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DETAILED DOCTORAL RESEARCH PROJECT

SUMMARY

Given the urgent need to reduce greenhouse gas emissions, particularly CO,, alternative approaches
are being explored, such as capturing CO, from the air and converting it into value-added products
(VAPs). Microalgae are more effective than terrestrial plants in bio-fixing CO, by assimilating it into
algal biomass, which contains valuable components like lipids, sugars, proteins, and pigments. This
biomass is a valuable resource for renewable bioenergy and can find applications in various industries.
However, the high equipment costs limit the application of VAPs as biofuels, resulting in higher prices
compared to fossil fuels. One solution is optimizing experimental photo-bioreactors through detailed
characterization of algal biomass using Infrared (IR) and Raman spectroscopies. To address this
challenge, this project aims to establish a theoretical protocol using machine learning (ML) algorithms
to characterize algal biomass by predicting band origins, intensities, and vibrational frequencies of IR
and Raman spectra. To accomplish this goal, a large dataset of molecular spectra of biofuel organic
species will be generated using advanced conformational sampling methods and standard quantum-
chemical approaches like density functional theory (DFT). The obtained theoretical model will be
applied to predict the optimal experimental conditions for microalgal cultivation which maximize the
production of lipids by representative microalgae. The outcomes of this project will contribute to the
development of non-invasive methods for mapping VAPs in vivo, but also to the analysis of mixtures
of compounds in planetary atmospheres, interstellar media, and combustion products.

TITLE

Enhancing Biofuel Potential: Advanced Characterization of Lipids from Algal Biomass Using Artificial
Intelligence

MAIN SUPERVISOR

Dr Tsveta MITEVA will be the coordinator of the project. She is a CNRS researcher at LCP-MR since
2018. Dr Miteva obtained her doctoral degree in theoretical chemistry in 2015 at the University of
Heidelberg. She has been working on electronic decay processes in the gas and liquid phase since
2010. Since 2021, the coordinator has been actively working on the data-driven hyperspectral
unmixing in painted works of art and since 2023, on the theoretical characterization of algal biomass
for biofuels. In 2023, Dr Miteva has supervised two master students on the latter project together
with Dr Friha. For the last four years, the coordinator has consecrated a large part of her time on
training in machine learning (ML) and deep learning (DL), which are nowadays becoming widely used
techniques in multiple fields, including theoretical chemistry and spectroscopy. She successfully
completed a training program on ML and Artificial Intelligence proposed by Sorbonne Center of Al
(Dec, 2020 —1Jul, 2021). To date, the coordinator has 38 papers in international peer reviewed journals,
out of which one in Nature Communications, three in Physical Review Letters, and one in the Journal
of Physical Chemistry Letters. She has co-authored 4 publications on applications of ML in Quantum
Chemistry2. Since the beginning of 2023, Dr Miteva has had a fruitful collaboration with Dr Friha and
Prof Hochlaf, the results of which have been presented on an international conference on Biofuels
2023 in London, UK. Dr Miteva will actively supervise the doctoral student.

Allowing for the realization of the coordinator’s research ideas, will significantly boost her scientific
career by promoting her independence in research and project management. Her expertise on ML and
DL will be an asset for the successful accomplishment of the project’s goals. Eventually, bringing a
novel topic to LCP-MR and opening up new collaborations with IPSA and Université Gustave Eiffel will
allow the coordinator to consolidate her own career pathway, create a new research team, acquire
valuable experience in scientific project management and it will open up the path for her Habilitation.
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DESCRIPTION OF THE PROJECT

The project will be led by Dr. Miteva, a CNRS researcher with expertise in quantum chemical
calculations and the application of Machine Learning (ML) algorithms in quantum chemistry and
cultural heritage. The project will be carried out by a doctoral researcher under the supervision of Dr.
Miteva, in collaboration with Dr. Friha (Institute of Polytechnic Science and Aeronautics (IPSA)) and
Prof. Hochlaf (U. Gustave Eiffel). The experimental part of the project will be carried out under the
supervision of Dr. Friha at Laboratoire Bioproduction (IPSA). This project is an interdisciplinary one
aiming for the development of resources for a sustainable planet.

