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BIOMICRODEVICES TEAM

The team BioMicroDevices
« 14 permanent staff

 Pluridisciplinary team: bio-engineering, physico-chemistry of surfaces - interfaces, nanobio-
characterization, microfluids, microfabrication, biosensors, lab-on-chips; organ-on-chips

* Field of applications: health, agrofood

Close collaboration with health actors | . RENATECH
femto-st -
BUNESCIENCES & \ Micro-Nano

TECHNOLOGIES .
- science and \
system —

CHRU
Besancon
centre gional universitaire

ntre hospitalier ré

Objective: Detection, characterization and quantification of biomolecules,
||~ cells in fluids, nanobiocharacterization for a better knowledge of
L biological, agrifood and environmental mechanisms
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BIOSENSING TECHNOLOGIES?

Two widely used techniques, inexpensive, easy to use:
- lateral flow assays (LFA)
Analysis time~-minutes / LOD-~0.1uM / low cost / low volume

-Enzyme-linked immunosorbent assays (ELISAS)
Analysis time~1 hour / LOD-~1pM / volume (100uL)

- Objective of Biosensors developement:
- Analysis time-~minutes / LOD <1pM
- Portable, miniaturized, real-time, inexpensive, easy to use
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A- Biosensor

BIOSENSOR INTRODUCTION

Definition and characteristics of biosensor  Historical background

Biosensor = Analytical device that is « 1956: Measurement of the concentration of oxygen
able to convert a biological response dissolved in blood by Clark [Clark1]
Into an electrical signal. « 1962: First amperometric enzyme electrode for the

The “golden” biosensor must be:

detection of glucose by Leland Clark and Lyons [Clark2].

» 1969: First potentiometric sensor to detect urea by

highly specific Guilbault and Montalvo [Guilb].
Highly sensitive

Able to reach a low LOD
Independent of physical parameters
(e.g., pH, temperature, etc.)

« 1975: First commercial biosensor developed by Yellow
Spring Instruments (YSI): glucose in diluted whole blood
by use of an enzyme-based biosensor [Yool.

» 1983: First surface plasmon resonance (SPR)

Reliable immunosensor by Liedberg et al. [Liedberg]
Reusable | y
Low cost ¢ [Clark1] Clark, L. J. Trans Am Soc Artif Intern Organs 1956, 2, 41-48

[Clark2] Clark, L. C.; Lyons, C. Ann. N. Y. Acad. Sci. 1962, 102, 29-45
[Guil] Guilbault, G. G.; Montalvo, J. G., Jr. J. Am. Chem. Soc. 1969, 91(8),
2164-2165.

[Yoo] Yoo, E.H., Sensors 2010:4558-4576

[Liedberg] Liedberg, B, Sens. Actuators 1983;4:299-304
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A- Biosensor

BIOSENSOR INTRODUCTION

Definition and characteristics of
biosensor

7000

Analytical device that is able to convert

a biological response into an electrical 250
signal. 2

&

o
The “golden” biosensor must be: S a5
- highly specific é
- Highly sensitive z
- Able to reach a low LOD e

- Independent of physical parameters
(e.g., pH, temperature, etc.)

- .
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- Reusable Number of published papers mentioning “biosensors” derived
from statistics provided by the Web of Science [Singh]

L - Rapid developments in miniaturization and microfabrication
both at research and product developement Singh et al., Alexandria Engineering Journal (2023) 67 673-691
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A- Biosensor

BIOSENSOR INTRODUCTION
4 Fields of applications

Health Environment
Diagnosis — therapy - bioproduction Water quality management

Drug discovery Detergents, pesticides, heavy metals
Process monitoring Bacteria and pathogens detection

In vivo implantable biosensor Environemental monitoring

Bioterrorism Agrofood
Toxic substances detection Chemical contaminants detection
Germs, pathogens and toxins detection Foodborne pathogens detection
Chemical weapons Food product production
Explosives Food quality monitoring

Mehrotra J Oral Biol Craniofac Res. (2016) 6(2) 153-159.
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https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4862100/

A- Biosensor

Definition

Analyte Biorecognition

Sample matrix

elements

Microorganism

DNA

Cells

BIOSENSOR INTRODUCTION

Transducers

Electrochemical
Optical
Thermal

Mass sensitive
Mechanical

Electronics Display

Signal
processing
(amplificati

on, noise
reduction

)
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A- Biosensor

BIOSENSOR INTRODUCTION

Combinaison of Biology and Physics

Cells and lons and .
Microoreanism Molecul Nucleic
ICcroorganisms olecules Acids
< %51
Analyte: {
Wh a.t an alyte? — lons, molecules, [/ - %
nucleic acids, S
cells
. . Enzyme —/
TWO m al n Bioreceptor: AntibOdy ssDNA
DNA, Antibody,
components to Enzyme
design a
. Transducer: =
b | Ose n SO r Electrochemical, 222
Optical, Thermal,
Piezoelectrical
L [Mont] Montrose A. PhD thesis Univ. Toulouse Ill, march 2013
femto-st
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A- Biosensor

BIORECOGNITION ELEMENTS

Methods of immobilisation

A. Physical methods
I. Physical adsorption

Electrostatic interaction

& -

—
Direct adsorption

ok — et

II. Entrapment

™\ :\

o

° v
+ AN GEL

Yy e —— 3

- Y . .'\"

\ Ed \ -~
.

II1. Encapsulation

B. Chemical methods

Covalent binding

o< At ==Yt

II. Crosslinking

. GLUTALDEHIDE Q/
L R

II1. Affinity binding

N\¢7
Neutra*vidine 2 /\ 4

L ..: ‘o .' Biotin
femto-st
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Physical methods:

Al- Easy, no need for chemical compounds, not
very stable, low cost, reversible

All- Alll- not versatile, high selectivity, high
sensitivity, high cost, irreversible

Chemical methods:

BI- high stability, strong binding, high cost,
irreversible

BlI- high stability, strong binding, cross-linking
with or without inert protein, high cost,
irreversible

BIlI- high selectivity, high sensitivity, labelling,
high cost, reversible

Asal et al. Sensor review (2018) 84

Winter school Snoscells | Lies Houches | 22/01-27/01 11



A- Biosensor

BIORECOGNITION ELEMENTS

» Bioreceptors - specificity of the biosensor
* Type of bioreceptors

» Classification into 5 types of bioreceptors

* Enzymes, nucleic acids and antibodies
bioreceptors: the most widely used

» Cells and bacteriophages

« 3 major categories of bioreceptors:

 Bioreceptors binding the analyte without
modification

* Bioreceptors with catalytic activity
» Biomimetic receptors

—> The recognition step can thus result either in a
static state (affinity bioreceptors) or in a dynamic
event (metabolic bioreceptors)

Affinity bioreceptor Metabolic bioreceptor Biomimetic receptor

A

» &
» ¥ » N

Antibody Membrane Aptamer Enzyme  Cell Lipocalin MIP
protein

Different types of bioreceptors [Soto]

[Mont] Montrose PhD thesis Univ. Toulouse IIl, march 2013
[Soto] Soto D., molecules 2022 27:3841

v
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A- Biosensor

TRANSDUCER
Definition
The transducer converts the received physicochemical reaction signal into

measurable signal. The measured signal can indirectly reflect the
concentration of the target.

Five types of transducers are commonly used for biosensor design:
A/ Electrochemical: electrical properties, production of redox species,
B/ Thermal: temperature accompanying a reaction,
C/ Optical: optical absorption, refractive index, fluorescence,
D/ Piezoelectric: gravimetry, physical and physicochemical
parameters, o opmenne
E/ Mechanical: constraints, forces. . — Linearinterval ) |

Main characteristics: Dynamic range, sensitivity, linearity, 0:4 LoD n /
accuracy, limit of detection (S/3N), drift, reliability, Repeatability, 02 | 7 sensiuity

I reproductibility 0 _— ‘ ER ‘

Saturation

_—

Absorbance

0 0.2 0.4 0.6 0.8 1.0 1.2
Mass concentration/ mg L'
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A- Biosensor

OPTICAL TRANSDUCER (1/7)

Colorimetric sensing

Colorimetry is a scientific technique that is used to determine the concentration of colored
compounds in solutions by the application of the Beer—Lambert law, which states that the
concentration of a solute is proportional to the absorbance.

Not label-free method (calcein)
Limit of detection: 3 x 107> ng uL™’

Q& 2= _LAMP Primers

Mixing Channel i
and Reagents

and Chamber®;=---.. >

.

