without 
chemical reagents. It is more effective 
than chemical acidi�cation, but its 
performance varies from one sludge 
to another depending on the forms 
in which the P is found and especially 
the type of compounds formed with 
the iron.  After suitable methods were 
developed, the research revealed 
different forms of iron phosphate 
in the sludge and a statistical link 
was established with the type of 
technologies used upstream to trap 
P from wastewater. The research also 
shed light on the ef�ciency gain of 
the biological process by identifying 
the three mechanisms involved in P 
dissolution: the lowering of the pH, 
the release of accumulated P from the 
biomass and the reduction of certain 
types of iron (III) phosphates by the 
bacteria.

Future outlook

These �ndings open avenues to 
adapt wastewater dephosphatation 
practices for better P recovery and iron 
recycling. In addition to WWTP sludge, 
bioacidi�cation is a promising process 
for recovering P from other ef�uents 
such as �sh sludge or livestock ef�uents 
and reducing the environmental impact 
of the processes.

�7�I�Q�S�Z�M�R�K���T�L�S�W�T�L�S�V�Y�W���J�V�S�Q���I�þ�Y�I�R�X�W�����Q�E�O�M�R�K��
�F�E�G�X�I�V�M�E���H�S���X�L�I���[�S�V�O
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iron phosphate particles in WWTP sludge. 
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Read more

https://doi.org/10.1021/acssuschemeng.0c07406 

https://doi.org/10.1021/acscatal.1c05334

https:// doi.org/10.1016/j.biotechadv.2021.107787

Value creation
A photoactivation process for these 

fungal oxidases was also developed to 
control the activity of these enzymes to 
convert alcohols of industrial interest 
(aliphatic, aromatic or galactose 
monomers/oligomers) into aldehydes 
(Patent EP3943598A1).

Funding
ANR FUNTASTIC project – Funding: 

ANR PRCI (International Collaborative 
Research Project) with Canada (NSERC) – 
ANR-17-CE07-0047. CIFRE thesis by David 
Ribeaucourt – Funding: ANRT 2017/1169.

Contacts
Jean-Guy Berrin, David Ribeaucourt, 

Bastien Bissaro and Mickaël Lafond

UMR BBF

jean-guy.berrin@inrae.fr

david.ribeaucourt@inrae.fr

bastien.bissaro@inrae.fr

mickael.lafond@univ-amu.fr

Context

The �avour and fragrance industry 
faces many challenges: 

i) managing a complex international 
environment and signi�cant volatility in 
raw material prices and quality; 

ii) reducing its impact on biodiversity; 

iii) meeting rising demand for natural 
and sustainable products; 

iv) keeping prices affordable for 
consumers. Traditional chemical 
synthesis and plant extraction methods 
can no longer solve these challenges.

Biotechnology offers one of the most 
promising alternatives but requires 
new biocatalytic pathways. Following 
the recent discovery of a new subgroup 
of fungal enzymes (alcohol oxidases), 
attempts have been made to better 
understand these biocatalysts and 
assess their potential in the oxidation of 
primary fatty alcohols.

Results

Research on combining 
enzymological studies and dynamic 
modelling carried out in collaboration 
with the French National Centre 
for Scienti�c Research – CNRS, the 
University of British Columbia (Canada), 
the Barcelona Supercomputing Center 
(Spain) and the company V. Mane 
Fils (France) established the ability 
of a fungal metalloenzyme from the 
phytopathogenic fungus Colletotrichum 
graminicola to convert fatty alcohols 

into fragrant aldehydes (in particular 
octanal) with citrus notes. This research 
improved researchers’ understanding 
and control of the enzymatic system. 
More speci�cally, it revealed the 
enzyme’s high oxidative capacity as 
well as an inhibition phenomenon 
mediated by certain aldehyde hydrates. 
Researchers were able to use the 
knowledge they acquired to exploit 
this enzyme in a second application: 
an enzymatic cascade allowing for the 
enantioselective conversion of geraniol 
into (R)-citronellal, a key intermediate 
in the synthesis of menthol, in 
collaboration with researchers 
from Delft University of Technology 
(Netherlands). 

