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* Motivations

* Microfluidics

* Biosensing

* Development tools & Facilities
* A BAW microfluidic chip

* A nano EGO-FET biosensor
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MOTIVATIONS
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Motivations: Personalized medicine

3D cells cultures
@ Bioprinting
®
P

Matrix +

Patients’

J

= ©
@ (& cells ) o
Neurological disorders OO0 @ Microfluidic
~ _
( B
Regenerative medicine
- Y

Scaffold, Tissues & Organs in silico

It—fa b Italian Network for NANO'NNOVAT'ON 2020 5
Micro and Nano Fabrication




Motivations: health / food / environmental monitoring
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Motivations: Liquid Biopsy approach

Tool for diagnosis, prognosis, prediction of responce to
therapy

* TEPs tumor encapsulated platelets
* ctDNA circulating tumor DNA
* CTCs circulating tumor cells

* EVs extracellular vesicles
Advantages
Repeated sampling
Reflectation of the complete molecular status of disease

Bracht et al.; Current Oncology Reports (2018)

Paper on NON-SMALL CELL LUNG CANCER

TEPs and ctDNA have potential in disease monitoring and can
indicate acquired resistance much earlier

than radiography disease progression

Diagnostic
Prognostic
Predictive

Resistance
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Motivations: Liquid Biopsy approach

Sources of cargo Biogenesis EV size classes Size range . .
\ * Exosomes are heterogeneous, nanoscale vesicles that mediate
Plasma qembrane T cellular communication
| Exomer ~38am * EV are promoters of cancer progression: 1. transfer of active
I biomolecules to the tumour environment; 2. functional role of
Cytoplasm ® Exo-S 60-80nm . . . . . C s
» | their cargo in sorting disease progression; 3. inhibition of EV
| ¥ £ Exo-L 90-120nm secretion or biogenesis correlated with the drug resistance
\ & ,(’ — development
\ WB * EV heterogeneity is not only defined by variation in size but
Early endosome @ Vicovesice 1000 nm also by variation in cargo between and within each size class
—

* Exomeres and exosomes have different biogenesis, different

| ) Exophers ~4pm cargo and different biodistribution
) ~) =

*  Whereas the biogenesis of exosomes is relatively well
_ defined, biogenesis of larger vesicles and exomeres is
Endoplasmic
retculum currently unknown
| Lemeoncosome 10 pj Vizio Nat. Cell. Biol. 2018

Migrasome 21pm

Pt Gate

v

outlet * Tarabella, Giuseppe, Balducci, Anna Giulia, Coppede, Nicola,
Marasso, Simone, D'Angelo, Pasquale, Barbieri, Stefano, Cocuzza,
Matteo, Colombo, Paolo, Sonvico, Fabio, Mosca, Roberto, lannotta,
Salvatore. Liposome sensing and monitoring by organic
electrochemical transistors integrated in microfluidics. Biochim.
Biophys. Acta 2013, 1830, 4374-80.

Biomarkers detection on fluidic
integrated biosensors
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MICROFLUIDICS
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Microfluidics

Lab on a Chip

reagent supply

filter
splitting

dry reagent storage
reaction/ vahves
/ incubation
liquid reagent storage
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Microfluidics

el
c
o
-
3
= Industrial &
a Analytical  |Clinical & Veterinary Pharmaceutical
% Drug Delivery Device Diagnostics Point Of Care Em:;tmem SoTIEE Microreaction
Functions
amamaemeana -
Dispensing !

Micro analysis devices

Chemical & biological
Synthesis
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Microfluidics

Re=|

» surface forces are dominant;
 diffusion driven system;

* the flow is in laminar regime;

* viscosity of fluids are important.

Reference: Van Dyke, Albwm of Finid Motion
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Microfluidics

Materials: . | D 263

Silicon micromachining B 270

« Integrated circuits > . =
Transport electron Glass :

*  Microfluidics = L s
Transport molecules Fused silica
and fluids —

Plastic micromachining Silicon

 Stamp and mold

* Microcutting PMMA
* Laser machining coc
* Microelectro discharge
. PDMS
machining —
. PTFE

Su-8

..

<

Laminting
Polymer =
coP
. | PEEK
R e |
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BIOSENSING
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Biosensors and Biosensing

Biorecegaon Transducer Elctronics Display
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Food Quality * Selectivity
el  Reproducibility
* Stability

* Linearity

Essays Biochem. 2016 Jun 30; 60(1): 1-8.
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Biosensing basic approach

e Definition of target biomarker

¢ Definition of possible reactions for target detection (redox,
affinity reaction, etc.)