“u
e
~u
~

Metering ., Sealing Material
Chambers %/ %
W _Wax Plug
a <l | S Waste
Reaction .- .~ ) Chamber
Chambers Connection ™. ONA Sambles
Channel ¥

o _ ) [Sayad] Sayad et al. Biosensors and
Agrofood application: detection of bacteria Bioelectronics 100 (2018) 96-104
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A- Biosensor

OPTICAL TRANSDUCER (2/7)

Fluorescence sensing

* Fluorescence

* Principle: Association of the target molecule with a fluorescent molecule called fluorescent marker.
Affinity between fluorochrome and molecule of interest

Quantification of the presence of molecules of interest in an indirect way

- One of the numerous labelling techniques

» Characteristics:
 Limit of detection: a few fg/mL
« Expensive microscope

« Addition of fluorochrome / denaturation

» Decrease of fluorescence in time

« Example of detection:
* Direct
* Indirect
« Amplification

Primary antibodyJ ’: ‘\\

Antigen

Excited state

TR —

M\~ AN~

Excitation Emission

Ground state ¢

Principle of fluorochrome

//'(\ ( (Secondaryannbody . -
A\

Primary antibody y Primary antibody ‘\\ Biotin

Antigen Antigen

Principle of detection

femto-st
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A- Biosensor

OPTICAL TRANSDUCER (3/7)

Surface Plasmon Resonance (SPR) / SPR imaging

* Principle: shift in the position of the plasmon resonance angle due to the modification of the medium
refringence AB8=0.1°>1ng/mm?

* Label-free method o

.. . . A
« Limit of detection 1pg/mm? SPR et 5pg/mm? SPRi : y -
* Depth penetration: 50 to 100nm 4
YRYYIWN Y
dalactor ﬂ% Metal
source N T Evanescente wave
Equilirism / Immobilized ligand
g E &%MHV_ "\H%E:is._numm
gl / | OCeee
BT R 1 B yOmcw
£ | funcioral o ] | E 0
5 | e /,_J.__J'a £lE IE : / YeX Yok )
§ m o '..r‘ o o ] - [ / Digital image from the array
. Time (5] y,
Light source CcCD camer
L Damborsky P. Essays in biochemistry (2016) 60 91-100
'@mtO'St Winter school Snoscells | Les Houches | 22/01 — 27/01 16
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A- Biosensor

OPTICAL TRANSDUCER (4/7)

Localized surface plasmon resonance (LSPR)

 Principle: based on metallic nanostructures MNPs (Au, Ag...)

* Interaction of incident light with MNPs—> localized plasmon resonance on the structures
» Laser power: 0.5 2> 1 mW

- -

— - > - — — — - — - - -
sample | Leiihil ]
Inbet [ - Gilass '-___,I

. . -

s . o
< Prism ~ .

= h -~
o - -

SPR image from angle and wavelenzoh shift

mam ple
Chuilet

case |
— . TR
A ARG B SHURREEESONNIE JRA ATt
T10nm g TiO, ;
40 nm g Au
15mm l——— | TiO,
150 nm
glass - PLL-g-PEG
T T
0.005 |- 100 nM
case |: Au bioactive
0.004 -
10 nM
= 0.003 |-
2
<
< 170 nM
0.002 fryprmr——e S0l
no bioactive area case |I: Au and
TiO, bioactive
0.001 - 2nM
case |ll: TiO, bioactive]
0.000

1
60

1 1
90 120
time [min]

1 1
150 180

NeutrAvidin binding rate [s%]

§ SH-PEG o biotin

0.020+

’.Q"” LY X TN T/

g* . ,5!&,»!3%

case |l case Il
EX T XX

gt e LN ] V' A '«'g

# NeutrAvidin

0.015 case llI: TiO, bioactive
P a
R0E -7 0.00152
-
0.005|-
e A o ssng= 0
= 0.00035 0.00029
0000} o R° nill . :
0 2 4 6 8 10

O casel: Aubioactive
case Il Au and TiO, bioactive

> o

NeutrAvidin bulk concentration [nM]

 Application for diagnosis: more sensitive than SPR, lower limit of detection, miniaturization, less bioreceptors,

I multiplex

Estevez et al, Analytica Chimica Acta 806 (2014) 55-73
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A- Biosensor

OPTICAL TRANSDUCER (5/7)
Surface enhanced Raman Scattering (SERS)

» Principle: based on the amplification of the Raman response (incident light = laser) of an
analyte interacting with the surface plasmon of metals such as Au, Ag, or Cu

» Label free method, non invasive, rapid

* Higher-efficiency than normal Raman spectroscopy

4.0
. . . . g » Cancer o
« Diagnosis: diagnostic specificity 97% -
(a) (b) L

Q) hv Raman 2| @) T . ~ 2.0F .: %f’ % "_ ‘..’

-5
L '—lnf:‘("?,(:’-:”,v‘t”j:‘J E O : § ﬁ?ﬁ% 0”‘

| AL - o . f?? g x4 '.0

Glass 5 . Yo ﬁ? X
* 0.0 3 Py *

(i) fv Reman > | (ii) ) :;:{ ,.5;{:'
Q .‘?.“o

000000000000000000000 % _20 s .‘..’ i : : '
€

. i & -2.0 0.0 2.0
oy PC9
Molecule m Hot-spot () hv SERS . Blood serum on r=n . L. )
. \\_ 2 Ag nanofilm Successfull differentiation of the liver cancers
i g ettt £ from the normal subjects with high-diagnostic

- E sensitivity of 95.0% and diagnostic specificity of
) 400 8(.)0 12‘00 1600 97.6%

®Biomolecule in blood serum Wavenumber/cm’' [LIU] Liu et al 2018
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A- Biosensor

OPTICAL TRANSDUCER (6/7)

Interferometry

* Interoferometric method (« Dual Polarization Interferometry TM et TE» (DPI) Interference generated by two
guides - Fringes
* Principle: the immobilization of biomolecules on the surface of one waveguide modifies the effective index
of the guided mode and induces A¢ between two polarizations

A 134 114 B 615 0.415
Camera Transverse Magnetic Phase 8.1 1 o1
Biological Layer ‘ " wee Transverse Beciric Phase Wash - 6.05 - 1 paos
5 13.35 13 g 8 —Thickness «
Upper ‘sensing’ waveguide | 3 £ - e Density o 4 E
Fringe positions 4 Biotin Injection 2 4 B 10385 o
move as the = Lija = g 581 Biotin Injection 2 >
biological layer is g o9 "= Fees f T0% &
Laser (light | modified or altered £ = £ ] 4 0ses §
=" % 1325 * L1125 8 s75 | 3 e 1 038
B - +/9 1 Bietin Injection 1
Lower ‘reference’ waveguide Om— o Wash - 57 4 10375
waveguides combine to 585 - r . r - 0.37
generate interference 13.2 r ' y y T 1.2 7400 7600 7800 8000 8200 8400
fringes in the far-field 7400 * 7600 7800 8000 8200 B40D Timels
Biotin Injection 1 Timels
Laser He-Ne / polarizer/2 optical waveguides/camera Thickness and density of Streptavidin binding free D-Biotin
- Real time measurements Swann et al,Analytical Biochemistry, vol.329, pp. 190-198, (2004),
L LOD: a f / 2 D. Johnson BSc,PhD thesis, “Molecular level investigation of coiled-oll
- - alew pg/imm proteins”University of Nottingham, (2005).
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A- Biosensor

Biosensor

Multiplexing  Commercialization

OPTICAL TRANSDUCER (7/7)

Comparison of performances

Label-
free?

Selected biological
applications

SPR

SPRi

LSPR

Evanescent wave
fluorescence

+ + +++

Yes

Yes

Yes

No

Kinetic analysis of biointeractions
Antigens in clinical samples
Proteins in biological samples
Xenobiotics and toxins in food
Carbohydrate-specific interactions

Screening of biomarkers and
therapeutic targets

Screening of drug-target protein
interactions

Detection of DNA hybridization

Screening of antigen—antibody
interactions

Cancer biomarker detection

Toxin detection

Clinical diagnostics, biodefence,
food testing

Clinical biomarkers

Toxin screening

Bicluminescent
optical fibre

Waveguide

interferometric

Elipsometric

RIfS

SERS

++

+ No*
+ Yes
+ Yes
+ + Yes
+ Yes

Response of cells to genotoxic
agents

Multidetection of genotoxins by live
cell array

Study of cellular responses and
processes
Virus detection

Characterizing viral receptor
profiles

Detection of serum tumour
biomarker

Xenobiotics in food
Detection of circulating tumour
cells

Detection of cancer proteins
Protein biomarker in environment

Damborsky P. Essays in biochemistry (2016) 60 91-100
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A- Biosensor

ACOUSTIC TRANSDUCER (1/7)

Acoustic waves: Propagative perturbation of the equilibrium of a medium or a material.

