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ABSTRACT

The sensitive and specific detection of proteins is at the center of many routine analyses
in fundamental research, medical diagnosis, food quality control and environmental
safety. The current gold standard for these applications remains the laborious and costly
microwell plate ELISA. Over the last decade, new miniaturized devices have emerged:
microfluidic systems that can drastically reduce the costs and the time of analysis. Many
approaches and designs have been proposed. However, some recurrent difficulties remain
that prevent the achievement of a system with the necessary balance between scientific
performance, cost-effectiveness and user friendliness. These limitations include the
complexity to maintain a constant flow rate in a simple and repeatable fashion, to mix
solutions in a laminar flow regime, to control undesired surface effects, and to connect
the chip to external pumping instruments.

This thesis describes a novel microfluidic immunoassay platform that addresses the
aforementioned issues while also achieving highly sensitive parallel measurements for
the rapid quantification of protein biomarkers. The development of this platform followed
three consecutive stages: (i) the establishment of an initial design for the simple
manipulation of solutions in stop-flow mode, and the elaboration of strategies for mixing
and for the simultaneous detection of parallel reactions, (ii) the introduction of the
concept of Dual Network system, which removes the need for channel passivation against
the non-specific adsorption of proteins, and (iii) the optimization of the critical assay
parameters for the quantification of the cytokine TNF-alpha.

The main attributes of the developed platform are also presented: the straightforward
fabrication process, the simplified flow control, the enzymatically generated fluorescent
signal, and the multi-purpose use of magnetic beads. These microbeads were utilized as
functionalized substrate to capture the analyte, but also to induce mixing during
incubation phases and to transfer the immune-complexes into the c/ean channels before
the immunodetection step. Finally, a standard curve for the quantification of TNF-alpha
in serum within the low-picomolar concentration range was obtained in less than 1 hour,

confirming the potential of the platform for diagnostic purposes.



RESUME

La détection sensible et spécifique de protéines se trouve au cceur d’analyses de routine
dans la recherche fondamentale, le diagnostique médical, le contréle qualit¢ de la
nourriture et la slireté environnementale. Le standard actuel pour ces applications est
toujours le coliteux et laborieux test ELISA en micropuits. Au cours de la derniere
décennie, de nouveaux dispositifs miniaturisés ont fait leur apparition : des systémes
microfluidiques pouvant réduire de maniére drastique les cofits et les temps d’analyse.
Plusieurs approches et designs ont été proposés. Cependant, certaines difficultés
récurrentes entravent toujours I’avénement d’un systéme possédant 1’équilibre nécessaire
entre la performance scientifique, le maintient de cofits bas, et la facilité d’utilisation. Ces
limitations incluent la complixité de fixer une vitesse de flot constante de facon simple et
reproductible, de mixer des solutions en régime laminaire, de contrdler les effets de
surfaces indésireux, et de connecter la puce a des instruments de pompage externes.

Cette these décrit une nouvelle plateforme d’immunoessais microfluidiques, qui
adresse les problémes mentionnés tout en réalisant des mesures hautement sensibles et en
paralléle pour la quantification de biomarqueurs protéiques. Son développement a suivi
trois étapes consécutives : (i) 1’établissement d’un design initial pour la manipulation
aisée de solutions en mode stop-flow, ’¢laboration de stratégies de mixage et de
détection simultanée de réactions paralléles, (ii) I’introduction du concept de systéme
Dual Network, qui supprime la nécessité de passiver les canaux contre 1’adsorption non-
spécifique de protéines, et (iii) I’optimisation des parameétres critiques de I’essai pour la
quantification de la cytokine TNF-alpha.

Les attribues principaux de la plateforme sont également présentés : le procédé de
fabrication rapide, le controle du flot simplifié, le signal fluorescent généré par une
enzyme, mais aussi ['utilisation multiple de billes magnétiques comme surfaces
fonctionnalisées pour la capture de 1’analyte, pour induire un mixage pendant les périodes
d’incubation, et pour transférer les complexes immuns dans les canaux propres avant
I’étape d’immuno-détection. Une courbe standard pour la quantification de TNF-alpha
dans le sérum a des concentrations de ’ordre du picomolaire a été obtenue en moins

d’une heure, confirmant le potentiel de la plateforme pour des applications diagnostiques.
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OUTLINES

This thesis is divided into ten chapters:

Chapter 1 introduces the motivations behind the development of microfluidic
immunoassays. Several advantages inherent to this technology are presented along with
the main difficulties associated with the use of microfluidic systems.

Chapter 2 describes the rationale for the project before clearly stating the objectives
of this thesis.

