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Abstract

Organs on chips are a novel set of devices whose aim is to mimic cellular in-vivo conditions of
the human physiology within a microchip. The need of reliable disease models, particularly
for the development of pharmaceutical drugs, has drawn increased attention as the current
widespread models; static cell cultures and animal tests, have proven poor predictability,
are costly and are increasingly ethically problematic. By providing physiologically relevant
bio-chemical, mechanical and other relevant cues to the cells cultured, these in-vitro 'organs’
develop similar characteristics to those observed in their in-vivo counterparts. To achieve this,
these chips are carefully designed and fabricated with various micro-fabrication technologies,
in particular soft-lithography, due to its extensive use for microfluidic devices and materials’
proven biological compatibility. However, standard soft-lithography presents major drawbacks
as a platform for mass-scale fabrication of complex devices, in particular the extensive use of
manual processing which makes it un-reliable and promotes break of thin substrates. At the
Eindhoven University of Technology, an Organ-on-chip is being developed to study cancer
cell dissemination; cancer metastasis, and several design features have been identified. In
particular, the need of a thin micro-porous substrate that allows multiple-cells to be cultured
in close contact, bio-chemical and mechanical stimuli, and migration of cells through this
layer. Though several soft-lithographic techniques have been reported for the fabrication of
similar thin porous films, the manual handling problem has been assessed to be the major
technical bottle-neck.

In this thesis, a fabrication method based on soft-lithography was designed to make thin
micro-porous elastomeric membranes and a brief evaluation of their characteristics to be used
for a Cancer-on-Chip was done. By integrating a selective sacrificial layer approach in the
soft-lithographic molding process of the membrane, we have addressed the manual handling
problem. This enabled us to fabricate large area thin PDMS membranes with micro-pores of
7 pm to 10 pm diameter. The membranes were successfully integrated in micro-fluidic devices
and tested for reliability, robustness and porosity by mass transport experiments. Validation
for its compatibility for cancer cell culturing was done by seeding breast cancer cells and
observing their adhesion on and migration through the membrane.
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Chapter 1

Introduction

Traditional in-vitro cell cultures and animal models have been throughly used to study cell
function, diseases and are used as disease models to assess drug efficacy. Unfortunately, ev-
ery time more it has been shown that their predictive effectiveness is limited and that these
heavily fail to provide a correct assessment of possible side-effects [1]. On one hand, typical
in-vitro cell cultures consisting of static cell and medium assays used are rough simplifications
of the in-vivo physiology. Furthermore, cells seeded in these assay do not behave nor have the
same characteristics as in-vivo. Evidence points that the lack of providing cells with physi-
ological relevant cues and an appropriate micro-environment; such as dynamic bio-chemical
and mechanical stimuli, is associated to these differences [2]. On the other hand, animal
models are able to reproduce some key physiological features which enhance their prediction
of complex and systematic system behavior. Nevertheless, crucial differences between animal
to human physiology make this still fail to account for possible fatal variations associated
to side and long-term effects in humans. Together with increasingly ethical concerns [3] and
their high cost [1, 2], while offering little controllability and methods to assess progression,
has spawn a fervent need to consider alternative disease models.

1-1 Organ-on-Chip

Organ-on-Chip (OoC) is a novel cell culture platform that intends to overcome the limitations
of the traditional methods by mimicking essential human organs and tissues by seeding cells
in specially designed devices that simulate particular micro-environments in the human body.
Inside these, individual or multiple types of human cells can be cultured and stimulated with
well controlled biochemical and mechanical cues, thus resembling in-vivo micro-environment
conditions [4]. Providing these cues to cells has been observed to help them organize and
respond similarly as they would normally in-vivo, and in this way healthy and disease scenarios
and functions of tissues can be studied and used to test the effects of potential therapeutic
drugs.

Microfluidic chips; most commonly made in an elastic, transparent and inert silicone elas-
tomer called polydimethylsiloxane (PDMS), have been proven particularly suitable to host
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2 Introduction

cell cultures while maintaining fluid bio-chemical environments that can be fashioned in simi-
lar size-ranges as in-vivo micro-environments. PDMS microfluidic devices, commonly made by
a molding technique called soft-lithography; in which the liquid pre-polymer is poured onto a
negative mold, cured and then peeled, have the advantage of being fabricated in a straightfor-
ward manner, relatively cheap and need of little specialized equipment in an out-of-cleanroom
environment.

The Lung-on-chip; developed at Wyss Institute at Harvard [2], is an example of a device fully
made in PDMS by standard soft-lithographic techniques. This device comprises fluid and
pneumatic channels for bio-chemical and mechanical stimulation while allowing co-culture
of lung and endothelial cells in close contact. A porous PDMS membrane separating two
fluid channels is used as a compartmentalizing substrate for the co-culture, on one side the
lung cells are seeded and in the other the endothelial cells. This membrane has holes that
allow direct contact of cells but also possible diffusion of species from one channel to the
other. Additionally the high compliance of the substrate allows it to be cyclically stretched
and therefore provide mechanical stimulation to the attached cells. On the other hand, other
organs-on-chips require specialized micro-fabrication techniques to have the features needed
for their intended functionality. The Cytostretch (Heart-on-chip) developed in collaboration
between TU Delft and Philips Research [5], is an example of such a device. This device is an
stretchable micro-electrode-array (SMEA) in which electrode tracks are embedded in a PDMS
film. Cardiac cells seeded on the film are stimulated via pneumatic inflation of the film while
conducting electrical characterization of cell activity. Though different designs and function-
alities are needed for each ’organ’ chip, most have in common the need of a suitable substrate
to allow bio-chemical stimulation and direct communication between compartmentalized cell
types which make up for the basic functional units of organs.

1-1-1 Cancer-on-Chip

Metastasis, which is the invasion of cancerigenous cells from a primary solid tumor to sec-
ondary sites in distant and near organs in the body is the leading; 90% [6], cause of death from
cancer [7]. A solid tumor in itself is a complex and heterogeneous micro-environment hosting
tumor cells between others. Much like an organ, this micro-environment provides tumor cells
with biochemical and mechanical stimulation which is hypothesized to promote tumor cells to
become cancerous and furthermore activate cancer metastasis [8]. Cancer progression towards
metastasis is a complex stepwise interplay of many factors within and out of the tumor such
as the invasion of different types of cells (e.g. various kinds of white blood cells) and perme-
ation of soluble factors (e.g. oxygen) into the tumor mass via the permeating blood vessels.
And though many discrete cellular processes have been identified in metastasis progression,
it is widely unknown which specific factors and conditions trigger it [9]. The development
of an Organ-on-Chip model is therefore of particular interest for its capability to replicate
the tumor micro-environment and study the activation factors in the micro-environment that
lead towards metastasis.

Such a device, a Cancer-on-Chip, is in development at the Eindhoven University of Technol-
ogy (TU/e) in the form of a multi-chamber microfluidic device. The conceptualized device,
depicted in Figure 1-1a, enables the study of metastasis by recreating a primary tumor site
and the process of cancer cells migrating from here through the blood stream, invading an
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1-2 Scope and organization of this thesis 3

organ and creating a secondary tumor, i.e. a metastatic site. Both the primary tumor and
the metastatic site are conceived as a co-culture of tumor or organ cells and endothelial cells
(representing the blood-vessel lining) separated by a porous membrane. In the primary tu-
mor site, where transition towards cancer and invasion to the blood-vessel occurs, the porous
membrane is the most important feature of the device (Figure 1-1b). While it serves as a
substrate for 3D culture of cancer cells and a 2D cell mono-layer of endothelial cells, it also
allows bio-chemical stimulation of the cancer cells; by allowing species transport through its
pores, and possible relevant mechanical stimulation; for example by applying cyclic stretch of
the cells attached, to trigger metastatic progression.

a)

metastatic site

flow direction

porous PDMS membrane

Figure 1-1: (a) Conceptualization of a Cancer-on-Chip microfluidic device to study cancer
metastasis. (b) Co-culture of 3D tumor cells and a 2D endothelial cell monolayer separated by
a porous membrane. The design of the device is able to exert fluid and mechanical stimulation
to promote migration of the tumor cells into the lower blood-stream channel. A porous PDMS
membrane is conceived as a suitable substrate to provide the necessary stimulation while allowing
cell compartmentalization, communication and migration. Images from 'Cancer metastasis on a
chip’, associated literature [3].

1-2 Scope and organization of this thesis

The goal of this thesis project was to fabricate and characterize a thin microporous PDMS
membrane to act as a suitable substrate for the proposed Cancer-on-Chip device.

The particular objectives and guidelines to reach the project goal can be summarized as:
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4 Introduction

1. Develop a fabrication process that is repeatable and accessible with standard soft-
lithographic techniques.

2. Assess the membranes’ integrability into a micro-fluidic device and test its characteris-
tics to act as a permeable barrier to fluid flow.

3. Assess the membranes’ suitability as a substrate for a co-culture of cancer cells and a
second cell type to test adhesion and migratory ability of cancer cells through it.

1-2-1 Organization of this thesis

The main chapters of this thesis; chapter II Background, chapter III Experimental, chapter
IV Results and Discussion, and chapter V Conclusion, have been organized and are presented
in the form of a publishable paper. We have decided to present the work and results of the
developed methodology in this form as we believe that this technique is novel from what
has been previously presented in the literature, and since adaptations or direct use of it
could represent a technical contribution for the development of the field of soft-lithographic
micro-fabrication.

In chapter II, an overview of micro-fabrication techniques and technologies for the fabrica-
tion of porous elastomeric membranes is given. The main trends are discussed and also the
disadvantages of using standard soft-lithography.

In chapter III, the experimental methodology developed for fabrication of membranes is ex-
plained. Also, the micro-fluidic setup used for its characterization is described as well as the
set in which the membranes were incorporated for relevant cell experiments.

Chapter IV presents the results obtained from analyzing the fabricated membranes by SEM
imaging, fluidic characterization and cell experiments. Additionally, a discussion on the ob-
served results and their relationship with the manufacturing process is given.

The final chapter of this paper, chapter V, gives a conclusion of the developed process, the
membranes produced with it, and the characterization methodologies used for analyzing the
membranes’ properties.

To complement this work, a set of appendices is given to cover in detail: the fabrication pro-
cedure used (Appendix A), a troubleshooting section of the fabrication procedure (Appendix
B), a detailed explanation of the analysis procedure for the SEM and fluid characterization
results (Appendices C & D), a detailed section of the physiological background on cancer and
practical considerations for cell culturing (Appendix E) that led to the cell characterization
experiments (Appendix F).
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A novel fabrication method for thin microporous
elastomeric membranes introducing selective
sacrificial layers in soft lithography

Jose M. Rosa%, Tom van Gijsef, Anja van de Stolp&,Ronald Dekkef and Jaap M.J. den
Toonder®

—The integration of thin (~10um) micro-porous membranes
in microfluidic devices has been of recent interessince these
are central for use in mass transport applicationsand more
recently in biological assays. One particular exanlp are
Organ-on-chip (OoC) platforms, in which membranes srve as
supports for cell culture while allowing for complex mechanical
and bio-chemical stimuli to be applied. Polydimethigiloxane
(PDMS) membranes are of particular interest for thér
advantageous mechanical, chemical and optical propes.
Reported micro-fabrication approaches to make thinporous
PDMS membranes range from expensive methods thatvnlve
a combination of dry etching and spin-coating andhat require
an expensive infrastructure, to soft lithography aproaches
using spin-coating and cast-molding that are lesostly and are
therefore more widely accessible to researchers. €hlatter
methods, however, generally show poor reproducibily that
can be mostly attributed to manual handling proceduves
inherent to soft-lithography. In this paper we desdbe a
straightforward and repeatable method to mold and tansfer

thin  micro-porous PDMS membranes by extending
conventional soft-lithographic techniques. Two spéfic
sacrificial layers are introduced that can be seldively

removed; one on a mold with SU-8 micro-features tha
eventually define the pores of the membrane, and ather on a
thick PDMS slab acting as a carrier substrate. A PMS film

with through pores is made by pressing uncured PDMSn

between. Once the thin film is cured, it can firstbe released
from the mold and then from the carrier substrate ty
subsequent immersion in acetone and water. This ntedd for
de-molding and transfer decreases manual handlingthus
avoids breaking, tearing and self-folding of the mmbrane;

additionally, it circumvents the use of expensiveqaipment and
toxic materials such as solvents that could comproise their
use in bio-assays. To test the mechanical robustisessealing
and porosity of the membranes made by this method avhave
integrated these in a criss-cross microfluidic deee and
evaluated forced advective flow through the membras.
Additionally, to test bio-compatibility we have integrated our
membrane in a chemotactic cell assay to evaluateropatibility

with cell culture as well as the migration of cellshrough the
pores.

II. BACKGROUND
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+ Electronic supplementary information (ESI) avaiab Detailed
fabrication process, fabrication troubleshootingd acharacterization
analysis and methodolog

of commercially available membranes made of
thermoplastics or because of the need to use chdle-art
processes and expensive equipment to fabricate raeed
of other materials.

