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ABSTRACT

In 2008, Université Laval launched the first and only graduate programs in biophotonics in Canada. This initiative
is dedicated to the training of a new generation of highly qualified researchers at the interface of life sciences and
optics. It also stemmed from the strong expertise of the University in optics/photonics, its major investments in
state-of-the art biophotonics infrastructure and technologies, and its desire to promote multidisciplinary training
of graduate students. The programs are hosted by the Faculty of Science and Engineering in collaboration with
the Faculty of Medicine, regrouping professors from 3 Faculties and 10 departments at Université Laval. The
biophotonics graduate programs offer students from a wide variety of scientific backgrounds the opportunity to
train in highly skilled research teams on projects that bridge the gap between traditional research fields. They
benefit from transdisciplinary training opportunities in the fields of physics, chemistry, biology, biochemistry,
neurosciences, medicine, engineering and ethics.
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1. INTRODUCTION

Biophotonics is the application of optics and photonics to life sciences for basic research, biomedical diagnosis
and intervention, and agro-industrial applications. This transdisciplinary research field resides at the interface
of physics, biology, chemistry, and engineering, having impacts in diverse domains such as ecology, environment,
food industry and medicine. To respond to the urgent need for specialized expertise in biophotonics, Université
Laval created in 2008, two graduate programs (MSc and PhD) in biophotonics. These programs, led by the
Faculty of Science and Engineering in collaboration with the Faculty of Medicine, offer personalized training in
optics/photonics and life sciences to students from many disciplines such as physics, biochemistry, biomedical
sciences, and engineering. Trainees with a life science background develop an understanding of the optical tools
they can use to study biological problems, while trainees with a physical science or engineering background
gain an understanding in the biological problems that can be studied and solved with optical tools and the
associated challenges. Trainees enrolled in the biophotonics graduate programs are involved in transdisciplinary
research projects. Supervision of the research projects is achieved through mandatory co-mentorship from two
principal investigators having complementary expertise, one in life sciences and the other in physical sciences or
engineering. Students also have the opportunity to participate in an advanced, biophotonics summer school at the
Neurophotonics Centre in Quebec City to acquire hands-on multidisciplinary experience with various methods
in the field. The biophotonics initiative at Université Laval was precursor to the Sentinel North transdisciplinary
strategy (funded by the Canadian First Excellence Research Fund - CFERF).

The opportunities for innovation in biophotonics are substantial, prompting many companies to invest in the
development of tools or processes exploiting light to enable measurements and manipulation of animal behavior,
cellular and molecular processes that were previously impossible with other approaches. The biophotonics
programs are exploiting these developments to train a new generation of researchers to meet the transdisciplinary
needs of the society and industry.
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2. PROGRAM STRUCTURE

The biophotonics graduate programs comprise 45 credits for the MSc and 90 credits for PhD degree. At the MSc
level, 12 credits are assigned for courses, seminars and exams, while 33 are dedicated to their research activities.
At the PhD level, 6 credits are assigned for courses, while 84 are for research activities. The programs have
trained thus far 29 MSc and 13 PhD students. As shown in Figure 1, graduate students in the biophotonics
programs have undergraduate degrees in various fields of science and engineering (eg. biology, biochemistry,
microbiology, biomedical sciences, chemistry, physics, engineering).

One of the goals of the programs is to break the barriers of language between these disciplines and to give
the trainees the opportunity to gain transdisciplinary knowledge. Their course curriculum is designed to provide
them with complementary training according to their undergraduate degrees (Fig. 2). To ensure the largest
flexibility, a customized series of short courses (1 credit each) is offered to the trainees, according to their needs.
These modules are designed to provide the students with expertise in complementary disciplines, either from life
sciences, physical sciences or engineering.

For example, courses in physical sciences such as Classical optics, Lasers , Guided optics, are offered to
students with a life science background, while courses, such as Cell biology, Microbiology, Immunology and
virology, or Biochemistry are offered to students with physics and engineering backgrounds.