Chapter 3 provides the background knowledge related to the two technologies at the
center of this work. First, standard immunoassay techniques, their principles, diverse
formats, different detection methodologies and evolutionary trends are presented. Second,
the latest developments in microfluidics for the manipulation of minute volumes of
solution and various strategies for pumping, mixing and directing a flow are examined.
The methods of fabrication for such microfluidic chips are also briefly described in this
chapter with a particular emphasis on the technique known as rapid prototyping.

Chapter 4 presents an overview of the field of microfluidic immunoassays and
discusses the state-of-the-art with respect to several important characteristics of these
systems. In the first section, the choice of material, the implemented detection methods
and the performance of microfluidic immunoassays as published in the literature are
catalogued in tables. Each of these aspects is then analyzed in the following section with
more emphasis on the advantages and disadvantages of the different techniques. To
conclude this chapter, three significant examples of microfluidic immunoassay platforms
are reported.

Chapter 5 describes the three main axes which, combined, confer its originality to the
developed microfluidic immunoassay platform. The experimental approach and
successive developmental stages are also presented in order to introduce the next three
chapters, forming the results and discussion part of this thesis.

Chapter 6 focuses on the initial developmental step, which aims at establishing a
design for the simple manipulation of consecutively injected solutions in stop-flow mode,

and developing the mixing strategy and the simultaneous detection of parallel reactions



on-chip. These preliminary advancements were published in Lab-on-a-chip (Herrmann
M. et al., 2006, 6(4):555-560).

Chapter 7 describes the original concept at the center of this thesis work: the Dual
Network system. This new method was created to eliminate the high background noise
due to non-specific adsorption of proteins without the need for pre-treating the
microfluidic channels. The Dual Network system combines an expanded design based on
the initial developments, featuring embedded pressure valves and the displacement of
magnetic microbeads in order to physically separate the immune-complex building phase
and the detection phase. The proof-of-concept was published in Lab-on-a-chip
(Herrmann M. et al., 2006, 7(11):1546-1552).

Chapter 8 corresponds to the last step of this project aiming at the characterization
and optimization of the Dual Network platform. The purpose was to demonstrate the
platform’s potential for applications in point-of-care diagnosis. As an example, a standard
curve for the quantification of the cytokine TNF-alpha, a known biomarker of sepsis, was
established in pure serum. These last results are currently in press in Analytical
Chemistry.

Chapter 9, the conclusion, discusses the extent of completion of the preset objectives
and the future developments that could be undertaken in order to further improve the
platform.

Chapter 10 provides a cumulative list of all references cited in this manuscript.

In the appendices, reprints of all published material are included, with permission. A
review on the current state of intellectual property in microfluidic nucleic acid analysis,
published in Recent Patents on Engineering (Malic L., Herrmann M., Hoa X. et al.,
2007, 1:71-88), is also included at the end of this manuscript.
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Chapter 1
Introduction

1.1 Motivations behind the development of microfluidic

immunoassays

Biological assays are implanted in many aspects of our society and continue to expand
with a marked impact on our lifestyle and economy. Applications vary from point-of-care
diagnosis, environmental or food safety, security, and for screening purposes in the
biotechnology or pharmacology industries. Therefore, the ability to rapidly detect and
quantify a specific species within a complex biological or environmental sample is
becoming increasingly critical. Because of the growing number of samples to be tested
and information to be analyzed, novel constraints in terms of cost- and time-efficiency,
portability, throughput, multiplexing, but also simplicity and versatility of use are rising
in addition to evermore stringent scientific requirements.

In the last decades, immunoassays in particular have tremendously evolved from
complex and time-consuming bench-top experimentations to miniaturized, parallel,
integrated and automated systems. By doing so, the large consumption of precious
samples and costly reagents can be avoided, while similar operations can be performed in
only a fraction of the time by an untrained individual. In the trend toward miniaturization,
two main strategies have emerged. At one end, microarrays, already widely used for
DNA and protein analysis, soon to be available for cell and tissue examination, have
appeared first. These chips are typically composed of a large number of probes
immobilized on a surface area a centimetre square or less in size, and capable of
screening a relatively small volume of sample for thousands of potential markers or
threats. A very high density of information can be obtained in a relatively short amount of
time with the use of microarrays. Unfortunately, this technology is limited to industrial
and highly specialized laboratory environments as it still requires expensive and large
apparatus for reading and sorting useful data. At the other end, miniaturized systems,
often called lab-on-a-chip (LOC), have been devised. They are mainly intended for point-

of-care diagnosis, on-field analysis or for the realization of a series of laboratory



protocols. These systems are generally targeted on a particular function, and prioritize
integration, portability, low costs and user friendliness over the density of data obtained.
Although the end goal and practical requirements of both strategies can slightly vary,
they are often complementary and have been brought together in a variety of different
cases.

