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máster y finalmente en la tesis, en los comienzos como alumna y en esta

última etapa incluso como profesora.

En segundo lugar, a mis directoras de tesis, Maite Mujika y Eva Pérez por
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hoy no seŕıa quien soy. Sois un orgullo de padres y de hermana, nunca podré
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Resumen

La manipulación celular es clave en el desarrollo de la investigación y aplica-

ciones para diagnóstico cĺınico. Hoy en d́ıa, es bien conocido que las células

individuales, incluso aquellas con la misma apariencia, pueden mostrar diferen-

tes fenotipos. Estas disparidades hacen que cada célula, aún encontrándose

en las mismas condiciones, responda de manera diferente frente a un mismo

est́ımulo. Por lo tanto, el estudio celular a nivel individual proporciona infor-

mación más precisa que los datos promediados obtenidos tradicionalmente

en estudios poblacionales, abriendo nuevas oportunidades en el desarrollo de

nuevos fármacos y en la medicina personalizada.

La microflúıdica se ha constituido como una tecnoloǵıa con gran capaci-

dad para investigar la complejidad inherente de los sistemas celulares. Los

canales microflúıdicos poseen dimensiones en el rango de las decenas a cien-

tos de micras siendo comparables con el tamaño de una célula. Esto permite

la realización de numerosos estudios biomédicos con gran resolución espa-

cial y temporal. Además, el desarrollo de plataformas microflúıdicas cuenta

con numerosas ventajas inherentes a su escala micrométrica como son: la

minimización en el consumo de reactivos y producción de desechos, su alta

sensibilidad y rápida respuesta o, su alta capacidad de integración. Todo ello

se traduce en gran versatilidad a bajo coste.

Dentro de este marco, esta tesis presenta una aproximación multidis-

ciplinar para el desarrollo de dispositivos microflúıdicos capaces de capturar,

tratar y/o analizar células de forma individual con el consiguiente valor añadido.
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Para ello, los diferentes dispositivos microflúıdicos han sido diseñados uti-

lizando un programa de diseño asistido por ordenador. La fabricación y

desarrollo de los mismos se ha llevado a cabo mediante técnicas de mi-

crofabricación como fotolitograf́ıa o micromoldeo de poĺımeros. Para su

posterior caracterización y validación estructural, se ha utilizado tanto la

perfilometŕıa como diversas técnicas de microscoṕıa. Además, se ha estudia-

do la dinámica de fluidos dentro de la plataforma desarrollada de manera

teórica, mediante simulaciones computacionales, aśı como de forma emṕırica.

Finalmente, la versatilidad de los dispositivos se ha validado llevando a cabo

ensayos biológicos entre los que cabe destacar: estudios de viabilidad celular,

citotoxicidad y migración celular tanto de células sanas como canceŕıgenas.

Como resultado de este trabajo, se presenta una plataforma microflúıdica

de alto rendimiento y multifuncional de bajo coste. En concreto, el meca-

nismo de atrapamiento utilizado se basa en trampas hidrodinámicas con un

manejo simple y mediante el control del fenómeno de co-flujo laminar. Gra-

cias a su naturaleza modular, diferentes tipos de microestructuras pueden

ser adaptadas a la plataforma principal permitiendo, por ejemplo, el análisis

de la migración celular o de comunicaciones intercelulares. En conclusión,

la plataforma microflúıdica desarrollada permitirá una mejor comprensión de

procesos biológicos fundamentales proporcionando microambientes celulares

altamente adaptables y controlables.



Abstract

Cell handling is essential for research and application development in clinical

diagnostics. In numerous biological assays thousands of cells are cultured

without considering that the interaction between them may interfere in the

resulting data. Nowadays, it is well known that individual cells, even those

with identical appearance may display different phenotypes. These disparities

make individual cells have different responses to equal stimulus in the same

conditions. Therefore, single-cell studies provide more precise information,

than average responses traditionally obtained from cell populations, and open

new opportunities for drug discovery and personalized medicine.

Microfluidics has emerged as a powerful enabling technology to investi-

gate the natural complexity of cellular systems. Microfluidic channels have

dimensions ranging from tens to hundreds of microns which are comparable

to the size of a cell. This allows the realization of large numbers of biomedical

studies with high spatial and temporal resolution. In addition, the microfluidic

platforms have numerous advantages inherent to the micrometer scale, such

as: minimized reagent consumption and waste production, high sensitivity

and fast response or high integration capabilities. Overall, this is translated

to versatile and cost-effective solutions.

In this framework, this thesis presents a multidisciplinary approach for the

development of microfluidic platforms capable of capturing, treating and/or

analyzing single-cells with the corresponding added value. In order to achieve

this, different microfluidic platforms have been designed using computer
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aided design (CAD) software. The manufacture and development of these

microdevices have been carried out by means of microfabrication techniques

such as photolithography and polymer micromolding processes. The fabri-

cated microfluidic platforms have been structurally characterized and vali-

dated by means of profilometry and various microscopic techniques. In addi-

tion, theoretical (computational fluid dynamics simulations) and experimental

fluid dynamics characterizations inside the microfluidic platform have been

performed. Finally, the versatility of the devices has been highlighted through

several cell-based assays including cell viability, cytotoxicity and cell migra-

tion studies accounting for healthy and cancer cells.

As a result of this work, a multifunctional, low cost and high-throughput

microfluidic platform has been devised. In particular, the trapping mechanism

relies on hydrodynamic traps and the accurate and simple handling is based on

the control of the laminar co-flow phenomenon. Thanks to its modular nature,

different microstructures can be easily coupled to the main platform enabling

cell migration and co-culture analyses. Overall, the developed microfluidic

platform will facilitate a better understanding of key biological processes by

providing well-controlled and versatile microenvironments.



Glossary

Autoclave

The process of sterilizing objects (equipment, microdevices, etc.) consisting

of 2–4 hours of exposure to 120–150◦C at high pressures. Note that, the

piece of equipment where this procedure is done is also called autoclave.

Biochip

A miniature silicon, glass or plastic piece consisting of different microstruc-

tures containing special probes of biologically active molecules to be used as

an analytical and diagnostic tool.

BioMEMS

BioMEMS stands for Biological Micro Electro Mechanical Systems which are

microdevices with applications for biological, biomedical and analytical instru-

mentation fields. Examples of bioMEMS include devices and microsystems

for drug delivery, DNA/protein analysis, molecular manipulation/assembly,

microfluidics as well as biosensors and micro total analysis systems.

Bonding

The process of joining, two or more entities, components or wafers to each

other by means of various chemical and physical effects, such as, adhesive,

anodic, eutectic, thermal compression or plasma activation bonding.

Cellomics

Discipline of quantitative cell analysis that uses bioimaging methods and infor-

matics with a workflow involving three major components: image acquisition,
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image analysis, and data visualization and management. Cellomics is also a

trademarked term often used for high-content analysis (HCA) or high-content

screening (HCS); but cellomics infers HCA/HCS with the addition of sophis-

ticated informatics tools.

Collagen

A family of connective tissue proteins. It is one of the major components of

the extracellular matrix.

Contact angle

The angle at which a liquid-gas interface meets a solid surface.

Dean vortex

In fluid dynamics, vortex flow in curved pipes and channels. It was named

after the british scientist W R. Dean, who studied such flows in the 1920s.

Dielectrophoresis (DEP)

Sensing or manipulation of cells by application of a nonuniform electric field.

Drag force

In fluid dynamics, drag (sometimes called air resistance, friction or fluid re-

sistance) refers to forces acting opposite to the relative motion of any object

moving with respect to a surrounding fluid. This can exist between two fluid

layers (or surfaces) or a fluid and a solid surface.

Extracelullar matrix (ECM)

Noncellular, structural, and biochemical components of a tissue.

Dean drag force

Drag force introduced by Dean vortices.

Finite Element Modeling (FEM)

A computational numerical modeling tool in which the body is discretized into

small regular shaped elements. Also referred to as Finite Element Analysis

(FEA).

Flow cytometers

Device for counting particles or cells by suspending them in a fluid stream and

then, detecting the particles/cells when passing by a detector at high speed.

Flow rate

See Volumetric Flow rate.

Flow rate ratio

The ratio between two flow rates (Qa/Qb).
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Green fluorescent protein (GFP)

A naturally occurring jellyfish protein that exhibits bright green fluorescence

when exposed to blue light; it is frequently used as a marker in molecular and

cell biology.

Growth factor

Substance (usually a protein) capable of stimulating cellular growth, prolifer-

ation, healing, and cellular differentiation. Growth factors are important for

regulating a variety of cellular processes.

High-content analysis (HCA)

See Cellomics.

High-content screening (HCS)

See Cellomics.

Hydrodynamic trap

The confinement of particles in a fluid using forces generated by means of

fluid flow.

Hydrophilicity

The physical property of a molecule (or, in general, a body, such as a surface)

that is attracted to a mass of water. In particular, a droplet of water deposited

on a hydrophilic surface will spread.

Hydrophobicity

The physical property of a molecule (or, in general, a body, such as a surface)

that is repelled to a mass of water. In particular, a droplet of water deposited

on a hydrophobic surface will bead up into a round sphere.

Hot embossing

Micromolding technique that consists of pressing the mold against a thermo-

plastic polymer substrate heated above the glass transition temperature of

the polymer. This results in the imprinting of the mold features into the poly-

mer surface. This technique is more accessible and flexible for low to medium

production and is less expensive to set up, making it a feasible choice for

academic labs.

Injection molding

Molding technique for plastic parts that consist of injecting a molten polymer

at high pressure into a hard mold followed by a rapid cool down. It is reliable,

reproducible and low cost in high volume production cases. In general, the

equipment –including the molds– is very expensive.
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Lab-on-a-chip (LOC)

A miniaturized analytical system to perform one or several laboratory tasks

within a single device. They contain microfluidic channels to allow liquid

or gases to be separated and analyzed by integrated microdevices including

pumps, valves, microfluidic controllers and detectors. These miniature labs

can perform tasks such as drug discovery, genetic testing and the separation

of cells.

Laminar flow

Flow characterized by the absence of turbulence; in general, the fluid flows in

parallel streamlines, without forming swirls.

Matrigel

Trade name of a basement membrane extract mostly composed of laminin

and collagen.

Microcontact printing (µCP)

Micromolding technique that uses the relief patterns on a master polymeric

stamp (e.g. PDMS) to form patterns of self-assembled monolayers (SAMs)

on the surface of a substrate through conformal contact.

Micro Electro Mechanical System (MEMS)

An enabling microfabrication technology that use manufacturing processes

similar to that of semiconductors and integrated circuits to create discrete

or integrated microdevices such as mechanical structures, microsensors, mi-

croactuators, and circuitry on a substrate material including silicon, glass or

ceramic.

Microfluidics

Microfluidics deals with the behavior, precise control and manipulation of

fluids that are geometrically constrained to a small, typically sub-millimeter,

scale. Microfluidic systems, comprised of nozzles, pumps, reservoirs, mixers,

valves, etc., can be used for a variety of applications including drug dispensing,

ink-jet printing and general transport of liquid, gases and their mixtures.

Micromolding

A family of techniques that allows for molding microstructures.

Micromolding in capillaries (MIMIC)

A simple replica molding method to fabricate three-dimensional micro/nano

structures of polymers, ceramics, etc. It is based on the spontaneous filling of

capillaries/microchannels formed between two surfaces in conformal contact,

at least one of which has a recessed relief structure, by a fluid.
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Navier-Stokes equations

Non-linear partial differential equations that describes the motion of fluids.

Newtonian fluid

A fluid whose stress versus strain curve is linear and passes through the origin.

All Newtonian fluids are incompressible, uniform and viscous, like water. On

the contrary, air, foams or blood are non-Newtonian fluids.

Polydimethylsiloxane (PDMS)

Transparent elastomer that is widely used in bioMEMS and soft lithography

for the molding of microdevices.

Photolithography

Microfabrication process used to selectively remove parts of a thin film (or

the bulk of a substrate). It uses light to transfer a geometric pattern from a

photomask to photoresist (or simply ‘resist’) on the substrate.

Photoresist

A light-sensitive chemical used to form a patterned coating on a surface.

Replica molding

A process for shaping pliable polymer materials using a microsized rigid frame

or model called a ’mold’. Using a mold, rather than the object itself, allows

multiple copies to be made without damaging the original.

Self-Assembled Monolayer (SAM)

Self-assembled monolayer is a coating commonly applied to the MEMS to

reduce moisture-induced stiction of the part.

Shear stress

A measure of the transverse force (per unit area perpendicular to the force)

acting on a deformable body. For a Newtonian fluid, the shear stress is

proportional to the velocity gradient and the proportionality constant is the

dynamic viscosity of the fluid.

Soft lithography

A collection of techniques for creating microstructures and nanostructures

based on printing, molding and embossing especially in ’soft’ materials (e.g.:

polymers).

Soxhlet extractor

A Soxhlet extractor is a piece of laboratory apparatus for solid-liquid ex-

tractions. Typically, a Soxhlet extraction is only required when the desired

compound has a limited solubility in a solvent, and the impurity is insoluble
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in that solvent; if the solubility is enough, a simple filtration unit can be used

to separate the compound from the insoluble substance.

Stem cell

Cell type with self-renewal and differentiation potential.

Streamlines

A family of curves (in fluid mechanics) that are instantaneously tangent to

the velocity vector of the flow. Streamlines show the direction a massless

fluid element would take at any point in time. They can be also described as

the path of imaginary particles suspended in the fluid and carried along with

it.

Volumetric Flow rate

The volumetric flow rate (also known as volume flow rate, rate of fluid flow)

is the volume of fluid which passes through a given surface per unit of time.

The SI unit is m3/s (cubic meters per second). It is usually represented by

the symbol Q.

Young’s Modulus

A measure of the stiffness of a material in the elastic range. It is deter-

mined from the slope of a stress-strain curve obtained during tensile tests

on a sample of the material. Young’s modulus is also known as modulus of

elasticity.

**Mainly, the definitions of this glossary of terms have been adapted from Collins

English Dictionary, 2014; Ertl et al., 2014; Folch, 2012; Kaufmann and Ravoo, 2010;

MEMS Industry Group, 2014 and Serway and Beichner, 1988.
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CHAPTER 1

Introduction

The last decades have witnessed a technological revolution propitiating radical

changes transforming our world in a profound way. For instance, technology

has become a key component of progress and development of the society,

taking part in day-to-day life at work, at home or even in our free time.

Technology constitutes, without any doubt, the main pillar supporting the

majority of the most relevant recent landmarks. Many fields have exploited

the benefits of this new paradigm, fields like business, communications, edu-

cation or healthcare among others.

In particular, all these technological advancements have opened new av-

enues in medicine and life sciences, contributing to the improvement of peo-

ple’s health and well-being. Actually, the average life expectancy at birth is 70

years worldwide, according to the World Health Organization (WHO) based

on evidence available on 2013 [World Health Organization, 2014]. Hence, 6

years more than 12 years ago. In Spain, for instance, the life expectancy has

increased from 77 to 82 years, while the average in Europe is slightly lower,

reaching the 76 years but still increasing year by year.

In this line, in the past several decades, micro and nanotechnologies have

been fundamental for the technological progress. Miniaturization of differ-

ent components leads to more efficient and cost-effective microdevices with

1
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special relevance in biotechnology.

Figure 1.1 MEMS in our lives.

These microfabricated devices are termed MEMS, which stands for Micro-

Electro-Mechanical System, the first of which were built in the 80s as an

offspring of microelectronic devices built with silicon-processing technology.

However, other MEMS were devised in many other materials and with opti-

cal, fluidic or even biological functionalities instead of electrical or mechanical

ones. MEMS devices can vary from relatively simple structures having no

moving elements, to extremely complex electromechanical systems with mul-

tiple moving parts under the control of integrated microelectronics. Nowa-

days, MEMS can be found inside gadgets of daily use such us phones –not

necessarily smartphones–, photo cameras, computers or automobiles (see

Figure 1.1).

1.1 MEMS, microfluidics and cell biology

Microtechnologies and MEMS have a remarkable impact in many research

fields such as mechanics, acoustics, optics, magnetics or analytical chemistry.

Nevertheless, some of the most attractive applications are those related to
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biomedical and life sciences. In general, thanks to the miniaturization of med-

ical devices, either for diagnostics or treatment, costs have been reduced and

the response times have been improved. Overall, not only the life expectancy,

but also the quality of life of the society has increased (Figure 1.1).

Currently, micro- and nanofabricated devices for biological or healthcare

applications are known by different denominations, namely, micro-total anal-

ysis systems (µTAS), biochips, lab-on-a-chip (LOC) or more generically bio-

MEMS. Although some small differences do exist among them, they are often

used indistinctly.

The field of LOC has been growing and diversifying continuously since it

emerged in the late 1990s. LOC devices, as their name implies, integrate

(multiple) laboratory functions on a single chip of only millimeters to a few

square centimeters in size and are capable of handling extremely small fluid

volumes down to less than pico liters (Figure 1.2).

Figure 1.2 Lab-on-a-chip concept [Gene-quantification.info, 2014].

In the early days, genomics on chip and biochemical analyses represented

hot topics on the field. Nowadays, most of these research groups and related

publications have moved towards the study of cells and tissues with special

interest in the analysis of single cells [Araci and Brisk, 2014; Streets and

Huang, 2013; Wang and Bodovitz, 2010]. LOC technology has reached a

level of maturity that can potentially replace standard labware, particularly for
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fluid manipulation, bio-assays, biomolecular analyses and cell-based assays.

Noticeably, LOC devices can be classified according to the following three

application areas: medicine, in vitro diagnostics (IVD) and pharmaceutics

(Figure 1.3). A wide range of microsystem devices, specially in this field,

require the implementation of a microfluidic network for sample manipulation,

which are referred to as microfluidic devices. Concretely, microfluidics is

the science responsible for studying and controlling fluids in the microscale.

Microfluidics will be thoroughly discussed later in chapter 3, section 3.1.

Figure 1.3Microfluidic devices by function and application present in the market.

Blue background implies microfluidic based chips [Yole Développement, 2013b].

Focusing on specific devices and their related applications, Figure 1.4

illustrates a number of them divided into five groups: patient monitoring,

patient care, medical imaging, in vitro diagnostic testing and drug delivery.

These miniaturized microfluidic platforms have great potential to trans-

form the field of medicine by dramatically changing the ways in which diag-

nostics and clinical research are conducted in hospitals and laboratories. Mi-

niaturization has the potential for fabricating highly integrated systems that

are able to perform parallel sample handling and analyses on a single chip.

Microfluidic devices and bioMEMS are attractive because they offer many

advantages such as smaller reagent volume consumption, shorter reaction

times, and the possibility of parallel operation.
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Figure 1.4 Example of microfluidic devices by application [Yole Développement,

2013b].

The main advantages of microfluidic-based systems are summarized be-

low:

1. Miniaturization of the systems, due to large integration of functionality

and small volumes.

2. Massive parallelization due to miniaturization and integration, which

allows high-throughput analysis.

3. Low fluid volumes consumption, which implies: less waste, less amount

of reagents and less sample fluid is used for diagnostics.

4. Higher analysis and control speed of the microdevice and better ef-

ficiency due to short responses times (short diffusion distances and

dimensions) or fast heating (short distances, high wall surface to fluid

volume ratios, small heat capacities) among others.

5. Better process control because of a faster response of the system.

(e.g. thermal control for exothermic chemical reactions)

6. Lower fabrication costs, allowing cost-effective disposable chips, fab-

ricated in mass production.
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These advantages result not only in time and cost saving for diagnostic

tests but can also be of great interest for portable, point-of-care (POC)

devices. POC, according to the College of American Pathologists, stands for

“tests designed to be used at or near the site where the patient is located, that

do not require permanent dedicated space, and that are performed outside

the physical facilities of the clinical laboratories”. POC diagnostic testing

will ultimately improve quality-of-care especially in resource limited developing

countries. Classic examples of a POC testing devices are blood glucose testing

or pregnancy tests.

Table 1.1 Advantages of microfluidic platforms over standard cell culture meth-

ods (Adapted from [Mehling and Tay, 2014]).

Requirements Conventional cell culture Microfluidic cell culture

Control of temperature

and gasses

Large fluid volumes prevent

fast changes

Small volumes allow dy-

namic control

Addition of nutrients and

removal of metabolites

Infrequent, manual ex-

change of large volumes

Precisely measured, con-

tinuous or transient ex-

change of media

Stimulation with

drugs/proteins and simul-

taneous imaging

Mostly not feasible Feasible

Parallelization of cellular

assays
Not feasible

High capability for paral-

lelization

Automation of cell cul-

ture tasks

Bulky, expensive fluid-

handling robots must be

used

High capability for automa-

tion in compact, inexpen-

sive format

Single-cell manipulation

and analysis

Manually involved, inaccu-

rate, low throughput

Accurate and high-

throughput

Finally, it is important to remark the relevance of microfluidic techniques

in cell culture. Cell culture is key to maintain and grow cells in vitro for

further cell-based research. However, despite some small improvements (e.g.

use of bulky and expensive robotics for some automation), the principles of

traditional cell culture techniques remain unchanged since its introduction in

1912 [Carrel, 1912], with important limitations. While population-averaged

bulk assays are often inaccurate or misleading, substantial evidence shows

that the heterogeneity of individual cells within a genetically identical popula-

tion can be critical to their chance of survival and can influence their behavior

[Di Carlo et al., 2006; Walling and Shepard, 2011]. Therefore, the analyses

of single-cells instead of standard cultures are truly important when looking
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for more quantitative biology. However, this kind of studies are limited in

traditional cell culture [Mehling and Tay, 2014]. Nevertheless, as suggested

before, microfluidics emerges as a powerful approach overcoming these fun-

damental limitations (Table 1.1).

1.2 Commercial trends on biomedical microdevices

Over the past two decades microfluidics has transformed the way researchers

study chemical and biological phenomena. An extensive collection of scien-

tific literature and commercial sector have come up to develop the appealing

inherent advantages displayed by fluids confined within microscopic conduits.

Currently there are more than 250 different microfluidics/lab-on-a-chip/

bioMEMS companies worldwide such as Abbott Laboratories (US), Agilent

Technologies (US), Caliper Life Sciences (PerkinElmer) (US), Micronit (Nether-

lands), Fluidigm (US) and Roche Diagnostics (Germany) among others. Most

of them were originated to translate breakthroughs into consumer products

that promised results using workflows that were faster, cheaper, and more

reproducible than standard methods. However, industrial maturation of mi-

crofluidic based lab-on-a-chip devices has not kept pace with academic devel-

opment. This is probably attributable to problems with production scale-up,

requirement of technical mastery or lack of standardization of components.

Unfortunately, incompatibilities among potential and promising microdevices

and enabling tools may arise coming from a wide variety of protocols and

materials. Resulting from this lack of standardization in the emerging mi-

crofluidics, industry is producing significant lag times between technological

discovery and commercial availability.

Nevertheless, industrial microfluidics technology may not be growing as

fast as it is in research but it is still finding its way out in the market. As

Becker reported in a series of perspective pieces in the journal Lab on a

Chip [Becker, 2009; Becker, 2010], “microfluidic technology has evolved in

recent years from a killer-application platform into a classic enabling tool”.

He suggested that microfluidic industry may be represented by the Gartner

Hype Cycle curve in which now it would be placed in the Cycle’s so-called

“slope of enlightenment” as illustrated in Figure 1.5. This is, the technology

may be moving towards a period of market growth and sustained productivity

based on the creation of devices and microfluidic-enabled solutions targeted

at large groups of private consumers, rather than the existing business-to-
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business model.

Figure 1.5 The Gartner Hype Cycle curve for microfluidics. Reprinted from

[Becker, 2009].

Two representative examples of successful microfluidic devices for ad-

dressing a major clinical need are: 1) the platform for the isolation of cir-

culating tumor cells from blood and 2) the rapid assay of biomolecules in

readily-obtainable body fluids for non-invasive diagnostic tests for personal-

ized medicine (see Section 1.2.2). In the same perspective, as noted previ-

ously, miniaturized microfluidic platforms have also proven to be tremendous

assets in the recent development of systems for high-throughput single-cell

analysis and for point-of-care testing. Studying cells at individual level is a

growing request that offers unique insights into disease state and the molecu-

lar profiles of rare or valuable cell populations. Further, microdevices meant

for POC diagnostics are gaining relevance in the third world, where portability

and low cost solutions are a must. In addition to traditional lab-on-a-chip in-

struments, an increasingly diverse range of microfluidic-enabled products such

as specialty chemicals and encoded microparticles are now being developed

by entrepreneurs seeking to penetrate new markets.

The maturation of the field has been long and twisted, but the poten-

tial for developing products with significant market impact remains as great

as ever [Schapin, 2011]. To illustrate this firstly, the state of the current

microsystem device market for healthcare applications is reported and sec-
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ondly, some of the most representative commercial microfluidic devices for

diagnostics, research and development are presented in the following sections.

1.2.1 BioMEMS and microfluidics market forecast

Biomedical microdevices perform a vast range of functions. Considering all

the benefits these platforms offer, bioMEMS and microfluidic devices have

become a powerful tool in the life science research laboratory and it is growing

progressively in the industry. Microsystem technologies market grew from $

645M in 2005 to $ 1900M in 2012, this is, it almost tripled in size over the

past seven years. In this perspective, in the near future, as described in the

report developed by Yole Développement [Yole Développement, 2013a], the

forecast of bioMEMS and microsystems for life science market is expected to

reach the $ 6600M (increasing 3.5 times) by 2018 as shown in Figure 1.6.

Figure 1.6 BioMEMS market forecast from 2011 to 2018 [Yole Développement,

2013a]. CAGR: Annual Compound Growth Rate.

Commercially, the usefulness of these devices is two-fold: firstly, they

improve medical device performance for the patient and secondly, they offer

competitive advantages to system manufacturers. For example, the introduc-

tion of accelerometers in pacemakers revolutionized the treatment of cardiac

diseases.

Regarding microfluidic platforms, as noted before, they constitute a fun-

damental part of growing bioMEMS. Different microdevices, especially those
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for biomedical research or in vitro diagnostics require a fluidic network for the

proper manipulation of samples and fluids. Consequently, the expansion of

microfluidics is essential to obtain more accurate and reliable microdevices.

This technology has significantly matured together with and thanks to the

biomedical field. As a consequence, microfluidics has become one of the

main driving engines of the biomedical microsystems development. Benjamin

Rousses, Market Analyst in Microfluidics and Medical Technologies at Yole

développement, announced that “the microfluidic device market will grow

swiftly, from $ 1400M in 2013 to $ 5700M by 2018”; this is multiplying by 4

its market (Figure 1.7). According to him, “This impressive 27% growth will

be fueled mainly by pharmaceutical research and point-of-care applications”.

This means a noticeable increase in the annual growth rate of this technology

in the market in comparison to the last seven years, concretely, 18% growth

from 2005 to 2012 [Yole Développement, 2013b].

Figure 1.7 Microfluidics market forecast from 2012 to 2018 [Yole

Développement, 2013a]. CAGR: Annual Compound Growth Rate.

Microfluidics technologies in life science field include different applications

such as drug delivery, analytical devices, clinical and veterinary diagnostics,

POC testing, industrial and environmental testing or pharmaceutical science.

Thus, new emerging markets are envisaged for microfluidic applications.

Among the different application areas of microfluidics, the IVD segment

commands the largest share of the microfluidics industry market. The large

share of this segment can be attributed to the increase in the use of POC
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diagnostic devices and increased adoption of microfluidics in IVD by ma-

jor diagnostic companies such as Roche Diagnostics (Switzerland), Becton

Dickinson and Company (US), Abbott Laboratories (US), and Cepheid (US)

[Markets and Markets, 2013].

On the whole, the microfluidic market is entering a phase where many

products move from prototyping to production. However, factors such as dif-

ficulty in incorporating emerging microfluidic technologies into existing work-

flows and the presence of complex and time consuming regulatory standards

may be hampering the growth of this market.

1.2.2 Examples of commercial biomedical microdevices

Finally, a variety of commercial microdevices for application in health and

biomedical science are listed. Some of them are medical devices employed

mainly for in vitro diagnostics while others serve as complementary tools or

components for enhanced biomedical research.

Name i-STAT

Description

Diagnostics. It delivers lab-quality test

results to the clinician within minutes.

Depending on the cartridge used differ-

ent type of test are performed: coag-

ulation data, cardiac markers, different

body analytes and so on.

Company Abbott Point of Care

Url www.abbottpointofcare.com

Name ADAM SCC

Description

Diagnostics. ADAM-SCC counts so-

matic cells to determine raw milk qual-

ity with unique image cytometers tech-

nology.

Company NanoEntek

Url www.nanoentek.com
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Name Cell Search System

Description

Diagnostics. It is the first standard-

ized, FDA-cleared, semi-automatic sys-

tem that can capture and quantify cir-

culating tumor cells from a small blood

sample with a high level of sensitivity

and specificity.

Company Janssen Diagnostics LLC

Url www.cellsearchctc.com

Name CTC i-Chip

Description

Diagnostics. A new system (in clin-

ical trials) for isolating rare circulat-

ing tumor cells (CTCs) with signifi-

cant improvement, namely in sensitiv-

ity, over previously developed devices

which does not require prior identifica-

tion of tumor-specific target molecules.

Company Massachusetts General Hospital

Url www.massgeneral.org

Name C1TMSingle-Cell Auto Prep System

Description

Diagnostics and research instruments.

System for single-cell genomics, namely

Gene Expression, Single-Cell Gene Ex-

pression, Single-Cell mRNA Sequencing

Analysis, Single-Cell DNA Sequencing.

Company Fluidigm

Url www.fluidigm.com
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Name GeneChip

Description

Research instruments. Very high res-

olution microarray for gene expression

profiling of all transcript isoforms.

Company Affymetrix

Url www.affymetrix.com

Name Bioanalyzer 2100

Description

Research instruments. The Agilent

2100 Bioanalyzer system provides siz-

ing, quantitation and quality control of

DNA, RNA, proteins and cells on a sin-

gle platform, providing high quality dig-

ital data. Two assay principles - elec-

trophoresis and flow cytometry.

Company Agilent

Url www.genomics.agilent.com

Name LabChip

Description
Research instruments. Protein, DNA

and RNA separation and analyses.

Company
Caliper Life Sciences

(acquired by PerkinElmer)

Url www.perkinelmer.com
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Name Custom devices and components

Description

Development, Manufacturing and

Components. Different microfluidic

components as well as custom designed

microfluidic devices.

Company Dolomite Microfluidics

Url www.dolomite-microfluidics.com

Name Custom devices and components

Description

Development, Manufacturing and

Components. Catalog products and

customer-specific developments in-

cluding the fluidic interface and the

instruments required to run the fluidic

chips.

Company microfluidic ChipShop

Url www.microfluidic-chipshop.com

******************************

******************************



CHAPTER 2

Objectives and framework

In this chapter the main objective and the subsequent partial objectives, which

contributed to the proper workflow of the different stages of this research

project, are described.

Then, the structure of this dissertation is detailed. Finally, the framework,

which sets the work developed during this thesis within the specific projects

that encompassed it, is presented.

2.1 Objectives

The main objective of this thesis is the design, fabrication and charac-

terization of a microfluidic platform for hydrodynamic-based single-cell

isolation enabling selective treatment of cells, guided cell migration and

cell-cell interactions. In order to cover a wide range of possible cell-based

assays, a versatile and modular microfluidic system and setup are required.

The main work can be itemized in the following partial objectives:

⊲ Study and assessment of different cell isolation approaches to perform

further analyses at individual cell level. This implies not only a literature

review but also the design and fabrication of the selected microfluidic

15
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platforms in order to validate the theoretical investigations and evaluate

the capabilities of each platform.

⊲ Optimization of the selected single-cell trapping microfluidic platform.

In order to improve not only the fabrication but also the performance of

the platform, fluid dynamics within the microdevice has to be studied by

computational simulations and validated experimentally. In particular,

the concepts to be studied include:

– Hydrodynamic properties of the developed trapping structures.

– Co-flow phenomenon and chamber occupation control.

– Interface behavior at different flow rates.

– Fluidic behavior depending on the specific fluid properties.

⊲ Definition of the optimum experimental setup and parameters for effi-

cient single-cell trapping within the microfluidic platform assuring cell

viability.

⊲ Combination of the co-flow phenomenon with the single-cell trapping

system for a broaden and enhanced functionality in cell-based assays.

⊲ Extension of the devised microfluidic platform to allow different guided

cell migration studies by means of micropatterned substrates. This

includes, the validation of an experimental setup for long-term assays.

⊲ Adaptation of the developed microfluidic system to enable cell-cell com-

munication studies. Demonstration of the versatility of the developed

microdevice for its applications in different cell-based studies.

⊲ Scaling up of the microfluidic platform for high throughput analyses

to obtain more quantitative and statistically significant data including

computational fluid dynamics (CFD) simulations and experimental val-

idation.

2.2 Outline - structure of the thesis

This thesis is organized in six chapters and four appendices in which the

developed work, and the obtained results are detailed. In addition, a review

of the literature related to the field of this thesis and a brief explanation of

the employed fabrication and characterization techniques are included.
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More specifically the thesis is structured as follows:

Chapter 1 serves as an introduction, presenting a brief overview of the

bioMEMS and microfluidics field and establishing the current market situation

and some future perspectives.

Chapter 2 (the present one) defines the main and partial objectives,

including the framework in which this work has been developed.

Chapter 3 comprises a review of the state of the art where the current

knowledge and the technological development are collected. Different aspects

involved or that directly influence the accomplishment of the main aim of

this thesis are reviewed. In particular, the literature review can be divided

in three main sections: (1) general aspects of microfluidic technology, (2)

the capabilities and implementation of different microfabricated devices and

(3) review of microfluidic platforms for specific single cell-based applications,

namely, cell migration and intercellular communications studies.

Chapter 4 covers the techniques used to fabricate and characterize the

developed devices. Further, the designs of the devices as well as the param-

eters used in the different manufacturing processes are presented. Finally,

regarding the biological experiments, the required experimental setup and

protocols are detailed.

Chapter 5 includes all the achieved results presented as tables, graphs or

images. These results cover the analysis and discussion of the data obtained

from the structural characterization, the performance of the microfluidic plat-

forms and the biological analyses.

Chapter 6 concludes with a summary of the main achievements of the

thesis and the most relevant conclusions. In addition, some future research

lines are proposed.

Appendix A comprises the different photomasks used in the fabrication of

the microfluidic platforms. In addition, an in depth analysis of the quality and

resolution of the different employed masks (film or chrome-glass) is presented.

Appendix B describes the fundamentals of the main fabrication and char-

acterization techniques used during the development of this thesis.

Appendix C includes the code required for the Matlab R©-Comsol R© inter-

action used for the CFD batch simulations, as well as a pseudocode describ-

ing the Matlab-based program for semi-automatically detect the interface

between two fluids.
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Appendix D details all the scientific contributions generated upon the

frame of this thesis.

2.3 Framework

The work presented herein has been developed in the bioMEMS group of Mi-

croelectronics and Microsystems section at Centro de investigaciones técnicas

de Gipuzkoa, (CEIT). It is encompassed into the MIFLU project titled ‘De-

sarrollo de microestructuras microflúıdicas tridimensionales para su aplicacin

en bioMEMS’, which was internally funded by the University of Navarra and

the Center of Bioengineering of the University of Navarra.

In this line, certain part of the manufacturing processes and some im-

provements have been carried out in the framework of two projects funded by

the Secretary of State of Investigation, Development and Innovation of the

Ministry of Economy and Competitivity of Spain:

• MECHANOCELL (DPI 2009-14115): ‘Computer design and manufac-

ture of microdevices for researching the impact of mechanical factors

in cell migration’.

• SIMcell (DPI 2012-38090-C03-D3): ‘Desarrollo de una plataforma mi-

croflúıdica, multiescala y microscópica para la simulación de las inter-

acciones célula-matriz: una herramienta precĺınica para el testeo far-

macológico de tratamientos antimetástasis’.

Regarding the PhD student, author of this thesis, her work has been

funded by the Basque Government grant promoting doctoral theses for young

pre-doctoral researchers (BFI-2010-236).



CHAPTER 3

Literature Review

“If we are interested in life, we must be interested in fluids on small scales”

G. Whitesides (Harvard University)

This chapter presents the basic concepts, materials and applications in-

volved into biomicrofluidic systems that have been covered by a large number

of specialized publications during the past few decades. The aim of this

chapter is to provide the reader with a basic knowledge on cell-based mi-

crofluidic devices to understand their relevance on life sciences and biomedi-

cal field. First, different aspects related to microfluidics and microfabrication

are presented. Then, some of the most representative microfluidic tools for

cell-based research are described according to different categories: microen-

vironmental control, flow cytometry, cell sorting and cell trapping. Finally,

selected applications of these tools in cell biology are reported.

19



20 Literature Review

3.1 Microfluidics fundamentals

Understanding a large variety of biological scenarios demands the use of cell-

scale experimental devices. This required miniaturization lead to the develop-

ment of the microfluidic devices. In particular, microfluidics can be considered

both, science and technology responsible for studying the behavior, manipu-

lation and control of fluids (1 nL to 1 fL) within micrometer-sized structures,

namely between 1 to 500 µm. Below 1 µm it would belong to the field of

nanofluidics, in which continuum mechanics do not apply and it is outside the

scope of this thesis.

The concept of microfluidic was firstly applied back in 1940 [Philpot,

1940]. However, the germinal works setting the foundations of the current

microfluidic devices were presented in the late 1970s–1980s [Kronish et al.,

1979; Terry et al., 1979] with the development of silicon-based microfab-

rication techniques derived from the microelectronics industry. In the last

25 years, the technical advances in manufacturing methods, in particular the

introduction of soft-lithography —based on molding polymers and enabling

cheaper fabrication with extra physical properties—, have paved the way

to establish microfluidic as a popular approach [Whitesides, 2006; Xia and

Whitesides, 1998]. Further, the main driving force behind the rapid devel-

opment of microfluidic systems has been its potential to be exploited in the

light of biology with the growth and diversification of lab-on-a-chip devices

(LOCs). Nowadays, LOC technology has reached a mature stage, giving

its first steps towards commercialization particularly for applications covering

fluid manipulation, bio-assays and biomolecular analysis [Le Gac and van den

Berg, 2010]. Table 3.1 shows the history of miniaturized analytical systems

through selected facts and references corresponding to the main achievements

in the field.

Commercial microfluidic systems are now available from Abbott, Agilent,

Caliper, Dolomite, Micralyne, Microfluidic Chip Shop, Micrux Technologies,

and Waters, as a few prominent examples.
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Table 3.1 Milestones of Microfluidics

YEAR FACT REFERENCE IMAGE

1940
1st fluid confinement
(for electrophoresis)

Philpot et al. (1940)

1967
1

st
bioMEMS with

photolithography
Carter et al. (1967)

1972 1st cells on microelectrodes Thomas et al. (1972)

1985
1

st
microf luidic device on

market
ClearBlue

Unipath Inc .

1987 1
st

PDMS device Walter et al. (1987)

1989
1

st
microfluidic dev ice

containing live cells
Kikuchi et al. (1989)

1993

1st PCR chip Northrup et al. (1993)
1st capillary electrophoresis on

a chip and 1st report of

microfluidic valving
(electrokinetic valve)

Harrison et al. (1993)

1st soft lithography article

(Microstamping)

Kumar and Whitesides

(1993)

1995
1

st
µscale trapping and sorting

(DEP)
Becker et al. (1995)

1st Polymer molding Kim et al. (1995)

1997

1
st

biochemical manipulation
of cell by electrokinetic flows

Li et al. (1997)

1st report of hydrodynamic

focusing in microchannels

Jacobson and Ramsey

(1997)

1998

1st µPatterned co-culture Bhatia et al. (1998)

PDMS bonding by oxygen

plasma
Duffy et al. (1998)
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YEAR FACT REFERENCE IMAGE

1999

1st use of SU-8 for soft

lithography
Folch et al. (1999)

1
st

demo of co-flow for selective
treatment

Takayama et al.
(1999)

1
st

µMixer

- Act ive: Volpert et al.

(1999)
- Passive: Liu et al.

(2000)

-3D: Stroock et al.
(2002)

2000

1
st

experimental observation of
diffusive interface of a co-f low

Ismagilov et al. (2000)

1st PDMS µValves Unger et al. (2000)

2001
1st µDroplets Thorsen et al. (2001)

1
st

gradient generator Dertinger et al. (2001)

2002

1st Patch-clamp chip Klemic et al. (2002)

1
st

Multiplexer Thorsen et al. (2002)

2003
1

st
µFluidic device based on

hydrogels
Tang et al. (2003)

2004 1
st

biodegradable device King et al. (2004)

2005 1st report of cell in µWells
Rett ig and Folch

(2005)

2007 1st tissue on a chip Blake et al. (2007)

2008
1

st
paper based microfluidic

chip
Martinez et al. (2008)

2010 1st �in-cell� electrodes Hai et al. (2010)

2013
1st human use of a µfluidically

processed PET radiotracer
Lebedev et al. (2013)
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3.1.1 Why micro-scale?

Microfluidics, mainly thanks to its small scale, offers many new possibilities for

molecular and analytical biology. The inherent advantages of the microscale

can be summarized in three general benefits: (1) miniaturization, (2) high-

throughput and (3) quantitative information. These benefits of microfabri-

cation make microfluidics a potential tool to address all kinds of biomedical

problems.

1. Miniaturization. The size of channels and structures in microfluidic

chips usually ranges from several to hundreds of micrometers, a suitable

scale close to that of cells allowing convenient manipulations of cells.

This high spatial resolution offers a unique capability of mimicking in

vivo-like three dimensional environments with direct cell interaction.

Therefore, different (sub)cellular phenomena can be probed and cells,

or even single cells, can be seeded or sorted for further analysis; all these

being impossible in conventional cell culture.

Thus, it is quite straightforward that within the microfluidic devices, the

use of reagents as well as the production of waste are minimized lead-

ing to much more efficient devices than their macrofluidic analogues.

Furthermore, their high surface-to-volume ratio makes them faster and

more sensitive.

So, the main result of this miniaturization could be addressed as the

opportunity for achieving a better understanding of fluid properties and

cell biology insights. To put this length scale in context, Figure 3.1

shows the size characteristics of typical microfluidic devices compared

to other widespread items.

2. High-throughput benefit. Precisely the miniaturization allows the fab-

rication of multiple microstructures with high density. Although it does

not always lead to multi-functionality, the capability of integration of a

high number of structures shows a huge potential to integrate multi-

ple functions in parallel or cascade. Thus, it should enable to work in

a high-throughput manner in terms of both fabrication and operation.

This is a key factor for having more statistic power in cell-biology and

biochemistry. Furthermore, automation is also possible at much lower

costs with easy integration of control components (e.g.: valves, pumps)

minimizing human errors and making the microfluidic chips more reli-

able. Again, these concepts provide an extra economical advantage.
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Figure 3.1 Size characteristics of microfluidic devices [Nguyen and Wereley,

2002].

Consequently, facilitating high-throughput and multiplexing capacities

results very appropriate for covering a broad scope of applications in

the field of cell analytics.

3. Quantitative benefit. In the microscale there is a unique fluidic phe-

nomenon. Having no turbulences within the microchannels, the flow is

laminar and thus fully predictable with deterministic behavior (Section

3.1.2). Laminar flow can be easily modeled providing quantitative data

from the biological environment and other biochemical reactions. How-

ever, with no macroscopic analogue, sometimes clever engineering is

required to exploit all its potential. This quantitative information is im-

portant to analyze results with correlated variables and studying those

independently avoiding misleading conclusions.

Accordingly, the main result of this ability for having quantitative results

instead of only qualitative information, is a mix of the previous ones,

offering a better knowledge of profound biological insights and opening

new avenues for numerous biological applications.

In summary, these inherent advantages are translated to an enormous cost

reduction which is the key factor for developing a great variety and number

of bioMEMS and for the spreading of point-of-care diagnostic devices [Yager

et al., 2006].
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3.1.2 Microscale behavior of fluids

Fluid dynamics has attracted the interest of the scientific community over

the years. However, the inherent complexity of fluid dynamics prevents most

scenarios to be accurately modeled. Nevertheless, the most extended ap-

proach to predict the time-evolution of a fluid are the Navier-Stokes (NS)

equations.

ρ

(

∂u

∂t
+ u · ∇u − f

)

− µ∇2u +∇p = 0 (3.1a)

∇ · u = 0 (3.1b)

where u is the flow velocity, ρ is the fluid density, µ is the fluid viscosity,

p is the pressure, f represent body forces and ∇ is the vector differential

operator.

NS equations are a set of non-linear partial differential equations emerging

after applying some principles of thermodynamics and mechanics such as the

Continuum hypothesis. Note here that this hypothesis is perfectly valid for

scales above 1 µm. As presented throughout the text, the scale inherent

to the devices developed in the frame of this thesis allows us to assume the

Continuum hypothesis. Unfortunately, solving NS equations truly constitutes

a mathematical challenge [Claymath, 2014]. In this light, Computational

fluid dynamics (CFD) represents a well established approach to solve the NS

equations using numerical methods taking advantage of powerful computers.

Typically, the spatio-temporal dimensions are discretized using different

approaches such as Finite Elements Method [Dhatt et al., 2012] or Finite

Volumes Method [Versteeg and Malalasekera, 2007] among others. Efficient

solvers do exist implementing these frameworks, e.g. COMSOL R© [COMSOL

Multiphysics, 2014] or FLUENT R© [Fluent ANSYS, 2014]. However, in certain

scenarios achieving accurate predictions demands inaccessible computational

resources, so further considerations are required. In these cases, the NS

equations are simplified allowing numerical approaches to solve them.

One of the scenarios demanding this strategy is the emergence of turbu-

lence which involves significant irregularities in the velocity field over the time,

as illustrated in Figure 3.2b. A detailed analysis of the turbulence [Lesieur,

1997] and its nature goes beyond the scope of this thesis. In brief, the effects

of this phenomenon can be qualitatively described by analyzing the NS equa-



26 Literature Review

tions. For instance, the non-lineal term represented by ρ(u · ∇) · u, referred

to as the inertial term, becomes dominant in turbulent flows. If this term

can be neglected, the flow is considered laminar (see Figure 3.2a). Further

details as to the nature of laminar flows are included in the following lines.

(b) Turbulent flow

(a) Laminar flow Velocity profile

Boundary layer

Figure 3.2 (a) Laminar flow vs. (b) turbulent flow

When the linear terms of the NS equations dominate the behavior of

the system, a blunt field of velocity emerges. When laminar flows are being

considered, predictions provided by mathematical models are more accurate.

This clearly constitutes an advantage of laminar flows and CFD tools can be

used to guide the design of devices under these conditions. Determining the

turbulence degree is typically accomplished by analyzing the magnitude of the

inertial over the viscous forces. This is precisely what the Reynolds number

(Re) quantifies, as illustrates bellow:

Re =
Finertial
Fv iscous

=
ρ · u · L

µ
(3.2)

Being L the characteristic length (e.g.: pipe, duct or channel), u the

average flow speed, ρ and µ the density and the viscosity of the fluid respec-

tively, Re is directly derived from the definition of the NS equation when the

compressibility of the fluid is neglected. By analyzing the previous equation,

one may infer several scenarios promoting a laminar behavior, without being

exhaustive:

• Small-scales; as the parameter L decreases as well as the Re does.

• Low velocities; since Re is proportional to u.
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• Fluids with high viscosities (µ); because it is inversely proportional to

Re.

Note here how small-scales, as well as low velocities are indeed inherent to

microfluidic devices and so laminar flows are expected. In particular, laminar

flows are observed when Re < 2000 [Metzner and Reed, 1955]. Regarding

microfluidic platforms, Re numbers below 1 are typically observed and, there-

fore, laminar behavior predominates. Overall, flows within the microfluidic

devices are expected to be highly laminar. This undoubtedly paves the way

to robust computational simulations aiming at optimizing the performance of

the microdevices in a prior design phase. In addition, CFD approaches will

provide precious information to the optimal experimental conditions to obtain

a particular fluid configuration within the developed platform.

An important property of the laminar flows is the parabolic velocity profile.

Fluid velocity close to the boundary walls is assumed to be equal to zero. In

essence, the evolution of the velocity field from the wall to the point in which

the velocity reaches a maximum value follows a parabolic-shaped profile, as

illustrated in Figure 3.2a. In contrast, this profile evolves much faster in

turbulent scenarios, as shown in Figure 3.2b. Note how for laminar flows

a larger thickness is observed in which the velocity grows. This layer, in

which the effects of the viscosity are relevant, is defined as boundary layer.

In consequence, as highly laminar flows are expected, the viscosity dominates

(see Equation 3.2) and the thickness of the boundary layer is significant in

microfluidic platforms. This issue certainly demands further considerations

which have to be taken into account in the design and analysis of microfluidic

devices, as illustrated in Section 3.5.

3.2 Building materials for microfluidic systems

Once the main benefits and the underlying physics of miniaturized fluidic sys-

tems have been explained, the next step towards understanding microfluidics

should be focused on describing its building materials. Many different materi-

als have been used for the fabrication of microfluidic systems. Here, a few of

the most common ones along with their advantages and disadvantages will

be described.

Advancement in the type of materials used in microfluidics is related to its

origin. The popular materials for ‘first generation’ microdevices were chosen
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consistent with those used in the fabrication of microelectronic components,

which were the silicon, alumina and borosilicate glass. Further, polymers

represented a revolution in microfluidics, especially within the biomedical field.

While silicon, ceramics or glass require processes that are time-consuming

and expensive, polymers by contrast, are much more cost-effective, easy to

handle and offer widely tunable properties plus biocompatibility. Below is a

brief description of the most important materials and their use in microfluidics

technology.

3.2.1 Silicon

Silicon is the material of choice used in the manufacture of microsystems

and integrated circuits (IC). In fact, for IC, it remains as reference material

since its first use in 1954 by G. Teal from Texas Instruments [Morris, 1990],

because of its availability, its single crystalline structure and its properties as

a semiconductor. For microsystems, the silicon together with the borosilicate

and alumina has been one of the three most widely used materials for thin film

deposition; even if new materials are being introduced. The use of silicon is

still essential in CMOS technology based microsystems (used in IC) [Oz and

Fedder, 2003; Tea et al., 1997] along with applications where the roughness

of the substrate is critical, e.g. in magnetoresistive sensors [Tóth et al.,

2011] or, when high chemical resistance, mechanical strength, temperature

stability, high aspect ratio or high accuracy on large footprints (no shrinkage)

are indispensable [Dong et al., 2011]. However, as a disadvantage, apart from

the high cost, silicon has reduced optical properties: it is opaque to both visible

light and UV light, limiting its use when transillumination is required.

(a) (b)

Figure 3.3 Silicon microfluidic device for multiphase mixing and reaction. (a)

Ten-channel microstructured chemical reactor with heating elements. (b) Mi-

crostructured pillars inside the channel. [Losey et al., 2002]
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Concerning applications, a major advantage of working with silicon is that

it can be processed with high resolution at the microscale (Figure 3.3). This

allows the integration of different components or sensitive areas in the same

chip. Similarly, regarding to microfluidic applications, electrodes or other

electronic components can be fabricated on a same substrate and then gen-

erate hollows that when joining them to another substrate, form the channels

[Yakovleva et al., 2002].