This work illustrates the potential of 
enzymatic catalysts for the production 
of long-chain aldehydes for the �avour 
and fragrance industry.

Future outlook

The �ndings con�rm the potential of 
this atypical enzyme family. In addition 
to applications in the fragrance 
industry, these enzymes are poised to 
be a new biocatalytic tool to develop 
enzymatic or chemoenzymatic synthesis 
pathways. However, exploiting them 
on a commercial scale requires further 
insights into the activation mechanism 
of copper-radical oxidases (known 
as CROs) and their adaptation to 
industrial constraints, in particular via 
immobilisation and directed evolution 
methods.

Production of aromatic aldehydes by novel fungal 
copper-radical oxidases

-13-

© David Ribeaucourt

E
st

ab
lis

h 
th

e 
(b

io
)-

te
ch

no
lo

gi
ca

l m
ea

ns
 to

 d
ev

el
op

 s
us

ta
in

ab
le

 b
io

-e
co

no
m

ic
 s

ys
te

m
s



Read more

https://doi.org/10.1016/j.scitotenv.2021.150300

https://doi.org/10.1016/j.scitotenv.2022.157593

Partnerships

• INRAE-ITAP, ELSA, Research group for 
environmental life cycle and sustainability 
assessment, Montpellier, France

• European Commission, Joint Research 
Centre, Ispra, Italy

• Agence de l’eau RMC, OFB, Suez-
Environnement, LGC Toulouse, université 
de Bordeaux, RiverLy-LAMA

Contact
Jean-Marc Choubert

UR REVERSAAL

jean-marc.choubert@inrae.fr

Context

For many years, French public 
policies have encouraged minimal 
chemical use in wastewater treatment 
(reducing chemicals at the source, 
substitution).  In France, several 
emblematic research projects have 
documented the performance of 
different micropollutant removal 
techniques and their margins for 
optimisation, namely ozonation, 
activated carbon (granular or powder) 
and reverse osmosis.

The environmental and �nancial 
cost of deploying such technologies 
in Europe has never been assessed. 
This research analyses the impact of 
different scenarios of micropollutant 
treatment by ozonation and activated 
carbon adsorption on different criteria. 
It assesses the overall bene�t to help 
public decision-makers determine 
whether curative solutions are required.

Results

A life cycle assessment was carried 
out with the USEtox software based 
on the concentrations and removal 
ef�ciency of 65 micropollutants from 
different families, as well as their 
potential (eco)toxicity. With regard 
to aquatic ecosystems, the impact of 
activated carbon and air ozonation 
technologies are equivalent, while 
the impact of pure oxygen ozonation 
appears to be very signi�cant. From a 
health point of view, air ozonation is 
the best choice, followed by activated 

carbon (penalised due to carbon 
production) and �nally pure oxygen 
ozonation (penalised due to oxygen 
consumption). The local improvement 
resulting from the discharge of better 
quality ef�uent is however, offset by 
the increase in indirect toxicity caused 
by the consumption of electricity and 
reagents.

The use of ozonation and activated 
carbon, alone or combined, could 
reduce the chemical pollution emitted 
into the aquatic environment by 75 % 
at an annual cost of approximately €4 
billion if all European treatment plants 
were equipped with the technology. 

Equipping facilities of more than 
10,000 population equivalent (p.e.) 
discharging into a watercourse with 
a dilution rate of less than 10 would 
reduce the �ow of discharged chemicals 
by 50 %. This strategy would lead 
increase greenhouse gas emissions by 
0.15 %, which could be offset with the 
use of decarbonised electricity and low-
carbon sources of activated carbon (e.g. 
biochar from the circular economy).

Future outlook

Micropollutant transformation 
products formed during treatment are 
being studied (ANR TRANSPRO project 
now underway). In terms of life cycle 
analysis, the aim is to integrate more 
organic compounds as well as the 
related transformation products.