» Elastic regime
« Longitudinal/ transverse propagation
» Bulk acoustic wave, surface acoustic wave, plate wave

R, o I Qcm SAW LW FPW SH-APM
. == > © —H__H M —”II -”_IT —m M
= g g [ pemee
R
i ' \% S @ 7 o i : : '/A' i I'/{/////%g E
TI. [%E i b Fl i g HEE H

= 00T ¢#

Mode symétrique Mode antisymétrique

* Piezoelectric materials: quartz, ZnO , AIN, LINbO;, LiTaO4, KNTIO,, SrTiO3, BiFeO; and BaTiO,

femto-st
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A- Biosensor

ACOUSTIC TRANSDUCER (2/7)

BAW: Quartz Crystal Microbalance (QCM)

Principle: Piezoelectric effect - resonance of the device - shift in frequency Af and
change in resonance magnitude due to a change in mass

 Generation of shear waves 2 f2 F‘m (mm)l,-:z‘
1/¢

Af =A Afp =—
« Shift in resonance frequency Af due to Am and to liquid 4 fn +AT5L n(Cgsp,) A 4n.fy

« Penetration depth : 250nm for f,=5MHz, depending on the resonance frequency

d=Decay length Cis s (L ) Freetomec) A _ A

BN e (N} Complex (LS) ﬁ N
Liquid phase i) LS, 81101 -k, 1L8) e !/," ming e ) TO, o
| — 99k, (0[] —k, 6 [ Quarizeryeim ]| c s
dr " < °
® Q
> @ b4
g 0] (e e E- £
2 “argl 2 <
g & ] °
£ : g g

€ - ) mass load
«© =3 3
5 = =
@ c c
2 o o
S ©

time = » = >
Frequency Frequency

 Sensitivity: : less than 1ng/cm?

h * Good accurancy, re“ablllty’ Ferreira G, Trends in Biotechnology,
o Easy microfabrication. low power consl |mption 27(12) 2009
femto-st 22
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A- Biosensor

ACOUSTIC TRANSDUCER (2/6)

Comparaison between Quartz crytal Microbalance and SPR

LOD: LOD: Kinetics Multiple Sample Chips
(mass/area) (total Analysis | Channels | Volume
mass) Capability

SPR 0.1 nggcmz ~1 fg Excellent Easy 10 to Au on
100ul Glass
QCM 1 ng/ecm? ~1 fg Difficult Difficult ~50 to Au on
200 ulL Quartz

Frequency shift
— q y

- Miniaturization and multiplex measurements

émtO'St Winter school Snoscells | Les Houches | 22/01 — 27/01 23
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A- Biosensor

ACOUSTIC TRANSDUCER (3/6)
BAW FBAR: Thin-film bulk acoustic resonator

Principle: device consisting of a piezoelectric material manufactured by thin film methods between two
conductive — typically metallic — electrodes and acoustically isolated from the surrounding medium.

* Two types of structures: membrane / SMR

«High resonance frequency: 200 MHz to 10 GHz slectrodes electrodes———7 “mmm— - Plez0 film
- Rather complex manufacturing , Prezeim - imus“‘: reflector
* More sensitive than QCM / Fragile / not often used
in |IC|UId T Sisubstrate |
w2 | Pith
o Afyy = gy | T
*In Newtonian liquid ' * A popgr
4x104
o JgAD
«In non Newtonian liquid 2 =4/ + = £ 3104
5 | S
AD = —2fl2 | A 5 510
With AD = dissipation ¥ Ao i
lé:qludﬁ\ Pipe . . _ P (L:.llluld = _,_/IIJ
N =Py e . | —
-\ '\.‘ ’."’ /’— 1.39300 1.39305 1.39310 1.39315 1.39320
L ()-<| \'| ‘\l Top electrode :c:l-‘:ic .i ',’ Frequenc}’ (GHZ]

N Fu et al, Progress in materials science 89 (2017) 31-91

dﬁw Wingqvist et al, surface & coating technology 205 (2010) 1279-1286 24
' nEn igg:,foigg,g Patel R. et al, Materials today proc. 4 (2017) 10377-10382




A- Biosensor

ACOUSTIC TRANSDUCER (3/6)

BAW FBAR

Application for diagnosis: detection of hPSA
*Resonance frequency: 1.5 GHz
* Structure Si/SiO,/ZnO/Cr-Au

« Sensitivity in mass: 0.5ng/cm? - corrélation with ellipsometry L um
i
3.5 700 400
Temperature 3] A L 600 350
A Top electrode Via (contact hole) Protein layer Control < 0
Piezoelectric = Bott: PBAR Sensor g [
| 8 ottom = —_ = 250
fim 2 um Zn0 = . _ 50 Q line . £ 2 400 £ 3
A n/ i Pi:;i:tlggt:cally \lméao": " g < <
NG l \500 pm Si PC g 11 L 200
S Network Sa b 1001
Membrane released by DRIE Analyser 0.5 1 - 100 0+
| GPIE Channel R [I ﬂ
‘ 0 1;] 2;] :HI] 4|;| 5{; 60 0 Anilbnd"r Anl‘lhbdy An‘lihody BSA BSA +
Antibody concentation (mg/L) Antigen
*Low cost, label free, possibility of integration
* Sensitivity FBAR> Sensitivity QCM
 Limit of detection FBAR < Limit of detection QCM Zhao, Sensors and Actuators,B190(2014) 946-953
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A- Biosensor

ACOUSTIC TRANSDUCER (4/6)

SAW: Love wave -> Shear waves generated by two IDTs

« Three different materials: substrate rigid solid, a viscoelastic guiding layer, and the sensitive layer; a Newtonian

liquid as the top layer

« Parameters: thickness, density, dielectric constants, piezo constants, elastic constants, viscosity

« Guided wave in a guiding layer, electric isolation of the IDTs

ensing pa 0utput
Input DT
Liquid IDT _ :

8um SU-8
1mm

LiINbO3
substrate

Substrate

T T v T v T v T v T T T 3

300-* i

T - 1 [cP] liquid media |

= 250+ * 3 [cP] liquid media |

$ £ 200 % |

Eg‘ .g " ® |

180 — = _— = AN |

s Hoyionoffoed 2 * = |
a = .*-

Sk pos R |

Q = n |

? % 50 "u-.,....-'::: :::: LT T T o

30-80 nm a | = Tietessssssssssssssn |

Finite interfacial PSS [ Sy [N S S SR (O |

layer 0 50 100 150 200 250 300
I Frequency [MHz]

o

Penetration depth depending on the resonance frequency and the viscosity

rH d"
- L=~ COUCHE _ -~
T (vitesse V) -7
A

h! -
i
] -

- SUBSTRAT

1 I' {vitesse W )
1
]
4 1

El Fissi L. PhD thesis UFC, December 2009
Chavez et al. Biosensors 2022, 12(2), 61
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A- Biosensor

ACOUSTIC TRANSDUCER (4/6)

SAW: Love wave transducer
Application : uri acid measurement
*LiTaO; and ZnO device

* Resonance frequency: f=53MHz
» chemical reaction:

Uricacid + 05 + H,0 = Allantoin + H, 0, + CO,

Cleaning of Substrato ‘]
! : v
e
, * A‘
13
Sl
! } |
' | v
bilzation of Uricase ) “;—

 High sensitivity: 766Hz/mM

I * LOD: 5uM
« Mechanically robust device

Allantoin
Uricacid

—I

—0
s
i

r
“—/
[¢]
Pra—

4 ~ N O 3
o= ‘ N NH,

Input Al /
H &/
1ot it Qutput AIIDT
Uricase
D ///
4/
Zincoxide : /

thinfilm (————— (/< Lithium Tantalate

o =T
2) Fropasrap 01T a4 s e bl wonwsS3 1314 (d) e
—
- TN ‘ g
£ o
S3.re =
s Z -
gsnm g ]
g )
8 R 8_ 200
e 4
sl . W
*0 as ) Uric Ackd Wrea Ghacose  Amcorssic Ak

Concentration (mM)

Rana et al, Sensors and actuators B 261 (2018)169-177
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A- Biosensor

ACOUSTIC TRANSDUCER (5/6)

Plate waves - Lamb waves
*Wavelength A> plate thickness - membrane

* Resonance frequency fr depending on the phase velocity and the
geometry of the device

chemically vapor or liquid
sensitive
film

nwe
*\Waves propagate laterally . = 2—;’
* Two types of geometries
- With reflectors / Plates free on one side i b~ é_) At T
l H "|‘ [ >y % Kf 1 /‘ Y =
Largeur totale =nA/2-\/4 . L=\2 /"J\'\;‘\'::/—\_/ w
Electrodes ‘ Electrode supérieure ’
pi e e i i Symmetric mode Antisymmetric mode

) Membrane :
Piézoélectrique EE Piézoélectrique
Top electrode

Mo 100m CHO ) Biointerface Bottom electrode
i,

AN
Substrat \ WAu(BOnm/‘r membrane T:/Mo (20nm/150nm)
Electrodes Si;Ng(400nm)
« Small radiation loss in the testing liquid \

Air gap  (Spm

* High sensitivity
« Short response time

L « Low fabrication yield (<10%)
* High insertion loss (>-50 dB) Matthieu Desvergne, PhD thesis Univ Bordeaux, October 2007
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A- Biosensor

ACOUSTIC TRANSDUCERS (6/6)

Comparison between several acoustic wave biosensors

Key parameters of typical acoustic wave biosensors used for disease-related biomarker detection.