(a) (b)

Figure 3.4 Cell sorter lab-on-a-chip. (a) Processed silicon wafer with several

microdevices with some of the polymer-based microfluidic network on top of

them. (b) Final assembly of the sorting platform with all the required world-to-

chip connections (i.e. inlets or electrical pads). [Lagae et al., 2012]

Therein, in order to create a working device out of the microstructured

silicon substrate, it is necessary to seal the microcavities and provide access

to fluidic inlets and outlets (world-to-chip interface) as illustrated in Figure

3.4. Historically, the most common method for sealing silicon microchannels

and implementing on chip interfaces is by means of anodic bonding to borosil-

icate glasses, e.g. Pyrex [Kumar and Whitesides, 1993], since this facilitates

visual interrogation of fluids within the device. Anodic bonding is a process

whereby, applying a potential difference and heat (180–500◦C), strong cova-

lent bonds between the silicon and glass are formed [Verpoorte and de Rooij,

2003]. However, the mechanism is still not so clearly understood. Figure 3.5

shows the schematics of a micromachined microfluidic ultrasonic separator

constructed using silicon and Pyrex.

3.2.2 Borosilicate glass and quartz

Another widely used material is the borosilicate glass, also known as silica

or Pyrex R© —the extended trademark—. At first, glass was mainly used

for supporting silicon-based microfabricated structures. However, it can also

be employed, regardless the silicon, as long as it is available in the form of
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Figure 3.5 Silicon microfluidic ultrasonic separator based on Si-glass bonding

[Harris et al., 2003].

smooth, planar substrates and using a thermal bonding instead of the anodic

bonding [Mao and Han, 2005]. The main difference is that in this case

there is no need to apply voltage however, the required temperature is higher

(500–900◦C). Furthermore, as long as the roughness of borosilicate is not a

limitation to the manufacturing process, a microsystem optically transparent

to visible light is achieved. As a result, the glass was the first material used

for all those microfluidic applications where transillumination was necessary,

for example in optical detection, and it is still used in systems where a totally

inert and rigid material is needed.

Microfluidic devices made of fused silica (quartz) have also been reported.

This material is attractive because it is UV-transparent, a feature which makes

it superior to glass. Photolithographic processes similar to those used for

silicon can be employed for the patterning and subsequent transfer of channels

into planar glass and quartz wafer surfaces. Figure 3.6 shows a microchip for

electrophoresis made with three glass layers.

Figure 3.6 Electrophoresis chip. (a) SEM of a double-T intersection etched in

glass. (b) SEM showing a channel cross section; channel was thermally sealed

with a second glass wafer (hermetic seal). (c) View of full structures with

interconnecting vias and holes. [Verpoorte and de Rooij, 2003]
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Overall, the main advantages of glass and quartz are their optical proper-

ties, efficient heat dissipation, surface finish and resistance to many chemical

agents. Glass-based microfluidic systems are currently available commercially

through Dolomite, Micralyne, Agilent, and Caliper among others.

3.2.3 Polymeric Materials

Despite the advantages seen for silicon or glass, in order to reduce costs, huge

efforts have been spent on replacing silicon- and glass-based devices by all-

polymer solutions opening a range of new possibilities. Prominent examples

of materials and technologies are SU-8 lithography [Abgrall et al., 2007; Bohl

et al., 2005], casting of PDMS [Anderson et al., 2000; Duffy et al., 1998],

injection molding [Attia et al., 2009; Heckele and Schomburg, 2004] and

thermoforming of polymers [Focke et al., 2010; Velten et al., 2008]. Most of

these techniques belong to replica molding and soft-lithography technology

[Whitesides, 2006].

The polymeric materials are formed by polymerization, which according

to the International Union of Pure and Applied Chemistry (IUPAC) is “the

process of converting a mixture of monomers into a polymer” [Jenkins et al.,

2009]. These monomers are chemical compounds that have to be capable of

chemically reacting with the same type of units to form stable bonds. Thus, a

polymer is a material consisting of long chains of monomers linked together.

In this work, only synthetic polymers will be described, and not those natural

polymers that can be found in nature and have been used since antiquity.

Examples of natural polymers are the skin, bone structures, tendons and so

on, that have an animal origin. As technology evolved, other materials such

as ceramics or metals took the place of polymers, mainly due to the expertise

in transforming and engineering them. It was not until the twentieth century

that the second revolution of the polymers occurred. Polymers were reintro-

duced as a key element in the manufacture of all kinds of goods, this time

producing them ad hoc and with customized properties. Focusing on research,

currently its importance lies in the biomedical field, playing an essential role

in tissue engineering [Chen et al., 2013; Hubbell, 1995], microfluidics [Becker

and Locascio, 2002] and other microsystems [Kiilerich-Pedersen et al., 2011].

Therefore, the emergence of synthetic polymeric materials in the nineties

represented a revolution in microfabrication techniques, in particular, in mi-

crofluidics. In fact, currently polymers are the most widely used materials

for microfluidic applications (Figure 3.7). Nevertheless, the glass is still used



32 Literature Review

in many cases, as substrate material in a lot of polymer-based microdevices

[Castaño-Álvarez et al., 2008]. Similarly, silicon is still necessary in some

applications, namely for mold fabrication.

Figure 3.7 Assorted microfluidic devices. [Dolomite Microfluidics, 2014]

Furthermore, the use of polymers is also so widespread because of its

simplified manufacturing procedures, particularly when compared to glass and

silicon [Becker and Locascio, 2002]. Unlike with silicon or glass, when work-

ing with polymers, there is generally no need of highly strict conditions, only

provided by a clean room environment, and they are amenable for mass pro-

duction processes (e.g. hot embossing, injection molding, etc.) and adaptable

through formulation changes and chemical modification. All these lead to a

significant reduction in fabrication costs.

An additional benefit is the wide range of available plastic materials which

allows the users to choose material properties suitable for their specific ap-

plication. In particular, the biocompatibility is an important requirement for

applications in life science research. For example, Figure 3.8 illustrates some

cellular micropatterns on a variety of biocompatible polymers.

In terms of speed and flexibility in processing, one of the most important

characteristic of polymers is the possibility of rapid prototyping providing sim-

ple and quick manufacture of new devices. Other advantages over traditional

materials, which are more rigid, include the absence of splinters when a failure

of the material occurs or the ability to make flexible elements as pneumatic



3.2 Building materials for microfluidic systems 33

Figure 3.8 Examples of cell culturing in different biocompatible materials: (a-e)

polymers and (f) a gold microelectrode pattern on glass. Adapted from Folch

and Toner (2000).

microvalves [Anderson et al., 2011]. Finally, derived from their lower cost,

it is important to mention that they are the most employed materials for

single-use applications. They are becoming increasingly important, both as

constitutive part of new biomedical devices, and as supporting elements. In

the latter, objects like syringes or test tubes are included, which few decades

ago were made by metal or glass and sterilized by autoclaving after each use,

and now they are disposable.

The following sections give a brief description of the most widely used

polymeric materials.

3.2.3.1 SU-8

SU-8 is a commonly used epoxy-based negative photoresist formulated by IBM

scientists [Lee et al., 1995; MicroChem Corp., 2014]. Composed of EPON

SU-8, cured films or microstructures are optically transparent, and have ex-

cellent sensitivity, high resolution, low optical absorption (photo imageable

to near UV –365nm– radiation), high aspect ratios, and good thermal, and

chemical stability, with low cost [Lorenz et al., 1997]. As a result this re-

sist is one of the most widely used for fabricating permanent structures such

as pixel walls, fluidic channels and nozzles, micro arrays and spacers [Marie
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et al., 2006; Zhang et al., 2001]. However, despite all these advantages,

the SU-8 photoresist suffers from three main disadvantages, namely adhesion

selectivity, stress and resist stripping.

Normally, SU-8 allows for fabricating structures from a few microns to a

few millimeters high. This viscous polymer is spun or spread over a silicon

substrate —SU-8 has a proper adhesion to a well-cleaned silicon wafer—

with a thickness ranging from below 1 µm up to above 300 µm; while up

to 2 mm thicknesses can be obtained by multilayer coatings [Del Campo and

Greiner, 2007; Mata et al., 2006].

SU-8 was originally developed as a photoresist for the microelectronics

industry, to provide a high resolution mask for fabrication of semiconduc-

tor devices. Currently, it is mainly used in the fabrication of microfluidics

and some parts of MEMS mainly via photolithography, and also with other

imprinting techniques such as nanoimprint lithography [Chen et al., 2007b].

Thanks to its biocompatibility it is also widely used in biological applications.

Furthermore, this resist is not only employed as structural material of final

devices, SU-8 is more and more used as constitutive material of master molds

in soft lithography too. For example, for replica molding of high aspect ratio

microchannels, the master mold will have correspondingly high aspect ratio

micron-sized ridges that in the final structure will correspond to grooves or

cavities [Chan-Park et al., 2004; Dy et al., 2014]. Figure 3.9 illustrates some

SU-8 based microfabricated structures.

Figure 3.9 SEM photographs of different microstructures fabricated in SU-8

(scale bar: 200 µm). [Han et al., 2004]

The resist is now commercialized by the company Microlithography Chem-

ical Corp., (MCC) [MicroChem Corp., 2014].
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3.2.3.2 Polydimethylsiloxane (PDMS)

Silicone elastomer PDMS has been the most popular soft material in biomed-

ical microfabrication applications due to very suitable physical and chemical

properties (Table 3.2) [McDonald and Whitesides, 2002]. The PDMS is part

of the family of organo-silicon polymers, commonly known as silicones, formed

of polymer chains based on SiO(CH3)2 monomers. Nowadays, it is one of

the most widely used materials in research, especially in microfluidic systems.

There are various manufacturers which supply it as a liquid phase base to-

gether with a curing agent. In order to process it, firstly both components are

mixed (typically 10:1), and the resultant is poured into a mold. Silicon hy-

dride groups present in the curing agent react with vinyl groups present in the

base and form a cross-linked, elastomeric solid. Once cured, the PDMS is an

elastomer, this is, a polymer with elastic behavior. The standard fabrication

process based on replica molding by casting is shown in Figure 3.10.

Figure 3.10 PDMS fabrication process [Weibel et al., 2007]. (a-b) Photoresist

is spin-coated on a silicon wafer. (c) A mask is placed in contact with the layer

of photoresist. (d) Photoresist is exposure to UV light through the mask. (e)

PDMS is poured on the master, cured and demolded. (f) The resulting negative

replica.
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Table 3.2 Physical and chemical properties of PDMS. Adapted from McDonald

and Whitesides, 2002.

Property Characteristic Consequence

Optical
Transparent; UV cut-off,

240 nm

Optical detection from 240 to

1100 nm

Electrical
Insulating; breakdown volt-

age, 2e7 V/m

Allows embedded circuits; in-

tentional breakdown to open

connections

Mechanical

Elastomeric; tunable

Young’s modulus, typical

value of ∼750 kPa

Conforms to surfaces; allows

actuation by reversible de-

formation; facilitates release

from molds

Thermal

Insulating; thermal con-

ductivity, 0.2 W/(mK); co-

efficient of thermal expan-

sion, 310 µm/(m ◦C)

Can be used to insulate heated

solutions; does not allow dis-

sipation of resistive heating

from electrophoretic separa-

tion

Interfacial

Low surface free energy ∼

20 erg/cm2; Contact angle

90-120◦

Replicas release easily from

molds; can be reversibly sealed

to materials

Permeability

Impermeable to liquid wa-

ter; permeable to gases

and nonpolar organic sol-

vents

Contains aqueous solutions in

channels; allows gas transport

through the bulk material; in-

compatible with many organic

solvents

Reactivity
Inert; can be oxidized by

exposure to a plasma

Unreactive toward most

reagents; surface can be

etched; can be modified to be

hydrophilic and also reactive

toward silanes

Toxicity Non-toxic
Can be implanted in vivo; sup-

ports mammalian cell growth
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Therefore, its properties make it the material of choice for microfluidic

based bioMEMS. These properties can be translated to some important op-

eration advantages that are listed below:

1. High fidelity in pattern transfer. The first is the high fidelity obtained

(down to tens of nm [McDonald and Whitesides, 2002]) when replicat-

ing structures in micrometer scale by the casting process. Thus, in most

cases the ultimate limit is in the accuracy of the mold manufacture.

2. Elastomer. Being an elastomer it can be adapted to non-planar sur-

faces and can be detached, without damage, from delicate structures

such as the ones that may be found in a mold with tiny microstructures.

In addition, it may be actuated for making microfluidic components,

such as pumps and valves [Berg et al., 2003; Thorsen et al., 2002].

3. Adaptability to other materials. It has good sealing with itself and

other oxide-covered surfaces, such as silicon, glass, polystyrene, polyethy-

lene or silicon nitride. So, it easily forms sealed channels which can be

reversibly bonded through molecular contact (forces of Van der Waals),

or can be irreversibly sealed after exposure to plasma oxygen forming

covalent bonds [McDonald and Whitesides, 2002; Weibel et al., 2007].

4. Transparency. It is optically transparent to light at wavelengths down

to 240 nm, which allows its use with different detection techniques,

such as fluorescence in the UV spectrum. Further, PDMS may form

complex 3D networks by stacking multiple layers in alignment due to its

transparency and good sealing [Wu et al., 2003].

5. Permeability. PDMS is highly permeable to gases, especially for gases

of the air, such as, O2, CO2 or N2 [Eddings and Gale, 2006; Toepke

and Beebe 2006a], which facilitates cell-based applications [Charati and

Stern, 1998].

6. Hydrophobic. The chemical composition of PDMS allows the surface

of this polymer to readily change its composition from hydrophobic to

hydrophilic and back again. The surface can be rendered hydrophilic by

an oxidation treatment or by coating it with a hydrophilic layer [Jokinen

et al., 2012]. Note that, this property is not necessarily an advantage;

it may constitute some challenges in microfluidic applications due to

capillary pressure.
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7. Inert. PDMS is relatively inert. It remains stable in almost all chem-

ical environments. However, its surface can be oxidized, etched, and

derivatized allowing surface modifications if needed [Folch, 2012].

8. Biocompatibility. PDMS is highly biocompatible (e.g. silicones are

used for breast implants), which is particularly important for cell culture

applications requiring direct contact between PDMS and live cells for

long periods of time. In addition, it can be autoclaved to eliminate

both, non-cross-linked monomers that can be toxic and bacterial or

fungal contamination from its surface [Mehling and Tay, 2014].

Although all the properties previously described are of extreme importance

when selecting the PDMS as working material, the most important when

working in the biomedical field are its transparency, gas permeability and

biocompatibility [Folch et al., 1999].

On the other hand, even if PDMS and soft lithography have enabled the

rapid expansion of microscale technologies and helped accelerate the advance-

ment of microfluidic platforms, sometimes, the attractive properties of PDMS

may become a limitation. PDMS-based devices can suffer from undesirable

deformation, evaporation, absorption, leaching of uncrosslinked oligomers or

hydrophobic recovery, raising concerns over its stability in certain cell-based

applications. In fact, even though its use is well established in the research

community, there are very few commercial devices entirely made with this

material. Table 3.3 summarizes limitations for cell-based systems and their

possible solutions.

Dow Corning is probably the main supplier of PDMS worldwide, being the

Sylgard 184 one of the most requested type of this polymer.



3.2 Building materials for microfluidic systems 39

T
a
b
le
3
.3
L
im
it
a
ti
o
n
s
o
f
P
D
M
S
fo
r
m
ic
ro
fl
u
id
ic
ce
ll-
b
a
se
d
sy
st
em
s.
A
d
a
p
te
d
fr
o
m
B
er
th
ie
r
et
a
l.
,
2
0
1
2
.

P
ro
b
le
m

C
a
u
se

A
p
p
li
c
a
ti
o
n
s
A
ff
e
c
te
d

S
o
lu
ti
o
n

R
e
fe
re
n
c
e
s

H
ig
h
co
m
p
lia
n
ce

(l
o
w
st
iff
n
es
s)

L
o
w
a
sp
ec
t
ra
ti
o

E
n
d
o
th
el
ia
l
ce
ll
re
sp
o
n
se

to
sh
ea
r

M
o
d
if
y
cu
ri
n
g
p
ar
a
m
et
er
s

A
vo
id
lo
w
a
sp
ec
ts
ra
ti
o
s

A
vo
id
h
ig
h
p
re
ss
u
re
fl
o
w
s

[G
er
va
is
et
a
l.
,
2
0
0
6
]

P
er
m
ea
b
ili
ty
to
w
a
te
r
va
-

p
o
r

S
ta
ti
c
n
o
-fl
o
w
ex
p
er
i-

m
en
ts

O
sm
o
la
ri
ty
-s
en
si
ti
ve
ex
-

p
er
im
en
ts

C
el
l
d
ea
th
fr
o
m
b
u
b
b
le

p
ro
p
a
g
a
ti
o
n

C
o
a
t
w
it
h
P
ar
yl
en
e

E
n
su
re
h
u
m
id
ifi
ed
en
vi
-

ro
n
m
en
ts

In
co
rp
o
ra
te
m
ed
ia
b
a
th
s

o
r
sa
cr
ifi
ci
a
l
liq
u
id
re
se
r-

vo
ir
s

[L
ec
a
u
lt
et
a
l.
,
2
0
1
1
;

M
eh
ta

et
a
l.
,
2
0
0
7
;

V
er
n
eu
il
et
a
l.
,
2
0
0
4
]

H
ig
h
p
er
m
ea
b
ili
ty
o
f
m
a
-

te
ri
a
l

S
o
lu
b
le
fa
ct
o
r
si
g
n
a
lin
g

st
u
d
ie
s
in
vo
lv
in
g
sm
a
ll
h
y-

d
ro
p
h
o
b
ic
m
o
le
cu
le
s

C
o
a
t
w
it
h
P
ar
yl
en
e

C
o
a
t
w
it
h
p
ar
a
ffi
n
w
a
x

[S
a
sa
k
i
et
a
l.
,
2
0
1
0
;

R
eg
eh
r
et
a
l.
,
2
0
0
9
;

T
o
ep
ke

a
n
d

B
ee
b
e,

2
0
0
6
b
]

U
n
cr
o
ss
lin
ke
d
o
lig
o
m
er
s

P
ro
te
in
tr
a
ffi
ck
in
g
a
cr
o
ss

m
em
b
ra
n
e

S
ig
n
a
lin
g

th
ro
u
g
h

m
em
b
ra
n
e-
b
o
u
n
d
re
ce
p
-

to
r
p
ro
te
in
s

C
o
a
t
w
it
h
P
ar
yl
en
e

S
o
xh
le
t
ex
tr
a
ct
io
n

A
u
to
cl
a
vi
n
g

[M
ill
et

et
a
l.
,
2
0
0
7
;

R
eg
eh
r
et
a
l.
,
2
0
0
9
]

S
u
rf
a
ce
d
iff
u
si
o
n
o
f
lo
w

m
o
le
cu
la
r
w
ei
g
h
t
ch
a
in
s

U
n
st
a
b
le
su
rf
a
ce
tr
ea
t-

m
en
t
o
r
fu
n
ct
io
n
a
liz
a
ti
o
n

U
se
su
rf
a
ce
-t
re
a
te
d
d
e-

vi
ce
a
s
so
o
n
a
s
p
o
ss
ib
le

a
ft
er
tr
ea
tm
en
t

U
se
h
yb
ri
d
d
ev
ic
es
n
o
n
-

P
D
M
S
cu
lt
u
re
su
rf
a
ce

[E
d
d
in
g
to
n
et
a
l.
,
2
0
0
6
]



40 Literature Review

3.2.3.3 Thermoplastic materials

An interesting alternative to SU-8 and PDMS is the use of thermoplastic

materials which are more used in the manufacturing of commercial products.

Thermoplastics are polymers which become pliable or moldable above a spe-

cific temperature, the glass transition temperature (Tg), and return to a solid

state upon cooling. This is, in a thermoplastic Tg sets the boundary between

a fluid and more elastic (not liquid) state to the solid state. The degree

to which a thermoplastic material softens, its stiffness, is dependent on the

crystallinity. These materials can be mainly processed by hot embossing or

injection molding (both techniques belong to replica molding techniques fam-

ily) for high throughput and cost-effective mass production of microfluidic

devices. In academic laboratories, hot embossing is more suitable than in-

jection molding due to the relatively low cost of embossing equipment. In

microfluidics, most used thermoplastic polymers include: polystyrene, cyclic

olefin copolymer and poly(methyl methacrylate).

Thermoplastic raw materials are available commercially through compa-

nies such as Topas, Zeonex, Aline Components, and Optical Polymers Lab

Corp.

Polystyrene

Polystyrene (PS) is a polymer made from repeating vinylbenzene subunits

and it is a desirable microfluidic material for cell culture and analysis; for

instance, PS is used for conventional cell culture systems [Berthier et al.,

2012]. Polystyrene is in a solid (glassy) state at room temperature but flows

if heated above its glass transition temperature (100◦C). It becomes rigid

again when cooled as thermoplastic. It can be manufactured by extrusion

and/or molding, since it can be cast into molds with fine details as illustrated

in Figure 3.11. In particular, the device shown in Figure 3.11d has been used

for clinical diagnostics in the third world, demonstrating the progress made in

the application of plastic microfluidic devices.

However, there are some challenges or bottlenecks that have to be ad-

dressed. The PS molding process can be limited due to the high temperatures

and pressures required in hot embossing processes. In addition, access ports

and interfacing of the microfluidic system require manual drilling or laser ab-

lation with special equipment. Nevertheless, the most challenging limitation

may be the lack of reliable and repeatable bond of multiple parts or to other

substrates. The most commonly used method for bonding PS and other

thermoplastic microfluidic platforms are solvent bonding and thermal diffu-
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sion bonding. In general, all these drawbacks apply to most thermoplastics.

(a) (b)

(c) (d)

Figure 3.11 PS microfabrication techniques. (a) PDMS molds [Goral et al.,

2011] and (b) aluminum-filled epoxy molds to directly emboss into PS [Young

et al., 2011]. (c) Fabrication of high aspect ratio PS features by dissolving

solvent into PS before casting into compliant PDMS molds [Wang and Zhe,

2011]. (d) PS device fabricated by conventional injection molding [Chin et al.,

2011].

Cyclic Olefin Copolymer

Cyclic Olefin Copolymer (COC) is a copolymer of two cyclic olefins, partic-

ularly ethylene and norbornene, which is in solid state at room temperature

and pressure. There are synthesized variants from a single monomer called

Cyclic Olefin Polymer (COP), which behave similarly in terms of processing

and performance; this is why both are treated equally in this section. As a

thermoplastic, the manufacturing process is totally different to the one seen

with PDMS; it is more suitable for high throughput manufacture but requires

more expensive equipment as seen with the PS. Figure 3.12a illustrates a

COC-based microfluidic device fabricated by hot embossing.

As for the properties of the material itself, the most important are its low

water absorption (≤0.01%) and its chemical resistance to hydrolysis, acids

and polar solvents such as ethanol and acetone [Bundgaard et al., 2004].

It is also transparent in the visible and near UV spectra, and it can offer

a high refractive index (n=1.53) in varieties specially designed for optical

applications.
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Figure 3.12 Images of (a) COC-based device for 3D cell culturing fabricated

by hot embossing [Jeon et al., 2011] and (b) PMMA-based microcytometer

fabricated using a CO2 laser [Hong et al., 2010].

Despite being more robust than PDMS, considering its properties and its

solid state at room temperature, the main disadvantage of this material –

and in general of all the thermoplastics– is the low compatibility with other

materials. In order to form sealed channels with other materials it is necessary

to use an adhesive or intermediate material [Pu et al., 2007], thus losing

uniformity in the walls of the channels and consequently, on their surface

properties. Regarding the seal to itself, besides using an adhesive, it could be

mainly done in two other ways: by a thermal process or by using a solvent

[Lin and Burns, 2005; Mair et al., 2007]. Finally, not being permeable to

the gases, in contrast with PDMS, it is more difficult to work with living

organisms in devices made from COC / COP.

Poly(methyl methacrylate)

PMMA is a synthetic transparent thermoplastic polymer (like COC) of methyl

methacrylate which is sometimes called acrylic glass (better known by the

trademark Plexiglas R©). It is often used as an alternative to glass due to

its light weight, transparency, and break-resistance (Figure 3.12b). PMMA

is frequently preferred because of its moderate properties, easy handling and

processing, and low cost. However, it behaves in a brittle manner when

loaded, especially under an impact force, and is more prone to scratching

than conventional inorganic glass. In comparison to COC, PMMA has a also

higher rate of absorption over water (2%) and worse optical properties, with

a refractive index of 1.49 [Becker and Gärtner, 2008]. It also has a worse

chemical stability because it is vulnerable to most solvents, such as acetone,

benzene or methylene chloride.

Nevertheless, it is still used in a wide range of applications, particularly
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where the economic factor is critical. In addition, PMMA can be manufac-

tured by different techniques such as, hot embossing [Becker and Heim, 2000]

and injection molding due to its thermoplastic nature or even by CO2 laser

machining [Hong et al., 2010; Klank et al., 2002]. Alternatively, monomer

casting [Shadpour et al., 2006], as explained before in the case of PDMS, is

also used to achieve much higher molecular weights. This means that differ-

ent techniques can be applied for molding it depending on the application or

on the available equipment.

Other thermoplastics

Apart from the ones that have been described above, other common thermo-

plastics used in several studies for microfluidic applications, are: polycarbon-

ate (PC) or polyethylene (PE) [Nge et al., 2013]. The choice among both

of them will depend on the requirements of the specific application and on

the available resources.

Accordingly, if a durable material that supports high operating temper-

atures is needed, PC would be a good choice (up to 115◦C–130◦C), pro-

vided that fluorescence techniques are not going to be required as it has poor

transparency in the UV range. But, if the key factor in the application is the

resistance to solvents and acids/bases, PE could be the best option because

of it is resistant to alcohols, benzene, toluene, xylene, and compounds such

as H2SO4, HCl, NaOH or KOH. As negative characteristics, it also has poor

transparency for ultraviolet light, even if it is better than polycarbonate, it

does not reach the levels of the COC.

3.2.3.4 Other polymeric materials

A great number of the existing synthetic polymers could be used in microfab-

rication processes. Recalling soft materials, apart from PDMS, another type

of materials with distinct properties (e.g. biodegradability), namely hydrogels

or ionogels, could be also interesting for certain applications such as tissue

engineering or drug delivery.

Hydrogels

Hydrogels are hydrophilic and porous polymer networks which may absorb

water. Hydrogels may be chemically stable or they may degrade and even-

tually disintegrate and dissolve. Examples are collagen gel, MatrigelTM (a

basement membrane extract), agarose, polyethylene glycol (PEG) and many

biodegradable polymers. They have gained relevance as biomaterials since
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the introduction of PHEMA (poly(2-hydroxyethyl methacrylate)) in 1960 by

Wichterle and Lim, [1960].

Their advantages include: (1) easy molding with no further chemistry for

most of them, (2) biocompatibility because they are either native extracel-

lular matrix (ECM) proteins (collagen, Matrigel) or very bio-inert (agarose,

PEG) or biodegradable (polylactic acid) as they slowly degrade into harmless

acids normally present in the human body by a reaction with water [King

et al., 2004] and, (3) high porosity, they can be integrated into microdevices

to create gradients. As a result, hydrogels can be formulated in a variety of

physical forms, including slabs, microparticles, nanoparticles, coatings, and

films. Figure 3.13 illustrates hydrogels with different compositions. For in-

stance, Figure 3.13a shows polymer powder (far left) added to a drop of

water (left) and cross-linked results in the formation of a hydrogel (middle).

Note that, even if the hydrogel network is dehydrated (right), it still retains

its overall shape. However, the main drawback of these polymers is their poor

sealing against dry surfaces which make them very fragile structures.

Figure 3.13 Hydrogels. (a) Stages of formation (far left to middle). Dehy-

drated hydrogel (right) and a sesame seed (far right) for scale. (Inset) Stages of

dehydration process. (b) Water-borne microgels containing several immobilized

molecules (color-coded) in a single drop of water. (c) A transparent microgel

containing smaller color-coded microgels. (d) A microgel encapsulating fluores-

cently labeled cells. (e) Encapsulated fibroblast cells thrive in a semi-synthetic

PEG-fibrinogen microgel. Scale bars, 500 mm. [Seliktar, 2012]



3.3 On-chip flow control 45

Hydrogels are commonly used in clinical practice and experimental medicine

for a wide range of applications (Figure 3.13b-e), including drug delivery

[Hoare and Kohane, 2008], diagnostics [van der Linden et al., 2003], tissue

engineering and regenerative medicine [Khademhosseini and Langer, 2007],

cellular immobilization [Jen et al., 1996], separation of biomolecules or cells

[Wang et al., 1993], or even as barrier materials to regulate biological adhe-

sions [Bennett et al., 2003].

Ionogels

A new concept in materials science is the incorporation of ionic liquids (ILs)

within polymer gels, to produce materials known as ionogels. Ionic liquids are

attracting much attention because of potential applications in many fields of

chemistry and industry due to their chemical and thermal stability, low vapor

pressure, high ionic conductivity properties, and tunable hydrophobic and hy-

drophilic nature [Chiappe and Pieraccini, 2005; Forsyth et al., 2002]. They

have also been labeled as ‘designer solvents’ [Seddon, 2002], because it is pos-

sible to tailor anions and/or cations for specific functions such as catalysis,

solubility and viscosity. Incorporating ILs into polymer gels is also attractive

as it may generate materials with the inherent advantages of ILs within a

solid or semi-solid gel-type structure. For example, a novel photo-switchable

polymer was developed, based on spiropyran, manipulating its physical and

chemical properties [Byrne et al., 2010]. This ionogel could be used for fab-

ricating light-actuated valves for controlling liquid flow in micro-fluidic mani-

folds [Benito-Lopez et al., 2010].

As it has been described, many materials have been used in the fabrication

of microfluidic devices for the past 25 years. However, none of them is

the ultimate material or can be used as the standard, each material has its

advantages and limitations. The key probably resides in the development of

hybrid devices that combine different materials.

3.3 On-chip flow control

With the microfluidic basics understood and once the available materials for

developing microfluidic systems have been described, different operations of

this platforms will be explained. Mixing, moving and pumping liquid at the

microscale constitute the basic unit operation of lab-on-a-chip devices. There

is a wide range of methods to manipulate fluid flow in microfluidic devices,
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including the use of electro-osmotic flow, centrifugal force, gas bubbles, fer-

rofluid plugs, different pumps, valves and others. Here, the miniaturization of

the most used ones is reviewed, some of which are inspired in the design by

their macro-world counterparts, whereas others are based on unique micro-

scale phenomena that do not work when scaled up to larger scales. These

components can be used together or actuated individually in a number of

applications.

3.3.1 Macro-to-micro interface

As suggested in the beginning of the chapter, integration is one of the key

advantages of miniaturization and offers new possibilities for point-of-care

(POC) applications. Indeed, the main aim of lab-on-a-chip platforms is to

be able to perform sample pretreatment, biochemical reactions, separation,

detection and data analysis operations in a small microdevice. However, fur-

ther development is still required, as present microfluidic systems typically

still need external equipment to complete integration of all laboratory capac-

ities. In fact, the use of macroscopic systems is often still more feasible and

paradoxically more convenient than the integration of every component. For

instance, one may have developed a fully integrated micro-dialysis system on

a chip, but to push fluids into and out of that device, it still needs to be con-

nected to macroscopic pumping systems that have conventional connectors

and that are bulky. To date, the best solution is to design custom connectors

for each particular chip scheme [Hartmann et al., 2008; Sen et al., 2010] or

at least, to try to adapt the design setup to the available commercial ones.

Therefore, it is crucial to make robust world-to-chip interfaces for integrated

microfluidic systems. Elveflow [Elveflow, 2014] or LabSmith [LabSmith, 2014]

are examples of suppliers of commercial microfluidic interfaces.

At this point, apart from standard macroscopic valves, tubing, reservoirs

and all kind of interconnects, it is important to say something about probably

the most widely implemented external equipment: the pump. Macroscopic

pumps are required to drive flow within many microfluidic systems. Depending

on the specific application different types of pumps could be required. These

are some of the most used classes of pumps for external flow control:

Syringe pumps. Extremely accurate and precise, their main advantage is

their capacity of controlling the flow rate across microchannels independently

of the fluidic resistance. However, they are relatively expensive and require

power supply. They work by infusing or withdrawing the fluid through a
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syringe. They are also known as infusion pumps.

Peristaltic pumps. These pumps typically require a source of pressure for

successive ’pinching’ of a tube or channel at two or three locations (imitating

peristalsis, the radially symmetric, wave-like propagation of muscle contrac-

tion in the digestive tract). They can be macro- and microfabricated and

integrated in the device as described later in this section. Normally, these

pumps also require external power.

Gravity pumps. They consist of reservoirs placed at a particular height

above the inlets. Their biggest drawback is that their pumping rate decreases

exponentially as the gravitational energy is gradually depleted from the pump.

A smart partial solution is to make one of the reservoirs higher than the other.

The main advantage is the small size and that they do not need external

sources.

Capillarity pumps. The surface tension of a meniscus, put inside an

incompletely filled microchannel, drives the fluid forward so as to fill the empty

part of the channel. As the gravity pumps they consume no external power

and are pretty small. However, they are affected by evaporation and their

pumping rate decreases as the radius of the meniscus does.

Surface tension-driven pumps. They drive flow by placing droplets at

the entrance/exit of a microchannel. As with capillarity pumps, the pumping

rate is a function of time and are vulnerable to evaporation effects.

With regards to miniaturization and integration of various ‘macro’ fluidic

components for flow control, a significant amount of work has been done

in the area. In the following sections different developed elements (valves,

pumps, mixers and other components) to control fluids on the micrometer

scale and in volumes down to the picoliter scale, or lower, will be described.

However, future work should create robust and reversible world-to-chip inter-

faces applicable to all type of microfluidic platforms.

3.3.2 Microvalves

Microvalves control fluid displacement -routing, timing, and separation of

fluids- along a microfluidic structure. They are very important in applications

where different fluids have to be kept isolated from each other or where

the fluid or fluids must be temporarily confined to a specific area of the
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device. These microfluidic components could be the key for a successful

miniaturization and commercialization of fully integrated microfluidic systems

with complex functionalities.

Microvalves can be divided into two main groups: passive and active. The

formers do not require any external power supply to meet its function, while

actives valves do. Table 3.4 gives a summary of several of the most widely

used valves in microfluidic devices, as well as some of their key characteristics.

Table 3.4 Summary of microvalves employed in microfluidic devices. Adapted

from Nge et al. [2013]

Category
Actuation

Mechanism
Approach Advantages Disadvantages

Passive
Check valve

(mechanical)

Unidirecitonal flow; Valve is

opened by increase in pres-

sure; Employs fixed mem-

branes, flaps, etc.

Simple; Can

withstand high

backpressures

Can have a

large dead

volume

Capillary burst

valve

(non-

mechanical)

Sudden changes in geome-

try or surface chemistry of

microchannel

Simple design

and fabrication

Efficiency is

lower with low

surface tension

liquids

Active
Pneumatic

(mechanical)

Deflection of an elastomeric

membrane by application of

external pressure

Easily inte-

grated; Large

actuation force

Requires a

control layer;

Needs external

pneumatic

inputs

Phase-change

(non-

mechanical)

Employs materials with a

volume difference in a phase

change, such as a hydrogel,

paraffin wax, or water/ice

Ease of fabrica-

tion and opera-

tion

Materials can

contaminate

samples if in

direct contact

Magnetic

(mechanical)

External or integrated mag-

nets for moving magnetic

materials

Generates high

force

Complex fabri-

cation

Most representative passive valves are mechanical devices that consist of

a cantilever, disc or membrane placed on the surface of a substrate allowing

fluid to flow in only one direction (also known as ‘check valves’) [Hasselbrink

et al., 2002; Jeon et al., 2002a; Koch et al., 1997]. To this end, when the

required pressure is generated in the direction of the fluid movement, the

mechanical flap is opened, whereas when there is reverse flow, the flap forms

a seal with the valve seat (Figure 3.14). These integrated valves could be

used for sample preparation for bioscience analysis system [Voldman et al.,

2000].
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Figure 3.14 Principle schematics of flap microvalve in closed (a) and open (b)

states [Voldman et al., 2000].

There are also valves which, being passive, have no mechanical moving

part that is opened or closed based on the direction fluid flow. In some cases,

for example, capillary forces can be passively used to control both move-

ment and flow direction. This effect relies on the geometries or the surface

properties of the microchannels. An example of this type of valves is the cap-

illary burst valve which controls fluid flow by increasing capillary resistance

inside the microchannel (see Figure 3.15). This is typically accomplished by

an abrupt change in the geometry or surface chemistry of the microchannel

such as an irreversible expansion of channel size with the application of high

pressures [Cho et al., 2007; Riegger et al., 2010]. Those are single-use valves.

Figure 3.15 Sequential images of

liquid flow through a capillary

burst microvalve. Adapted from

Cho et al. [2007].

As for active valves, as its name indicates, to fulfill their role they need

an external energy source specifically dedicated to them. Their actuation

principle can be of various kinds: electrokinetic [Kaigala et al., 2008; van der

Wijngaart et al., 2002], based on phase changes [Pal et al., 2004], mag-

netic [Au et al., 2011; Chen et al., 2011] or pneumatic [Grover et al., 2006;

Unger et al., 2000] among others. For example, electrostatic valves [van der
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Wijngaart et al., 2002] depending on the voltage applied between two elec-

trodes —one placed on the movable part of the valve and the other on the

valve supporting wall— they will be opened or kept closed. As commented

before, other active microvalves are based on electromagnetic [Pan et al.,

2005] or magnetic solutions, where placing a magnet above the valve and an

iron plate beneath it, the attraction between the magnet and the iron plate

moves a spacer in the flexible PDMS. In this way, the actuation is controlled

by manually placing or removing the magnet [Chen et al., 2011].

Following the establishment of polymers as building blocks of microflu-

idic structures, the development of pneumatic-hydraulic actuation has been

spread mainly because its manufacturing process can be integrated into the

overall design in a relatively simple way. This type of valves are actuated

by compressed air and can be manufactured entirely in PDMS [Hosokawa

and Maeda, 2000; Unger et al., 2000]. They usually consist of three main

components. The first one is the structure for the fluid channels, the sec-

ond comprises the pneumatic circuit and finally, between them a membrane

is placed which allows the passage of fluid as a function of the pneumatic ac-

tuator (Figure 3.16). Several of these kind of microvalves can be integrated

into a microfluidic platform to develop a microreactor with combinatorial

multiplexer for addresable multiplex syntheses and assays (see Figure 3.16c)

[Thorsen et al., 2002].

Figure 3.16 Valve by pneumatic actuation. (a) Micrograph and schematic of a

PDMS pneumatic microvalve, (b) 3D diagram of an elastomeric peristaltic pump

[Unger et al., 2000], and (c) schematic of a microfluidic multiplexer [Thorsen

et al., 2002].

Finally, two interesting valving approaches are shown in Figure 3.17. The

first one represents a check valve actuated by finger squeezing; when the

reservoir is pushed, liquid will be squeezed out of the right port through

valve 2. During pressure release, the reservoir is refilled through valve 1

(Figure 3.17a:2-4). This device was fabricated in PDMS and demonstrated
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to quantitatively mix liquids, enabling the colorimetric analysis of clinically

relevant concentrations of glucose an uric acid. [Li et al., 2012]. Figure

3.17b shows a pneumatic valving approach in which some screws embedded

in the PMMA frame of PDMS-PMMA valve assembly act as valves [Zheng

et al., 2009].

(a) (b)

1.

2. 3. 4.
2.

1.

Figure 3.17 (a) The structure of a squeeze-valve/pump. (a1) Structure of a

squeeze-pump that was constructed with two check-valves and a reservoir in

between. The detailed structure of a single check-valve is shown in the mi-

crophotograph. Scale bar is 1 mm. (a2)-(a4) show the operation cycle. [Li

et al., 2012] (b) Screw-assisted pneumatic valve. (b1) Schematic illustration of

the fabrication process. (b2) Photograph of the assembly of the PDMS chip

and the PMMA frame which contains the screws. [Zheng et al., 2009]
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3.3.3 Micropumps

Fluid pumping is essential to control and modulate fluid flow in microfluidic

networks. Integration of micropumps into microfluidic devices reduces the

amount of external hardware necessary to operate a microfluidic device and

minimizes the dead volumes from interfacing with external pumps. There

are many different types of micropumps that have been thoroughly described

in the literature [Au et al., 2011; Laser and Santiago, 2004; Nguyen et al.,

2002].

Like microvalves, micropumps can be generally classified into two cate-

gories: passive and active. However, as most of the micropumps are active,

needing an external power source, some authors classify them as mechani-

cal or non-mechanical micropumps. Table 3.5 gives a summary of several of

the most widely used pumps in microfluidic devices, as well as some of their

characteristics.

The underlying mechanism of the passive pumps is exactly the same as the

one explained with capillary valves where small fluid volumes in contact with

microstructured surfaces move spontaneously as a result of the interaction

between the surface tension of the liquid and the chemical composition and

topography of the surface [Berthier and Beebe, 2007; Walker and Beebe,

2002].

Within active micropumps, two of the most commonly used types are: the

electroosmotic (EO) pump based on EO forces (non-mechanical) and, the

pneumatic peristaltic one that consists of a series of pneumatic microvalves

(mechanical). The simplest microfluidic EO pumps comprise a microchannel

with electrodes submerged in fluid reservoirs at either end [Wang et al., 2006;

Zeng et al., 2001]. Figure 3.18 illustrates the basic flow principle of EO

pumps. In brief, when an electric field is applied through the electrodes,

the high force experienced at the walls of the microchannel results in the

movement of charge (mobile ions) and fluid through the microchannel. These

moving ions drag along bulk liquid through viscous force interaction. The

effects of EO and pressure forces on the velocity profile can be superposed

linearly (as shown schematically on the lower right part of the Figure 3.18).

The main advantage of this design is the lack of necessity of including mobile

parts.
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Table 3.5 Summarized advantages and disadvantages of various pumping ap-

proaches for microfluidic platforms. Adapted from Nge et al. [2013]

Category
Actuation

Mechanism
Approach Advantages Disadvantages

Passive

Capillary

(non-

mechanical)

Spontaneous fluid mo-

tion by capillary action

Simple and

straightforward;

no additional

fabrication steps

Flow is not contin-

uous over a long

period of time;

flow cannot be

controlled easily

Active
Electroosmotic

(EO)

Electroosmotic force

through interaction of

applied electric field

with electrical double

layer

Ease of manufac-

ture; Constant

flow rate which

can be manip-

ulated by the

applied voltage

Adsorption can af-

fect flow; only

works with con-

ductive solutions

Pneumatic

peristaltic

(mechanical)

Sequential actuation of

a series of pneumatic

microvalves with pres-

surized air

Easily integrated:

Fast response

time

Requires external

equipment to sup-

ply compressed

air; Pulsed fluid

flow

Electrochemical

(non-

mechanical)

Generation of gas bub-

bles, such as by electrol-

ysis

Ease of manufac-

ture; Small size;

Low power

Gas bubbles and

electrochemical

byproducts can

block conduction

between the elec-

trodes and hinder

actuation

Electro-

hydrodynamic

(non-

mechanical)

Interaction between

electrostatic forces and

ions in non-conducting

fluids

Easily integrated;

Can pump a vari-

ety of liquids; Re-

quires low volt-

ages

Flow rate depends

on material sur-

face properties;

Typically low

flow rates and

pressures

Acoustic

(mechanical)

Force produced by the

interaction of longitudi-

nal waves with the sur-

rounding fluid

Does not gen-

erate byproducts

that can contam-

inate sample

Applied frequen-

cies can denature

biomolecules and

lyse cells

Magneto-

hydrodynamic

(non-

mechanical)

Lorentz force produced

when orthogonal elec-

tric and magnetic fields

are applied to a con-

ducting solution in a mi-

crochannel

Ease of integra-

tion; Continuous

flow

Possible electroly-

sis of water at the

electrodes; Bub-

ble formation
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Figure 3.18 Basic flow principle of EO pumps [Chen and Santiago, 2002].

Regarding peristaltic micropumps, they exhibit a more complex design

and the achieved flow is also lower. As illustrated in Figure 3.19, the most

common scheme operates various microvalves in series along a microchannel

that are activated sequentially [Jeong and Konishi, 2007]. This system has

been previously seen in the example of finger-controlled check valves (Figure

3.17a), which operated in cascade act as a pump. Apart from the multipart

manufacturing process, it is very important to get an actuator system that

accurately controls the microvalves to achieve the desired effect.

Figure 3.19 Peristaltic micropump based on the sequential deformation of three

pneumatic actuators (PA: pneumatic actuator) [Jeong and Konishi, 2008].



3.3 On-chip flow control 55

3.3.4 Micromixers

As described in previous sections, at the microscale, hydrodynamic flow is

always laminar because of the low Reynolds number. A natural consequence

of laminar flow in microfluidic systems is that multiple streams can flow side-

by-side without turbulent mixing; mixing if occurs is only by diffusion (Figure

3.20a). This phenomenon is an advantage in some applications, but consti-

tutes a problem for situations requiring rapid mixing of solutions in microfab-

ricated devices.

Table 3.6 Summary of several mixing techniques employed in microfluidic plat-

forms. Adapted from Nge et al. [2013].

Category
Actuation

Mechanism
Approach Advantages Disadvantages

Passive
T- or Y-

mixers

Fluid streams from separate

inlets combine a channel in-

tersection and mix by diffu-

sion

Simple design;

Easy fabrication

Slow mixing;

Requires long

channels

Lamination

Designs that split the main

flow stream into multiple

streams and then recombine

them

Reduces diffu-

sion distance;

Uniform mixing

across entire

channels

Fabrication is

complex

Chaotic

advection

Secondary flows generated

when fluid passes through

twisted 2D or 3D struc-

tures, zigzag microchan-

nels, or channels with ridges

and grooves

Increases con-

tact surface;

Mixing achieved

at almost all

flow rates

Mixing is not

uniform over

the entire

channel cross

section

Active Electrokinetic

Unstable flow caused by a

force in the bulk liquid gen-

erated by coupling of elec-

tric fields and conductivity

gradientes

Ease of fabrica-

tion and inte-

gration

Requires high

electric fields

Acoustic
Acoustic waves that cause

secondary flow and mixing

Does not gener-

ate byproducts

that applied

voltages can

Temperature

increase may

damage biolog-

ical samples

Magneto-

hydrodynamic

Fluid is mixed through

changing flow caused by

non-synchronous magnetic

and electric fields

Simple fabrica-

tion; Fast an ef-

fective

Only works with

conductive so-

lutions
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Micromixers are used for mixing two or more fluids to produce dilutions of

different compounds that may generate a reaction. In biomedical or chemical

analysis, a sample may have to be mixed with a specific reagent prior to be

analyzed and therefore, it is necessary that the mixing occurs quickly. An

overview of various mixing methods used in microdevices and some of their

principal properties is given in Table 3.6 adapted from Nge et al. [2013].

These solutions can be also classified in actives or passives. In passive

micromixers, the mixture is achieved by diffusion or thanks to complex ge-

ometries of microchannels specifically designed to increase the interface area

where the diffusion takes place. This phenomenon is known as chaotic advec-

tion [Liu et al., 2000]. On the other hand, active micromixers use a moving

part or some kind of energy to create a disturbance in the system.

Passive micromixers are usually reliable, stable and offer easy integration

into more complex systems [Hardt et al., 2004]. They can be classified accord-

ing to the characteristics of the mixed phase as: laminar flow (serial or parallel

lamination)[Kamholz et al., 1999], injection [Voldman et al., 2000], droplet-

based [Bringer et al., 2004] or chaotic advection [Stroock et al., 2002].

Figure 3.20a shows a T-shaped parallel laminar flow micromixer. The flow

is steady state, projecting the interdiffusion along the length of the channel.

The asymmetric development of the interdiffusion region is due to the differ-

ence in diffusion coefficients between the two diffusing species. This mixer

together with Y-shaped micromixer, is probably the simplest one, being the

most basic design for diffusive mixers. For instance, T-shaped micromixers

are engineered to rapidly diffuse in the realization of an immunoassay and to

measure small molecules getting sub-nanomolar concentrations in less than 1

minute [Hatch et al., 2001]. In general, for lamination or chaotic advection

mixing on-chip, in which multidimensional channel designs can be required,

disposable devices have an advantage over glass devices due to the ease of

multilayer fabrication in plastics. Figure 3.20b shows the performance of a

staggered herringbone mixer, based on chaotic advection, with and without

structures. The figure shows schematics (left) and their corresponding verti-

cal cross-sectional views of the two fluid streams that are flowing side by side

in the channel. (1) Schematic diagrams of channels with no structure on the

walls, (2) with straight ridges, and (3) with the staggered herringbone struc-

ture where mixing by chaotic advection takes place [Stroock et al., 2002].

A similar approach is the chaotic droplet mixing which combines chaotic ad-

vection with droplet generation for rapidly mixing multiple reagents (Figure

3.20c). At the top, the schematic illustrating the principle: straight portions
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of the channel perform stretching and folding, and turns allow for reorienta-

tion. At the bottom of the figure, micrograph of the microfluidic network,

different flow patterns inside droplets are shown.

Figure 3.20 Diffusion and mixing in microdevices. (a) Schematic representa-

tion of flow in the T-sensor with two input fluids [Kamholz et al., 1999]. (b)

Performance of staggered herringbone mixer: schematics and the corresponding

vertical cross-sectional views of the two fluid streams [Stroock et al., 2002]. (c)

Chaotic droplet mixing [Bringer et al., 2004].

With regards to active micromixers, these can be categorized according

to the nature of the perturbation generated by an external field: acoustic,

electrokinetic, pressure disturbance or magneto-hydrodynamic among others.

Generally, despite having higher mixing efficiencies [Wu and Nguyen, 2005],

these structures are usually complex and involve complex manufacturing pro-

cesses. Furthermore, the integration of the system responsible for causing

the external signal with the microfluidic platform, increases the production

costs. All these inconveniences limit the implementation of such devices in

practical applications [Nguyen and Wu, 2005].
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3.3.5 Other microstructures for fluid manipulation

Apart from the described integrated fluidic elements, one can also implement

other flow-control elements such as gradient generators, micro-bioreactors,

microfilters or microseparators offering interesting functionalities for cell bi-

ology and molecular biology research.

3.3.5.1 Dilution and gradient generators

The difference between gradient generators and dilution generators is simply

their application: the gradient generator pursues the creation of a continuum

of concentrations, typically in one channel or chamber, whereas the dilution

generator pursues the creation of discrete concentrations in separate channels

or chambers. For instance, in cell culture, gradient generation offers many

growth conditions to be analyzed in a combinatorial fashion and is well suited

for high-throughput experimentation where a large number of conditions need

to be screened in parallel (Figure 3.21a). As an illustration, Hung et al. [2005]

developed a microfluidic cell-culture array with an integrated concentration

gradient generator for long-term cellular monitoring. As illustrated in Figure

3.21b, the gradient is achieved by perfusing three different fluids (red, blue

and yellow dyes in this example) from three different inlets; the other two

are outlets. This device relies on flow to generate gradients, however for

some applications, in particular, those that include cells in the microchannels,

flow itself is a concern. Thus, there are other designs capable of producing

gradients with negligible flow by interposing a semipermeable barrier between

the area containing cells and the channel delivering the flow. Chung and

coworkers, at MIT, demonstrated a design that simultaneously presents the

cells with both the control condition and the gradient conditions (Figure

3.21c) [Chung et al., 2009].

