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Materials & MethodsIntroduction Materials & MethodsIntroduction Materials & MethodsIntroduction

D iDesign targets:Design targets:
Aim of this project is to develop a versatile and highthroughputAim of this project is to develop a versatile and highthroughput

i d i t b l d i t di f l k ti h t i h � Simultaneus study of several shear stressmicrodevice, to be employed in studies of leukocytic chemotaxis, shear y
conditions in triplicate state

p y y
stress dependent. conditions, in triplicate state.stress dependent.

� Adjustable to have homogeneous or differentiatedCentral to the pathogenesis of many diseases, chronic inflammation can � Adjustable to have homogeneous or differentiated
h t diti i id th d i

Central to the pathogenesis of many diseases, chronic inflammation can
be viewed as a prototypic systemic disorder resulting from the shear-stress condition inside the device. 2.5mmbe viewed as a prototypic systemic disorder resulting from the
dysregulation of multiple higher order biological processes.

� Si lt i f l h t t
45mm 15mm

dysregulation of multiple higher order biological processes.
Chronic inflammatory diseases represent one of the greatest collective � Simultaneous comparison of several chemoactractans

LeukocytesLeukocytes SyringeSyringe pumppump
15mmChronic inflammatory diseases represent one of the greatest collective
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Glass chipGlass chip
SyringeSyringe pumppump
WithdrawingWithdrawingburden of suffering and economic cost in the developed world:

� Alternate infusion of several fluids (washing fluid
cellularcellular colturecolture

Glass�chipGlass�chip WithdrawingWithdrawingg p
� Alternate infusion of several fluids (washing fluid, 

h ' i f h i i fl cellular colture,fixing fluid)There's no curative treatment for any chronic inflammatory cellular colture,fixing fluid)y y
diseasedisease.

The microfluidic device is made of two main superimposable parts :Chronic inflammatory diseases comprise a eterogeneous group of The microfluidic device is made of two main superimposable parts :Chronic inflammatory diseases comprise a eterogeneous group of
di d ith l t d ti l i b t h d th i h idisorders with unrelated etiologies but shared pathogenic mechanisms.
A variety of “inputs” affect the recruitment and activation of immune Th t tA variety of inputs affect the recruitment and activation of immune
and inflammatory cells thereby amplifying and perpetuating the The top part:

Th b tt tand inflammatory cells, thereby amplifying and perpetuating the p p
includes three groups of three The bottom part:

inflammatory state. includes three groups of three
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includes wells interconnected byinflammatory state.

chambers: different resistive includes wells interconnected by
i h l h ll i ipathways are designed to distribute microchannels, each well containing apathways are designed to distribute

th fl t th t th l l f
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chemotactic reagent faces athe flow rate so that three levels of chemotactic reagent faces a
di h b i thshear-stress one for each group corresponding chamber in the uppershear stress, one for each group,

t d
p g pp

layer
Leukocyte extravasation follows complex patterns that are affected are generated. layer.
Leukocyte extravasation follows complex patterns that are affected 

b l i i l h
15 mm X 45 mm 15 mm X 50 mmby several microenvironmental cues, such as:
15 mm X 45 mm 15 mm X 50 mm y ,

Glass microfluidic device: top and bottom parts
� l ti d iti d di t ib ti f h tt t t

Glass microfluidic device: top and bottom parts.
� relative densities and distribution of chemoattractants
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Device Configuration Process of production
i l� adhesion receptor ligands p
inlet outlet

� integrity of the endothelium and the subendothelial matrix Borosilicate Glass� integrity of the endothelium and the subendothelial matrix Layer A1 CONNECTIONS
Borosilicate Glass

0 7 mmTOP 0.7�mmTOP
� local hemodynamic conditions imposing variable shear forces on the PART� local hemodynamic conditions imposing variable shear forces on the PART

extravasating leukocytes [Kucik 2003 and Cuvelier SL 2005] Layer A2 Test� Borosilicate Glassa a a g u o y [ u 003 a d u 005]
As shear stress stimulus Tw wall shear stress and Tm shear

