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Portable electromagnetic and microfluidic lab-on-chip using
magnetic nanoparticles for immunological multipathogens detection
such as SARS-Cov-2 using saliva

Context:

The detection and quantification of one or more biological agents has become
essential to anticipate a possible health threat (epidemic or pandemic), environmental or
other contextual threats (bioterrorism, chemical and biological weapons). In this area, one of
the main objectives is to facilitate this detection with a sensitive, reliable, portable and low
cost lab-on-chip system.

The present COVID-19 pandemics caused by the SARS-Cov-2 virus illustrates how
important it is to develop sensitive diagnostic assays that could be widely used in the
population, preferably avoiding the need for blood samples. Saliva testing would be
particularly convenient, but also medically-relevant, as COVID-19 is mainly a respiratory
condition primarily inducing mucosal (IgA mediated) immunity.

The biological analysis based on high sensitivity magnetic measurements is a new
type of immunological diagnosis using magnetic nanoparticles (MNP) as markers [1-8]. This
new method of analysis involves the coupling of antibodies or antigen proteins to MNP. The
specific binding of the antibody to its antigen will be assessed by the detection of MNP of
various sizes and also different magnetic properties. Thanks to their extractability and
sortability, MNP are suitable for the examination of biological samples, serving as markers for
biochemical reactions [2, 7, 8].

Up to now, the final detection step is mainly carried out by the ELISA colorimetric
method, fluorescence-based techniques or markings with radioelements. The standard
enzymatic detection used in the ELISA method has a limited sensitivity (approximately
100 ng/ml) and a relatively long measurement time (approximately 10 min). This method as
well as the fluorescent methods have a limited dynamic range and require the use of
transparent materials and non-colored and non-fluorescent media. The use of radioactive
markers is also problematic because of the regulations on radiation protection. Therefore, the
immunoassays which detect the analyte by means of MNP constitute a very promising
alternative with a sensitivity already obtained of 6ng/ml in a macroscopic system
(10x23x7 cm3) using coaxial cylindrical coils and an ABICAP reservoir for the sample [2, 6-8].

The MNP covered on their surface with a biocompatible streptavidin layer can be
specifically linked to analytes (proteins, viruses or bacteria), figure 1. Among the available
magnetic techniques, the new technique based on the principle of frequency mixing has a
definite advantage by making possible to quantify MNP with a very broad dynamic [8]. By
studying the characteristics of the response signal (amplitude and phase) at a well-defined
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Figure 1 : Detection principle with antigen-antibodies Figure 2 : Schematic view of the planar magnetic sensor
association for the immunlogical detection using MNP. with microcoils integration within a SU-8 microfluidic

structure.



For this research project, contacts and collaboration have been established
between GeePs, CIMI and other SU laboratories (LISE and PHENIX) and the “Institute of
Bioelectronics" in Juelich (Germany). A miniaturized structure of planar and multilayer
microcoils associated with a suitable microfluidic structure has been designed and realized
(Figure 2, see in references the French-German patent issued in 2019 with extension to USA
in progress). A bench of magnetic measurements, with frequency mixing and
synchronous detection techniques coupled to a microfluidic bench was also set up [1, 3-5].

Besides the team led by Guy GOROCHOV at CIMI has a great expertise in the field
of immune / microbe interactions mediated by IgG and IgA antibodies (11-13). The
GOROCHOV team also has the ability (14) to engineer human recombinant anti- SARS-Cov2
antibodies that could be used within the framework of this program in order to capture SARS-
Cov2 antigens. He is supported by ANR and Sorbonne University by iCOVID program

This joint PhD project between CIMI and GeePs fits in perfectly with the Alliance
Sorbonne University's scientific policy to support activities of the SU institutes and initiatives and
particularly the IUIS (University Institute for health Engineering) for the development of
interdisciplinary biomedical research. This project combines the complementary scientific
and medical skills and knowledge of the involved teams [1-14] on an important international
public health issue with high sanitary, economic and social impacts.