3.3.5.2 Micro-reactors

Microreactors are devices where chemical reactions can take place in a con-

finement with typical lateral dimensions in the microscale [Watts and Wiles,

2007]. These platforms can be used to carry out processes of biological na-

ture of great interest for the biomedical field, in this case they are known

as micro-bioreactors. They offer advantages over conventional scale reac-

tors because they include a vast improvement in energy efficiency, reaction
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Figure 3.21 Gradient generators. (a) Fluorescence micrographs of solution gra-

dient of fluorescein isothiocynate (FITC) at the outlet channel region of a mi-

crofluidic system [Jeon et al., 2000]. (b) Microfluidic perfusion array for cell

culture with multiple reagent concentrations [Hung et al., 2005]. (c) Gradient

generator incorporating collagen gels (scaffolds) as diffusional barriers [Chung

et al., 2009].
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speed and performance, safety, better process control and specially minimized

quantities of growth media and reagents. As an example, Balagaddé and his

group [Balagaddé et al., 2005] implemented a microfluidic bioreactor having

two alternating states: (a) continuous circulation and (b) cleaning and dilu-

tion. This functionality allowed long-term monitoring of small populations of

bacteria with single-cell resolution over hundreds of hours (Figure 3.22).

Figure 3.22 Micro-bioreactor for long-term monitoring of bacteria [Balagaddé

et al., 2005].

3.3.5.3 Microfilters

In most microfluidic devices the sample pretreatment is necessary leading to

the implementation of microfilters. The sample under test usually contains

impurities that can block the microchannel; a microfilter does not allow the

entrance of undesired particles to the microchannel, this is, as the name im-

plies, the sample is filtered and only the chosen fraction of it goes through the

developed structure. In general, particles are filtered according to their sizes.

Sometimes, it is necessary to analyze some particles or cells contained in a

fluid, in this case, the microfilter could be used for separating them. Thus, mi-

crofilters can be also considered a type of microseparator. Zheng et al. [2007]

developed a parylene membrane microfilter device for single stage capture and

electrolysis of circulating tumor cells (CTCs) in human blood (Figure 3.23).

Similarly, Crowning and Pizziconi used a passive, transverse-flow microfilter

device (operating entirely on capillary action) for the microfluidic isolation of

plasma from whole blood [Crowley and Pizziconi, 2005].
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(a) (b)

Figure 3.23 Microfilter. Micrographs of capture of blood spiked tumor cells on

parylene membrane filter [Zheng et al., 2007].

3.3.5.4 Microseparators

While microfilters discriminate particles depending on their size, microsepa-

rators separate them depending on other physical properties such as diffusion

coefficient, mass or electrical charge [Nguyen and Wu, 2005]. For instance,

Han and coworkers fabricated a microdevice where by lateral-driven contin-

uous dielectrophoretic microseparators red blood cells were separated from

white blood cells suspended in a highly conductive medium (Figure 3.24)

[Han and Frazier, 2008].

Figure 3.24 Microseparator. (a) Photograph of the fabricated device and (b)

illustration of the lateral-driven continuous DEP microseparator with the inter-

digitated electro array. [Han and Frazier, 2008]
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3.4 Microfabricated devices for cell biology

As it has been described through the previous sections, inherent advantages of

the microfluidic technology —suitable scale, unique fluidic phenomena, inte-

gration and low reagent consumption (nL)— make microfabricated devices

a compelling workhorse to carry out innovative research on the biomedical

sciences. To date, a large variety of microfluidic chips have been reported to

facilitate different investigations in cell biology and biochemical assays [Mu

et al., 2013; Kovarik et al., 2012; Velve-Casquillas et al., 2010]. Although

many exciting developments in cell-based technology are still confined to the

academia or research laboratories, they have the potential to enhance the

understanding of fundamental biological insights. This section will focus on

functional approaches of microfluidics for cell-based bioanalysis.

3.4.1 Microenvironment and cell patterning

While microenvironment patterning refers to the spatio-temporal control of

various environmental cues surrounding the cells, cell patterning refers to

confinement of individual or a group of cells to predesigned geometrical shapes

in localized places. Both types of patterning allow constructing in vitro models

trying to mimic in vivo-like environments to study cellular processes such as

cellular signaling [Onoe et al., 2012], differentiation [Kilian et al., 2010] or

migration, for investigating tissue regeneration [Khademhosseini et al., 2007;

Park et al., 2010], cancer invasion [Albini and Sporn, 2007; Jiang et al., 2005]

and drug screening [Ghafar-Zadeh et al., 2011; Khetani and Bhatia, 2008].

Figure 3.25 shows examples of microenvironmental control and cell patterning

applications.

The classic method to pattern cells and microenvironment is by lami-

nar flow patterning (LPF) [Squires and Quake, 2005]. Taking advantage

of the viscous forces dominating over inertial forces inside microchannels,

the obtained laminar flow of multiple streams, flowing side-by-side in a pre-

dictable manner and without turbulent mixing, allows controlled patterning

of: cells [Takayama et al., 1999; Torisawa et al., 2009], soluble and me-

chanical cues and [Kaji et al., 2010; Li et al., 2011; Takayama et al., 2001],

even temperature [Lucchetta et al., 2005]. Concretely, Takayama and his

group used LPF to pattern the cell culture substrate with different proteins,

to perform patterned cell deposition (patterning different cell types adjacent

to each other) and to perform patterned delivery of chemicals to adhered
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cells [Takayama et al., 1999; Takayama et al., 2001]. Further, they used

this method, which they denominated ‘PARTCELL’ —partial treatment of

cells— (Figure 3.25a), to study the subcellular processes of mitochondrial

movement and change in cytoskeletal structure [Takayama et al., 2003].

1

2

3

4

(a) 1

2

3

4

Figure 3.25 Microenvironment and cell patterning. (a) Schematics of PART-

CELL device and operation (a1-a3); using laminar flow to partially treat a cell

(a4) [Takayama et al., 2003]. (b) Direct cell patterning using multilayer flu-

idic channels.(b1) Microfluidic 3D stamp.(b2-b4) Micrographs of two cell types

deposited in a square pattern.[Chiu et al., 2000]

Regarding specifically cell patterning, the general approach has consisted

of the modification of the surface properties followed by selective cell at-

tachment and spreading. In order to perform this surface patterning, soft

lithography methods such as microcontact printing (µCP) [Chen et al., 1997]

and micromolding in capillaries (MIMIC) [Jeon et al., 1999] have been widely

established. Chiu et al. [2000] enhanced these techniques by using three

dimensional versatile microfluidic systems in which they patterned multiple

types of proteins and cells in complex, discontinuous structures on a surface

(see Figure 3.25b). The main application of micropatterning of cells is cell-

cell interaction studies by co-culture techniques [Kaji et al., 2010] which will

be reported later on this chapter (Section 3.5.3).
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Focusing on microenvironmental control, the ability to construct and reg-

ulate the surrounding microenvironment of cells on the microscale is a major

advantage of on-chip cell culture. Microfluidics could directly deliver differ-

ent soluble and mechanical cues to a specific subgroup of cells or part of

single cells. These stimuli result in activation of various signal transduction

pathways that play a crucial role in fundamental biological processes such as

cell migration, differentiation or development. As an example of an effective

use of fluid flow to control cell signaling, Kuczenski and coworkers monitored

intracellular calcium ion (Ca2+) levels upon dynamic exposure to ionomycin,

which permits Ca2+ membrane permeation [Kuczenski et al., 2009]. In vivo,

cells frequently respond to a variety of chemical gradients. At the microscale

gradient generators provide the perfect tool to mimic natural stimuli. Another

similar example is the gradient generator developed by Chung et al. which was

explained in the previous Section 3.3.5.1. In this case, they studied neural

stem cell differentiation in response to a gradient of growth factors [Chung

et al., 2009].

Regarding mechanical cues namely stretching, shear stress or rigidity of

substrates, it has been found that they have important implications on the

development and differentiation of cells. Illustrating this, Zheng et al. [2012]

reported a microfluidic device to combine both shear stress and stretch to

mimic hemodynamic microenvironment of blood vessels (Figure 3.26). In

this connection, Gray and coworkers observed that cells would migrate to

stiffer regions of substrates [Gray et al., 2003].

Figure 3.26 Control of mechanical cues. (a) Schematic of the microfluidic

system for electrical and mechanical characterization of red blood cells (RBCs).

(b) Micrographs of RBCs passing through the constriction channel. [Zheng

et al., 2012]
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3.4.2 Cell counting and flow cytometry

Essentially, flow cytometers are devices that allow for counting particles (such

as cells or beads) suspended in a narrow stream of fluid [Shapiro, 2005]. In

this process, many different characteristics of viruses, bacteria, mammalian

cells, and microparticles can be quantified at throughputs up to 40 000 cells/s

[Chung and Kim, 2007]. Flow cytometry was first used to count blood cells

in the 1940s, since then, it has advanced from being primarily a research

tool to becoming an indispensable technology in modern clinical laboratories.

However, conventional (non-microfabricated) flow cytometers are expensive,

bulky and require specialists to operate them and to carry out the labor-

intensive pretreatment steps. Hence, microfluidic based cytometers appear

to be an interesting, cost-effective and potential alternative.

The basic principle of operation of microflow cytometers, is similar to

the traditional ones, in which cells pass through a detector in a fluid stream.

However, in this case, to guide the main stream, at least two sheath flows

are used, which thanks to the laminar flow conditions, confine and focus

the main flow to guide the cells to the detection region. Most commonly

microfluidic flow cytometer detection modules consist of optical (e.g.: lasers,

photodiodes) or electrical detectors.

Jacobson and Ramsey were the first ones to demonstrate in 1997 the

two-dimensional confinement or ‘focusing’ of flow [Jacobson and Ramsey,

1997]. The focusing was achieved by ‘pinching’ the sample flow between

two focusing flows; the width and position of the output focused flow is a

function of the flow rates. The developed device was fabricated on glass

and the flow was controlled electrokinetically applying different voltages to

the inlets (Figure 3.27a). Nevertheless, same functionality can be achieved

in simple setups using gravity-driven flows or syringe pumps. Furthermore,

different functionalities can be integrated by incorporating other components,

such as, different detection instruments, pumps, dampers, switch valves, input

and output wells, and cell sorters [Fu et al., 2002; Fu et al., 2004].

Particles can be focused in either two-dimensions (2D) or three-dimensions

(3D) [Xuan et al., 2010]. When focusing flow only in 2D, the particles that

are traveling close to the top or the bottom of the channel will be flowing

much slower than the particles traveling close to the midline of the channel,

which will misled the detector (known as ’butterfly effect’ and caused by the

parabolic profile of the laminar flow). These problems are not encountered in

3D focusing, where particles are focused in both the horizontal and the ver-
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tical directions. Mao and colleagues developed a smart single-layer microflu-

idic flow cytometry platform by integrating the 3D focusing device with a

laser-induced fluorescence (LIF) detection system (Figure 3.27b) [Mao et al.,

2009].

(1) (2) (3) (4)

Focus 1 Focus 2

Output

Sample

Channel

(a) (b)

Figure 3.27 Cell cytometry. (a) Hydrodynamic focusing using electrokinetic

flows [Jacobson and Ramsey, 1997]. (b) Single-layer device producing 3D fo-

cused flow [Mao et al., 2009]. (c) Extreme-throughput, sheathless flow cytom-

etry; novel cell counter [Hur et al., 2010]

Most of the microfabricated cytometers apply sheath flows for hydro-

dynamic focusing of the center flow. However, non-sheath-flow-based cell-

counting devices, based on inertial microfluidics [Di Carlo, 2009; Gossett

et al., 2012], have also been reported. In 2010, Hur et al. [2010] exploited

inertial effects for label- and sheath-free parallel flow cytometry with extreme

throughput (up to 1 million cells per second) and a simple design based on

straight single-layer channels (Figure 3.28).

Regarding commercially portable flow cytometers, there are some avail-

able for human immunodeficiency virus (HIV) screening and monitoring [Partec,

2014], complete blood count measurements [Micronics, 2014, NanoEnTek,

2014], and cell screening assays [Millipore, 2014]. Moreover, the miniaturiza-

tion of analytical devices keeps being pursued towards portable flow cytome-

ters suitable for point-of-care testing (POC).
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(a)

(c)

Figure 3.28 Extreme-throughput, sheathless flow cytometry; novel cell counter

[Hur et al., 2010]

3.4.3 Cell sorting

A typical feature that normally is added to micro flow cytometers is the

ability to divert and collect cells (or other small particles), this is, a sorting

step. Most of the flow cytometers described above could work also as cell

sorters with application in cell screening. The screening of cells is extremely

important in cell biology and often the first step in routine clinical assays.

Figure 3.29 shows the standard steps required in cell sorting.

Figure 3.29 Cell sorting. General steps of cell sorting include transportation,

focusing, recognition, separation and collection [Chen et al., 2007a].
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The principles of cell sorters employed in microfluidics are diverse. Possibly

the most known cell sorting technique is the microscale version of the ’Fluo-

rescence Activated Cell Sorting’ (also known as FACS) [Cho et al., 2010;

Wolff et al., 2003]. Microfabricated fluorescence activated cell sorting de-

vices (µFACS) offer a number of advantages over conventional FACS, mainly

related to the inherent benefits of the microscale. The working principle is

based on the flow cytometry concept, in which cells are delivered into a thin

stream to go through a detector. In this specific case, cells need to be pre-

labeled using fluorescently tagged antibodies that bind selected cell-surface

molecules, so that, when they pass through a laser beam (the detector) a

computer registers their fluorescent properties, and each cell is sorted ac-

cording to the specific criteria. Figure 3.30a shows a basic µFACS built in

a microfluidic silicon chip, with the sorter platform mounted on an inverted

optical microscope. In this example, fluorescent latex beads are sorted from

chicken red blood cells which are manipulated by pressure-driven fluid flow.

The cells introduced into the sorter chip were sheathed by a buffer stream.

The fluorescent beads were excited near the junction of the collecting and

the waste channel. The fluorescence signal was detected by a photomulti-

plier tube (PMT) and this signal was used for switching a valve on the waste

channel outlets, forcing cells of interest to the collecting channel [Wolff et al.,

2003]. An enhanced cell sorter based also on hydrodynamic flow manipulation

was developed by Bang et al. which included an online calibration technique

[Bang et al., 2006].

Figure 3.30 Schematic setup of a cell microsorter with hydrodynamic focusing

based on optical detection (µFACS); detection light propagates in the waveguide

structure and its intensity changes as particles pass through the detection region.

[Wolff et al., 2003]
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Several microfluidic approaches other than FACS have been explored to

separate specific cells of interest. Some of them differ in the way they detect

or sort the cells, whereas other have different ways of controlling the fluid

flow containing the particles. For instance, another interesting cell sorter

based on fluorescence detection but manipulated by dielectrophoretic forces

was developed by Voldman et al. [2002]. This cytometer-cell sorter consists

of a planar array of single-cell traps that can be loaded with cells, interrogated

over time, and then individually sorted, where the sort variable is the dynamic

response. These traps use dielectrophoresis to stably confine leukemia cells

and hold them against disrupting fluid flows. Based also on opposition of

dielectrophoretic forces but label-free, Valero and her group developed a cell

sorting device that discriminates among cell types according to their dielectric

properties, such as the membrane permittivity and the cytoplasm conductiv-

ity [Valero et al., 2010]. The forces are generated by an array of electrodes

located in both sidewalls of a main flow channel. Cells with different dielectric

responses perceive different force magnitudes and are, therefore, continuously

focused to different equilibrium positions in the flow channel, thus avoiding

the need of a specific cell labeling (such as fluorescent markers) as discrim-

inating factor. Focusing on other separating forces, Pamme and Wilhelm

[2006] studied mouse macrophages and human ovarian cancer cells by mag-

netophoresis. They performed continuous sorting of cells loaded with mag-

netic nanoparticles in a microfluidic magnetic separation device. Cells were

passed through a microfluidic chamber and were deflected from the direction

of flow by means of a magnetic field. Optical gradient forces [Wang et al.,

2004a] or electrokinetic techniques have also been reported [Fu et al., 2002;

Fu et al., 2004].

Most of these approaches need a pretreatment of the sample, this is, par-

ticles or cells have to be labeled, i.e. with fluorescent markers or magnetic

particles, for posterior detection or manipulation. However, there is another

branch of cell sorting devices that do not work necessarily as cytometers (they

do not have a detection region) but do separate cells efficiently based on their

size and without requiring active elements. Passive separation of two or more

particle components simultaneously has been successfully demonstrated on

the microscale using ’Pinched Flow Fractionation’ (PFF) and ‘Determin-

istic Lateral Displacement’ (DLD) based techniques. In 2004, Yamada and

colleagues developed a microfluidic platform based on the concept of PFF

for the continuous size separation and analysis of particles in microfabricated

devices [Yamada et al., 2004]. This method relies on the effect generated

when a liquid containing particles is ‘pinched’ or pushed against a wall of a
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microchannel by another particle-free liquid thanks to the existing laminar

flow. The particles towards the walls have homogeneous speeds (in the edge

of the parabolic flow profile as a function of their size) so they are sorted by

size with submicron resolution (Figure 3.31a). The same year, Huang and

coworkers reported a microfluidic particle-separation device that makes use

of the asymmetric bifurcation of laminar flow around obstacles [Huang et al.,

2004]. In this setup, the particles follow a deterministic path leading to the

formation of multiple particle streams based on size (Figure 3.31b). Although

these techniques operate in continuous mode, the need for narrow channel

geometries in PFF and presence of obstructions in DLD may lead to channel

clogging and particle-particle interactions [Holm et al., 2011]. Recently novel

approaches based on particle separation using spiral microchannels, which ex-

ploits the principles of Dean drag and inertial lift forces, have been reported

[Kuntaegowdanahalli et al., 2009]. For instance, Warkiani et al. [2014] sepa-

rated CTCs from white blood cells (WBCs) in spiral microchannels as shown

in Figure 3.31c. CTCs focused near the inner wall due to the combination of

the inertial lift force and the Dean drag force at the outlets while WBCs and

platelets are trapped inside the core of the Dean vortex formed closer to the

outer wall.

(a) (b) (c)

Figure 3.31 Other cell sorting examples. (a) Principle of pinched flow fractiona-

tion (PFF). [Yamada et al., 2004].(b) Fractionation of small particles in a liquid

based on their size in a micropost array by deterministic lateral displacement

(DLD) [Huang et al., 2004]. (c) Operating principle of CTC separation by a

spiral channel with a trapezoid cross-section [Warkiani et al., 2014].
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Most cell sorters have been developed for targeting blood cells and cancer

cells. However, screening of other kind of cells, such as neuronal cells [Kun-

taegowdanahalli et al., 2009], E. Coli [Adams et al., 2008], yeast [Agresti

et al., 2010] or fungi [Yung et al., 2009] have also been performed.

3.4.4 Cell trapping

Different methods for cell manipulation as well as for cellular microenviron-

ment control have been previously described. However, at some point cells

have to be retained in defined locations such that they can be observed or

assayed for long periods of time. Particle and cell trapping could be classified

as a specific way of sorting in which cells end up immobilized for posterior

analyses or studies.

As a result, different technical approaches to enable capturing of particles

and cells in microfluidic systems are discussed below. The underlying mecha-

nism of these trapping methods relies on different physics. Researchers have

reported cell isolation by mechanical [Rettig and Folch, 2005; Wheeler et al.,

2003], electrical [Voldman et al., 2002], optical [Ozkan et al., 2003], acoustic

[Evander et al., 2007], magnetic [Neuman and Nagy, 2008] and biochemical

[Nagrath et al., 2007] means among others.

Different cell trapping strategies are a major motivation for the rapid in-

crease of lab-on-a-chip based cell biology research, especially for single-cell

analysis applications. Developing strategies able to control each cell individ-

ually constitutes a hot topic in the field.

3.4.4.1 Mechanical trapping: hydrodynamic resistance

Mechanical trapping involves separation of individual cells by physical bound-

aries, such as microstructures or microwells. The success of these techniques

relies on the hydrodynamic resistance phenomenon. A simple way of under-

standing this concept is to make an analogy with electrical circuits. When

in an electric circuit the current finds two possible paths with different resis-

tance, it will choose the one that opposes less resistance. In fluid dynamics

this means that generally, cells injected within a flow will be directed along

the fluidic path of least resistance, i.e. to subcellular-sized exits, where they

will become mechanically anchored for analysis [Yang et al., 2002] or for high

efficiency electroporation [Khine et al., 2005].
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In fluid dynamics, the average flow rate of a liquid within a microfluidic

channel is proportional to the pressure gradient imposed on both ends of the

capillary which is conceptually useful. As a consequence, the Hagen-Poiseuille

equation can be rewritten as an analogy to the classical Ohm’s law:

∆P = Rfluid ·Q (3.3)

where ∆P is the pressure gradient, Rfluid represents the fluidic resistance

and Q the volumetric flow rate.

The fluidic resistance will depend on the geometry of the cross section,

that is, in the presence of two fluidic channels or paths with different cross

sections, the fluid will tend to go through the one having less hydrodynamic

resistance. For most of the geometries, the fluidic resistance can be predicted

by the following equation where w is the widest and h is the smallest dimension

of channel’s cross sections. L represents the total length of the channel and

η the viscosity of the fluid [Ajdari, 2004; Bahrami et al., 2006]:

12ηL

h3w
> Rfluid >

32ηL

πh2w2
(3.4)

The left side of the equation should be taken as an approximation when

10h<w , the right side should be taken as an approximation when 2h>w . For

intermediate cases, an average of both approximations can be used.

Most of the microfluidic platforms resulting from hydrodynamic-based

single-cell trapping concept, can be separated in three main groups: (a) mi-

crodevices with a main channel with some side ducts, (b) those with arrays

of sieve-like structures and (c) micro-well based chips.

a) Main channel with side conduits

The most common way of manipulating cell motion by hydrodynamic

forces is to create side channels in a main transport channel, where the side

channel dimensions are sufficiently small to trap cells by suction when a frac-

tion of the total flow is aspirated this way. One of the main advantages of

this system is the possibility of releasing the captured cell only by reversing

the flow [Yang et al., 2002]. In addition, Lee and coworkers also placed some

hydrodynamic traps on each side of a narrow microfluidic channel to capture

cells so that well defined cell-cell contacts form to study cell interactions [Lee
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et al., 2005]. Figure 3.32a shows a slightly different approach to cell cap-

turing by changing the fluidic resistance of different fluidic paths proposed by

Tan and Takeuchi [2007]. They reported a high-throughput single-cell isola-

tion system configured such that an array of hydrodynamic trapping sites was

achieved along a main serpentine channel. The trapping sites were formed via

superimposed straight channel with narrowed regions and displayed lower flow

resistance than the main channel. However, when a particle was captured, the

resistance increased drastically redirecting the main flow again to the main

serpentine channel leading to a sequential filling of all trapping sites. Further,

they provided the system with a laser setup to locally create microbubbles for

retrieval of selected particles. Later, this group used this trapping method to

process cells encapsulated in alginate beads, demonstrating its potential to

cell-based screening [Tan and Takeuchi, 2008].

1

2

(a) (b)

Figure 3.32 Cell trapping by different hydrodynamic resistance among mi-

crochannels. (a) Trap and release mechanism by hydrodynamic resistance con-

cept in microfluidic channels [Tan and Takeuchi, 2007].(b) Enhancement of Tan

and Takeuchi’s approach for cell co-culture: (b1,b2) micrograph of the channel

system and (b3,b4) the cellular valving approach for single the cell co-culture

[Frimat et al., 2011].

Many groups based their trapping system strategies on the design pro-

posed by Tan and Takeuchi. For instance, Kobel et al. [2010] optimized their

design resulting in cell trapping efficiencies up to 97%, having high cell vi-

ability (>90%) and minimized cell loss (<23%). In this line, Frimat et al.

[2011] proposed another analogous and highly parallel microfluidic approach

for contacting single-cell pairs. The approach combined the differential fluidic

resistance trapping method with a novel cellular valving principle for homo-
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typic and heterotypic single-cell co-culturing (Figure 3.32b). Reversal of the

flow was used for the sequential single-cell arraying of the second cell type.

They achieved efficient cell arraying (≈ 99%) and high levels of cell pairing

(≈ 70%).

More approaches of cell trapping based on parallel channels were also

developed by Arakawa and coworkers who described a two different channel

setup (main channel and buffer channel) which were interconnected by a

narrower one called drain channel [Arakawa et al., 2011]. In this case, cells

are addressed to the small drain channel depending on the difference on the

flow rate between the main and the buffer channel, this difference creates a

hydrodynamic pressure gradient (Figure 3.33). The working principle behind is

similar to the previous ones. If the flow rate in the main channel is bigger than

the one in the buffer channel the cell will be attracted to the drain channel and

it will stay trapped (drain channel has a smaller diameter than the cell). In

order to release the cells or to carry them through the main channel, the flow

rate has to be greater in the buffer channel. They demonstrated trapping,

labeling and content extraction of two different types of cells with an average

capture efficiency of ≈ 75 %.

(a) (b)

Figure 3.33 Hydrodynamic single-cell manipulation. (a) Schematic of the struc-

tures of the serpentine microchannel and the sequential process of the biochem-

ical manipulations of trapping, labeling, and content extraction of single cells.

(b) Optical micrograph of captured cells. [Arakawa et al., 2011]
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b) Hydrodynamic traps

As it has been described, suction ducts inside different microchannel sys-

tems can work as trapping sites, in this perspective, physical microstructures

that literally embrace the cells can also be constructed. Once the cells are

hold inside sieve-like structures, the flow streamlines change and they con-

tribute to keeping the cell confined to the trap. The first example of this

approach was developed by Wheeler and his group in 2003. They isolated

one cell then, treated it with different fluids by pneumatical switching and

enabled methanol-induced cell death and staining on single Jurkat T-cells

[Wheeler et al., 2003]. Several groups have scaled up this concept develop-

ing arrays of physical U-shaped weirs to confine cells in defined positions. In

2006, Di Carlo et al. [2006], for example, created uniform arrays of traps

that hung from the ceiling of the microchannels as shown in Figure 3.34a.

They performed single-cell studies of estimations of enzyme concentrations,

kinetics, and inhibition analysis in Jurkat, HeLa and T293 cell lines by means

of fluorescence imaging. The single-cell trapping array was also used as a

platform for single-cell perfusion cultures demonstrating 24 hours culturing of

HeLa cells [Di Carlo et al., 2006]. However, the platform was limited for short

term studies and the risk of cell loss due to the flow needed to be considered.

Later, they made some modifications in the sieve geometries, and demon-

strated trapping of cancer cells for the formation of spheroids maintaining

compact groups of the trapped cells due to continuous perfusion [Wu et al.,

2008].

1 2 3

(a)

1 2

(b)

Figure 3.34 Cell capture by multitrap arrays. (a) Arrays of hydrodynamic cell

traps [Di Carlo et al., 2006]. (b) Microfluidic control of cell pairing and fusion

[Skelley et al., 2009].

Similar weirs have been used by Faley et al. [2009] to interrogate signal-
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ing dynamics of individual, patient-derived hematopoietic stem cells to test

a drug for the treatment of chronic myeloid leukemia (CML). The sieve-like

trapping structures were developed further by Skelley and coworkers to offer

controlled paring and fusion of three different types of cells [Skelley et al.,

2009]. By supplying the trapping posts with a second and deeper recess at the

backside of the post a hydrodynamic cell trap is accomplished, which in the

forward flow direction will trap single cells, analogous to previous approaches

(Figure3.34b). However, in this case, the flow is subsequently reversed so

single cells are transferred to the deeper recess at the backside of the op-

posing trapping post. Once transferred, a second cell type is subsequently

introduced in the same flow direction. Their device carried out both chem-

ical and physical fusion at exceptionally high-throughput in comparison to

conventional procedures.

Other numerous interesting applications based on these hydrodynamic

traps include: following lineages deriving from single yeast cells, which pro-

vides with valuable information to correlate phenotypes with the age and

genealogy of single cells over time [Rowat et al., 2009] or combination of

weirs with micropattern arrays for extended functionality of two-dimensional

micropattern studies beyond paired micropatterns to organizations contain-

ing many cells or different cell types [Lin et al., 2013]. Recently, a versatile

microfluidic platform that includes not only a multitrap section but also an

optional gradient mixer has been reported by Byrd et al. [2014]. Thanks to

the integration of various functionalities in one platform, they demonstrated

its use for hematologic cancer cell characterization by measuring single T

cell levels of CRAC channel modulation, non-translational motility, and ABC-

transporter inhibition via a calcein-AM efflux assay (Figure 3.35).

c) Microwells

Microwells are based on traditional plastic multiwell plates which are used

for parallel analysis of multiple samples but in this case with all the inherent

benefits of the microscale, namely, smaller volumes of required reagents with

faster responses. So, the high apparent viscosity of water at these scales

results convenient once more as with microfluidic traps: once a cell falls into

a well, it is very hard for fluid to dislodge the cell out of the well.

In the literature, the microwell based alternative proposed by Rettig and

Folch [2005] is the most cited approach. They demonstrated a cost-effective

PDMS platform where different well diameters and depths were studied for

optimal single-cell trapping (Figure 3.36a). They obtained more than 90%
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Figure 3.35 Physical and hydrodynamic features of the microfluidic multitrap

system with an integrated gradient generator [Byrd IV et al., 2014].

microwells occupancy rates with repeated seedings even at low cell densities.

With a proper microwell size, more than one cell (of the same or differ-

ent type) can be accommodated for cell-cell communication studies. Similar

approaches have been reported with microwells built on different materials,

namely glass [Deutsch et al., 2006], SU-8 [Chin et al., 2004], polystyrene

[Yamamura et al., 2005] or poly(ethylene glycol) (PEG) [Karp et al., 2007;

Revzin et al., 2005] and for different cell studies. Revzin et al. [2005] demon-

strated the formation of high density arrays of model leukocytes on glass

but organized within PEG hydrogel walls with square shape. In addition,

they proposed retrieval of selected individual cells using laser microdissection

technology. The main reason to use PEG is to avoid cell attachment to

the walls of the wells; as this material is cell-repellent. Karp and coworkers

used also PEG wells as templates to initiate the formation of homogeneous

three-dimensional aggregates of cells, this is, controlling their size, shape and

homogeneity [Karp et al., 2007]. A multiplexed soft lithographic method to

fabricate multi-phenotype cell arrays for drug screening was described by the

same group (Figure 3.36b) [Khademhosseini et al., 2005]. This approach

allows selective addressing of rows of microwells. However, in order to ex-

tract selected single cells from microwells, Voldman and Kovak devised an

optofluidic cell trapping and sorting platform. In this system, cell is lift out

of the well by focusing a laser onto it through the microscope objective so
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as to counteract gravity and then, it is taken away by the flow [Kovac and

Voldman, 2007].

In contrast with traditional cell clusters, Gallego-Perez et al. [2010] de-

veloped a new type of microwell-based platform with a micro/nanoporous

well bottom as illustrated in Figure 3.36c. The underlying porosity was at-

tained by interfacing the microwells with a bed of electrospun polymers mi-

cro/nano fibers, which confers a number of advantages over previously devel-

oped microwell-based systems; including fiber-based biomimicry and improved

mass transfer. They used this platform to control the in vitro formation of

3D islet-like cell clusters of pancreatic precursors [Gallego-Perez et al., 2012b]

and to create massively parallel arrays of single cells (NIH-3T3 fibroblasts and

THP1 lymphocytes), cell colonies of different cell types (NIH-3T3 fibroblasts

and C3A hepatocytes), and functional hepatocyte aggregates [Gallego-Perez

et al., 2010].

(a)

Conventional cluster culture

co-culture - Configuration A

co-culture - Configuration B

Figure 3.36 Microwells. (a) PDMS microwell array for single-cell trapping [Ret-

tig and Folch, 2005]. (b) Cell trapping with PEG microwells [Khademhosseini

et al., 2005]. (c) Clusters with different morphologies and cell co-cultures

[Gallego-Perez et al., 2010].

On the whole, the use of mechanical structures is very often irreversible,

since once cells are mechanically trapped they cannot be easily released. Fur-

ther, many cells in the cell suspension do not get trapped in the device, so an
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excess of cells is required. Nevertheless, mechanical manipulation methods

are simple and useful in a number of applications. In addition, for cell handling

they do not depend on the suspending media, or on the cell type, and have the

potential to become universal methods for handling cells in suspensions, com-

parable with on-the-bench pipetting and centrifugation. Furthermore, these

hydrodynamic methods for cell isolation enabled to capture non-invasively,

automatically, and sequentially large number of cells. Single-cell array was ex-

pected to obtain enormous quantity of statistical data from single-cell assays

such as the drug stimulation and to distinguish the diversity of the individual

cell activities. To sum up, Table 3.7 summarizes the trapping efficiencies of

some of the main mechanical trapping approaches.

Table 3.7 Comparison of the efficiency of some of the reported methods

for mechanical-based single-cell trapping.

Trapping method Trapping efficiency Reference

Micropatterns only ≈ 40% Yan et al. 2011

Microwells
≈ 81-93% a Deutsch et al., 2006

≈ 84-92% b Rettig and Folch, 2005

Hydrodynamic serpentine

channel with side conduits

≈ 75% Arakawa et al., 2011

≈ 80-99% c Frimat et al., 2011

≈ 97% Kobel et al., 2010

Hydrodynamic sieve-like trap

≈ 70% Di Carlo et al., 2006

≈ 86% Lin et al., 2013

≈ 80% Skelley et al., 2009

Efficiency varies depending on a the number of loading cells, b cell line, c the experiment.

3.4.4.2 Optical trapping

Focused laser beams, also known as optical tweezers or optical traps (OTs)

(Figure 3.37a), are one way of manipulating cells with very high spatio-

temporal resolution which offers the possibility of transporting trapped cells

in three-dimensions with sub-nanometer accuracy and sub-millisecond time

resolution [Neuman and Nagy, 2008]. These properties make optical tweez-

ers extremely well suited for the measurement of force and motion. In brief,

objects or particles at the microscale are forced by optical forces towards the

focus point of a laser beam, where the trapped objects can be repositioned in

all dimensions by moving the beam and changing focus [Grier, 2003]. How-

ever, high precision optical trapping measurements will require a trapping
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laser with superior pointing and power stability. In addition, prolonged han-

dling times in small volumes can lead to undesired heating of the water-based

buffers which may be harmful for the cells. In 2001, Grover and colleagues de-

veloped an optical trapping based system with sorting capacity [Grover et al.,

2001]. The platform performed automatic identification and sorting of ery-

throcytes from other cellular components of human peripheral blood based on

the size. More recently, Ramser and Hanstorp devised multiple optical traps

for cell heterogeneity studies of single cells [Ramser and Hanstorp, 2010].

(a) (b)

Figure 3.37 Optical trapping. (a) Optical tweezers concept [Grier, 2003].(b)

Setup for trapping and sorting of cell by optical tweezers [Landenberger et al.,

2012].

Moreover, optical forces can also be used in the opposite manner, this is,

instead of trapping cells they can be employed for releasing them [Kovac and

Voldman, 2007]. As described in the previous section, Kovac and Voldman

used a laser beam for removing unwanted cells by lifting selected cells from a

microwell array. Arai et al. [2005] fabricated a novel and versatile approach for

investigating the individual characteristics of a microorganism on a chip using

optical tweezers combined with a thermosensitive hydrogel. Once they have

separated the target cell with a single beam laser, they immobilized or partially

entrapped it by heating the thermosensitive hydrogel with an integrated micro

heater. Recently, Landerberger and coworkers presented an optical particle

sorter that uses rapid steerable optical traps to displace cells within a laminar

flow inside a microchannel [Landenberger et al., 2012]. Cells not grabbed

by the optical tweezers stream into a different reservoir than those actively

displaced to a parallel streamline (Figure 3.37b).
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Optical trapping can be extended down to the nanometre scale with po-

tential applications in bioscience and quantum optics where, nano-optical

tweezers would allow ultra-accurate positioning of single nano-objects [Juan

et al., 2011].

To sum up, advantages of using optical tweezers for single-cell trapping

include non-contact force for cell manipulation, very high spatio-temporal res-

olution and amiability to liquid medium environments. Thus, optical manipu-

lation can be employed in a wide range of applications, such as transporting

foreign materials into single cells, delivering cells to specific locations and sort-

ing cells in microfluidic systems. However, as in all trapping methods, this is

not free of intricate problems, namely, heating and photodamage. Laser ad-

sorption by the sample can lead to damage or ‘opticution’ as a highly focused

spot with power intensities of megawatts per square centimeter is used for

optical trapping [Dholakia and Reece, 2006]. Further, optical manipulation of

relatively large cells can be laborious, expensive, and cannot be easily scaled

up. Finally, it should be also noted that the required external equipment,

namely microscopes and lasers, may be expensive and bulky.

3.4.4.3 Electrical trapping

In general, two electrical phenomena can be used to manipulate cells: elec-

trophoresis (EP) and dielectrophoresis (DEP). Whilst EP interacts with

the charges of cells and an electric field, DEP depends on the polarizability

of the cells (Figure 3.38). Both forces can be used to sort cell mixtures

depending on the cell type or to transport cells or place them in specific lo-

cations [Voldman, 2006]. Toriello et al. [2005] employed an electric field

for single-cell capture inside a channel and successfully isolated single cells

and observed their division. The system combined electrophoretic selective

trapping on desired gold electrodes (due to their intrinsic negative surface

charge) with chemical activation. On the other hand, one can also make an

EP trap by attracting cells to positively charged internal electrodes. Ozkan

and coworkers developed an electro-optical platform for patterning of cells

[Ozkan et al., 2003]. Their system combined two complementary methods

for cell manipulation: (1) electrophoretic arraying of cells in a DC field due to

their intrinsic negative surface charge and (2) remote optical manipulation of

individual cells by vertical-cavity surface emitting laser driven infrared optical

tweezers.

Regarding to DEP, objects such as cells can be moved by forces generated
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(a) (b)

(c) (d)

Figure 3.38 Electrical trapping. (a) Electrophoretic movement of a charged

object in a uniform electric field. (b) A dielectric object experiences no force in

a uniform electric field. (c) p-DEP, the dielectrophoretic force moves the object

towards the higher electric field. (d) n-DEP, the dielectrophoretic force moves

the object towards the lower electric field. [Nilsson et al., 2009]

in a non-uniform electric field which induces a dipole in the cell. DEP can be

positive (pDEP) or negative (nDEP). As illustrated in Figure 3.38c, in pDEP

the induced dipole is always oriented with the electric field (similar to EP),

which leads to trap cells at rigid surfaces (e.g., electrodes, substrates, etc.).

In contrast, in nDEP the dipole is oriented antiparallel to the field sending the

cells away from surfaces (Figure3.38d). The electrodes in charge of generat-

ing the non-uniform field have been designed with many geometries. Voldman

and his group developed a nDEP-based cytometer, as described in Section

3.4.3, composed of a regular array of non-contact single-cell traps consist-

ing on quadrupoles electrodes (Figure 3.39) (four electrodes with alternating

voltage polarities applied to every other electrode) [Voldman et al., 2002].

The cylindrical shape of the electrodes increases the trapping efficiency of

the electrodes compared to a normal planar electrode. In this design, the

DEP force is used to counteract the drag forces from the fluid which is in

continuous perfusion; when a specific trap is turned off, the cell is taken away

by the flow and can be collected in a separate channel allowing selective trap-

ping and sorting. DEP technique may increase in complexity as the number

of traps increases. A smart system to avoid this problem was developed by
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Taff and Voldman [Taff and Voldman, 2005]. By using a planar configuration

of a 2D-DEP trapping array with a ring-dot electrode design, the number

of chip-to-world electrical connections was significantly reduced. The cells

(HL-60 cell line) were released from the trap by grounding the two crossing

electrodes while keeping the ring electrode active. Cells were trapped using

p-DEP forces. Recently, Fritzsch et al. [2013] presented a novel microfluidic

platform, which allows for the first time contactless cultivation of a single bac-

terial cell by nDEP. They demonstrated stable trapping in perfusing growth

medium by a miniaturization of octupole electrode geometries and reported

reduced heating during cell manipulation.

Figure 3.39 Addressable negative dielecrophoretic traps for single-cell sorting

[Voldman et al., 2002].

In brief, electric or DEP-based separation techniques offer many advan-

tages and are suitable for lab-on-a-chip applications (such as flow cytometry

or cell sorting as previously described) in the biological and medical fields.

In general, this approach requires a standard technology of inexpensive and

well-established microfabrication processes. On the contrary, methods using

electric fields for trapping and exposing cells to new reagents are dependent

on the solution for cell suspension and on the cell type. In addition, elec-

tric stimulation and dielectrophoretic force sometimes influence the behavior

of biomolecules, for example, destroying the weak interaction of protein and

organelle in the cell or inducing heating due to the power dissipation of the

electric fields. Regarding the required external equipment, this technique is

much more suitable for miniaturization than optical methods, however, the

integration of at least a pair of microelectrodes into the microfluidic platform

to generate the electric fields is needed.
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3.4.4.4 Magnetic trapping

Trapping single cells by means of magnetic fields and magnetic particles is also

possible. However, an extra step of (immune)magnetic labeling is required

prior to the cell trapping stage. Normally, magnetic based techniques are used

for cell sorting (choosing a subset of particularly interesting cells to study, as

described above) rather than for isolating single cells [Pamme and Wilhelm,

2006; Pamme, 2007]. Liu et al. [2009] devised a permalloy-based array of

magnetic traps generated by magnetic flux density peaks at predefined lo-

cations. An specific case of magnetic trapping is the concept of magnetic

tweezers, which is similar to that of optical tweezers: a magnetic particle in

an external magnetic field experiences a force proportional to the gradient

of the square of the magnetic field (Figure 3.40) [Neuman and Nagy, 2008].

Basic magnetic tweezers consist of a pair of permanent magnets placed above

the sample holder of an inverted microscope outfitted with a charge-coupled

device (CCD) camera linked to a frame grabber [Strick et al., 2000a]. Mag-

netic tweezers based on permanent magnets and electromagnets have been

developed and used mainly for single-molecule force spectroscopy [Neuman

and Nagy, 2008]. They have been employed in the study of nucleic acid en-

zymes too [Itoh et al., 2004; Strick et al., 2000b]. Interestingly, magnetic

particles have also been incorporated inside living cells so as to control and

direct a captured cell by magnetic tweezers [de Vries et al., 2005]. In this

perspective, the biological effects of coupling cell to beads or particles need

to be considered in these types of experiments.

(a)

1 2

(b)

Figure 3.40 Magnetic trapping. (a) Magnetic tweezers [Neuman and Nagy,

2008]. (b) Continuous flow magnetic separations [Pamme, 2007].
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3.4.4.5 Acoustic trapping

Standing surface acoustic waves (SAW) can be used for non-contact trapping

of single or cell aggregates. This technique, often referred as acoustophore-

sis, offers dynamic control over cell microenvironment for short-term anal-

ysis [StevenáLin et al., 2012]. In order to manipulate a cell using SAW

acoustophoresis, one must first acoustically trap the cell in the suspending

medium. The interaction between a traveling SAW and a fluid medium re-

sults in acoustic streaming which moves suspended objects along the fluid

circulation; this circulation makes it challenging to trap objects at designated

locations [Ding et al., 2012]. Non-contact trapping and retention of cells in

microfluidic networks by means of acoustic standing wave forces were demon-

strated by Evander and coworkers within a platform for perfusion-based cell

handling and assaying [Evander et al., 2007]. They verified neural stem cells

viability for 15 minutes and performed a proliferation assay with yeast cell

during 6 hours. In a similar way, Manneberg and his group developed an

ultrasonic cage for single-cell 3D-trapping by using two excitation frequen-

cies and matching the width/height-dimensions to these [Manneberg et al.,

2008]. This approach has also been shown to be useful in cell enrichment of

very diluted samples. Some acoustic-tweezers for cell-patterning applications

were developed by Shi et al. [2009], who successfully patterned few bovine

red blood cells. Recently, Ding et al. [2012] devised some acoustic tweezers

(Figure 3.41) for a contact-free, non-invasive, precise manipulation of differ-

ent biological objects, including not only cells but also entire organisms such

as Caenorhabditis elegans (C. elegans).

3.4.4.6 Biochemical trapping

The ability of surface chemistry to assist in cell patterning was previously

presented in Section 3.4.1. When patterning size is down to single-cell level

surface chemistry could be also a beneficial and efficient way to trap single

cells. Douglas and colleagues developed a DNA-based cell trapping method to

capture single cells [Douglas et al., 2009]. They demonstrated the trapping of

non-adherent cells, such as primary T cells and Jurkat cells, and performed an

electrochemical analysis thanks to the integration of a microelectrode array.

Besides, biochemistry could be used to identify individual circulating tumor

cells by their distinctive metabolic activity, going beyond simple antibody-

based capture. In 2007, Nagrath and coworkers developed a microfluidic

immmunocapture of rare cancer cells [Nagrath et al., 2007]. As illustrated
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(a)

(b)

Figure 3.41 Device structure and working mechanism of the acoustic tweezers

[Ding et al., 2012].

in Figure 3.42, this device includes some microposts (coated with antibodies

against various cancer cell markers) for enhancement of the capture efficiency.

This platform is now in clinical trials and is able to correctly detect circulating

tumor cells (CTCs) in more than 99% of cancer patients with metastases.

Further, previously reported trapping methods could benefit from biochemical

patterning to enhance the cell capturing process as demonstrated by Lin et

al. [2013]. They combined some microfluidic sieve-like trap structures with

protein micropatterning for controlled positioning.

Figure 3.42 Microfluidic immunocapture of rare cancer cells [Nagrath et al.,

2007].
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3.4.4.7 Microdroplets

Single cells can be analyzed via droplet encapsulation [Brouzes et al., 2009;

He et al., 2005]. Droplet is an interesting fluidic phenomenon, being discrete

and using low volumes of immiscible fluids in microchannels. Since each

cell is enclosed in its own separate droplet, the risk of cross-contamination

diminishes. The mixture of an aqueous solution (as cell carrier) and oil (as

droplet carrier) is the preferred mixture for researchers. One of the main

difficulties of this methodology is the correct synchronization between the

droplet generation and the cell encapsulation for a proper number of loaded

cells per drop. A demonstrated procedure to overcome this limitation has

been to evenly space cells in microchannels (Figure 3.43a) to assure that cells

entered the drop generator with the frequency of drop formation [Edd et al.,

2008]. Therefore, microdroplet cultures offer new strategies for a number

of applications in cell biology. Gu and coworkers developed a microfluidic

droplet platform for implementing multistep solid extraction for the analysis

single-cell enzyme activity and DNA purification [Gu et al., 2011].

Other works employed microfluidic droplets to trap and analyze subcellu-

lar organelles such as mitochondria [Gadd et al., 2008; He et al., 2005]. In

2009, Brouzes and coworkers reported an integrated droplet-based microflu-

idic system for performing high-throughput single-cell screenings [Brouzes

et al., 2009]. They validated the versatility of their device and they pro-

posed screening workflow by conducting a cytotoxicity study on U937 cells

based on fluorescent indicators (Figure 3.43b). The same year, Huebner and

colleagues reported an interesting work of a microfluidic device for droplet

trapping, incubation and release for enzymatic and cell-based assays [Hueb-

ner et al., 2009]. They used hydrodynamic trap arrays for capturing droplets

for a posterior localized and static analyses. In addition, droplet technology

has been also successfully combined with optical and electrical manipulation

techniques [Chiu and Lorenz, 2009; He et al., 2005].
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(a)

(b)

Figure 3.43 Microdroplet cell isolation.(a) Schematic showing the formation of

single-particle drops [Edd et al., 2008]. (b) Development of an on-chip viability

assay [Brouzes et al., 2009].

3.5 Microfluidic systems for single-cell applications

As it has been described through this chapter, microfluidic platforms are

not just a convenient tool for cell biologist because of their inherent high-

throughput possibilities at low-cost. In comparison to traditional cell culture

systems, these micro-engineered devices can be designed to enhance fluid

control and cell manipulation with multiple integrated functionalities. Cell-

based microdevices, including biosensors, are increasingly being used in all

branches of the biomedical field. Concretely, in this section, some interesting

microfluidic platforms focused on the study of cell migration and cell-to-cell

interactions at indiviudual cell level will be described. The study of these

processes has profound implications in several fields such as neurobiology, cell

biology, cancer research, drug discovery and other biomedical applications,

which will stimulate the development of the whole life science.
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3.5.1 Single-cell analysis

Cells are the basic structural and functional units of living organisms. Thus,

cellular analysis plays an important role in many fields including life science,

diagnostics or pharmaceutical industry [El-Ali et al., 2006; Kovarik et al.,

2012]. Conventional cell-based assays measure the average response from a

population of cells. However, it is well known that average data is far from

being representative of a ‘typical’ cell within a population [Graf and Stadtfeld,

2008; Walling and Shepard, 2011]. This is, bulk averaged measurements often

mask the difference among cells resulting in misleading information [Di Carlo

and Lee, 2006]. For example, an average of 50% protein expression in a cell

population can represent either a 100% response in half the cells or a 50%

response in all. Another illustrative case is shown in Figure 3.44. A bulk assay

results in an average value on cell responses whereas single-cell analysis can

reveal two very different responses of two subpopulations within a cell sample:

one group of cells that respond to a certain stimuli while another group of cell

do not respond (Figure 3.44a). As for the timing of the responses, results

from a bulk assay can be misinterpreted as a slow response from all cells,

while a single-cell study reveals how some cells respond instantly and others

respond much later (Figure 3.44b).

Cellular heterogeneity is in fact a general feature of biological systems and

has been observed through all levels of life, from single bacterial cells to human

tissues. Within a cell, this heterogeneity can be observed, for instance, in the

critical amount of a metabolite, specific genetic expression, different stages

in the cell cycle or drug efficacy among others [Dalerba et al., 2011; Elowitz

et al., 2002; Marcus et al., 2006; Raser and O’Shea, 2005]. These alterations

make single cells, even those with the same phenotype, respond differently to

a given stimuli. Single-cell analysis provides with such rich information that

results crucial for a superior understanding of the molecular machinery of a

cell and its role in complex environments. An explicatory analogue with drug

development was reported by Lindström and Andersson-Svahn [2011]: if a

group of patients with a given disease X are given the drug Y, only 50% of

them will respond to the treatment. The rest of the patients will experience

nothing but unwelcome side effects. By looking into individual patients and

identifying the responders (and non-responders), a better treatment can be

offered. Sectioning patients on their responding behavior rather than by the

name of their disease, is what is popularly called personalized medicine or

personalized healthcare, long envisioned and now approaching reality.
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Figure 3.44 Cell heterogeneity.

Bulk assay vs. single-cell analy-

sis of two subpopulations within

a cell sample: (a) distribution

of the responses (b) timing of

the responses. Reprinted from

Di Carlo and Lee, 2006.