Biosensors Structure Piezoelectric Resonant Sensitivity Advantages Problems
substrate frequency (Hz. cm¥MHz/ug)
(MHz)
QCM clectrode AT-cut quartz , 5-170 12-70 ==Easy to manufacture =Low detection resolution
x/ . LiNbO5 =Cheap =Llarge size
- SIS =Long-term stability
~— piezoelectric
material
FBAR piczoclcctric Zn0, SigMNy4, AIN 1000 , 740 . =Very hi:gh sensi_tivity _ =Llarge sigr_lal to noise ratio
—— —52 = 10 —1.425 =« 107 =Small size and light weight =Hard to signal control and
"——% \" =Low power consumption measurement
[ > _] —+ =Compatible with CMOS =Not good anti-interference
\ / ability
substrate electrdde >Fragile membrane
SH-SAW input IDTs output IDTs LINDO3, LiTaOs, AT- 30-500 70-180 =Low power consumption =The excited wave is usually
7 > cut quartz, KNbO, =Cheap impure which causes energy
- - AlIN, Zn0O =Wireless control loss
piezoelectric material
LW-SAW guiding layer LiNbOs, LiTaOs, AT/ 80 41.62—-950 =High sensitivity and corrosion =Guiding layer effect
input IDTs % gutput IDTs ST-cut quartz, ZnOf —1.586 = 10° resistance among SAW sensors =The higher the thickness of
7 “//fZﬁ—r Si02/Si, AIN because of the wave guiding layer  guiding layer, the worse the
<l - insertion loss

piezoelectric material

Zhang et al., Analytica Chimica Acta 1164 (2021) 338321
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A- Biosensor

ELECTROCHEMICAL TRANSDUCER (1/6)

Analyte binding = redox reaction/ electrical conductivity change at the interface

- some of the most used biosensors in the market, mainly due to glucose monitoring

- easily miniaturised, inherently inexpensive and require simple electronics for conditioning and
read-out, making them ideal for point-of-care applications

- 5 types of transducers

Analyte Biorecognition Element
X __
y

| Antibodies
Protozoa (cyst)
X ~10 ym | Proteins
Bacteria &
= ligonucleotides
> THEM | DNA/RNA)

Mycoplasma Phages %
. ~200 nm

A N

| Aptamers C::—_-—-—-—__

Virus

* ~100 nm | MIP/CIP

Form Factor

Conformal Flow-based
Wearable Droplet-based
Paper-based Dip-measure

 Transducer Signal Readout/

Planar (mm-um) | Electrochemical Test
-metals
-ceramics Potentiometry

'|| Polymer

|| -conjugated Amperometry

-composite

'|| Wires, Fibers Impedance
Nanostructured
-nanoparticles -
-nanoporosity Capacitive
ﬁ;';t?:ed Conductometry
-interdigitated

Usability

Single-use Multiplex
Multiple-use Smartphone capable
Wireless Sample preparation

Label-based/Label-free

Components and measurement formats associated with electrochemical
biosensors [Cesewski]

[Cesewski] Cesewski et al., Biosensors and

bioelectronics 159 (2020) 112214
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A- Biosensor

ELECTROCHEMICAL TRANSDUCER (1/6)

Types of electrochemical transducers

Measurement type

Transducer

Transducer analyte

1. Potentiometric

2. Amperometric

3. Conductomeltric,

impedimelric
4. lon charge or field
effect

ion-selective electrode (ISE)
glass electrode

gas electrode

metal electrode

metal or carbon electrode
chemically modified electrodes (CME)

interdigitated electrodes, metal electrode

ion-sensitive field effect transistor (ISFET), enzyme FET (ENFET)

K*, Cl-, Ca’t, F
H", Na'...

CO,, NH;4

redox species

0,, sugars, alcohols...
sugars, alcohols, phenols,
oligonucleotides...

urea, charged species, oligonucleotides...

H',K'..

Type of electrochemical transducers for classified type of
measurements, with corresponding analytes to be measured [Thevenot]

[Thevenot] Thevenot et al., Biosensors and
bioelectronics 16 (2001) 121- 131

femto-st

HEEEESCIENCES &
TECHNOLOGIES

Winter school Snoscells | Les Houches | 22/01 — 27/01

31



A- Biosensor

ELECTROCHEMICAL TRANSDUCER (2/6)

Conductometry

«Conductivity change in the solution via the production or consumption of

charged species

 Principle: Generation of an alternative voltage (fixed voltage) between two
electrodes. Measurement with an impedance meter, Z= voltage/current ratio.

« Measurement: variations (consumption or production) of charged species

during enzymatic reactions.
» Conductance G : G=y A/A
Y (S.cm-1): conductance or specific conductivity of the product;
A (cm): geometrical constant of the cell

* High sensitivity
» Miniaturization (only 2 electrodes)
« Differential measurement (with and without enzyme)

Electrical current (A)

—(—~—>—

«<— Voltage (V) —

— +
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A- Biosensor

ELECTROCHEMICAL TRANSDUCER (3/6)

Amperometry

« Current change due to a redox reaction in the solution pA <|I<nA

* Principle: measuring currents due to the oxidation or reduction of
electroactive species occurring locally in contact with a working electrode.
Consumption of one of the products of the reaction.

» Selectivity governed by the redox potential of the electroactive species
present in the solution

« fast, more sensitive, more accurate and more precise than potentiometric
biosensors
« Example: Glucose
« Amperometric measurement of H,0,

Km transmitter
———

B-D-Glucose + O, GlllCGSe-OKYdHSi D-gluconic acide + H,O; _—
o ° © interstitial fluid
° ‘ °-— cell
. _ LA °
H>O, + 2H,0 » 2ZH;0 + 0O+ 2e # blood vessel
I ‘ k glucose

émtO-St Winter school Snoscells | Les Houches | 22/01 — 27/01
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A- Biosensor

ELECTROCHEMICAL TRANSDUCER (4/6)

Potentiometry

*Principle: measuring variations in open circuit potential, of which biologically
sensitive field-effect transistors Voltage is a special type

*Potential change between an ionosensitive electrode (transducer) and a
reference electrode Cal or Ag/AgCl

 Local equilibrium at the transducer surface - potential proportional to the
logarithm of the concentration of the sample according to Nernst's law :

E : potential redox couple
E°: normal potential redox couple F=F"+23
R: constant ideal gaz

Ao,/8req- ratio of species activity dominating the potenuai in oxiaizea
and reduced states

T. Temperature in Kelvin

RT
1g o=
nF - ag,

* Two methods: ISE (lon Sensitive Electrodes: metallic electrode)/ ISFET
— (H+, K+, Na+, Ag+, F-, Br-, I-, Ca2*, NOy)
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A- Biosensor

ELECTROCHEMICAL TRANSDUCER (4/6)

« |SE: ion sensitive electrodes (pH or monovalent ions)
« Macroscopic device, analysis in 30 minutes

« ISFET (lon sensitive Field Effect Transitor) based on MOSFET principle

* Miniaturized, analysis in a few minutes, low cost, robust

2.5E-06
(@)
b Chemical sensitiv 2 0E-06 |-
a pH gla(s1$é glge)ctrode Largeg;Sof):ET & N\g (l)%l:)ET rm,';_:,';,’,c:,,: S U +.0E-06 PH=0
<10" charged sites <107 charged sites <10* charged sites oU baad N —
< —_—
. Reference —
= \ ~ [E clpctrodc/ é 1.5E-06 [——
S ( L "~ 2 -
< ' | DL | = S
3 . SIOZ . SIOZ “"_"j
+ s + -= 1.0E-006 [
n nt n* g
. . 2
Source Drain Source Drain Vg =0.1V
5.0E-07 |
S MOSFET ! ISFET
Length >> ym Length ~ um (a) {(b)
0.0E+00
. 0 1 2 3
Miniaturization of ISFET (1), principle MOSFET / ISFET(2) and electrical characteristics (3) Gate Voltage (V)

(1) Rsivakumarsamy R. et al, nature materials 17(2018) 464-470
(2) 2) Bergveld P. et al, IEEE Trans. on Biomedical Engin. 17(1970)
(3) Singh A. et al, proc. 3 Int. Conf. NANOCON, oct 2014
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A- Biosensor

ELECTROCHEMICAL TRANSDUCER (4/6)