Two major approaches are normally followed for
integrating membranes into microfluidic devicesmedy
one in which (ready-made) membranes are integrated
the device, and the other in which the membrane is
fabricated together with the device [1]. The fiiategration
of commercially available polycarbonate (PC) and
polyethylene terephthalate (PET) track etched mendsra
has been widely applied for use in biological asséyough
it is often reported that the integration of thesembranes
in a micro-fluidic device is difficult and results problems
such as leakage [1] and poor bonding [2]. MoredkierPC
and PET properties sometimes are limiting, as their
translucency limits optical microscopy, and thefatively
high elastic modulus (~GPa) limits their use asegmanical
actuator [1]. To alleviate these disadvantagesethas been
a recent interest in fabricating and integratingn th
microporous films of polydimethylsiloxane (PDMS) in
microfluidic devices. PDMS is a silicone elastomgdrich is
highly compliant (with an elastic modulus of 1-3 MB]),
optically transparent (in the wavelength range 24@&hm
[4]), and it can be reversibly or irreversibly bewadto
silicon, glass, or PDMS hence avoiding overall bk

EMBRANES are used for a variety of purposes rangingnen integrated in microfluidic devices [1]. Funtimere,

from particle separators to flexible substratesdelt

PDMS is attractive for its compatibility with biajccal

assays or scaffolds [1]. Though many papers haygaterials, for example in cell culture assays, doe
concentrated on the use of membranes for mlcroa‘,lwdproperties such biological inertness and high oryge

devices, relatively little diverse applications Babeen
explored, probably because of either, processimgdtions

Jose Manuel Rosas Escobar

permeability. Microporous PDMS membranes can bel use
as substrates for cell assays in novel bio platscamOrgan-
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on-a-chip (OoC) where they can act as interfacé#wdsn photoresist has also been proven to be a usefublsol
different cells in co-culture, while still allowingpr (cell) masking layer for PDMS dry etching by reducing ptsor
communication and transport of matter through thadhesion to PDMS by applying an @lasma treatment [7].
membrane [5,6]. Other sacrificial layers have been recently exmlpr:
PDMS membrane fabrication has been reported in th@yrticular polyacrylamide (PAA), Dextran and polyyi
literature by two different fabrication approacheéSne aicohol (PVA) [16,17], which are soluble in watdihese
approach makes use of standard micro-fabricatiqfaterials possess also processing advantagesyasahde
techniques such as direct etching, and the othes ssft- gspin coated, and can be released in DI water at low
lithographic  techniques relying on molding. Whiletemperatures; this makes them attractive for combiwith
membrane fabrication by anisotropic dry etching 4@F2  sensitive materials and for processing devicedioogical
or SF6:02 mixtures with etch rates of mag.8um - min~?) applications.
has been previously shown [7, 8], these processes a |n this paper, we present an easy-to-implement odeth
technology restrictive as they require expensiveigent mold and transfer well-defined thin microporous P®M
as well as laborious process tweaking. Alternajivéin membranes using selective sacrificial layers that be
porous membranes have been realized by spin coetingspin-coated. Our approach reduces failure by tgagn
stamping PDMS films over a substrate with microstop preaking since manual handling is minimized. Noandaus
features defining the pores and subsequent cumdgde- etching chemicals are necessary since only acetmue
molding. For spin-coating, PDMS is commonly diluteth  water are used for the release. Our molding ancsfea
a suitable solvent, e.g. hexane or toluene, toedser its technique enables high resolution of through-festug
viscosity and therefore achieve thin Iay_ers,. tylbrctinner 7um) in thin (=10 um) PDMS layers while allowingda
than fum [9, 10, 11]. However, three major issues havéibege, defect free fabrication and transfer to PDMSed
observed ~with the spin-coating approach.  FirSiicrofiuidic devices(~3 cnf). As proof of their general

hydrodynamically induced defects can be introducethe  5ppjication we have integrated the membranes imiss-c
thin film due to interaction between the wettingW®W®layer  -1qss microfluidic device to characterize transpoft

and the geometrical features on the substrate §tjondly, aterial through the membranes and we have asstisied
when spin-coated, PDMS tends to create an ultraigyier bio-compatibility in a cell-migration setup.
on top of the features which eventually resultsciosed
pores. This may be avoided by using features that a
substantially higher than the spincoated PDMS fibor, this
increases the risk of hydrodynamically induced dsfand
also breaking of the features [10]. Thirdly, due pioor
mechanical properties of the thin membrane it igerof
difficult to de-mold it without breaking or tearingo avoid
this, the use of anti-stiction coatings, supportiigs and
coating with mechanically tougher layers for hamgllhas
been advised [7,10,11,12]. A method based on eapill
filling rather than spincoating, in combination kwia silane
surface modification, has recently been reported sisnple
way to make porous PDMS membranes [13], although th
technique has been demonstrated only with thickersf
(~40um) and with few features. Recently, a repticading
process [5,6] has been shown to create a highlyusa{9%)

thin (~10pum) PDMS membrane by first spin coating a
uniform PDMS layer and subsequently stamping ibaat
silanized silicon pillar mold while curing. Thouglhig
process has been successful at making membranes, tw
major problems have been observed, namely tearing o
breaking of the membrane when de-molding due toualan
handling, and unwanted adhesion between the motl an
membrane, and blockage of membrane pores.

To alleviate demolding problems for thin films, sele
sacrificial layer approaches have been recentlgrted for
lift-off and transfer of patterned SUS8 layers [1316,17].
Photoresist is commonly used as a photo-pattermahkk
layer for microelectronic technology and more relgeits
use has been extended as a sacrificial layer and agl for
lift-off processes of SU-8 microstructures. Reogntl
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Ill. EXPERIMENTAL SECTION

A. Membrane Molding and Transfer

The fabrication process for molding and release DIMB
membranes is illustrated in Fi3-1. Pentagonal pilla
feature (10 um diameter, & pum pitch)are patterned in
standardphotdithographic process. Firstn ~10 um layel
of SU-8 2015 (SU-8 200( from MicroChem Cory) is
spircoated ato a cleansilicon substrate (30 sec, 27 rpm)
and patterneby exposure 1 UV (35 sec11.4nW - cm™32)
through a chromr-on-glass mas (TechneMask, Eindhoven
The Netherland. Developnentof the features iperformer
by submersing iISU-8 developel(mr-Dev600 Micro-resist
Technolog, duration > 10mi) with mild stirring. A final
hard bake (2 min at 200°C with ramj-up and ram-down
to RT) is appliec to improve mechanical properti of the
mold thus obtaine. Next apositive photoresi (Microposit
S1813 G from Shipley, Marlborough, USA layer (~. um)
is spincoated (30 s, 4000rpm) and baked ( min at110°
C) on th« SU-8 moldto servias an antadhesion cating for
PDMS ani a interface that i soluble by acetone rinsi.
Additionally, this resist is suitable to be spincoated
thicknesses between appro: pm down to submicron~5
pm) thus maintaining the pillar profile dimensit.

In parallel, a ~4 mm thick poly (dimethylsiloxane
(PDMS) (Sylgard 18 from Dow Corning Corp, Midlanc
ML.) is prepare by pouringa 15:1(bas+to-curing agen
degassed mixture on a clesilicon wafer and curing
overnightatroom temperaturon a leveled surface. The ¢
is cut (2.5 cmx 4 cm andcorners removed at5® angles
and attacheto a clea microscopeglassslide. The PDMS
slab surface is thitreated with air plasma ( W for 35 sec
to make the surfacetemporarily hydrophilic and
immediately a 2% (w/v) dextran (Dextran 70, Sign
Aldrich, The Netherlang and DI wate solutior is
dispenseconto the surfaceand spincoatet (30 sec, 400
rpm) to achievea uniform thinlayer (of ~1 pmthickness.
The coated layer on the slat dried (-1 hr at 80°C) by

2) PDMS slab over glass slide s
air plasma activation

¢) SU-8 features patterned

........................
o Yo

dextran/water mixture

Fig. 3-2 (a) The nembrane is molded betwethe coatecSU-8 mold anc &
thick PDMS coated sl Theslab remnains adhered until reled (step f ir
Fig.3-1). (b) Membrane adhered the dextran layer o the PDMS slal
carrier after release from mold by acetone bathp(s-h in Fig. 31). (c
The nembrane is irreversibly bonded to a secondary rticidic chip by
plasma activatiorand subsequent incubation overnight & °C (step i il
Fig. 3-1). (d) Final microfluidic chip with a cm x 3cm porous membra
after release by immersion in warm water bath (steg-ig. 3-1).

pladng the slabinside adouble petri dish covered wi
absorbent nc-fibrous tissue on a hot pli and then left t
cool dowr to room temperatu (~1 hrramp dow|) before
stoling it in a clear petri dish for further us. The dextrar
coated surface should not be touched or disturbeidglits
processing or handling ihis might result ir defects m the
final membran.

A 10:1 PDMS mixture is degass and pouredon the
Microposi-coated SU-8 mold; a small amount oithe
mixture should be dispensed nex the feature and left ta
flow until completelycovering the pillar featuresto avoic
air bubble trappin¢. Once the molding features al
completely covered wi a thin uncure PDMS layer, the
dextrat-coatedPDMS slab isgently broughtonto conformal

f) Stamp dextran layer
over uncured PDMS on

e mold pressure is applied

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

on wafer d) Spincoat photoresist : €) Dispense PDMS
g : : -
] =] ] - e
. ] =] "] . H
o : 5 |
H . i
: K i
* 1
L 1
. v .,

;" ) Stamp release by acetone
: bath and peel off :

h) Air plasma activation of
membrane on slab

PDMS, silicon or glass
device

..............................
td e

i) Irreversible bonding to :"j) Membrane on device is releaseci'-_
by hot water bath and peel off

57

Fig. 3-1 Schematic of sa-lithographic fabrication camicrc-porous PDMS membrane by cast molcand sacrificial layer etchin
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contac with the PDMS covered mc and gentlyrelease on
the mold by tilting, with the dextransurface facing the
uncured PDMS mixtul. Handling the slab by the glass s
prevents disruption of the dextran le. Once the sla
cover: the uncured PDM, a uniform constar clamping
force (~5-10Kkg) is gentlyappliedwhile securing it in plac
to avoid sliding, and thesandwicl is left to cureovernigh at
room temperatu. Two office clamps (32mm, M.N.
296875. Five Sti, Acco Brand) providethe clamping forc
and scotchtapeis appliedto keepthe mold and gla-slide
in position.A final bakingstef (~1 hr at 7t °C) is usec to
ensure complete curing of the membi before releasin
the pressure between mold and by carefully removing
the clamp and cutting off any excess PDI.

Removing the microsco glass slide fron the thick
PDMS dab is donemechanicallyby inserting and using tt
tip of fine tweezers or a scalpel as a we. De-bonding
beginsat thecorner: anda drop of ethanol can be placec
the interface to helthe releas, though thi must be drie
before further processingFig. 3-2a shows the rest The
next step is the releasof the slabfrom the mold by
dissolving the sacrificial photoresist layer. F, by using ¢
scalpel, any excess PDMS is cut by makin( incisior
around theperimeter of thebonded PDMS slab to enst
wetting of the Microposit sacrificial lay. The slab iorner
can be d-bonded by usir the scalpebs a wedgeanc by
placing the mold in ¢ aceton bath (4 min). Wetting anc
dissolution ofthe Microposit laye can be assess visually
during deimoldinc. A final rinse with acetoneensure a
clean and clear PDN membran surface.Completon of
this ste| results in al0 um thick micrc-porous PDMS
membrane adhered to the thick PDMS slab bwate-
soluble dextrallayer (Fig. 32b).

The membrands transferred 1 a device (e.g.a PDMS
microfluidic device by treating both the slabanc the
microfluidic device with air plasn (20 W for 35 se) and
ther bringing bothin conformal conta. An incubation ste
of 2 6 h at 65°C is needecto achieverreversibe boncng,
after which the device iccooled downin approximately 1!
min to room temperatu (Fig. 3-2c) The final step is th
release of the PDMS slab by dissolving the sagaif
dextran layer. To start th drops of Dlwater are lacedat
the interface between the PDMSab and themembrane
while the cornes and surroundincof the interfaceare
slightly lifted by a scalpeto promote water infiltratic. For
completereleas and transfer of the membra the se is
immeised in avarm water bath (80-90°C) for 1 to5hrs or
until full releas occus automaticall. The releasetime
depends orthe dimensions and specifgeometry of the
device. The final result is shown in Fi3-2d

B. Microfluidic characterization setup

Membranes (10 um thick with um pores) were bonded
a cris-cross PDMS microfluidic device to evaluate bonc
conformity, leakage and porosity. The setup is shimafig.
3-3b. The device consists of t PDMS microfluidic
channels (~1C um height an500 um width), oriented at &
angle of 9° with respect to each other, and separatea
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membrane sectioof 1cm xlcn (Fig. 33a. The channel
were madeby standard sc-lithography from patterning
SUE-2050 withan acetate mask aicasting 10:1 PDMS o
the positive relief. Two 1 mm access holes were puncl
through the cured PDS substrates and connected
beveled syringe tips and tubir Two flows (G, & Q,) are
applied tc the two input channes by two syringepumgs
(NE-1010-Syringe Pump, ProSer B.V., The Netherlanc).
In one inlet (flow rate 4) a water solution with a conste
concentration of black dye (Brilliant Black BN, Dgentent
60%, Sigm-Aldrich Chemie BV, The Netherlands) w
applie¢, while in the other (flow rate ,) plain DI water vas

a) |rz|£|27

Q

/)
L |Outlet 2
x
a R1 & R34
C) : P
£
Q
E
Rmem
Q2 T
R2 R4
A . Q2p
>
a

Fig. 3-3 (a) Schematic of the microfluidicharacterization setup. Th
flow rates were used during the experiment, wiQ;was maintained
10 pl - min~t, Q,was varied betwee10,7.5 and 5 ul-min~! to matcl
the proportions discusseiQ, = Q,Q, = ZQl & Q, =2Q,). (b) Fluidic
setupused to tesporosity. Blunt needles (1 1/2”, Terumo Corporaj
Japan) connect the device to the inlet and outtehg (ACF0002, 1/8”, -
3603, Tygon S3, France) via Luer fittings. The ftrtlebing pair is of th
same length but different from the meng outlet tubing, therefo
ensuring k=R, and F;=R, in the equivalent circuit. Fluid flow in tl
device and through the membrane, visibility aidgddige content of 4 ,
was assessed during the experinnents with brighd fieiscopy (Leic
DM4000 M) anda CCD camera (Leica DFC425 C , Leica Microsyst
Wetzlar, Germany. (c) Schematic of the electrical circuit model o&é
microfluidic device. Inlet flows(Q; & Q) are set represented by curl
sources. The channel resistances of inlets (I R2) and out lets (R3
R4) are matched and calculated only for channeicseof the device. Tt
resistance of the membrane nen) is modelled as N individual pc
resistances in parallel. Any compliant (capacitietgcts of the system d
to tubing o bending of the membrane have been neglected faulisity
and steady state flow conditions. The outlet chEnaee connected
ground, which is taken as atmospheric pressureoa temperatur

flown. If the flow rates are equal, i.e;=Q, the transport o
thedye through the membrane from one channel to ther
is determined by diffusic. If the flow rates differ, .
pressure difference over the membrane results forced
advectivi flow through the membrane (in our experime

Q:=2Q:& Q; =2Q,). The wtlet fows (Q1 & Q'2)
were collected on each outlet pdor the duration c the
experimer and by quantifying th mass of th volume
collecter (CPA324¢-0CE, Sartorius AGGermany) the net
flow through the membra wasassessed.