(a)

However, single-cell approaches are not free of hitches. Cells need to

interact and communicate with other neighboring cells; isolated cells could

show altered function, abnormal behavior or even decreased cell viability. In

this line, all cell-based assays may not be suitable for single-cell analysis or

at least, the obtained information will have to be interpreted accordingly.

Nevertheless, several studies have shown great potential for analyzing single

cells with maintained functions, suggesting that studies at individual cell level

are important and complement population-based analysis [Lindström et al.,

2008]. In fact, cell-to-cell communication studies can be performed thanks

to single-cell technologies which will be described in Section 3.5.3. These

cell-cell interaction analyses enable monitoring the signaling between a few

single cells, which would be impossible using bulk methods.
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3.5.1.1 Conventional methods for single-cell analysis

When analyzing single cells, many individual cells need to be analyzed simulta-

neously to avoid misleading conclusions from outliers (rare cells) or stochastic

biological noise. The minimum number of cells required to achieve significant

results is not a fixed number that is always valid. Obviously, the more cells

the better, but as a rough approach, in traditional culture around 10,000

cells could be considered a standard number [Givan, 2000]. With regards

to single-cell alternatives, data should be taken from at least 1,000 cells

[Andersson-Svahn and Van den Berg, 2007]. Actually, the number should

depend on the application and the standard deviation of the specific sample

so as to get statistically significant results. The importance of analyzing a

large number of individual cells and determining the distribution of responses,

due to cell heterogeneity, is conclusive and has been highlighted previously

[Davey and Kell, 1996; Mettetal et al., 2006].

However, studying cells at individual level is not straightforward. Most

of the acquired knowledge in single-cell biology is thanks to the progress in

measurement science. Understandably, accurate and reliable quantification

of the cellular components is an enormous challenge in this field, mostly be-

cause they are found in negligible and limited amounts. Conventional methods

employed to perform single-cell measurements include flow cytometry and

fluorescence microscopy. The main advantage of flow cytometry is its ca-

pacity for performing analyses in a high-throughput manner (up to 10,000

cells/s). When this technique uses fluorescent-label cells, allows cell sorting

(FACS) depending on size, granularity and fluorescent properties of cells in

an extensive range of applications such as viability, protein studies or gene

expression [Shapiro, 2005]. However, using standard flow cytometry alone,

it is not possible to manipulate, control, track individual cells or perform

dynamic analysis of single cells or to monitor intracellular environments; it

only gives ‘instant’ information. In contrast, microscopy, another traditional

technique for single-cell studies, is well suited for observation of different com-

ponents within a cell and for time-dependent studies giving high information

content. Once more, as the study of large cell populations is a must, dif-

ferent microscopy approaches emerged, e.g.: automated microscopy (AM),

image cytometry (IC), screening, cellomics high content screening (HCS) or

analysis (HCA), etc. [Oheim, 2007; Pepperkok and Ellenberg, 2006]. These

alternatives are not free of limitations, though. There is still no possibility

of cell handling and furthermore, data acquisition and analysis become very

harsh and time-consuming tasks. Another quite used approach is the patch-
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clamp technique which enables highly sensitive measurements of changes

in ion channels, however it requires a lot of training to accomplish and it

is quite limited when detecting complex changes. Unfortunately, apart from

these techniques, there are practically no other tools available today for cell

biologists to perform single-cell handling or analysis; especially for the study

of cell behavior or cell-cell interactions.

Some conventional examples of established single-cell analysis method are

summarized in Table 3.8.

Table 3.8 Comparison of main approaches for single-cell analysis. Adapted from

Yin and Marshall, [2012].

Approaches Main applications Key Advantage Key Disadvantage

Microscopic

imaging

-Morphological stud-

ies

-Gene and protein

expressions

-Intracellular com-

munications

Generic and well sta-

blished

Difficult to perform

assays on single cells

Patch clamp -Ion Channel studies Very sensitive Limited applications

Flow cytome-

try

-Gene and protein

expression

-Population studies

Very high-

throughput

Requires labeled cells

in suspension

Tweezing

(e.g. optical,

magnetic)

-Manipulation

-Single-cell mechan-

ics

Low force range

(pN)

Requires complex

optical systems

Patterned

substrates

-Cell-cell communi-

cation studies

-Controlled cell pro-

liferation and differ-

entiation, guidance

Simple and versatile
Requires fabrication

capability

Microfluidics

-All of the above,

that is, a wide range

of applications from

cell manipulation to

total single-cell anal-

ysis

Enabling technology

for integrated total

single-cell analysis

Has not yet gained

popular acceptance
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3.5.1.2 Single cells on chips

In this context, microfabrication emerges as a potential tool for dealing with

limitations of traditional methods and for studying the inherent complexity

of cellular systems [Whitesides, 2006]. Thus, developing strategies able to

control each cell individually constitutes a hot topic in the field. As it has been

commented previously, microfluidic platforms offer powerful characteristics

and advantages. A wide range of microfabricated devices for cell biology,

including single-cell manipulation and biological analysis, have been described

through the previous sections. The following lines summarize the field from a

solely application-driven perspective. As the number of applications for single-

cell studies is rapidly growing, this section does not attempt to cover all of

them, and only microfluidic platforms for intracellular research, cell culture,

differentiation, morphology or cytotoxicity are considered.

Intracellular analysis of cells such as amino acid and neurotransmitter

content of individual neurons were typical early applications that required

single-cell analysis [Sulzer et al., 1995]. In gene expression studies, an out-

standing application is the use of microfluidic arrays to generate global miRNA

profiles [Petriv et al., 2010]. Taniguchi et al. [2010] used 96 parallel microflu-

idic chambers to access the generation of a chromosomal yellow fluorescent

protein (YPF) fusion library for single molecule quantitation of proteins and

mRNAs in Escherichia coli (E. Coli). Quantifying copy numbers of specific

proteins and mRNAs in individual E. coli cells provided evidence of cellular het-

erogeneity within a clonal population while demonstrating that protein copy

numbers is not correlated with mRNA expression at the single-cell level. In

2010, an already commercial device (CellASIC ONIX) was employed to study

the effects of varying nutrient levels on the yeast metabolic cycle [Laxman

et al., 2010].

Regarding the external environment of the cell, applications such as the

control of cell spreading and the cellular effects of altered cell shape can be

addressed by micropatterning techniques [described on Section 3.4.1]. For

example, Kilian and colleagues demonstrated that cell shape, independent of

soluble factors, has a strong influence on the differentiation of human mes-

enchymal stem cells (MSCs) from bone marrow [Kilian et al., 2010]. When

exposed to competing soluble differentiation signals, cells cultured in rect-

angles with increasing aspect ratio and in shapes with pentagonal symmetry

but with different subcellular curvature —and with each occupying the same

area— display different adipogenesis and osteogenesis profiles. This kind of
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study paves the way for designing materials for regenerative medicine. Cell

culture and division have been commonly investigated. Rowat and her group

restrained and monitored growth of individual cells allowing interrogation of

the lineage of single cells [Rowat et al., 2009]. Variations of different protein

expressions in lineages of cells were revealed.

Microfluidic devices offer also a great platform for performing anticancer

drug assays. Using hydrodynamic-based trapping arrays, the cytotoxic ef-

fect on HeLa and HL-60 cells was investigated over a period of a couple of

days [Wu et al., 2008]. The life-time of the cells and their condition when

entering the mitotic phase were correlated to drug exposure, demonstrating

the working concept of a cytotoxic single-cell assay. In order to enhance the

potential of the cytotoxic chemical evaluation and screening, Hosokawa and

coworkers integrated current chemical gradient technology to a microfluidic

platform highly suitable for single-cell cytotoxicity tests. The trapping sys-

tem consisted on a microcavity array that enabled entrapment of cells with

high efficiency (≈ 88% of the loaded cells). They validated the platform

by exposing HeLa cells to six different concentration of potassium cyanide

(KCN). The results showed that the entrapped cells were affected by KCN in

a concentration-dependent manner demonstrating the feasibility of this kind

of devices to quantitatively assess chemical cytotoxicity as well as to trace

cytotoxicity over time.

In summary, the benefits of the studies at individual cell level are plenty and

are continuously increasing, especially as simple and cost-effective alternatives

become more readily available.

3.5.2 Cell migration

Cell migration plays a critical role in various major biological processes such

as wound healing, cancer metastasis or immune response [Lauffenburger and

Horwitz, 1996; Mitchison and Cramer, 1996]. These processes are funda-

mental both, in many physiological and pathological states. Because of this,

much effort is being focused and has been focused during years, on trying

to understand the underlying molecular mechanisms of cell migration and to

determine factors that promote or inhibit it.

The first step towards the analysis of cell migration is the study of cell

adhesion and motility, which have a significant mechanical component. How-
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ever, even if mechanical forces take part in regulating some biochemical pro-

cesses, conversely, external soluble signals affect the migratory response of

cells —termed chemotaxis— that ultimately control cell behavior. In this

context, traditional cell motility assays suffer from various drawbacks, they

are unable to integrate complex environmental factors, particularly those that

provide with 3D migration, they have no dynamic control of soluble factors

and their temporal and/or optical resolution is deficient. Therefore, micro-

fabrication technology together with microfluidics has been applied to make

in vitro assays more realistic and adaptable to various applications [Chung

and Choo, 2010; Huang et al., 2011; Li and Lin, 2011]. While some of the

developed platforms focus on the measurement and characterization of me-

chanical interactions between cells and their surroundings, others study the

importance of chemotaxis during cell migration.

Figure 3.45 Arrays of microposts used for measurement of cell adhesion during

migration process [Tan et al., 2003].

Microfabricated substrates can be used to determine whether migrating

cells could detect variability in substrate stiffness [Chicurel, 2002; Selmeczi

et al., 2005]. Microdevices containing microsized pillars have been used to

study the mechanical interaction between the migrating cell and the under-

lying substrate (Figure 3.45). Arrays of elastomeric, microneedle-like posts

selectively or uniformly coated with adhesion molecules, are patterned onto

the substrate to control cell adhesion and spreading [Tan et al., 2003]. By

controlling the geometry of the posts, the compliance of the substrate can

be varied while holding other surface properties constant. Cells attached

to, spread across, and deflected multiple posts. These deformations can be

characterized and measured and then, the corresponding force values can be

calculated according to the elastic properties of the pillars (by classical elas-

ticity theory) [Schoen et al., 2010]. This approach has also been successfully
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used to map forces during epithelial cell migration [Du Roure et al., 2005].

Under physiological conditions, cells rarely find a uniform environment.

In contrast, they often have to deal with complex chemical environments

where their movement is directed according to those soluble and chemical

factors. This phenomenon is known as chemotaxis. Microfluidic platforms

have enabled precise control of biochemical gradients and quantification of

the resulting cell migration. Some examples include the migration of neu-

trophils [Jeon et al., 2002b], leukemia cells [Walker et al., 2005], stem cells

[Chung et al., 2005], bacteria [Mao et al., 2003] and cancer cells [Wang et al.,

2004b] under different chemical gradients in microfluidic platforms. Jeon and

coworkers exposed neutrophils to various gradients of interleukin-8 (IL-8 is a

chemokine produced by macrophages) via gradient generator, which allowed

for exposing the cells to complex gradients [Jeon et al., 2002b]. As expected,

the cells migrate toward increasing IL-8 concentrations in linear gradients.

Another design capable of delivering very sharp chemical gradients —the

concentration goes from zero to the maximum over a distance smaller than

the cell— was developed by Irimia et al. [2007]. They developed a microfluidic

platform for studying cell migration under spatial confinement and with and

integrated diffusion-based gradient generator. As illustrated in Figure 3.46a,

the device consists of many microchannels, each of which has the width of a

single neutrophil. Therefore, as the neutrophils start penetrating the channels

they occlude them completely so the concentration they sense on the front

end is totally different from the concentration seen in the tail. In addition, in

such device, there is minimal shear stress and secreted molecules from cells

are preserved. Recently, an analog microfluidic platform was developed per-

forming a direct comparison of multiple cell types in a single enclosed system

to compare inherent migratory potentials [Tong et al., 2012]. The influence

of channel width on migratory cell morphology and migration speed were also

studied, determining that cells migrate with disparate migration speeds as a

function of channel width. Similarly, cell morphology was markedly influenced

by channel size (Figure 3.46b).

However, 2D-based systems, do not mimic proper in vivo-like conditions.

In this perspective, similar devices incorporate hydrogels providing a 3D space

for the diffusion of biomolecules that work as an excellent scaffold for cultur-

ing. These features accurately mimic the microenvironment of tumors. For

instance, Abhyankar and coworkers developed a gradient generator using hy-

drogels with minimal reagent consumption and enabling long term cell assays

within a biologically representative matrix [Abhyankar et al., 2008]. To this
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(a) (b)

Figure 3.46 Chemotaxis through mechanical confinement. (a) Ultrasharp

chemotactic gradients in constrained microenvironment [Irimia et al., 2007]. (b)

Influence of channel width on migratory cell morphology and migration speed

[Tong et al., 2012]

.

end, they validated the device by applying temporally evolving and long-lasting

gradients to study the chemotactic responses of human neutrophils and the

invasion of metastatic rat mammary adenocarcinoma cells (MtLN3) within

three-dimensional collagen matrices. However, hydrogel-based gradient gen-

erators often need hours to form a proper gradient. An alternative approach

to solve this is the combination of the hydrogel and the microchannels in

the same device. This is, Mosadegh and colleagues proposed a hydrogel-in-

channel design which they termed ’ladder chamber’ [Mosadegh et al., 2007].

Compared to bulk hydrogel, biomolecules diffuse into the hydrogel in the

long microchannel much quicker and establish a steady-state gradient in less

than 1 hour (Figure 3.47). They reported different gradient profiles dictated

by the engineered designs of the gradient-generating region of the device.

Chung et al. [2009] went a step further and devised a very similar device

that simultaneously presented the cells with both the control condition and

the gradient condition as described in previous Section 3.3.5. In addition,

their smart design takes advantage of the fact that the hydrogel is in viscous

solution prior to perfusing it into the platform, so that when it is introduced

in the microchannel, this has small side openings —that connect to other

channels—, the non-solidified hydrogel will not spill into those other chan-

nels thanks to capillary forces. This kind of microfluidic platforms offer new
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possibilities not only for cell migration but also for studies of angiogenesis,

cell-cell interactions or for testing anti-migratory drugs (a process that will

be detailed later in the following Section 3.5.3) [Jeon et al., 2014; Kalchman

et al., 2013; Mack et al., 2009; Sudo et al., 2009].

(a) (b)
1 2 1

2

Figure 3.47 ECM gel-filled microchannels as gradient generators [Mosadegh

et al., 2007].

Interesting microdevices have been developed not only to monitor cell

migration process but also to quantify the migration speed which would be

nearly impossible via conventional methods, such as the transwell Boyden

chamber. Most of these microfluidic platforms have been developed with

special interest in guided cell migration, which plays a crucial role in tumor

metastasis, and is considered to be the major cause of death in cancer pa-

tients. For example, PDMS channels, with cross-sections comparable to cell

size, bonded to a glass coverslip and coated with extracellular matrix (ECM)

proteins provide a mechanically constrained environment for cancer cells to

migrate through spontaneously in the absence of external gradients [Irimia

and Toner, 2009]. These kind of systems predefine the cell migration path

within the microchannels (similar in size to in vivo conditions) such that mi-

gration speed and direction can be precisely quantified via time-lapse images

(see Figure 3.48a). Migration characteristics of different cancer cells have

been characterized, e.g.: lung, breast, prostate, glioblastoma and colorectal

carcinoma. In general, most of the cancer cells displayed much faster and per-

sistent movement in one direction than healthy ones. They also performed

a cytotoxic study of different anticancer drugs in the same platform. In the

same line, Gallego-Perez et al. used soft lithography micromolding to de-
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velop a tissue culture polystyrene platform with a microscale surface pattern

that was able to induce guided cell motility along/through fiber-/conduit-like

structures [Gallego-Perez et al., 2012a]. The reason to devise this kind of ge-

ometries is to emulate in vivo-like environments such as white matter tracts,

blood/lymphatic vessels, subpial and subperitoneal spaces. They studied the

migratory behaviors of primary (glioma) and metastatic (lung and colon) tu-

mors excised from the brain which, as in the previous example, were monitored

via time-lapse microscopy at the single-cell level. Lung tumor cells showed

the highest migratory velocities compared to glioma and colon tumor cells.

These assays are compatible with high content, high-throughput analysis of

cellular motility and could become a screening tool for studying cancer cell

invasion.

Figure 3.48 Single-cell mechanical interaction with patterned substrates. (a)

Displacement of two cells with different morphology [Irimia and Toner, 2009].

(b) Cells ’squeezing’ through microchannels [Rolli et al., 2010]. Layout from

Huang et al. [2011].

In this context, taking into account that cytoskeletal stresses are respon-

sible for maintaining the structural integrity of the cell and regulating cellular

shape and spreading, Rolli and coworkers used a bilayered microfluidic plat-

form to investigate the underlying organization of cytoskeleton. This device

has two larger chambers joined by a microchannel (Figure 3.48b) to test

the active invasive behavior of pancreatic cancer cells (PANC-1) into narrow

channels [Rolli et al., 2010]. Tumor cells seeded on one chamber side to the

microchannels tend to squeeze and permeate to the other side through them.

They found that once cells enter the microchannels, their migration speeds

increase by threefold. This demonstrated that the dimensionality of the en-

vironment strongly affects the migration phenotype and suggested that the

spatial cytoskeletal keratin organization correlates with the invasive potential

of tumor cells.
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Most of the reviewed platforms focused on cell migration studies with

single-cell resolution. However other microfluidic platforms have also been

developed towards collective cell migration research which correspondingly,

present several advantages over conventional bench-top systems as a result

of their small dimensions and the existing laminar flow conditions [Nie et al.,

2007].

In recent years, there has been a great progress in the application of

microfluidics in cell migration research, particularly for cancer cell migration.

Although it is still an emerging area of research, there is much to be learned

about the physiological role of chemotaxis and mechanical interaction of cells

with their microenvironment in normal and disease states, and microfluidic-

based approaches hold great promise in this area.

3.5.3 Cell-cell interactions

Cells send signals to other cells to command, alert or coordinate a variety

of cellular behaviors. Direct cell-cell communication between adjacent cells

is crucial in multiple physiological functions including neurotransmission, im-

mune system, transmitting action potentials in cardiac myocytes and proper

organ development. In fact, impaired cell-cell communication has been in-

volved in numerous diseases, and is connected with most forms of cancer.

However, conventional biological techniques (such as standard dish co-culture

[Burguera et al., 2010; Holt et al., 2010]) are difficult to scale up for high-

throughput screening of cell-cell communication. So, there is great interest

in methods that allow for placing pairs of single cells in direct contact, ap-

proaches that modulate the physical distance between two cell populations,

and methods that simulate the presence of another cell through a biomimetic

microfluidic device or surface micropattern [Folch, 2012].

Cell-cell communication studies have been performed both by patterning

collective ensembles of cells [Hui and Bhatia, 2007; Kaji et al., 2004; Tsuda

et al., 2006; Xu et al., 2013; Yousaf et al., 2001] and controlling cell-cell

contact at single-cell scale. Here, only the last one will be described; consid-

ering that the former can provide only collective information due to mixture

of multiple time-variable signals as has been noted previously.

In 2002, Nelson and Chen used surface micropatterning to control the

extent of contact between two adhered endothelial cells, which in turn influ-

ences their cell division cycle [Nelson and Chen, 2002]. They seeded the cells
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in ’bow tie’ patterned agarose substrate (cell-repellent), and coated with fi-

bronectin only the interior of the ’bow tie’ shape hole so the cells would attach

only to that area. In these conditions, if a pair of cells landed by chance on

either side of the ’bow tie’ micropattern, they were able to communicate only

through the spatial predefined restrictions; the spatial restriction contained

no gap or gaps of different dimensions. The results showed that the closer

the pair of cells the more they proliferated. Similarly, Kaji and his group pre-

pared a micropattern of cardiomyocytes at single-cell level by micro-contact

printing methods [Kaji et al., 2003]. The aligned myocytes were electrically

conjugated to each other and localized chemical stimulations were applied to

the cellular pattern using multiple laminar flows. However, these platforms

are limited to adherent cells.

A direct cell trapping method is required to control the contact between

non-adherent cells. Diverse methods are available for trapping pairs of cells

using microwells and using hydrodynamic weirs or combination of microchan-

nels (see Section 3.4.4.1). For instance, one of the germinal works reported

based on these mechanisms is the one described by Lee et al. [2005]. Their

microfluidic platform consisted of two different heights of channels molded

in PDMS (Figure 3.49a). It consisted of 37 pairs of cell trapping channels

with very small openings located at the bottom of the main channel where

cell pairs were trapped by suction. They validated the device by monitoring

a dye transfer between mouse fibroblasts placed in membrane contact.

(a) (b)

Figure 3.49 Single-cell level microfluidic platforms for cell-cell interaction stud-

ies. (a) Cell suction conduits based co-culture [Lee et al., 2005]. (b) Cell

co-culture in sieve-like structures [Faley et al., 2009].



102 Literature Review

Another reported microfluidic platform that allows cell-cell communica-

tion studies based on mechanical trapping of single cells was developed by

Faley et al. [2009]. As explained previously, multitrap arrays enable the study

of hundred of passively captured cells for extended periods of time (Figure

3.49b). They investigated in real time contact- and non-contact-based in-

teractions between primary T cells and dendritic cells, two main participants

in the formation of the immunological synapse. More recently, Hong and

coworkers developed a co-culture platform for studies of dynamic cellular in-

teractions, which is capable of maintaining and tracking single-cell pair inter-

actions together with their proliferation and migration patterns [Hong et al.,

2012]. In this platform, heterotypic pairing on a single-cell level is achieved

through sequential cell trapping based on dynamic variation of fluidic resis-

tance (Figure 3.50). They performed pairing of mouse fibroblasts and mouse

stem cells. Long-term monitoring on cell pairs showed that the distance-

dependent migration suffers a dramatic change in the proliferation rate com-

pared to single-type cell cultures. These aspects of single-cell level interaction

indicate biological clues of in vivo interaction of both types of cells. However,

in this work the co-culture microenvironment of each cell group was not com-

pletely isolated, which may imply some cross-talk among different co-culture

environments which can distort the cell behaviors.

(a)

(b)

Cell

l�����g

Figure 3.50 Single-cell co-culture platform [Hong et al., 2012].

Lately, an approach providing isolated co-culture microenvironment at

single-cell level by the integration of a semi-permeable membrane for cell-cell

interaction studies was developed by Chen et al. [2014]. The semi-permeable

membrane placed under each micro-chamber provides stable nutrient supply
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for cells, while retaining the secreted signaling proteins for interaction, without

using any external control mechanisms for micro-chamber isolation. They

incorporated immiscible oil isolation to achieve stable channel isolation in a

simple and robust way. Using this microfluidic platform they studied the

interaction between head and neck squamous carcinoma cells (UM-SCC-1)

and endothelial cells (EC). They found that secreted cytokines from ECs can

boost the growth of UM-SCC-1 cells as compared to control experiments

where these cells were cultured alone.

In short, a broad range of in vivo essential biological processes are in-

fluenced by cellular communication. Recent advances in microfluidic tech-

nologies have opened the door for creating more realistic in vitro cell culture

methods that replicate many aspects of the true in vivo microenvironments;

that cannot be achieved with traditional cell culture tools. These new mi-

croscale approaches (1) provide high flexibility in controlling biochemical and

biomechanical factors that influence cell behavior, (2) allow for the culture

of multiple cell types (homotypic and heterotypic studies), (3) provide for

the establishment of biochemical gradients in 2D or 3D geometries, and (4)

provide with high quality, time-lapse imaging at single-cell resolution.
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CHAPTER 4

Microdevice design, fabrication and experimental

protocols

In previous chapters, the pursued objectives have been defined, as well as, the

required background for their development. This chapter covers the differ-

ent devised designs, the fabrication processes and the experimental protocols

used through the elaboration of this thesis. According to the aims of this

research, this chapter includes issues related to a wide range of disciplines,

from microsystems to computer modeling or even cell culture. Note here

that the manufactured microfluidic platforms have multiple fabrication steps

in common. Thus, for the sake of simplicity, a general outline describing the

fabrication protocols is presented. However, particularities in the manufac-

turing process of each device are highlighted in the corresponding section.

In the first place, all the proposed designs for the single-cell trapping plat-

form are presented showing the different trapping approaches and the different

designs of the trapping structures. Then, the main parameters and conditions

for the fluid dynamics analyses are described. Afterwards, an overview of the

used microfabrication procedures is detailed. Finally, the required experimen-

tal setups and the procedure for the proper operation of the microfluidic de-

vices are explained. In addition, the established biological protocols required

during the cell-based assays are also defined.

105
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These microfabrication and experimental procedures have been carried out

at the CEIT facilities, including the clean-room and the biomedical engineering

laboratories (Figure 4.1).

Figure 4.1 CEIT facilities: a) clean room and b) tissue engineering laboratories.

4.1 Microfluidic platform designs

In order to design a microfluidic platform for studying cells at individual level,

diverse trapping approaches could be implemented. In this work, microfluidic

devices which enable single-cell isolation by means of hydrodynamic-based

mechanical trapping have been developed. As it was described in the liter-

ature review, the main advantages of this hydrodynamic-based cell isolation

techniques include the potential to capture non-invasively, automatically and

sequentially large number of cells.

In general, these microfluidic platforms require inlets to perfuse the reagents

and cells into the platform, outlets to remove wastes and a detection/analysis

zone or chamber to perform the corresponding study (Figure 4.2).

Figure 4.2 Schematic of a basic microfluidic platform.
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4.1.1 Single-cell trapping platform designs

In this work several designs based on two main trapping approaches have

been developed. At the same time, each proposal has different patterns

and geometries in order to evaluate and optimize different parameters of the

trapping mechanism so as to isolate cells efficiently and properly from the

rest of the culture.

Although the two developed approaches are based on the same underlying

physics, the working principle of each approach is slightly different. The first

one has been termed as main channel with side conduits and it is based

on the pressure difference between channels with different hydrodynamic re-

sistance, capturing cells by suction in smaller channel joints. The other one,

referred to as hydrodynamic traps, captures cells directly in sieve or bucket-

like structures.

The inlets/outlets of all the developed platforms have a diameter of 1

mm. The rest of the dimensions are detailed it their corresponding section.

These designs and their corresponding photomasks (Appendix A) for UV

photolithography were designed with CAD software (AutoCAD R© 2010, Au-

todesk Inc.). The designs of the first prototypes of the microfluidic platforms

have been printed on a high resolution (128,000 dpi) film whereas the ulti-

mate optimized designs have been engraved onto chrome patterned on soda

lime glass substrate.

4.1.1.1 Main channel with side conduits

Regarding this first approach, all the designs have been devised based on two

previous designs reported in the literature by Tan and Takeuchi, [2007] and by

Arakawa et al., [2011]. The concept and design criterion of both approaches

have been detailed in the literature review.

In brief, regarding Tan and Takeuchi’s design, the fluidic system is com-

posed of a main serpentine channel superimposed onto a straight channel

with narrowed regions, called drain channels, functioning as traps (Figure

4.3). The channels are designed such that when a trap is empty, the stream-

lines of the flow guide the cells towards the traps; the straight channel has

a lower fluidic resistance (Figure 4.3a). However when a trap is blocking the

drain channel the main flow goes through the serpentine channel until another

drain channel, with lower resistance is found (Figure 4.3b). This design allows
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for one-cell-to-one-trap.

Figure 4.3 Schematic diagram of the working principle of the design based on

the work of Tan and Takeuchi. (a) Trapping mode: when a trap is empty, the

main stream (containing cells) flows along the drain channels. (b) Bypassing

mode: the main stream goes through the main channel bypassing the occupied

trap. The process is repeated for every loop.

Arakawa’s design works in a similar way and also consist of two different

channels, main and buffer channel, interconnected in various points by a nar-

rower one —called also drain channel—. However, in this case, cells are

addressed to the small drain channels depending on the difference on the flow

rate between the main and the buffer channel, this difference creates a hydro-

dynamic pressure that serves both, for trapping and releasing cells/particles

as illustrated in Figure 4.4.

Figure 4.4 Working principle of the trapping based on the design by Arakawa et

al.. (a) Trapping mode: the flow rate in the main channel has to be larger than

that in the buffer channel. (b) Release mode: the flow rate in the main channel

has to be smaller than that in the buffer channel.
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Specifications of Tan and Takeuchi based designs

Based on Tan and Takeuchi’s design four different geometries have been

designed. All the chips have two inlets, two outlets and two drain channels

for trapping. The serpentine is 500 µm long and 25µm wide. The main

differences among geometries are: 1) the way in which the main channel

is narrowed from the inlets towards the main serpentine channel and 2) the

corners of the serpentine channel which are rounded or have sharp edges. With

this modifications, 1) clogging and 2) dead volume related issues could be

evaluated. Figure 4.5 shows these devised trapping designs with the specific

details of the drain channel (red circles) illustrated in Figure 4.5c.

Figure 4.5 Schematic of the microfluidic system of the main channel with side

conduits design adapted from Tan and Takeuchi’s work. Insets shows the main

differences among designs: (a) a serpentine shape narrowing and (b) funnel-like

narrowing. (c) Schematic of the drain channel showing it dimensions.

Note that all the drain channels have a pocket-like structure that fits

the cell shape once this is trapped. The diameter of this ‘pocket’ has to be

modified depending on the size of the cell line that will be studied. In the

frame of this thesis, cells of 15 to 20 µm diameter have been considered.

The specific dimensions of these drain channels are shown in the Figure 4.5c.
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Specifications of Arakawa based designs

The microfluidic chips based on this design are based on Arakawa’s work

consisting of different buffer channels capable of capturing cells that flow

through the main channel by means of drain interconnection channels. A total

of five designs have been devised in which the number of the existing buffer

channels and their geometries varies from chip to chip. The microdevices

contain one inlet and one outlet for each channel. However, in order to

observe if the same functionality could be achieved simplifying the buffer

channel system, one of the designs (number 3 in Figure 4.6) has been devised

with one of the buffer channels consisting only of one inlet and no outlets.

As illustrated in Figure 4.6 these microfluidic designs have from three to a

maximum of seven trapping sites.

Figure 4.6 Schematic of the microfluidic system adapted from Arakawa’s. Insets

show the trapping area consisting of the serpentine and drain channels (indicated

with arrows or circles).

4.1.1.2 Hydrodynamic traps

Regarding the microfluidic platform based on hydrodynamic traps, the design

of the sieve-like trapping structures has been made considering diverse designs

reviewed in the literature [Di Carlo et al., 2006; Faley et al., 2009; Gossett

et al., 2011; Skelley et al., 2009]. The trapping mechanism of these structures

relies also in the hydrodynamic resistance concept. Briefly, as the cell sus-
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pension flows through the trap region the cells are passively trapped on each

bucket-like structures. Streamlines of the flow go through the traps until a

trapped cell blocks them (Figure 4.7a), then, the rest of cell flow/streamlines

are diverted (Figure 4.7b).

Figure 4.7 Schematic diagram describing the mechanism of cell trapping us-

ing flow-through arrayed suspended capturing structures, traps. (a) Cells are

directed to the traps. (b) If the traps are filled, cell dodge them.

This trapping platform consists of two inlets and two outlets with a section

at the middle of the device —the trapping chamber— where the trapping

structures are placed (Figure 4.8). Precisely, in this microchamber, cells are

captured and studied under certain given conditions. In total, nine different

designs have been developed. Designs number 1 to 4 consist of a trapping

chamber, 4 mm long and 0.5 mm wide, containing 14 to 18 traps distributed

in four rows (Figure 4.8a). Designs number 5 to 8 have the same width along

the whole channel, 100 µm, which has enough space to place one trap per

row containing 1 or 3 traps per chip (Figure 4.8b). Finally, design number 9

contains only one trapping site within a shorter chamber, 1 mm long (Figure

4.8c). Table 4.1 summarizes the main differences among designs of this first

generation of hydrodynamic trap-based trapping platforms.

Regarding the shape of the traps, six different types have been designed.

In order to easily identify them through this section and through the following

chapters, different names have been used for each shape (Figure 4.9). In

addition, note that the gap of the traps (red arrow) can be 5 or 10 µm wide

depending on the chip; see Table 4.1 for correspondences.
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Figure 4.8 Overview of the channel system design with hydrodynamic traps

corresponding to chips number (a) 1 to 4, (b) 5 to 8 and (c) 9. Dashed rectangles

correspond to the area where the array of traps are located.

Table 4.1 Main parameters of the first version of hydrodynamic traps design.

Design
Chamber

width
Trap Type Trap # Gap

1 500 µm Square 18 5 µm

2 500 µm Triangular, Beveled 18 5, 10 µm

3 500 µm Square 14 5 µm

4 500 µm Square, Rounded, Triangular, Beveled 18 5, 10 µm

5 100 µm Square-b 3 5 µm

6 100 µm Square-b 3 5 µm

7 100 µm Square-b 3 5 µm

8 100 µm Square-b 3 5 µm

9 500 µm Special 1 5 µm

Figure 4.9 Different designed trap geometries. Red arrows indicates the gap

which can measure 5 or 10 µm.
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4.1.2 Second version of the single-cell trapping platform design

based on hydrodynamic traps

This new version of the trapping platform consists of the same general mi-

crofluidic system as the previous one, containing two inlets and two outlets.

However, in this case, all the chips have a wider section at the middle of the

device —the trapping chamber— where the trapping structures are placed

(Figure 4.8a). The dimensions of the chamber are 4 mm long and 0.5 mm

wide. In addition, some of the designs include two chambers (Figure 4.10).

All the chips contain 4 rows of traps, with a total of 14 to 18 traps per cham-

ber. For future references, the name of the in/outlets have been included.

Note that, these denominations are valid for all the devised designs.

Figure 4.10 Optimized design of the microfluidic platform containing hy-

drodynamic traps with two chambers. Dashed rectangles correspond to the

area/chamber where the array of traps are located.

With regards to the different sieve-like structures, Figure 4.11 shows the

traps used in this optimized design: (1) square, (2) triangular and (3) beveled.

4.1.3 High throughput single-cell trapping platform design

Previous designs contained a maximum of 36 traps; two chambers of 18 traps

each. In cell biology, generating enough relevant statistical data is a must,

however, with that number of traps, a big amount of experiments is required.
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Figure 4.11 New designs and dimensions of the traps within the optimized

microfluidic platform for single-cell trapping. Red arrows indicates the 5 µm

gap.

In virtue of this issue, a high throughput (HT) version of the first generation

of the microfluidic platform —called low throughput (LT) version from now

on— has been also devised allowing high throughput experiments to obtain

more quantitative results. Figure 4.12 shows a general view of the new HT

designs.

Figure 4.12 Overview of the channel system design with hydrodynamic traps

corresponding to some of the HT designs which consist of (a) one trapping

chamber, (b) two chamber with two columns of trap arrays per chamber and (c)

four chambers with a total of eight columns trap arrays.

Concretely, the new high throughput designs have the following modifications:

Number of traps

The key is the addition of more trapping structures but minimizing

changes in the design to maintain the previously optimized operation

parameters. In this new designs, the microdevices contain from 115 up
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to 920 traps; adding one more trap per row, and seven more rows per

chamber. In order to avoid clogging between the corner traps and the

chamber walls, the chamber has been broaden 100 µm (original width:

500 µm).

Number of chambers

Moreover, devices with one, two or four analysis chambers were fab-

ricated. These microfluidic platforms, have wider chambers with two

columns of trap arrays having 115 traps per array. For instance, the

microdevice with 4 chambers enables studies of 920 single cells at the

same time.

Geometries of the trapping structures

In this new prototype, beveled trapping microsctructure has been re-

moved. Concretely, most of the platform designs have been based only

in the triangular shaped structures. However, there are two of the de-

signs that contain triangular and square geometries and only one with

square shaped traps.

Spacing among rows of traps

In order to fit more traps in the same chamber space, and to optimize

the trapping, the spacing between consecutive rows has been reduced.

Concretely, traps are separated vertically 95 µm and horizontally 50

µm.

Inlets and outlets

In the original platform designs, most of them have two inlets and two

outlets. This time, most of the new designs contain three inlets (for

versatility and more co-flow controllability) but have only one outlet;

taking into account that in most of the assays only one outlet is required

and this way equipment and evaporation issues are minimized.

Others

Some other small modifications have been performed:

1. Shortened connecting channel from the inlets to the chamber to

minimize space and total volume.

2. The edges of the chamber have been beveled, this is, now the

chamber is progressively widening from the inlet converging chan-

nel.

The main differences between LT and HT designs are detailed in Table 4.2.
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Table 4.2 Main parameters of the final trapping designs: Low Throughput (LT)

and High Throughput (HT)

Design
Chamber

#

Chamber

width

Trap

Type

Trap

#
Spacing In/outlets

LT 1 500 µm

Square

Triangular

Beveled

14,18
rows: 400 µm;

col.: 50 µm
2/2

2 500 µm

Square

Triangular

Beveled

14,18
rows: 400 µm;

col.: 50 µm
2/2; 3/3

1 600 µm
Square

Beveled
115

rows: 95 µm;

col.: 50 µm
2/1; 2/2; 3/1

HT 2 1.3 mm
Square

Beveled
460

rows: 95 µm;

col.: 50 µm
2/1; 3/1

4 1.3 mm
Square

Beveled
920

rows: 95 µm;

col.: 50 µm
3/1; 1/1

4.1.4 Multifunctional single-cell modules

In order to provide higher versatility to the microfabricated trapping platform,

two ‘clip-on’ modules have been fabricated. These extra modules, interfaced

with the main trapping design, open new opportunities to employ the devel-

oped device in a host of cell-based applications. These modules have been

fabricated both for the LT and HT versions of the single-cell trapping mi-

crofluidic platforms. Note here that, in the following sections, the trapping

module containing the sieve-like structures will be referred to as main module.

4.1.4.1 Platform for guided cell migration

Micropatterned substrates with embossed ridges and grooves have been de-

signed for studies of guided cell migration. This module will be referred

to as lines for simplicity (Figure 4.13). Concretely, two different size of mi-

crogrooves have been fabricated: 1) substrates consisting of 2 µm wide ridges

spaced by 2 µm grooves (4 µm period); and 2) 15 µm ridges spaced by 10

µm grooves (25 µm period). They will be referred to as denser and wider

respectively. These feature dimensions (2–15 µm) ranged within the values

of previous reported works [Au et al., 2009; Gallego-Perez et al., 2012a].
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Figure 4.13 Schematic of the lines module for the HT microfluidic platforms.

(a) One chamber design, (b) double chamber design and (c) magnification of the

patterned microgrooves and ridges which composed the lines. Arrows indicate

the alignment marks, and dashed rectangles correspond to the area where the

arrays of traps are located.

In the first design, the lines have been patterned covering the whole wafer

in the fabrication process, this is, with no frame or without restraining them

to a specific area. This will facilitate the alignment of the main module to the

lines module once both pieces have been fabricated. However, with regards

to the second design of microgrooves, the one wider, as the lines are wider,

in order to avoid leakage and air insertion, they need to be confined to the

specific space of the chamber within the final microfluidic device.

Taking this into account, in order to facilitate the alignment, two large

rectangles (3.6 mm × 0.6 mm) have been patterned parallel and one on each

side —separated 0.5 mm— of the chamber and inside the in/outlets as

illustrated in Figure 4.13a,b. These rectangles do not affect the main module

as they are placed outside. Thus, although optically transparent, the location

of the region of interest it easier.

4.1.4.2 Platform for cell-cell communications

The design of this module consists of different shapes and sizes of micropat-

terned wells. The main objective of the final assembled device is to enclose

one microwell below each trap enabling co-culture of cells for further cell-cell

communication studies and cell morphology analyses [Gallego-Perez et al.,

2010; Khademhosseini et al., 2005; Rettig and Folch, 2005]. In particular,
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two types of designs have been devised in order to fabricate the final microflu-

idic platform in two different ways.

The first design of the module containing microwells consists of chips with

circles of three different diameters: 25 µm, 50 µm and 75 µm (Figure 4.14a).

The position of each microwell has been specifically located in the design to

match each corresponding trap of the main module. This approach has been

designed for LT platforms.

Figure 4.14 Designs of the microwells used for the different modules containing

the ‘microwells’ pattern. (a) Circles, (b) round and (c) square shape wells. Note

that (b),(c) have a small semicircle feature for better fitting into the traps.

On the other hand, the second design of microwells has been devised both

for LT and HT microfluidic platforms. Instead of being simple circles, two

different shapes for accommodating cells have been designed: one rounded-

like (Figure 4.14b) and the other more square-like (Figure 4.14c). The main

purpose of these diverse geometries is to study not only cell-cell interactions

but also how the shape could affect cell morphology or behavior.

4.2 Fluid dynamics simulations

The low Reynolds number found within the developed microfluidic platforms

fixes an entirely laminar flow which has diverse implications such as, sim-

plified modeling or potential for enhanced functionalities for the presented

microfluidic platforms.

In particular, these conditions ensure that mixing occurs only by diffusion,
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which will depend on the flow rate and on the length of the interface between

two fluids. This fluidic system has the advantage that it is easily controlled and

modeled. In fact, one important consequence is that the virtual wall between

fluids can be displaced as required by controlling the flow rate ratio at the

inlets (Figure 4.15). For instance, based on this concept, these microdevices

can be used to treat or functionalize simultaneously and under the same

conditions specific parts of the chamber with two different solutions.

In order to precisely control this moving interface —or the chamber

occupation by each fluid— fluid dynamics within the LT and HT versions

of the microfluidic platforms have been studied both by computational fluid

dynamics (CFD) simulations and by experimental implementation.

4.2.1 Computational fluid dynamics simulations

The use of modeling and simulation software allows for a minimized fabri-

cation runs and tests for optimization, saving time and reducing costs. In

addition, this kind of software also helps explaining and validating experimen-

tally obtained results.

The hydrodynamic properties of the trapping structures, the co-flow phe-

nomenon for controlling the chamber occupation and the interchangeabil-

ity among inlets have been analyzed using the computational fluid dynamics

(CFD) program Comsol R© (Comsol Multiphysics 4.2a, Sweden). The simula-

tions have been carried out in a 3D geometry representing the microchannels

described previously (Figure 4.8a, Figure 4.10 and Figure 4.12a,b). The mesh

used in the simulations has been constituted by tetrahedral elements and cal-

ibrated for fluid dynamics. When required, the mesh has been refined to

guaranty the convergence of numerical methods.

The equations solved have been the Navier-Stokes equations, which have

been simplified assuming laminar incompressible flow of water or ethanol.

The boundary conditions have been established in order to reproduce the

experimental conditions, varying the standard flow rate of the specific inlet

from 0.1 µL/min to 25 µL/min, studying a total of thirty flow rate ratios.

Note that, these different input flow rate ratios have been evaluated in order

to study the moving interface through the whole chamber.

Pressure has been set to 0 at the outlets. The side walls of the channels

have been set to a no-slip condition.
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(a) Microdevices with one chamber

(b) Microdevices with two chambers

Figure 4.15 Standard examples of some possible flow rate ratio configurations

for different chamber occupancy of the fluids. *For a flow rate ratio of 1, the

chamber occupation will be 50% for each fluid when both solutions have the

same physical properties.
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Combining Comsol R© with MATLAB R©

In the frame of this thesis, about 350 computational simulations have been

carried out. Most of these simulations have been very similar among them but

with different input flow rates. Therefore, setting up these simulations consti-

tutes a repetitive and time consuming task that can be overcome by connect-

ing MATLAB R© (The MathWorks, Inc.) and Comsol R©. Firstly, the Matlab

function automatically sets the corresponding input flow rates and, subse-

quently, Comsol R© is systematically invoked to solve the generated model.

Finally, the obtained results were analyzed by another Matlab function that

provides the chamber occupation of each fluid based on the streamline plot

generated by Comsol R©. The code used for these purposes can be found in

the Appendix C.

4.2.2 Automated interface detection

Looking for automation and higher efficiency and reproducibility, a custom-

made MATLAB R© script has been implemented to quantify the occupation of

the chamber by each fluid. Specifically, the program measures the distance

from the left wall of the trapping chamber to the interface, giving the per-

centage [%] of the deviation of the fluid 2 (the one that enters from the

lateral inlet) over the entire width of the chamber (Figure 4.15a). Note that,

all the images have been taken in the middle part of the chamber where the

trapping sieve-like structures are placed. This standalone interface detection

provides accurate, repeatable and unbiased results.

The MATLAB R© home-made code, for automatically detecting the loca-

tion of the interface, comprehends the following process. Firstly, the position

of each trap is computationally located aiming at determining where to place

the interface. In particular, the position of the interface is measured at the

middle of the chamber avoiding effects caused by geometric entities (Figure

4.16a). Afterwards the emerging vertical line of pixels is analyzed. Then,

the intensity of blue color over the amount of red and green color along this

line is evaluated, as shown in Figure 4.16b. The logic behind this relies on

the fact that the dyed PBS introduced by one of the inlets is, precisely, blue

colored. Subsequently, when the bluish fluid disappears at the expenses of the

non-dyed one the interface is defined. However, this is not straightforward

since diffusion may blur the location of the interface.

As illustrated in Figure 4.16b, the proportion of color (blue color/total

color) is delimited between 0.8 and 0.45 corresponding to the dyed and non-
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dyed PBS respectively. Note here that, depending on the application under

study, the fluid transition, this is the position of the interface, should be deter-

mined by different thresholds. For instance, if the fluid driven by inlet 1 should

cross the traps with high purity, the threshold should be close to 0.8. Based

on this empirical analysis, it has been determined that the optimum threshold

to place the interface for this particular study, is the one corresponding to a

color proportion of 0.6.

nterface is measured here
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Figure 4.16 Computational identification of the interface of two fluids. a) In-

terface is measured at the middle of the chamber device. b) Evolution of the

color ratio along the interface width.

In addition, during the operation of the program, if any of the steps

described above is not correctly performed, the particular picture causing dif-

ficulties is subsequently removed from the analysis. Many causes may lead to

discard a photo, most of them related to unwanted experimental conditions,

e.g. bubbles, unfocused pictures or particles affecting the interface, among

others. Only a reduced number of pictures (< 1%) have been discarded from

the analysis, proving the good performance of the device.

High throughput microfluidic platforms

Another strategy has been adopted for the high throughput devices. In this

case, the edges of the chip have been located using the derivative of the image

matrix. In particular, the chamber has been divided in different segments.

For a particular segment, the median position of the interface in each column

of pixels has been assigned. Note that, the use of the median makes this

procedure robust to outliers. Overall, the resolution of the processed images

allows the definition of many segments and, in consequence, the position of
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the interface at different points of the chamber can be located without loss

of precision.

For illustration, Figure 4.17 shows the location of the upper (black cir-

cles) and the lower (red circles) edges of the device as well as the interface

(green circles) at different positions. Note how some points have not properly

localized due to the presence of some artifacts, typically spots in the lenses

of the microscope. However, as the median of all the positions is considered,

the method is unaffected by those incorrectly placed points.

Figure 4.17 Computational identification of the interface of two fluids in the

HT microfluidic platforms.

4.3 Microdevice fabrication

In the following section the different stages of the fabrication process as

well as the required parameters are detailed. All the microfluidic devices have

been fabricated using common PDMS replica-molding techniques. In general,

this process consists of three main steps: (1) the fabrication of the master

mold, (2) the generation of the polydimethylsiloxane (PDMS) replicas and

(3) the assembly of the PDMS modules to the specific substrate —plain or

patterned— to seal the final microfluidic system (Figure 4.18).

For fabricating the master molds, negative tone SU-8 5, SU-8 2015 and

SU-8 2025 (Microchem Corp.), as well as, positive tone S1813 (Shipley)

photoresists and silicon wafers have been required. Whereas, PDMS or glass

substrates have been comprised the final assembled microfluidic platform.



124 Microdevice design, fabrication and experimental protocols

Figure 4.18 Standard fabrication process of the proposed microdevices. (a)

Photolithography step. (b) SU-8 master. (c),(d) and (e) show replica molding

process with PDMS. (f) Final assembled device after bonding the PDMS replica

to a glass slide via oxygen plasma treatment.

4.3.1 Master molds fabrication

The master molds have been fabricated by conventional UV photolithographic

techniques onto a 4” silicon wafers. Two different processes have been used

according to the specific module to be fabricated. In general, all the mod-

ules have been manufactured using one layer of photoresist, furthermore, the

modules containing microwells have been also fabricated using a two-layer

process.

With regards to the photoresist, four different resists have been used

depending on the required thickness (Table 4.3). Note that these thicknesses

represent the final height of the devised microstructures.

Table 4.3 Approximate thicknesses obtained with selected photoresists.

Photoresist Thickness

S1813 < 3 µm

SU-8 5 3 - 15 µm

SU-8 2015 10 - 35 µm

SU-8 2025 20 - 80 µm

In brief, the general workflow of the master mold fabrication process is
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described in the following lines and illustrated in Figure 4.19. First of all, the

silicon wafer is cleaned in piranha solution (H2SO4:H2O2 / 1:1). Then, it is

spin-coated with the specific photoresist. Afterwards, the wafer is soft-baked,

exposed to the specific photomask, post-baked and developed according to

manufacturer instructions. Finally, the master mold is rinsed with isopropanol

(IPA) to clean the residues from the photoresist and dried, concluding with a

hard-bake step for 2 minutes at 150 ◦C in order to get rid of stress cracks.

a)

Photoresist coating

b)

Exposure

c)

Development

Silicon wafer

Photoresist

Mask

Figure 4.19 Standard UV-photolithographic process of the master mold.

At this point, two issues have to be taken into account. On the one hand,

its important to remark that the defined energy (E0) is the base energy for

the exposure. However, this parameter has been modified/adapted according

to the corresponding used SU-8 filter or photomaks. For instance, the energy

has been incremented by 1.44 when a film mask and the SU-8 filter was used

or by 1.33 when the chrome/glass photomask was required. On the other

hand, note that during the soft-bake and the post-bake processes, some steps

at 65 ◦C have been performed prior and after the steps at 95 ◦C to reduce

thermal stress caused by the different cooling speed of the silicon wafer and

the SU-8.

The specific steps and the required parameters for the fabrication of each

module are detailed below and summarized in Table 4.4 and Table 4.5.

Main trapping module

Note that, in order to fabricate the main module containing the trapping sites

for isolating single-cells, two of the mentioned photoresists can be used. The

microstructures are approximately 26 µm high so both SU-8 2015 and SU-8

2025 can be employed. In general, apart from the spin speed which has been

set to 1300 rpm and 2600 rpm respectively, the rest of the parameters are

the same.
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Lines module

Each lines module has been developed with different heights. The denser mi-

crogrooves pattern (2 µm × 2 µm) has been fabricated with 1.5 µm height

and the design with wider microgrooves (15 µm × 10 µm) with 4 µm. Taking

this into account S1813 and SU-8 5 photoresists with two different recipes

have been required. Note that, for the smaller microgrooves made of S1813

photoresist, an extra step of hexamethyldisilazane treatment has been per-

formed in order to facilitate the further release of the cured PDMS from the

mold.