® Choose of appropriate device (EGOFET, etc.)

* Design of bio-interface (surface nanostructuration / Selectivity _
Sensor functionalization / blocking) e sdlction Biosensor
Design e Device design

e Technological processing

_ ¢ Basic characterizations
HELIEEWA o Biodetection experiments Measurements

integration

Fabrication
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Biosensing

AN . -
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Biosensing

Selectivity by antigen - antibody
recognition

. o

Bo{chemical) signal
COMVErsion

Transducer Transducer Transducer

Transistor based
Electrochemical based

I\V curve
DPV - CV- EIS

Drain current (uA)
NS

Current/pA

§ & 8 8 . v 8§ &

o2
n

Top gate voltage (V) Potential/V
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Biosensing

. Technologies Measurement Setup
Devices . . Target L.O.D
Materials Processes / Tecnhique
TNFa [3] 100 pM
- source meter . .
Pentacene or P3HT channel - spin-coating - probe station C-reactive protein [4] 2
Egofet / Gfet . . . .
Au or Pt gate - photolithography - syringe pump interleukin-4 [14] 5nM
-CvD
v DNA and CTCs [15] 0,4pMiand'100
cells/pl

- e-beam evaporator

A LS - potentiostat
- Inkjet printing

cell-derived micropar- ticle

Impedance-based Silicon/Polymer microfluidic - EIS software . 10 MP/ pL
uflow device and Au electrodes - syringe pump (MP) biomarkers [16], [17]
Porous graphene + metal oxide -electrospinning
nanostructures -e-beam evaporation
Micro Electrodes metal electrode + -electrodeposition Uric acid [6] 745 nM
carbon/metal oxide -CVD
nanostructures -photolitography
- Differential pulse voltammetry
i (DPV) DNA hybridization [7] 11 fM
GrapheneG/(gI:Eaphggg e - 0 oy o e e s - Electrochemical Impedance
on or e P glucose (enzimeless sensor)
+ metal/metal oxide , Spectroscopy 8] 0,01 uM
- drop casting
nanostructures (EIS) o
- cyclic voltammetry (CV) Uric acid E) 312nM
Macro Electrodes - potentiostat
potentiosta glucose (enzimeless sensor) 250 nM
Laser induced graphene - Laser induced graphene on [10]
+ metal/metal oxide kapton
nanostructures - electrodeposition thrombin [11] 1 pM (in PBS)

5 pM (in serum)
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T
DEVELOPMENT TOOLS & FACILITIES
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How to develop a microsystem: combine expertise, tools and facilities

: I‘ \
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CAD tools

Computer aid design (CAD)
Main issues:

e vector-based graphics

-!%ié/  QCAD.org

Rhlnoceros 7

Rhinoc DAY

Solid\Works

* Snap functions

* multi layers design
* simple and complex geometries

* use of 2D — 3D Cartesian coordinates

* simple function to move or copy object

* Boolean operation
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CAD tools

Computer aid design (CAD) y /

Main issues:

vector-based graphics

Snap functions Rhinoceros )

multi layers design

Solid\Works

simple and complex geometries
use of 2D — 3D Cartesian coordinates
simple function to move or copy object

Boolean operation
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Simulations tools

Finite elements simulation
Main issues:
* a numerical technique

e approximate solutions to boundary
value problems for partial
differential equations multi layers
design

* Discretize and Select the Element
Types (1D - 2D — 3D)

* Multiphysics features

Yo COMSOL
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Simulations tools

Finite elements simulation

Main issues:

* a numerical technique

A 10139x10%
)tH:4

10

e approximate solutions to boundary
value problems for partial
differential equations multi layers
design

* Discretize and Select the Element
Types (1D - 2D — 3D)

* Multiphysics features

4

NWCOMSOL  w .1.2288%10"
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Mask design

Layout editor

Feature on
ks

Main issues: N ovany—
Design Rule

Feature on
Mask 2

e vector-based graphics

e area design rules

» Hierarchical structures W

 use of layers and arrays
* Dark / Bright field

* simple function to move or copy object/

* Boolean operation
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Align through a bright field target,

It-fab s
d N Fabrication

Align through a dark field target,
field of view is blocked
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Cleanroom facility
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Characterizations facility