Common to both microarrays and LOC is the need for manipulating minute volumes
of solution and the integration of several functionalities such as separating, mixing and
diluting the flow in a confined space. All these operations are typically performed in
micro-sized channels fabricated in glass or plastic substrates known as microfluidic
systems. Due to their exceptional potential for biomedical applications and newly adapted
fabrication techniques, microfluidic systems have recently exploded in scientific
publications and issued patents, giving rise to a large number of dynamic and successful
companies (Figure 1.1)." The possibilities and opportunities offered by this technology
are truly remarkable. Also, its ease of use and low fabrication costs can foster the
implantation of such high-tech medical devices in settings with limited resources as well

. . .2
as in developing countries.
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Figure 1.1: Number of microfluidic patents issued per year in the United-States for
biochemical, environmental and diagnostic applications [Lab Chip, 2006, 6, 1118-

1121] - Reproduced by permission of The Royal Society of Chemistry —
http://dx.doi.org/10.1039/b610250f
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1.2 Microfluidic immunoassay: between dream and reality

The ideal platform for immunoassays should present a variety of characteristics that can
be grouped in three main categories: (i) the fabrication procedures, such as the
simplicity, rapidity and associated costs for production, and integration possibilities; (ii)
the user friendliness, including the ease of operating the platform and the assay time, as
well as multiplexing, high throughput and automation possibilities; and (iii) the
performance, comprising the sensitivity, dynamic range, reproducibility and specificity of
an immunoassay.

Microfluidic devices deliver a significant number of advantages as compared to
traditional bench-top assays. The small size of channels reduces considerably the
volumes of solution used, and decreases the reaction times due to the shorter diffusion
distances. Likewise, the density of channels that can be produced on a smaller area
enables researchers to attain medium to high throughput with no additional costs in
fabrication. The precise manipulation of solutions inside the microscopic channels also
allows for a better control of the experimental conditions, which often contributes to
increase the reproducibility between assays.

Still, the reality in the field of microfluidic immunoassays is different. Some recurrent
limitations remain, such as the difficulty to maintain a constant flow rate during and
between assays, to mix solutions in a laminar flow regime, to control undesired surface
effects (hydrophobicity and non-specific adsorption), as well as to connect the chip to
external pumping instruments. More importantly, the main difficulty remains the
integration of all elementary components into a fully functional platform.

In definitive, there is no ideal platform for immunoassays. The three aspects listed
above are often contradictory and some level of trade-off is almost always necessary.
Consequently, each system must be defined by the balance achieved between user
friendliness, cost-effectiveness, and the scientific performance required for a specific

application.



Chapter 2
Rationale and Objectives

2.1 Rationale

Sepsis is responsible for over 120 000 deaths each year in the United States.” The main
reason of such a high number of cases, even in the world’s best intensive care units, is the
late diagnosis of the potentially lethal infection. Bacterial cultures can take days and
physical symptoms only appear at an advanced state of the infection. Therefore,
biochemical tools that can quickly diagnose sepsis and allow the doctors to give an
appropriate and timely treatment are still an urgent need. Thanks to small sample
volumes and short analyses times, microfluidic immunoassays are very good candidates
for this type of application.

However, the timely diagnosis of sepsis is not an easy task to achieve. Ideally, several
biomarkers, mainly small circulating proteins called cytokines, should be monitored at
regular intervals of the order of an hour. Also, the concentration thresholds for these
protein biomarkers are situated within the low-picomolar range and precise quantification
is often an absolute necessity. These demands are very challenging in terms of scientific
performance, and push the limits of even the current gold-standard of immunoassays, the
ELISA test. Because of the stringent time and performance requirements, the large
majority of microfluidic immunoassays described to date have failed to provide a
platform adapted for such a challenging application. In this thesis, we propose a novel
platform for microfluidic immunoassays, based on original concepts and designs, and

demonstrate its potential for the diagnosis of sepsis.



2.2 Obijectives

The overall objective of this project is to develop a functional platform based on
microfluidic technology adapted for fast and reliable point-of-care diagnosis based on the

quantification of protein biomarkers.

The detailed objectives are:

I- Conceive a versatile platform for immunoassays with the following

characteristics:

®

Design a microfluidic chip that is simple and economical to fabricate.

b. Maintain the versatility and ease of use, and the potential for automation

and integration.

c. Achieve low density parallelization adapted for point-of-care diagnosis

while maintaining the possibility of further increasing the throughput.

d. Equal or surpass the performance of standard bench-top immunoassays

while decreasing the time and cost of analysis.

2- Demonstrate the potential of the developed platform to perform a rapid and
sensitive test for a relevant biomedical application such as the quantification of

the cytokine TNF-alpha in the context of sepsis diagnosis.