Introduction and state-of-the-art

Given the urgent need to reduce greenhouse gas emissions, particularly CO, which is responsible for
over 50% of the anthropogenic greenhouse effect?, alternative approaches are being explored. These
approaches involve capturing CO, from the air and converting it into value-added products (VAPs).
Microalgae have been shown to be more effective than terrestrial plants in bio-fixing CO**. When
exposed to light, microalgae assimilate CO, and convert it into algal biomass, which contains valuable
components such as lipids, sugars, proteins, and pigments®. This biomass is considered a valuable
resource for renewable bioenergy’® and can be utilized across various industries®. Despite the
potential of VAPs as biofuels, their application is limited due to the high equipment costs, resulting in
higher biofuel prices compared to fossil fuels’®. One possible solution is optimizing experimental
photo-bioreactors, which requires a detailed characterization of algal biomass components. Infrared
(IR) and Raman spectroscopies have proven to be effective in characterizing biofuel composition®?.
Such experiments are currently conducted by researchers at IPSA, with whom a close collaboration is
envisaged. One of the main challenges in finding the optimal growth conditions in experimental
photobioreactors is deciphering the spectral contributions of individual organic compounds in the
mixture, given their relatively low concentration. The sheer number and complexity of the molecular
species of interest make it virtually impossible to compute the spectra of all molecular conformers.

Project goals

The first goal of this project is to establish a theoretical protocol using ML algorithms for detailed
algal biomass characterization. This protocol aims to predict the band origins, intensities, and
vibrational frequencies of IR and Raman spectra. To train the model, a large dataset of molecular
spectra of biofuel organic species is needed. Multiple conformers of molecules present in the biomass
will be generated using state-of-the-art methods for conformational sampling®?, and their Raman/IR
spectra will be computed with standard quantum-chemical approaches such as density functional
theory (DFT).

The second goal of this project is to find the optimal experimental conditions which maximize the
lipid production from microalgae. At this stage, the theoretical protocol developed by the doctoral
student will be employed to analyze Raman and Infrared spectra of cultures of the prototype strain
under a range of experimental conditions, and the optimal experimental conditions maximizing the
production of lipids for biofuels will be identified.

Project workflow

The project’s workflow consists of two parts.

* The first part of the project involves 3 work packages (WP) which will be accomplished by the
doctoral student under the supervision of Dr Miteva during the first 2 years of the doctoral
dissertation. Frequent discussions with Prof. Hochlaf at this stage will ensure its smooth workflow and
the successful accomplishment of the project’s goals. Occasional discussions with Dr Friha are
envisaged to target the most relevant molecular systems to consider.

First, we will create a large dataset of molecular structures and their respective Raman and IR spectra
using advanced ab initio methodologies in close collaboration with Prof. Hochlaf. Subsequently, this
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dataset will be employed to train a ML algorithm for predicting spectra based on molecular structure.
The trained model will then be utilized to predict spectra for molecular species whose spectra are
unknown. Details of each work package can be found below.

WP I. 1 Generation of conformers for selected molecules in algal biomass

The dataset needed to train the model will be built from the conformers of the 6 most abundant
saturated fatty acids present in algal lipid extracts — octanoic, decanoic, dodecanoic, myristic, palmitic
and stearic acid'®. Multiple conformers of these representative molecules will be generated using
CREST*2. The latter tool is based on semiempirical tight-binding methods combined with a meta-
dynamics driven search algorithm and was specifically designed for conformational sampling. Two sets
of conformers will be generated — in the presence and absence of solvent, the effect of the solvent on
the generated conformer ensemble will be studied at this stage, we will use water as a solvent, as it is
present in the algal biomass.