The quantifiee membrane net flovcan be correlated
the membrane porosity by compal the measuremer to
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predictedoutlet flows fron an electrical analogt mode of
the devic built in LTspice IV (Linear Technology
Corporation, USA, see Fig3-3c. Themodel include: the
hydraulic resistance of both in and outle rectangula

12ulL . . .
channel Renamner = —5 @s Tesistors in serieand the
. 1 8ut
membrane resistar  R,embrane = 3 (n.‘; ), as N

resistor in parallel representing the pores present in
membrane[18, 19]. INR_ ,qnnei: the channel length is
(13.£ mm), anc w and h are the channel \th and heigh
respectively. | Ryembrane: N IS the number olpores
present in the cri-cross section. he fabricated por
density (i.e~11112>>) relates to the size and pitch of
pore distributio thus ideally N is give, t (~10 pm)is the
membranethickness an r (~5 um)is the pore radiu In
pracice, the open pore conte N varies to the idec
hencefortl changing the membrane resistanche flows
(Q: & Q',) at the outlel, therefore are uniquely
characterized by a variation of the number of operesN
present in the membrs and the established inlet floW(Q;

& Qo).
C. Cell migration setup

To assess biocompatibility and porosity, membranese
incorporated into a static migration assay scherabhyi
shown in Fig.3-4a.Membranes (10 pm thick with pm
pores) were transferred by irreversible bonding(%dl)
PDMS frames(instead of a microfluidic devicewith 5 mm
circularholes and the released as explained in sectiorto
obtair free standing membrar (Fig. 3-4b). Thesewere
integrated intcthe migration assaxcomposed of two flui
containing chambers parated by the porous membr (i.e.
in essence a Boyden chamber des Before cel seedinc
the membranes westerilized with isopropanc alcoho.
Cells were seeded in one compartment, whereas i
other compartment medium with a high concentratbma
chemical substance known to promote migration efdklls

a) Top Compartment
Serum Starvation Medium
(1% Serum)
Magigelow/ Ces O O ¢ 00 0O
909%9000 02 0
o o © o) (@)
o Y5 O 0 00 0o
I AL ) I

O
Matrigel

Bottom Compartment
Chemo-attractant Medium
(100% Serum)

Fig. 3-4 (a) Schematic cro-section of the Chen-Attractant mediate
migration experiments. Two chambers were divided thg porou
membrane. Matrigel was applied on the bottom ofgbeous membrai
and a cancer c~suspended matrigel was applied on top of tembrane
The top compartment was filled with Serum Stanatidlediun
(Dulbecco’s Modified Eagle Medium (Gibco, Gr: Island, NY’
supplemented with 1% Fetal Bovine Serum, 1% Glutaraad 1%
Penicillin/Streptomycin. The bottom compartment wWiled with 10(%
Fetal Bovine Serum as che-attractant medium. The setup was place
an incubator (37 °C, 5% CO2) and incubated for d8ré. (b)Picture o
membrane integrated on 5:1 PDMS frames by irreversible bogdanc
automatic release in warm water b
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(i.e. a chem-attractant, Fetal Bovine Serum, FBwas
added [20]. Atransien gradient of he chem-attractan
between both compartments establs by diffusior in the
gel, and cell migration (MD.-MB-231 invasive brea:
cancer cells) through the membrane pc«can bi assesse
by optical inspection of the lower chamt
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IV. RESULTS AND DISCUSSION
A. Scanning Electron Microscopy

SEM imagin( was usedto characterizevarious molded
membrans, since optical transparency of PDM{prevent
bright-field microscopy t accuratel evaluat detailsof the
films (Fig. 4-la). @mples were observedn an
environmental scanning electron microscope (ESEM) (1.0-
1.2 keV, Quanta 650 FEG, FEI from Hilsboro, U) which
allows observation of polymer surfaces witt the need o
applyingconductivi coating.

SEM images of theuccessfully fabricated membra
with 1C and 7um diamete througt-poresareshown in Fig
4-1b-f. The porous membranshow adiffererce insurface
quality depending on the side of the membrane that is t
observe by comparing Fig4-1b and cThe membrane sic
that was moldedn contact withthe resist coated featu
shows a smoottcurving pore profile and the pore siz
appears unorm (Fig. 4-1band ). In contras the membrar
side facing the dextran layer is observed to bt and the
pores appear to have a variation in s(Fig. 4-1¢ d and ).
To assess the pore qual severe of thesemembranes we
bonded an transferre to PDMS microfluidic channels 1(
pm in height and 2(-500 um in width (Fig4-1d-f) without
showing break or te. By observing the fre-standing
membranes on the channels, through porosity cal
assessed (Fid-1d). Alternatively, features of thchannels
in direct contact with the membrane can be viewiegcty
through th oper pores of the membranes (F4-1e and f.
Membranes with smaller pores (~7 piand an ureven
distribution (cente-to-center space is 20 and 40 pwere
also successfullfabricatedwith ~10 pum tall feature (Fig.

00000000C
000000000

10

Fig.4-2 (a-bh SEM images c recurren defects present in the molc
membrane. (a) Image (details highlighted in das-line) of defect
present in the membre viewed fron the moldfacing sid. To the right
an ultrethin PDMS film is observed to cover a molded pore, eiffety
clogging it. The rest of pores show I-uniformities these arePDMS
excess rinr thataffectthe effective pore size and can promote partial
clogging. The formation of the thin film anc rimsis due to incomple
displacement of uncured PDMS during pressirb) The membran
observed from the molded side facing the dextrgerjashows a plan
profile and variations in pore size and shape. &hesiations are due
the defects discussed iFig. 4-2a Additionally, cracking marks a
observed on the membrane surface. These appearsoperficial and d
not compromise mechanical integrity of the f

4-1f).

Nevertheles, the molded membranes showa recurrent
defec from the fabrication meth. The existence of a
ultra-thin (~100 nm) PDMS film ove severe pores o
various areas of the moldamembrane waobserved(Fig.
4-2). This film causs the pore: to become partially c
completely clogge, thus rendering tl poreeffectively not-
porou: (Fig. 4-2). Additionally, e PDMS excess rim arour
the ope pores wa: observed(Fig. 4-2a) This excess rir
effectively decreases the pore open area and &, when
observin( the membrar from the dextran molded sidas
variations in th size an shape of the pos (Fig. 4-2b).

channel. (be) SEM images o succesfullymolded ~10 pm thic PDMS membranes with ~10 pm pores. (b) Membrane seen $idenfacing the
pillar mold. The curved profile of the pores ané #xistence of a thin PDMS rim can be erved. (c-e) Free standing membrane seen from
facing the dextran, for a sample with a g topographical uniformity can be seen. (d) Membrameded to microfluidic channels with widhs of £
um and 200 um; -e) membrae standing on 30 um channeall; (f) Molded membrane with - um pores from a similar mold with smallel pm)
pillar diameter
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Pore Size & Porosity: The SEM imagesf seven membrar
sampleswere analyzed using Ima¢ (National Institutes o
Health, Bethesda, MI to determine pore si. and porosity
in casea 10 um diameter pillar mold was used these
samples correspond to the membranes attached t
microfluidic  devices used for posterior fiL
characterizatic. The samples werdmage( from the side o
the membrane facing theextranlayer. The cuantified pore
size from the seve sample, as shown i Fig. 4-3a,shows
that the observed pore size smaller (~3-7 pm diamete)
thar the pillar feature siz (10 pm) andvaries from sample
to sample Pore sizs that are small than the mold pillal
as well as pore si variations can be attributed to t
defects seen in Fi 4-2aand t. This bias inan apparer
smalle size is obtained from imagi the membranes fror
only one sid. To know tle moldedpore profile from both
sides the pore sizi of a membrane imaged from the s
facing the mold (Figd-1b)was quantified usir the interna
and external rim of the pores as refery, the result i

Pore content (%)
2 o
g 8
~
Pore content (%)
2
g 3

Pore diameter (um)

Fig.4-3 (a) Calculated pore diameter of seven different brame sample
eacl represented by a different color (10 pm pentaggilkdrs molded
from SEM images; samples were observed from thérak-facing layer
Pore diameter distribution is smaller than pilleatiire. Normalized pc
content of all the samples is shown in ed line. (b) Pore diameter o
single sample showing p¢size variations by the analysis of sample
defects as seen in Fi4-1b. Themolded pore diameter size matches
pillar diameter. The smaller diamet are related to the existence c
PDMSexcess rim in the pore

shown in Fig.4-3b. The pre profile around 2 um (otted
line) relates tothe expected pore si of 12 un from the
moldedpillar profile (i.e. the side of the membrane fac
the mold, while the smaller pore size~5 pm is the
effective pore size due to the excess (i.e. the side of th
membrane facing the dextran lay.

The nmembrane porosit(pore size area vs. total membr:
area)was designed to b~8 %. TheSEM characterizatic
shows howeverthat, though all pores a correctlymolded
from the S|-8 features,the ultrathin PDMS film which
coveis different areas ofpores, partially or totallyclogs
therr (Fig. 4-2). In order to give a measure of poro as a
percentage (oper pores . cloggedpores theSEM image
of the small areas (500 x 500 ?) of the freestanding
membranes from the cr-cros: microfluidic deviceswere
analyze: by discerning between opeor closed poresThe
seven (fferent sample were analyzed al showedporosity
variatiors ranging from 1-92 % open v¢ total pore.
Partially or fully clogged pore distributis wereobservec
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to be localized on variouarea of the membraneand nc
particula difference i1 distributior or porosityaveragenas
observed between samp

B. Fluid characterization

No devices were observed to delami during thefluid
experiment confirming good bonding between each PD
layer of the devic. The absolute pressure witt the inlet
channel o the deviceduring operatio (Q=Q,=10 ul -
min~1) wascalculatel from theequivalent circuit mod to
be ~0.12 mbi No leakage from one channel to the o
(bypassing the membrai was observe, providing
evidence oigoodconformal seing of the membrane to tt
fluidic channel.

The flow collectec of the seven imageimembranes t
characteriz the porosity at three flow conditions e is
plottec in Fig. 44 (dottedeolored lines. The ideal flow

Ideal
..... Experimental
Electrical model

Output flows (Q,/Q;)

No membrane

1 12 14 16 18 2

Input flows (Q/Q;,)

Fig.4-4 Flows collected for each of the seven SEM imagedpées, eac
represented with a different color of the dashaddiconnecting the d:
dots. The ratio between output flowQ’, /Q’,) vs. input flows Q,/Q,) is
used to relate fluidic results to the porosity betmembranes in t
samples. The limitng ideal casei.e. no membrane and r-porou:
membrane) have be graphed as the thick red lines. The model resat
various porosities (100% and 50%) are shown forgammon as the thi
black lines. From theexperimental valu, two sample groups we
obtained, ither highly porous or lowly porous. A deviationofn the
Q./Q, origin sugges possible sources of error from the s¢ due tc
unmatched resistance of the element errors to retrieve all the flow f
its quantizatior

conditions for the devic for ‘Not porous membrane’ ar
‘No membran’ (thick red line) give the extreme cases &
two simulations(50% and 100% open vs. total porof the
electrical equivalentcircuit are plotted to serve fol
comparison (thick black linesThe experimentedata point:
for each of the flow conditions are connecte( a simple
linear interpolatio. All lines should have the same origir
Q1/Q,=1 and,by assuming the membrane resistancmen)
is invarian during the experimer, they shouldfollow a
straightline with a singledifferent slop: eacl. The slope o
each line givsa measure of the samgporosity andin turn,
this can b compared to tt known defined porosity of thi
circuit mode. The plottedresuls of the sampl¢ (Fig. 44)
show only two extremecasesfor the membrar porosity,
either almost fuy porous(blue and red dotted lines)

almost nc-porous (five additional dotted line These
result: show only qualitatively partiaagreement with th
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SEM observatios, sincethe ‘almost ully porous’ sample
characterized by this meth were the same samples w
greatest calculated porosity from the SEM charaza&ar
(92% open vs. total poreeach. The rest of the resu that
indicate « nor-porous membrai are deviant from the
previous SEM porosity characterization (contrasting
evaluated porosities of e.g. 88%, 84% and 3¢
Additionally, though an apparerabsentporosity could bt
concluded for most of these sam| from Fig. 4-2, the
collected flows of the DI water channelowed differen
contents of dyi suggesting some flow through pores in
membranedid occu.

Aside from the porosity evaluati, variations in the
experimental setup can be assessed from the rin Fig.
4-4. First, he experimental values can bibserved tc
deviate slightly in origin, indicatini possibl¢ variation: in
the experimental set from sample to ample. These ai
associated to mismatches of the tubing length d&ngigpmg
of the blunt needleinto the ports of thedevices, imprecis
manual recollection; drops of fluremainingat the end o
the recollection tubir, and unequal initial experimeni
conditions;due to a mismatch of ttluid at the end of th
tubing. Seconc the slope of several samples deviatem
an ideal behavi, suggesting a change in membr
porosity during the experiments due to a possibdure of
the clogging thin filmscoverin¢ the pore. Though, his can
alsc be associated to the imprecise nature of the mi
recollectior; in particuar for the small vcumes recollecte
for the duration of each experimer = 50 min, the stead»
slope of th other ‘nonporous’ sample sugges the
membrane porosity did not chau.

C. Porous membranes for cell migration assz

After 48 hour, cells were observito have migrate only
in the samples wi presenc of the chem-attractan
gradien (Fig. 4-5a and b)thus confirming active migratic
of cellspromoted bythe chem-attractantDue to thdack of
statistical significance from thesexperiment, adequat
degree of porosity of the used membri cannot be
conclude:. Nevertheless, by proving invasiveness of ca
cells through the membrane, the fabricated pore & be
assessed when comparto commercial membran in
which pore sizs between 38 um in diameter are sugges
for cancer cell migration ass: [21]. This suggested pol
size falls within the observed range of the faligd
membrane (3 - 12 um).Nevertheless, due to the constal
observed smaller pore sizes of the mranes, it coul
occurthatcells were not able to migrate through every |
but only through those that were large enough tient to
squeeze throug The cancer cells that migrated can
observed to have a round morphology; consistenh
amoeboir-type of cell motility in 3D environmers such a
matrigel[22]. This type ofmigration wa similarly reportec
for invasive motionof MDA-MB-231 breas cancer cell
through matrigel coated mic-gaps (151m) by stimulation
with an FBS gradier[20].

D. Discussion on manufacturing proces

In this work, we have used a straightforward setjak
sacrificial layer release process to address amtejhinical
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Fig.4-5 (ab) After 48 hours cell<observed to ha' actively migrate
through the porous membrane. Migratory cells wédrseoved by focusir
the plane on a brig-field inverted microscope. To recognize better
migratory cells from the background, these haventieghlighted and tt
images manipulatedith ImageJ by adjusting the threshold and usin
‘find edges’ functio. The cellsappear to have a round morpholc
consistent with migration of cancer cells in madl. A difference in nei
and far migration plane fm membrane substrate is distinshed betwee
(a) and (b). In (a) the cells that crossed the pomembrane and the ¢
on the othe side of it can be observisimultaneously whereas in (b) on
the migrated cel can be clearly distinguishecControl with serur
starvation medium onoth sides did not show cell migratic

hurdle of molding larg-area, thin micr-porous PDMS
membranes, namely the handling and transof the
membranes. The difficulty of -molding and transfer ¢
thin elastomeric membranes by traditional and esly
reported so-lithographic techniques is that these hea
rely on manual handlin(The problem of handlir thin (<50
pum) PDMSmembrans arethat these tend to flap, stito
themselves ar lack the toughness to be handled witt
break or tec [12]. Additionally, these films tend to stick !
flat surfaces, and while peeling them from a strredd mold
they tend to stretch and interlockith the features tht
promoting breaking of the membrane as well as darg:
the molding features. With our method, these issare
avoided. D-molding is facilitated by mechanical -
interlocking of the pillar features by dissolving t
sacrificia photaesis coatinglayel of the molc in acetone
and also by lubrication of the interfc. Furthermore, b
applying the thin PDMS film directly onto the dexti
coated thick PDMS slatthe film adheres to the slab a
therefore can be handled and transported withoesikimg
or sticking, and at the same time it can be rekbasea
controlled manner by dissolving the dextran sadfilayer
in water 17]. It is essential that the two releateps can b
carried out independently, through the choice oé
particular sacrificial layer materii. Though PDMS
swelling by acetone exposure is known to be ~1% it
reversibe and no negative effecas a result of the swellir
were observe.