Chapter 3
Background Knowledge

3.1 Principle of immunoassays

By definition, immunoassays rely primarily on the binding properties of an antibody to its
specific target, the antigen, in order to selectively extract it from a complex biological or
environmental sample for analysis. /n vivo, antibodies are the keystone proteins of the
immune system, acting as the link between the recognition event and the effective phase
of the immune response. For in vitro assays, their natural bipolarity is utilized to bind a
molecule of interest, called the analyte, while attached to a solid substrate or coupled to a
molecule providing a detectable signal. The structure of the subclass of antibodies most
frequently used in immunoassays, the immunoglobulin of the G isotype (IgG), is divided
into two main units: (i) the F(ab’), fragment, composed of two identical F(ab’), each
terminated by a variable domain specific to a unique antigen and (ii) the Fc fragment,
common to all antibodies produced in a same animal species. Each fragment is composed
of two heavy and two light amino-acid chains, brought together by several disulfide
linkages, hence forming the typical tertiary structure of IgG often represented as a “Y”
shape.! Depending on the extent of the selection process, one can distinguish polyclonal
antibodies composed of an entire population of many different antibodies, or clones,
purified from an animal serum and directed against a unique antigen. Also determined are
monoclonal antibodies, which corresponds to only one specific clone purified from a
polyclonal population. Polyclonal antibodies recognize the same analyte but bind to
different sites with various specificities, whereas monoclonal antibodies are extremely
uniform and selected for their well-characterized binding properties.

The performance of an immunoassay is assessed on several parameters, namely the
sensitivity, the specificity, the range of detection and the reproducibility. The sensitivity
refers to the efficiency with which the signal can be discriminated from the background
noise. More precisely, the sensitivity is calculated by running solutions of decreasing
amounts of an analyte, plotting a standard curve of the signal with respect to the analyte

concentration. The sensitivity then corresponds to the concentration value at three times



the standard deviation obtained from at least five repetitions of the negative control. The
specificity represents the accuracy with which the signal can be discriminated from the
background noise generated by non-specific adsorption or from false-positive signal
created by the non-selective binding of a similar molecule on the antibody. The
specificity can vary with many experimental factors, such as the type of buffer solution,
the presence or absence of detergent, and the washing procedure. It also largely depends
on the intrinsic specificity of the antibody-antigen couple. Both the sensitivity and
specificity are usually improved by the use of monoclonal antibodies. The range of
detection delimits a minimum and a maximum concentration between which the amount
of the analyte can be correlated to variation in the measured signal. Frequently, only the
linear portion is kept for quantification of the analyte. The intra- and the inter-assay
reproducibility are expressed by their respective coefficients of variation (CV) as defined
by the ratio of the standard deviation to the mean signal intensity at a given concentration

of the analyte.

3.1.1 Different formats of immunoassays

Over the last 50 years, immunoassays have spread into many fields of research and
industries. They have been customized in a variety of formats adapted to particular
applications and experimental procedures. A first important distinction originates in the
necessity to isolate the specific signal from the noise after the binding event has occurred.
In some formats, referred to as homogeneous immunoassays, the method of detection
does not require the separation of the immune-complex (the analyte bound to a detection
molecule), from unbound detection molecules. This is the case for techniques such as
fluorescence polarization®, fluorescence resonance energy transfer (FRET)®, capillary
electrophoresis immunoassay’, and agglutination assay®. In other formats, described as
heterogeneous immunoassays, the method of detection imposes the initial separation of
the immune-complex from the unbound probes. The immune-complex is bound to a solid
support, permitting the retention of the molecules of interest while the unbound entities
are washed out of the system. The solid support can take the form of a polymeric surface,
a membrane, a chromatographic resin or micro-sized beads. Heterogeneous assays,

although longer and more complex to perform, are more versatile, more sensitive and



more specific. The use of a solid support however creates recurrent issues, in particular
the necessity to bind the capture entity to the surface without loss of activity”'® and to
block (or passivate) the uncovered parts of the support against non-specific adsorption.

In the heterogeneous format, competitive and non-competitive assays are available
(Figure 3.1). In a competitive assay, the analyte in the test sample is measured by its
ability to compete and remove a labelled antigen externally provided to the system. The
detected signal is inversely proportional to the concentration of the analyte. Conversely,
in a non-competitive assay, no external antigen is provided to the system. The analyte is
bound on a free capture site and its concentration in the test sample is directly
proportional to the intensity of the signal measured. Because the non-competitive format
measures directly the quantity of bound analyte rather than estimating a difference
between two large quantities, which potentially introduces large errors, this type of assay
offers higher accuracy.'' The detection of small amounts of analyte in this case is
however limited by the sensitivity of the detection device or the signalling label itself.