0D ISFET: sensor < Si nanotransistor

Principle: measurement of ionic effects independent of pH.
» Technological development at nanoscale: nanotransistor Si technology
*No selective coating for ionogram measurements in blood/ independant of pH

« Clinical application: dépistage (for hyperkalemy or renal insufficiency) or therapeutic
monitoring

- Low cost, subnanoliter volume, miniturization, portable, reusable, label-free

NW ISFET 0D ISFET 020 |
(2001)
<10 charged sites &Sﬂsigzrged 015
=
£ 0.10
=
400 pl droplet I
/ 0.05
Pt electrode -
10* 10 001 0.1 1
Length ~ pm Length i M
I Length. [aseal (M)
Nanowire to OD ISFET Subnanolitre sensing and high integration Sivakumarasamy R., nature materials 17(2018) 464-470
'@mtO'St Winter school Snoscells | Les Houches | 22/01 — 27/01 36
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A- Biosensor

ELECTROCHEMICAL TRANSDUCER (5/6)

Impedimetry

Principle: measuring the ratio: impedance = AC potential / AC current.
* Electrochemical impedance spectroscopy (EIS)
*Impedance is measured over a wide range of AC potential frequencies, typically from

100 kHz to 1 MHz

—> useful information about the physico-chemical changes that take place when an

analyte binds

—> Application: detection of cancer and other disease biomarkers, bacteria, polluting

agents, toxins
- Attomolar concentration i

L ]
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7 —— Copolymer After attachment of Aptamer

e Copolymer After incubation with

| 8. ryphimurium (10°CFU mL")

Detection of S Typhimurium

T r T T T . : [Cesewski] Cesewski et al., Biosensors and
SR e AR W R bioelectronics 159 (2020) 112214
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A- Biosensor

ELECTROCHEMICAL TRANSDUCER (6/6)

Nanomaterial based electrochemical biosensors

Principle: nanomaterial modified electrodes for the construction of
biosensors compared with planar electrodes

- Lowering the limit of detection to unparalleled levels

—> Better accessibility of analyte molecules to reach immobilised
biomolecules

—> Direct electronic wiring of redox enzymes allowing direct electron
transfer between the modified electrode and active site of the

wmm bare-GFET
wem CSAb-GFET

0.8

0.7 ¢

G (mS)

0.6

-0.4 -0.2 0.0 0.2
Vref (V)

enzyme making such enzymatic biosensors more selective e R
- Graphene oxide much cheaper compared with other \g,f,,',

nanomaterials
—> ultrasensitive affinity-based electrochemical biosensors - * _

SARS-CoV-2 vi
GRAPHITE i\ GRAPHENE OXIDE - P

. exfoliation %e

COVID-19 FET sensor

New graphene biosensor can detect
SARS-CoV-2 in under a minute

Hammond et al., Essays in Biochemistry (2016) 60 69-80

cleavage

7794 e oy - Xu et al., Biosensors and Bioelectronics (2020) 170 112673

" GRAPHENE RAPHENE OXIDE

oo;ux‘ N

émto St Chemical RGO TRGO ERGO
- vapor depositon Winter school Snoscells | Les Houches | 22/01 — 27/01 38
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A- Biosensor

Nanomaterial based electrochemical biosensors

ELECTROCHEMICAL TRANSDUCER (6/6)

Analytical Characteristics
Nanomaterial Hybrid * Target © Y Comments
Linear Range LOD
3D hybrid graphene-GNE. H,04 0 to 50 mM 29 uM Metallic nanostructures have high catalytic activity,
TiO; nanoparticles encapsulated Gl 7 to 10 mM 80 nM easy preparation, and relatively low cost. However,
ZIF-8 ucose o A me mn this kind of nanomaterial can change its oxidation state R raloie
Metallic nanostructures Nanohybrid of V5; /AuNF and Ka 1Mo 1 uM 0.5 oM due to variations in conditions of the medium, such as P""_":’ o acids ke ::"1~ oy
CoFe; 04 nanozyme na paito i =P pH, ionic strength, and temperature upon time. ."'\‘.,’ Y 5 ',‘W\' {'—é AYE {w\‘ {3
Ag and hybrid Ag-Fe;Oy metallic AA 0.2-60 uM Z4 nM NN AN S SN SNSRI Y
nanoparticles. I I ] ] ] I I
mSiO, @MWCNT Thrombin 0.0001 nM and 80 nM 50 M These nanomaterials have high mechanical resistance,
MSFE/APTES/ AgNP STR 1to 6.2 ng/mL 0.33 fg/mlL thermal stability, long functional life, and versatility; l
ili i - . i it] 8 7.5 % 107" M and nonetheless, they require long synthetic processes, and o
Silicon nanomaterials Ap-GA-NHMCM-41-GCE hemin and Hb 10 =10 tol0x 10 M 65 % 10-2 M their application is limited to certain analytes. O
AuNPs loaded In functionalized CEA 1.0 x 102 to 100 ng/mL 9.8 x 10 ! ng/mL @ o
MWCNT: and GQDs. IM-13R a2 27 to 100 ng/mL 0.8 ng/mL These nanomaterials enjoy thermal stability, large
GODs/ AulMNPs. F53 0.000592-1.296 pM 0.065 iM surface area, and a wide range of nanostructures and
Carbon nanostructures COQDs/ AulNps Ghucose 0.05 mM to 2.85 mM 17 uM functional groups. They are the main nanomaterials
CoCu-ZIFaCDs B16-F10 cells 1 %107 to 1 x 10° cells/mL 33 cells/mL used in the preparation of electrochemical biosensors.
These have high biccompatibility, high affinity, strong
g . . adsorption ability, low molecular permeability,
(Chi-Fy) mﬁﬁgﬁﬁf‘ul\]’i and Escherichia coli 3 3 10" to 3 = 107 efu/mL ~30 CFU/mL physical rigidity, and chemical inertness in biological
Polymers i processes. However, functionalizing their surface is
necessary for the anchorage of bioreceptors, and some
polymers oxidize due to changes
PANI/ active carbon and n-TiD: Glucose 0.02 mM to 6.0 mM 18 M in medium conditions. = o i
PEG/AuNPs/FANI alpha-fetoprotein 10~ t0 10-¢ mg/mL 0.007 pg/mL Nbs  ceataia, 0 (Sapbww; (OB iPolmen: _iiottl
WSe; and AuNPs Thrombin -1 ng/mL 190 fg/mL Orther hybrid nanostructures have a large specific
Other nanos‘m.!cl'uw_-d MoS5; / TizCz nanchybrids miENA 1M to 0.1 nM 0.43 fM surface area, excellent electrical conductivity, and
nanomaterials AuMNPs/TiyC; MXene 3D miRMNA155 1.0 M to 10 nM 0.35 M electrocatalytic properties.
* GNR, graphene—gold nanorod; AulNPs, gold nanoparticles; Ap, aptamer; GA, glutaraldehyde; GCE, glassy carbon electrode; MSNPs, mesoporous silica nanoparticles; MWCNTs,
multiwalled carbon nanotube; MSE meso porous silica thin film; APTES, (3-aminopropyl) triethoxysilane; AgINP, silver nanoparticles; CDs, carbon-dots; Chi-Py, pyrrole branched
chitosan; PEG, polyethylene glycols; PANI, polyaniline. b A A, ascorbic acid: STR, streptomycin; miRNA; micro-RNA.
[Soto] Soto et al., Molecules (2022) 27, 3841
39
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A- Biosensor

MECHANICAL TRANSDUCER (1/4)

Static cantilever deflection (MC)

Principle: optical detection of displacement linked to the variation of the surface energy:
intermolecular bonds in cantilever surface

*Length L=200um, width I=20um, thickness d=0.5um, silicon nitride

 Deflection Ah = 30(1 - v)/E - (L/d)?, o = surface stress

. - - 100 = 200 LR ALLL BELAAALLL BELELE hil Lbtes BERARALLLL | Wbl | LA
« Diffusion time 1= L?/2D 5 [BSA] = 1 mg/ml [cPSA] Ew [ [BSA] = 1 mg/ml oo
Position- — K] - (4 ng/ml) 4
‘/Target molecule sansig g 690 ng/ml 2, 150 N Cantilever: Cf::t:ever: PSA /{
MMIIMHNIIHINI:\:;:T: njol-ecule %: 60 lwwww%\“qw&gg‘?:{::. o % g%lﬁ;'rnnigi‘ 3%65{:1 Ilohr;S, psip'SAO_E
s g v g 2
Target bindi - g 5 ’i//.. ot
./_arge inding lg:gnroelactric :_will © _ “E = (z:ggﬂlr?lzrr;g.
lllulwu~¥-~ # Deflection, Ah Temperature Heat sink ° 0 I 'é; * R
Chip || 20 ’ ] g L PP ERPITTT ERPETTITY EENPRTT R
0 60 120 180 240 300 102 107 10° 10' 102 10° 10* 10
Time (min) PSA concentration (ng/ml)
—>Multiplex technique, miniaturization, label-free technique, specificity of capture
—>Response time to be improved (3-4h) — due to diffusion
—>Clinical use
L « PSA 0,2 ng/ml - 60 ug/ml in HSA and human plasminogen (1mg/mL)
Wu et al, nature Biotechnol., 2001(19), 856-860
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HEEEESCIENCES &
TECHNOLOGIES



A- Biosensor

MECHANICAL TRANSDUCER (2/4)

Resonant microdevices (RM)

Principle: Dynamic deflection of nanocantilevers linked to stress generated by the interaction
between helicase HCV and aptamer ARN - shift in resonance frequency

*PZT nanocantilevers Array, length L, fonctionnalized o~
« Shift in resonance frequency due to added mass negligeable compared to surface stress ;= (”I) \E
s - stress L2 1 n;.[ Aw; Aw;\ 2
= o (MY S 2 r=—2(— )+ (—
(R 3R

(b) 30000

RNAaptamer
25000

EEEEEE
D cossse

20000

15000 |

Intensity (arb.)