The use of the positive resist as sacrificial l¢ has
advantages compai to commonly used ar-stiction
coatings in so-lithography such a silane based se-
assemble-monolayers (SAM'’s. Aside from thi reportet
difficulty to successfullydeposit an-stiction coatings o
SU-8 mold: [23], when transferring a thin PDMS layer w
through features by bonding to a device by activatiith
oxygen rich plasma, SAM coatings are disruptei the
plasmi thereforepotentially promcing unwantedadhesior
betweel thefinal device ancthe mold. Photoresissimilarly
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serve as an an-adhesion coating to PDMS, but has
benefit that it is not affected by oxygen plasi7].

By having an exposePDMS membrane over the dext
sacrificia layer it is possible to transfer and bond
membrane to a silicone (PDMS) or glass substrat
applying a surface treatment with oxygen rich plas
Alternatively a corona treatment can be used. We timat
although some of the dextran was directlposed to eithe
plasma or corona (through the openings of the ponethe
membrane) this showed no negative effect on itBtylbd
dissolve. Additionally, we observ thatdextran has a goc
adhesion with PDMS such that cleaning of the memd
can be erformed by removal of dust particles with sc+
tape. To achieve successful release of the thin maam
from the PDMS slab, we have observed that
hydrophobic nature of the PDMS surfaces diminis
water’s ability to creep into the PDIMPDMS interfae. To
aid the wettability of PDMS, using a solution of Teme20
(0.05%) in water was found helpful as reported17]. In
addition it was also observed that the PD thar was
coated with the dextran lay after surface oxidatic remains
temporally hydroghilic after the dextran layer is dissob.
A similar effect was previously reported after etghof an
Al coating on an Ar plasma activated PDbMsurface 24],
therefore water can successfully creep into the B-
dextra-PDMS interface when exposed maily by
mechanical delamination of the surrounding area.
immersion of thelayer sandwic in warm water for
sufficiently long time the dissolution process of dextrar
enhance. The releas is performed automatically by
buoyany of the PDMS freeing fromhe dextran layt in
this way avoiding overall manual handlir Special care
must be takewith large free standing membral in which
cas: stirring of the battduring lift- off can result in stress:
that can create mic-tears in the membran

The process was optimized to create through feature
pressing th uncured PDM film onto the photoresiszoatec
mold features businga set of clamps. THorce exerted by
the clamps has been calculatto be ~5-10 N. Smaller
forces were ineffective to cate through features on the tl
film and instead mic-wells with the form of the featurs
are molded. Similarly, an immediate curing stephah
temperature after initial pressing was observegrtomote
films of higher thickness than that of the mog features
Therefore, an overnight curing step at room tempeggtor
at least 12 hrs.) was needed tcthe PDMS creep out of tt
gaf between the mold and dextran coated PDMS slaba:
subsequent final curing step before releasing tampming
presure and d-molding wasrequiredto achieve complet
curing of the PDMS membrai

For a variety of mold features, rang from 7 um
diameter pillars to 100 pn wide channels with variou
heights (1 um’s to 10( um’s), this clamping forcedid not
cause anydamage t the mold feature. It was observd,
however that the robustne: of the mold to handlin
depened strongl on thecorrect processing of the -8, in
particular fo small anc high aspect ratio featur. A clear
review on Sl-8 processing is givenn [25]. Our
compression method has been shown to effectivelid
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and release membranes wil um pentagonal featurewith
an aspect ratio of abou) which is the minimum featur
size present onthe lithography maskthat wasused. The
limiting factor to mold smaller through features
determine by theresolution of the lithographmaskuse,
the SU-8 feature dimensiol, namely th aspect ratio of th
featuresfeature pitch and the thickness of SU-8coating,
and the microposit crificial layer coating thickne.
Thickness and through feature size of the membrseedss<
similarly, i.e. asmallaspect rati (~1:1) of the mold feature

Fig.4-6 (8) SEM image showing the spin coated photoresistifeaal
coating on theSU8 features of the mold. A ~2 nm Pt/Pd layer
sputtered on the mold and visualization was doimegus FEI XL40 FE(-
SEM for better contrast. The photoresist coatinghiserved to be n~-
uniform therefore affecting the molded pore profilhough thisnor-
uniform coating is u-desirable, it aids the -molding procedure. Ti
effect of this profile can be observed in F4-2a. () PDMS substrate «
which the dextran layer was spin coated after manmbiifi-off reveal:
cracking of the substrate. Thecracks can be explained by stre
generated during processing, such as dextran ke which promot
both intrinsic and thermal stresses during depmsiff he impact of the
cracks on the final membrane was diminis by slow heating ar
cooling olthe substrate during dextran deposit

is preferred to avoid breing off of the feature. This is
consister with previous reports on olding of thin
elastomeric membranel?2].

The membrane thicknewas found to be uniforr and
the same asthe pillar height. Fom our SEM
characterization it appears that the r affecis themolding
resolutionof the pores by increasing the moldediameter by
twice the photoresist coating thickn (~1 um) (Fig. 46a),
thus pore size is observed to be apimately 12 pm
instead of 1 um, moreoverthe pillar shape appears to
more round instead of pentagc (Fig. 4-1b and 42a).
Though the membne and pore profile is observed to
smooth down to the micro scale on both sides offitted
membrane¢ the pore profile appears affected by local -
uniformities of the resist coating on the bottom and toy
the pillar feature due to hydrodynamic eectsas can bi
seen in Fi¢ 4-6a.

The side of the membrane fac the dextrar layer was
observed to be smooth and (Fig. 4-1cande), this resuli
is in concordance to what w previously showrof dextran
to have a low surface roughness (( nm ims)when coatet
as a uniform layer~nm’s-1 unr’'s) on flat substrate [17].
Nevertheles topographical defec were observe on the
molded membran: (Fig. 4-2) associated wil the aacking
of the dextran layel (Fig. 4-6b). Thesecrack: could be
induced by intrinsic stresses during processingh sas
drying of the dextran deposited layer by thermalcpssin.
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Alternatively drying can be pursued by blowing ogen on
the spin coated slab or by vacuum. The PDMS slab-tmas
curing agent mixture ratio was observed to infleenice
formation of cracks. Stiffer PDMS (i.e. 10:1) dexsed the
overall topographical defect formation effect; hoeg this
negatively impacted the reliability of molding tlugh

features by promoting the formation of an ultraxtiilm

clogging the pores. Henceforth, a softer (15:1) FDM

substrate was used and cracking was diminishedoby |
ramp-up and ramp-down of the temperature sourcaryjto
the dextran layer on top. The appearance of thefectd
was therefore overall diminished and the remairsingace
details were not observed to cause any tearingeaking of

14

layer against the coated mold until fully curednigrly to
the protocol given in [5].

(i) Using slightly higher pillar features (h/w- and spin
coating a mixture of solvent and PDMS directly de t
coated mold, then directly pressing with the dextraated
slab until fully cured; similar to [10].

(iii) Post-processing the membrane using a drizietc
step before final lift-off. Since the excess film much
thinner than the membrane, a quick PDMS dry etching
process and a time etch-stop technique could benpally
implemented [7].

(iv) Post-processing the membrane using a weirgich
step. Stability of the dextran sacrificial layerttee PDMS
etching-chemistry is critical to prevent accidenitoff.

the membranes when suspended over PDMS channels\ziq,s wet-etching techniques to etch PDMS resicared

mm in width.

V. CONCLUSIONS AND FUTURE WORK
In this work, a simple, useful and robust methoéatwricate

and transfer thin microporous PDMS membranes wi

demonstrated. The method uses a sequential moéhseel

in-situ patterning of PDMS microfluidic devices leakeen
presented [26, 27].

Fluid characterization of porosity did not givdiable
results with the methodology used due to miss-ratiifn of

e experimental setup, variations in the manuadlkection

method; which were aggravated by the small volume

de-mold and de-bond strategy similar to that used frecojiected, small number of experiments performaed
MEMS processing. This method avoids manual handlinge to the observed pore size variations that dabeo

which is a source of tearing and breaking of thenbmane
in standard soft-lithographic processes, and istuttially

differentiated from porosity variations with thisethod.
Though, from the experiments the membranes showed

eases de-molding. Though, we have demonstrated ftim@chanical sturdiness to a difference in presswgch
fabrication of thin<10 pum micro-porous (7-10 um diameter,caused them to deflect, and none were observedptare.

~20-30 um pitch) large area (3 cm x 1 cm) membrathes
results were not perfect as the existence of aRBIMS film
over many areas of the membrane partially or folibgs the
pores, thus rendering these areas effectively oatys.
Aside, the method was observed suitable for fakirig a
wider range of features (e.g. micro-channels),iarstalable
to wafer-size processing to increase throughput. cricial
advantage of this process is that the mold usethide from
SU-8 which is a common photoresist for high aspatio
features, and is readily available and easy toga®asing
standard photolithography. Additionally, this moldas
proven to be reusable for more than five times.aA®sult

fabrication of the mold and the membrane fabricatio

process is standard, cost effective and moreowaiesr
solely on readily available equipment, in contrtassilicon
molds with high aspect ratio features that relye@pensive
and specialized equipment such Beep Reactive lon
Etchers (DRIE).

Nevertheless, the thin films clogging the pores evapt
observed to break during the experiments, which lavou
have increased the porosity. A theoretical and ixmatal
study would be necessary to predict the condittonsreak
this thin film while maintaining integrity of the embrane.

Finally, though PDMS is already known to be bio-
compatible, we were able to prove the use of these
membranes for culturing and chemotactic migratiboedls,
showing their potential for the development of roftridic
bio-assays and in particular for Organ-on-chipfptats in
standard micro-fabrication laboratories.
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Chapter 6

Recommendations

On the basis of the results and discussion presented, several recommendations are drawn for
possible improvements of the membrane fabrication process, its characterization and for fu-
ture developed membranes for a Cancer-on-Chip device.

Membrane Fabrication

e The formation of the ultra-thin PDMS layers clogging the pores should be assessed
systematically and on the basis of understanding the PDMS displacement phenomena
from the molding features. The fact that through pores sections are obtained with
this process shows that it is possible its refinement to render a uniform layer with the
desired porosity. The aspect ratio and size of the molding features, applied pressure
and uniformity of the dextran layer would be the main variables to optimize.

e To render the membranes fully porous, a final PDMS dry etching step could be imple-
mented as a post-processing step of the current fabrication method. Practical consid-
erations; such as chemical compatibility of dry etching chemistries of PDMS, must be
reviewed to assess whether such a step is feasible as a quick final step with a simple
time etch-stop strategy.

e Various forms of PDMS wet etching post-processing steps could be implemented to
render the membrane fully porous such as: (i) Directly exposing the membrane adhered
the PDMS carrier slab by the dextran layer to a wet etching bath. The chemical stability
of the dextran sacrificial layer would need to be assessed to avoid accidental lift-off. (ii)
To avoid over exposure of the membrane and due to the asymmetric pore profiles, the
membranes could be wet-etched while free-standing on frames. A uniformly deposited
etch-stop mask (such as a Aluminum) could be used to protect the correctly molded
side while leaving the side of the membrane containing the ultra-thin films clogging
the pores directly exposed to an appropriate wet-etching solution. (iii) The side of the
membrane presenting the pore-clogging ultra-thin films could be exposed to a laminar
flow of appropriate PDMS-etchant in-situ (i.e. already bonded on the final microfluidic
device).
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18 Recommendations

e The thin film clogging the pores in the membrane could be burst open by applying a
pressure differential between both sides of the membrane. To calculate at which pressure
differential and which experimental setup would be needed, mechanical considerations
for fracture of thin elastic materials need to be drawn. In the basis of these calculations,
a set of well planned bulging tests could confirm if it is possible to post-process the
membrane and open the clogged pores with this technique, or if the membrane itself
would rupture before any significant change in porosity is achieved.

e The influence of processing parameters on cracking could be well understood and avoided
with an extended study on the mechanics of stresses in thin films. A carefully designed
set of experiments could prove if the observed cracks on the membrane are either possible
sources of failure or if they are uniquely the negative mold of the cracks from the
underlying brittle substrate.

e Though the methodology for fabrication of a membrane here presented has limited pro-
cessing variables, the use of sacrificial layers to alleviate problems and enhance through-
put of soft-lithographic techniques could be coupled to other variants of fabrication pro-
cesses for porous membranes. For example, the de-molding problem of a spin-coated
diluted PDMS mixture directly on high aspect ratio features could be potentially tackled
by incorporating a lift-off procedure.

Characterization

e SEM imaging with an ESEM proved an excellent way to determine the surface quality
of the fabricated membranes, nevertheless, the use of an appropriate conductive coat-
ing for SEM imaging is recommended to ensure correct inspection of the membrane
characteristics when possible.

e Though the fluid characterization methodology used in this work did not provide a
reliable assessment of successful fabrication of the membranes (i.e. porosity). This can
be attributed to imperfections and non accounted details in the experimental setup such
as; the manual nature of fluid recollection method, too small volumes recollected and
few experiments conducted. Nevertheless, membranes with a consistent porosity quality
do could be assessed before their experimental use with a variant of this simple and fast
methodology.

e A simple, yet well defined electrical resistance model can provide a simple and handy
way to asses the fluid implications of a membrane as a permeable barrier. Such a model
is worthy of developing and useful particularly if the membranes are standard in size.
The point of the study would be to understand the fluid implications of diffusive or
advective flow through the membrane for stimulation of cells.

e Though the cell and fluid characterization have independently shown these membranes
could function as a suitable substrate for a microfluidic migration assay, the porosity
reliability problem from the developed fabrication method must be addressed before
any further cell work is done.
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Appendix A

Detailed Fabrication Process Flow

Mold fabrication (Timing: ~2.5 hr)

A specially designed SU-8 mold with regularly distributed pillars was made with standard
photo-lithographic techniques.

Mask design:

A dark field chrome on glass mask (Techno-Mask, Eindhoven, The Netherlands) with pentag-
onal features in a hexagonal lattice fashion (pillar outer diameter 10, center-to-center pitch
30pum) is used for fabrication of the SU-8 mold features. The pattern consists of an array of
pillars spanning a rectangular area of 1.0 cm vs 3.0 cm.

Note: The pattern array used spawns only a limited region of the mask, therefore the wafers
were cut in four with a diamond-tip pen, cleaned and then processed. Alternatively the full
wafer can be processed and then cut; though caution must be taken not to break the features
of interest.

Substrate preparation:

A wafer is cleaned by subsequent rinsing with acetone, ethanol and iso-propanol alcohol (IPA).
Before IPA dries in air, manual drying is performed with a nitrogen gun. Final clean and
increasing of adhesion is promoted with a UV-ozone exposure step (/=15 min).