Two online courses were also conceived for the biophotonics programs. The first one, Introduction to biopho-
tonics, offers 13 problem-oriented modules covering issues or challenges in the life sciences or medicine that can be
addressed using tools in optics and photonics for research, diagnosis, or treatment. The proposed solutions and
techniques are presented and developed using scientific results and methodology. This transdisciplinary course
is also offered to all undergraduate programs in Science and Engineering or Medicine. A second online course,
Cell Biology, was conceived to provide basic knowledge in cellular and molecular biology, genetics, biochemistry
and metabolisms to students with a physics or engineering background. Additionally, students have the option
to choose special topics in biophotonics or out-of-program courses, such as summer/winter schools to further
enrich their training (Fig.2).
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Figure 1. Prior diplomas of students before their enrolment in the A) MSc, and B) PhD in biophotonics

3. TRANSDISCIPLINARY RESEARCH

A strong component of the training experience for the students in biophotonics is the research environment,
which is highly multidisciplinary. Professors from three different faculties (Science and Engineering, Medicine
and Pharmacy) and 10 departments have supervised trainees of the biophotonics programs (Fig. 3). In addition
to the Université Laval main campus, principal investigators also have laboratories in four affiliated research
centres, the CERVO Brain research centre, the centre for optics, photonics and lasers (COPL), INO and Centre
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Figure 2. Curriculum of the biophotonics programs. Adapted from Ref. 1 and Ref. 2

Hospitalier Universitaire de Québec. Co-mentorship is mandatory for every student of the programs, such that
one mentor is from the life science sector and the other is from the physical science or engineering sector. The
students are also accompanied by a thesis committee composed of 4 professors, 2 being the co-supervisors; the
other 2 members of the committee have complementary expertise to ensure a true transdisciplinary training for
the students.

The research conducted by the students in biophotonics has lead to multiple transdisciplinary projects. These
research projects have resulted in several publications in multidisciplinary research journals such as Nature Com-
munications, Neurophotonics, Journal of Biomedical Optics, PLoS One and Journal of Biophotonics. Among
these projects, the teams of Prof. D. Cété (Physics), Prof. M. Parent (Neuroscience) and Prof. Y. Messaddeq
(Physics) have conceived a fibered coherent Raman spectroscopy system for the observation of intact primate
brain tissue.? Projects involving three trainees of the biophotonics programs in the team of Prof. P. De Kon-
inck (Biochemistry) developed innovative methods using Fluorescence Resonance Energy Transfer (FRET) and
Fluorescence Lifetime Imaging Microscopy (FLIM) and super-resolution microscopy for the study of synaptic
protein interactions.? The team of Prof. A. Saghatelyan (Neuroscience) in collaboration with the team of Prof.
D. Coté (Physics) employed in vitro and in vivo two-photon microscopy for the study of spine relocation of
adult-born interneurons in the olfactory bulb.> The collaboration between the teams of Prof. D. C6té (Physics)
and Prof. Y. De Koninck (Neuroscience) lead to fruitful multidisciplinary research projects on large scale in vivo
nonlinear imaging of morphometry of nerve fibers. The team of Prof. S. Rainville (Physics) in collaboration
with Prof. T. Galstian (Physics) studied bacteria motility with optical approaches.” Recently, the team of Prof.
F. Lavoie-Cardinal (Physics) in collaboration with the team of Prof. P. De Koninck (Biochemistry), developed
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Figure 3. Departmental and faculty affiliations of co-supervisors in the biophotonics Programs. Pie sections indicate their
departmental affiliation, while the colors indicate their faculty.

machine learning assisted super-resolution microscopy approaches for the study of synaptic protein reorgani-
zation and multi-modal imaging.® Students have also had the opportunity to present their work at different
conferences such as Canadian Association for Neuroscience (CAN), Frontiers in Neurophotonics (FINS), Society
for Neurosciences, Photonics West (OSA) and Biophotonics (OSA).

4. FRONTIERS IN NEUROPHOTONICS SUMMER SCHOOL (FINSS)

One of the mandatory courses of the Masters program in biophotonics is the Frontiers in Neurophotonics summer
school (FINSS), which welcomes 20 students from around the world per year at the Neurophotonics Centre
/CERVO Brain research centre. FINSS will be in its 13" edition this year and has contributed to the training
of over 250 graduate students and post-docs from more than 20 different countries since its inception in 2007. It
combines tutorials given by experts in photonics and neuroscience and hands-on experiments involving advanced
optical approaches to measure, manipulate and follow molecular events in living neuronal cells. Topics covered
during the school range from super-resolution imaging of subcellular components in neurons to large scale in
vivo calcium imaging during a variety of behavioural tasks. At the end of the course, trainees get the chance to
plan and carry out their own short experiment (mini-project) with the help of the schools tutors.