Microwells module

As noted before, two different fabrication processes have been developed in

order to fabricate the module with embossed microwells. The first process

is exactly the same as the previous one which requires one photoresist layer

resulting in an independent module with microwells. Regarding the second

protocol for manufacturing the LT and the HT microfluidic platforms, in

order to avoid the final manual alignment process, a double-layer UV pho-

tolithography process has been carried out: firstly for patterning 26 µm traps

and then the 13 µm microwells (Figure 4.20). In this case, both types of

microstructures are fabricated at the same time resulting in one module con-

taining both. In brief, after cleaning, the first layer of photoresist is spin

coated onto the wafer and then subsequently processed (soft-baked, aligned

and exposed to the specific mask and post-exposure baked). Without devel-

oping, the second layer of photoresist is spin coated. The wafer is then soft

baked, carefully aligned to the new mask containing the microwells and UV

exposed. Afterwards, the rest of the steps are again repeated as described

previously. Finally, the wafer is post-exposure baked, developed, rinsed with

isopropanol and blown dry with nitrogen ending with a hard-bake step of 2

minutes at 150 ◦C in order to get rid of stress cracks.

Note that, using the first fabrication approach, the final microdevice is

obtained by aligning the main module with the microwells clip-on module

prior to bond them. However, using the second approach, since the traps and

the wells have been fabricated in the same module, the manual alignment is

not required and the final assembly consists of this complete module bonded

to a plain, non-patterned PDMS or glass piece/slide.

Once the master molds have been fabricated, they are characterized with

a profiler (KLA-Tencor, P6 Stylus profiler). This equipment has been used

both for checking the thickness of the cured structures as well as for acquiring
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preliminary data of the quality of the fabricated microstructures; this has been

possible due to its integrated 4x objective.

a)

Coating 1: SU-8 2015

b)

Exposure - Mask with traps

c)

Coating 2: SU-8 2015

d)

Exposure - Mask with wells

e)

Development

Silicon wafer

SU-8 2015 (1)

Mask

SU-8 2015 (2)

Figure 4.20 Double layer fabrication process of the master mold containing

trapping structures and microwells.

Note that the use of the profiler has been limited to the acquisition of ac-

curate measurements of the surface height or roughness and not to estimate

widths. In order to check the correct dimensions of the different structures

of the molds, the Eclipse Ti Nikon (Nikon Instrument Inc.) microscope have

been used. In addition, they have been rechecked by indirect measurements

of the final characterized PDMS microdevices.
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Table 4.5 Photolithographic process for the double-layer fabrication process of

the module containing both traps and wells. Photoresist SU-8 2015; Structures

height ≈ 26 µm and 13 µm respectively.

Process Details Value

Cleaning
H2SO4:H2O2 (1:1)

Deionized H2O

5 min

3 baths × 1 min

Dehydration – 20 min @ 200◦C

Coating 1

Resist

Spread

Spin

SU-8 2015

500 rpm / 15 sec

1300 rpm / 45 sec

Soft-bake 1

Step 1

Step 2

Step 3

1 min @ 65 ◦C

3 min @ 95 ◦C

1 min @ 65 ◦C

Exposure 1 1 cycle E0 = 160 mJ/cm
2

Post-bake 1

Step 1

Step 2

Step 3

1 min @ 65 ◦C

4 min @ 95 ◦C

1 min @ 65 ◦C

Coating 2

Resist

Spread

Spin

SU-8 2015

500 rpm / 15 sec

6000 rpm / 45 sec

Soft-bake 2

Step 1

Step 2

Step 3

1 min @ 65 ◦C

3 min @ 95 ◦C

1 min @ 65 ◦C

Exposure 2 1 cycle E0 = 125 mJ/cm
2

Post-bake 2

Step 1

Step 2

Step 3

1 min @ 65 ◦C

2 min @ 95 ◦C

1 min @ 65 ◦C

Development

Developer

Time

Rinse

SU-8 developer

6 min

IPA

Hard Bake – 2 min @ 150 ◦C
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4.3.2 PDMS replica fabrication

The second stage of the fabrication process, consists of obtaining PDMS

replicas of each mold by means of casting (Figure 4.21a). A two-part mix-

ture (base:curing agent / 10:1) of PDMS is poured upon the silicon master

and then cured at room temperature for 48 hours to produce an optically

transparent replica. Note here that, it could be also cured for 2 hours at 70
◦C. However, if the curing is done slowly, there is no need for a complete re-

moval of bubbles, because they will disappear eventually. On the other hand,

for fast curing, it is important to remove all the bubbles before the heating

up.

Finally, the silicone replica is disassembled (Figure 4.21b) and each chip

is carefully cut with a scalpel. Then, the inlets and outlets are punched by a

18 G needle or a biopsy punch of 1 mm diameter (Figure 4.21c).

a)

PDMS Casting

b)

Curing and demolding

c)

Microchip division
Inlet/outlet drilling

Silicon wafer

SU-8 2015

PDMS

Figure 4.21 Finishing of the final individual PDMS modules.

In this work, two different types of PDMS have been used: Silastic T4

PDMS and Sylgard 184 PDMS both from Dow Corning. In general, all the

replicas have been fabricated with Silastic T4 however, as Sylgard 184 has

better optical properties, it has been especially employed when the PDMS

was also used as the substrate of the final microfluidic platform. Thus, the

microscopy imaging quality during the experiments improves.

With regards to characterization of the structures, Eclipse Ti Nikon (Nikon

Instrument Inc.) optical microscope and Phenom G2 PRO (Phenom World)

scanning electron microscope have been used. Prior to imaging, the devices

have to be coated (SC 7620 ‘mini’ PVD system, Quorum Technologies) with

a thin Au/Pd layer to prevent charging.
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4.3.3 Final assembly - Bonding by oxygen plasma

To conclude the fabrication, the microfluidic system has to be sealed. In this

case, the main module has been bonded to a bottom module by means of 45 to

60 seconds of oxygen plasma treatment at 100 W (Femto, Diener Electronic).

Note that, for the bottom module different alternatives have been developed:

a previously cleaned glass slide, a piece of plain PDMS or a patterned PDMS

part, such as, PDMS module with microgrooves or microwells (Figure 4.22).

a)

b)

PDMS

Plasma treatment

Bonding

Plain substrate Patterned substrate

Figure 4.22 Bonding of the main module with the bottom module or substrate.

Alignment

As commented previously, it is important to take into account that when the

substrate has been patterned with lines or microwells the alignment is critical.

This alignment has been performed manually using an optical microscope and

the patterned alignment marks. Note that at this point both module surfaces

(top and bottom) have been treated with oxygen plasma so until they have

been perfectly aligned they cannot get in contact.

Reservoir fabrication

External PDMS-based reservoirs have been also fabricated in order to facil-

itate medium supply and to minimize evaporation during biological assays.

Firstly, a cured piece of PDMS is pierced with a biopsy punch. Then, this

extracted PDMS part is also pierced with a smaller biopsy punch obtaining a

donut-like PDMS piece, the reservoir. The diameter of the first and second

biopsy punches determine, respectively, the outer and the inner diameter of

the reservoir.

Finally, the reservoirs are bonded to the in/outlets on the top of the

microfluidic platforms by means of oxygen plasma treatment.
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4.4 Experimental protocols

In order to further validate and demonstrate the capabilities and potential for

cell-based assays of the developed platforms, different experiments have been

designed and performed. In particular, in this section the implemented experi-

mental setups are described and the procedures for single-cell experimentation

are detailed.

4.4.1 Experimental setups

Two different experimental setups have been used to carry out the exper-

iments described in this thesis. Figure 4.23 shows the syringe pumps and

microscope setup required for selective capture and treatment of cells at indi-

vidual level. Figure 4.24 presents the experimental setup used for time-lapse

and long-term assays.

Figure 4.23 Experimental setup for single-cell trapping and selective treatment.
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In the first setup, for fluid insertion or cell loading, one syringe pump per

inlet (eS-pump ESR200P, NanoNC Co. Ltd. and KDS SP101i, WPI Inc.) have

been used. Both pumps have been connected to the microdevice through Ty-

gon tubing (O.D.= 2.18 mm and I.D.= 0.38 mm, Saint-Gobain Performance

Plastics, France) using 1 mL plastic syringes (Becton, Dickinson and Com-

pany). The microfluidic platform have been placed on an inverted microscope

with an incorporated digital camera (Nikon Eclipse TS100 and Nikon D90)

in order to monitor and record the experiments.

Figure 4.24 Experimental setup for long-term and time-lapse experiments.

With regards to the second setup. It consists of an inverted microscope

(Nikon Eclipse Ti, Nikon Instruments Inc.) provided with an incubator cage

that enables precise control of humidity, CO2 and temperature. In addition,

different fluorophores, such as fluorescein isothiocyanate (FITC) or English

Texas Red (TxRed), can be imaged thanks to the available filter and lamps

(e.g. halogen or xenon) options of this piece of equipment. The microscope

has been connected to a computer equipped with a motorized stage and the

NIS-Elements (Nikon Instruments Inc.) image acquisition software.

4.4.2 Co-flow phenomenom

For the experimental characterization of fluid dynamics, in particular for the

analysis of the laminar co-flow within the chamber, an un-dyed phosphate-

buffered saline solution and a blue-dyed one (DPBS, Lonza) have been used

to optically locate the interface between them. These pair, PBS–PBS,
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is of much interest as phosphate buffer saline solution is commonly used

in biological research, and its properties, namely viscosity and density, are

very similar to those of water or cell culture media. Cell culture media is

normally combined with fetal bovine serum (FBS), in this case the viscosity

of the solution increases a little. For instance, for Dulbecco’s modified eagle’s

medium (DMEM) with 10 % FBS has a viscosity 5 % higher than water

[Hinderliter et al., 2010].

In this perspective, different concentrations of PBS and ethanol (Panreac)

mixture , PBS–ethanol [X%], have been also analyzed to find out if solutions

with different density and viscosity would affect the behavior of the dynamic

interface and, for a further cytotoxicity study of ethanol.

Several ratios between the two input flows (Qmain and Qlat) have been

defined in order to fully control the chamber occupation. Specifically, the

following ratios have been studied: Qmain/Qlat (or Qlat/Qmain) = 1, 1.5, 2,

4, 5, 6, 8, 10 and 12. As these ratios can be achieved within different flow

rate ranges, low, medium and high flow rate intervals have been defined and

analyzed (Table 4.6).

Table 4.6 Different ranges of the flow rates used for the fluid dynamic charac-

terizaton. A particular ratio can be achieved from different ranges.

Flow rate
Range

Min. Max.

Low 0.1 µL/min 1 µL/min

Medium 1 µL/min 10 µL/min

High 10 µL/min 25 µL/min

4.4.3 Cell culture

Standard medium has been used to cultivate selected cell lines: mouse hepa-

tocytes (AML12 cell line, ATCC) and GPF expressing human lung carcinoma

cells (NCI-H1299 cell line), provided by the lab of Tumoral microenviron-

ment from CIMA (University of Navarra). AML-12 cells have been main-

tained in Dulbecco’s modified Eagle’s medium with nutrient mixture F-12

(DMEM/F12, Gibco) containing Glutamax, 10% fetal bovine serum (FBS)

and 1% of antibiotics –100 U/mL penicillin and 100mg/mL streptomycin–.
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H1299 cell line has been maintained in RPMI 1640 medium (Gibco) sup-

plemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin

(Invitrogen) and 2 mM L-glutamine (Sigma Aldrich). Both cell lines have

been incubated in a humid atmosphere at 37 ◦C with 5% CO2.

4.4.4 Cell trapping and microdevice operation

Prior to their use with cells, the microfluidic platforms and the tubing have

to be sterilized with 70% ethanol. Then, the system is rinsed with phosphate

buffer saline solution through the lateral inlet ascertaining that any bubble

inside the device is removed. Afterwards, cell suspensions are loaded in a

1 mL syringe and flowed into the device through the main inlet. The flow

rate ratio between both inlets is adjusted in order to control the specific line

of traps to be filled. Once the arrays of traps have been filled with cells,

the syringe pump governing the main inlet is stopped and the syringe with

individual cells is replaced by another one with fresh medium. At this stage,

both inlets could be used for driving any other fluid depending on the following

assay to be made, i.e. trypan blue for checking cell viability or a specific drug

for testing it.

In addition, if after cell trapping a long-term or a time-lapse experiment is

required, cells are left under dynamic perfusion of fresh media at low flow rates

for 10 minutes. Then the tubing is carefully removed and the microfluidic

platform is put into the incubator cage of the microscope, in the second

experimental setup (Figure 4.24).

Note that, when removing the tubing of any inlet or outlet, due to the

back flow, unwanted release of trapped cells can occur. However, given the

control of the flow by several inlets, often one inlet can be left with continuous

flow fluid to retain the cells.

Optional collagen coating

For improved cell adhesion, prior to cell loading and after the sterilization

step, the microdevices can be coated with collagen 50 µg/mL for 2 hours at

room temperature. This step is important for long-term experiments.

Table 4.7 describes the general procedure followed for the operation and

trapping of cells by the developed platforms.
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Table 4.7 General trapping and operation protocol for the developed microfluidic

platforms.

Step Details Value

1. Sterilization 70% EtOH 5 min – 25 µL/min

2. Collagen coating Manual insertion
2 h @ Troom

(optional) (no pumps)

3. PBS rinsing – 10 min – 10 µL/min

4. Medium flushing
No air bubble should be left

within the device
5 min – 10 µL/min

5. Cell loading and It can be done selectively. 5 min – 1 to 3 µL/min (LT)

trapping Cell density: 3-6 × 105 cells/mL 5 min – 5 to 10 µL/min (HT)

6. Waiting time Allows cells to settle down 5 to 10 min – 5 µL/min

4.4.5 Citotoxicity assay

As a proof of concept, the effect of different ethanol concentrations on mouse

hepatocytes has been tested and the threshold ethanol dosage that is toxic

to single cells has been determined. The ethanol concentrations used have

been 0 (as a control), 10, 15, 20, 25, 30, 40, 50%. Trypan blue (Gibco, Life

Technologies) exclusion test has been used for quantifying the cytotoxic effect

of ethanol. Note here that the cytotoxicity concept has been considered in

its extended meaning; understanding that ethanol is toxic to cells not just

because it may active the apoptotic mechanisms that in the end will cause

cell death, but also because cells exposed to ethanol may undergo necrosis,

in which they lose membrane integrity and die rapidly as a result of cell lysis.

At least three experiments have been run for each ethanol concentration.

Once all the traps were filled with single cells and the untrapped cells were

removed, 0.4% trypan blue has been injected through the lateral inlet to

check the captured cell viability prior to the treatment. Then, the specific

ethanol dosage has been perfused through the main inlet and the correct flow

rate ratio for both inlets has been fixed for treating only the selected single

cells while the rest remained untreated as a control. Cell viability has been

checked every minute during the first five minutes and then every 5 minutes

until all the seized and treated cells were dead. Note that cells have been

never exposed to trypan blue for more than 60 minutes to avoid misleading

data from the own toxicity of this substance.
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Statistical analysis

All statistical analyses as well as the graphical representations have been

carried out using MATLAB R©. Data have been presented here through the

corresponding mean values.

The experimental fluctuations observed when identifying the flow rate

ratios leading to a chamber occupation of a 50% are illustrated by means of

error bars, representing one standard deviation above and below the mean.

Assuming that the experimental data are normally distributed these intervals

constraint about the 95% of the points.

The exposure time until cell death studied in the cytotoxicity analysis

has been represented by means of boxplots. The box extends from the first

quartile to the third quartile values with an additional horizontal line that

represents the median. The whiskers are vertical lines that go from each end

of the box till the most extreme data value within 1.5 times the interquartile

range. In this analysis 142 time points have been considered.

4.4.6 Cell viability assay — Time-lapse

Cell viability assays by means of time-lapse phase-contrast microscopy have

been performed with an inverted microscope (Nikon Eclipse Ti, Nikon In-

struments Inc.) equipped with an automated stage, a temperature hood to

maintain a constant temperature of 37 ◦C, and a closed chamber that allows

for 5% CO2 flow over the microfluidic platform. Cells have been imaged

using 10X phase objective and monitored using bright field illumination and

FITC fluorescence channel. Time-lapse movies have been collected using the

NIS-Elements software (Nikon Instruments Inc.). The time-lapse experiments

have been conducted for 5 to 10 hours and the images have been collected ev-

ery 6 or 10 minutes with a exposure time of approximately 1.5 × 10-3 and 1.5

seconds for contrast phase (bright field) and fluorescent images respectively.

Every 3 or 4 hours the inlet reservoirs have been refilled with fresh medium

in order to maintain a minimum continuous flow through the microfluidic

platform under test. This may help restoring the nutrients and the pH and

CO2 inside the microfluidic chamber.



138 Microdevice design, fabrication and experimental protocols



CHAPTER 5

Results and discussion

This chapter presents the results obtained from the different stages of the

development of the microfluidic platforms for single-cell analysis of this the-

sis. These results are analyzed and discussed in order to infer the optimum

parameters for the design and fabrication of the microdevices and to define

specific methodologies for reproducing biological experimental results.

In the first place, the study for the selection of the proper single-cell

trapping mechanism is described. According to the obtained results the final

capturing choice is made.

Afterwards, the characterization and fabrication results of the different

platforms for single-cell studies based on the selected trapping methodology

are discussed. Initially a basic microdevice prototype is analyzed, from a the-

oretical perspective by studying fluid dynamics in the device by computational

modeling. In addition, both structural and biological aspects are analyzed

based on experimental data. Finally, as a proof of concept, a cytotoxicity

study of ethanol in isolated hepatocytes is detailed.

Once the basic prototype has been presented, the development of the

optimized high-throughput version of the platform is described. This design

offers more statistical power and the possibility to obtain more quantitative

biological results.

139
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Further, the fabrication and validation of two different clip-on modules,

including structural and biological characterizations, is presented . These

modules provide the main microfluidic platform with more versatility to per-

form diverse cell-based assays. In particular, the developed modules consist of

different patterned substrates to perform cell migration or intercellular com-

munication studies.

5.1 Mechanical single-cell trapping approaches

As described in previous chapters, the main aim of this thesis is the design and

fabrication of microfluidic platforms for single-cell studies. The first discussion

to be made here is precisely to select the proper trapping strategy. For that,

a diverse set of requirements will guide this discussion.

Taking into account all the advantages and disadvantages of the exist-

ing trapping methods detailed in Chapter 3, mechanical trapping approaches

based on the hydrodynamic resistance concept have been selected. Hydro-

dynamic cell trapping is a non-invasive, damage-free, semi-automatic and se-

quential cell capturing technique that simultaneously retains a large number

of cells. These advantages make this technique one of the most interest-

ing approach for isolating single-cells in spatial confinement [Arakawa et al.,

2011; Di Carlo and Lee, 2006; Faley et al., 2009; Frimat et al., 2011; Kobel

et al., 2010; Rowat et al., 2009; Wu et al., 2008].

This work presents two different approaches, both based on hydrodynamic

cell trapping. At the same time, each approach has different patterns and

geometries in order to define the optimum trapping design. The first one

has been termed ’main channel with side conduits’ (or ’drain channels’ for

simplicity) and it is based on the pressure difference between channels with

different hydrodynamic resistance, capturing cells by suction in smaller chan-

nel joints. The other one, referred to as ’hydrodynamic traps’, captures cells

directly in sieve-like microstructures. In this case, cells are directed towards

these trapping sites also by means of hydrodynamic resistance phenomenon.

The study includes the characterization of the fabricated silicon molds

and their respective polydimethylsiloxane (PDMS) replicas.

Soft lithography is based on the use of polymers as structural materials of

the final devices. In this thesis, the devices are fabricated in PDMS by replica

molding. Thus, the first step consists in obtaining a proper substrate for
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the mold and characterizing the photoresist used for patterning the desired

geometry.

5.1.1 Main channel with side conduits

In order to implement this capture method different patterns have been de-

signed. The designs have been mainly based on the works by Tan and Takeuchi

[2007] and Arakawa et al. [2011].

Silicon molds

Figure 5.1 shows the region of interest of some of the successfully fabricated

microfluidic platforms based on these two types of capturing designs.

100 µm

(a)
(b)

100 µm

(c)

100 µm

Figure 5.1 Master mold of different trapping designs made of SU-8. They are

based on the main channel with side conduits approach adapted from previous

reported works (a) Tan and Takeuchi [2007] and (b),(c) from Arakawa [2011].

Regarding the obtained thicknesses, the average height of the structures

is 26 ± 1 µm (Figure 5.2). Note that, due to the shape of the stylus of the

equipment, for heights higher than 10 µm, the stylus can not follow totally

vertical geometries. Due to this issue, the profile showed in Figure 5.2 does

not exhibit the real steepness of the obtained structure.
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Figure 5.2 SU-8 channel height measurement in a silicon mold.

In general, a number of drain channels were not completely defined lead-

ing to nonfunctional microfluidic platforms. This was mainly caused by the

poor resolution of the film masks (more detailed information can be found in

Appendix A). In most cases, for features smaller than 10 µm film masks are

not recommended; the drain channels were 5 µm wide.

PDMS replicas

With regards to the PDMS replicas, SEM micrographs confirmed that, al-

though most geometries were accurate replicas of the silicon molds (Figure

5.3), some of the drain channels were broken in the demolding process. This

was mainly caused because of its small dimensions and poor adhesion. The

adhesion issue came from limitations with mask resolution and consequently,

from an inadequate exposure when fabricating the mold.

Final assembled device

Finally, the disassembled PDMS replica containing the microfluidic channel

system was sealed to form closed channels. Prior to the adhesion to the

specific substrate —glass slide in this case—, the inlets and outlets were

punched by a needle and, small particles, which can cause contamination or

leakage of the bonded device, were cleaned.
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Figure 5.3 Main channel and side conduits trapping approach. (a) Micrographs

of the silicon mold and (b) SEM images of the corresponding PDMS replicas.

Then the quality of the device sealing was tested by introducing fluids,

namely PBS or water, at high flow rates (up to 100–200 µL). Note that

these flow rates are ten to twenty times higher than those employed in the

experiments of this thesis. All the studied platforms showed an irreversible

bonding and did not exhibit any leakage. Concretely, Bhattacharya et al.

[2005] reported that these types of bonds can stand up to 74 psi without

detaching of parts.

Finally, some tests were performed with living cells to evaluate the ease

and capabilities of the operation of the devices based on this specific capture

method, main channel and side conduits. The obtained results showed that

this approach for single-cell trapping was not free of difficulties: the narrow
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channel system was very prone to clogging and, having all the trapping sites

placed serially, the device became nonfunctional whenever one of the drain

channels was obstructed with particles or other kind of impurities (Figure

5.4).

Figure 5.4 Impurities obstructing the main channel and one of the drain channels.

5.1.2 Hydrodynamic traps

In this case, some mechanical traps, bucket-like structures, have been imple-

mented along a microfluidic channel.

As illustrated in Figure 5.5, the mold was accurately fabricated, the pat-

tern of the mask was properly transferred exhibiting proper SU-8 structures.

However, all the edges were rounded, which at some point could be a problem.

Rounded corners help smoothen sidewalls and drive better the fluids avoid-

ing dead volumes. However, because of this rounding effect, some of the

trapping structures barely kept their shape, specially those with more number

of edges. This problem becomes more relevant in all the geometries with a

wider aperture —ten microns— as the aperture ends too wide and it may

lead to easy squeezing of cells.

These rounded corners of the structures may be mainly induced by two

reasons: long postbaking times or poor resolution of the film mask at this
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Figure 5.5 Different geometries of the hydrodynamic traps.

scale. However, shorter baking time may lead to bad adhesion of the SU-8

thin film to the silicon [Yang et al., 2009]. In this case, the optimization of

the different photolithographic steps, did not solve the problem. Therefore,

after an in depth analysis of the photomasks (Appendix A), it was concluded

that they were responsible for such resolution inaccuracies (Figure 5.6).

(a)

(c)

(b)

Figure 5.6 Image of the mask with the first designs of the different traps pat-

terns: (a) square, (b) triangle and (c) beveled.

As illustrated in Figure 5.7, the PDMS replicas were as good as their

negative ones made of SU-8 as far as they were carefully removed from the

molds; sometimes trapping structures can be torn and get stuck inside the

SU-8 resist of the master mold. The exhibited round edges and wider gaps

were previously appreciated in the mold which had been caused due to the
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original low quality of the employed photomask (Figure 5.6). In particular,

the geometry that has been affected the most by this rounding issue, and

subsequent loss of shape, has been the corresponding to the beveled structure

(Figure 5.6c or geometry D in Figure 5.7b,c).

As it has been discussed in the previous section, in order to complete the

microfluidic platforms, inlets and outlets were drilled and the channels were

sealed to a glass substrate by means of oxygen plasma treatment. The sealing

process resulted in an irreversible bond between PDMS and glass.

Figure 5.7 SEM micrographs of the microfabricated traps. (a) Different traps

within the chamber and magnification of each trap geometry with (b) 10 µm

and (c) 5 µm gap; scale bar 10 µm.

Regarding the cell trapping assay, at least two assays were performed per

each design. Cells were successfully captured within all the different type

of traps (Figure 5.8). However, the designs which barely kept their original

shape, due to the rounded edges of the masks, were more prone to cell

squeezing or multiple trapping. Further, the geometry D (Figure 5.7), was

the most prone to be broken in the demolding process, up to 41.8 % of the

structures (Figure 5.8). With regards to the square (geometry A and B,

Figure 5.7) and triangular (geometry C, Figure 5.7) structures, only 8 % and

1.3 % respectively were faulty. In the same line, regardless the geometry,

traps with an expected gap of ten microns, were not able of holding the

trapped cells.
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Figure 5.8 Device with suitable and faulty traps.

5.1.3 Drain channels vs. hydrodynamic traps

On the whole, it can be concluded that both methodologies have been suc-

cessfully fabricated and characterized. While there are some geometry-specific

based issues that still have to be solved, there are some common problems

which are important to discuss.

In order to decide which approach accomplishes better its function, dif-

ferent aspects have been taken into account: (1) fabrication requirements,

(2) operability and (3) versatility.

Fabrication. Both single-cell capture methods require the exact same

fabrication steps. Regarding the poor resolution of the edges and the nar-

rowest structures, traps have to be redesigned to avoid their loss of shape.

However, redesigning of drain channels may not be enough, even when they

have been accurately fabricated, they are very prone to breaking during the

demolding process.

Operation. Regarding the handling of both types of platforms, in general

all the different designs based on drain channels have shown more inconve-

niences than the devices containing traps. The main problem is the clogging,

once one part of the channel system is obstructed with cell aggregates or im-

purities the whole device becomes inoperable. In addition, focusing especially

in the designs based on Arakawa’s work [Arakawa et al., 2011], the necessity

of controlling two flows simultaneously and independently, make the usage
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of the platform more complex and time consuming. This issue constrains

the versatility of the device for further cell-based analyses once the cells have

been isolated.

Versatility. The required platform has to be able to perform multiple

functions, not only capturing cells. Cells are trapped to carry out further

studies at individual cell level. In this perspective, a wider channel, such as

the chamber-like containing the array of traps, is more versatile than the

narrow channels of the drain channel design.

Taking all this considerations into account, it is concluded that the single-

cell capture by means of sieve-like structures is the optimum trapping method

for further development of this thesis. As reported in the literature review,

both methodologies can achieve around 80-90 % trapping efficiencies, how-

ever, fabrication and operation seems to be more simple and offer more ca-

pabilities for the array of traps. Furthermore, a wider range of applications

have been reported based on traps, namely, following lineages of single cells

[Rowat et al., 2009], characterization of cancer cells [Byrd IV et al., 2014],

analysis of intracellular components [Gossett et al., 2011] or different cell

pairing techniques [Skelley et al., 2009] among others.

5.2 Single-cell trapping device

After selecting the trapping method for capturing individual cells and defin-

ing a proper design for the trapping structures, the final silicon molds were

fabricated as explained in previous chapters. In this section, firstly, the char-

acterization of the chosen microfluidic platform will be described. Then, the

theoretical and experimental results obtained from the study of the fluid dy-

namics of the system will be analyzed. This analysis is key for precise fluid

control within the device for an enhanced performance of the microfabricated

platform.

The last part of the section includes cell-based characterization data. In

the first place, the study for optimal cell trapping is described. Finally, as a

proof of concept, a cytotoxicity assay of ethanol in isolated hepatocytes is

presented.
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5.2.1 Microfluidic platform fabrication

The fabrication of the microfluidic platform was done by PDMS casting using

silicon-based master molds. Note that one wafer includes 13 microdevices

with a total of 7 designs of the microfluidic system —main variations con-

sist of different geometries of the traps and different combinations among

them—. Most of the devices contain two inlets and two outlets as illustrated

in Figure 5.9.

Figure 5.9 Microfabricated device for single-cell isolation.

5.2.1.1 Characterization of the silicon molds

The master mold was fabricated by standard UV photolithographic process.

In this work, all the masters were made of silicon substrate with structures

patterned in SU-8 photoresist (Figure 5.10). For this particular platform,

two different SU-8 were used: SU-8 2015 and SU-8 2025. Both photore-

sist showed good fabrication results with well-defined transfer of the original

pattern from the mask. However, despite obtaining average thicknesses of

25 to 27 µm with both photoresists, SU-8 2025 exhibited more uniform and

homogeneous thicknesses. Concretely, a mean thickness of 26.6 µm with a

S.D. of 0.5 µm was achieved with SU-8 2025 and 26 µm with a S.D. of 1.1

µm for SU-8 2015. This is consistent with the idea that the ideal spin speed

for the coating process has to be close to 3000 rpm.

In this line, another typical problem with lower spin velocities is the ‘edge

bead’ formation. These edge beads build-up during the spin coat process
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Figure 5.10 Silicon mold containing different designs of the single-cell trapping

platform.

(Figure 5.11). Edge beads not only alter the thicknesses through the different

structures of the patterned wafer, but also prevent a proper contact between

the mask and the photoresist surface during the UV exposure leading to

poorly defined geometries. The use of edge bead removers (EBR) can help

eliminating these undesired edge beads or even some tiny air bubbles inside

SU-8 [Lee et al., 2011]. However, the application of edge bead removal could

affect some of the outer geometries damaging them. In this work, after

different trials, the best results, with minimized edge bead formation, were

obtained by optimizing the spin coating speed with the proper SU-8 (SU-8

2025 instead of SU-8 2015). Successfully fabricated hydrodynamic traps are

exhibited in Figure 5.12.

(b) Uniform surface(a) Edge bead formation

SU-8

Figure 5.11 Schematic drawing and pictures of SU-8 films with (a) and (b)

without edge bead [Lee et al., 2011].

It was determined that for an optimal definition of the microtraps the

developing time during mold fabrication was 3-4 minutes longer than the

standard established by the manufacturer. Finally, in order to get rid of some

stress cracks caused by thermal-expansion (or contraction) during the post
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Figure 5.12 Micrographs of the different microfabricated traps.

exposure bake or the development stages, it was found that a hard-bake step

for 2 minutes at 150◦C was necessary (Figure 5.13).

Figure 5.13 Picture of one of the trapping chambers of the chips of the silicon

master mold (a) with and (b) without stress cracks. Scale bar 150 µm.
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5.2.1.2 Characterization of the PDMS microfluidic device

SEM micrographs (Figure 5.14) confirmed that all the features were accu-

rately reproduced from the master molds. The microfluidic system was 26 µm

± 1 µm high. The trapping arrays within the main chamber (or chambers) of

the device consisted of four rows containing pocket-like structures with three

different geometries, but all having a small aperture of 6 ± 1 µm (Figure

5.15a,b). With smaller gaps the fraction of fluid streamlines going through

the traps was so small that the cells dodged these structures. However, with

gaps bigger than 6 ± 1µm cells squeezed and slid from the trap. All the di-

mensions were tailored for optimizing the device for a cell diameter of 15-20

µm. The tested microdevices had a total of 14 to 18 traps; however the

whole chamber could be easily enlarged increasing the amount of these struc-

tures without disturbing any other parameter and enabling high-throughput

analyses.

Figure 5.14 SEM image showing the fabricated traps: (a) overall view of the

chamber and (b) detailed picture of the traps.

The irreversible bonding via oxygen plasma was successfully performed

with no leakages for all the manufactured devices.

Prior to the usage of the microfluidic platform for cell-based assays some

numerical simulations and experimental trials were done in order to optimize

the performance of the whole microfluidic system and to enhance its control-

lability.
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(a) (b)

Figure 5.15 SEM micrograph of the PDMS microfluidic platform. (a) Trapping

chamber. Inset: sieve-like structure square geometry and (b) triangular and

beveled traps geometries.

5.2.2 Fluid dynamics characterization

Fluid dynamics inside the microfluidic platform was studied by experimental

implementation and validated by computational simulations. Initially, by com-

putational fluid dynamics (CFD) simulations the performance and the fluid

flow behavior towards the trapping structures was analyzed. Then, from an

experimental perspective, the co-flow phenomenon that takes place, because

of the existing laminar conditions, was studied varying the input flow rates. A

total of ten flow rate ratios were analyzed with flow rates in the range of 0.1

µL/min to 25 µL/min for each fluid. Next, the acquired results were com-

pared to CFD simulations (thirty flow rate ratios for more accuracy). This

characterization helped to achieve an accurate control of the laminar co-flow

inside the microsystem leading to extended functionalities such as selective

treatment of single-cells.

5.2.2.1 Hydrodynamic properties of the developed trapping structures

Finite elements simulations were performed with emphasis on several aspects

critical to design such single-cell trapping platforms. The fluid flow behavior at

key locations of the microdevices, such as gaps between traps or at the inlets

and outlets, were studied. These analyses are important so as to optimize

the cell trapping process and to assure cell viability of the device minimizing

the shear stress suffered by the cells.
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Before going into the result details, it is important to clarify the input

fluid units. In general, when working with active pumping, namely syringe

pumps, the input flow rate is controlled. However, it has to be taken into

account that for a fixed flow rate in the input, the average fluid velocity will

be different along the microfluidic system, it depends on the section the fluid

is going through according to the Equation 5.1.

Q = ~vx ~A (5.1)

where, Q is the flow rate, ~v is the flow velocity of the substance elements,

and ~A represents the cross-sectional vector area/surface.

In this work the considered input flow rates extended from 0.1 to 25

µL/min and water was the main simulated fluid. In principle, this range is

adequate for this type of devices and for cell-based assays [Kobel et al., 2010;

Polacheck et al., 2013]. At these flow rates, the obtained minimum and

maximum velocities through the developed platform go from 3–4 x 10 -6 m/s

to 75–100 x 10 -6 m/s within the trapping chamber and up to 600 x 10 -6

m/s in the narrowest channel of the platform (Figure 5.16). In addition, the

simulations also showed the extremely low velocities that take place in the

surrounding of the traps, especially in the small gap of each trapping structure

(Figure 5.16 and 5.17a). The existing laminar flow profile is also observed in

the space between traps as illustrated in the 3D inset of Figure 5.16. The

fluid velocity is zero (dark blue) close to the physical barriers confining the

fluid, top and bottom of the channel and walls of the traps to each side.

While the highest velocities are displayed in the center (dark red). From the

simulations, another interesting result is the exhibited difference in velocities

through the gap depending on the trap geometry. The triangular shaped trap

appears to have slightly higher flow velocities through its aperture which can

favor the trapping process.

The gap at the base of each trap (6 µm) allows the fluid streams to pass

through the sieve-like structures, thus single cells get trapped inside them.

As the traps are filled with cells, the streamlines avert them but continue

to deliver cells to the remaining empty traps. Figure 5.17b illustrates the

simulated streamlines passing through the sieve-like structure which enables

cell entrapment. However, note that these plotted streamlines are numerical

approximations which can show some inaccuracies, such no streamline passing

through some trap gaps or other ones ending in the trap itself. These errors

mainly depend on the number of plotted lines. Taking into account that at
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Figure 5.16 Simulated velocities within the trapping platform. The inset shows

a three dimensional view of the velocity magnitude in the neighborhood of the

traps.

these low flow rates (1–20 µL/min), as commented before, the fluid velocity

through the gap is almost null, the probability of drawing/defining streamlines

through the trap is much lower.

(a) (b)

Figure 5.17 Simulated images showing (a) velocity magnitude and (b) the

streamlines within the trapping chamber when the flow rate is 10 µL/min.
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Due to the negligible inertia effects, once the gap of the trap is blocked

with one cell, the cells precisely follow the streamlines and therefore dodge

the trap (preventing multiple trapping) and they are guided to other traps

until all are filled.

Resulting from the laminar flow conditions, the shape of the trap protects

the cells from shear stress minimizing the fluid speeds in the surroundings.

Figure 5.17 shows the velocity magnitude over the trapping chamber when

the flow rate is 10 µL/min, exhibiting flow velocities even 10 times lower at

the trap. In this perspective, the velocity variations when a cell is trapped

were studied. For the cells, the risk is not in moving or transporting them

at high speeds, but once they are trapped, the continuous perfusion of fluid

hit them, and the caused shear stress could influence their behavior or even

damage the cell membrane. In this case, the simulations showed the same

behavior as in the empty traps. The velocities close to the cell and the trap

are much lower than in the rest of the chamber even for bigger cells (15 µm

and 25 µm cell diameter). Thus, cell integrity is assured regardless the trap

shape or cell diameter (Figure 5.18).

Figure 5.18 Fluid flow behavior for simulated trapped cells of different size (a)

15 µm and (b) 20 µ diameter. Note that the obtained images correspond to a

input flow rate of 10 µL/min.

For completeness, the physical properties of two different fluids were an-

alyzed, namely ethanol and PBS. As noted before, this is relevant especially

regarding the generation of shear stress which could be critical to the cells

chance of survival. The shear stress is proportional to the change in the

velocity as well as to the dynamic viscosity (DV). Since the DV is greater

in ethanol (1.22 mPa at 20◦C) than in PBS (1 mPa at 20◦C), the caused
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shear stress may harm the cell. In particular, DV is approximately 1.2 times

greater in ethanol than in PBS. Therefore, under the same velocities of water

and ethanol, the latter results in a greater shear stress. However cell viability

is not compromised even if the shear stress augments in, approximately, 1.2

times. This was experimentally validated by increasing several times the input

velocity of PBS (almost the same density and viscosity of water) leading to

several times more shear stress than the one caused by the ethanol without

observing any cell damage. Therefore, for the particular flow ranges and fluids

used in this work there is no apparent risk.

5.2.2.2 Co-flow phenomenon

Laminar co-flow phenomenon was studied, by CFD simulations and empiri-

cally, in order to further characterize the fluid dynamics inside the microfluidic

system and for controlling the chamber occupation. Regarding the experimen-

tal characterization of the co-flow, the interaction between PBS–PBS and

PBS–ethanol [X%] was analyzed. Ten ratios at different flow rate ranges

(Table 5.1) were evaluated between two input flows, Qmain and Qlat, in order

to fully control the chamber occupation. In particular, the following ratios

were studied: Qmain/Qlat (or Qlat/Qmain) = 1, 1.5, 2, 4, 5, 6, 8, 10 and

12. This system allowed to have two different fluids simultaneously covering

separated parts of the device analysis site (Figure 5.19).

Table 5.1 Different ranges of the flow rates used for the fluid dynamic charac-

terization. A particular ratio can be achieved from different ranges.

Flow rate
Range

Min. Max.

Low 0.1 µL/min 1 µL/min

Medium 1 µL/min 10 µL/min

High 10 µL/min 25 µL/min

Noteworthy differences were observed depending on the flow rate or when

enclosing two fluids with different physical properties such as viscosity or

density. Experimental conditions carried out in the frame of this study were

then reproduced by Computational Fluid Dynamics simulations. Obtained

results showed a good agreement with the experimental data, as illustrated

in Figure 5.20.
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Figure 5.19 Laminar co-flow phenomenon for controlling the chamber occupa-

tion. (a) Comsol simulations and (b) optical microscopy images of two different

fluids: Dyed PBS and PBS.

Chamber occupation

Figure 5.20 shows the flow rate ratios needed to accurately control the occu-

pation of the chamber. This study was conducted in the same way for both:

flow rates of main fluid greater than those of lateral fluid (Qmain/Qlat > 1)

and inversely (Qlat/Qmain > 1).

Data confirm that experimental and simulated results are in good agree-

ment. The relationship between chamber occupation and inlet flow rates

ratio shows two distinguishable areas. In particular an asymptotic behavior is

observed in extreme chamber occupations whilst an exponential growth (or

decrease) occurs where both flow rates are similar, namely the ratio is close to

one (Qmain ≈ Qlat). Therefore, a chamber occupation above 90% demands

ratios in the order of 20. These ratios, however, require extreme flow rates

which could lead to negative consequences in the study under consideration

such as faulty performance of the syringe pumps or forced diffusion of one of

the fluids. Normally, when the chamber occupation has to be close to 100%,
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one of the syringe pumps should be halted.

Figure 5.20 Theoretical and experimental results. Chamber occupation obtained

for different flow rate ratios between inlets.

Another interesting obtained insight is that the asymmetry of the inlets

does not affect the flow. In other words, the length of the channel before

the chamber allows the flow to become fully developed. For instance, note

from Figure 5.21 that when the same flow is introduced through both inlets,

the chamber occupation is precisely close to the 50%, highlighting that the

interface position indeed is not dramatically affected by the asymmetry of the

inlets. This effect is clearly seen in the symmetry with respect to ’Flow rate

ratio’ axis kept by Qmain/Qlat and Qlat/Qmain curves (Figure 5.20).

Figure 5.21Optical microscopy image showing the laminar flow within the device

when both fluid flows are equal; chamber occupation of 50% for each fluid.
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Microdevices with two trapping chambers

In the following lines, how two fluids interact during the filling of the double

chamber device will be analyzed. In contrast with the device with a sin-

gle chamber, in which real experimental data was analyzed, only numerical

simulations were considered here. Thanks to a batch simulation carried out

by properly integrating Matlab R© and Comsol R©, a diverse set of fluid flow

distributions have been analyzed allowing a fine control of the chamber oc-

cupations.

It should be noted here that, apart from some rare cases, one of the

chambers will always be fully occupied by one of the fluids. In particular,

because of the symmetry in the geometry of the device, the fully occupied

chamber will correspond to that closer to the inlet with a higher inflow. This

is illustrated in Figure 5.22.

(a) Qmain>Qlat (b) Qmain<Qlat

Figure 5.22 The flow through the main inlet is denoted as Qmain (blue), while

Qlat (red) correspond to one of the lateral one. (a) Qmain > Qlat and (b)

Qlat>Qmain.

As mentioned before, one of the chambers will always be fully occupied. In

order to properly analyze the obtained data, the results refer to the percentage

of occupation in the chamber that is partially filled. In addition, the flow rate

ratio is always greater than one, namely the largest flow is considered in the

numerator. Finally, it will always be considered the occupation of the fluid

incoming through the main inlet. Bearing in mind these considerations, Figure

5.23 is obtained.
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Figure 5.23 Simulated results showing the chamber occupation obtained for

different flow rate ratios between inlets. Note that the occupation is being

considered in terms of the fluid perfused from the lateral inlet.

The behavior of the fluid occupation is very similar to that observed in the

case of a single chamber. On the one hand, for flow rate ratios close to one,

the chamber occupation is easily manipulated. On the other hand, when large

ratios are considered, an asymptotic behavior is observed that may eventually

prevent the device to be accurately controlled.

Note also a symmetric chamber occupation in terms of ratios. To properly

understand this, it should be noted that because of the symmetric geometry

of the microfluidic system, the fluids have no preference when filling the cham-

bers. In consequence, recalling the conditions corresponding to the dashed

line in Figure 5.23, if the fluid introduced through the main inlet is considered,

the emerging curve will overlap with the solid line.

Overall, as observed in the single chamber device, flow rate ratios close to

one allow a fine control of the fluid distribution within the chambers. On the

contrary, when extreme occupations are required, flow rate ratios far from one

should be applied as the relationship between ratios and chamber occupations

becomes saturated.

It is concluded that the control of the interface between fluids was analo-

gous to the one discussed before for the microdevice containing one chamber.
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Results concerning different fluid behavior depending on the flow rates or, the

fluid properties are the same no matter the number of chambers. Thus, fol-

lowing discussions of the results have been mainly focused in the device with

a single chamber. Nevertheless, both designs have been used indistinctly.

5.2.2.3 Flow rates

Remember that, when working with ratios, it is possible to get the same

chamber occupation using different flow rates.

Interface extension at different flow rates

The small scales inherent to the micro fluid devices promote laminar flow

conditions. One of the characteristics of such flow rates is a low convective

mixture. Particularly, when two fluids interact in this scenario, they interact

by a diffusion phenomenon [Ismagilov et al., 2000].

The mixing-by-diffusion phenomenon may become relevant for instance

when selectively treating a target set of cells within the device. Note that

those cells close to the interface are indeed surrounded by a liquid that is none

of the target fluids introduced in the device, altering the designed experimental

conditions.

One parameter affecting the magnitude of the diffusion is the time that

both fluids are in contact. Eventually, this time will be closely related with the

velocity of the two fluids within the device. Thus, the faster the fluids flow,

the lower the magnitude of the diffusion is [Ismagilov et al., 2000]. Note that

previous analyses were focused on determining the flow rate ratio rather than

the magnitude per se. In the following lines the velocity limits that guarantee

cell viability while minimizing the diffusion are analyzed (flow rate ratios that

were previously considered ’high’ have not been considered).

Based on a computer program developed ad hoc for this application, the

size of the interface is calculated for different scenarios. In particular, a

threshold based on the blue intensity that represents whether a fluid sample

belongs to the interface or not is defined (in this case, a threshold value of 0.6

was established as detailed in Chapter 4). This automatic procedure provides

the size of the interface for a given condition.

In total, 44 experiments were automatically studied in which different fluid

conditions were considered, namely flow rate ratios, flow rate magnitudes.
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Those experiments were included in two groups, namely low if the maximum

flow rate was below 1 µL/min or medium if the flow rates were constrained

between 1 and 10 µL/min. Flow rates greater than 10 µL/min (‘High’) were

discarded as they may compromise cell viability.

Table 5.2 illustrates the average interface size for each case. Note that

Qmain/Qlat represents the ratio between the maximum and minimum flow

rate through the inlets. The most remarkable conclusion raised by results in

Table 5.2 is that low flow rates lead to larger interfaces compared to medium

flow rates. This goes completely in line with the hypothesis posed at the

beginning of this section claiming that the faster the fluids flow, the lower

the magnitude of the diffusion is.

Table 5.2 Chamber occupancy (%) of the interface depending on the employed

flow rate ratios for low and medium ranges of the input flow.

Qmain/Qlat Low flow rate Medium flow rate

1.00 14.99± 3.41 % 4.95 ± 0.93 %

1.49 11.85± 1.17 % 4.67 ± 0.05 %

2.00 13.83± 1.51 % 4.37 ± 0.41 %

3.03 14.75± 0.28 % 4.66 ± 0.25 %

5.00 17.69± 1.41 % 3.83 ± 0.69 %

Overall, medium flow rates, namely those between 1 and 10 µL/min,

guarantee cell viability and, at the same time, minimize the interface. In

consequence, unwanted mixtures that lead to impure liquids are prevented

with an adequate flow rate magnitude.

The magnitude of the flow rates under consideration represents a pa-

rameter of utmost importance. For instance, results obtained using low flow

rates, namely those below 1 µL/min, turn out to be less consistent than

higher ones. This is mainly caused by experimental artifacts, as it is that, the

optimal operation range of the used pumps does not correspond to these flow

rates. In addition, flow rates below 1 µL/min may not be of interest since

they lead to higher diffusion. As a consequence, an accurate flow control

may not be possible since both fluids are mixed in a larger region due to this

phenomenon, as shown in Figure 5.24.
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Figure 5.24 Different interface behavior, such as diffusion, is observed depending

on the flow rate. a) Blue dyed PBS at 25 µL/min and 50% ethanol at 25 µL/min.

b) Blue dyed PBS at 0.5 µL/s and 50% ethanol at 0.5 µL/min.

5.2.2.4 Fluid properties

When two different fluids —or fluids with significantly different physical

properties— are introduced within the device, an occupation of 50% is not

achieved even when the flow rate ratio is equal to one. This is mainly because

both fluids have different biophysical properties such as density or viscosity,

as noted in the case of ethanol and dyed PBS in Figure 5.24. Ethanol at dif-

ferent concentrations, both diluted in PBS and water, was studied together

with pure PBS. For equal ethanol concentrations, no difference was observed

between the dilution in PBS or water; this is because water and PBS have

very similar values of density and viscosity.

Concerning the behavior of the two laminar flows ( PBS–ethanol [X%]),

as the ethanol concentration was higher, the difference between density and

viscosity of both fluids was larger (ethanol has lower density but higher viscos-

ity), requiring a higher flow rate through the PBS inlet for a given chamber

occupation. In addition, there was also higher diffusion. For illustration, in

the following lines the flow rate ratio required to obtain a 50% chamber oc-

cupation for different ethanol concentrations is described (Figure 5.25). In
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this case, the ratio between inlets (Qethanol/ QPBS) instead of being 1 should

be approximately 2.1 for ethanol at 25%, or almost 3 for ethanol at 50%.

Figure 5.25 Flow rate ratio between the lateral inlet (Qlat) over the main inlet

(Qmain) for a chamber occupation of 50% and for different ethanol concentra-

tions.

As shown, the use of control curves based on ratios makes the calibration

scalable to different flow rate ranges; the use of lower or higher flows will de-

pend on the particular assay requirements. These curves make the control of

the device very simple and fully customizable since taking all these phenomena

into consideration for each specific assay may be complex and time consuming.

Nevertheless, the control curves could be readjusted for fluids with different

density or viscosity, and since the interface detection is performed by a home-

made MATLAB-based software, this work would be done semi-automatically,

having objective and consistent data (not user-dependent).

5.2.3 Cell trapping protocol optimization

The microfluidic platform for single-cell trapping has been successfully fab-

ricated and the control and operation parameters defined. Now, the cell

trapping process is going to be described and the optimum parameters will be
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discussed.

Loading time, flow velocity and cell density are the most important pa-

rameters when optimizing cell trapping without affecting cell viability [Hong

et al., 2012]. Cells should be loaded within 5–10 minutes after starting the

perfusion of the cell suspension [Lin et al., 2013; Skelley et al., 2009]. This

helps to minimize the amount of shear stress exerted on cells during the

trapping stage.

Pumping cells at high flow rates leads to a faster trapping step and to

a minimized loading time. However, cells could suffer excessive shear stress

under these conditions, which could compromise cell behavior and the integrity

of the membrane, resulting in cell death [Kobel et al., 2010; Li et al., 2005].

Most endothelial cells could withstand up to 10 µL/min flow rates, which

are similar to interstitial flow velocities found within the human body [Helm

et al., 2005; Polacheck et al., 2013; Swartz and Fleury, 2007]. In contrast, if

the loading velocity is too low the underlying mechanism of trapping, based

on the hydrodynamic resistance of the traps, would not work properly since

the cells would dodge the sieves. A flow rate of 1–3 µL/min maximized both

viability and trapping efficiency. In addition, cell density also played a crucial

role in the trapping dynamics. Increasing cell density leads to shorter loading

times. However, higher densities results in clogging of the microchannels and

multiple cells lodging per trap. Thus, it was found that the optimal density

was 3.0–6.0 × 105 cells/mL [Lin et al., 2013].

Cell trapping efficiency of the device was evaluated optically (Figure 5.26).