Spin-coat and pattern SU-8 2010

e Dispense SU-8 2010 on the wafer piece and spin coat a 10 um thin layer by first setting
a spinning speed for 500 rpm (110 rpm/s) for 15 sec and ramping up to 1700 rpm (330
rpm/s) for 35 sec.

e Bring the coated substrate to a hot plate and soft bake for 3 min at 95 degC. After this,
leave the mold to cool-down to room temperature for 5 min.
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Detailed Fabrication Process Flow

e ® o o

1 30.0um
i

Figure A-1: (a) The pillar array was created in a graphic aided software and it consists of an
array of 1 cm x 3 cm of 10 um pentagonal pillars with hexagonal lattice fashion interspacing of
30 pm. (b) A chrome-on-glass mask is used for its sub-micron resolution necessary to correctly
resolve the pentagonal pillar profile. Commonly used acetate masks for microfluidics are not
suitable as these have minimum feature resolutions of 20 um. (c) Micrograph showing as detail
the pillar array.

e Bring the clean mask in contact with the coated layer and expose to UV for 45 sec

(intensity of the lamp ~11.4 mW/em?).

Note: The mask must be centered on the coated substrate so that the features are not
exposed on the non-uniform edge of the substrate; this effect is common for spincoated
layers.

e Immediately after exposure, bring the coated and exposed substrate to a hot plate for

a Post Exposure Bake for 4 min at 95 degC. Leave the substrate to cool-down to room
temperature for 5 min before further processing.

e Carefully place the mold on negative resist developer (Mr. Dev 6000) and leave for

approximately 10 min; more time might be needed.
Note: Agitation might result in breaking of the pillars. Mild stirring with a magnetic
rod is preferred to avoid break of pillars.

e After complete development, clean the mold with Ipa & gentle dry with nitrogen gun.

e A hard bake step is done for 30 min at 200 degC to improve the mechanical properties

of the mold and its geometrical features.

Resist spin-coat S1813 JX

e Place the SU-8 on silicon mold on the vacuum chuck of the spin-coater and dispense ~

700 pl of the positive photoresist with a pipette to cover most, = 90 %, of the substrate.
Note: Avoid dispensing directly on the features as this traps bubbles.
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Figure A-2: The SU-8 on silicon mold as fabricated from exposure through the chrome-on-glass
mask. (a) Here, different sizes and geometries of features were fabricated on a single wafer.
Evenly spaced arrays of 7 and 10um pillars; inter-pillar spacing from 20 to 30um, showed the
best reproducibility. The mold can be cut with a diamond-tip pen and cleaned; as explained by
subsequent rinsing, before usage for molding. (b) Micrograph (50x) of the pillar pattern in SU-8.
Note that the SU-8 features have lower definition than the mask features used for exposure in
Figure A-1. For this picture it can be seen the pentagonal features are more rounded. This can
be attributed to the long-exposure dose which significantly changes the cross-link area.

e Spin coat the resist first for 10 sec at 500 rpm (110 rpm/s) and then ramp up for 30 sec
at 4000 rpm (330 rpm/s).

e By avoiding contact with the coated layer and the features as much as possible, place
the coated mold on a hot plate for 5 min at 110 C. Take the mold off the plate and
leave to cool down to room temperature for ~ 5 min.

e Expose the coated mold with the exposure tool for ~ 25 sec and store in a clean petri
dish until further use.

PDMS slab carrier fabrication (Timing: ~12hr)

e Mix, degass and pour a (15:1) PDMS mixture onto a clean wafer to fabricate a uniform
(=~ 4mm) thick layer. Leave the prepolymer to cure at room temperature on a leveled
surface overnight or alternatively on a leveled hot plate at 70 degrees for ~ 3hr.
Note: The wafer can be previously silanized or coated with a surfactant layer of deter-
gent and water mixture to avoid the cured PDMS from sticking to the wafer.

Notes: Before any manual or peel off, the set is left to cool down to room temperature.

e Cut the peeled PDMS layer as a rectangular slab (2.5 cm X 4.0 cm) and also the corners
on 45 deg angles.

e Reversibly attach the aligned slab to a clean glass microscope slide.
Critical: Non-conformal seal of the PDMS slab on the slide can promote complete
failure of the slab substrate after deposition of the dextran layer due to developed
stresses. This is observed as de-lamination of the PDMS slab from the microscope slide
due to excessive bending of the substrate.
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Dextran coating on PDMS carrier (Timing: ~2hr)

Dextran preparation:

The dextran water mixture was prepared as reported in [25]. A 20% (w/v) solution is made
by mixing 20 gr dextran 70 (MW: 70 kDa) in 100 ml DI water in a vial and stirring with
magnetic rod while on a hot plate at 90 degC for approximately 1 hr. The mixture must be
left to cool down to room temperature before use.

e First, the PDMS slab attached to the microscope slide is treated by a 20W air plasma
for 35 sec.

e Then, once the slab is placed on the vacuum chuck of the spin coater, pipette ~ 700 ul
on the surface of the PDMS to cover most of its surface (Figure A-3a).

e Spin coat the deposited layer first 15 sec at 500rpm (110 rpm/s) and ramp up to 4000rpm
(330rpm/s) for 30 sec (Figure A-3b).
Note: The spin coated layer should appear uniform, transparent and fully covering the
PDMS surface. If the layer is missing to cover areas of the PDMS, the surface can be
rinsed with DI water and deposition of the dextran solution can be again attempted.

e By handling the slab from the microscope slide, bring the coated slab to a hot plate at

80 C and leave for 1 hr. A ramp down of ~1 hr is needed to bring the slab to room
temperature before further processing. After this, the slab can be placed inside a clean
petri dish until further use.
Critical: Two glass petri dishes lined with absorbent non-fibrous tissue are placed on
the hot plate. The slab is placed inside this set to avoid contact with room temperature
conditions and promote controlled evaporation of the water content of the deposited
layer. The tissue must never touch the coated layer. Before bringing the slab outside
of the dishes, a ramp down step until reaching room temperature is done for ~1 hr. A
sufficiently long ramp down and correct evaporation process of the water in the coating
layer promotes a defect-free translucent layer on the PDMS slab.
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Figure A-3: (a)The dextran mixture is deposited with a pipette to cover most area of the surface
while avoiding formation of bubbles. The surface, made temporally hydrophilic by air plasma
treatment, shows good wetting properties. (b) After spin-coating, the dextran layer has spread
evenly, creating a thin, uniform layer of water-dextran mixture. (c) The PDMS slab is removed
from the chuck and handled uniquely by the microscope slide onto which the slab is reversibly
bonded. Defects of the dextran coating layer, such as incomplete covering, can be assessed by
simple inspection. Evaporation of the water solvent on the layer completes the deposition process.

Molding procedure (Timing: ~13hr)

e Prepare a mixture of 10:1 PDMS, degas until no bubbles are present in the mixture and
carefully dispense ~ 2 gr on the photoresist coated mold.
Note: PDMS should not be poured directly on the features, this leads to trapping air
bubbles in the mixture. Instead, PDMS is dispensed next to the features and left to
flow to cover the features (Figure A-4).

Figure A-4: (left) An uncured, degassed, 10:1 PDMS mixture is poured on an area of the mold
cont aining no features. (middle & right) PDMS is left to flow to achieve complete coverage of
the full array with features. This prevents formation of air traps.

Note: Avoid pouring directly on features, and wait for PDMS to wet the feature surface.
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24 Detailed Fabrication Process Flow

e Bring the thick PDMS dextran coated slab to the PDMS covered features (dextran layer
facing the uncured PDMS) and lay down gently on the PDMS. After full contact, push
gently on the slab to displace the uncured PDMS (Figure A-5).

Figure A-5: (a-d) The PDMS slab; reversibly bonded to a microscope slide, is brought to
contact with the uncured PDMS layer on the prepared SU8 mold by carefully laying the slab. A
final gentle push helps displace excessive uncured PDMS at the interface.

Note: Placing should be done by tilting; this avoids trapping air between uncured PDMS and
dextran.

e Apply constant pressure between mold and slab (microscope slide) and secure it in
position to avoid sliding of surfaces. Then, leave the set pressed for overnight curing
(=12 hr) at room temperature (Figure A-6).

e After overnight curing, bring the pressed sandwich in a convective oven for >1 hr at 70
degC.
Critical: The pressure between mold and slab should not be released before complete
curing of the molded PDMS layer.
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Figure A-6: (a-b) The previously prepared slab with dextran coating sitting on uncured PDMS
is gently set between two clamps, one clamp at a time. Handling of the clamps must be so that
full clamping force is only applied once the mold and slab are in their final positions. An additional
4 mm thick 15:1 PDMS slab reversibly bonded to a microscope slide were attached to the flat
back side of the mold to increase molding pressure of the clamp set.

Note: The middle of the molding array should be symmetric and centered to the clamps contact
points. The slab and mold might slide away from each other, due to lubrication from the uncured
PDMS, for this reason the force excerted by both clamps must be applied simultaneously and
must be centered. (c-d) After the clamps have been positioned and released on the mold and
slab, these must be secured in position.

Note: Scotch tape was observed to be enough to prevent any undesired sliding of the molding
sandwich.

De-molding & Transfer of membrane (Timing: ~2hr)

e The de-molding process begins by carefully releasing the clamp set and freeing the
stamped mold from tape and excess PDMS holding it in place.
Critical: During the whole de-molding process any stress between the PDMS slab and
the Si substrate should be avoided as these can produce undesired peel and tear of the
membrane.

e Remove the microscope slide on top of the PDMS slab by carefully inserting a scalpel
blade or fine tweezers and using these as a lever. The corners are first un-attached and
further peel can proceed by letting the blade in the interface.

Note: Dispensing a drop of ethanol reduces adhesion and promotes automatic de-
bonding.
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26 Detailed Fabrication Process Flow

Figure A-7: (a) Detachment of the microscope slide from the PDMS slab begins by inserting
the blade of a scalpel in the corners of the interface, and gently using it as a lever to promote
partial de-bonding of the perimeter. (b) By positioning the scalpel blade on a stable surface, it
can be left to on its own slowly as a lever thus avoiding use of excess force for de-bonding. A
drop of ethanol can be deposited on the scalpel blade or the interface to further aid de-bonding.
Note: Ethanol must be dispensed carefully to avoid wetting of the interface in contact with the
mold; this is to avoid accidental etching of the dextran layer with ethanol.

(c) After successful release ethanol should be dried by blow drying or use of a non-fibrous tissue.
The Slab must be well adhered to the mold.

Note: Lamination and detatchement of the slab from the mold could be a sign of unsuccesfull
curing of the membrane interface holding them in position.

e With a sharp and clean blade, make an incision and cut directly on the mold all around
the perimeter layer of the slab. A layer of PDMS is normally found around the slab as
it is excess which was squeezed out of the mold. Cutting into the mold through this
excess PDMS creates openings for acetone to wet the interface between slab and mold.
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Figure A-8: (a-b) With the clean blade, the perimeter of the mold surrounding the PDMS slab
is cut, therefore making access holes to acetone etchant through any excess PDMS which might
have creped between the slab and mold. Damage of the underlying photo-resist coating is not
a concern. (c) Schematic drawing showing the position in which the access holes are created.
Making these cuts too near to the molding features might promote accidental de-molding of
the membrane by mechanical stress. The slab therefore must be preferentially bigger and well
centered from the molding array.

Note: The mold is tightly held by pressing on the hard substrate; handling by the PDMS carrier
can promote accidental de-molding.

e Place the mold and slab on a glass beaker and dispense acetone at their interface. To
promote de-molding, a pair of fine tweezers is used as a lever at the corner and sections
of the mold without features.

Critical: While de-molding requires physical peel-off of the PDMS carrier, this is done
to promote acetone wetting of the interface which is sufficient to free the membrane and
slab from the mold, thus no excess force is required to peel-off the slab.
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Detailed Fabrication Process Flow

Figure A-9: De-molding of the membrane adhered to the PDMS slab by dissolution of the
photo-resist sacrificial layer on the mold. (a-b) An acetone lubricating layer is dispensed on the
interface between the PDMS slab and the mold or alternatively the sandwich can be put inside
a bath. Though, wetting and dissolution of photo-resist is automatic, aiding exposure of the
sacrificial layer by de-lamination of the corners quickens the process. Also, for fur lift-off the slab
must me manually removed from the mold with the use of tweezers.

Critical: Curving of the PDMS slab by peel-off should be avoided nor present as this is a sign
of non-full wetting of the interface between membrane and mold. Considerable curvature of the
slab while de-molding can promote cracking of the brittle dextran layer and therefore tears on the
molded membrane. (c) Final lift-off of the PDMS slab from the mold is possible even without
achieving full dissolution of the sacrificial layer.

Note: Once acetone has wet the interface, this should not be let dry as this will promote surface
adhesion of the interfaces that can promote tear and difficult handling.

e Successful de-molding results on a fully cured ~ 10 gm 10:1 PDMS membrane adhered

to the thick slab by a dextran layer interface and an intact pillar mold.

Note: We have observed SU-8 molds were re-usable after thorough cleaning (acetone,
ethanol and IPA rinsing) up to 5 times. The membrane and carrier slab must be
thoroughly rinsed with acetone before posterior use.

e Rinse the PDMS slab sparsely for a minute, membrane-face side, with acetone and

dispense on its surface leaving for ~30 sec. Then, gently blow dry the acetone from the
slab with nitrogen gun revealing a clearer PDMS membrane, see Fig. A-10.

Note: Though long-term exposure of the membrane surface to acetone has revealed
no negative effects on the membrane quality or affected its adhesion to the underlying
dextran layer, it is not advised. Careful rinsing with acetone and blow drying is preferred
to eliminate any surface contamination.
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e Place the slab on a clean microscope slide for better posterior handling and store in a
clean petri dish.

Figure A-10: A final rinse with acetone; or bath immersion (= 30 sec), clears the membrane’s
surface so on the slab only the membrane molded area is not transparent. The slab and membrane
can be compared before (left) and after acetone rinsing (right)

Preparation and Sectioning of the PDMS membrane:

The clean membrane on the carrier can be either directly bonded to a device or cut into
sections and then transferred depending on the size requirements of the final device. Though
the uniform membrane film spawns entirely on the PDMS carrier (2.5 cm x 4 cm), only the
molded region (1 cm x 3 cm) should be used; areas outside of this region were observed
to be un-evenly thinner (<1 pm) and prone to break. The membrane and slab can be cut
directly with a clean scalpel or razor blade; though, excessive handling promotes break of
the membrane due to cracking of the dextran layer underneath. After cutting the membrane
must be again cleaned before transfer.

Figure A-11: After dissection of the membrane and the carrier slab, the membrane surface must
again be cleaned. This can be done as previously shown by acetone rinsing or by scotch-tape
de-lamination.

Note: The membrane adhered to the carrier can be cleaned by careful de-lamination of particles
with scotch tape; proving there is a firm adhesion between PDMS to dextran.
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Detailed Fabrication Process Flow

e Treat the membrane and the corresponding final device by air plasma (20 W for 35 sec)

and bring both surfaces onto conformal contact by careful tilting. A gently final push
between the carrier holding the membrane against the device reduces any gaps due to
discontinuities and ensures effective surface contact.