Additionally, one-site and two-site assays can be performed. In a one-site
immunoassay, only one specific antibody is necessary to capture the analyte. If the
detection method requires it, all proteins in the sample can be non-specifically labelled
prior to the start of the experiment. In a two-site or sandwich immunoassay, a pair of non-
overlapping antibodies (binding to two different sites of the analyte) is used. Typically,
the first one is called the capture antibody; the second one is the detection antibody. The
detection antibody can generate the signal directly, or it can be further recognized by a
“generic” secondary labelled entity. This method permits to improve the sensitivity by
increasing the number of labels corresponding to the capture of a single analyte. The use
of a pair of antibodies, while more costly and not always available especially for small
analyte molecules, also enhances the overall specificity of the assay. In this project, we
have developed a heterogeneous non-competitive sandwich immunoassay, thus the

following parts of this thesis will put more emphasis on this type of assay format.
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Figure 3.1: Formats of heterogeneous immunoassays. The different molecules are
pictured as follow: the black Y- and T-shapes represent the antibodies; the white square
the analyte; the grey square the externally provided antigen and the star-shape the
detection label.

3.1.2 Different detection methodologies for immunoassays

In the early days of immunoassays, radioactive-labelled proteins were often used in a
simple one-site competitive approach (RIA) (Figure 3.2)."? For safety reasons, the labels
of choice have shifted towards organic fluorescent molecules such as fluorescein (FITC),
rhodamine or cyanine dyes (Cy3 and Cy5). These molecules offer high fluorescence
intensities and narrow peaks at both the excitation and emission wavelengths. This
translates into highly sensitive immuno-fluorescent assays (IF) with interesting
multiplexing possibilities. More recently, organic fluorescent dyes tend to be replaced by
nano-sized inorganic particles, called Quantum Dots (QD), which display even greater
fluorescent intensity and better stability when exposed to light (no photo-bleaching)."
QD are also characterized by a wide excitation wavelength and a narrow size-dependent
emission wavelength. They have a great potential as labels for in-vitro immunoassays,
even if toxicity issues have yet to be solved for in-vivo applications. In the recent years,
direct measurement techniques such as surface plasmon resonance (SPR) or quartz
crystal microbalance (QCM) have gained increasing interest. These methods do not
require the use of external labels, therefore they exhibit simpler methodologies and

shorter times of analysis.'* However these techniques have not yet reached equivalent



sensitivities as compared to fluorescent sandwich immunoassays and are less specific due
to the use of only one antibody. The detection of low molecular weight analytes is made
particularly difficult with these techniques as they are based on the sensing of a mass
change.

Simultaneous to the progress of fluorescent labels, enzymatic immunoassays (EIA)
have been developed that often enhance the sensitivity of an assay by several orders of
magnitude. Enzymes such as the horseradish peroxydase (HRP), the alkaline phosphatase
(AP) or to a lesser extend, the B-galactosidase (B-GAL) and glucose oxydase (GO), are
the most popular alternatives for this type of assays. The choice of the enzyme usually
depends on the conditions under which the assay is performed, taking into account
possible issues such as low stability at elevated temperatures or potential chemical
inhibitions.”” Many different enzymatic substrates exist for colorimetric, fluorescent,
electrochemical and bioluminescent detection.

Among all possible formats, the Enzyme-Linked Immuno-Sorbent Assay (ELISA)
remains the most sensitive and most versatile form of immunoassays. Typically, the
ELISA is performed in a microwell plate, running in parallel up to 96 independent
reactions or more with an automated system. The main advantage of this methodology
rests in the enzymatic amplification of the signal, which provides an exceptionally high
sensitivity. The detection antibody can be directly coupled with an enzyme or can be
recognized by a secondary antibody (or coupled to a biotin-streptavidin system) carrying
the enzyme. After the immune-complex has been formed, an enzymatic substrate is added
to the wells, starting the reaction and steadily accumulating the colorimetric or
fluorescent product. When the signal reaches the appropriate level, the reaction is stopped
by the addition of a stopping buffer and the plate is read in a spectrophotometer or
fluorometer. For decades, ELISA has been the most commonly used technique in
research and medical laboratories, as well as in the biotechnology and pharmacology
industries. Despite many benefits, this method is limited by the consumption of large
volumes of costly reagents and precious samples, and by the requirement for several

hour-long incubation times.
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Figure 3.2: Methodologies for heterogeneous immunoassays. The different molecules
are pictured as previously. The doted sinusoidal line represents the signal used in non-
labelled detection methods; the oval represents an enzyme.