Objectives:

The ultimate goal of this medical and engineering PhD project is to perform portable
magnetic immunoassay and multipathogen sensing on a chip. Detection of pathogens such
as SARS-Cov-2 in human samples, mainly saliva but also urine and blood will be achieved
using the experimental knowledge and facilities at CIMI. A microsystem using MNP markers in
a microfluidic channel as microliter sample holder will be developed. Fully integrated planar
excitation and sensing microcoils will be deigned and fabricated on both sides of a suitable
microfluidic chip with multiple micro-analysis reservoirs with optimized size and shape.
Analytical and numerical multiphysics modeling and simulations (Electromagnetic, thermal,
microfluidic and biochemical reaction) of the magnetic detection and actuation will make
possible to optimize the parameters of the integrated microcoils. These models will also make
possible to evaluate the performances of the microsystem in terms of sensitivity and specificity.

The MNP will be synthesized by PHENIX to get mono-core, multi-core and core-shell
nanoparticles with different sizes and magnetic properties. They will be compared also with
other commercially available MNP in innovative microfluidic structures in collaboration with
LISE laboratory. These MNP will be characterized according to their non-linear magnetic
responses. They will be surface-coated and functionalized with so-called "detection"
antibodies or antigen proteins for the specific detection of the analyte in collaboration with
CIMI. The surface of the fluidic channel in the microsystem will be functionalized by grafting
with appropriate capture biological entities in collaboration with CIMI. The magnetic
actuation will be tested as an analyte detection trapping technique based on magnetic
relaxation time measurements. Compared to current techniques, the operational speed of
this new method will allow access to real-time measurements. C-Reactive Protein (or CRP) will
serve as the first biological proofing entity before extending the application to other specific
and relevant biochemical entities such as procalcitonin (PCT) and SARS-Cov-2 spike antigen
for human or animal medical diagnosis.

Expected results:

This PhD thesis consolidates activities of GeePs and CIMI in innovative bio-testing
methods and microsystems for immunological applications. A real-time measurement of the
concentration of viruses such as SARS-Cov-2, bacteria and proteins and a test of their
functionality based on the interaction of the antigen-antibody becomes possible. The results
will have high public health impacts with a portable, fast, ergonomic and cost-effective
multipathogens detection system and lead to technological transfers to companies, which
develop Point-of-Care (POC) biological analysis systems.



References:

[1]

[2]

[3]

[4]

[3]

(6]

[7]

(8]

)

[10]

[11]

[12]

[13]

[14]

A. Rabenhi, B. Garlan, S. Achtsnicht, H.-J. Krause, A. Offenh&ausser, K. Ngo, S. Neveu, S. Graff-
Dubois and H. Kokabi,“Magnetic Detection Structure for Lab-on-Chip Applications Based
on the Frequency Mixing Technique”, Sensors, 18, 1747; doi: 10.3390/s18061747, (2018).

S. Achtsnicht, C. Neuendorf, T. Fallbender, G. Nolke, A. Offenhausser, H.-J. Krause, F.
Schréper, “Sensitive and rapid detection of Cholera Toxin subunit B using Magnetic
Frequency Mixing Detection”, PLOS ONE 14, e0219356 (2019).

A. Rabehi, B. Garlan, F. Shanehsazzadeh, H. Hokabi, K.A. Ngo, H.-J. Krause, “Magnetic
detection structure for LOC immunoassays, multiphysics simulations and experimental
results”, poster id1374, Eurosensors 2017, Paris (sept. 2017).

H. Kokabi, A. Rabehi, S. Fattoum, N. Yakdi, K.A. Ngo, V. Dupuis, A. Krings, L. Chen, H.-J.
Krause, “Magnetic frequency mixing detection of magnetic nanoparticles for
immunoquantification in a microfluidic structure”, international symposium on biomaterials
and smart systems, Cergy-Pontoise, (oct. 2014).

F. Sarreshtedari, H. Kokabi, J. Gamby, K. A. Ngo, H.-J. Krause, M. Fardmanesh, "Aggregation
and detection of magnetic nanoparticles in microfluidic channels”, Journal of Electrical
Engineering, N°63, pp. 27-31, (2012).

H.-J. Krause, N. Wolters, Y. Zhang, A. Offenhausser, P. Miethe, M.H.F. Meyer, M. Hartmann,
M. Keusgen, Magnetic particle detection by frequency mixing for immunoassay
applications, J. Magn. Magn. Mater. 311, 436-444, (2007).