Note: Always handle the membrane’s surface by the PDMS slab carrier by using
tweezers.

e Bring the set to incubation in an oven for 60 degC overnight to promote irreversible

bonding. After this period the device and slab are brought to room temperature (=15
min) before any manipulation is done.

Figure A-12: The membrane, still adhered to the PDMS slab carrier, is brought onto conformal
contact with the final device after surface activation.

Note: We have observed that in the case of faulty positioning of the membrane, it is still possible
to gently un-adhere it from the final device and re-position it without affecting final bonding
strength.

Note: A short (30 sec) corona treatment also proved viable to promote irreversible bonding of
the membrane to the final device. Neither air plasma nor corona treatment appeared to disrupt
the underlying dextran layer or its ability to dissolve in water.

e Release of the PDMS membrane from the carrier is done by first promoting water to

filtrate into the thin dextran layer. Water is dispensed on the interface between PDMS
carrier and device, and using the blunt tip of some tweezers, the surface of the device
surrounding the area bonded to the membrane is locally pushed down. This motion aids
to de-attach both surfaces and reveal the dextran layer which immediately is attacked
by water.

Note: A water with Tween (0.02 %) mixture (Tween 20, Calbiochem. Merk Milipore)
aids wetting of PDMS.

e Once the whole perimeter is exposed to water by manual handling, the complete set is

submerged in hot water bath (80-90 deg C) for at least 1 hour or until full lift-off is
achieved. If correct lit-off occurs (long bath time > 3 hr might be required), PMDS will
automatically de-attach and float on the surface of water leaving behind a free standing
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Figure A-13: (a) Lift-off by dissolution of dextran in water is aided by mechanical exposure
of the PDMS-dextran-PDMS. Due to hydrophobicity of PDMS, deposited water will not easily
creep into the interface.

Note: To aid wetting, a mixture of water with Tween can be used instead of simple DI water.
(b) The edges of the device can be pressed by a blunt tweezer tip to locally deform and promote
exposure of dextran to water.

Note: Exposure of the membrane to water by manual handling should only be done at places
where no sensible features; as free-standing membranes, are positioned due to possible break of
the membrane.

membrane irreversibly bonded on the device.
Critical: Agitation during release should be avoided as it promotes stretch and there-
fore possible tear and break of the membrane on free-standing position.
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32 Detailed Fabrication Process Flow

Figure A-14: (a-b) Final lift-off occurs by immersion of the set in a warm water bath at 80-90
for approx 1-2 hr. During lift-off bubbles appear on the set and on the free standing membrane
section. For long etching bath times, lift-off occurs automatically due to buoyancy of PDMS in
water.

Note: Normally, lift-off occurs in a preferential direction and when the sensitive areas are already
de-attached from the slab, the carrier slab can be manually de-bonded and the process stopped.
(c-d) Final device with an irreversibly bonded free-standing membrane. (c) The membrane section
shows hydrophilic characteristics and therefore it will remain wet after bringing it out of the water
bath. (d) The membrane can be gently blown dried with nitrogen to displace the water trapped
between the channel and membrane.

Note: After removal from the warm water bath PDMS shows translucency instead of transparency.
We observed this effect disappears as the piece is dried in a couple of hours.

Critical: Any agitation of the bath or device before complete lift-off might promote micro-tears
for large free-standing membrane sections.
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Appendix B

Membrane Fabrication
Troubleshooting

B-1 Micro-tears

Micro tear of membranes during final lift-off.

Tearing of the membranes was observed only in the relatively large free-standing membranes
(layed over circular 5:1 PDMS frames with a diameter 5 mm) prepared for cell characteriza-
tion. Few of these defects (1-3) were observed for each sample (Figure B-1).

Figure B-1: SEM images of two large free standing membranes (5 mm diameter) showing micro-
tears. These micro-tears were the only present in the completeness of the membranes and have
been observed to be small strips 100-200 pxm long and 10-50 pwm in width. This membranes were
only present in large free-standing membranes and not in membranes on microfluidic channels
(500 pxm - 1000 pum width and several mm'’s large)

Note: Tears were observed to be promoted by agitation of the sets in the final lift-off process
during immersion in a warm water bath.
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34 Membrane Fabrication Troubleshooting

These defects are associated to agitation during lift-off of the thin compliant PDMS layer
from dextran sacrificial layer. Longer etching times and avoiding any manual handling were
observed to diminish or eliminate these defects.

Figure B-2: Large area free-standing membranes bonded to PDMS carrier before (left) and
after release (right). Micro-tear defects are not assessable but only by SEM imaging.

B-2 Cracks

Topographical defects on the membrane, similar to cracks (Figure B-3), were observed for
manually aided membrane de-lamination and quick drying of the dextran deposited layer.

P e e

Figure B-3: (a & b). SEM images of molded membranes showing cracking topography from
cracked brittle sacrifical layer. (a) Detail of crack on membrane and topography details of substrate
cracks. (b) Highly affected membrane surface due to mis-handling and wrong processing of
substrate and dextran deposition.

These molded cracks on the PDMS films were observed to be due to cracking of the under-
lying brittle dextran layer (Figure B-4). Wrinkling and cracking of the dextran layer can be
attributed to intrinsic stresses induced during processing. On one side, intrinsic stresses on
the layer can be attributed when deposition of the liquid layer occurs; this can be associated
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B-3 Non-through Pores 35

to evaporation of water solvent in the dextran mixture. On the other hand, thermal stresses
might also be present, this are due to difference of the film (dextran) and substrate ( 15:1
PDMS slab) coefficient of thermal expansion (CTE). The CTE of dextran has not been found
and therefore thermal stresses cannot be further analyzed.

The observed defects could be associated to tensile stress; particularly since no buckling was
observed and only cracks. Additionally, the PDMS substrate was observed to curve concave
with respect to the dextran layer when this was not attached to the rigid microscope slide. The
failure modes we can recognize are surface cracking, channeling, and substrate damage. Less
surface cracking and therefore substrate damage was observed for relatively stiffer substrates
(10:1 pdms), nevertheless these stiffer substrates were observed to promote other defects; such
as clogging of the pores, therefore softer (15:1) PDMS substrates were used.

s

Figure B-4: SEM images of cracks observed on the PDMS slab carrier substrate due to stresses
for dextran deposition after membrane release. (left) Long-single, thick cracks were observed for
deposition of dextran on 10:1 PDMS substrates by the method described in Chapter IV. (right)
Detail of crack and membrane residue due to incomplete release from picture on the left.

To eliminate this problem a long cool down to room temperature after complete evaporation
of water in the coating layer was used. Though, in order to fully avoid any thermal stresses,
either quick or non-thermal drying processes; such as nitrogen flow or vacuum-assisted water
evaporation could be used. For the case of using nitrogen blown, non-uniformities in thickness
of the spin-coated layer must be assessed.

B-3 Non-through Pores

Applying insufficient pressure when molding the membrane film results on formation of micro-
wells instead of open pores. Though this effect cannot be assessed with bright field microscopy,
it can be easily detected by SEM imaging when cutting a through section of a suspended
membrane (Figure B-5).

Though the clamps were observed to generate fully open pores, they have consistently failed
to generate a membrane with only open pores. Instead, some pores have been observed to
have an ultra-thin PDMS layer clogging areas of the membrane (Figure B-6).
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36 Membrane Fabrication Troubleshooting

Figure B-5: SEM images of non-porous membranes due to non sufficient molding pressure
(300 gr weight used) and immmediate curing on hot plate. (left) Features of 7 um pillars as
micro-wells. (c) Non-porous PDMS membrane; dextran face siding up. A rupture was made with
tweezers done to reveal the 10 pm micro-wells molded underneath.

Note: This problems were addressed by using a set of clamps instead of a weight and promoting
longer curing times of the PDMS film at room temperature.

Figure B-6: SEM images of membranes (10 um pores) made from the reported fabricated
process. (left) Non-through pores can be partially discerned by simple observation of large areas
of the membrane. (right) Detail of through and non-through pores. The existence of an ultra
thin layer can be assessed as those pores showing less contrast to the PDMS layer.

Note: Pores can be observed from either side of the membrane, in contrast to the previous
micro-wells. The thickness of the ultra-thin PDMS membrane has not been assessed.

B-4 Bulging and Stiction

Bulging of the membrane due to its own weight when laid free-standing over shallow channels
was observed. The molded membranes (10um thickness and 10um pores), were observed to
bulge when bonded to a 1.0 mm wide and 100 gm high PDMS microfluidic channel. The
membranes were bonded and transferred to these channels as previously explained and bulging
was observed at the end of the final lift-off step by water immersion when drying of water
on the surface was done. Though it was observed that these collapsed portions of membrane
did not irreversibly bonded to the bottom of the channels; by observing de-lamination of the
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membrane by flowing of ethanol and acetone through the channel, the membrane did not
free-stand and therefore using these wider channels was not possible for microfluidic testing.

Figure B-7: SEM image of 10 pm membrane irreversibly bonded onto parallel 1 mm width and
100 pum height PDMS microchannels. The membranes were observed to bulge and collapse on

the bottom of the micro-channels.

Additionally, the use of ethanol right after water lift-off created stiction problems. These
stiction problem resulted in irreversible bonding of the PDMS membrane to the bottom of a

microfluidic channel.

Figure B-8: Stiction of a free-standing membrane on the bottom of 500 um PDMS micro-
channel due to ethanol evaporation. (left) Direct observation of collapsed membrane over channel.
(b) SEM image of the collapsed and permanently bonded membrane on the PDMS micro-channel.

B-5 Asymmetric pore profile

The profile of through and non-through pores on the molded membranes was observed to be
asymmetric, on one side the membranes are fully flat and on the other the pores are observed
to exhibit a smooth curvature (Figure B-9).
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Figure B-9: SEM image of fabricated membranes (10 pm diameter) showing an asymmetric
pore profile. (a) It can be observed that on side (left) the membrane pores have a smooth profile
transition, this side is molded against the coated pillar features. In contrast, the membrane side
molded against the dextran layer (right) is flat, and the pores do not have a transition but instead
have an ultra-thin residual PDMS rim. (b) The transverse cut of the non-porous membrane
molded on the coated pillars shows the coating is non-conformal.

The molding features were imaged with and without the lift-off (photo-resist) coating to
determine the conformity of this layer which could result in the pore profile. The steep pillar
mold profile is seen in Figure B-10a and b. The photoresist coating was deposited and spin
coated as form a uniform layer of =~ 1.0 um. Nevertheless, it can be observed that the coating
is non-uniform next to the features (Figure B-10c and d). A meniscus can be observed in the
concave corners which can be associated to hydrodynamic effect of the photoresist lubricating
layer. This profile becomes the negative of the membrane, therefore the pore profile of the
membranes are observed to be asymmetric and showing a smooth chamfer instead of steep
edges of the pillar. In the valley between pillars, the coating was measured to be approximately
1.0 pm; the desired thickness, nevertheless the lateral coating thickness could not be assessed.

Though this transferred profile is not desirable and could be almost completely reduced by
using an anti-stiction monolayer coating instead of an sacrifical layer, the form of the profile
actually helps de-bonding of the membrane from the pillar mold and could be tuned by sur-
face treatments and change of spin coating parameters.

Jose Manuel Rosas Escobar Master of Science Thesis



B-5 Asymmetric pore profile 39

Figure B-10: (a & b) SEM images of the SU-8 on silicon molds used to fabricate thin micro-
porous PDMS membranes. (a) Detail on a single pillar. The pillar profile shows a small inverted
tilt classic of negative photo-resists and a small aspect ratio. (b) Tilted perspective showing the
pillar array distribution and homogeneity. (c & d) SEM images of the photo-resist spin coated layer
on the SU-8 on silicon features used as molds to fabricate thin micro-porous PDMS membranes.
(a) Tilted perspective showing the pillar array distribution and homogeneity of the photo-resist
coating layer. The valley formed by the non-uniformity between pillars was measured to be approx
1 um; which was the expected coating layer thickness. (c) Tilted perspective of a single coated
pillar. (d) Detail on a coated pillar from a perpendicular view. The pillar profile shows photo-
resist coating is highly non-conformal, though from the image the coating’s thickness cannot be
estimated but only with comparison with the non-coated pillar.
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Appendix C

SEM Imaging analysis

C-1 Pore Size

Pore size and form was observed to vary in all samples. As means to assess these variations, the
SEM images of the free-standing membranes were analyzed using ImageJ (National Institutes
of Health, Bethesda, MD). After proper scaling, cropping and threshold, the pores were
analyzed as ’particles’ Individual estimation of pore areas are obtained and by assuming a
circular profile, a pore diameter is calculated.

Analysis Procedure

e First, the images are scaled in ImageJ by drawing a line to match the image scale and
the ’Set scale’ function is used. Here the pixels are converted to the observed length
scale embedded in the picture.

e Afterwards, the image is cropped so it only includes the features to be analyzed, the
scale embedded in the image is also cropped-out.

e Then, the pores are highlighted by adjusting Brightness/Contrast such that the maxi-
mum is located at the peak (Figure C-1).

e The threshold of the image is set such that it is possible to discern between open and
closed pores. Open pores normally appear to have a higher contrast to the membrane
surface, in comparison to clogged pores (Figure C-2).

e Then, the function 'Process -> Binary -> convert to Mask’ is used (Figure C-3).

e With the image as a binary, it is possible to use the ’Analyze Particles’ option. Minimum
and maximum particle size and roundness can be set to disregard defects from the image,
e.g. un-complete pores imaged might be recognized as small particles.
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Figure C-1: (left) Maximum limit of brightness and contrast of the SEM image is adjusted.
(right) Individual pores are better recognized from the background of the membrane.
Note: The adjustment is done by subjective observation and thus it hasn’t been automatized.
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Figure C-2: (left & right) Threshold is adjusted to discern between pores and background.
Note: The adjustment is done by subjective observation and thus it hasn’t been automatized.

A dialog box gives the data generated from the analyzed particles, including the indi-
vidual areas of the outlined pores (Figure C-3 right). Saving this sheet allows further
processing.

e The data on the ’Area’ column is processed to calculate a 'pore diameter’ (Areapore =

m(d/2)?).

e By truncating the calculate pore diameter for no decimals, histograms can be con-
structed in Matlab (Figure C-4).

e By using the histogram function that counts the quantity of pores of a given size ’bin-
counts’, the pore quantity, according to the pore size, is given as a normalized percent-
age of the total quantity of pores analyzed. In this way, many samples can be plotted
together and a pore-size distribution can be observed for all the samples (Figure C-6).
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Figure C-3: (left) The membrane image is made binary to leave uniquely the pore features
to be distinguished for pore size quantization. The particle analysis function rectangle (shown
superposing the binary membrane image) is adjusted by settling a minimum expected pore size
(given in the scaled units) and a circularity (used to establish how circular is the pore expected
to be). Marking the 'show outlines’ tick helps identify the quantized pores from the previous
image for correlation. (right) The quantized pores’ outline is given in red. For every 'pore’
analyzed the outline is given a number, this helps identify if the pore is quantized as unique
feature; alternatively, as the pore density distribution is known, it can be known if defects such
as partially clogged pores are being account as a unique pore or as openings through the ultra-
thin clogging-membrane covering the pore. Together with the marked image, ImageJ provides a
data-spreadsheet containing the quantified 'particle area’ Saving this information in a separate
file allows further analysis of the obtained pore information.