3.1.3 Current trends in immunoassays

A major difficulty in protein assays arises from the absence of a technique, equivalent to
the polymerase chain reaction (PCR) for DNA, which could amplify specifically a target
analyte within a complex mixture of proteins. Instead, enhancement strategies for the
detection of protein have to rely on the amplification of the signal rather than on the
multiplication of the target, as it is the case in the ELISA. In this regard, a number of new
labelling techniques have recently initiated the emergence of “ultra-sensitive”
immunoassays.'© Some of these techniques utilize natural molecules, for instance
fluorescent-loaded liposomes, DNA probes coupled to the detection antibody in a variety
of derived protocols (immuno-PCR, proximity ligation assay or rolling circle
amplification) or DNA probes for direct recognition (aptamers). Some other techniques
take advantages of the recent advances in micro- and nano-technologies to implement
bio-barcode assay, electrochemical assay with carbon nanotubes or Surface-Enhanced
Raman Scattering of gold nano-particles. Some of these new techniques have been shown
to provide a several fold increase in sensitivity compared to the corresponding ELISA.
Moreover, the last decade has witnessed the exponential development of miniaturized
assays, driven by the ever growing need for higher throughput and multiplexing. Derived

from DNA technologies, protein microarrays can resolve several thousands of capture
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probes on a very restricted area, to the point of testing a sample for the entire human
proteome on a single chip. In the so-called planar microarray format, direct fluorescence
is the most commonly used method of detection, although enzymatic amplification and
label-free techniques have been implemented with success as well.'” Despite being an
attractive tool for protein analysis, some issues remain in the preparation and the
operation of protein microchips, such as (i) the difficulty of patterning uniform spots of a
capture entity without loss of activity, (i1) the presence of a high number of proteins and
antibodies in a same solution, increasing the occurrence of cross-talk and the appearance
of false-positive signals, (iii) the high costs involved in the production of the antibody-
loaded chips, and (iv) the need for expensive scanners and software to handle the
overwhelming process of data acquisition and analysis.

To address some of these challenges, another type of protein microarray has been
developed based on the use of functionalized microbeads. The bead-based microarray
format offers several advantages over a planar chip, trading some of the multiplexing
capabilities for a less complex procedure and lower associated costs. The number of
analytes simultaneously measured is usually no more than a few tens. The use of
microbeads however facilitates the attachment of the antibodies on chemically active
surfaces and increases the total capture area in the entire sample volume.'*™” Yet,
discriminating between the various analytes requires the encoding of the differentially
functionalized beads. Typically achieved through fluorescence labelling, the current
encoding strategies limit the multiplexing capabilities of the bead-based format, as the
label must not interfere with the quantitative signal in flow cytometry.

Lastly, the recent transfer of microfabrication procedures from the semi-conductor
industry into biology laboratories has revolutionized the field of immunoassays. Due to
this technological transfer, the development of microfluidic immunoassays has expanded
tremendously within the last few years. The vast potential of these systems to provide
biosensors and tools adapted for rapid and economical diagnostic applications is of
particular interest. Microfluidic immunoassays being the main focus of this thesis, they

will be discussed in more detail in the next chapter.
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3.2 Principle of microfluidics

The term microfluidics refers to the manipulation of liquids or gas at the micrometer
scale. Inside microchannels, some forces become dominant that can be otherwise
neglected in macrosize settings. The properties of microfluidic flow, fabrication

techniques, and methods to generate and control the flow are explained in this section.

3.2.1 Properties of microfluidic flow

In general fluidics, the flow regime is characterized by the Reynolds number (Re), a non-
dimensional number that evaluates the relative influence of inertial forces to viscous
forces. The Reynolds number is defined by:
Re =220 ()
U
where p [kg/m’] is the fluid density, v [m/s] is the characteristic velocity of the fluid, u
[Ns/m?] is the fluid viscosity and D;, [m] is the hydraulic diameter.

Because Re is directly dependent on the diameter (or section) of the fluidic path, low Re
values are experienced in microfluidic channels, well below the transition from laminar
to turbulent regime for internal flows at Re = 2300.%' As a result, the flow in microfluidic
devices is almost always laminar. As opposed to the chaotic turbulent flow, laminar flow
follows a predictable velocity pattern. One major consequence in microfluidic channels is
that two streams following each other, or running next to each other, will not mix except
through a slow process of diffusion.

When considering a channel of a virtual radius r,, its surface area decreases with 1/r}
while its volume drops with 1/r,’. As a result, the surface-to-volume ratio is rapidly
increased at microscopic values of r,, thus strongly amplifying surface effects.