Traps filled with impurities or with faulty pillars were not taken into account.

Cell perfusion was done just for 5 to 10 minutes. In total, twenty seven dif-

ferent devices were evaluated obtaining an average efficiency of 87.7% (SD.:

8.3%; SEM.: 1.6%). These acquired values are comparable to those found

in the literature with high efficiency rates and based on similar hydrodynamic

traps [Hong et al., 2012; Lin et al., 2013; Xu et al., 2005]. Hence, the ar-

rangement and shape of these elements appears to be adequate, concluding

that the gap of the trapping structures is properly selected —6 µm in this

work—.

Regarding the shape of the sieve-like structures, apparently, no signifi-

cant differences were observed among the three geometries used of traps.

However, more in depth studies revealed a higher trapping efficiency with tri-

angular traps. More concretely, for this study, only devices containing the

three trap geometries simultaneously were taken into account in order to
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Figure 5.26 Trapped cells in the developed microfluidic platform (a) with one

chamber and (b) with double chamber. Note that some traps show multiple

captured cells however, this is not due to a multiple trapping problem but an

specific issue with the evaluated cell line (AML-12) which tends to form cell

aggregates.

get rid of independent variables from each particular assay. The obtained

trapping efficiency for each geometry is illustrated in Table 5.3. Triangular

shaped traps showed the best trapping average coefficient. Further, there is

a significant difference between the trapping means of triangular and beveled

geometries with a two-sample t-test p value < 0.05. On the other hand,

despite not being statistically significant, the triangular trap design exhibited

higher trapping efficiency than the square design.

Table 5.3 Trapping efficiency according to the design of the trap.

Trap design Average (%) Standard deviation (%)

Square 84.3 19.7

Triangular 88.3 10.1

Beveled 71.6 24.5
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These results are consistent with data obtained from CFD simulations.

Microstructures with triangular shape exhibited higher velocities along the gap

in the CFD simulations, proving a more favored trapping and minimizing the

trapping time. Furthermore, in some experiments, it was also observed that

the fact of having narrower tips on the top of the trap, sometimes helped

dividing cell aggregates that caused multiple trapping. On the other hand,

the beveled design showed the lowest cell isolation efficiency. Probably, this

is due to the longer gap of this traps —5 µm longer than in the other

two geometries— which leads to too low velocities, and consequently much

less streamlines passing through the trap decreasing the probability of cell

entrapment.

Finally, it is important to highlight that more favorable or faster trapping

was observed in some traps with a slightly wider gap (approximately 1 µm

wider due to the rounding of edges during manufacture). This is because more

streamlines pass through this widen aperture which increases the probability

of cell entrapment. However, it has to be kept in mind that, a larger gap also

increases the likelihood of cell squeezing. Therefore, it was concluded that a

gap of 5 to 7 µm width is the optimum for 15 to 20 µm of cell diameters.

To conclude, when studying the cell trapping efficiency independently for

microdevices with one or two chambers (Figure 5.26b), no significant differ-

ences were found. The optimized parameters worked equally for both types

of designs obtaining efficiencies of 87.9 ± 8.7 % for one chamber platforms

and 86.5 ± 3.0 % in the case of double chamber ones.

5.2.4 Cytotoxicity assays

Using this microfluidic platform and the developed control curves (Figure 5.20

and Figure 5.25), single cells can be treated simultaneously and under the

same conditions by simply adjusting the flow rate ratio between the inlets. In

order to further validate the device, the cytotoxic effect of ethanol at different

concentrations, from 10 to 50%, was evaluated on isolated hepatocytes.

For each ethanol concentration, the procedure presented below was car-

ried out. In particular, Figure 5.27 illustrates the process when ethanol con-

centration was fixed to 25%. Following the cell trapping step (Figure 5.27a-

b), described in Chapter 4, the device was ready to carry out the cytotoxicity

assay. Firstly, 0.4 % trypan blue was injected through the lateral inlet to

check the captured cell viability (Figure 5.27c). Then, the specific ethanol
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dosage was driven through the main inlet. The input flow rate ratio was fixed

so as to treat selected cells by halting the ethanol controlling syringe pump at

determined periods –every minute during the first 5 minutes and then every

5 minutes until every cell was dead– to identify death cells by trypan blue

exclusion test.

Figure 5.27 Cytotoxicity assay for ethanol at 25%. (a) Empty chamber flushed

with PBS and with no stacked air bubble. (b) Trapped single cells after 5

minutes. (c) Trypan blue exclusion test; note that one cell is already dead.

(d) Ethanol treatment to 50% of the cells. (e) Cell viability checking after the

treatment.

In order to facilitate the understanding of the whole purpose of this work,

the operation of the microfluidic platform with a fixed chamber occupation of

a 50%, that is, half of the isolated cells were treated with ethanol whereas the

other half worked as control, was demonstrated (see Figure 5.27d). Figure

5.27e illustrates how cells treated with 25% ethanol died within five minutes.

In addition, in the same way, Figure 5.28 shows in more detail the effect of

ethanol in a particular cell.

As a reminder, data in Figure 5.20 can be easily adapted to obtain the

specific ratios to control the flow through any device fulfilling the conditions

previously described. Regarding this specific microfluidic platform, note that

the traps barely modify the flow through the chamber. In addition, as posed

before, the flow can be considered fully developed once it reaches the cham-
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ber as illustrated in figures showing the flow distribution within the chamber

(Figure 5.24).

(a) Prior to ethanol treatment (b) Checked viability by Trypan blue exclu-

sion test

(c) After the exposure to ethanol

Figure 5.28 A high resolution brightfield micrographs of two arrays of sieve-like

structures with trapped cells are shown. Magnification shows the details of one

trapped cell: alive and death. The scale bar is 50 µm.

Recalling this particular case for treating half of the isolated cells, the

proper ratio needed for a 50% of chamber occupation was Qlat/Qmain =

2.4 (Figure 5.25). Once the specific ratio was known, the ethanol (Qmain)

and the PBS (Qlat) inlet flow rates were always fixed to values as close to

5 µL/min as possible, such as Qlat = 7.13 µL/min and Qmain = 3 µL/min;

proper values both assuring cell viability –never higher than 10 µL/min, shear

stress would compromise the cell membrane integrity– and as commented

before with negligible diffusion at the interface of both fluids –not lower than

1 µL/min–.

Figure 5.29 shows the time until cell death for each ethanol concentration.

The cytotoxicity increased with ethanol dosage and with exposure time. As

the ethanol concentration increases, the time to cell death decreases rapidly.

Hepatocytes exposed to 40 and 50% ethanol died in less than 1 minute, these

being the highest doses to which they were subjected. At 30% of ethanol, all

cells were dead within the first 3 minutes, whereas cells under 25% ethanol
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treatment died after almost 5 minutes. On the other hand, at lower ethanol

concentrations cells withstand better the exposure. The longer the contact

to ethanol, the more differences cell to cell were observed. When treating

cells with 20% ethanol, it was found that some cells died after 10 minutes

whereas other survived even 15 more minutes. Similarly, at 15% ethanol the

first cells died in 20 minutes but it took a total of 35 minutes until 80% of

the cells were dead.

Figure 5.29 Exposure time until cell death at different ethanol concentrations.

At concentrations higher than 40% cells die in few seconds. Whereas, if the

ethanol percentage is 10% or lower the cytotoxic effect is minimum requiring an

exposure longer than 60 minutes. More detailed data is included in the Table

5.4.

These were expected results due to the heterogeneity of each individual

cell, for instance, apart from the ethanol effect not all the cells are in the same

stage of the cell cycle. A concentration as low as 10% entailed much more

than 60 minutes to affect all the cells. After 60 minutes the ethanol infusion

was stopped to avoid misleading results considering that for longer assays

other factors disturbing cell viability, such as CO2 absence or temperature
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changes, should be taken into account. It is worth noting that the averaged

acquired exposure times as a function of ethanol concentration, were coherent

as shown in Figure 5.29.

In addition, these results of ethanol cytotoxicity in hepatocytes are in

line with previously reported ones by Tapani et al. [1996] on conventional

culture plates and they provide with more quantitative information (Table

5.4). In this study, cells exhibited higher resistance to ethanol exposure than

in the experiment performed by Tapani and coworkers. These differences

are probably due to two main reasons: a perfusion culture compared with a

static culture [Wu et al., 2010] and an averaged cytotoxicity data from a cell

population versus results at individual cell level. This emphasized again the

versatility of this microfluidic platform that enables perfusion cultures which

not only have steadier and more controllable conditions but also provide the

ability of acquiring single-cell data.

Table 5.4 Cytotoxicity of different ethanol concentrations

Ethanol concentration

Average time for cell death

This work Tapani et al.(1996)

Mean SD Mean

≤ 10% > 60 min - 50 min

15% 27.1 min 10.2 min 5 min

20% 13.4 min 5.3 min 5 min

25% 2.7 min 1.1 min 5 min

30% 1.6 min 0.6 min 15 sec

40% < 1 min - 15 sec

50% < 1 min - 15 sec

Microfluidic platforms consisting of two trapping chambers were also em-

ployed for performing the described cytotoxicity assays (Figure 5.30). The

only thing that has to be taken into account is the use of the obtained specific

control curves for this type of microdevices in order to manipulate accurately

the fluids treating selectively the desired isolated cells.
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Figure 5.30 Isolated AML-12 single-cells within the two chambers containing

microfluidic platform. Cell aggregates were independent of the device. Cell

clumping was formed prior to the trapping step due to agitation while waiting

for the cells to detach from the cultured petri dish.

In this section, microfluidic platforms for single-cell trapping and selecting

probing under different conditions have been presented. Predictable laminar

flow allows the acquisition of control curves for selective on-chip treatment

of cells in a versatile and simple manner. Proof-of-concept experiments were

conducted using a single-cell ethanol cytotoxicity assay. It was demonstrated

that for scarce cell populations, as is appropriate for patient-derived rare can-

cerous cells, statistically robust information collecting data from individual

cells can be produced. The versatility of this microfluidic platform makes it a

powerful tool for performing different single-cell based assays of high interest

in cell-based drug testing, cancer research or cell therapy. The device herein

described could also be of relevance for applications in multifunctional cell-

based biosensors [Asphahani et al., 2008, Thein et al., 2010, Xu et al., 2005].

As such, trapped cells serving as sensing elements could allow for monitoring

of physiological changes induced by the exposure to different environmental

stimuli.
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5.3 High-throughput single-cell trapping device

In cell-biology and biochemistry, it is critical to repeat and perform numerous

assays for having more statistical power. In the manufactured platform only

14 to 18 single cells were studied at a time requiring the usage of several

devices in order to get statistically significant results. However, thanks to

miniaturization and the scalability opportunities of the presented platform,

high-throughput analyses could be carried out by adding some extra traps to

the original platform.

This section is divided into five different subsections. Initially the modifica-

tions performed to the first prototype of the trapping platform are discussed.

Then, the characterization of the fabricated silicon molds and the PDMS repli-

cas is described. In the third place the study of the fluid dynamics within the

device is presented. Finally the optimum parameters for single-cell trapping

are discussed and as a proof-of-concept and for assuring cell viability some

on-chip cell culturing assays are described. Note that from now on, the first

generation of the single-cell trapping microfluidic platform will be referred as

’low throughput’ (LT) platform and, the new one as ’high-throughput’ (HT)

platform.

5.3.1 Microfluidic platform fabrication

Prior to fabricate the new prototypes, all the designs were tested and opti-

mized by CFD simulations. The performed modifications were done taking

into account similar high-throughput devices available in the literature [Gos-

sett et al., 2011; Wu et al., 2008] and, mainly based on the obtained results

and the operation experience acquired with the LT trapping microfluidic plat-

form. In brief, these differences include variations in the number of traps,

number and width of chambers, the vertical spacing among rows of traps and

the number of inlets/outlets among others.

5.3.1.1 Characterization of the silicon molds

The silicon mold was fabricated by standard UV photolithography using a high

resolution chrome mask. SU-8 2025 photoresist was used in virtue of previ-

ous results which showed enhanced resolution and reproducibility. The master

mold was characterized by means of a profilometer obtaining an average pat-
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Figure 5.31 Characterization of the surface profile of the master mold. (a) 3D

micrograph of part of the trapping chamber. (b) Surface profile over one of the

trapping structures.

tern thickness of 26.10 ± 0.23 µm. Figure 5.31 shows the surface profile of

one trap. In general, in terms of fabrication of the mold, as all the materials

and processes are the same as in the LT platform, the optimized steps and

parameters were adapted obtaining successful results (Figure 5.32a).

5.3.1.2 Characterization of the PDMS microfluidic device

PDMS replicas were characterized by scanning electron microscopy images

and the final bonded assembly with optical microscopy. As illustrated in Figure

5.32, obtained sieve-like structures were accurate and well defined replicas of

the silicon mold. The microfluidic platform was 26µm high. The single-cell

trapping chambers consisted of 21 rows of traps, having 5 or 6 traps per row

in the single chamber devices (115 traps) and two columns, of 115 traps each,

separated by a plain gap in the devices with multiple chambers. As it can be

observed, these incremented number of traps did not affect the fabrication

results obtained with the previous platform. Overall, more than 1000 traps

were fabricated, with 99.8% of them being defect-free.

Final HT assembled microfluidic platform is illustrated in Figure 5.33. The

total area occupied by the whole microdevice is almost the same as in the LT

platform: 3.1 cm2 and 3.8 cm2, HT and LT respectively.
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Figure 5.32 HT trapping chamber. (a) Micrograph of the master mold: (a1)

Microdevice with a single chamber with triangular structures. (a2) Image of one

of the chambers of a double chamber microfluidic platform, one of the column of

the array of traps contains triangular traps whereas the other consist of square

shaped traps. (b) SEM micrographs showing the PDMS replicas of the trapping

structures: (a) triangular and (b) square designs.
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Figure 5.33 Microfabricated device for high-throughput single-cell isolation.

5.3.2 Fluid dynamics characterization

As noted previously, prior to the fabrication of the new high-throughput plat-

forms the designs were tested and the fluid dynamics was optimized by means

of CFD simulations performed in Comsol R© . The main changes were made

in order to decrease the high velocities found in the narrowest sections and to

reduce the total space occupied of the microfluidic system (Figure 5.34a). In

the final versions of the new microfluidic platforms these velocities were re-

duced by half, whereas the total length of the system decreased approximately

a 15 % (Figure 5.34b).

In this perspective, fluid dynamics studies within the platforms, performed

by CFD simulations, were compared with experimental assays in order to get

and validate the control curves for enhanced operation of the already known

co-flow phenomena, analogously as it was done with the LT microfluidic trap-

ping platform.

5.3.2.1 Selective fluid control within the microfluidic platform

In analogy with the corresponding analysis carried out for the LT microflu-

idic platform, ten different ratios (ranging from 1 to 12) have been studied

between two input flows in order to control the chamber occupation. A vali-

dation of the simulated data from high-throughput designs is presented. This

characterization is key for further cell-based assays with extended platform
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Figure 5.34 High-throughput design optimization. CFD simulations of the plat-

form with one trapping chamber (a) and with double chamber (b). (a1,b1)

illustrates the first prototypes derived from the original low throughput design

and (a2,b2) shows the final version of the high-throughput platform.
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controllability and functionality, such as selective treatment of single-cells as

demonstrated before.

In particular, Figure 5.35 illustrates the chamber occupancies for different

flow rate ratios. It should be highlighted here the good agreement between

experimental and simulated data. Therefore, simulated data allows to accu-

rately infer the flow rate ratio required to achieve a given chamber occupation.
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Figure 5.35 Co-flow control in a single chamber of the high-throughput device:

theoretical and experimental results. Chamber occupation obtained for different

flow rate ratios between inlets.

For high-throughput devices, the elevated number of traps leads to a non-

straight interface, as illustrated in Figure 5.36. Note here that the software

developed to automatically detect the interface paves the way to analyze

these particular scenarios since manual inspection to determine the frontier

between fluids may be difficult, sometimes even impossible.

The irregularity in the interface position is not properly captured by con-

sidered coarse simulations, namely removing the traps from the simulated

geometry. If finer simulations accounting for the traps cannot be solved due

to computational limitations, based on experimental evidences it has been

concluded that the interface never crosses the traps. Keeping in mind this

consideration as well as simulated results when traps are neglected, could lead

to accurate predictions for the interface location.
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Figure 5.36 Optical microscopy images showing the laminar co-flow phe-

nomenon controlling the chamber occupation by two different fluids, namely,

dyed PBS and PBS. Note the difference between (a) the straight shape of the

interface in the LT platform versus (b) the ’wavy’ interface of the HT platform.
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5.3.2.2 High-throughput microdevices with two trapping chambers

In analogy with the section analyzing the double chamber LT devices, the

relationship between the flow rate ratio and the chamber occupation is studied

here for the high-throughput devices with two chambers.

Revisiting the results for double-chamber LT devices, the symmetric ge-

ometry as well as the laminar flows lead to observe that there is always a

fully occupied chamber. In particular, the chamber closer to the inlet with

the higher input flow rate will be fully occupied by the fluid incoming through

that particular inlet. This is illustrated in Figure 5.37.

(a) (b)

Figure 5.37 The flow through the main inlet is denoted as Qmain (blue), while

Qlat (red) correspond to one of the lateral inlets. (a) Qmain>Qlat and (b)

Qlat>Qmain.

In addition, the emerging chamber occupation in terms of the flow rate

ratios has also been studied . After analyzing the data provided by Comsol R©

and processed with a Matlab R© code developed in the framework of this thesis,

the results in Figure 5.38 are obtained.

In essence, the same remarks obtained for double-chamber LT devices

are also observed here. On the one hand, the relationship between chamber

occupation and flow rate ratios became saturated for ratios far from one. On

the other hand, the relation between the ratios and the occupancy is more

sensitive for similar flow rates in the inlets, namely a small change in the ratio

entails a large effect in the chamber occupation. Overall, flow rate ratios

closer to one constitute the most controllable scenarios.
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Figure 5.38 Simulated results for the control of the chamber occupation based

on the input flow rate ratios. Dashed (red) line represents the second chamber

(right) occupation of fluid from the main inlet, Qlat is greater than Qmain. Con-

tinuous (blue) curve represents the occupation of chamber 1 (left), of fluid from

the main inlet when Qlat is greater than Qmain.

However, although it has not been explicitly emphasized, the reader should

note that, for high-throughput devices, platforms with three inlets are avail-

able (see Figure 5.37). Next section generalizes the results and conclusions

obtained here for an arbitrarily selected pair of inputs for any possible combi-

nations of inlets.

Inlet interchangeability

As illustrated in Figure 5.37, and discussed in previous sections, most of the

double chamber devices have been designed including three different inlets

(some devices with one chamber also have three inlets). Therefore, it has

to be discarded the effect of the selected pair of inlets. Another interesting

consequence related with the symmetry of the geometry under consideration

is that of the flexibility in the selected input inlets. As discussed elsewhere,

the fluid flow becomes fully developed before reaching the main chamber.

Considering this, it is expected that the selected inlet combination does not

affect the chamber occupation. For instance, let be considered the same flow

rate ratio for all the emerging inlet combinations when considered in pairs.

The resulting chamber occupations are illustrated in Figure 5.39.
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(a) (b) (c)

Figure 5.39 Chamber occupation for different inlet combination using the same

inlet flow rate ratios: (a) left and main inlets, (b) both lateral inlets and (c)

main and the right inlets.

At a first glance, similar occupations are observed. To validate this claim

the filling of one of the chambers is compared between the three scenarios

presented above, see Figure 5.40a. This clearly highlights that the symmetry

in the geometry leads to obtain the same chamber occupation for a given

flow rate ratio regardless the selected inlet configuration. This is, no matter

which combination is used, similar results are obtained demonstrating their

interchangeability. In addition, the same consequence is observed for the sin-

gle chamber device. From Figure 5.40b, which illustrates the results for each

possible combination of inlets, it can be concluded that the same chamber

occupation is achieved.

This result certainly constitutes an advantage of the microfluidic plat-

forms developed in the frame of this thesis. Note that a malfunctioning of

a particular inlet can be easily overcome allowing an accurate control of the

chamber occupancy even in this particular scenario. In addition, being able to

exchange the active inlets can be used for the sake of facilitating the design

of the biological experiment under consideration making the device entirely

functional in a diverse set of scenarios.

5.3.2.3 Flow rates and fluid properties

Concerning the flow rate ranges and the fluid properties, the same set of

studies carried out in the previous section were performed but with the new

high-throughput chips. As the main platform design is similar in both gener-



184 Results and discussion

0 2 4 6 8 10 12 14 16 18 20
0

50

55

60

65

70

75

80

85

90

95

100

Flow Rate Ratio

C
h

a
m

b
e

r 
O

c
c
u
p

a
n

c
y
 (

%
)

Qleft − Qmain

Qleft − Qright

Qmain − Qright

(b) One Chamber

0 2 4 6 8 10 12 14 16 18 20
0

10

20

30

40

50

60

70

80

90

100

Flow Rate Ratio

C
h

a
m

b
e

r 
O

c
c
u
p

a
n

c
y
 (

%
)

Qleft − Qmain

Qleft − Qright

Qmain − Qright

(a) Two Chambers

Figure 5.40 Simulated data of the chamber occupancy depending on the pair of

the used inlets within (a) two chambers and (b) single chamber platforms.

ations but with some different microchannel dimensions, the obtained results

were analogous. In brief, flow ranges lower than 1µL/min were quite unstable

and led to higher diffusion at the interface of two fluids.

On the other hand, regarding fluid properties, all the results obtained in

the previous section are equally valid for the new microfluidic platforms. It

has been already demonstrated that thanks to the characterization based on

ratios, the control curves of the first generation of the trapping platform were

applicable to the new one. For instance, in the case of PBS and ethanol —

fluids with different biophysical properties— the calibration curve, obtained

previously, for defining a chamber occupation of 50 % for different ethanol

concentration is also valid for the high-throughput design (Figure 5.25).

5.3.3 Cell trapping protocol optimization

It was defined previously that in order to trap the cells without damage and in

an efficient way, loading time, flow velocity and cell density are key parameters

to be assessed. Considering the performed assays, it was established that the

trapping process should last no more than 5-10 minutes to minimize the shear

stress exerted on cells. In addition, a flow rate of 10µL/min maximized both

viability and trap efficiency within this microdevice. In comparison with the

low throughput platform, this optimum flow rate is 4 times higher. To a large

extent this is a consequence of the wider dimensions of the microchannels and

the trapping chamber, being the velocities within the trapping chamber similar
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in both designs (0.9 x 10-4 m/s in the LT design and 3 x 10-4 m/s within the

HT) and almost null on the top of the trapping structures.

With regards to cell density, it also played a crucial role in the capture

dynamics. High cell density leads to shorter loading times but contributes

to clogging of the microchannels and multiple cells lodging per trap. The

optimal density for these microfluidic platform was 3.0 × 105 cells/mL. All

these parameters are equally valid for all the different designs. Figure 5.41

shows successful trapping of two different cell types with different diameters

ranging from 15 µm (AML-12 cells) to 25 µm (H1299 cells) approximately.

Figure 5.41 Optical microscopy images showing trapped cells. (a) Trapping ar-

ray with trapped AML-12 hepatocytes (≈ 15 µm diameter). (b) GFP expressing

trapped H1299 lung cancer single-cells (≈ 25 µm diameter).

The efficiency of the developed high-throughput microfluidic platform for

single-cell isolation was evaluated optically. Impaired traps or traps filled with

dirt were not evaluated. The duration of the trapping was 5 to 10 minutes.

A total of 15 devices were assessed achieving an average trapping efficiency

of 82.1 ± 7.0 %. Further, as previously noted, using the same trapping

parameters, the obtained efficiency for the different HT microfluidic designs

was almost the same. In particular, the trapping efficiency for platforms

consisting of one and double chamber were 82.1 ± 6.5 % and 82.0 ± 9.3 %

respectively. This is also in line with the conclusions achieved after analyzing

the fluid dynamics in which no differences were found between them. The

accomplished efficiency is comparable to those found in the literature based

on similar hydrodynamic trapping structures [Hong et al., 2012; Lin et al.,

2013]. The value is also similar to the obtained efficiency with the LT design,
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but trapping one order of magnitude more cells. These results validate and

justify the performed CFD simulations optimizing the design of whole high-

throughput microfluidic system and prove the proper selection of the trapping

structure.

5.3.4 Long-term on-chip cell culturing

Once the cells are trapped , depending on the assay nature different aspects

have to be considered. For long-term static assays, cells need to be in static

culture for a proper attachment and spreading. If the culture chamber expe-

riences pressure variations or reversing flow, cells may be released from the

traps and a re-trapping procedure should be implemented, which may affect

cell viability.

Another important issue to take into account in static assays is evapora-

tion. Due to the inherent permeability of the PDMS, the specific conditions

of the cell assay and the minimized volume of the microfluidic platform, the

evaporation of media occurs rapidly. For a proper viable long-term experi-

ment, it was found that the inlets of the developed microfluidic platform had

to be shielded by a PDMS reservoir preventing evaporation and assuring cell

nourishment in such small volume cavity (Figure 5.42).

Figure 5.42 Fabricated microdevices with different reservoirs. Main trapping

chamber bonded to (a) a glass slide and to (b) a PDMS substrate.

When performing a constant perfusion based assay, as done in the trapping

process, all these inconveniences are automatically vanished. In this case, it

is important to keep low flow rates to maximize cell viability and to avoid

affecting cell behavior or function. Further, thanks to the constant perfusion
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the co-flow can be used for diverse purposes such as selective treatment of

single-cells as demonstrated previously with the LT microdevice.

As a proof-of-concept, long-term static culture of ordered arrays of single

H1299 cells were carried out. Time-lapse images were taken every 6 minutes

of a trapped array of lung cancer cells on an incubated microscope stage. Cells

were monitored for 5 to 8 hours with no active pumping. However, refilling

of the reservoirs was found to be key to assure cell viability generating a

small gravity driven flow which helps renewing with fresh media the trapping

chamber providing the cells with new nutrients and cleaning their wastes.

Without the refilling of the reservoirs, after 3 to 4 hours, most cells begun to

slow down and become apoptotic or necrotic. Probably, this could be caused

by a lack of nutrients or changes in the pH or osmolarity of the media due

to some variations on the sodium bicarbonate concentration as the water is

evaporated. However, further experiments have to be performed to clarify

this issue.

Initially, the cells were not attached, after approximately one hour, small

changes in morphology were observed away from a spherical morphology to-

wards an adherent morphology. Furthermore, cell division was observed in a

few cases (Figure 5.43 at minute 56). Behavior of several cells in the trap-

ping structure over time is shown for adhering and dividing cells in Figure

5.43. Therefore, it was probed the viability of the HT devices for potential

single-cell studies.

Similar assays were performed in the microfluidic platform but with a

PDMS base instead of a glass slide. Glass has better optical properties than

the PDMS [Chapter 3] however, the PDMS could be easily micropatterned

with the fabrication process already seen. Further, the inlet and outlet drilling

is easier and faster in PDMS —with plastic biopsy punches- than in glass.

Once the cells are trapped, taking into account both, the high hidropho-

bicity of the PDMS and the importance of being in static culture for proper

attachment and spreading of cells, it was found that a surface collagen coat-

ing, which allows protein adsorption on the surface, facilitates cell attachment.

Figure 5.44 shows an 7–8 h assay performed in a microfluidic platform made

completely of PDMS. Apparently, cells did not find any difficulty or slowing

down when adhering to the surface and spreading. Note that in this experi-

ment no reservoir refill was performed with media every three hours, showing

that after four to six hours the cells under study exhibited slowed down move-

ments adopting rounded and compacted-like shapes until they died.
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Figure 5.43 Cell differentiation and adhesion. Micrographs of single trap over

the course of a 5 h and 30 min experiment.

Figure 5.44 Cell adhesion and migration on PDMS substrate. Micrographs of

single trap over the course of a 7 h and 30 min experiment.
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5.4 Single-cell multifunctional modules

Once the microdevices for single-cell isolation have been designed, fabricated

and validated, in order to provide the microfluidic platform with more function-

alities, some clip-on modules for the main platform have been designed that

can be used in a host of applications. In this section, the results obtained for

the development of the platform for potential application in single-cell studies

related to guided tumor cell migration and cell-cell interactions is described.

More concretely the optimum fabrication and cell seeding parameters are dis-

cussed. Finally, the viability of the whole platform is demonstrated performing

application-oriented assays.

5.4.1 Platform for guided cell migration studies at single-cell

level

The main aim of this attachable module is to perform single-cell studies re-

lated to structurally guided tumor cell migration. Cell migration plays a crucial

role in tumor metastasis which is regulated in part by micro/nanoscale topo-

graphical cues present in the parenchyma or stroma in the form of tubular

shaped structures such as white matter tracts or blood/lymphatic vessels

[Irimia and Toner, 2009; Petrie et al., 2009].

For this purpose and as a first approach, some microgrooves were pat-

terned in PDMS substrate. Then, this PDMS module was bonded to the LT

trapping microfluidic platform. After validating this platform by successfully

trapping single-cells, further studies were performed using this module for

guided cell migration studies but this time coupled to the HT microdevice.

Moreover, another similar module containing microgrooves with different di-

mensions was developed for the HT platform.

To conclude, some timelapse experiments were carried out in order to

proof the viability and the potential of the developed HT microfluidic platform

for future studies of cell migration, adhesion or even drug testing.

5.4.1.1 Characterization of the microfluidic platform

PDMS replica molding was used to fabricate this module. Further, it was

already demonstrated the obtained high pattern transfer fidelity. As the sur-

face has to mimic fiber- and conduit-like microscale structural cues involved in
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the modulation of guided tumor cell dissemination, it consisted in alternated

microgrooves and ridges (see Figure 5.45). Two different size microgrooves

were fabricated: (1) substrates consisting of 2 µm-wide ridges spaced by 2

µm grooves (4 µm period) with 1.5 µm groove height, and (2) 15 µm ridges

spaced by 10 µm grooves (25 µm period) with 4 µm groove height. They

will be referred to as ’denser’ and ’wider’ lines module for simplicity. These

feature dimensions (2–15 µm) ranged within the reported values of similar

previous works [Au et al., 2009; Gallego-Perez et al., 2012a] based on a num-

ber of physiological cell guidance cues, including small blood vessels and white

matter bundles [Jones, 2010; Lauwers et al., 2008].

Master molds

The master mold consisting of 2 × 2 µm lines has been fabricated achieving

a 1.5 ± 0.1 µm microstructures (Figure 5.45a1). On the other hand, in the

master mold of the module with 15 × 10 µm features the obtained thickness

was 3.74 ± 0.16 µm (Figure 5.45b1).

As illustrated in Figure 5.45b1, so as to assist with the alignment in the

bonding process, two large rectangles (3.6 mm × 0.6 mm), parallel and one

on each side —0.5 mm separated— of the area with microgrooves were also

patterned onto the surface. These rectangles do not affect the main module

as they are placed outside. Thus, although optically transparent, the location

of the region of interest is easier found.

PDMS replicas

Afterwards, soft lithography micromolding was used to fabricate the PDMS

lines platforms. Figure 5.45a2 and b2 show optical and scanning electron

microscopy images indicating that PDMS microgrooves were uniform in size

and spacing and defect-free being an accurate replica of the molds. Further,

the thickness of the PDMS clip-on module has been optimized according to

the focal distance of the microscope objective in order to facilitate imaging

of the cells.

Final microfluidic platform assembly

Once the micropatterned PDMS-based substrate with embossed ridges and

grooves has been characterized, it has been bonded to the main PDMS piece

which contains the trapping structures. Recall that, this main module is

exactly the same that has been previously described. However, in the previous

sections, the module with the patterned traps was bonded to a microscope

glass slide or to a non-patterned plain PDMS substrate.
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Figure 5.45 Microgrooved mold and PDMS surfaces: (a) 2 µm ridges spaced

by 2 µm grooves and 1.5 µm groove height, (b) 15 µm ridges spaced by 10 µm

grooves and 5 µm groove height.

The alignment of the main platform to the microgrooves module was done

manually, placing the lines (grooves and ridges) parallel to the walls of the

trapping chamber. As it can be seen in the micrographs (Figure 5.46), the

lines were successfully aligned to the superimposed cell trapping microstruc-

tures. Initially, some preliminary assays were done with the LT trapping plat-

form using only the denser microgrooves. As shown in Figure 5.46a, success-

ful results have been achieved, obtaining well defined and properly aligned

microfluidic platform.

Once the LT microdevice has been validated, the same steps have been

followed towards optimizing the high-throughput version of the microfluidic

platform. At this point, it should be noted that, especially for the wider

design of lines (15 × 10 × 4 µm), the alignment was critical so as to prevent

fluid leakage. Figure 5.46b, illustrates accurately aligned and assembled HT

platform with embossed microgrooves confined to the specific area of the

chamber.
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Figure 5.46 Assembled platforms coupled to the lines clip-on module. (a) Low

throughput version with the denser lines module and (b) high-throughput ap-

proach with the module containing the wider (less dense) microgrooves. Traps

interfacing with the clip-on module containing the micropatterned grooves and

ridges. Note that both traps and lines are transparent.

5.4.1.2 Cell trapping assay

The next step towards the validation of the platform is to perform the single-

cell trapping in the new platforms. With this purpose different assays have

been performed with the high-throughput platforms coupled to the lines mod-

ules. Although, preliminary assays were also carried out with the low through-

put design showing proper and efficient trapping, it has been decided to con-

tinue only with the development of the HT microfluidic platform. The HT

approach not only has all the benefits of the LT one but also, provides more

quantitative results improving the reproducibility as well as reducing operation

costs by minimizing the number of experiments required to achieve significant

statistical data.

When interfacing the main microfluidic platform with the first design of

microgrooves an average trapping efficiency of 81.4 ± 9.0 % has been ob-

tained. While the obtained efficiency with the pattern with wider lines has

been 83.6 ± 6.7 %. These results are comparable to the ones obtained with

the basic HT. Note here that, all the used parameters, namely cell density,

flow rate and trapping time are exactly the same parameters that were opti-

mized in the basic high-throughput microfluidic platform. This demonstrates
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the versatility and potential of the developed platforms as well as, the scal-

able and adaptable methodology employed for its calibration and operation.

Figure 5.47 shows properly trapped cells in both designs.

Figure 5.47 Successful cell trapping in the HT trapping platform coupled to the

clip-on module with patterned microgrooves. (a) 2 × 2 × 1.5 µm pattern and

(b) 15 × 10 × 4 µm pattern.

5.4.1.3 High-throughput cell viability assessment

As it has been done with the basic high-throughput platform, after trapping

in order to perform any kind of assay, especially those requiring long-term cell

culturing, cell viability within the device has to be assessed. Concretely, H1299

cells have been captured in microdevices containing the lines and then, a long-

term static assay has been performed within a microscope under controlled

temperature, CO2 and humidity. Time-lapse images of the trapped array of

the lung cancer cells have been taken every 10 minutes for 5 to 10 hours.

Various experiments have been performed using both microgrooves designs

(Figure 5.48 and Figure 5.49). Cell adhesion, proliferation, changes in cell

morphology and migration have been observed in all the experiments and

with both microfluidic platforms, demonstrating the viability of the proposed

devices for potential cell-based studies at individual cell level.
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Figure 5.48 Cell migration in dense microgrooves. Optical microscopy images

show the random movement of two single cells, one moving around the chamber

and the other moving over the trap during 10 hours.

Preliminary results have shown some directional migration inside the wider

microgrooves, in the absence of exogenous chemotactic gradients as illus-

trated in Figure 5.49. Such behavior was not observed when the cells moved

on the basic/flat glass and PDMS surfaces. Further, note that the width of

this microgrooves and microridges also plays an important role towards guided

cell migration as well as the specific cell line, as suggested by Gallego-Perez

et al., [2012a]. In this particular case, as illustrated in Figure 5.49, H1299

cells did not show an unidirectional migration in the 2 × 2 × 1.5 µm pattern.

This is only an indication of the viability of the developed platforms and

confirms that geometric cues can influence aspects of cell behavior [Gallego-

Perez et al., 2012a; Jeon et al., 2010; Kim et al., 2009]. In addition, these

experiments demonstrate the compatibility of the developed platforms with

conventional microscopy techniques (e.g., time-lapse) and other cell and tis-

sue biological assays (e.g., immunostaining).
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Figure 5.49 Directional cell migration. Micrographs of single trap over the

course of a 5 hours experiment.
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5.4.2 Platform for cell–cell interactions studies at single-cell level

The second clip-on module that has been developed consists of an array of

microwells patterned onto the bottom of the microfluidic system. The main

aim of these microwells is to offer the microenvironment for intercellular com-

munication studies [Gallego-Perez et al., 2010]. Cell-cell communication is

central in determining cellular function [Alberts et al., 2009]. Furthermore,

these microwells offer the ability to spatially manipulate cell location and mor-

phology, and it is also well-established that cell morphology plays a critical role

in different cellular processes such as proliferation, differentiation or motility

[Brock et al., 2003; Chen et al., 1997]. A device with the ability to simultane-

ously manipulate the spatial arrangement (via traps) and the morphology (by

means of the microwells) of single-cells or small groups of cells —co-culture

by capturing one cell, allowing it to settle down and then capturing again—

could therefore be used in a wide variety of biological applications, especially

in tissue engineering, cancer therapy or drug discovery.

5.4.2.1 Characterization of the microfluidic platform

The microfluidic chip has been successfully fabricated by means of soft lithog-

raphy PDMS micromolding with master molds manufactured by UV standard

photolithograpy process as explained for the previous attachable module.

Master mold

Regarding the fabrication of the molds, two different fabrication procedures

have been used for the LT microfluidic platform. The first fabrication process

was exactly the same and with the same steps as done with the patterned

microgrooves. In brief, both the master mold of the main module and the

module containing microwells were fabricated in parallel but separately. As

illustrated in Figure 5.50 the microwells were accurately transferred from the

thin film mask with an average height of 8.0 ± 0.5 µm.

The problem with this process is the required manual alignment of the

traps of the main module to the wells-patterned substrate in order to enclose

accurately one microwell below each trap. Even with alignment marks, it

has been found very difficult to perfectly align each microwell with each trap

with ± 1µm resolution; without this accuracy (horizontal and vertical) the

microwell ended outside the trap or in the middle of it. Note that, regarding

the microgrooves, this was to some extent easier, vertically, the lines were
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Figure 5.50 Master mold of wells LT module. Microwells with several diameters

were fabricated: (a) 25 µm, (b) 50 µm and (c) 75 µm. Scale bar 200 µm.

0.6 mm longer than the array of traps having slightly more tolerance for the

manual alignment. Nevertheless, as illustrated in Figure 5.51 some devices

were successfully aligned and bonded. In this perspective, in order to optimize

the whole process and get more reliable results, a second fabrication process

has been developed. The HT platforms have been fabricated using this second

methodology.

Figure 5.51 LT device assembly fabricated by the original fabrication method

with manual alignment between traps and microwell module.
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Regarding the second protocol of manufacturing the LT and the HT mi-

crofluidic platforms, in order to avoid the manual alignment process, a two-

layer UV photolithography process has been carried out. In this manner,

thanks to the aligner, the traps and the microwells are more precisely aligned.

Figure 5.52 Microwells and traps fabricated simultaneously in the same module:

(a) low throughput and (b) high-throughput master mold: (b1) one chamber

and (b2) one of the chambers of the double-chamber platforms.

Figure 5.52 shows the accurate alignment of the traps and the microwells

within the silicon mold by this fabrication method. The achieved traps and

microwells average thickness has been of 26.43 ± 0.52 µm and 13.00 ± 0.70

µm respectively. It is important to remark the use of SU-8 2015 for both

patterns. Taking into account the previous discussion about the optimum

photoresist according to the required final thickness, the logical option had

been the use of SU-8 2025 for the traps pattern and the SU-8 5 for the

microwells. However, with that combination of photo-resists, maybe because

of the viscosity differences (290 cSt and 4500 cSt ) or more probably due to

the slow spinning speed of the SU-8 5 to achieve 10 to 12 µm thicknesses,

the second coating led to an irregular spread of the photoresist as shown in

the Figure 5.53. In contrast, when using the SU-8 2015, the last coating was

made at 6500 rpm in order to get the minimum thickness possible with this

resist. Thus, the final achieved surface aspect was homogeneous; apart from

some generated edge bead in the first coating.
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Figure 5.53 Silicon wafer prior to development with uneven spreading of two

coatings of SU-8 2025 and SU-8 5.

PDMS replicas

With regards to the PDMS replicas, accurate results of the fabricated silicon

molds have been obtained for the LT and HT microfluidic platforms as illus-

trated in Figure 5.54. Note, that when the traps and the microwells are in

the same PDMS piece, this will be bond to a flat, non-patterned substrate.

Final microfluidic platform assembly

Finally, the PDMS module containing the traps together with the microwells

is bonded by oxygen plasma treatment to a glass or to a PDMS substrate.

Some pictures showing the final assembled HT microfluidic platforms with

different microwell designs are shown (Figure 5.55).
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Figure 5.54 PDMS microwells. (a) Scanning electron micrograph of the PDMS

replica containing both traps (a1 square and a2 triangular geometries) and wells

at the same time; scale bar 250 µm. (b) Optical profilometer image of the

PDMS HT co-culture module showing the traps with their respective microwell

beneath. Two different shapes of microwells are shown: b1 and b2; Scale bar

50 µm.

Figure 5.55 Assembled HT microfluidic device for cell-cell communications and

cell morphology studies. Two different shapes of the microwells are shown.Scale

bar 150 µm.
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5.4.2.2 Cell trapping assay

Using the optimized parameters for the single-cell isolation procedure, some

preliminary cell trapping assays have been also carried out with the LT plat-

form obtaining up to 85% trapping efficiency (Figure 5.56). This result is in

line with those obtained with the rest of the devised microfluidic platforms

which demonstrates and highlights the great adaptability of the developed

fabrication and operation procedures. Ongoing work involves the cell via-

bility of the platform and timelapse experiments on tunable homotypic and

heterotypic cell-cell interactions.

Figure 5.56 Cells trapped in the LT microfluidic platform with one of the mi-

crowells containing module. The insets show both single and multiple trapped

cells.
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CHAPTER 6

Conclusions and future lines

To complete the exposition of the accomplished work, a summary of the main

conclusions drawn from the discussion of the results is presented. In addition,

some possible guidelines to continue with the development of this technology

are proposed.

6.1 Conclusions

A research work regarding the development of microfabricated devices for

single-cell studies has been presented. With this purpose a microfluidic plat-

form for selective single-cell trapping and treatment has been developed for

potential studies of cell biology. The main conclusions of this thesis can be

summarized as follows:

Study of different mechanical single-cell trapping approaches:

⊲ Different approaches for capturing and studying single-cells by means of

hydrodynamic resistance have been designed, fabricated and analyzed

in order to determine which one meets better the demands of this work.

– The first approach, involving trapping in narrow drain channels,

has shown more difficulties in fabrication and operability. In ad-

203
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dition, it presented more limitations towards extending its final

functionalities.

– On the other hand, the approach consisting in sieve-like struc-

tures, has exhibited interesting and promising results according to

different parameters such as, fabrication, operation and versatility,

concluding that this single-cell capture method accomplishes the

requirements established for this work.

⊲ The selected and optimized final design of the platform is illustrated in

Figure 6.1. In addition, the chosen trapping structures include: square,

triangular and beveled geometries.

Figure 6.1 Design of the selected single-cell trapping approach. The inset shows

the three different optimized sieve-like structures.

Optimized low throughput (LT) single-cell trapping device:

⊲ All the fabrication parameters related to the different stages of the

development of the microfluidic platform have been optimized taking

into account the specific requirements of the work.

⊲ The selected single-cell trapping platform has been optimized by means

of theoretical and experimental simulations. Concretely fluid dynamics

within the microfluidic platform has been analyzed. Thanks to this

studies, an accurate control of the laminar flow within the chamber has

been obtained.
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– Calibration curves based on flow rate ratios have been obtained in

order to steer the interface between two fluids to selectively trap

or treat isolated cells.

– The velocities within the chamber have been studied assuring ef-

ficient cell trapping without affecting cell integrity or behavior.

– The interchangeability of the inlets for co-flow control has been

demonstrated without varying the obtained calibration curves.

– A custom Matlab-based software has been developed in order to

semi-automatically detect the interface between two fluids. This

is key for obtaining the control curves, required for controlling the

co-flow phenomenon within the chamber of the microdevice, by

means of objective and consistent data (not user-dependent).

⊲ Parameters to optimize the trapping procedure while assuring cell vi-

ability have been defined. Table 6.1 shows the final values of key pa-

rameters: loading time, flow velocity and cell density. Using these

parameters an average efficiency of 87.7% (SD.: 8.3%; SEM.: 1.6%)

has been obtained.

Table 6.1 Key parameters for cell trapping in the low throughput (LT) microflu-

idic platform.

Parameter Value

Cell density 3 - 6 × 105 cells/mL

Trapping time 5 - 10 min

Flow rate 1 - 3 µL/min

Trapping efficiency 87.7%

⊲ As a proof-of-concept, a cytotoxic study of ethanol in hepatocytes has

been performed defining the minimal concentration of ethanol that is

toxic to individual cells. Table 6.2 shows the obtained results. This

study has demonstrated that for scarce populations, as it is appropriated

for patient-derived rare cancerous cells, with this microfluidic platform

statistically robust information can be produced collecting data from

individual cells.
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Table 6.2 Cytotoxicity of different ethanol concentrations

Ethanol concentration
Average time for cell death

Mean SD

≤ 10% > 60 min -

15% 27.1 min 10.2 min

20% 13.4 min 5.3 min

25% 2.7 min 1.1 min

30% 1.6 min 0.6 min

40% < 1 min -

50% < 1 min -

High-throughput (HT) approach of the single-cell trapping device:

⊲ A high-throughput (HT) version of the previous microfluidic platform

(LT) has been designed and fabricated in order to get more statistical

power. In particular, the new platform has been developed to accommo-

date up to 920 traps consisting mainly of the triangular geometry. The

structural characterization has been carried out exhibiting successful

results with proper reproducibility of the designs.

⊲ Fluid dynamics has been also studied in the HT platform obtaining anal-

ogous results to those obtained in the LT platform. All the simulations

and experimental analyses have confirmed that, thanks to the fabrica-

tion and characterization procedures developed in the previous design,

the calibration and trapping parameters have been easily adapted and

scaled to this platform. This results in reduced requirement of resources

and time saving of the whole development and operation procedures.

⊲ The trapping protocol for the HT platform has been optimized leading

to an average trapping efficiency of 82.1% (SD.: 7.0%; SEM.: 1.8%).

The main parameters for the cell trapping process are presented in Table

6.3.

Table 6.3 Key parameters for cell trapping in the HT microfluidic platform.

Parameter Value

Cell density ≈ 3 × 105 cells/mL

Trapping time 5 - 10 min

Flow rate 5 - 10 µL/min

Trapping efficiency 82.1%
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⊲ Time-lapse experiments have been performed with the HT microfluidic

platform obtaining successful results towards long-term assays, up to

10 hours, and cell viability. These assays have been performed with the

main platform bonded to a substrate of two different materials: glass

and PDMS, demonstrating the versatility of the device. In addition, the

necessity of refilling the platform with fresh medium every 3 to 4 hours

has been established.

Multifunctional single-cell modules:

⊲ Two different modules containing patterned microgrooves (lines mod-

ule) and microwells (wells module) have been designed and fabricated.

Table 6.4 covers the different dimensions of each designed pattern.

These modules are adaptable to the main LT and HT microfluidic plat-

forms providing the microfluidic device with higher versatility by enabling

analyses of high interest in cell biology, namely, guided cell migration

and cell-cell interaction studies.

Table 6.4 Corresponding resist, height and characteristic dimension based on

the microfluidic design.

Main module Clip-on module Combined module

Traps Lines Lines Wells Traps+Wells

Photoresist SU-8 2025 S1813 SU-8 5 SU-8 5 SU-8 2015

Thickness 26 µm 1.5 µm 4 µm 8 µm 26 + 13 µm

Characteristic 5 µm 2×2 µm 15×10 µm 25-75 µm Different shapes

Feature (gap) (groove × ridge) diameter and sizes

⊲ Different fabrication protocols to manufacture the microwells containing

module have been developed solving the problem with the alignment of

the main platform to the module. These procedures involve a single or

double-layer spin-coating stage during the mold fabrication process.

⊲ Optimum parameters for single-cell trapping within different modules

have been defined. The resulting efficiencies (Table 6.5) are in line with

the achieved ones for the corresponding basic LT or HT microfluidic

platforms.

⊲ Different time-lapse and long-term assays have been performed with

the basic HT platform coupled to the lines module demonstrating the
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viability of the coupled platform. In addition, these results have demon-

strated that the whole platform and its experimental setups are ready for

performing more complex cell-based assays towards studies of guided

cell migration. Further, the influence of the microgrooves in guiding

cell migration has been observed, being those of 15 × 10 µm the most

adequate ones among the considered geometries for cells of 15-20 µm.

Table 6.5 Cell trapping efficiencies depending on the coupled module.

Module Efficiency

Lines 1 81.4 ± 9.0 %

Lines 2 83.6 ± 6.7 %

Microwells 85 %

6.2 Future lines of work

The variety of approaches presented in this thesis provide with potential tools

to facilitate the understanding of single-cell biology. Results and conclusions

obtained throughout this work raise new questions and suggest possible lines

of research that need to be explored. The most relevant ones are proposed

below:

⊲ Integration of some sensors, such as, pH or temperature sensor. This

would provide with more information about the changes in cell envi-

ronment. For instance, this would help to understand if the need of

medium refreshment is due to the lack of nutrients or for instabilities

in the pH or CO2 within the chamber.

⊲ Integration of different microfluidic elements, such as microvalves or

micropumps, to avoid the use of macroscopic equipment as well as to

increase the operability of the platform. This will result in a totally

integrated lab-on-a-chip system which would require less resources.

⊲ Fabrication and development of the the trapping structures with a

’photo-switchable’ polymer (ionogel) providing the possibility of releas-

ing an specific trapped cell when it is aimed with visible light.
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⊲ In addition, it is important to obtain preliminary results with the module

containing the microwells. It is the remaining module of all the fabri-

cated ones that has not been studied for long-term experiments. In

particular, different co-culture of cells could be performed or the cell

morphology could be analyzed.

⊲ With the platform ready for being used with all the modules, it would

be of high interest to further perform the suggested cell-based assays

for each module. Interesting insights with regards to cancer research

or cell therapy could be obtained. The modules are ready for studies of

guided cell migration or cell-cell communication analyses.

⊲ Enhancement of the long-term experiments combining the co-flow phe-

nomenon control within the developed platform; depending on the type

of assay, it could be coupled to different modules. With regards to

appealing and more specific cell-based assays, these include:

– Exploitation of the co-flow control to study, at the same time and

with the same conditions, the behavior of cancer cells against a

dynamic treatment of different anticancer drugs.

– Extension of individual cell migration assays with studies under

continuous perfusion of fluid flow. The present approaches are

ready to perform this kind of studies in combination with the co-

flow phenomenon having the control condition within the exact

same chamber.

– In this line, studies to gain understanding of the influence of a

drug varying not only chemical cues (e.g.: soluble factors) but

also, physical cues (e.g.: substrate stiffness) could be also carried

out.