10000 [

0

1 L 1 1 L
50000 55000 60000 85000 70000 75000 80000

Sweeping frequency (Hz)

» Resolution = concentration 100pg/mL in liquid, higher resolution compared to static
cantilevers

 Label-free
L . In’rregratinn Hwang et al, Biosensors and Bioelectronics 23 (2007) 459-465
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A- Biosensor

MECHANICAL TRANSDUCER (3/4)

Resonant microdevices (RM): cantilevers (30nm width)
Principle: mass sensing of biological elements in physiological environment - frequency shift

» Poly-L-lysine molecules coated on the surface of cantilever
* Measurements of adherent living cells HeLa: MC + confocal microscope
* Positive dielectrophoresis trapping (6V, 1MHz)—> High speed displacement (0.5 — 1mm/s)

* Change in resonant frequency |
p=3d5 L B am=— L _
"ot D\pA A\ £

Amplitude (dB)
LA 0 AN W s OO o~

)

0 50 100 150 200
Frequency (kHz)

* In physiological environment (measurement at a single cell level)
I * In real time, resolution a few ng

- Complementary characterization (microscopy) Park et al, lab on Chip 2008 (8) 7, 993-1228
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A- Biosensor

MECHANICAL TRANSDUCER (4/4)

Suspended microchannel resonator (SMR)

Principle: resonant device out of fluid—> high Q factor (no attenuation due to viscosity)
- Electrostatic excitation, optical detection

- microcantilever in a SOI substrate, 200*33*7 pm?3

- Channel with biological sample in the MC 3*8um?, by-pass channel 30*100um? ‘ \

-Am > o1 \/ k ' ' ‘ &
f - zn ”Ig_ + ﬂ ﬂ HI Frequency Frequency

Y,

Amplitude '

Amplitude

b
Laser PSD —rm.s Ar inside Buffer ~ Goat anti-mouse IgG " Buffer
. e - | I
Buffer (low pressure) Sample (high pressure) 0 ! insi BSA, 15 1M
== Water inside 0 Human IgG, 70 nM
A§ _ e - 15,000 ¥ —
Bypass channels S8 g, . Q=15 s P— )
i - : E 3
[l k] DG - 7nM o
£ I g 2 £
_ £ 10 = H———— 70nM ©
" < g 2 8
] Drive electrode P 02 uM =
c
Cantilever ti 15 0.7 uM 3
) ©
-200 -100 0 100 200 o 5 10 15
Time

Frequency shift {(p.p.m. from resonance) Time (min)

Bottom view

Electrode for piezoresistive detection

Electrode for
thermoelectric
actuation

Fluidic channel

Limit of detection: 300ag
Enhanced sensitivity compared to resonant devices in liquid
In flow

Small volume of sample

L Burg et al, Nature 446 (2007) 1066
Arlett J. et al, Journ. Appl. Phys. 108 (2010) 084701
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A- Biosensor

TRANSDUCERS

SMR

NW LFA
‘ iy ‘ P@

SPR =Surface Plasmon
Resonance

SMR = Suspended Mechanical
Resonator

NW = Nano Wire

LFA = Lateral Flow Assay

MRR = Micro Ring Resonator
QCM = Quartz Crystal
microbalance

BBA = Biobarcode Amplification
Assay

IFA = Immunofluorescent Assay
MC = Micro Cantilever

Lirnit of detection

1nM

=1
<

1M

Stimulated single cell secretion

Mative single cell secretion

4 1pg ml?

1ng mli?

Tpg ml”

1aM !
Arlett J. L. et al DOI: 10.1038/nnano.2011.44 ° 0.01 01 1,000
Analysis time (min}
Limit of detection vs analysis time for the quantification of proteins using mechanical biosensors

UOI313P JO LN
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B- Microfluidics / Microfabrication

Anistropic etching
Etched rate dependent to the cristallographic
orientation

= LR =3
-
‘B

Istropic etching

Etched rate independent to the cristallographic
orientation

MICROFABRICATION (1/6)

Resin or sacrificial
layer deposition

Structuration of the
| sacrificial layer
using lithography

Deposition

Selective etching
sacrificial layer

—

Substrate

a .

=

Volume / surface micromachining

(a)

(b)

{c)

Sacrificial layer

(a)

(b)

(<)

SOl etching

plasma

Radicals
.F* CF3*,..

Inert ions

Chemistry / Physics

Chemical / physical etching

@ Insolation  synchrotron

Masg.e p/
PIANA - oL
Subtrat .

@ Resin development

LIGA

@ Electrodeposition

Thermal bonding (Si/Si, glass/glass)
robust, well known
Temperature >600°C for glass/glass
and >1000°C for Si/Si
clean

pression

Anodic bonding (Si/ glass)

- Limited to glass (oxydized Si)
- Temperature 300-400°C

- No pressure

- clean

L L L L L LR LR L L L

Eutectic bonding (Si/ Si)
Au: intermediate layer
Temperature 370°C
Conductive solder

prEsgion

Adhesive bonding (all substrates)
Adhesive layer
Temperature < 150°C
clean

pression

Adhesive

Packaging
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B- Microfluidics / Microfabrication

MICROFLUIDICS (2/6)

Technology based on Si/ SiO,/ thin layers (examples SEM images)

Arrays of bridge oscillators. Scale bar

Cantilever with a single E. corresponds to 2 um

coli bound near the
cantilever tip. Actuated in air,
this cantilever measured the
mass of a single cell to be
665 fg. Scale bar
corresponds to 5 um

Specialized cantilever fabricated to specifically bind Y — :
analytes near the tip of the cantilever in order to '_aa aaaaa =
maximize the effect of added mass. The nanoscale
gold dot can be used with thiol-based binding
chemistries to localize analyte binding - Detection at

- Several cantilevers in a “Millipede” cantilever array,
attogram quantities. Scale bar represents 2um.

which contains an array of 32 X 32 fully integrated
devices. Each cantilever is 50 um in length

A 15 pm long, doubly-clamped nanomechanical resonator.
Electrospun fibers are used as an etching mask in order to llic et al, Journal of Applied Physics 95, 3694 (2004)
define the nanostring resonators. Waggoner et al, Lab Chip, 2007, 7, 1238-1255
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B- Microfluidics / Microfabrication

MICROFABRICATION (3/6)

Soft technology based on polymers: nanoimprint lithography

New substrates for flexibility, new features, miniaturized — L1« Fiuid dispense
Polymer is cast in a structured mold Adhesion layer
Step 1: Dispense drops Substrate

« Common polymers: PDMS, PMMA, etc.
* Moulding materials: SU-8, thick photoresist

. . . Step 2: Lower imprint mask askK m
® Nan0|mprlnt. pattern micro/nano and fill pattern EW Mask filling
Substrate
o889 YT YXYIrLrx Step 3: Polymerize fluid with | g é § i {, | Flash UV cure
; UORVNDEDOSY UV exposure Adhesion layer
] BG O'BQ.DlD. DQ Substrate
GD Q ,Q_Q.D_Q ‘D-U" Step and repeat or
U - DQ@ ® QG A whole wafer imprinting
| SREBONESEY L3y a g, [Mask
junsvasnnaene Step 4 Soperate masc o iiglpigtuind o
| X 117 ¢ B 1200 nm from substrate Substrate y

Nanoimprint lithography for LSPR sensing
Schematic illustration of the step and flash imprint

» Advantages of soft lithography: lithography (S-FIL) process
» 1/ rapid prototyping
L » 2/ low cost, biocompatible, disposable
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B- Microfluidics / Microfabrication

MICROFABRICATION (4/6)

Microstructures obtained by replication

Fabrication of mold

- Sl/glass etching -
- Electroforming (LIGA / UV- » -
LIGA) -

- Thick resin -

Replication
Embossing
Liquid injection
thermoforming
moulding

Post treatment
Metal deposition
Surface treatment
Cutting, drilling
Packaging

- Mechanical etching (laser, ...)