FINSS is also an opportunity for the students to meet fellow researchers and students from around the world,
discuss and discover the latest advances in live cell optical imaging techniques put in perspective by experimental
challenges in the field of neuroscience.

5. TRAINING ENVIRONMENT
5.1 The Neurophotonics Centre

Amongst the highly specialized training environments made available to the students of the biophotonics program
is the Neurophotonics Centre. Established in 2004 inside the CERVO Brain research centre, the Neurophotonics
Centre is a unique, state-of-the-art national facility for advanced biophotonics approaches dedicated toward the
understanding of the brain, the development of diagnostics for brain disorders and phototherapy. The Centre
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Figure 4. Overview of the Frontiers in Neurophotonics Summer School. Adapted from Ref. 9

presently occupies 30,000 sq. ft. It includes 6 clean rooms, 46 microscopy rooms, wet labs, cold rooms, tissue
culture rooms, histology rooms, and a workshop for instrument design. The centre brings together a team of
researchers, scientists, graduate students and staff who develop and use the most innovative methods integrating
neuroscience and physics.

The Neurophotonics Centre is also the nexus of the Canadian Neurophotonics Platform, a technology plat-
form that drives development and maximizes exploitation of leading-edge photonics technologies for the study,
diagnostics and treatment of brain diseases. The Neurophotonics Platform is a coast-to-coast initiative regroup-
ing 7 institutions (Dalhousie, Laval, McGill, U of Ottawa, U of Calgary, U of Alberta, UBC) bringing together
the complementary expertise of leading Canadian chemists, physicists, neurobiologists and computational sci-
entists who work in collaboration to develop and test novel neurophotonics tools and technologies. This close
collaboration generates a rapid feedback loop for development of novel tools, which in turn accelerates develop-
ment of these tools. At the core of its mandates also lies the training of highly qualified personnel, which on top
of the existing Neurophotonics summer school also brings the possibility of year-round training by exchanges of
trainees amongst the 7 participating institutions across Canada.

5.2 Centre d’Optique Photonique et Lasers (COPL)

The COPL is the Quebec cluster of recognized experts in optics and photonics. Its research excellence, state-of-
the-art facilities and comprehensive scientific program position the COPL among the best centres in the world for
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optics and photonics training and research. The majority of its activities takes place on the campus of Université
Laval, in the Pavillon d’Optique Photonique (POP). The POP is a 10,000 m? building opened in 2006 solely
dedicated to research in optics and photonics. Lab space in a clean room environment takes up two thirds of
the area. The Centre is equipped with fiber-optic fabrication and characterization facilities, thin film deposition
systems, femtosecond lasers and sophisticated optical test and measurement instruments.

5.3 Sentinel North strategy

Université Laval obtained Funding from the Canada First Research Excellence Fund to develop the Sentinel
North Strategy. It draws on over a half-century of northern and optics/photonics research to develop innovative
new technology, train the next generation of transdisciplinary researchers and improve our understanding of
the northern environment and its impact on human beings and their health.'® The biophotonics graduate
programs are at the heart of the Sentinel North training initiative, which in return enriches the programs
through bootcamps, summer/winter schools and new graduates courses, such as Light and Environment.

6. CONCLUSION

The graduate programs in biophotonics at Université Laval are training a new generation of highly qualified
personnel at the interface of optics/photonics and life sciences to meet the transdisciplinary needs of the industry,
basic research, and the new societal challenges. Biomedical, biotechnology, food, and high tech industry show
a marked interest for the trainees, rapidly recruiting graduates of the biophotonics programs. In addition to
providing transdisciplinary training, the PhD program in biophotonics prepares the student for positions with
significant responsibilities for the design, supervision and execution of research in the field that will be beneficial
for academic research and industry. Biophotonics graduates contribute to society through the development of
knowledge, new practices and new technologies essential to health and to many multidisciplinary industries.
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