WP |I. 2 Creation of a large dataset of vibrational frequencies and Raman/IR intensities of the
conformers

The size of the generated dataset will be about 10k conformers per molecular species. Clearly,
computing the spectra of such a large number of molecules using standard quantum chemistry
approaches is unfeasible. Instead, the IR/Raman spectra of a cleaver selection of the aforementioned
60k conformers will be subsequently computed with these approaches, specifically, DFT/B3LYP. The
effect of the solvent on the spectra will be evaluated by first computing the Raman and IR spectra of
the lowest-energy conformers of each fatty acid in the presence and absence of solvent. The
polarizable continuum model** will be used to simulate the solvation effect. At this stage, an atomic
basis set optimization will be carried out by comparing the calculated spectra with experimental ones.
The comparison is an important step in the preparation of the dataset as it provides an estimate of
the errors already present in the training data. Moreover, finding an optimal atomic basis set will allow
for a rapid generation of training data.

WP I. 3 Development of an ML model for the prediction of vibrational frequencies and Raman/IR
intensities

The above generated database of conformers and their respective IR and Raman spectra, will then be
used as a training dataset. The input geometry will be represented in the form of a Coulomb matrix*°.
A supervised machine learning approach using neural networks (NNs) will be adopted. At this stage,
we plan to test several NN architectures (by varying the hidden layers, activation functions, training
epochs) in order to find the model which best describes the input data. It should be noted that since
the Coulomb matrix was first introduced, the representation of molecular structures in the form of a
Coulomb matrix has become a standard descriptor in ML algorithms used in computational
chemistry?®.

The successful completion of WP 1.1-3 will result in the creation of a machine learning model capable
of predicting Raman/IR spectra for fatty acids.

* The second part of the project involves a single work package which will be accomplished by the
doctoral student under the supervision of Dr Miteva and Dr Friha during the 3™ year of the doctoral
thesis.

WP Il Application of the ML model to optimizing the experimental conditions maximizing lipid
production in the photobioreactor

Research has revealed that the green microalga Botryococcus Brauni, when cultivated in wastewater,
exhibits an increased capacity to produce lipids and liquid hydrocarbons compared to other strains'*’,
This characteristic renders this microalga the prototype strain for our comprehensive study.

During this stage of the project, Dr Friha will initiate a culture of the prototype strain and perform
spectroscopic analysis of the cultivated biomass using IR and Raman spectroscopies. The spectroscopic
data collected by Dr Friha will then be analyzed by the doctoral researcher using the theoretical
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methodology developed in WP I. This approach will provide detailed information on the chemical
composition of molecular species present in the reaction medium and their respective proportions,
and will shed light on the experimental conditions which maximize lipid production.

The results obtained in this project will be a first step towards understanding algal biomass
composition and the optimal experimental conditions for lipid production by microalgae. This will allow
for a wide flexibility in analyzing mixtures of compounds, by, for example simulating the spectra under
certain experimental conditions (solvent, temperature). Moreover, using transfer learning, the
theoretical model can be applied to the study of other molecules present in the algal biomass. The
proposed project therefore represents a crucial step in going beyond the currently available algorithms
for the simulation of spectra of chemical compounds mixtures and will open new horizons in other
fields, such as in the analysis of the Earth’s atmosphere, other planetary atmospheres, interstellar
media, combustion products, but also in fields such as cultural heritage and biopharmaceutics.

Funding

Additional funding of 50k€ required for the successful accomplishment of the project will be requested
from IPSA within the framework of the Mac-Bioré project (https://www.supbiotech.fr/2021/06/mac-
biore-bioreacteur-laboratoire-experimental-recherche/), in which Dr Friha participates. Indeed, IPSA
has already participated in co-funding PhD students by contributing by to 50% of the total funding.

Candidate profile

Education: A Master's degree in physical chemistry and applications, with proficiency in Python
programming is required. Knowledge in Machine Learning and Deep Learning methods is considered
advantageous.

Desired qualities: Precision, autonomy, adaptability, and initiative.

PROPOSED INDUSTRIAL AND/OR INTERNATIONAL SECONDMENTS

During the doctoral thesis, the PhD student will be seconded to IPSA, where he/she will attend the
experiments carried out by Dr Friha. The PhD student will participate in the experimental development
and cultivation of the microalga, as well as in the spectral analysis of the obtained algal biomass.
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