Layer A2
CHAMBERS 0.7 mmAs shear-stress stimulus Tw, wall shear stress, and Tm, shear
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stress on the cellular membrane are involved in that phenomenon and Porous Membrane,�Policarbonate (Millipore ©).p
they are both due to the action of blood flow
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BOTTOMthey are both due to the action of blood flow.
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Actual shapeChemoactractantChemoactractant ChemoactractantChemoactractant
Powder blasting 70°

ChemoactractantChemoactractant
Powder blasting

process
70°

1 5
Thickness of the�chambers 50��m

process1.5mm
90 �mOthers Thickness 90��mOthers Thickness

3.5mm3.5mm

Minimize � outside the chambersCh iCh i H t t iH t t i Minimize �w outside the�chambersChemotaxisChemotaxis HaptotaxisHaptotaxis CapillaryCapillary wallwall

InflammatoryInflammatory responseresponse L k tL k t
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InflammatoryInflammatory responseresponse LeukocyteLeukocyte

Quiescent unstimulated leukocytes are round non-adherent cells whose spherical shape (attaining maximalQuiescent, unstimulated leukocytes are round, non adherent cells whose spherical shape (attaining maximal
volume with minimal surface) has evolved to ensure efficient circulation in the bloodstream Upon activation by avolume with minimal surface) has evolved to ensure efficient circulation in the bloodstream. Upon activation by a
chemoattractant, leukocytes rapidly (seconds to minutes) convert to a flattened, irregular shape, andchemoattractant, leukocytes rapidly (seconds to minutes) convert to a flattened, irregular shape, and
spread onto substrates or cells expressing adhesion receptor ligands .spread onto substrates or cells expressing adhesion receptor ligands .

RealReal Chip�Chip�schemescheme
FictitiousFictitious Chip�Chip�schemescheme

Groups of chambers �w highGroups of chambers
Commercial devices, available to investigate chemotactic adhesion and

w g

� di0 05<� <4 Pa ChamberChamber schemescheme (side)(side)Commercial devices, available to investigate chemotactic adhesion and
transmigration of cells are called Boyden chambers [Chen 2005] as the

�w medium0.05<�w<4�Pa ChamberChamber schemescheme (side)(side)
PorousPorous membranemembranetransmigration of cells, are called Boyden chambers [Chen 2005], as the � low ChemoactractantChemoactractant
PorousPorous membranemembraneShear stress�

name of the homonymous test. Device is based on a chamber of two
�w low ChemoactractantChemoactractant

on thename of the homonymous test. Device is based on a chamber of two
medium filled compartments separated by a microporous h

on�the�
bmedium-filled compartments separated by a microporous Group path membrane�

membrane; cells are placed in the upper compartment (under shear-free
p p

inside the Model of Shear Stress faced by cells on the membrane; p pp p (
conditions) and are allowed to migrate through the pores of the membrane

inside��the�
h b

Model of Shear Stress faced by cells on the membrane
conditions) and are allowed to migrate through the pores of the membrane

h l h h h h
chamber �Hp: plate and parallel surfaceinto the lower compartment, in which chemotactic agents are present. High L1 0 075 Pa w� Wall shear StressHp:�plate and�parallel surfacep , g p g

throughput devices exist integrating more than one hundred shear-free
L1 0.075�Pa

6
w

throughput devices exist, integrating more than one hundred shear-free
h b (N b ©) D i i t ti fl diti ll v���6 � Viscosity of fluid [Pa]chamber (Neuroprobe©). Devices integrating flow conditions are usually L2 2 Pa

vm�
�� 6 � Viscosity of fluid [Pa]�( p ) g g y

consists in a single chamber with one condition of shear stress
L2 2�Pa

sw� v M di l itconsists in a single chamber with one condition of shear stress.
(Gl t h©)

s vm Medium��velocity
(Glycotech©).