Note: The adjustment is done by subjective observation and thus it hasn’t been automatized.
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Figure C-4: Histogram plotting code for individual pores implemented in Matlab.

Results

Different samples analyzed reveal the average pore size derived from SEM observations is
smaller than molded 10 pum objective. Since the membranes were always imaged from the

side molded against the dextran layer, it can be inferred that the pore outlines analyzed with
ImageJ contain the PDMS rim, thus partially clogging the pores.
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Figure C-5: (left & right) Histrograms of calculated pore size for two different samples. Pore
size distribution is observed to be different for both samples but in the same range (4-8um). These
histograms were made by assuming a circular profile from the calculated pore-area of the ImageJ
particle analysis. An equivalent circular diameter is calculated for the corresponding pore-area.
This equivalent diameter is round-up for no decimals and a histogram is created in MatLab.
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Figure C-6: Histrogram showing percentual content of pores according to pore-size of various
membranes. Individual histograms are shown with different line colors. The pore-size is observed
to vary in distribution and size but within a common range (from approx 2 um to 8 um equivalent
diameter). Individual pore-size content information was normalized to 100% for every sample to
correct for porosity variations in the samples.

Variations in pore size quantification

By using the strategy previously described to quantify pore size, the other side of the mem-
brane; facing the molding features, was also analyzed to determine if the previously reported
size is the same on both sides.

Result

By analyzing both sides of the membranes, two apparent pore sizes are obtained. On one side,
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Figure C-7: The profile of the pore observed from the side facing the mold shows size variations
from the image analysis process used. (left) SEM image of porous membrane molded from 10 um
pillar features. The pore profile can be seen as an obscure rim surrounding the openings of the
pores. (b) Same image after scaling, cropping, adjusting for brightness and contrast, threshold
and binary transformation. The rims, which account for the pore profile, are seen in white. The

outer perimeter is the pore diameter from the molding features, while the inner one is that as
observed from the dextran molded facing side.
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Figure C-8: Histogram of FigC-7-b showing variations in calculated pore-size using the method-
ology previously described. In blue, the pore-size is calculated considering the inner-pore perimeter
which is between 3 um-8 um; similarly as the previously analyzed samples. In green, the pore-
size is calculated considering the outer-pore perimeter, showing a peak at 12 um and spawning
between 10 to 14 um. Though the molded pore-size from the features is expected as 10 um,

the photo-resist coating layer; as observed in Fig.B-10, thickens the feature thus explaining the
greater pore-size obtained.

a big pore (10-12 pm) associated to the molding feature diameter, is correctly being molded
on the membrane. On the other side, a small pore (x5 um) associated to the existence of an

excess PDMS rim, is associated to the observed potentially clogging ultra-thin PDMS layer
over the pores. Overall, the pore profile, resembles a Gaussian function.
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C-2 Porosity

Porosity (open pores vs. total pores) was assessed using a similar procedure to that used for
analyzing the pore size of the SEM images.

e After proper scaling and cropping, the threshold of the image was tunned by subjective
appreciation to ’distinguish’ between open and closed pores.

e Once only the set of 'open’ pores was viewed by thresholding, the pores are analyzed
with the ’Analyze particles’ function, which counts the selected pores.

e By repeating the thresholding step but now to cover all the pores observed, the analysis
is repeated again to give a measure of the total pores molded on the membrane.

Figure C-9: (a & c) SEM images of two samples showing apparent different porosity. (b) Total
pores quantized (top) and open pores (bottom) of the membrane section in (a). The procedure
shows apparent high porosity (= 90%). (d) Total pores quantized (top) and open pores (bottom)
of the membrane section in (a). The procedure shows apparent low porosity (= 20%).

Result

This analysis has shown plausibility to assess membrane porosity of small samples (< 1 mm x
1 mm). Only small areas in this range were able to be processed with the acquired SEM image
quality. Porosity calculations by this method shows the membranes have different porosities.
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Porosity (# of open pores vs. #
of molded pores)

D1M1 38.5 %

D2M2 88.2 %

D4M3 92.0 %

D5M4 84.0 %

D6M1 10.4 %

D7M2 92.3 %

DIM4 20.7 %

Table C-1: Porosity calculation results of seven different samples by SEM image analysis

Porosity is reported as the ratio between # of open pores vs. # of molded pores and was
calculated to be either low < 40 % , or high > 80 %. Distribution of open vs clogged pores is
observed to be random on the membrane and no correlation between samples was possible.

Jose Manuel Rosas Escobar

Master of Science Thesis



Appendix D

Fluid Characterization

D-1 Fluidic setup

The testing setup (Figure D-1), consists of a device made of two (10:1) PDMS microfluidic
channels ( 100 gm height and 500 pm width) that sandwich the PDMS porous membrane
(Figure D-2 right). Inlet and outlet access ports are punched only into one side of the PDMS
device (diameter 1.2 mm punchers) thus allowing for bright field microscope inspection during
the experiments. The device was connected by manual insertion of blunt needles at the inlet
and outlet ports. At the inlet, two flows (Q1 & Q2 ) are well established by two syringe
pumps, and at the outlets the tubing ends are suspended on recollecting vials. To begin the
fluid experiments, the device is first filled entirely with a slow flow (~ 5 pl/min); this avoids
trapping of air bubbles inside the channels.

D-2 Fabrication detail

Due to the thickness of the membrane sandwiched in between the channels, a small disconti-
nuity, similar to a gap was observed at the rim of the membrane. Though this gap did not
promote leakage during microfluidic experiments, the problem was minimized by gently push-
ing both sides together after surface oxidation and the addition of a small uniform weight (&
300 gr) on the device during bonding incubation for > 6hrs at 65 degC (Figure D-2 bottom).
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I

Figure D-1: The fluid characterization setup consists of the device connected to input and output
flows. Input flows ;Q1 and Q2, are imposed by a syringe pump and output flows are recollected

in vials to quantize.

Figure D-2: (a) Device with irreversibly bonded membrane used for fluidic characterization of
porosity. (b) Bright-field micrograph of crossing section (500umX500um) between two channels
in different planes separated by a free-standing membrane. The membrane shows no apparent
deformations or defects, though determination of porosity is not possible by this method. (c)
Bright-field micrograph of micro-gap observed at the interface between membrane and upper and

lower device layers.
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D-3 Fluid circuit equivalent

The Hagen-Poiseuille equation VP = R x Q; that relates the pressure drop (VP) within
a fluid channel to the flow rate (Q) within and an equivalent fluidic resistance (R), was
used to describe the flows within the criss-cross channels of the device and through the
porous membrane. By using a syringe pump system, the flow profile establishing within the
channels is expected to a parabolic profile with maximum in the center and no-slip condition
on the walls. And to correctly account for this model, a laminar flow regime (Re ~< 1) was
established by setting the experimental flows within the channels < 15 pl/min.

A simple equivalent circuit model (Figure D-3) was used to predict the flow through the
membrane in function of its porosity. To validate the model flow predictions as function of
the porosity content, these can be compared to independently made calculations of porosity
based in SEM images of the membranes on the fluid devices; as presented in Appendix C.
The resistance of each section of the device (straight channels and pores of the membrane)
are modeled to their equivalent fluidic resistance (based on Hagen-Poisseuille) and were cal-
culated in Matlab. The calculated resistances and the established flows (Ql & Q2) were
inserted in the circuit model and simulated to obtain the output flows (Qlp & Q2p). Before
all calculations all given values were changed to the metric system. The ratio of the calculated
output flows (Q1lp/Q2p) was graphed as a function of the input flows (Q1/Q2) to build axes
on which to compare the fluidic experimental results.
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Figure D-3: The circuit equivalent was built and simulated in LTspice. The model returns the
correspondent current; flows, and voltages; pressures, from the modeling conditions imposed.

Results: The results of both fluid experimental values and the circuit model calculations are
graphed in Figure D-4. The results obtained by the flow recollection method only predict
either highly or low porosity of the devices; similarly but not completely correlated to the
SEM porosity calculations. The equivalent circuit model appears to be too simple, though
partial correlation to the fluid experimental values can be observed. Additionally, the use of
a dye to assess species transport through the membrane helps to observe actual flow through
the membrane though only in a qualitative measure (Figure D-5).
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Figure D-4: Fluid characterization results to assess porosity of the membrane. The hard red lines
on the extremes denote the limiting cases of 'not porous membrane’ (top) and 'no membrane’
(bottom). The other hard lines, represent the calculated values from the equivalent circuit for 40
%, 92% and 100% of open pores. The dotted lines are the graphed experimental values obtained.
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D-3 Fluid circuit equivalent

Figure D-5: Micrographs of advective flow with dye passing through the membrane for different

(a) Equal flow

rates; 10 ul each. (b) Dye channel (Q1) with a flow rate of 10 pl and clear channel 7.5 ul. (c)

Dye channel (Q1)

, as means to assess porosity and leakage.

doubling the flow of the DI water channel; 10 ul vs. 5 ul respectively.

i

flow ranges during the fluid experiments,
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Appendix E

Background on Cancer Metastasis and
Cell culture

E-1 Physiological Background of cancer metastasis

E-1-1 Physiology of a solid tumor

A tumor is an abnormal growth of cells that reproduce indefinitely without an apparent
purpose due to a malfunction of their genome. Once some of these gain the ability to spread,
invade and promote growth of secondary tumors in other tissues, the tumor is considered
malignant and called a cancer. Tumor cells are inherently different, depending on their
environment of precedence these differences can be phenotypical; i.e. breast or intestine
tumors exhibit different morphology in their microenvironment, but even within a tumor mass
the differences can be genotypical; i.e. a cancer cell could be either associated to endothelial
functions or instead posses stem cell abilities which are associated to invasion and growth
of metastases in secondary sites [36]. A tumor is not composed uniquely of tumor cells but,
in contrary, it is believed that more than 80% of its mass is composed of various kinds of
cells and a biomatrix or extracellular matrix (ECM); that all-together is called stroma [4]. In
addition, other structures such as blood vessels are known to grow into the tumor mass to
bring nutrients. Within the tumor, a continuously mutating tumor cell niche grows while the
stromal-cell population changes due to invasion from nearby tissue and permeating vessels.
Furthermore, the ECM is continuously being remodeled and changing due to the interaction
of all these agents within it. As a consequence, the tumor mass comprises a complex and
dynamic bio-chemical and mechanical micro-environment that is believed to promote tumor
progression towards a cancerous state.

E-1-2 Transition towards an invasive Cancerous Tumor

Metastasis is considered a process that occurs stepwise. First, tumor cells loose inter-adhesive
properties to other cells and the ECM. Then, there is an increase in motility and invasive-
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Figure E-1: /llustration depicting the complex tumor microenvironment composed of tumor cells
and stroma inside the ECM tumor mass. Various biochemical environments are created within the
tumor as blood vessels and capillaries permeate the mass with nutrients. Additionally tumor and
stromal cells together with the ECM continuously secrete and absorb soluble signals in a complex
interplay that is hypothesized to promote cancer progression. Some of the main steps leading to
metastasis are shown, such as EMT and intravasation of cancer cells into blood vessel. Image

taken from [4].

ness of these cells promoted by the bio-chemical and mechanical interplay with the micro-
environment. The cells achieve entry and survival into the circulatory system (i.e. intrava-
sation); or lymph nodes, promoted by bio-chemical and mechanical gradients. Finally, the
cells exit into a new tissue (i.e. extravasation) and secondary tumor growth promotion oc-
curs. Though many key changes have been observed, the inherent reasons for which each step

occurs is still primary focus of research [6].

It is hypothesized that an endothelial mesenchymal transition (EMT) process transforms tu-
mor cells and allows them to become invasive and colonize other organs. EMT changes the
genotype of tumor cells such that their abilities are similar to those of cells responsible for
angiogenesis. In this manner, the now "malignant tumor cell" (or cancer cell), is able to
make its way out of the tumor mass, into and through a blood vessel and infiltrate in a sec-
ondary organ in which it will pursue to proliferate. Various signals and events affecting the
tumor mass are known to promote EMT, such as: Metabolic stress (i.e. hypoxic conditions
leading to acidic regions), mechanical stress (i.e. pressure and stretch due to cell excessive
proliferation), immune responses (i.e. infiltration of white blood cells such as leukocytes and
inflammatory recruited macrophages into the tumor mass), and accumulation of mutating
cells. Nevertheless, the complex interplay of these factors that leads to metastasis is still an
unresolved matter [9]. Despite many of these signals have been studied by independently,
by observing characteristic changes of cells and their environment, it is the understanding of
their interactions which is of most interest to provide clues on how to trigger and potentially

stop tumor progression.
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Mechanical changes of cells and ECM in a tumor

Relevant changes in mechanical characteristics of the tumor tissue and the interplay of forces
during cancer progression has been observed and throughly reviewed in the literature [37,
38, 6, 39] It has been shown that breast tumor progression is accompanied by increased
deposition and cross-linking of collagen type I (i.e. non-cellular structural protein component
of the stroma) which results in tissue stiffening leading to amplification of bio-mechanical
feedback [38]. Viscoelastic properties of living cells are modified by many factors in the 3D
tissue, such as cell—cell interactions, effects of the vasculature and of the ECM. It has also
become evident for the case of isolated cancer cells their hypersensitivity to substrate stiffness.
Furthermore, stroma-cells show also mechanical sensitivity and changes due to interplay with
their micro-environment[3]. While isolated cancer cells become increasingly compliant during
tumor progression, breast, lung and brain tissue stiffens for an activated cancer state ; the
elastic modulus of breast tissue for benign and cancerous state is 2 kPa to 12 kPa respectively.
Whereas, stromal cells involved change independently; epithelial cells soften from 2 kPa to
0.4 kPa, fibroblasts stiffen 0.4 kPa to 1 kPa as so macrophages from 1.5 kPa to 0.5 kPa [38].

Figure E-2: Change in morphology of mammary epithelial cells for increasing substrate stiffness.
For soft substrates a defined structure is retained and held together by intra-cellular bonds. Higher
stiffness disrupts these bonds and elongated, non-structured cell distributions are observed; these
morphologies are associated to highly mobile, invasive and stem-property-like cells. Image taken
from [39].