Among these effects, the fluidic resistance plays an important role in microfluidics.
When a constant pressure difference AP is applied, the average flow rate O can be
defined as Q = AP / R;, where R, is the hydraulic resistance. This resistance mainly
depends on the geometry of the channel and the viscosity of the solution. By solving the

Navier-Stokes equation for a channel with a rectangular cross-section (as it is often the
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case in microfluidic devices), R, can be described as (2). As a result, elongating the
channel, or decreasing its width or height, significantly increases the fluidic resistance in

microfluidic channels.

124
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where L [m] is the channel length, w [m] is its width and /# [m] its height.

Surface tension is another force that becomes significant in microfluidics. This effect
mostly depends on the nature of the solution and the material used for the fabrication of
the microfluidic chip, and their mutual affinity. This affinity can be modified for instance
by adding a surfactant in the solution or by treating the surface by chemical or physical
means, impacting the resulting contact angle and in turn, the surface tension. In some
cases, the high surface tension and the small size of microfluidic channels are sufficient
for capillary effects to create a flow through the total length of the channel.

Both the laminar flow regime and the high surface-to-volume ratio provide
remarkable possibilities for the design of microfluidic devices and integrated
functionalities. However, these two aspects of the flow in microchannels can be either
advantageous or detrimental depending on the targeted application. Some of the related

issues will be discussed in more details later in this section.

3.2.2 Fabrication of microfluidic devices

In the early days of microfluidics, fabrication techniques were essentially inspired from
the microelectronic industry. Processes such as micromachining, photolithography
followed by wet or dry etching, electroforming (LIGA) or electron beam lithography
have been utilized for the production of microchannels in silicon or glass.”* These so-
called hard techniques however require the use of costly equipment and dedicated
cleanroom facilities. Furthermore, microfluidic devices for biomedical applications are

almost always disposable chips in order to avoid sample contamination. For this reason,
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these chips must be easily fabricated in large numbers and at low cost to be relevant for
large-scale realistic applications.

In recent years, soft fabrication techniques more adapted for this kind of applications
have emerged. They allow for the rapid production of a large number of microfluidic
devices at lower costs and with methods that can be exported out of the specialized
cleanrooms. This new generation of microfluidic devices are predominantly fabricated in
polymeric  materials of different types. Hard thermoplastics, such as
polymethylmethacrylate (PMMA), polycarbonate (PC), polystyrene (PS) or cyclic olefin
copolymers (COC) can be thermoformed against a master mold by micro-embossing or
injection molding. Because of the thermal and pressure constraints that are applied on the
mold, the latter must be manufactured in a strong material using classical hard-
lithography techniques. Another soft technique, developed in the late 90s by G.M.
Whitesides and collaborators has marked the beginning of a new era in the field of
biomedical microfluidics. This method, called replica molding, enables the rapid
prototyping of microfluidic devices by producing high fidelity replicates in elastomeric
polydimethylsiloxane (PDMS) on standard Su-8 molds (Figure 3.3).” Because of the
simple fabrication method and some advantageous properties of PDMS, replica molding
has become since the most favoured technique for the prototyping and testing of
biomedical microdevices.***’

PDMS is optically transparent and displays very low background fluorescence in the
green and red light spectra. It is also chemically resistant to strong acids and bases, stable
at high temperatures, permeable to gas and biocompatible. Due to its elastomeric nature,
PDMS conforms to relatively flat surfaces, hence achieving a water-tight bonding with
another sheet of PDMS, glass or silicon. The bonding is reversible but can be made
permanent by treating beforehand both surfaces with oxygen plasma. The connection of
external pumping devices to the microfluidic channels is also facilitated by the soft
elastomeric nature of PDMS. PDMS is an extremely hydrophobic material with a
tendency to adsorb rapidly any sort of biological substance. Various treatments are
available, which modify the surface properties of PDMS to make it hydrophilic,

chemically functional, or resistant to non-specific adsorption. These surface treatments
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and their limitations are of particular importance for microfluidic

therefore they will be discussed with greater details in the next chapter.

Photoresist spin-coating on
Si wafer
Soft baking

UV exposure through
mask

Post baking
Development

Transfer into PDMS
Punch out connection holes
Seal on hottom substrate

immunoassays,

Figure 3.3: Rapid prototyping by replica molding of microfluidic channels in

polydimethylsiloxane (PDMS).
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3.2.3 Generation of a microfluidic flow

The most straightforward method to generate a flow inside a microfluidic channel is to
rely on capillarity.”® Due to the small section of a typical microfluidic channel, and its
high surface-to-volume ratio, a solution with a high enough affinity for the substrate
material can travel long distances driven by capillarity only. No bulky devices or external
power sources are required. This method however depends largely on the contact angle
formed between a solution and the substrate material, which can be only tuned to some
extent. Also, relying on capillarity does not permit the real-time control of the flow rate
inside microchannels. For these reasons, other methods have been developed, which
provide more flexibility in the control of the flow.