Alpha-SNOM

Naroprobe

SHOM modules "
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Process flow development and customized setup

v’ Set-up of different technological processes and fabrication of MEMS, microfluidics and microstructures (cantilevers, microbridges, membranes, ...)
through Bulk Micromachining, Surface Micromachining and LIGA-like Micromachinin

v Engineering & fully automated customised
solutions
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A BAW MICROFLUIDIC CHIP
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A BAW microfluidic Chip

State of the art

A W bees
ss ¥
b}

o s S

0w wve e -
Petersson F., Nilsson A., Holm C., Jonsson H., Laurell T., Separation of lipids from
blood utilizing ultrasonic standing waves in microfluidic channels. Analyst, 2004,
129, 938-943.
ShiJ., Huang H., Strattin Z., Huang Y., Jun Huang T., Continuous particle
separation in a microfluidic channel via standing surface acoustic waves (SSAW).
Lab on a Chip, 2009, 9, 3354-3359.
Franke T., Abate A. R., Weitz D. A., Wixforth A., Surface acoustic wave (SAW)
directed droplet flow in microfluidics for PDMS devices. Lab on a Chip, 2009, 9,
2625-2627.
Wu Mengxi, Ouyang Y., Wang Z., Zhang R., Huang P., Chen C., Li H., Li P., Quinn
D., Dao M., Suresh S., Sadovsky Y., Huang T.J., Isolation of exosomes from whole
blood by integrating acoustics and microfluidics. PNAS, 2017, 14, 10584-10589.
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A BAW microfluidic Chip

Bulk Acoustic Wave Device design

Frequency [MHz] W [mm] Wchannel [tm] h [um] with AR = 0.5

4 1.25 190 95

VAR 700 ?\ 7.00
00 a ‘-—-—-:g;
w

84 60

1785

S A

lt-fab o
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A BAW microfluidic Chip

Process Flow

. Cleaning

Photoresist Spin Coating
Photoresist Develop

. Buffer Oxide Etching

Deep Reactive lon Etching
Buffer Oxide Etching

. Inlet and Outlet Laser Etching
. Anodic Bonding

il

H.

ITOTMOUO® >

Silicon
Silicon Thermal Oxide

AZ1518

Pyrex
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A BAW microfluidic Chip

Device Characterization

» CAD MEASURE » OBTAINED MEASURE

Channel width: 190 um || Channel width: 200 pm
Channel height: 95 um || Channel height: 84,5 um
Wall width: 530 um Wall width: 495 pm

Top: SEM image — zoom cross section

BAW channel
Bottom: SEM image cross section BAW
channel
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A BAW microfluidic Chip

Set-up focusing experiment

Piezoelectric plate PI
CuNi 4MHz, 20x20
mm

Waveform Generator
Agilent 33220A

T EEEEEE
) EEEEEE C

Syringe Pump
Harvard
Apparatus

Power Amplifier
E&I Ldt. 2Z100L
10kHz-12MHz, 100W

..

Tete ‘K g

teatel a?'

#E

S
-

.

Dummv load terminator Nikon Eclipse Ti-E Inverted
It'fa b Atr0 and Nane Pabrication E};OQ, 100W NANOINNOVATION 2020 Microscope
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A BAW microfluidic Chip

Focusing characterization Experiment 1

BAW experiment settings

frequency, type of signal, applied voltage, particles
» Variable values: particles’ concentration, flow rate

Variable values

Concentrat Flow
Frequency AV : ion rate
MHz]  [v] Bedads'type [particles/ [uL/min
mL] ]
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A nano- EGO-FET BIOSENSOR
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EGO-FET BIOSENSOR

Potential variations in the electrical double layer o o cation 2
® Vates ecule *® Tl
at gate electrode/electrolyte or g: ® o ,Mgl ® o 3
channel/electrolyte interfaces shift the threshold ? 8> o ¥ = $ 5
. . . B g ® &
voltage of the device, thus modulating the drain o &
hed Nifusion ul wffusion
current. W Tt skailon | loyer R
W
Vin < Yy, Ysc ] I . -
Organic semiconductor /graphene
w Gate electrode
lgs = T.UCDL (Vgs = Vin)Vas Ipst
AA o -
Source Drain
Ips time

W = channel width

L = channel length 7
W = charge carrier mobility // .