The impacts of treating micropollutants in 
wastewater
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Read more

Vitrac O. et al.

In Silico Prediction of Food Properties: A 
Multiscale Perspective

Frontiers in Chemical Engineering . 2022

https://doi.org/10.3389/fceng.2021.786879

Value creation
An international assessment of 

concepts and issues related to CAFE 
methods was published in Nature Food, 
with a contribution from the PepsiCo 
group to justify its applicability on an 
industrial scale.

Contact

Olivier Vitrac

UMR SAYFOOD

olivier.vitrac@agroparistech.fr

Context

From a technical standpoint, foods 
are extremely complex, from the 
time they are manufactured to their 
breakdown in the digestive tract. They 
obey the properties of soft matter and 
are neither liquid nor solid. They have 
a biological origin and are therefore 
variable. For all these reasons, 
computer-aided food engineering 
(CAFE) is much less developed than 
other computer-aided manufacturing 
(CAM) methods, which use physical 
and mathematical modelling. The 
same CAM tools could be used for 
foods if their properties were more 
available and easily tabulated. This 
research leveraged computing power 
and new algorithms to calculate the 
missing properties of foods from 
their microscopic structures and 
compositions.

Results

The feasibility of hierarchical 
modelling of food properties, from 
molecules to microstructure to food, 
was demonstrated for mass transfer 
properties. These properties control 
properties that run the gamut 
from drying to oil absorption and 
contaminant transfer. Space and 
time must be taken into account 
at key scales with appropriate 
extrapolation techniques. Spatial 
homogenisation is used to describe 

the effects of phase organisation and 
the presence of the cell structure. 
Temporal homogenisation is a 
relatively new technique that captures 
thermodynamic effects related to 
local composition. The overall setup 
calculates the properties of the food 
from two limits – the thermodynamic 
limit and the continuous medium 
limit. They separate three 
complementary calculation areas.  
The �rst area covers the molecular 
description of foods. The second deals 
with the organisation and structuring 
of matter (emulsions, foams, etc.). The 
third area is nearly continuous and can 
be handled using CAM tools.

Future outlook

It is possible to go back and 
forth between the three areas. This 
means that digital twins of foods 
can be created at different stages of 
processing or digestion. The approach 
will accelerate the convergence of 
“one food” towards “one health” 
by designing the composition and 
structure of the food that achieves the 
desired effect. Additional research is 
underway to validate these principles 
using real-time observations under a 
microscope.

Food properties have a digital twin
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Read more

• https:// DOI 10.4000/bmsap.10052

• https://doi.org/10.3390/molecules27103259

Value creation
This device can be used for 

food (human and animal) and 
pharmaceutical applications, especially 
for reformulation purposes, as well as for 
broader humanities and social science 
applications related to chewing.

Partnerships
• Institute of Food Sciences & 

Technologies, Japan

• PALEVOPRIM UMR 7262, 
Laboratoire Paléontologie Evolution 
Paléoécosystèmes Paléoprimatologie, 
CNRS, Université de Poitiers

• INRAE, UR BIA, F-44316, Nantes, France

• Plateforme Technologique du Creusot 
France

• Chemosens, CSGA, Dijon

Contact
 Christian Salles

UMR CSGA

christian.salles@inrae.fr

Context

During the oral phase, food 
is gradually broken down by 
the combined effect of chewing 
and salivation. This results in the 
progressive release of �avour 
compounds in the mouth, which 
become available to interact with the 
olfactory and taste receptors, inducing 
perception. This phenomenon depends 
on the food composition and texture, 
oral parameters (especially saliva and 
chewing) and the physicochemical 
properties of the released compounds. 
To control the oral parameters and 
overcome the limitations of in vivo 
experiments, a powerful chewing 
simulator that accurately takes into 
account the main oral parameters 
was developed. This device offers a 
wide range of possible applications, 
including three representative 
examples presented below.