⊲ Exploitation of the platform for new applications. For instance, the de-

vice could be also used as a multifunctional cell-based sensor. As such,

trapped cells could be used as sensing elements for monitoring of phys-

iological changes induced by the exposure to different environmental

stimuli.

⊲ Finally, from an end-perspective, it would be very interesting, due to the

great potential of this device, to actually reach the clinics and to add

value to cell-based assays at hospitals and laboratories providing them

with single-cell data and more quantitative results.
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F. Benito-Lopez, R. Byrne, A. M. Răduţă, N. E. Vrana, G. McGuinness, and D. Di-

amond. Ionogel-based light-actuated valves for controlling liquid flow in micro-

fluidic manifolds. Lab on a Chip, 10(2):195–201, 2010.

S. L. Bennett, D. A. Melanson, D. F. Torchiana, D. M. Wiseman, and A. S. Sawhney.

Next-generation hydrogel films as tissue sealants and adhesion barriers. Journal

of cardiac surgery, 18(6):494–499, 2003.

J. Berg, R. Anderson, M. Anaya, B. Lahlouh, M. Holtz, and T. Dallas. A two-stage

discrete peristaltic micropump. Sensors and Actuators A: Physical, 104(1):6–10,

2003. ISSN 0924-4247.

E. Berthier and D. J. Beebe. Flow rate analysis of a surface tension driven passive

micropump. Lab on a Chip, 7(11):1475–1478, 2007.

E. Berthier, E. W. Young, and D. Beebe. Engineers are from pdms-land, biologists

are from polystyrenia. Lab on a Chip, 12(7):1224–1237, 2012.

S. Bhattacharya, A. Datta, J. M. Berg, and S. Gangopadhyay. Studies on sur-

face wettability of poly (dimethyl) siloxane (pdms) and glass under oxygen-plasma

treatment and correlation with bond strength. Microelectromechanical Systems,

Journal of, 14(3):590–597, 2005.

B. Bohl, R. Steger, R. Zengerle, and P. Koltay. Multi-layer su-8 lift-off technology

for microfluidic devices. Journal of micromechanics and microengineering, 15(6):

1125, 2005. ISSN 0960-1317.

M. R. Bringer, C. J. Gerdts, H. Song, J. D. Tice, and R. F. Ismagilov. Microfluidic

systems for chemical kinetics that rely on chaotic mixing in droplets. Philosophical

Transactions of the Royal Society of London. Series A: Mathematical, Physical

and Engineering Sciences, 362(1818):1087–1104, 2004.



216 BIBLIOGRAPHY

A. Brock, E. Chang, C.-C. Ho, P. LeDuc, X. Jiang, G. M. Whitesides, and D. E.

Ingber. Geometric determinants of directional cell motility revealed using micro-

contact printing. Langmuir, 19(5):1611–1617, 2003.

E. Brouzes, M. Medkova, N. Savenelli, D. Marran, M. Twardowski, J. B. Hutchison,

J. M. Rothberg, D. R. Link, N. Perrimon, and M. L. Samuels. Droplet microfluidic

technology for single-cell high-throughput screening. Proceedings of the National

Academy of Sciences, 106(34):14195–14200, 2009.

F. Bundgaard, T. Nielsen, D. Nilsson, P. Shi, G. Perozziello, A. Kristensen, and

O. Geschke. Cyclic olefin copolymer (coc/topas R©)-an exceptional material for

exceptional lab-on-a-chip systems. SPECIAL PUBLICATION-ROYAL SOCIETY

OF CHEMISTRY, 297:372–374, 2004.

E. F. Burguera, M. Bitar, and A. Bruinink. Novel in vitro co-culture methodology to

investigate heterotypic cell-cell interactions. Eur Cell Mater, 19:166–179, 2010.

T. F. Byrd IV, L. T. Hoang, E. G. Kim, M. E. Pfister, E. M. Werner, S. E. Arndt,

J. W. Chamberlain, J. J. Hughey, B. A. Nguyen, E. J. Schneibel, et al. The mi-

crofluidic multitrap nanophysiometer for hematologic cancer cell characterization

reveals temporal sensitivity of the calcein-am efflux assay. Scientific Reports, 4,

2014.

R. Byrne, C. Ventura, F. B. Lopez, A. Walther, A. Heise, and D. Diamond. Charac-

terisation and analytical potential of a photo-responsive polymeric material based

on spiropyran. Biosensors and Bioelectronics, 26(4):1392 – 1398, 2010. ISSN

0956-5663. doi: http://dx.doi.org/10.1016/j.bios.2010.07.059. Selected Papers

from the World Congress on Biosensors,Glasgow, Scotland, {UK} May 26-28,

2010.

A. Carrel. Pure cultures of cells. The Journal of experimental medicine, 16(2):

165–168, 1912.
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B. Tóth, L. Péter, and I. Bakonyi. Magnetoresistance and surface roughness study

of the initial growth of electrodeposited co/cu multilayers. Journal of The Elec-

trochemical Society, 158(11):D671–D680, 2011.

Y. Tsuda, A. Kikuchi, M. Yamato, G. Chen, and T. Okano. Heterotypic cell in-

teractions on a dually patterned surface. Biochemical and biophysical research

communications, 348(3):937–944, 2006.

M. A. Unger, H.-P. Chou, T. Thorsen, A. Scherer, and S. R. Quake. Monolithic

microfabricated valves and pumps by multilayer soft lithography. Science, 288

(5463):113–116, 2000.

A. Valero, T. Braschler, N. Demierre, and P. Renaud. A miniaturized continuous

dielectrophoretic cell sorter and its applications. Biomicrofluidics, 4(2):022807,

2010.

H. J. van der Linden, S. Herber, W. Olthuis, and P. Bergveld. Stimulus-sensitive

hydrogels and their applications in chemical (micro) analysis. Analyst, 128(4):

325–331, 2003.

W. van der Wijngaart, H. Ask, P. Enoksson, and G. Stemme. A high-stroke, high-

pressure electrostatic actuator for valve applications. Sensors and Actuators A:

Physical, 100(2):264–271, 2002.

T. Velten, H. Schuck, M. Richter, G. Klink, K. Bock, C. K. Malek, S. Roth, H. Schoo,

and P. Bolt. Microfluidics on foil: state of the art and new developments. Proceed-

ings of the Institution of Mechanical Engineers, Part B: Journal of Engineering

Manufacture, 222(1):107–116, 2008. ISSN 0954-4054.

G. Velve-Casquillas, M. Le Berre, M. Piel, and P. T. Tran. Microfluidic tools for cell

biological research. Nano Today, 5(1):28–47, 2010.

E. Verneuil, A. Buguin, and P. Silberzan. Permeation-induced flows: Consequences

for silicone-based microfluidics. EPL (Europhysics Letters), 68(3):412, 2004.

E. Verpoorte and N. F. de Rooij. Microfluidics meets mems. Proceedings of the

IEEE, 91(6):930–953, 2003. ISSN 0018-9219.

H. K. Versteeg and W. Malalasekera. An introduction to computational fluid dynam-

ics: the finite volume method. Pearson Education, 2007.

J. Voldman. Electrical forces for microscale cell manipulation. Annu. Rev. Biomed.

Eng., 8:425–454, 2006.

J. Voldman, M. L. Gray, and M. A. Schmidt. An integrated liquid mixer/valve.

Microelectromechanical Systems, Journal of, 9(3):295–302, 2000.



BIBLIOGRAPHY 239

J. Voldman, M. L. Gray, M. Toner, and M. A. Schmidt. A microfabrication-based

dynamic array cytometer. Analytical chemistry, 74(16):3984–3990, 2002.

G. M. Walker and D. J. Beebe. A passive pumping method for microfluidic devices.

Lab on a Chip, 2(3):131–134, 2002.

G. M. Walker, J. Sai, A. Richmond, M. Stremler, C. Y. Chung, and J. P. Wikswo.

Effects of flow and diffusion on chemotaxis studies in a microfabricated gradient

generator. Lab on a Chip, 5(6):611–618, 2005.

M. A. Walling and J. R. Shepard. Cellular heterogeneity and live cell arrays. Chemical

Society Reviews, 40(7):4049–4076, 2011.

D. Wang and S. Bodovitz. Single cell analysis: the new frontier in omics. Trends in

biotechnology, 28(6):281–290, 2010.

K. Wang, J. Burban, and E. Cussler. Hydrogels as separation agents. In Responsive

gels: volume transitions II, pages 67–79. Springer, 1993.

M. M. Wang, E. Tu, D. E. Raymond, J. M. Yang, H. Zhang, N. Hagen, B. Dees,

E. M. Mercer, A. H. Forster, I. Kariv, et al. Microfluidic sorting of mammalian

cells by optical force switching. Nature biotechnology, 23(1):83–87, 2004a.

P. Wang, Z. Chen, and H.-C. Chang. A new electro-osmotic pump based on silica

monoliths. Sensors and Actuators B: Chemical, 113(1):500–509, 2006.

S.-J. Wang, W. Saadi, F. Lin, C. Minh-Canh Nguyen, and N. Li Jeon. Differential

effects of egf gradient profiles on mda-mb-231 breast cancer cell chemotaxis.

Experimental cell research, 300(1):180–189, 2004b.

Z. Wang and J. Zhe. Recent advances in particle and droplet manipulation for lab-on-

a-chip devices based on surface acoustic waves. Lab on a Chip, 11(7):1280–1285,

2011.

M. E. Warkiani, G. Guan, K. B. Luan, W. C. Lee, A. A. S. Bhagat, P. K. Chaudhuri,

D. S.-W. Tan, W. T. Lim, S. C. Lee, P. C. Chen, et al. Slanted spiral microfluidics

for the ultra-fast, label-free isolation of circulating tumor cells. Lab on a Chip, 14

(1):128–137, 2014.

P. Watts and C. Wiles. Recent advances in synthetic micro reaction technology.

Chemical communications, (5):443–467, 2007.

D. B. Weibel, W. R. DiLuzio, and G. M. Whitesides. Microfabrication meets micro-

biology. Nature Reviews Microbiology, 5(3):209–218, 2007. ISSN 1740-1526.

A. R. Wheeler, W. R. Throndset, R. J. Whelan, A. M. Leach, R. N. Zare, Y. H.

Liao, K. Farrell, I. D. Manger, and A. Daridon. Microfluidic device for single-cell

analysis. Analytical chemistry, 75(14):3581–3586, 2003.



240 BIBLIOGRAPHY

G. M. Whitesides. The origins and the future of microfluidics. Nature, 442(7101):

368–373, 2006.

G. M. Whitesides, E. Ostuni, S. Takayama, X. Jiang, and D. E. Ingber. Soft lithog-

raphy in biology and biochemistry. Annual review of biomedical engineering, 3(1):

335–373, 2001.

O. Wichterle and D. Lim. Hydrophilic gels for biological use. Nature, 185(4706),

1960.

A. Wolff, I. R. Perch-Nielsen, U. Larsen, P. Friis, G. Goranovic, C. R. Poulsen, J. P.

Kutter, and P. Telleman. Integrating advanced functionality in a microfabricated

high-throughput fluorescent-activated cell sorter. Lab on a Chip, 3(1):22–27,

2003.

World Health Organization. World health statistics 2014, 2014. URL www.who.int.

H. Wu, T. W. Odom, D. T. Chiu, and G. M. Whitesides. Fabrication of com-

plex three-dimensional microchannel systems in pdms. Journal of the American

Chemical Society, 125(2):554–559, 2003. ISSN 0002-7863.

L. Y. Wu, D. Di Carlo, and L. P. Lee. Microfluidic self-assembly of tumor spheroids

for anticancer drug discovery. Biomedical microdevices, 10(2):197–202, 2008.

M.-H. Wu, S.-B. Huang, and G.-B. Lee. Microfluidic cell culture systems for drug

research. Lab on a Chip, 10(8):939–956, 2010.

Z. Wu and N.-T. Nguyen. Convective–diffusive transport in parallel lamination mi-

cromixers. Microfluidics and Nanofluidics, 1(3):208–217, 2005.

Y. Xia and G. M. Whitesides. Soft lithography. Annual review of materials science,

28(1):153–184, 1998.

G. Xu, X. Ye, L. Qin, Y. Xu, Y. Li, R. Li, and P. Wang. Cell-based biosensors based

on light-addressable potentiometric sensors for single cell monitoring. Biosensors

and Bioelectronics, 20(9):1757–1763, 2005.

Z. Xu, Y. Gao, Y. Hao, E. Li, Y. Wang, J. Zhang, W. Wang, Z. Gao, and Q. Wang.

Application of a microfluidic chip-based 3d co-culture to test drug sensitivity for

individualized treatment of lung cancer. Biomaterials, 34(16):4109–4117, 2013.

X. Xuan, J. Zhu, and C. Church. Particle focusing in microfluidic devices. Microflu-

idics and nanofluidics, 9(1):1–16, 2010.

P. Yager, T. Edwards, E. Fu, K. Helton, K. Nelson, M. R. Tam, and B. H. Weigl.

Microfluidic diagnostic technologies for global public health. Nature, 442(7101):

412–418, 2006.

www.who.int


BIBLIOGRAPHY 241

J. Yakovleva, R. Davidsson, A. Lobanova, M. Bengtsson, S. Eremin, T. Laurell,

and J. Emnus. Microfluidic enzyme immunoassay using silicon microchip with

immobilized antibodies and chemiluminescence detection. Analytical chemistry,

74(13):2994–3004, 2002. ISSN 0003-2700.

M. Yamada, M. Nakashima, and M. Seki. Pinched flow fractionation: continuous size

separation of particles utilizing a laminar flow profile in a pinched microchannel.

Analytical chemistry, 76(18):5465–5471, 2004.

S. Yamamura, H. Kishi, Y. Tokimitsu, S. Kondo, R. Honda, S. R. Rao, M. Omori,

E. Tamiya, and A. Muraguchi. Single-cell microarray for analyzing cellular re-

sponse. Analytical chemistry, 77(24):8050–8056, 2005.

C. Yan, J. Sun, and J. Ding. Critical areas of cell adhesion on micropatterned

surfaces. Biomaterials, 32(16):3931–3938, 2011.

B. Yang, L. Yang, R. Hu, Z. Sheng, D. Dai, Q. Liu, and S. He. Fabrication and char-

acterization of small optical ridge waveguides based on su-8 polymer. Lightwave

Technology, Journal of, 27(18):4091–4096, 2009.

M. Yang, C.-W. Li, and J. Yang. Cell docking and on-chip monitoring of cellular reac-

tions with a controlled concentration gradient on a microfluidic device. Analytical

chemistry, 74(16):3991–4001, 2002.

H. Yin and D. Marshall. Microfluidics for single cell analysis. Current opinion in

biotechnology, 23(1):110–119, 2012.
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APPENDIXA

Photolithographic masks

In this appendix, the different designed photomasks are detailed and an in

depth analysis of the different quality regarding the type of mask used (film

of chrome/glass) is presented.

A.1 Photomasks designs

In this first section all the different designs of the photomasks used for

manufacturing the microfluidic platforms are presented. The masks have

been designed for 4 inches wafers and have been fabricated in thin film or

chrome/glass substrates.
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Figure A.1 Mask containing the designs based on the ’Main channel with side

conduits’ trapping method developed by Tan and Takeuchi [2007].
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Figure A.2 Mask containing the designs based on the ’Main channel with side

conduits’ trapping method developed by Arakawa et al. [2011].
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Figure A.3 Mask containing the first designs with hydrodynamic traps.
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Figure A.4 Second mask containing the first designs with hydrodynamic traps.
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Figure A.5 Mask including the final designs of the microfluidic system for single-

cell trapping with the optimized geometries of the hydrodynamic traps.
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(a) (b) (c)

Figure A.6 Magnifications of the three different channel systems available in

the previous photomask shown in Figure A.5. (a) Two in/outlets with one

trapping chamber, (b) two in/outlets with double trapping chamber and (c)

three in/outlets with double trapping chamber.
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Figure A.7Mask containing the high-throughput version of different microfluidic

platforms based on hydrodynamic traps.
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(a) (b) (c)

(d) (e)

(f) (g)

Figure A.8 Magnifications of the different channel systems available in the previ-

ous photomask illustrated in Figure A.7. (a-c) Different in/outlets configurations

with one trapping chamber, (d) and (e) two or three inlets and one outlet with

double trapping chamber and (f) and (g) one or three inlets and one outlet with

four trapping chambers.
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Figure A.9 Mask of the clip-on module containing microwells of different diam-

eters. These designs have been devised to be coupled with the device obtained

from photomask illustrated in Figure A.5
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Figure A.10 Second mask containing different wells designs to be coupled with

the main trapping platform fabricated from the mask shown in Figure A.5.
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Figure A.11 Mask used for developing the patterned microwells for the high-

throughput version of the main trapping platform (corresponding mask is shown

in Figure A.7).
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A.BENAVENTE
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FEB 2013

Figure A.12 Mask containing the clip-on module with patterned microgrooves

and microridges (’lines’). The area looks grey due to the small dimensions of

the patterned features which are 2 µm wide.
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Figure A.13 Mask used for developing the patterned 10 µm microgrooves and

15 µm microridges (’lines’ pattern) for the high-throughput version of the main

trapping platform (corresponding mask is shown in Figure A.7).
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A.2 Study of the photomasks

In general, photomasks —also termed masks— are made of a plastic film

(e.g. polyester) with the pattern printed on them. However, for geometries

demanding higher resolution, they can be made of glass or quartz with an

absorber pattern metal (e.g. chrome), which is generated by e-beam lithog-

raphy; obviously these solutions have higher costs. Thus, thin photographic

film photomasks are very often the first choice, especially in the first stages of

the research; taking into account the limitations on resolution and durability.

In general, film masks manufacturers claim to be able to image features

down to 5 to 8 microns [JD Photo Tools, 2014, Micro Lithography Services,

2014]. However, at that micro-scale there are some constraints that have to

be taken into account, namely, pore size of the plastic, rounding of geometries

and mask degradation.

In Figure A.14 the porosity of the film is observed. In addition, based

on the specific quality of the film used by the manufacturer this porosity

changes —number and size of the pores—. Depending on the average

feature size, this porosity can be neglected, however, in this work the size of

the pores (some of them up to 1 or 2 microns) alters the geometries of some

structures such as the drain channels (Figure A.14b).

(a) (b) v1 v2

25 µm100 µm 100 µm 25 µm

Figure A.14 Porosity in film masks. (a) ‘Hydrodynamic’ traps pattern and (b)

‘drain channels’ design including: (v1,v2) two different qualities of the employed

film.

Regarding the rounding issue, some variations on the design of the trap-

ping structures have been made trying to minimize this effect. As illustrated

in Figure A.15, from the version 1 to the version 2, the loss of shape has

improved however, there are still some important inaccuracies —different

orifice dimension— that may make the device nonfunctional. In addition,
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some ink degradation has been observed after several usage of the mask;

even when soft-contact mode photolithography process was used.

Figure A.15 Different versions of the photomasks used for the fabrication of

the trapping microfluidic platform.

From this characterization, it is concluded that a ’chrome on glass’ mask

is required in order to reproduce properly the desired pattern of the trapping

structures. Figure A.15 shows the different quality and resolution of the pat-

terns based on the used type of photomask. Note the sharp edges and the

lack of porosity on the chrome mask. In addition, thanks to the material of

this type of mask, the ’hard-contact’ mode can be used in the photolitho-

graphic process, leading to much more accurate and less rounded fabricated

structures.



APPENDIXB

Fabrication and characterization techniques

This appendix provides with a brief description of the fundamentals of the

main fabrication and characterization techniques used during the development

of this thesis.

The employed techniques are standard fabrication processes used in the

microfluidics field and have been extensively documented by other authors

[Bhattacharya et al., 2005; Whitesides et al., 2001; Xia and Whitesides,

1998; Zhang et al., 2001].

B.1 Fabrication techniques

The microfluidic platforms developed in the frame of this thesis have been

manufactured by three main fabrication process: 1) UV-photolithography to

fabricate the master mold, 2) polymer ‘casting’ to generate the polymer-

based replica and 3) oxygen plasma bonding to seal the microchannel system

with the substrate.
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B.1.1 Photolithography

Photolithography (UV lithography) is a process used to pattern a thin film or

the bulk of a substrate. The processed thin film is a light-sensitive chemical,

called photoresist. It is polymerized with UV light according to the specific

pattern of a mask. Normally, in microfluidics the most commonly used pho-

toresist is the SU-8 family due to its great range of available thicknesses

and mechanical properties. Regarding the substrate, silicon wafers have been

widely used considering their low cost, accessibility in clean rooms and good

adhesion to several photoresists.

Depending on the tone of the photoresist, positive or negative, the ex-

posed or hidden parts of the resist will be cross-linked according to the specific

photomask design. In addition, depending on the photoresist different thick-

nesses will be obtained. Note that this thickness will define the final height

of the patterned geometries.

Figure B.1 Workflow of a standard photolithographic process.

A standard photolithographic process consists of: surface cleaning, spin

coating, soft-baking, exposure, post expose baking (PEB) and developing

stages. Finally, a controlled hard bake is recommended to get rid of some

stress cracks. Note that, the entire process should be optimized for the

specific application. A baseline process is illustrated in Figure B.1.
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In this case, EVG R© 620 Automated Mask Alignment System (EV Group)

shown in Figure B.2 has been used.

Figure B.2 EVG 620 aligner used in the mold fabrication process.

B.1.2 Polymer replica molding by casting

Polymer replica molding process belongs to the soft lithography family of tech-

niques. These techniques use elastomeric stamps, molds, and conformable

photomasks using ‘soft’ materials, namely, elastomeric materials —most

notably PDMS (polydimethylsiloxane)— for micro- and nanofabricating or

replicating structures. In particular, ‘casting’ technique replicates geometries

by means of casting/pouring a polymer in liquid phase over a mold (typically

produced by photolithography).

In brief, the liquid polymer is mixed with a curing agent and poured onto

the master mold . Then, the polymer is cured at room temperature or heated

in an oven to accelerate the process. Finally, the solidified polymer is peeled

off from the mold revealing the microstructure. This enables the accurate

reproduction of a microfeature and reduces the cost of the fabrication proce-

dure.

Note that, prior to curing, it is recommended to perform a degassing

step to get rid of all the bubbles generated during the mixing. In addition,

automatic mixers, which work in vacuum, are often used to reduce the number

of bubbles created when mixing of the base polymer and the curing agent. In

this case, Twister Evolution (Renfert) mixer shown in Figure B.3 has been

used.
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Figure B.3 Twister evolution mixer equipped with a vacuum pump.

B.1.3 Plasma bonding

The plasma treatment is used both to clean the substrates and to activate

different materials, prior to their bonding, by turning their surface less hy-

drophobic. The process takes place in a chamber wherein a slight vacuum

is generated, and a gas is introduced to generate the plasma. This plasma

etches hydrocarbons and leaves silanol (SiOH) groups on the surface, render-

ing the surface hydrophilic. Finally, the treated surfaces are placed in contact

with another oxidized polymer (e.g.: PDMS) or glass surface to form bridging

Si-O-Si bond at the interface, creating an irreversible seal.

Three parameters have to be considered when performing a plasma treat-

ment process: the gas type, power and exposure time. Oxygen is one of

the most used gases when activating common polymers, such as PDMS, or

glass surfaces. Regarding the exposure time, note that as illustrated in Figure

B.4a, the contact angle (the smaller the angle the more hydrophilic surface)

is hardly reduced upon a certain time. This is, prolonged times of exposure

do not imply better bonding.

In this work, PICO Low pressure plasma system (Diener Electronic) has

been employed. In Figure B.4b the equipment is shown. The tray is used to

hold the samples inside, while the controls are on the right.
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(a) (b)

Figure B.4 Oxygen plasma bonding. (a) Contact angle measurements of a water

drop on a blank PDMS surface as a function of the exposure time to air plasma

treatment [Jiang et al., 2002]. (b) PICO plasma system employed for bonding

the microfluidic platforms.

B.2 Characterization techniques

The following characterization techniques can be divided into two groups. The

first two techniques have been used to validate if the fabricated microstruc-

tures meet the predefined requirements. The last one, has been employed to

evaluate the performance of the devices and to carry out cell-based experi-

ments.

B.2.1 Contact profilometry

A profilometer is a measuring instrument used to measure the profile of a

surface, in order to quantify its roughness. Basically, contact profilometry

consists of a diamond stylus attached to a cantilever vertically in contact

with the sample. It moves laterally across the surface for a specified distance

and specified contact force measuring small surface variations in vertical stylus

displacement as a function of position.

In particular, P-6 stylus profiler (KLA-Tencor) has been used in this study

which measures small vertical features ranging in height from a few nanome-

ters to 110 microns (Figure B.5). This equipment is very useful as it helps to

check the uniformity of thickness across a wafer, thereby checking that the

manufacturing process has been adequate. In addition, the width and length
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of the patterned geometries can be verified. These steps can be manually

performed, as wells as programmed in a computer using a two-dimensional

pattern to cover a wide area generating a 3D measurement showing all the

existing variations.

Figure B.5 Tencor P-6 profilometer.

B.2.2 Scanning electron microscopy

The scanning electron microscopy (SEM) has been widely used as a surface

characterization method to obtain high-resolution images of the surface to-

pography and composition of the studied samples.

Figure B.6a illustrates the schematic of the operation principle. The elec-

tron beam, generated by the transmitter located in the top of the column, is

condensed and focused on a lens to be converted into a single beam. This

spot passes through pairs of scanning coils or pairs of deflector plates in the

electron column, typically in the final lens, which deflect the beam in the x

and y axes so that, it scans, in raster scan pattern, over a rectangular area

of the sample surface. When the primary electron beam interacts with the

sample surface, it emits secondary electrons that are captured by the detec-

tor. This detected signal combined with the position of the beam generates

an image of the sample.

The equipment used in this case is a PRO G2 Phenom (Phenom-World)

shown in Figure B.6b. This desktop SEM can process samples up to 10 inches

in diameter and has a magnification range of 20 – 100,000× with a resolution

below 17 nm.
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(a) (b)

Figure B.6 SEM imaging. (a) Schematic of the working principle of a scanning

electron microscope. (b) Phenom G2 PRO desktop SEM.

Note that, for conventional imaging in a SEM, specimens must be elec-

trically conductive, at least at the surface, and electrically grounded to pre-

vent the accumulation of electrostatic charge at the surface. Therefore,

non-conductive specimens, namely PDMS pieces or biological specimens, are

often coated with an ultra-thin coating of an electrically conducting mate-

rial, deposited on the sample either by low-vacuum sputter coating or by

high-vacuum evaporation. In this particular work, SC7620 (Quorum Tech-

nologies) ‘mini’ sputter coater system has been used to deposit a layer of

gold-palladium alloy over non-conductive samples (Figure B.7).

Figure B.7 SC 7620 ‘mini’ physical vapor deposition (PVD) system.
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B.2.3 Optical microscopy: contrast-phase and fluorescence

Different optical microscopes have been also used to characterize and validate

the performance of developed microfluidic platforms, as well as to monitor and

study single cell-based assays performed within the microdevices. In particular,

phase contrast and fluorescence microscopes have been used.

Phase contrast microscopy is an optical microscopy technique that con-

verts phase shifts in light passing through a transparent specimen to bright-

ness changes in the image. Phase shifts themselves are invisible, but become

visible when shown as brightness variations. This is particularly important in

biology as it reveals many cellular structures that are not visible with a simpler

bright field microscope.

Regarding fluorescence microscopy, it consists of capturing the light emis-

sion of particles or materials that react to a specific wavelength in a graphic

format. This involves using a microscope with a light source that emits at

that specific wavelength and excites particles or elements under study. The

microscope setup could be a simple epifluorescence, a contrast phase mi-

croscope or even a more complex confocal microscope which uses optical

sectioning to get better resolution of the fluorescent image. In this case,

the Nikon Eclipse TS100 inverted microscope with an incorporated digital

camera (Nikon D90) and the Nikon Eclipse Ti inverted microscope (Nikon

Instruments) microscopes have been used.

Figure B.8 Nikon Eclipse Timicroscope setup for high resolution, fluorescence

and time-lapse experiments.
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While the Nikon Eclipse TS100 has been employed for routine microscopy

and short-term experiments, the Nikon Eclipse Ti, due to its diverse fluores-

cence and time-lapse capabilities, has been utilized for monitoring cells over

longer periods of time. Note that, for time-lapse experiments, microscope

image sequences are recorded and then viewed at a greater speed to give an

accelerated view of the microscopic process.

In particular, this microscope is equipped with an automated stage, an

incubator, a temperature hood to maintain a constant temperature and a

closed chamber that allows for CO2 flow over the microfluidic platform under

study (Figure B.8). In addition, different fluorophores commonly used in

cell research, such as fluorescein isothiocyanate (FITC) or sulforhodamine

101 acid chloride, also known as English Texas Red (TxRed) can be imaged

thanks to the available filter options.





APPENDIXC

Code and pseudocode of the developed custom-made

programs

This appendix includes the code required for the Matlab R©-Comsol R© interac-

tion used for the CFD batch simulations, as well as a pseudocode describing

the Matlab-based program for semi-automatically detect the interface be-

tween two fluids.

C.1 Code for controlling Comsol via Matlab

The following code, implemented in Matlab, has been used to run batch

simulations in Comsol. This code was used to study the chamber occupation

in different scenarios as well as to support the inlet interchangeability analysis.
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clear all; clc; close all; 
 
% Define the flow rates to be simulated 
range = [1:0.5:10 10:1:20]; 
range(2,:) = 1; 
range = [range(1,:) range(2,:);range(2,:) range(1,:)]; 
range = range .*1e-11; 
  
for j = 1 : size(range,2) 
    j/length(range) 
    % Set v01 and v02 as the velocities to be simulated 
    v01 = range(1,j); 
    v02 = range(2,j); 
    % load the model 
    model = mphload('New_Design_3in1out_widenShort inletS_I1I2.mph');  
    %set graph attributes, streamline 1 red colored 
    model.result('pg1').feature('str1').set('color', 'red');  
    %set graph attributes, streamline 2 blue colored 
    model.result('pg1').feature('str2').set('color', 'blue'); 
    %set simulation attributes, flow rate in inlet 1 equal to v01 m^3/s 
    model.physics('spf').feature('inl1').set('stdmfr',1,[num2str(v01) 
'[m^3/s]']);   
    %set simulation attributes, flow rate in inlet 1 equal to v02 m^3/s 
    model.physics('spf').feature('inl2').set('stdmfr',1,[num2str(v02) 
'[m^3/s]']);  
    % solve 
    model.sol('sol1').runAll;  
    % plot pg1 
    mphplot(model,'pg1') 
    % plot in matlab, customize and save in png  
    view(2) 
    print(gcf,'-dpng','-r500',['tmp_I01_I02' num2str(j) '.png']) 
    close all 
    % remove the model to avoid memory leaks 
    ModelUtil.remove('model')      
end 

!
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C.2 Interface detection program

The program below is mainly based on two procedures, namely edge detec-

tion and identification of the blue-colored area. Each of these processes

is carried out in different functions. This code has been designed assuming

that the blue colored fluid should be positioned at the bottom of the device.

Otherwise, function whereInterface should be modified accordingly or, the

images should be rotated.

Function main

Data: name of the picture, name

Result: percentage of occupation, PERCEN

Procedure

Set A as an M-by-N-by-3 array containing the image data of name;

o = 1;

for each column in A do

Set a as the 1-by-N-by-3;

Set sup as the output of upperEdge(a);

Set low as the output of lowerEdge(a);

Set f as the output of whereInterface(a);

Set occupation(o) equal to (low − f )/(low − sup);

Set o = o + 1;

Set PERCEN as the median of the array occupation
end

Function upperEdge

Data: a, the 1-by-N-by-3

Result: the pixel corresponding to the upper edge of the device, sup

Procedure;

Set da as the differences between adjacent elements of a;

Set o = 1;

while o being less or equal to N do

if da(o) > threshold then

sup = o;

return [sup]
end

Set o = o + 1;

end
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Function lowerEdge

Data: a, the 1-by-N-by-3

Result: the pixel corresponding to the lower edge of the device, low

Procedure;

Set da as the differences between adjacent elements of a;

Set o = N;

while o being greater or equal to 1 do

if da(o) > threshold then

low = o;

return [low]
end

Set o = o − 1;

end

Function whereInterface

Input: a, the 1-by-N-by-3

Output: the position of the interface, f

Procedure;

Set o = 1;

while o being less or equal to N do

Set RedInt as the intensity of the red color in the o-th row of a;

Set GreenInt as the intensity of the green color in the o-th row of

a;

Set BlueInt as the intensity of the blue color in the o-th row of a;

Set BlueP ro as BlueInt/(RedInt + GreenInt + BlueInt);

if BlueP ro > threshold then

f = o;

return [f]
end

Set o = o + 1;

end
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a b s t r a c t

Lab on a chip (LOC) systems provide interesting and low-cost solutions for key studies and applications

in the biomedical field. Along with microfluidics, these microdevices make single-cell manipulation

possible with high spatial and temporal resolution. In this work we have designed, fabricated and

characterized a versatile and inexpensive microfluidic platform for on-chip selective single-cell trapping

and treatment using laminar co-flow. The combination of co-existing laminar flow manipulation and

hydrodynamic single-cell trapping for selective treatment offers a cost-effective solution for studying the

effect of novel drugs on single-cells. The operation of the whole system is experimentally simple, highly

adaptable and requires no specific equipment. As a proof of concept, a cytotoxicity study of ethanol in

isolated hepatocytes is presented. The developed microfluidic platform controlled by means of co-flow is

an attractive and multipurpose solution for the study of new substances of high interest in cell biology

research. In addition, this platform will pave the way for the study of cell behavior under dynamic and

controllable fluidic conditions providing information at the individual cell level. Thus, this analysis

device could also hold a great potential to easily use the trapped cells as sensing elements expanding its

functionalities as a cell-based biosensor with single-cell resolution.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Cell handling is essential for research and application develop-

ment in clinical diagnostics. However, in numerous biological

assays thousands of cells are cultured without considering that

the interaction among them may interfere in the resulting data.

Nowadays it is well known that individual cells, even those with

identical appearance, differ from each other in many character-

istics, such as the critical amount of a metabolite or the specific

genetic expression (Graf and Stadtfeld, 2008; Walling and Shepard,

2011). These disparities make individual cells have different

responses to equal stimulus in the same conditions. This is critical

in their function and viability and the obtained average results

may lead to ambiguous information. Studying cell populations at

single cell level without the influence of the neighboring cells

opens new opportunities for more personalized diagnostics and

drug discovery. However, an accurate individual cell manipulation

is not straightforward. Therefore, developing strategies able to

control each cell individually constitutes a hot topic in the field.

In this light, microfluidics emerges as a powerful alternative.

Particularly, microfluidics is a multidisciplinary field that studies

the dynamic of fluids confined in the micro-scale range.

In the last twenty years, the inherent capacity of microfluidics

for handling small sample volumes and molecules with high

control has made it the preferred alternative of researchers to

overcome most of the drawbacks of traditional culture assays. Lab-

on-a-chip devices, based on micro-technologies, allow splitting

(Jeon et al., 2000), mixing (Stroock et al., 2002) and analyzing

(Skommer et al., 2012; Toner and Irimia, 2005; Velve-Casquillas

et al., 2010) a single drop sample (urine, blood, etc.) in a high

throughput manner and with minimized samples, reagents and

waste thanks to their length scale. Furthermore, all these advan-

tages, inherent to miniaturization, are combined with the use of

cheap polymeric materials for their fabrication, which translates to

a great reduction of overall costs compared to their macro-scale

counterparts (Bange et al., 2005; Chou et al., 2013; Sia and

Whitesides, 2003; Weigl et al., 2008)

A great amount of appealing studies can be performed with

high spatial and temporal resolution, being of great interest those

involving the manipulation of single cells (Zare and Kim, 2010).

This control is mostly possible because, under these micro-scale

conditions where viscous effects dominate over inertial forces, the
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flow is totally laminar meaning that multiple liquid streams can

flow side-by-side in a predictable manner and without turbulent

mixing (Kovacs, 1998).

This manipulation of two or more fluids at a time is known as

co-flow phenomena. The straightforward example is the use of

several fluids as ‘virtual walls’, called sheath flows, for steering the

main flow. This technique is commonly known as hydrodynamic

focusing and has been widely used for improved flow cytometry

(Bhagat et al., 2010; Hur et al., 2010; Joo et al., 2010; Oakey et al.,

2010).

Beyond these works, laminar co-flow has been used for several

applications. For instance, Parra-Cabrera et al. (2012) carried out

an on-chip selective surface functionalization procedure for bio-

sensors using laminar co-flow. In the same way, Takayama et al.

(1999) patterned cells or even treated just parts of them and/or

their substrate. This high spatial control and resolution was also

exploited by the same group to deliver multiple reagents to

selected subcellular microdomains of a single living cell

(Takayama et al., 2001). Similarly, Li et al. (2011) developed a

technique for studying cell behavior under two or more gene

transfections in the same culture thanks to partial transfection of

cells using two flows.

Closely related to hydrodynamic focusing, hydrodynamic resis-

tance emerged as one of the most reported techniques for isolating

single cells in spatial confinement (Arakawa et al., 2011; Di Carlo

and Lee, 2006; Faley et al., 2009; Frimat et al., 2011; Kobel et al.,

2010; Rowat et al., 2009; Wu et al., 2008). However, whilst the

hydrodynamic focusing takes advantage of the co-flow, the latter

does not. Exploiting the cleanness and versatility of the laminar

co-flow together with robustness of hydrodynamic based trapping

methods could lead to simplified and cost-effective microfluidic

platforms for a number of different applications including

enhanced cell-based biosensors (Z.H. Wang et al., 2012, T. Wang

et al., 2013). However, further efforts are required for combining

all the existing functionalities of this kind of systems making use

of their potential for single cell studies (Xu et al., 2005).

In this work we merge both methodologies: (1) the use of co-

flow phenomena for a broaden functionality of a microfluidic

platform and (2) single-cell analysis. Concretely, we develop and

characterize a simple and reliable PDMS microfluidic platform for

on-chip single cell selective trapping and treatment. The presented

study describes the optimum parameters for single-cell trapping

and explains the procedure based on the use of laminar flow of

multiple parallel liquid streams to selectively treat cells of the

same population at individual level. The control of the co-flow is

achieved by varying the ratio of the input flows. In order to fully

control the occupation of each stream inside the device several

characterization curves are obtained both, theoretically and

experimentally. Finally, we demonstrate the utility of our novel

device for setting the threshold ethanol concentration that is toxic

to single cells. The whole system is a potential solution for

determining the minimal dosage of different drugs in cancer

research providing with quantitative information at single-

cell level.

2. Material and methods

2.1. Microdevice design and fabrication

A microfluidic device for single cell analysis was developed as

shown in Fig. 1a. As in Benavente-Babace et al. (2013), the

polydimethylsiloxane (PDMS) based platform consisted of two

inlets and two outlets with a wider section at the middle of the

device (the trapping chamber) where the cells are captured and

studied under certain given conditions. The dimensions of the

chamber were 4 mm long, 500 mm wide and 27 mm high, contain-

ing arrays with different sieve-like structures (see inset of Fig. 1b).

The microfluidic device was fabricated using common PDMS

replica-molding processes (see Supplementary information, Fig. S2).

First, the master was fabricated by conventional UV photolitho-

graphic techniques onto a 4″ silicon wafer. After cleaning the wafer

in piranha solution (H2SO4:H2O2/1:1) it was spin-coated with a

negative photoresist (SU-8 2025, MicroChem Co.) at 2600 rpm in

order to achieve a thickness of 27 mm. Then, the wafer was soft-

baked, exposed to the specific photomask, post-baked and devel-

oped according to manufacturer instructions. Finally, this master

mold was rinsed with isopropanol to clean the residues from the

photoresist and dried, concluding with a hard-bake step for 2 min

at 150 1C in order to get rid of stress cracks.

A two-part mixture (base:curing agent/10:1) of polydimethyl-

siloxane (Silastic T4 PDMS, Dow Corning) was then poured and

cured at room temperature for 48 h upon the silicon master to

produce an optically transparent replica. The silicone replica was

disassembled and the inlets and outlets were punched by a needle.

Finally, it was bonded to a previously cleaned glass slide by means

of 1 min oxygen plasma treatment at 100 W (Femto, Diener

Electronic).

A preliminary characterization of the silicon and PDMS

microstructures was conducted using optical microscopy and

scanning electron microcopy (Hitachi S3000-H). Prior to imaging,

the devices were coated with a thin Au/Pd layer to prevent

charging.

2.2. Experimental setup

The experimental setup used in the experiments is shown in

Supplementary Fig. S3. For fluid insertion or cell loading, one

syringe pump per inlet (eS-pump ESR200P, NanoNC Co. Ltd. and

KDS SP101i, WPI Inc.) was used. Both pumps were connected to the

microdevice through Tygon tubing (O.D.¼2.18 mm and I.D.¼

0.38 mm, Saint-Gobain Performance Plastics, France) using 1 mL

plastic syringes (Becton, Dickinson and Company). The microflui-

dic platform was placed on an inverted microscope with an

incorporated digital camera (Nikon Eclipse TS100 and Nikon

D90) in order to monitor and record the experiments.

2.3. Fluid dynamics

The low Reynolds number found within this microfluidic plat-

form fixes an entirely laminar flow. These conditions ensure that

mixing occurs only by diffusion, which will depend on the flow

rate and on the length of the interface between two fluids. This

fluid system has the advantage that it is easily controlled and

modeled. The virtual wall between fluids can be displaced as

required just by controlling the flow rate ratio at the inlets (Fig. 2).

Based on this concept, this microdevice can be used to treat or

functionalize simultaneously and under the same conditions

specific parts of the chamber with two different solutions. In

order to precisely control this moving interface, or the chamber

occupation by each fluid, the fluid dynamics through the device

was characterized experimentally and the main results were

contrasted theoretically.

For the characterization of flow, an un-dyed phosphate-buf-

fered saline solution and a blue-dyed one (DPBS, Lonza) were used

to optically locate the interface between them. Different concen-

trations of PBS and ethanol (Panreac) mixture were also analyzed

to find out if solutions with different density and viscosity would

affect the behavior of the dynamic interface.

Several ratios between the two input flows (Qmain and Qlat) were

defined in order to fully control the chamber occupation. Specifically,

the following ratios were studied: Qmain/Qlat (or Qlat/Qmain)¼1, 1.5, 2, 4,
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5, 6, 8, 10 and 12. As these ratios can be achieved within different flow

rate ranges, low (.1 mL/minoQo1 mL/min), medium (1 mL/min-

oQo10 mL/min) and high (10 mL/minoQo25 mL/min) flow rate

intervals were defined and analyzed.

Computational fluid dynamic (CFD) simulations, based on

Navier–Stokes equations, were performed in COMSOL (Comsol

Multiphysics 4.2a, Sweden) to analyze the co-flow behavior

through the microfluidic network. Different input flow ratios were

Fig. 2. Standard examples of some possible flow rate ratio configurations for different chamber occupancy of the fluids. *When both solutions have the same physical

properties, for a flow rate ratio of 1, the chamber occupation will be 50% for each fluid.

Fig. 1. (a) Picture of the fabricated device. (b) Schematic of the microfluidic platform. The inset shows the three different designs of the sieve-like structures for trapping

cells. (c) SEM micrograph of the PDMS device. (c1) Trapping chamber. Inset: sieve-like structure. (c2) Different geometries of the sieve-like structures.
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evaluated in order to steer the moving interface through the whole

chamber validating the experimental characterization.

2.4. Cell culture and device operation

Mouse hepatocytes (AML12 cell line, ATCC) were maintained in

Dulbecco's modified Eagle's medium with Nutrient Mixture F-12

(D-MEM/F12, Gibco) containing Glutamax, 10% fetal bovine serum

(FBS) and 1% of antibiotics. They were incubated in a humid

atmosphere at 37 1C with 5% CO2.

Prior to its use with cells, the device and the tubing were

sterilized with 70% ethanol. Then, the system was filled with

phosphate buffer saline solution through the lateral inlet (see

Fig. 1b) ascertaining that any bubble inside the device was

removed. Afterwards, cell suspensions were loaded in a 1 mL

syringe and flowed into the device through the main inlet. The

flow rate ratio between both inlets was adjusted in order to

control the specific line of traps to be filled. Once the arrays of

traps were filled with cells, the syringe pump governing the main

inlet was stopped and the syringe with individual cells was

replaced by another one with fresh media. At this stage, both

inlets could be used for driving any other fluid depending on the

following assay to be made, i.e. trypan blue for checking cell

viability or a specific drug for testing it.

2.5. Cytotoxicity assay

As a proof of concept, the effect of different ethanol concentra-

tions on mouse hepatocytes was tested and the threshold ethanol

dosage that is toxic to single cells was determined. The ethanol

concentrations used were 0% (as a control), 10%, 15%, 20%, 25%,

30%, 40%, 50%. Trypan blue (Gibco, Life Technologies) exclusion

test was used for quantifying the cytotoxic effect of ethanol. Note

here that we are considering cytotoxicity in its extended meaning;

understanding that ethanol is toxic to cells not just because it may

active the apoptotic mechanisms that in the end will cause cell

death, but also because cells exposed to ethanol may undergo

necrosis, in which they lose membrane integrity and die rapidly as

a result of cell lysis.

At least three experiments were run for each ethanol concen-

tration. Once all the traps were filled with single cells and the

untrapped cells were removed, .4% trypan blue was injected

through the lateral inlet to check the captured cell viability prior

to the treatment. Then, the specific ethanol dosage was perfused

through the main inlet and the correct flow rate ratio for both

inlets was fixed for treating only the selected single cells while the

rest remained untreated as a control. Cell viability was checked

every minute during the first 5 min and then every 5 min until all

the seized and treated cells were dead. Note that cells were never

exposed to trypan blue for more than 60 min to avoid misleading

data from the own toxicity of this substance.

2.6. Image analysis

In order to quantify the occupation of the chamber by each

fluid a custom-made MATLAB (The MathWorks, Inc.) script for

automation of these measurements was implemented. Specifically,

the program measures the distance from the left wall of the

trapping chamber to the interface, giving the percentage [%] of the

deviation of the fluid 2 (the one that enters from the lateral inlet)

over the entire width of the chamber (Fig. 2). Note that, all the

images were taken in the middle part of the chamber where the

trapping sieve-like structures are placed. This standalone interface

detection provides accurate, repeatable and unbiased results.

Further details about the operation and adaptability of this

developed program can be found in the Supplementary

information.

2.7. Statistical analysis

All statistical analyses as well as the graphical representations

were carried out using MATLAB. Data are presented here through

the corresponding mean values.

The experimental fluctuations observed when identifying the

flow rate ratios leading to a chamber occupation of a 50% are

illustrated by means of error bars, representing one standard

deviation above and below the mean. Assuming that the experi-

mental data are normally distributed these intervals constraint

about the 95% of the points.

The exposure time until cell death studied in the cytotoxicity

analysis is represented by means of boxplots. The box extends

from the first quartile to the third quartile values with an

additional horizontal line that represents the median. The whis-

kers are vertical lines that go from each end of the box till the most

extreme data value within 1.5 times the interquartile range. In this

analysis 142 time points were considered.

3. Results and discussion

3.1. Fabricated microfluidic platform

SEM micrographs (Fig. 1c) confirmed that all the features were

accurately reproduced from the master molds. The microfluidic

system was 2771 mm high. The trapping arrays within the main

chamber of the device consisted of four rows containing pocket-

like structures with three different geometries, but all having a

small aperture of 671 mm (Fig. 1d). With smaller gaps the fraction

of fluid streamlines going through the traps was too small that the

cells dodged these structures. However, with gaps bigger than

671 mm cells squeezed and slid from the trap. All the dimensions

were tailored for optimizing the device for a cell diameter of

15–20 mm. The tested microdevices had a total of 14–18 traps;

however the whole chamber could be easily enlarged increasing

the amount of these structures without disturbing any other

parameter and enabling high throughput analyses.

We found that for an optimal definition of the microtraps the

developing time during mold fabrication was 3–4 min longer than

the standard established by the manufacturer.

3.2. Fluid dynamics characterization for selective fluid control within

the chamber

The interaction between PBS–PBS and PBS–ethanol [X%] was

studied in order to characterize the fluid dynamics inside the

microfluidic system. Ten ratios at different flow rate ranges were

analyzed between two input flows in order to fully control the

chamber occupation. This system allowed to have two different

fluids simultaneously covering separated parts of the device

analysis site (Fig. 3a). Noteworthy differences were observed

depending on the flow rate or when enclosing two fluids with

different physical properties such as viscosity or density. Experi-

mental conditions carried out in the frame of this study were also

reproduced by Computational Fluid Dynamics simulations.

Obtained results showed a good agreement with the experimental

data, as illustrated in Fig. 3b.

3.2.1. Chamber occupation

Fig. 3b shows the flow rate ratios needed to accurately control

the occupation of the chamber. This study was conducted in the

same way for both: flow rates of fluid 1 greater than those of fluid
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2 (Qmain/Qlat41) and inversely (Qlat/Qmain41) (see Fig. 3b). Data

confirm that experimental and simulated results are in good

agreement. The relationship between chamber occupation and

inlets flow rate ratio shows two distinguishable areas. In particular

an asymptotic behavior is observed in extreme chamber occupa-

tions whilst an exponential growth occurs where both flow rates

are similar, namely the ratio is close to one (QmainEQlat). There-

fore, a chamber occupation above 90% demands ratios in the order

of 20. These ratios, however, require extreme flow rate ratios

which could lead to negative consequences in the study under

consideration such as bad performance of the syringe pumps or

forced diffusion of one of the fluids. Normally, when the chamber

occupation has to be close to 100%, one of the syringe pumps

should be halted.

Another interesting insight obtained from the figures above is

that the asymmetry of the inlets does not affect the flow. In other

words, the length of the channel before the chamber allows the

flow to become fully developed. For instance, note from Fig. 3 that

when the same flow is introduced through both inlets, the

chamber occupations is precisely close to the 50%, highlighting

that the interface position indeed is not dramatically affected by

the asymmetry of the inlets. This effect is clearly seen in the

symmetry with respect to ‘Flow rate ratio’ axis kept by Qmain/Qlat

and Qlat/Qmain curves (Fig. 3b). Remember that, when working

with ratios, it is possible to get the same chamber occupation

using different flow rates.

3.2.2. Flow rates

The magnitude of the flow rates under consideration repre-

sents a parameter of utmost importance. For instance, results

obtained using low flow rates, namely those below 1 mL/min, turn

out to be less consistent than higher ones. This is mainly caused by

experimental artifacts, as it is that, the optimal operation range of

the pumps does not correspond to these flow rates. In addition,

flow rates below 1 mL/min may not be of interest since they lead to

higher diffusion. As a consequence, an accurate flow control may

not be possible since both fluids are mixed in a larger region due

to this phenomenon, as shown in Supplementary Fig. S4.

3.2.3. Fluid properties

When two different fluids (or fluids with different physical proper-

ties) are introduced within the device, an occupation of 50% is not

achieved even when the flow rate ratio is equal to one. This is mainly

because both fluids have different biophysical properties such as

density or viscosity, as noted in the case of ethanol and dyed PBS in

Supplementary Fig. S4. Ethanol at different concentrations, both

diluted in PBS and water, was studied together with phosphate

buffered solution. For equal ethanol concentrations, no difference

was observed between the dilution in PBS or water; this is because

water and PBS have very similar values of density and viscosity.