Q 667 L/ i �P 3 8 kP
L3 4�Pa �� � Faced by the cellQ = 667 �L/min, �P =3.8 kPa. s Thickness of the chambermax�� �w Faced by the�cellQ � , s Thickness of the�chamber
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Computational simulations for the design Experimental characterizationComputational simulations for the design Experimental characterizationComputational simulations for the design p

C t ti l fl id d i i l ti i d t t ti i th d i t i d t Experimental characterization of the different pathways inside the chipComputational fluid dynamics simulations were carried out to optimize the device geometry in order to: Experimental characterization of the different pathways inside the chip. p y p g y

d h t ti th ll i id tireduce shear-stress acting on the cells inside connections,g
Experimental characterization
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Experimental�characterization
minimize stagnation regions 14
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Experimental set up:Experimental set up:
Syringe pump 2200P Syringe pump 2200,

Glass Syringe HamiltonPP
Glass Syringe Hamilton , 
Honey pressure sensor

P
Honey pressure sensor. 

Hi h d2 9 Complete
High and 2.9

2D velocity profile: axial section of a chamber, view Complete Medium2D velocity profile: axial section of a chamber, view
from the side configuration

Medium  
Shear stressfrom the side configuration Shear stress 
parallel pathsparallel paths

E l ti f th h t ti l i d i id th h b th bEvaluation of the shear stress stimulus imposed inside the chambers, on the membrane
P PP P

4 [Pa]2 [Pa]0 075 [Pa] L4 [Pa]2  [Pa]0.075 [Pa] Low Chambers
0 4 4 [Pa] Shear Stress0  4.4 [Pa] Shear Stress 

path�w medium�w low �w high path
w�w low w g

l lCritical location: 
Shear Stress on theShear Stress on the 

b th thmembrane > than the 
stimulus (+ 5%)stimulus (+ 5%)

Polimeric gasket (testing)Polimeric gasket (testing)

Policarbonate membrane inside aPolicarbonate membrane inside a 
chambe po es �8 mchamber : pores �8 �m

Q = 1.28· mm^3/s Q 2 56 ^3/ In the 90% of the chamber
Q = 4.66·10^-2 mm^3/s

Q  1.28  mm 3/s Q = 2.56 mm^3/s In the 90% of the chamber
section the velocity profile issection the velocity profile is

Shear stress on the membrane is homogenues for a wide part of the lenght ( x direction) of each chamber flat: floating cells face anShear stress on the membrane is homogenues for a wide part of the lenght ( x direction) of each chamber. flat: floating cells face an
homogeneus wall shearAs regard to the the width (z direction), the shear stress is homogeneus for the central area ( 95 % of the homogeneus wall shearAs regard to the the width (z direction), the shear stress is homogeneus for the central area ( 95 % of the 

width) stress stimuluswidth) st ess st u us

Evaluation of the shear stress stimulus inside connections between the inlets and the testEvaluation of the shear stress stimulus inside connections, between the inlets and the test 
chamberschambers
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MicroPiv analyses:chambers MicroPiv analyses:

Tracking of fluorescent particles excited by means of Laser light
chambers

Tracking of fluorescent particles ,excited by means of Laser light.
Velocity vectors to compose the velocity profile are figured out in the medium�w max 0 075 [P ] �w max <2 [Pa] �w max <4 [Pa] Velocity vectors to compose the velocity profile are figured out in the medium 

l i id h b
�w max<0.075 [Pa] �w max <2 [Pa] �w max <4 [Pa]

( ti l i th h b ) plane inside a chamber:
[ ]

(stimulus in the chamber) (stimulus in the chamber) (stimulus in the chamber) p
TSI corporation – Laser Dual Yag � 1μ � particles – Niquyst algorithm

(stimulus in the chamber) (stimulus in the chamber) ( )
TSI�corporation�– Laser�Dual Yag,�� 1μ�� particles – Niquyst algorithm.