Results

A study on the release of aroma 
compounds during chewing was 
conducted in vitro using �avoured 
lipoprotein matrices. By decoupling the 
different oral functions, the in�uence 
of each oral parameter on the release 
of the compounds could be evaluated 
by direct coupling between the 
simulator and a mass spectrometer. 
Thus, different interactions observed 
can be explained by i) differences in 
the physicochemical properties of 

the released volatile compounds and 
ii) the oral parameters that in�uence 
the release of aroma compounds 
differently depending on their 
physicochemical characteristics. 
Monitoring of salt release over time 
could be carried out with this type 
of matrix by analysing samples of 
collected saliva (conductometry 
or high-performance liquid 
chromatography – HPLC).

Future outlook

An in vitro approach with controlled 
chewing conditions allowed us to 
propose a phenomenological model 
of the chewing of pea-�our-based 
extrudates of a wide variety of textures 
and morphologies by connecting 
the viscosity of the bolus to its 
fragmentation and water content. The 
model takes into account functional 
properties of the extrudates such as 
texture and protein solubility.

A wide range of applications for the chewing 
simulator
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Read more

Sorichetti V. et al.

Dynamics of Nanoparticles in Polydisperse 
Polymer Networks: from Free Diffusion to 
Hopping

Macromolecules . 2021

https://doi.org/10.1021/acs.macromol.1c01394

Partnerships

• Laboratoire Charles Coulomb, 
Montpellier

• Funding : TRANSFORM Division and 
LabEx Numev

• Meso@LR, regional computing centre

Contact

Virginie Hugouvieux

UMR IATE

virginie.hugouvieux@inrae.fr

Context

Imagine walking through a 
labyrinth with deformable walls, where 
the passageways – some very wide 
and others very narrow – can open 
and close again. This is what happens 
when a particle diffuses into certain 
heterogeneous materials such as food 
or plant biomass on a microscopic 
scale. Understanding what drives the 
particle dynamics in disordered and 
deformable structures is an important 
question because it has consequences 
in different areas: the diffusion of 
molecules in biopolymer-based 
materials, the stability of composite 
materials, and the tracking of 
�uorescent markers.

To explore the nanoparticle dynamics 
in these complex media, a numerical 
approach was used: polymer gels 
consisting of deformable meshes of 
various sizes were simulated in the 
presence of nanoparticles of different 
sizes.

Results

Molecular dynamics simulations 
describe the behaviour of polymer 
gels in the presence of nanoparticles 
and provide access to a very wide 
range of nanoparticle and gel mesh 
sizes. Con�nement can be varied to 
a considerable degree, from a dilute 
gel containing small particles to a 
concentrated gel loaded with large 

particles. The collective properties 
of polymers and particles – such as 
mesh size distributions or diffusion 
coef�cients – can be computed through 
simulations. Using this approach, 
we were able to demonstrate that 
the con�nement parameter, de�ned 
as the ratio between the size of the 
nanoparticles and the average mesh 
size of the gel, controls the particle 
dynamics. Diffusion happens freely at 
low con�nement, when small particles 
are dispersed in a low concentration 
gel. As the con�nement increases, 
there is a drastic drop in the diffusion 
coef�cient, and at high or extreme 
con�nements (for particles larger than 
the average mesh size), the particles 
exhibit hopping – they can escape from 
a mesh that is too small if it deforms 
suf�ciently.

Future outlook

This research reveals a key parameter 
for the diffusion of particles in gels. This 
is a �rst step towards studying materials 
containing molecules that diffuse 
into the medium while modifying it. 
Such phenomena are observed during 
the structuring or degradation of 
biopolymers by enzymes.

�3�E�R�S�T�E�V�X�M�G�P�I���H�]�R�E�Q�M�G�W���M�R���E���G�S�R�û�R�I�H���I�R�Z�M�V�S�R�Q�I�R�X����
what simulations reveal
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Instantané d'une simulation de gel de polymères en 
présence de particules
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