Concerning the behavior of the two laminar flows (PBS─ethanol

[X%]), as the ethanol concentrationwas higher, the difference between

density and viscosity of both fluids was larger (ethanol has lower

density but higher viscosity), requiring a higher flow rate through the

PBS inlet for a given chamber occupation. In addition, there was also

higher diffusion. For illustration, in the lines belowwe explain the flow

rate ratio required to obtain a 50% chamber occupation for different

ethanol concentrations (Fig. 4). In this case, the ratio between inlets

(QPBS/Qethanol) instead of being 1 should be approximately 2.4 for

ethanol at 25%, or almost 3 for ethanol at 50%.

As shown, the use of control curves based on ratios makes the

calibration scalable to different flow rate ranges; the use of lower

or higher flows will depend on the particular assay requirements.

These curves make the control of the device very simple and fully

Fig. 3. Theoretical and experimental results. (a) Optical microscopy image showing the laminar flow within the device. (b) Chamber occupation obtained for different flow

rate ratios between inlets. Dots and stars represent the median of all obtained values of the taken pictures from the performed experiments. Continuous and dotted lines

show the simulated results of the chamber occupation percentage.
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customizable since taking all these phenomena into consideration

for each specific assay or study may be complicated and time

consuming. Nevertheless, if the density or the viscosity were too

different the control curves could be readjusted, and since we have

also developed home-made MATLAB-based interface detection

software this work would be done semi-automatically.

3.3. Cell trapping protocol optimization

Loading time, flow velocity and cell density are the most important

parameters when optimizing cell trapping without affecting cell

viability. We found that cells should be loaded within 5–10min after

starting the perfusion of the cell suspension. This helps to minimize

the amount of shear stress exerted on cells during the trapping stage.

Pumping cells at high flow rates leads to a faster trapping step

and to a minimized loading time. However, cells could suffer

excessive shear stress under these conditions, which could

compromise cell behavior and the integrity of the membrane,

resulting in cell death (Kobel et al., 2010; Li et al., 2005). Most

endothelial cells could withstand up to 10 mL/min flow rates,

which are similar to interstitial flow velocities found within the

human body (Helm et al., 2005; Polacheck et al., 2013; Swartz and

Fleury, 2007). In contrast, if the loading velocity is too low the

underlying mechanism of trapping, based on the hydrodynamic

resistance of the traps, would not work properly since the cells

would dodge the sieves. A flow rate of 1–3 μL/min maximized

both viability and trapping efficiency. In addition, cell density also

played a crucial role in the trapping dynamics. Increasing cell

density leads to shorter loading times. We found that the optimal

density was 3.0–5.0�105 cells/mL. Higher densities lead to clog-

ging of the microchannels and multiple cells lodging per trap.

Cell trapping efficiency of the device was evaluated optically.

Traps filled with impurities or with faulty pillars were not taken

into account. Cell perfusion was done just for 5–10 min. In total,

six different devices were evaluated obtaining an average effi-

ciency of 81.6% (SEM73.1; SD77.5). These acquired values are

comparable to those found in the literature with high efficiency

rates and based on similar hydrodynamic traps (Hong et al., 2012;

Lin et al., 2013; Xu et al., 2013). Hence, the arrangement and shape

of these elements appears to be adequate. However, no difference

was observed among the three used geometries of the traps.

Therefore, we conclude that once the gap of the trapping struc-

tures is properly selected (6 mm in this work), the shape of the trap

itself is not crucial as long as the space that accommodates the cell

has a similar size to the dimensions of the cell under study.

3.4. Cytotoxicity assay

Using this microfluidic platform and the developed control

curves (Figs. 3b and 4), we can selectively treat single cells

simultaneously and under the same conditions by simply adjust-

ing the flow rate ratio between the inlets. In order to further

validate the device, we evaluated the cytotoxic effect of ethanol at

different concentrations, from 10 to 50%, on isolated hepatocytes.

For each ethanol concentration, the procedure presented below

was carried out. In particular, Fig. 5 illustrates the process when

ethanol concentration was fixed to 25%. Following the cell trap-

ping step (see Fig. 5a and b), described in the Materials and

Fig. 4. Flow rate ratio between the lateral inlet (Qlat) over the main inlet (Qmain) for

a chamber occupation of 50% and for different ethanol concentrations. The mean

values for concentrations equal to 0%, 10%, 25%, 40% and 50% are .97, 1.43, 2.08, 2.55,

2.79, 2.76 and 2.11. Obtained standard deviations are .07, .04, .08, .11 and .12 for 0%,

10%, 25%, 40% and 50% ethanol concentrations respectively.

Fig. 5. Cytotoxicity assay for ethanol at 25%. (a) Empty chamber flushed with PBS and with no stacked air bubble. (b) Trapped single cells after 5 min. (c) Trypan blue

exclusion test; note that one cell is already dead. (d) Ethanol treatment to 50% of the cells. (e) Cell viability checking after the treatment. An extra figure showing a particular

trapped cell, at higher magnification before and after the treatment, can be found in the supporting information (see Fig. S5).
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methods section, the device was ready to carry out the cytotoxicity

assay. The ethanol was driven through the main inlet while the

trypan blue was injected through the lateral inlet. The input flow

rate ratio was fixed so as to treat selected cells by halting the

ethanol controlling syringe pump at determined periods (every

minute during the first 5 and then every 5 min until every cell

was dead) to identify death cells by trypan blue exclusion test

(Fig. 5c).

In order to facilitate the understanding of the whole purpose of

this work we demonstrated its operation with a fixed chamber

occupation of a 50%, that is, half of the isolated cells were treated

with ethanol whereas the other half worked as control (see

Fig. 5d). Fig. 5e shows how cells treated with 25% ethanol died

within 5 min. Data in Fig. 3b can be easily adapted to obtain the

specific ratios to control the flow through any device fulfilling the

conditions previously described. Regarding this particular micro-

fluidic platform, note that the traps barely modify the flow

through the chamber. In addition, as posed above, the flow can

be considered fully developed once it reaches the chamber (see

Fig. S4).

Recalling this particular case for treating half of the isolated

cells, we identified that the proper ratio needed for a 50% of

chamber occupation was Qlat/Qmain¼2.4 (Fig. 4). Once the specific

ratio was known, the ethanol (Qmain) and the PBS (Qlat) inlet flow

rates were always fixed to values as close to 5 mL/min as possible,

such as Qlat¼7.13 mL/min and Qmain¼3 mL/min; proper values both

assuring cell viability (never higher than 10 mL/min, shear stress

would compromise the cell membrane integrity) and, as com-

mented above, with negligible diffusion at the interface of both

fluids (not lower than 1 mL/min).

Fig. 6 shows the time until cell death for each ethanol

concentration. The cytotoxicity increased with ethanol dosage

and with exposure time. As the ethanol concentration increases,

the time to cell death decreases rapidly. Hepatocytes exposed to

40% and 50% ethanol died in less than 1 min, these resulting in the

highest doses to which they were subjected. At 30% of ethanol, all

cells were dead within the first 3 min, whereas cells under 25%

ethanol treatment died after almost 5 min. On the other hand, at

lower ethanol concentrations cells withstand better the exposure.

The longer the contact to ethanol, the more differences cell to cell

were observed. When treating cells with 20% ethanol, we found

that some cells died after 10 min whereas other survived even 15

more minutes. Similarly, at 15% ethanol the first cells died in

20 min but it took a total of 35 min until 80% of the cells were

dead. These were expected results due to the heterogeneity of

each individual cell, for instance, apart from the ethanol effect not

all the cells are in the same stage of the cell cycle. A concentration

as low as 10% entailed much more than 60 min to affect all the

cells. After 60 min the ethanol infusion was stopped to avoid

misleading results considering that for longer assays other factors

disturbing cell viability, such as CO2 absence or temperature

changes, should be taken into account. It is worth noting that

the averaged acquired exposure times as a function of ethanol

concentration, were coherent as shown in Fig. 6. In addition, these

results of ethanol cytotoxicity in hepatocytes are in line with

previously reported ones by Tapani et al. (1996) on conventional

culture plates and they provide with more quantitative informa-

tion (see Supplementary Table S1). In our study, cells exhibited

higher resistance to ethanol exposure than in the experiment

performed by Tapani and coworkers. These differences are prob-

ably due to two main reasons: a perfusion culture compared with

a static culture (Wu et al., 2010) and an averaged cytotoxicity data

from a cell population versus results at individual cell level. This

emphasized again the versatility of this microfluidic platform that

enables perfusion cultures which not only have steadier and more

controllable conditions but also provide the ability of acquiring

single-cell data.

4. Conclusion

This paper presents a microfluidic platform for single cell

trapping and selecting probing under different conditions. Pre-

dictable laminar flow allows the acquisition of control curves for

selective on-chip treatment of cells in a versatile and simple

manner. Proof-of-concept experiments were conducted using a

single-cell ethanol cytotoxicity assay. We demonstrate that for

small number/scarce cell populations, as is appropriate for

patient-derived rare cancerous cells, we can produce statistically

robust information collecting data from individual cells. The

versatility of this microfluidic platform makes it a powerful tool

for performing different single cell-based assays of high interest in

cell-based drug testing, cancer research or cell therapy. The device

herein described could also be of relevance for applications in

multifunctional cell-based biosensors (Asphahani et al., 2008;

Thein et al., 2010; Xu et al., 2005). As such, trapped cells serving

as sensing elements could allow for monitoring of physiological

changes induced by the exposure to different environmental

stimuli.
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Fig. 6. Exposure time until cell death at different ethanol concentrations. At

concentrations higher than 40% cells die in few seconds. Whereas, if the ethanol

percentage is 10% or lower the cytotoxic effect is minimum requiring an exposure

longer than 60 min. More detailed data is included in the Table S1 of the supporting

information.
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Abstract

The isolation and manipulation of individual cells is essential to microfluidic

workflows for high-throughput biomedical applications, including drug testing,

clinical diagnostics, and cell therapy. However, high-throughput single-cell

trapping approaches require complex operation and microfluidic components

that are difficult to build, and often yield inadequate efficiency and through-

put. Here, we present a novel and multipurpose microfluidic platform for

high-throughput single-cell trapping and bio-analysis with simple design, easy

fabrication and low cost. The developed microdevice can be easily coupled

with two different micropatterned modules enabling cell migration and co-

culture analyses at individual cell level. The control of the fluid flow within

the device is carried out by means of laminar co-flow allowing selective treat-

ment of cells simultaneously and under the same conditions. Key parameters

for optimum fabrication and efficient cell trapping and seeding were estab-

lished. Finally, as a proof-of-concept some preliminary cell-based assays were

performed assuring cell viability and showing the versatility of the fabricated

device. The obtained results demonstrated the feasibility and simplicity of

the developed microfluidic platform.

Keywords : microfluidic platform, single-cell analysis, high-throughput, lami-

nar flow, multipurpose
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Abstract— Different multipurpose platforms were designed, 

fabricated and characterized to enable key analyses of cell 

behavior and function at single cell level namely cell-cell inter-

actions or cell migration under controlled conditions. The 

developed designs offer several advantages over previous ap-

proaches including high throughput, simplicity in experi-

mental setup and control, and potential for coupling it to dif-

ferent substrates. Key parameters for optimum fabrication, 

efficient cell capture and seeding with high viability were es-

tablished. Further, important factors for long-term experi-

ments were defined. Cleanness and versatility of this microflu-

idic device makes it a potential tool of high interest in cell-

based drug testing, cancer research or cell therapy. 

Keywords— Single-cell, microfluidics, cell capture, migra-

tion, co-culture. 

I. INTRODUCTION   

The analyses of single-cells instead of just standard cul-

tures are truly important when looking for more quantitative 

biology. While population-averaged bulk assays are often 

inaccurate or misleading, substantial evidence shows that 

the heterogeneity of individual cells within a genetically 

identical population can be critical to their chance of sur-

vival and can influence in their behavior [1]. Further, dy-

namic analysis that mimics a more in vivo like environment 

of cells is essential in understanding how biological systems 

operate. However, this kind of studies are limited by tradi-

tional cell culture. 

In the last twenty five years, microfluidic platforms have 

become the potential technology that combines single cell 

handling with the potential for high-throughput experimen-

tation which facilitates a better understanding of fundamen-

tal biological processes such as cell growth [2], differentia-

tion [3, 4], or migration [5]. Computational fluid dynamic 

(CFD) simulations have helped optimize designs in order to 

further increase the inherent capacity of microfluidics to 

handle fluids and molecules at the microscale that also al-

lows high temporal and spatial resolution. Takayama et al. 

[6] used microfluidic laminar flow to achieve local chemical 

stimulation of single cells, and to monitor and record the 

endocytosis by using fluorescent tracer. Similarly, Li and 

coworkers [7] developed a technique for studying cell be-

havior under two or more gene transfections in the same 

culture using two flows. Exploiting the cleanness and versa-

tility of the laminar co-flow together with robustness of 

hydrodynamic based trapping methods [8] could lead to 

simplified and cost-effective microfluidic platforms for a 

number of different applications. 

In this work we present multipurpose microdevices for 

single cell studies. The platform offers three different setups 

that enables selective treatment of cells [9], guided tumor 

cell migration [10] and cell-cell interaction studies [11]. The 

single cell capture and confinement is based on hydrody-

namic trapping by means of sieve-like structures. The de-

vice is an improvement of previously reported single cell 

isolation chips as it allows static and dynamic environments 

with continued probing of individual cells under physiolog-

ically relevant conditions controlled by means of co-flow 

[12]. Further, our complete system has unique advantages of 

easiness and controllability as all the final setups are based 

on the same main module needing the same operation and 

experimental setup. 

II. MATERIALS AND METHODS 

A. Design and fabrication of microfluidic devices 

Three different microfluidic chips have been designed: 

(1) the main platform containing the trapping structures, (2) 

a second device that contains the same trapping structures 

but coupled to a micropatterned substrate with embossed 

ridges and grooves for studies of guided cell migration [10] 

and (3) the last one enclosing one microwell below each 

trap enabling intercellular communication studies [13]. We 

will refer to these modules as traps, lines and traps-wells 

respectively. All of them were fabricated in PDMS by repli-

ca molding from a SU-8 photoresist mold. Briefly, three 

different master molds were defined on 4 inches silicon 

wafers using standard UV photolithography process. Silicon 

wafers were cleaned in piranha solution (H2SO4:H2O2 / 1:1), 

rinsed with deionized water and dehydrated at 200 ºC for 20 
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minutes. The mold containing the traps used a 26 µm thick 

layer of negative photoresist (SU-8 2025, MicroChem Co.) 

and was processed according to manufacturer instructions 

by means of single layer UV photolithography. Similarly, 

for the mold containing micropatterned lines (5µm height x 

15 µm width ridges spaced by 10 µm grooves), SU-8 5 

(MicroChem Co.) negative photoresist was used. These 

lines were placed on the bottom portion of the second de-

vice. The last mold, was created through a double-layer 

process using negative photoresist, SU-8 2015 (MicroChem 

Co.) first for patterning 26 µm traps and then for the 12 µm 

microwells. The first layer photoresist was spin coated onto 

the wafer and then subsequently processed (prebaked, 

aligned and exposed to the specific mask and post-exposure 

baked). Without developing, the second layer of photoresist 

was spin coated. The wafer was then soft baked, carefully 

aligned to the new mask containing the microwells and UV 

exposed. The wafer was post-exposure baked, developed, 

rinsed with isopropanol and blown dry with nitrogen. Final-

ly, in order to get rid of stress cracks a hard-bake step of 2 

minutes at 150 ºC was completed for all the wafers. 

 

Fig. 1 Schematics of the fabricated devices. a) Main platform containing 
the channels, trapping and analysis chamber. b) Layout of different geome-

tries coupled to the trapping chamber. 

Traps and traps-wells devices were formed from two-

part mixture (base:curing agent / 10:1) of 

polydimethylsiloxane (Silastic T4 PDMS, Dow Corning) 

which was then poured and cured at room temperature for 

48 hours upon each silicon master to produce an optically 

transparent replica. The silicone replicas were disassembled 

and the inlets and outlets were punched by a needle. Finally, 

they were bonded to a previously cleaned glass slide by 

means of 1 minute oxygen plasma treatment at 100W 

(Femto, Diener Electronic). On the other hand, the lines 

containing replicas, since they are an alternate substrate to 

the traps, they were fabricated following the same steps as 

the other two portions but with Sylgard 184 PDMS (Dow 

Corning) instead of Silatic T2 as this PDMS has better opti-

cal properties. Subsequently, this lines module was manual-

ly aligned and bonded to the main traps containing replica 

by oxygen plasma as described above.  

B. Cell culture 

Standard media were used to cultivate selected cell lines: 

(1) Mouse hepatocytes (AML12 cell line, ATCC) were 

maintained in Dulbecco’s modified Eagle’s medium with 

nutrient mixture F-12 (DMEM/F12, Gibco) containing 

Glutamax, 10% fetal bovine serum (FBS) and 1% of antibi-

otics. (2) GPF expressing human lung carcinoma cells 

(NCI-H1299 cell line), provided by the lab of Tumoral 

microenvironment from CIMA (University of Navarre), 

were maintained in RPMI 1640 medium (Gibco) supple-

mented with 10% fetal bovine serum (FBS), 1% penicil-

lin/streptomycin (Invitrogen) and 2 mM L-glutamine (Sig-

ma Aldrich). They were incubated in a humid atmosphere at 

37ºC with 5% CO
2
. 

C. Cell trapping and device operation 

Prior to its use, the devices were sterilized with 70% ethanol 

and then rinsed with PBS (phosphate buffered saline) solu-

tion. Afterwards, media was perfused through a syringe 

pump for one of the two inlets (see Fig. 1) of the device 

eliminating any bubbles inside the microfluidic device. Cell 

suspensions were then loaded in a 1 mL syringe and flowed 

into the device through the remaining inlet. The flux rate 

ratio between both inlets could be adjusted in order to con-

trol the specific line of traps to be filled [14]. Once all the 

traps were filled with cells, the tubing was removed and the 

device was put in the incubator cage of the microscope. 

D. Imaging 

Different SEM (Phenom G2 PRO, Phenom World) im-

ages were acquired in order to characterize the PDMS repli-

cas. Prior to imaging, the devices were coated with a thin 

Au/Pd layer to prevent charging. During cell capture pro-

cess cells were monitored using a contrast phase microscope 

(Nikon Eclipse TS100-F, Nikon Instruments Inc.). 

Time-lapse phase-contrast microscopy was performed 

with an inverted microscope (Nikon Eclipse Ti, Nikon In-

struments Inc.) equipped with an automated stage, a tem-

perature hood to maintain a constant temperature of 37 ºC, 

and a closed chamber that allows for CO2 flow over the 

microfluidic platform. Cells were imaged using 10X phase 

objective and monitored using bright field illumination and 

FITC fluorescence channel. Time-lapse movies were col-

lected using the NIS-Elements software (Nikon Instruments 

Inc.). The time-lapse experiments were conducted for 5-6h 

and the images were collected every 6-10 min. 
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III. RESULTS AND DISCUSSION 

A. Design and fabrication of microfluidic devices 

SEM micrographs (Fig. 2) confirmed that traps, trap-

wells and lines modules were accurate replicas of the master 

molds having 26 μm and 4 μm in height traps and lines 

respectively; and 15 μm depth the wells. The trapping ar-

rays within the main chamber of the device consist of 21 

rows containing 115 pocket-like structures that have a small 

aperture of 5 μm (Fig. 2a-b). This aperture is designed to 

regulate the hydrodynamic resistance and to achieve cell 

trapping. Fig. 4 shows the final device assembly after bond-

ing the main module to a glass substrate. As it can be seen 

in fig 2b, microwells were successfully aligned to the super-

imposing cell trapping microstructures. All these dimen-

sions were tailored for an average cell diameter of ≈ 20 μm. 

 

Fig. 2 SEM micrographs of the PDMS device. (a) Sieve-like structures for 

trapping cells. (b) Traps and aligned microwells. (c) Micropatterned lines 
before bonding them to the trap-containing module. 

B. Cell trapping process optimization 

In order to trap the cells without damage and in an effi-

cient way, loading time, flow velocity and cell density are 

key parameters to be assessed. We found that the trapping 

process should last no more than 5-10 minutes to minimize 

the shear stress exerted on cells. When loading cells at high 

speed, the loading time is reduced. However, cells could be 

subjected to excessive shear stress compromising cell be-

havior and the integrity of the membrane, resulting in cell 

death. In contrast, if the loading velocity is too low the 

underlying mechanism of trapping, based on the hydrody-

namic resistance of the traps, would not work properly and 

cells would dodge the traps. In our devices, a flow speed of 

5μL/min maximized both viability and trap efficiency. On 

top, cell density also played a crucial role in the capture 

dynamics. High cell density leads to shorter loading times 

but contributes to clogging of the microchannels and multi-

ple cells lodging per trap. We found that the optimal density 

was 3.0 × 10
5
 cells/mL. All these parameters are equally 

valid for all our devices. 

Fig. 3 shows successful trapping of two different cell 

types with different diameters ranging from 15 μm (AML-

12 cells) to 25 μm (H1299 cells) approximately. 

 

Fig. 3 Trapped cells. (a) Trapping array with trapped AML-12 hepatocytes. 

(b) GPF expressing trapped lung cancer single-cells. 

C. Considerations on device operation and control for 

performing long-term assays 

Once the cells are trapped (Fig. 3), depending on the as-

say nature different aspects have to be considered. For a 

static assay, cells need to be in static culture for a proper 

attachment and spreading. If the culture chamber experienc-

es pressure variations or reversing flow, cells may be re-

leased from the traps and a re-trapping procedure should be 

implemented, which affects cell viability.  

Another important issue to take into account in static as-

says is evaporation. Due to the inherent permeability of the 

PDMS, the specific conditions of the cell assay and the 

minimized volume of the microfluidic platform, the evapo-

ration of media occurs rapidly. For a proper long-term ex-

periment, we shielded the inlets by a PDMS reservoir pre-

venting evaporation and assuring cell feeding (Fig. 4). 

 

Fig. 4 Fabricated devices. The one in the upper part has two reservoirs 

filled with medium, a big one for the inlets and a smaller one for the outlet. 

When performing a constant perfusion based assay, as 

done in the trapping process, all these inconveniences are 

automatically vanished. In this case, it is important to keep 

low flow rates to maximize cell viability and to avoid af-
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fecting cell behavior or function. Further, thanks to the 

constant perfusion the co-flow event can be used for diverse 

purposes such as selective treatment of single-cells [9]. 

D. On-chip cell culturing 

We demonstrated long-term static culture of ordered ar-

rays of single H1299 cells. Time-lapse images were taken 

every 6 minutes of a trapped array of lung cancer cells on an 

incubated microscope stage. Cells were monitored for 5 to 6 

hours. Behavior of several cells in the trapping structure 

over time is shown for adhering and dividing cells in Fig. 5. 

Initially, the cells were not attached, after 1 hour small 

changes in morphology are observed away from a spherical 

morphology towards an adherent morphology. Also, cell 

division is observed in a few cases (Fig. 5). Therefore, we 

probed the viability of our devices for potential single cell 

studies. 

 

Fig. 5 Cell differentiation and adhesion. Micrographics of single trap over 

the course of a 5,5 h experiment. Division and adhesion events are shown. 

IV. CONCLUSIONS 

Microscale technologies were used to develop versatile 

microfluidic-based devices for single-cell studies. The plat-

form had three possible setups that make it capable of per-

forming multiple assays of high interest in the biomedical 

field: (1) the main platform with the trapping arrays can be 

used in its own to perform selective treatment of cells via 

co-flow; (2) coupled with the line-patterned module the 

microfluidic chip enables guided cell migration studies; and 

(3) adding microwells to the bottom of the sieve-like struc-

tures facilitates cell-cell interaction studies. 

Ongoing work comprises probing the migratory behavior 

of different lung cancer cell lines and tunable cell-cell inter-

actions. Facilitating the procedures for these particular anal-

yses at individual cell level results of high interest in drug 

discovery and cancer research. 
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Abstract— Here we present the development of a tunable 

microfluidic device for single cell studies that combines a 

number of technologies for applications in cell therapy and 

cancer research. The fabricated device consists of a main trap-

ping module and two clip-on units. In this work optimum 

fabrication, cell trapping and seeding parameters are de-

scribed. This versatile microfabricated platform will enable 

the investigation of fundamental biological processes such as 

cell migration or intercellular communications without the 

necessity of any surface functionalization and in a more in-vivo 

like manner. 

Keywords— Single-cell, microfluidics, guided migration, co-

culture 

I. INTRODUCTION 

‘Average cell’ has represented always a hitch for a better 

understanding of the different biological and behavioral 

processes of cells [1,2]. Traditional methods are based on 

average responses from a population that often mask the 

difference among individuals. There is evidence about the 

heterogeneity of single cells within a genetically identical 

population that is critical in their function and viability. 

Therefore single cell analysis is a key factor for a better 

understanding towards cancer research [3] or tissue regener-

ation, and opens a lot of opportunities for drug discovery 

and for more personalized diagnostics. However, multiple 

individual cells are required to obtain statistically meaning-

ful data, and for that reason high throughput analysis is 

critical. 

Microfluidic platforms have become a key toolbox for stud-

ying cell biology. Their inherent capacity for manipulating 

fluids and molecules at small length scales with high con-

trol, high throughput and with minimized use of samples 

and reagents have made them the preferred choice for re-

searchers in the last two decades. Therefore, a great collec-

tion of microsystems for cell-based assays has been devel-

oped. Hui and Bathia developed a micromechanically-

controlled device for studying cell-cell interactions with 

application on cell therapy [4]. The Kamn group developed 

a platform to mimic 3D microenvironments for cell migra-

tion studies [5]. When focusing at single cell level based 

research, different trapping strategies have been reported [6-

11] with distinctive applications. In particular, single cell 

isolation based on hydrodynamic resistance seems to be an 

attractive way for avoiding cell damage [12,13]. However, 

while all these are good examples of single-cell level han-

dling, further efforts are required for ‘cleaner’ approaches, 

avoiding pre-treatments that could alter cell behavior, more 

versatile platforms and at the same time devices with sim-

pler fabrication procedures. 

In this work we present a multipurpose PDMS microfluidic 

platform for single cell studies. The device has the ability of 

trapping cells based on hydrodynamic resistance concept by 

means of sieve-like structures [11,13]. In addition, it can be 

easily interfaced with a number of micro-nanofabricated 

modules that can be used in a host of applications. Herein 

we explored the development of this platform for potential 

application in single cell studies related to structurally guid-

ed tumor cell migration [14] and cell-cell interactions [15].

II. MATERIALS AND METHODS 

A. Microdevice design and fabrication 

The microdevice is composed of three different entities: the 

main platform, containing the trapping structures, and other 

two clip-on modules (see Fig. 1). One of these contains 1D 

line patterned surface in order to carry out cell migration 

related studies [14]; the other one has microwells on it 

which will offer the microenvironment for intercellular 

communication studies [15]. We will refer to these parts as 

traps, lines and microwells respectively. In order to manu-

facture them, three different molds were fabricated using 

standard UV photolithographic techniques and single-layer 

soft-lithography (see Fig. 2). Briefly, three 4’’ silicon wafers 

were cleaned in piranha solution (H2SO4 / 1:1) at 200ºC for 

20 minutes and rinsed with deionized water. The mold con-

taining the traps used a 27 µm thick layer of negative photo-

resist (SU-8 2025, MicroChem Co.) spin coated at 2600 
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rpm. The wafer was then softbaked, exposed to the specific 

photomask, postbaked and developed according to manu-

facturer’s instructions. Finally, the wafer was hard baked for 

2 minutes at 150ºC. For the mold containing different size 

microwells, an 8 µm thick layer of negative photoresist 

(SU-8 2005, MicroChem Co.) was spin coated at 1000 rpm 

onto the wafer. As described before, the wafer was then 

subsequently processed (prebaked, aligned and exposed to 

the specific mask, post-exposure baked and developed) 

according to manufacturer’s instructions. This wafer was 

also hard baked at 150 ºC for 2 minutes. For the final pat-

tern of lines (1,5µm tall × 2µm wide ridges spaced by 2 µm 

grooves), S1813 positive photoresist was spin coated at 

3000 rpm for 1 minute. After softbaking the wafer was 

aligned to the photomask and exposed to UV light. Then it 

was developed in MF-319 (Shipley Co.) and rinsed with 

isopropanol. 

Fig. 1 Designs of the modules of the microfluidic platform. A) Main 

module, containing the microchannels and the chamber with the traps 

array. B) Attachable module, containing microwells designs. C) Second 

attachable module, 1D lines geometry. 

Following fabrication of the SU-8 masters, poly-

dymetylsiloxane (Sylgard 184 PDMS, Dow Corning) repli-

cas were prepared according to the manufacturer’s instruc-

tions – weight ratio of 10 parts of base to one part of curing 

agent –, degassed in a vacuum desiccator for 20 minutes 

and then poured onto the patterned silicon wafers before 

curing at room temperature for 48 hours. Finally, molds 

were disassembled. The inlets and outlets in the traps con-

taining PDMS replica were punched by a needle for tube 

connections. Then, depending on the required study, the 

trapping module was bonded to the lines or the microwells 

module by a brief – 1 min, 100W – oxygen plasma treat-

ment (Femto®, Diener Electronic). 

A preliminary characterization of the microstructures was 

conducted using optical microscopy and scanning electron 

microscopy (SEM). 

Fig. 2 Photolithography process for the main module: 'traps' geometry. 

The 'microwells' and the 'lines' modules are fabricated in an analogue way 

but without drilling the inlets and outlets. 

B. Cell culture 

293-GPF expressing cell line was obtained from the Ameri-

can Type Culture Collections (ATCC). Cells were cultured 

in Dulbecco’s modified Eagle’s medium (DMEM) contain-

ing 10% fetal bovine serum (FBS) and 1% of antibiotics and 

incubated in a humid atmosphere at 37° C and 5% CO2.  

C. Cell trapping and device operation 

Before use, the devices were sterilized with 70% ethanol. 

Then, the chip was filled with media and incubated at 37 °C 

for 3 hours before cell loading to allow protein adsorption 

on the surface and facilitate cell attachment. Afterwards, 

media is perfused through a syringe pump for one of the 

two inlets (see Fig. 1a) of the device refreshing old media 

and eliminating any bubbles inside the microfluidic device. 

Cell suspensions are then loaded in a 1 mL syringe and 

flowed into the device through the remaining inlet. The flux 

rate ratio between both inlets could be adjusted in order to 

control the specific line of traps to be filled [16]. Once all 

the traps are filled with cells, the device is put in the incuba-

tor allowing cells to settle at the bottom of the microwells or 

on the micropatterned lines.

D. Imaging 

Different SEM (Hitachi S3000-H) images were acquired in 

order to characterize the molds and the PDMS replicas. 

Prior to imaging the devices were coated with a thin Au/Pd 

layer to prevent charging. Cells were imaged during the 

different experiments stages using a contrast phase micro-

scope (Nikon Eclipse TS100-F).
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III. RESULTS AND DISCUSSION 

A. Microdevice fabrication and assembly 

SEM micrographs (Fig. 3) confirmed that traps, wells 

and lines modules are accurate replicas of the master molds 

that are 27 �m, 8 �m and 1,5 �m in height respectively. The 

trapping arrays within the main chamber of the device con-

sist of rows containing pocket-like structures with different 

geometries that have a small aperture of 5 �m (Fig. 3a). 

This aperture is designed to regulate the hydrodynamic 

resistance and to achieve cell trapping. Several diameters 

(25 �m, 50 �m and 75 �m) of wells were designed for the 

microwells module in order to control single-cell or cell-cell 

interaction studies. The center-to-center distance matches 

that of the traps. Fig. 4 shows the final device assembly 

after bonding the main module with the lines interface (Fig. 

4a) and with the corresponding microwells interface (Fig. 

4b). As it can be seen in the micrographs both the lines and 

the microwells were successfully aligned to the superimpos-

ing cell trapping microstructures. All these dimensions were 

tailored for an average cell diameter of � 20 �m. 

�

Fig. 3 SEM micrographs of the PDMS modules. A) Main module, traps, 

micrographs. B) Two rows of 75 um diameter wells. C) Lines module, 2um 

width by 2um groove separation. 

Due to silicon SU-8 masters presented some stress 

cracks, they were hard baked. In addition, we found that the 

optimal developing time for the traps containing mold was 

3-4 minutes longer than the standard. 

The thickness of the PDMS clip-on modules was opti-

mized according to the focal distance of the microscope 

objective in order to facilitate imaging of the cells. 

Fig. 4 Traps inside the chamber of assembled devices. A) Traps interfacing 

lines module. B) Traps interfacing the microwells module. 

B. Cell trapping procedure optimization 

In order to trap the cells without damage and in an effi-

cient way, different parameters have to be taken into ac-

count, such as loading time, flow velocity and cell density. 

In order to improve the cell viability the cells should be 

loaded within 5-10 minutes after starting the perfusion of 

the cell suspension. This helps to minimize the amount of 

shear stress the cells are exposed to during the trapping 

stage. 

When loading cells at high speed, traps are filled faster 

and the loading time is minimized. However, cells could be 

subjected to excessive shear stress under these conditions, 

which could compromise cell behavior and the integrity of 

the membrane, resulting in cell death (Fig. 5a). In contrast, 

if the loading velocity is too low the underlying mechanism 

of trapping, based on the hydrodynamic resistance of the 

traps, would not work properly because the cells cannot be 

directed towards the traps. We found that a flow speed of 

1�L/min maximized both viability and trap efficiency.

Fig. 5 Common problems during trapping. A) Cell debris, stressed and 

death cells after being subjected to high shear. B) Multiple trapping. 
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In addition, cell density also played a crucial role in the 

trapping dynamics. Increasing cell density leads to shorter 

loading times. We found that the optimal density was 3.0 × 

10
5
 cells/mL. Higher densities lead to clogging of the 

microchannels and multiple cells lodging per trap (Fig. 5b). 

These established parameters are equally valid for both 

device modules: lines and microwells. 

C. Cell seeding optimization 

Once the cells are trapped (Fig. 6), they need to be in 

static culture for a proper attachment and spreading. If the 

culture chamber experiences pressure variations or revers-

ing flow, cells are released from the traps and a re-trapping 

procedure should be implemented, which affects cell viabil-

ity. We found that in order to let the cells anchor to the 

surface, they should be kept under static culture for at least 

2 hours, followed by the respective cell assay depending on 

the nature of the module. 

Fig. 6 Trapped cells

IV. CONCLUSIONS  

Most of the performed cell biology studies are based on 

whole cell populations assays. This may result in mislead-

ing information based on average data and masking the 

heterogeneity among individual cells. Microfabricated de-

vices have led to great advances in the biomedical field; 

however further efforts are required for long-term high 

throughput studies avoiding the alteration of cell microenvi-

ronment. This work presents a single-cell isolation micro-

fluidic platform that can be easily attached to two different 

modules. These make the device suitable for a number of 

biomedical applications, including guided tumor cell migra-

tion and controlled cell-cell interaction. Optimum fabrica-

tion and cell trapping and seeding parameters were de-

scribed for both applications. Ongoing work in both, cancer 

cell migration studies and tunable heterotypic and 

homotypic cell-cell interaction, which will be addressed in 

future publications. This single-cell level multipurpose 

platform will facilitate a better understanding in key biolog-

ical processes by providing well-controlled and versatile 

microenvironments. 
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Resumen 

Es cada vez más habitual el uso de la tecnología microfluídica en 

el estudio de células individuales para observar sus 

comportamientos característicos en lugar de los poblacionales. 

Los dispositivos microfluídicos ofrecen numerosas ventajas frente 

a las técnicas macroscópicas convencionales. Estos dispositivos 

minimizan el consumo de reactivos, incrementan la sensibilidad, 

poseen una alta reproducibilidad y eficiencia y permiten un 

control preciso y fiable de los fluidos. En este trabajo se han 

caracterizado dos flujos que trasiegan a través de un dispositivo 

microfluídico capaz de atrapar células de manera individual para 

un análisis ‘single-cell’ posterior. Esta caracterización se ha 

llevado a cabo tanto teóricamente, mediante simulaciones 

computacionales, como experimentalmente. Concretamente, se ha 

estudiado la ocupación específica de cada fluido en función del 

ratio de flujos utilizado. Este análisis demuestra una correlación 

alta entre los resultados simulados y los datos experimentales. 

Además, se observa un comportamiento exponencial entre el 

ratio entre flujos y la variación en la ocupación de la cámara por 

ambos fluidos. Esto hace que, en magnitudes de flujo similares, la 

ocupación de la cámara sea muy sensible mientras que para 

conseguir ocupaciones extremas, alrededor de un 10-20% o 80-

90%, el ratio de flujos tiene que ser muy elevado. Como 

aplicación directa de estos datos tenemos su uso para 

tratamientos superficiales selectivos o atrapamiento y 

manipulación celular selectiva. 

1. Motivación 

La manipulación celular es esencial en la investigación y el 

desarrollo de aplicaciones para el diagnóstico clínico. En 

muchos ensayos biológicos, se han cultivado miles de 

células sin considerar que la interacción entre todas ellas 

puede interferir en las señales ya que las células 

generalmente se encuentran en contacto unas con otras. Sin 

embargo, es bien conocido que las células individuales, 

incluso aquellas idénticas en apariencia, se diferencian en 

numerosas características como la concentración de un 

metabolito crítico o en una expresión génica particular pero 

resulta difícil analizar células individuales sin que sean 

influenciadas por el resto [1] [2]. Por esa razón, los datos 

medios obtenidos en ensayos de poblaciones celulares a 

veces proporcionan información errónea.  

Es por eso que existe un énfasis creciente en el desarrollo 

de técnicas robustas y de alto rendimiento para el análisis 

de células individuales. Los dispositivos microfluídicos 

ofrecen una plataforma versátil con múltiples ventajas para 

el análisis celular debido a sus características únicas [3]. La 

alta precisión de la microfabricación permite recrear 

microambientes controlados y reproducibles para el cultivo 

celular que serían imposibles mediante técnicas estándar de 

cultivo tisular y el uso de herramientas macroscópicas. 

Además, debido a la pequeña escala que comprende, el 

flujo que a traviesa el dispositivo se caracteriza por ser un 

flujo laminar, en el que el fluido se mueve en láminas 

paralelas sin entremezclarse. Gracias a ello, el flujo 

laminar proporciona medios por los que las células y los 

fluidos pueden ser transportadas de manera relativamente 

predecible a través de los microcanales y con ello se 

consigue manipular zonas específicas de los canales sin 

afectar a zonas colindantes [4]. 

Concretamente, en este trabajo se ha llevado a cabo la 

caracterización de dos flujos que atraviesan un dispositivo 

microfluídico destinado a atrapar y analizar células 

individuales. Dicho control variará en función de si los 

flujos son muy bajos o altos debido a sus propiedades o 

aplicación específica. Gracias a esta caracterización, es 

posible un control microfluídico dinámico de las células y 

de los diferentes fluidos que atraviesen el dispositivo. Todo 

esto, permite controlar en tiempo real y de manera 

reproducible y fiable, ensayos con diferentes 

medicamentos simultáneamente sin alterar las condiciones 

de contorno y así estudiar el comportamiento de cada 

célula de manera individual. Además, este control también 

se puede emplear para aplicar diferentes tratamientos 

superficiales a lo largo del microdispositivo. 

2. Materiales y métodos 

2.1. Diseño y fabricación de los dispositivos 

microfluídicos 

Para este estudio se han fabricado dispositivos con dos 

geometrías diferentes. Ambas geometrías difieren en el 

número de cámaras: una o dos (ver Figura 1). 

Concretamente, las microcámaras tienen unas dimensiones 

de 4 x 0,5 mm
2
 y dentro de las mismas existen arrays de 

estructuras que emulan trampas encargadas de atrapar 

células individuales. Todos los chips se han fabricado con 

una altura de 25µm (± 1µm). La plataforma microfluídica 

completa ocupa aproximadamente un área de 24 x 16 mm
2
. 
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Figura 1. Tipos de chips. a) Con una cámara de captura. b) Dos 

cámaras de captura. 

Por otro lado, los chips constan de dos canales de entrada y 

dos de salida. El canal de entrada derecho es recto y lo 

denominaremos Inlet 1. A este, se le incorpora un canal 

izquierdo que es curvado, denominado Inlet 2 (ver Figura 

1). 

Los moldes para los diferentes chips microfluídicos 

utilizados se fabricaron mediante técnicas estándar de 

fotolitografía y ‘soft-lithography’ (litografía blanda) de una 

sola capa. Brevemente, se limpia una oblea de 4’’ en una 

solución de piraña (H2SO4/H2O2 1:1). Después se aclara y 

se cubre la oblea con una capa de 25µm de foto-resina 

(SU-8 2015, MicroChem Co.) para su posterior precocido, 

alineado e insolado. Una vez expuesta la oblea esta se 

vuelve a calentar antes de ser revelada. Finalmente se 

aclara con alcohol isopropílico. 

Una vez fabricado el molde de SU-8, se transfieren las 

geometrías a la plataforma final fabricada en PDMS 

(polidimetilsiloxano) siguiendo las instrucciones marcadas 

por el fabricante – 10 partes de base por 1 de agente 

curante – este proceso se denomina mediante el término 

anglosajón ‘casting’. Para evitar burbujas en el dispositivo 

final, este se desgasifica antes de su curación.  

Finalmente, se desmolda y se sella el dispositivo con una 

lámina de vidrio mediante un tratamiento por plasma de 

oxígeno (Femto®, Diener Electronic). 

2.2. Reactivos 

Para los estudios de control de flujo se han empleado dos 

tipos de fluidos, agua destilada y una mezcla de NaOH con 

fenolftaleína lo que le proporciona a este líquido un color 

rosáceo y facilita así su distinción. En todos los ensayos, el 

agua destilada se ha introducido por el canal derecho, o 

inlet 1, y se le denominará fluido 1. Por otro lado, el NaOH 

con fenolftaleína o, fluido 2, se ha introducido por el canal 

izquierdo o inlet 2. 

2.3. Setup experimental 

Para llevar a cabo la caracterización de los flujos, se han 

realizado diversos ensayos variando los flujos de entrada al 

microchip. Los fluidos se han introducido mediante dos 

bombas de jeringa (eS-pump ESR200P, NanoNC Co., Ltd. 

y SP101i, WPI Inc.) con el objetivo de administrarlos y 

controlarlos dentro del microsistema de forma 

automatizada y fiable. Estas bombas de jeringa están 

conectadas a cada una de las entradas del dispositivo 

microfluídico mediante unos tubos de plástico de 0,38mm 

de diámetro interior. Por otro lado, la extracción de los 

fluidos se lleva a cabo mediante tubos de plástico que 

evacuan el fluido al exterior con presión atmosférica. 

Finalmente, el microchip, se ha colocado en un 

microscopio invertido con una cámara incorporada (Nikon 

Eclipse TS100 y Nikon D90) que permite sacar fotografías 

y videos.  

 

Figura 2. Setup experimental. 

2.4. Toma de medidas y análisis de los resultados 

Se han realizado diversas medidas variando ambos flujos a 

las entradas del dispositivo. Los rangos estudiados oscilan 

desde unos pocos microlitros por minutos hasta 100 

µL/min. Por cada variación de flujo se han tomado varias 

fotografías (ver Figura 3) –una a los canales de entrada, 

otra a la/s cámara/s y por último, otra a los canales de 

salida. 

 

 

Figura 3. Flujo laminar en el dispositivo de una cámara con 

ocupación del 75% por el fluido 2, inferior. (a) Foto 

experimental. (b) Foto de la simulación en Comsol. 

(a) 

(b) 
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A partir de estas fotografías, gracias a que el flujo es 

laminar, se puede distinguir perfectamente la frontera o 

interfase que separa ambos fluidos en el interior del 

microchip. Para caracterizar los flujos, se ha medido la 

distancia que existe desde la pared izquierda de cada 

cámara hasta dicha interfase. Para ello se ha utilizado el 

programa GNU Image Manipulation Program (GIMP 2.8® 

[5] ). A partir de esta medida se obtiene el tanto por ciento 

[%] de la desviación del fluido 2 (el que entra por la 

entrada de la izquierda) sobre la anchura total de la cámara 

(ver Figura 4). Nótese que para los chips con dos cámaras, 

al menos una de ellas siempre estará al 100% de 

ocupación. Por lo tanto, todos los resultados, porcentajes, 

siempre serán con respecto a la ocupación del fluido 2 en la 

cámara correspondiente, la ocupación del fluido 1 será la 

restante. 

2.5. Simulación por elementos finitos 

Además de las medidas experimentales realizadas en los 

dispositivos de una cámara, también se ha llevado a cabo 

un estudio de simulación computacional en COMSOL 

Multiphysics (COMSOL, Inc.) para contrastar los 

resultados. El análisis se ha realizado tanto en chips con 

una sola cámara como en dispositivos con dos cámaras 

siguiendo el mismo procedimiento que en el caso 

experimental. Se han simulado diversos ratios de flujo 

tratando de abarcar todas las combinaciones posibles para 

controlar completamente la ocupación de cámara. Sin 

embargo, en este caso para cuantificar el porcentaje de 

cámara ocupado por cada fluido, en lugar de utilizar el 

software GIMP se ha utilizado un código propio de 

detección de la interfase mediante MATLAB (Mathworks, 

Inc.). 

3. Resultados 

El análisis de resultados se ha dividido en dos secciones: la 

primera correspondiente a los datos obtenidos para los 

chips con una sola cámara y la segunda para aquellos con 

dos cámaras. 

3.1. Microdispositivos monocámara 

Mediante simulación por elementos finitos se han obtenido 

los ratios de flujo necesarios para controlar de forma 

precisa la ocupación de la cámara. Este estudio se ha 

realizado de igual manera tanto para flujos del fluido 1 

mayores que los del fluido 2 (F1/F2 >1) como de manera 

inversa (F2/F1 >1) (ver Figura 5). A partir de los resultados 

obtenidos se concluye que a pesar de que las entradas del 

dispositivo no son simétricas esto no afecta al desarrollo 

del fluido a lo largo del mismo. Cuando ambos flujos son 

iguales, el ratio es uno, la ocupación de la cámara es de 

exactamente un 50% para cada fluido según los datos 

simulados. Este efecto también se observa claramente en la 

simetría respecto del eje X que mantienen las curvas F1/F2 

y F2/F1. Por otro lado, observamos un comportamiento 

asintótico en la ocupación de cámara. Los ratios o 

proporciones más sensibles para la manipulación de la 

cámara son los comprendidos entre 1 y 5 en los que la 

variación de la proporción de flujos produce una alteración 

máxima en cuanto la ocupación de la cámara. Para 

conseguir ocupaciones extremas de la cámara, esto es, muy 

bajas o muy altas, la proporción con la que hay que variar 

un flujo respecto del otro es muy elevada. Cabe destacar 

que, al trabajar con ratios, es posible conseguir una misma 

ocupación de cámara utilizando diferentes flujos en 

función del ensayo o aplicación. 

Además, se observa una concordancia entre las medidas 

experimentales y el resultado de las simulaciones. En 

particular, se observa una discrepancia máxima de un 10% 

entre los experimentos y las simulaciones. Esta variación 

puede ser debida a diferentes artefactos: variación en el 

flujo introducido por cada bomba, error a la hora de llevar 

a cabo las medidas, etc. Para poder subsanar dichos errores 

es necesario llevar a cabo diferentes tácticas tales como la 

permutación de las bombas o replicar el mismo 

experimento, que son precisamente líneas futuras de este 

trabajo.

 

Figura 4. Ejemplos relevantes de las diferentes configuraciones de flujo en los dispositivos con dos cámaras.



314 Journal articles and conference contributions

 

 

Figura 5. Porcentaje de la ocupación de cámara en función del 

ratio de flujos empleado.  

3.2. Microdispositivos con dos cámaras 

Para estos dispositivos sólo se ha llevado a cabo el estudio 

teórico mediante métodos numéricos en Comsol. Una vez 

más, se han simulado un amplio rango de ratios de flujo 

entre ambas entradas para obtener una caracterización que 

permita un control completo de la ocupación de ambas 

cámaras. Cabe destacar que, salvo casos excepcionales, 

existen sólo tres escenarios posibles (ver Figura 4) en los 

que al menos siempre una de las cámaras tendrá un 100% 

de ocupación por uno de los fluidos. La ocupación de la 

otra cámara es la que se representa en la Figura 6. 

 

Figura 6. Porcentaje de la ocupación de las cámaras en función 

del ratio de flujos empleado. 

El comportamiento de los fluidos en cada cámara es muy 

similar al observado en el caso de una cámara, en el que 

cuando la diferencia entre flujos es muy baja, ratios entre 

uno y cinco, la cámara es muy sensible a la variaciones. Y, 

por otro lado, a ratios muy altos, se observa un 

comportamiento asintótico en el que para ir ocupando con 

el fluido 1 la cámara 1 u ocupando la cámara 2 con el 

fluido 2 hay que suministrar un ratio de flujos muy alto. En 

este caso, nótese también un comportamiento simétrico 

entre cámaras, en general para un mismo ratio, la 

ocupación de las cámaras pasa a ser opuesta al invertir los 

flujos. Por lo tanto, cabe destacar que el control de 

ocupaciones bajas de la cámara 2 es análogo a ocupaciones 

altas de la cámara 1 y es altamente sensible a variaciones 

en el ratio como se ha comentado con anterioridad; y 

viceversa, controlar ocupaciones bajas de la cámara 1 es 

análogo a controlar ocupaciones altas de la cámara 2 

necesitando ambas situaciones una diferencia entre flujos 

muy alta que llega incluso a saturar. 

4. Conclusiones 

Se han caracterizado los flujos de entrada y salida en un 

dispositivo microfluídico capaz de atrapar células 

individuales. Concretamente se han estudiado chips con 

una y dos cámaras de atrapamiento. Estas plataformas 

microfluídicas permiten manipular dos fluidos 

simultáneamente. Además, gracias a que el flujo es 

laminar, característico de estas escalas micrométricas, el 

control preciso de estos fluidos permite ensayos mucho 

más controlados y precisos en los que cada fluido es capaz 

de atravesar el mismo canal por diferentes zonas sin afectar 

a áreas colindantes. También se ha comprobado que 

partiendo de los datos aquí proporcionados, podemos 

conseguir la misma ocupación de cámara empleando 

diferentes rangos de flujos, basta con mantener la misma 

proporción entre ellos. Sin embargo, podría ser necesario 

realizar un estudio para flujos mayores de 100µL/min 

debido a posibles efectos no contemplados en los 

intervalos de flujo considerados en este trabajo. El control 

y el comportamiento de la ocupación de cámara en función 

de los diferentes ratios son similares tanto en los 

dispositivos con una sola cámara cómo en los de dos. 

Este trabajo abre la puerta a estudios biológicos de interés 

tales como el tratamiento hidrofóbico de una cámara e 

hidrofílico de la otra o la aplicación de diferentes 

tratamientos de forma independiente y simultánea a células 

de una misma población. 
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