Intravasation via transendothelial migration (TEM)

Intravasation refers to the process in which cancer cells migrate through the progressively
stiffened tumor tissue (composed of a basement membrane and the interstitial ECM) directed
by bio-chemical gradients and eventually penetrate into the blood-stream or lymphatic ves-
sels [38]. In the case of intravasation into a blood-vessel, trans-endothelial-migration (TEM)
occurs In this process, the metastatic cell gains entrance into the circulatory system by break-
ing apart the lining endothelial-cell layer that compose the blood-vessel. First, the basement
membrane surrounding the tumor is broken down and migration occurs through the ECM-
filled interstitial space. Eventually, at the interface with the blood vessel, the inter-cellular
endothelial bonds (Vecadherin) holding the cells together are broken, thus disrupting the tu-
nica intima structure of the vessel. Whether the cancer cell disrupts these bonds mechanically
or if other additional biological mechanisms are involved remains not fully known[40]. For the
case of cancer cell invasion into the lymphatic system no such endothelial-cell layer; neither
a basement membrane, is present to transverse[41].

Stimulated migration of cells by a gradient of a chemo-attractant is a central part of physi-
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ological processes such as wound repair and metastasis[42]. During cancer cell intravasation
and extravasation, these signaling molecules are brought by the capillary system into the tu-
mor mass or released by target organs and are proposed to guide migration [43]. Additionally,
various mechanical forces (e.g. interstitial compression, fluidic pressure and associated shear-
stresses) together with non-homogenous stiffness profiles of the ECM are known to influence
the rate and direction of tumor cell migration[38]. Guided migration due to a stiffness gra-
dient is called "durotaxis" and it is of particular interest to understand the gradual stiffening
of the tumor tissue during cancer progression and help indicate the migration path of cancer
cells[38].

Y
\

Y \4. /
o s s Irsrsasras)

Figure E-3: Scheme depicting migration and invasive behavior of cancer cells by relevant bio-
chemical stimulation. After escaping the solid tumor and transversing the ECM, the cancer cell
enters the blood stream by squeezing through a cell monolayer barrier part of a blood vessel. The
cancer cell will travel through the blood-stream until finding a spot to escape this blood vessel to
further on invade an organ where to establish a secondary tumor. Image taken from [38]

E-1-3 Mimicking cancer on a chip: The Smallest Functinal Unit

The difficulty to understand the complex bio-chemical and mechanical interactions controling
invasive propensity of cancer cells has been largely limited by the challenge of studying their
micro-environment under physiological conditions[44]. To replicate this micro-environment; as
an organ-on-chip, it is of most importance to determine the most essential biological, chemical
and mechanical components that enable tumor cells to become invasive; undergo EMT, and
further-on achieve TEM. EMT is hypothesized to initiate at the border between the tumor
and normal tissue due to the greater likelihood of encountering there known EMT inducing
factors [36]. To narrow the micro-environment size of this tissue-border, other physiological
considerations such as the diffusion limit length of oxygen and nutrients provided by the
permeating blood vessels can be considered. The diffusion limit of oxygen in tissue is in the
range of 100 — 200um [9] and cells located further away from this distance are not able to
survive. Furthermore, non-correctly irrigated tumors cannot grow and eventually metastasize.
Considering this size range, the geometry of a microfluidic chip can be made as to mimic the
interface between the tumor mass and a blood-vessel in which EMT and TEM could be
observed and studied.
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E-2 Cell culturing Background

Conventional cell culturing refers to laying cells within a medium on plastic plates or wells.
Regulation of the culture environment within is static, since oxygen, humidity and tem-
perature conditions are kept constant inside an incubator. For inspection, proper optical
characteristics and design characteristic of the plates are desired so that microscope tech-
nologies such as confocal and fluorescence microscopy are used. In common standard cell
cultivation practice, the surfaces on which cells are seeded are not prepared with any specific
ECM coating. These coatings provide the cells with a more physiologically relevant growth
substrate. The coating choice corresponds to the environment desired to replicate and the
used substrate, e.g. common coatings used for silicone-elastomeric substrates are fibronectin,
collagen or matrigel[3].

TN B8k

Figure E-4: Cells are deposited on a glass or plastic dish, they are immersed within a medium
that contains nutrients and factors that establish a suitable micro-environment that allow cells to
grow.

E-2-1 2D vs. 3D cell cultures

When seeding cells on a flat substrate, these attach to the container’s bottom and proliferate
to form a 2D cell monolayer. In-vivo, a basement membrane (BM); a tightly woven flat
fiber substrate which promotes adhesion of cells [45], normally provides the support for 2D
cell monolayers. A BM coating helps recapitulate some of the in-vivo cellular features with
layed in-vitro flat substrates. Normally, after cells attach to the coated or uncoated substrate
they deposit their own matrix. Eventually, this deposited matrix provide cells the closest
physiological environment; though it must be considered that its characteristics and deposition
are known to be dependent on the micro-environment provided as well as dynamic stimuli
such as stretch and fluid shear-stress [3]. For the case of standard cell cultures providing these
signals is limited. Alternatively, microfluidic platforms have proven particularly suitable to
deliver precise, controllable and selective stimulation to cell cultures, thus achieving greater
confluence, tighter inter-cellular junctions or gene expression for 2D cell cultures.

In order to mimic better the in-vivo physiological micro-environment, culturing of cells from
rigid coated plain materials to soft and gel-like scaffolds has shown to provide cells a 3D
structure in which these can bind and grow into a more relevant in-vitro culture. Cells are
known to behave differently if cultured in a 2D or 3D fashion and these changes affect not
only cell function but primary gene expression and epigenetic traits [3]. It is recognized, for
example, that anti-cancer drugs act differently on cell-culture models when these are grown
in a 3D like ECM medium than on a conventional 2D substrate [7]. Due to this, the use
3D cultures with materials such as alginate, gelatin and collagen have become tendency for
integrating and developing new physiologically realistic micro-environments; particularly in
microfluidic devices [46].

Jose Manuel Rosas Escobar Master of Science Thesis



E-2 Cell culturing Background 57

Figure E-5: Micrograph image of a 3D cell culture of MDA-MB-231 breast cancer cells in collagen
supplemented matrigel, it can be seen the cell morphology is cluster-like; called an organoid.

Cell co-culture

Multiple cell culture models are traditionally achieved by (i) placing one cell type in direct
physical contact to the second cell type; in which one type forms a monolayer of underlying
"feeder’ cells, or (ii) using a porous membrane to compartmentalize each cell type while allow-
ing soluble signaling factors through. Additionally relevant is that when using a membrane,
decoupling of biochemical and mechanical signals is prevented, as in contrast when having
direct inter-cellular contact.

When using membranes, these are traditionally clamped in a static assays where little control
over the micro-environment is possible. Due to these limitations there is an increased interest
of using membranes in microfluidic systems in which spatial control of cells and of fluid flow is
improved [4]. Thin porous membranes layed over microfluidic channels (e.g. microfabricated
PDMS or commercialy available PC and PET membranes) have been proven to work as bi-
culture supports of cell monolayers grown on each side after proper treatment of the membrane
with a relevant coating as fibronectin or collagen [2, 44, 47].
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Figure E-6: (A) Co-culture scheme of two cell monolayers (human alveolar epithelial cells and
microvascular endothelial cells) separated by a thin (10um) porous PDMS membrane. (B) The
co-culture is stained for optical visualization and assessment of confluence of both cell monolayers
(Scale bar 50 mm). Images taken from [2].
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E-2-2 Cell Migration Assays

Chemotaxis is the process of active migration of cells due to a concentration gradient of
a relevant chemo-attractant. Migratory and invasive properties of cells have been widely
studied in specially designed assays that permit stimulation of cells by chemical signals. The
most commonly used migration assay design is the Boyden chamber; which has been key for
the study of cell migration[46], this set-up is a static assay that consists of two chambers
separated by a thin porous membrane (Figure E-7). This assay is made by thermo-molding
making it cost-effective and biologically compatible. The commercial membranes integrated
in these are normally made of PET and PC with different pore sizes and porosities.

Depending on the size of the pores, the effect of a chemical gradient on a separate cell chamber
or migration activity of cells through the membrane can be studied. While for narrow pores
(0.1-0.5 pm) particle diffusion through the membrane is possible, to allow movement of cells
bigger pore sizes (3.0-10 pum) are needed, depending on the cell type. A drawback of this
platform is that the gradient created by simple diffusion is linear and transient, therefore there
is little control on the stimulation provided to the cells. Furthermore, it must be taken into
account the decay time of the gradient in comparison to cell motility speed. Quick decaying
gradients might not offer long experimental times to allow for sufficient stimulation of slow
cells; i.e. cancer cell migration speed is reported to be relatively slow to that of other cells
like neutrophils (1 pum/min and 10 pm/min respectively) [43].

Figure E-7: Scheme showing Boyden chamber assay for possible migration cells within a 3D
medium due to chemotaxis. Standard cell migration tests are made in these assays, though
several drawbacks have led to the use of other micro-fabricated assays. In particular, the little
control of the stimulation provided to the cells and the limited microscope compatibility of the
translucent PET and PC membranes. Image taken from [46].

Discrepancies of the migration behavior and motility mechanisms of cells from 2D to 3D
cultures have changed the focus to adopt the latter that better represents the in-vivo micro-
environment [45]. Though 3D migration can be evaluated on a Boyden-chamber assay; by
embedding cells in a 3D matrix, the additional limitations of this platform have boosted the
development of alternative specially designed microfabricated platforms. In these devices
precise control of the chemical and physical micro-environment can help resemble the in-
vivo physiology while allowing real-time optical visualization and improved quantification of
chemical and physical signals of interest for the study of cell culture progression[48].

E-2-3 Chemotaxis of cancer cells

Cell invasion is a complex process which requires migration of cells by making their way
through an ECM or BM that act as physical barriers. Migration through these is achieved
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by the cell attacking it either biochemically or physically; while biochemical signals secreted
by the cell help degrade the barrier, physical disruption of the bonds holding these barriers
together could also be exerted by the invading cell [29]. Henceforth understanding the ground
mechanisms of cell invasion is of key relevance to study processes and progress of diseases
involving cell migration.

Cancer cell invasion in metastasis could potentially be recreated and studied in a migration
assay by building a relevant micro-environment. Several authors have studied distinct aspects
of this process for different models; such as migration through porous membranes, gels and
endothelial cell monolayers. Of particular interest for this project is the study of breast
cancer, henceforth the models will be constructed for commonly used invasive and non-invasive
breast cancer cell lines MDA-MB-231 and MCF7 respectively. A very complete review on
relevant chemo-attractants to different aspects of tumor progression, growth, angiogenesis,
intravasation and extravasation is presented in [49]. In particular, two chemo-attractants
have been previously used to study and promote cancer cell migration.

Fetal Bovine Serum (FBS) as chemo-attractant

FBS is a common supplement in growth medium for cell culture, nevertheless it has been
shown that by creating a FBS gradient in the cell culture, cells will undergo chemotaxis
to the higher concentration region. It is reported that by using 20% FBS in medium as
chemo-attractant (10% used in general medium) MDA-MB-231 cells migrated; migration was
quantified at ~ 7um/hr, through matrigel coated microgaps (15um) in a microfluidic device.
The gradient created in these gaps was maintained by refreshing the medium in specially
designed reservoirs [28].

Endothelial Growth Factor (EGF) as chemoattractant

In the context of a metastatic tumor, EGF is produced by tumor invading macrophages and
is associated with inducing aggressiveness and migration of cancer cells [49]. It has been
reported that MDA-MB-231 cells seeded in a 3D ECM (matrigel w/ 2.5 mg/ml collagen type
1) in 10% FBS supplemented serum were seen to migrate through an endothelial monolayer
(HUVEC) both in presence of macrophages (RAW264.7) and an EGF gradient[50]. Another
study showed EGF induced migration of MDA-MB-231 cells at different concentrations (25-50
ng/ml) in a 2D fluidic configuration; migration rate is reported as 0.9um/min and 0.5um /min
with and without stimulation. In this study it is observed gradient steepness is more relevant
for inducing migration rather than higher concentrations; linear gradients did not promote
migration. Appropriate coating of the surface also proved to be relevant as an adequate (2
ug/ml) collaged IV coating was most effective to promote faster and longer cell displacement
[43] than higher and lower concentrations. EGF has also shown to increase invasiveness of
MCE-T7 cells as it was observed in another study in which a gradient was created by diffusion
brought by two perfusion flows between a 3D gel composed of basement membrane extract
(BME) with embedded cells. BME has similar components and characteristics to matrigel
and contains many ECM-like components[51].
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Figure E-8: Micrographs from an inverted microscope setup showing MDA-MB-231 cancer cell
2D migration. The cells are observed to have an elongated morphology. A) Cells on the coated
surface and a grayscale depiction of the gradient intensity at the beginning of the experiment. B)
After 3 hrs only the cells on the steeper region of the gradient show migration towards a greater
concentration region. Images taken from [43].
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Appendix F

Cell Characterization'

Membrane on PDMS carrier for cell experiments

Membranes were incorporated into a static migration assay composed of two stacked fluid-
containing compartments separated by the porous membrane, resembling that of a commercial
Transwell insert. The carrier rim consist of a 1 ¢cm x 1 cm ~ 700 pym uniform layer made
by casting 5:1 mixed and degassed PDMS on a silicon flat substrate. A hole of 5 mm was
punched in the center of the rim and then cleaned by rinsing with ethanol and dried with a
nitrogen blow gun. Once permanently bonding them to the membranes by treating both with
an air plasma and posterior incubation at 65 degC for 6 hrs, final detachment was done by
immersion in a warm water bath. After successful detachment, the membranes were rinsed
again by repeated dipping in a beaker with room temperature DI water.

-

Figure F-1: Membrane on PDMS carrier used for migration and cell attatchement experiments.

Cell adhesion
Adhesion of cells to the membranes was assessed by seeding MDA-MB-231 cells on the coated

LCell seeding and migrations experiments were carried on at Philips Research, by Tom van Gijsel
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membranes and inspecting their degree of confluence. First, the membranes were sterilize
with isopropanol alcohol. Then, a 10 ng/ml fibronectin in phosphate buffered saline (PBS)
coating was applied for 1 hour at 37 degC. The cells were then seeded and let to adhere to
the fibronectin proteins for =~ 1 hr. After that, 1 ml of medium was applied to avoid cells
from washing off.

Figure F-2: Micrographs from inverted bright-field microscope showing seeding and adhesion
of MDA-MB-231 breast cancer cells as a 2D cell monolayer on the fribonectin coated PDMS
membranes. (left) Poor confluence of the cells at early stage of cell culture. (right) Large
confluence of the cells on the membrane.

Cell Migratrion

By analyzing the cell culture substrate with a bright field microscope, it is possible to locate
the cells on either side of the membrane by adjusting the focus. Cells were seen to migrate in
the gel while maintaining a round morphology. The brightfield micrographs were manipulated
with ImageJ to enhance visibility of cells. The procedure done was to set the threshold to an
appropriate level and then using the "Process / Find Edges’ function.
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Figure F-3: (adc) Brightfield micrographs of observed cell migration through the porous mem-
brane. (b&d) Manipulated images for easier visualization of migrating cells. The method is
observed to be more efficient for cells further away at a different focal plane from the porous
membrane, compare (b) to (c).
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