]
I Metal mould obtain by electroforming

b)

c)

d)

e)

Moulding

Residual layer

(1

(3)
(1) Embossing, (2) liquid injection and (3) thermoforming
Antisticking surface treatment

Abgrall P. PhD thesis, Univ Toulouse, Feb. 2006
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B- Microfluidics / Microfabrication

MICROFABRICATION (5/6)

Examples of microfluidic circuits

i e ek Mol el

Chip made by hot embossing  Ejectrophoresis system by

thermoforming Microfluidic chip in soft lithography 3D Microfluidic in SU8

(PDMS)

Filter obtained using tilted Lab on chip made by injection Microfluidic connector microsterolithography
lithography

Abgrall P. PhD Thesis Univ Toulouse, February. 2006
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B- Microfluidics / Microfabrication

MICROFABRICATION (6/6)

Sensing systems designed with applying patterning techniques

Patterning Technique Patterned Material Pattern Shape Detected Biomolecule Detection Methode Detection Limit Literature

Soft Lithography PS/PSNA Micropillar Anti-1gC Fluorescence 0,03 pgaml ! Lez et al. (2011a, 2011b)
Stencil Lithography Sillicon Nitride Al squar nanodot Streptavidin S5PR 100 nM Vazquez-Mena et al. (2011)
Wet Ethcing ITo Whell-like Glucose, Cholin, Lactate ECL 14, 40, 97 uM Zhou et al. (2014)
Nanoimprint Lithography Glass Au elliptical nano-disc PSA SPR 00012 ng.mL ™’ Lee et al. (20113, 2011b)
MNanoimprint Lithography PET ManoDome IgG LSPR 34 nM Endo et al. (2010]
Nanoimprint Lithography Photoric Crystal MNanohole Influenza Virus Reflectometry 10 pgmlL ™! Choi and Semancik (2013)
Soft Lithography PEG Hydrogel pH responsive-Circular Strepravidin Fluorescence - Lee et al. (2008)
Non-contact Robotic Printer APTES-coated glass slide Spot Escherichio coli Fluorescence 25 bacteria each have 1 nl volume Melamed et al. (2011)

ECL: Electrochemiluminescence SPR: surface Plasmon Resonance [TO: Indium-Tin Oxide PSA: Prostate Specific Antigen [gG: Immunoglobulin G PET: Polyethylene Terephthalate PEG: Polyethyleneglycole P5: Polystyrene P3MA: Poly

(styrene-alt-maleic anhydride).

*New materials
*New technologies
* Biocompatible
*Low cost

I  Disposable

Derkus, Biosensors Bioelectronics, 79(2016) 901-

913
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B- Microfluidics / Microfabrication

MICROFLUIDICS (1/5)

« The main benefits of such a technology consists in:
- Reduced volume of reagents
- Lower costs
- Fine control over parameters (size, shape)
- Reproduce in vivo condition

« Through miniaturization & automation, microfluidics are a great tool to:
- Improve the precision of experiments
- Lower limits of detection
- Confine molecules produced by a cell in a nanometric space for detection purpose
- Follow the kinetics of chemical reaction
- Faster analyses due to the shorter reactions and/or separation times
- Run multiple analyses simultaneously
- Manipulate molecules (unique cell scale) directly and physically
- Apply local or intense electric or magnetic fields without increasing voltage
- Design portable devices for point-of-care applications
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B- Microfluidics / Microfabrication

MICROFLUIDICS (2/5)

Fluid flow and microfluidic chip

e /“‘_\\ ‘) r‘ ‘
Flow equation for microfluidics - = < ) W R |
F=my incompressibility / Newtionan fluid — s i fv_t (
Du au 1 . riction be enaersX ‘ |
I— Dt = o +(uV)u=-—VP +vAu u = velocity rretenbeteen ey '
P _
_ _ o . _ P= pressure An example of laminar and
Inertia forces are small in miniaturized devices turbulent flow in the macroscale
— 0 =-VP+ uAu
. . . . . g forces of inertia -V-D
Approximation valid for microfluidics Res TR

Exceptions : microechangers spotters, inertial microfluidics
Reynolds number Re

Rise leads to higher Re

Ratio between the inertial and viscous forces acting on a
fluid

—> Indicator of whether fluid flow is turbulent or steady
L% Re<2000 the fluid is considered to exhibit a laminar flow

3y 19MO| 03 Spea| asty
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B- Microfluidics / Microfabrication

MICROFLUIDICS (3/5)

Case of Re<2000: laminar flow
—> Profil of velocity in a channel (Poiseuil)

—> Diffusion time vs convection time
—> Competition between T et T to reach the surface

TI — (W=100 pm

~ convection

- diffusion
/ L~ ut
AP: Pressure variation / Q= flow rate AP = Sy?L Q
L L: length, 2R = diameter, n = dynamic viscosity 7IR4

‘@

L[:- ~ DtD I_C = Utc
Diffusion time Convection time

tD%LLD/D tc=Lc/u

Entrée 1
Convection

Diffusion
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B- Microfluidics / Microfabrication

diffusive time H*/D

Q

convectivetime HIW_/Q DWW,

Example:

D=40um?/s,

u=1000um/s

- Pe=2500

- Mixing after 25cm
and 4 minutes

MICROFLUIDICS (4/5)

= ]'}E”

[#] W,

—

a[53

Co

&

4

in ] (O
_—
~Ut $

Figure 1 Model system studied here. Solution with target concentration o
flows with velocity U and volumetric flow rate @ ~ AW.Uthrough a channel

/’J
L
#—5".1',-*“ %
o
]

of height H and width W, over a sensor of length L and width W, that is

functionalized with by, receptors per unit area.The kinetic rate constants for

the (first-order) binding reaction are k., and kuy, and the diffusivity of the
target molecules is [

Zone of depletion & / Comparison with 7=L2/D
Region i: full collection, diffusion phenomenon prevails

Region ii: depletion zone <H et L

Region iii:depletion zone<H et >L convection
phenomenon prevails

a . C Pey=01i=1
: M e —
T i 04 e —
3 il 1 ~ Io.a d i a— HP8y
E 101 i *[ J {ii) a7 Pay=1,1=1
= 9 . — v
g 0 *[ﬂ] i) *[91 pe -
E 2 ) 04 g Pay=10,1=1
5 10 L 4 ol ——
@ {h) 0.2 w3
_2 5 - "
1o o | iy 01 ) s-LPe,
0 § Pey=5i=10

=

Dimensionless flux F

Channal Peclet Pay;

Simulation results
multiphysics in channel

Arlett et al, nature nanotechnology, 44 (2011)
Squires et al, nature biotechnology 26 (2008)
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B- Microfluidics / Microfabrication

MICROFLUIDICS (5/5)

Microfluidic structures (soft matter, silicon, GaAs,...)

Microfabrication of a
microfluidic multiplexer

Microfabrication of a
microfluidic cell on silicon
wafer

microfluidic cell on (110) silicon
wafer / GaAs wafer

Microfabrication of

microfluidic cells on silicon Microfabrication of microfluidic circuit on silicon wafer-
L wafer T junction to obtain a two-phase mixture
Azzopardi, C.-L et al, Micromachines 8 (2017) : 308
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B- Microfluidics / Microfabrication

MICROFLUIDIC CHIPS

Timeline on microfludic technology

Barkefors et al., 2009

“" = Organ-on-chip
pro . R s Catania et al., 2007; Future
" 3 a Tissue Chips ! Body-on-a-chip

Dynamic Micropump

' ' Theranostics
' Gerlach and Wurmus, 1995 : '

Personalized Medicine

: 20100 49
Micropump | '
Initial Point of o achiet al, 1989
Microfluidic Adventure
Electrokinetic Flow in a Narrow |
Cylindrical Capillary
Rice and Whitehead, 1965
et

1965

2005 ‘
2000 | Optopneurhatlc Piston
| ' Heetal,2005 g

Pico- and Femtoliter
Volume Droplets

A ] i Velez-Cordero et al., 2015
A4

1990 R —

i Umbanhowar et al.,

Esashi et al., 1989 2000
Microvalve Droplet Microfluidics |

(N | : Buechler, 1995
%A. ) ?
al \ e Commercialization of
—— /| microfluidic diagnostics

Derkus, Biosensors Bioelectronics, 79(2016) 901-913
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C- Lab-on-chip

Lab-on-chip:

Integration of:

- Microfluidics

- Sensors

- Actuators

- Valve, pump

On a chip

- Detection
- Diagnosis

femto-st
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LAB-ON-CHIP ACTUATION (1/3)

Acoustophoresis: acousto fluidic interaction
Principle of acoustophoresis for particles concentration / sorting

5=
Sample inlet

Lo

silicon

Center buffer inlet

—_— Center outlet l
Sidel outlet

Side2 outl
[

Two acoustic pressure
nodes
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Acoustophoresis

LAB-ON-CHIP ACTUATION (2/3)

Design of the microdevice developped for acoustic sorting

femto-st
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Channel

Acoustic interaction area

Noeud —}
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LAB-ON-CHIP ACTUATION (3/3)

Acoustophoresis: acoustic sorting / separation of biological particles in a channel

(W=375um)

Sample flow rate : Sample flow rate: "= |

125uL/min = 6 000 Lymphocytes/s 100uL/min Acoustic
Orange : Platelets 10.10¢/mL (Anti-CD31-PE)  Green : Bacteria 10.10¢/mL : actuator
Blue : Lymphocytes 3.10¢/mL (Hoechst) Blue : Lymphocytes 3.10¢/mL |

Tampon Product A
DAPI: 00.00000, DsRed: 00.151 DAPI: 00.00000, DsRed: 00.151 Samples A + B p
Performances:

Sorting/separation PBLs/Platelets
150 uL/min

6 000 Lymphocytes/s

87% of lymphocytes were recovered
Platelets depletion (divided by 5)

Jouy F. et al., Mimedi Project 2022
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2-Feb-23

LAB-ON-CHIPS DETECTION (1/2)

Microdevice for the global assessment of primary haemostasis with flowing whole blood
-> detection of Willbrand's disease

Primary hemostasis = dynamic
processus, in flow

- Mimic in vivo conditions
- Real time

- multiplex

- Low volume of sample

femto-st
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PMMA

PDMS -

Quartz

Silicon

Rectangular parallel
plate perfusion chamber
Width 5mm / Height
50um

Flow rate / Shear rate is
in accordance with
published
recommendations

quartz silicon

Top side

Bottom side

Microfabrication acoustic transducer

Oseev A., IEEE Transaction on biomedical
engineering, 2020 3031542
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2-Feb-23

LAB-ON-CHIPS DETECTION (2/2)

Experimental set up

Biointerface protocol:

Gold surface -> C11C16 -> SE ->
HORM collagen 50ug/mL

-> BSA 0.1% -> Ethanolamine

477V

Conditions:

Whole blood

Shear rate: 1500 s
Perfusion time: 5min
Real time

Temperature: 23°C = 1°C

ov

0 50 100
[um]

femto-st
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AFM image: collagen and platelets

Frequency shift

h Blood perfusion PBS

0 —
50 1 150 200 250 300 350 400 450 500 550

Oseev et al., nanomaterials 2020 10(10), 2079
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C- Lab-on-chip
ORGAN-ON-CHIPS (1/6)

Lab-on-chips towards organ-on chips

B C
( ) Lung cells ( )
Air flows
Vacuum . | ‘ Vacuum
chamber | ‘ q chamber Heart epithelial cells
Blood flows C'P“ ary ce Vacuum . g . Vacuum
chamber { @® @ { @@ @ | chamber
(A) , & 2
% 2& S Lung-on-chip C) Mothelial cells
— - .HH..‘.._ L P Vg VT oW Ve AV ST N

crm e ome D o Endothelist cells (D) Heart-on-chip
|
H Dpiae = e
epithelial cells
> < i RRORR =
Brain-on-chip
) Skin layer [— (E) l wﬂ.}‘.ﬂ

£ I LRI L S ~Pncumatic | [ Kidney-on-chip

41 N channel

=§ \\ \ Intestinal epithelial cells

\\

" \ Porous membrane \ Vacuum ™ Vacuum

-E. ' ‘ Ekambex 'orous membraj chamber

§ C) Mothelial cells &w
Skin-on-chip /_,/_\Mm

Gut-on-chip
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ORGAN-ON-CHIPS (2/6)

Milestones in the development of organs-on-chips and experimental techniques

Organ-on-a-chip milestones  Experimental focus
. . . . 3D (Bio)Printing
* Miniaturized total analysis system
Scaling
* Cell patterning in microchannels
Dosing experiments; ADME-Tox

= Cell handling in microchannels ) .
Control of incubation parameters

* Cell culture in microchannels Surface modification for cell patterning

* Single OoC Mechanical and material cues
* Multiple OoCs Introduction of PDMS and soft lithography
= Spheroid/iPSC-derived OoC Cell seeding — good practice/cell lines, primary cells, iPSCs

* 30 cultures Microfluidic cell perfusion: pumping, media, etc.
Mixing and generation of gradients
Today Microfabrication of microchannels

* OoC for regenerative medicine Chip design

* QoC disease models DegiS -

» Personalized OoC models

Late
1980s 1990s 2000s 2010s 2020s
ADME-Tox, absorption, distribution, metabolism, excretion and toxicology; iPSC, induced pluripotent stem cell; _
PDMS, poly(dimethylsiloxane). Leung nature review (2022) 2:33
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Materials
PDM 510,315,‘)15

277317

Thermoplastics

3D printing resins®'#*¢

Glass**

Silic0n3}ll,3}12

ORGAN-ON-CHIPS (3/6)

Most common materials used for fabricating OoCs, their advantages and drawbacks and their main
purpose in OoC devices

Advantages
Gas-permeability
Optical transparency
Elasticity
Biocompatibility
Optical transparency
Mass production
Cost-effective

Low absorption

High mechanical and thermal properties
Low cost

Complexity and design freedom

Optical transparency
Inert

Biocompatibility

Low autofluorescence
Low absorption

Generation of high-resolution channels on the
nanoscale

OoC, organ-on-a-chip; PDMS, poly(dimethylsiloxane).

Drawbacks
Absorption of small molecules

Difficulty in mass production

Rigidity
Difficulty in producing complex
structures

Low permeability

Autofluorescence
Opacity

Toxicity

Low permeability
Surface roughness
Laborious fabrication
Fragile

Expensive

Laborious fabrication due to need
for clean-room facilities

Expensive

Experimental model
Disease modelling
Mechanical and chemical stimuli

Electrode patterning

Drug screening

Large-scale experimentations

3D design modelling

Rapid prototyping

Electrode patterning

On-chip sensors

Formation of diffusive barriers

Leung nature review (2022) 2:33
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C- Lab-on-chip
ORGAN-ON-CHIPS (3/6)

Experimental set-up for a generic two-organ system with supporting peripheral equipment

Leung nature review (2022) 2:33
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ORGAN-ON-CHIPS (4/6)

Schematic drawings of single-OoCs

Gut-on-chip for drug absorption - transport

Cell culture insert

Drugin
medium

|

Medium

15 mm——

E—

Well

Gut-on-a-chip device for drug absorption studies
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Apical
cnmparlmenl

............................................

~\ Drug \
/—Cell

h IO IR S I I A
5 k ——Collagen
\?—Membrane

Basolateral _/
compartment

Leung nature review (2022) 2:33
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C- Lab-on-chip
ORGAN-ON-CHIPS (4/6)

Schematic drawings of multiple -OoCs

Medium access Medium access
port A port B

Bottom gasket,
defines tissue
positions

Multi-OoC developed consisting of
several OoC compartments together in one device

Leung nature review (2022) 2:33
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C- Lab-on-chip

ORGAN'ON'CHIPS (5/6) Ac Offline measurement

of soluble analytes

Collecting biological results from OoC systems

Aa Integrated sensors

TEER
: e

|=ip.

= //
] g o Commercial biomarker assay kits
/_E

Cantilevers

Reservoir

$‘ C— J Ad Live-cell imaging

V OoC system -

Ab Online measurement
of soluble analytes 1

Leung nature review (2022) 2:33
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ORGAN-ON-CHIPS (6/6)

* Oo0Cs can represent a single tissue unit or multi-tissue units linked by microfluidic flow to
recapitulate complex physiological functions such as cancer metastasis, inflammation and infection.

 Oo0Cs are able to approximate one or few organ- level functions: barrier function of the lung,
contractile function of the heart or filtration in the kidney.

« 0Oo0C systems that are based on the use of IPSCs and organoids offer an unprecedented opportunity to
study patient diversity (racial and ethnic background, sex, age, state of health or disease) as a
biological variable, and to conduct patient-specific studies of the progression of disease and effects of
treatment.

« By using OoCs we can identify early-stage biomarkers, monitor disease progression and determine
optimal therapeutic treatment regimens in a personalized manner.

« 0Oo0Cs are poised to become broadly accepted in biological research, as they offer biologic fidelity
along with experimental control in human tissue settings

Leung nature review (2022) 2:33
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