Cp, = electrical double layer capacitance
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A nano- EGO-FET BIOSENSOR

Material: Organic semiconductor

160

* Poly(3-hexylthiophene-2,5-diyl) (P3HT): . A
HZ! 120 | 4

1 cm?

— high carrier mobility (4 = 107" ~~

~ Mw =37kDa o %
/ \ Il |

— regioregularity > 96%. " ot |

100

Intensity (c/s)

20 - o states n states

T T T T T
20 15 10 5 0 5
Binding Energy (eV)

246 nm [AEES R e 4.55 nm
* Solvent 1,2-dichlorobenzene (oDCB) - 4.00
* Boiling point =180 °C 350
* P3HT solubility = 15 mg/ml 150 3.00
 Favour T — r* stacking of polymer 100 290
backbones [2] 2.00
5.0 1.50
0.0 R SR R 2ty 0.77
P3HT - toluene P3HT - oDCB

[2] M. Parmeggiani et al., “P3HT Processing Study for In-Liquid EGOFET Biosensors: Effects of the Solvent and the Surface,” Sensors, vol. 19, no. 20, p. 4497, Oct. 2019.
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A nano- EGO-FET BIOSENSOR

Device fabrication

1. Au microwire fabrication

2. Source/drain electrode passivation

3. Electromigration by induced break

— e-beam evaporation Ti/Au

(10nm/100nm)
— UV photolithography
— Metal etching

— Polyimide spin coating
— UV photolithography
— Development

junction

It-fab

Italian Network for
cro and Nano Fabrication

Au R
|

Passivation
/ \

Au

TI

NANOINNOVATION 2020

B cold
Passivation

B cold

EB Passivation

Nanogap, Ti residues may be
present due to adhesion layer
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A nano- EGO-FET BIOSENSOR

Device fabrication

80+ _//’\Iq

60 -

40 -

Current (mA)

20+

100 105 110 115 120
Voltage (V)
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A nano- EGO-FET BIOSENSOR

Device fabrication

3. Electromigration Au Au

: s T
SiO,
50 T T T T
- 40| —bare nanogap pre-RTA

—— bare nanogap post-RTA
301 —— P3HT
. . —~ 20
4. Titanum oxidation T 0l
— Rapid thermal annealing in 02 Au Au Ti = 0.
at 300 °C for 20 minutes . 10.
TiO,
-20-
-304— . . : :
10 -05 05 1.0

0.0
V (V)
5. P3HT deposition P3HT
— Spin coating P3HT 2.5mg/ml in Au Ti
oDCB, 2000 rpm for 30 s

— Bake 1h 75 °C under vacuum TiO,
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A nano- EGO-FET BIOSENSOR

Device characterization

* Transfer and output curves measured in
DI H,0 with a leak-free Ag/AgCl electrode

— Hysteresis most probably due to trap
states at P3HT/electrolyte interface

— high leakage current may be due to

small portions of Au electrodes
directly exposed to water

I t—fa b Italian Network for
Micro and Nano Fabrication

lys (NA)

lgs (NA)

-3501 o
——V, =-100 mV
-3001 -80 —vzs =-200 mV i
-250 1 —— Vg =-300 mV
200 = 60— v, =-400 mv .
£ —V,
-150 - 8 -40{ Vg =-600 mV .
-100 -
-50- -20 1 _
0+ 04 J
50 T T T T T T T T T T . .
02 00 -02 -04 -06 -08 -1.0 -1.2 00 -02 -04 -06 -08 -1.0
Vg,S V) Vg (V)
T T T T T T -1 00
-350 .
-300 -804 |
-250 1
-200- z 0 ]
£
150 2 404 1
-100 1
-50 4 -20+ _
04 0+ L
50 T T T T T T T T T I' i T I
02 00 -02 -04 -06 -08 -1.0 -1.2 00 -02 -04 -06 -08 -1.0

Vgs (V)
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CONCLUSION

* Biosensors and LOCs are devices high impact devices

* Micro-nano for bio mostly at research and R&D level

* Development tools & Facilities are fundamental and complex
* Expertise in different field are needed
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Quesnons

Thank you for your attention!

E-mail: simone.marasso@polito.it

Chilab - Materials and Microsystems Laboratory, DISAT, Politecnico di Torino, Chivasso (Turin), Italy
IMEM, c/o Dipartimento di Scienza Applicata e Tecnologia, Politecnico di Torino, Corso Duca degli
Abruzzi 24, 10129, Torino
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