M.H.F. Meyer, M. Hartmann, H.-J. Krause, G. Blankenstein, B. Miiller-Chorus, J. Oster, P.
Miethe, M. Keusgen, “CRP determination based on a novel magnetic biosensor”, Biosensors
and Bioelectronics, 22, 973-979 (2007).

M.H.F. Meyer, M. Stehr, S. Bhuju, H.-J. Krause, M. Hartmann, P. Miethe, M. Singh, M. Keusgen,
“Magnetic biosensor for the detection of Yersinia pestis”, Journal of Microbiological
Methods 68, 218-224 (2007).

H. Schéneborn, F. Raudzus, E. Secret, N. Otten, A. Michel, J. Fresnais, C. Ménager, J.-M.
Siaugue, H. Zaehres, I. D. Dietzel, R. Heumann, “Novel Tools towards Magnetic Guidance of
Neurite Growth: (I) Guidance of Magnetic Nanoparticles into Neurite Extensions of Induced
Human Neurons and In Vitro Functionalization with RAS Regulating Proteins”; Journal of
Functional Biomaterials, 10, pp. 32-56, (2019).

S. Rano, C. Laberty, K. Ngo, C. Sanchez-Sanchez, V. Vivier, “Characterisation of LICoO2
nanoparticle suspensions by signle collosion events”, Phys. Chem. Chem. Phys., 21 5416,
(2019).

J. Fadlallah, K. Moor, A. Toska, D. Sterlin, A.J. Macpherson, G. Gorochov, M. Larsen, E. Slack,
“Analysis of bacterial surface-specific antibodies in body fluids using bacterial flow
cytometry”.Nature Protocols, (2016).

J. Fadlallah, H. El Kafsi, D. Sterlin, C. Juste, C. Parizot, K. Dorgham, G. Autaa, D. Gouas, M.
Almeida, P. Lepage, N. Pons, E. Le Chatelier, F. Levenez, S. Kennedy, N. Galleron, J.P. Pais
de Barros, M. Malphettes, L. Galicier, D. Boutboul, A. Mathian, M. Miyara, E. Oksenhendler,
Z. Amoura, J. Dore, C. Fieschi, S. Dusko Ehrlich, M. Larsen, G. Gorochov, “Microbial ecology
perturbation in human IgA deficiency”. Science Translational Medicine, (2018).

J. Fadlallah, D. Sterlin, C. Fieschi, C. Parizot, K. Dorgham, G. Autaa, P. Ghillani-Dalbin, C.
Juste, P. Lepage, M. Malphettes, L. Galicier, D. Boutboul, K. Clement, S. Andre, F. Marquet,
C. Tresallet, A. Mathian, M. Miyara, E. Oksenhendler, Z. Amoura, H. Yssel, M. Larsen, G.
Gorochov, “Synergistic convergence of microbiota-specific systemic IgG and secretory
IgA”. Journal of Allergy and Clinical Immunology, (2018).

D. Sterlin, J. Fadlallah, O. Adams, C. Fieschi, C. Parizot, K. Dorgham, A. Rajkumar, G. Autaa,
H. El-Kafsi, J.L. Charuel, C. Juste, F. Jonsson, T. Candela, H. Wardemann, A. Aubry, M. Larsen,
C. Capito, H. Brisson, C. Tresallet, R.D. Cummings, M. Larsen, H. Yssel , S. von Gunten, G.
Gorochov, “Human IgA bind a diverse array of commensal bacteria”. Journal of
Experimental Medicine, (2020).

French-German European patent: (Extension to USA in progress)

H. Kokabi, H.-J. Krause, K.A. Ngo, A. Rabehi, Electromagnetic sensing device for detecting
magnetic nanoparticles, European Patent, EP17306381.9, 28466/004EP1, priority:
12.10.2017, issued: 13.06.2019.



	IUIS_AAP_2021_PRD_Kokabi
	Sujet_de_these_20_anglais_Lab_On_Chip_Immuno_SU_GeePs_CIMI_PRD_IUIS_2021