Pressure driven flow, for instance, uses a mechanical pump to generate a pressure
difference at one end of a channel.”” The resulting movement of solution behaves as a
Hagen-Poiseuille flow, displaying a parabolic shaped solution front with its greatest
velocity at the center of the channel (Figure 3.4A). The flow can be generated either by
applying a positive pressure at the entrance port, the inlet, in which case the pump is
worked in infusion mode, or by applying a negative pressure at the exit port, the outlet, in
withdrawal mode. Such pumps are precisely calibrated and can be used on a wide range
of flow rates. However, working at a slow flow rate can become problematic because of
the large fluidic resistance inside microchannels. Likewise, it is often necessary to
proceed to the initial filling of the microchannel, also called priming, using a more affine
solution in order to facilitate the subsequent flow and avoid the formation of air bubbles.
Finally, tight connections have to be secured in order to avoid any pressure loss or
leakage. This can often be cumbersome and challenging to achieve. Despite the
inconvenience, this technique is relatively simple to setup and exhibits low dependency
to the nature of the substrate and the solution. As a result, it is the most frequent approach
used to this day in microfluidic immunoassay systems.

Another common approach to generate a flow in microfluidic channels is electro-
osmotic flow (EOF).**?" This technique relies on moving ions at the surface of the
channel (Figure 3.4B). It requires that the inner surface of the channel be charged, either
naturally or through a specific treatment, so that the counter-ions present in the solution

migrate to the surface and form an electric double layer. When an electric field is applied
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in the plan of the channel through electrodes placed in the inlets and outlets, the ions
condensed at the surface move toward the complementary electrode, dragging along the
solution. Unlike pressure driven flow, the solution front in EOF is flat with equal
velocities at any positions of the channel cross-section. This phenomenon has been used
for instance to create plugs of solution in capillary electrophoresis as it generates a non-
deformed smooth fluidic movement at very slow flow rates. However, the limitation in
the choice of the substrate material and the necessary high voltage render this technique
non-economical and non-safe. It also creates overheating that can be detrimental to

biological species present in solution and induces bubble formation.

(A) Pressure driven flow

To outlet

)

(B) Electro-osmotic flow
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Figure 3.4: Two main approaches for the generation of a flow in a microfluidic
channel.
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Controlled evaporation, absorption-induced flow and gravity flow are examples of
alternative methods that have been used to generate flow in conventional microfluidic
devices.”! Some less conventional microfluidic designs take advantage of their inherent
possibilities to generate a flow. CD-based microfluidics for instance uses centrifugal

29,32,33

force, whereas digital microfluidics manipulates droplets of solution using electro-

wetting on dielectric (EWOD) or surface acoustic waves (SAW).

3.2.4 Mixing in microfluidics

One of the main characteristic of a microfluidic flow is its laminar behaviour. This
singular property has been employed advantageously in a variety of applications, for
instance in the separation of particles with the H-filter system or in the analysis of
interactions at the interface between two adjacent solutions.’* Despite its potential
usefulness, a constant laminar flow also creates unusual difficulties when it comes to
induce rapid chemical or biological reactions. In this regime, the transfer of mass is
governed strictly by diffusion without the presence of chaotic mixing. Although lateral
distances are short in microfluidic channels, a long flow path is needed before significant
interactions can occur though diffusion only.

A first strategy to induce mixing inside microfluidic channels relies on designing
passive mixers based exclusively on variations in the channel geometry (Figure 3.5A).%
The simplest design consists in elongating the channel in a serpentine shape to increase
the contact time between the two adjacent solutions. Other forms of passive mixers have
been described, some in 2D, for instance by forcing the flow into secondary side

3738 or 3D-serpentine channels.” The main

channels,’® some in 3D, by adding grooves
advantage of passive mixers is that they are integrated into the fluidic design, and that no
additional manipulations are necessary to actuate the mixing over the total volume of the
flowed solutions. The drawback is that they are static and thus require the solutions to be
moving across the length of channel to be effective.

For mixing stationary solutions, active mixers featuring moving elements placed
inside the channel have been developed (Figure 3.5B). Several approaches have been

designed using magnetic micro-particles, such as plugs of beads being moved in the axis

of the flow by alternative electromagnets flanking the channel,* lateral chains of
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32,42

particles rotating around their base,*' and magnetic particles in CD-shake mode. Ina

more sophisticated approach, a micro-magnetic stir-bar has been fabricated as a part of a
microfluidic channel and used both for propulsion and mixing of adjacent solutions.*’
Several alternative strategies have also been described, such as overlapping an
electro-osmotic flow in the direction opposite to the main pressure-driven flow,*** or
inserting gas bubbles, which can afterwards be vented downstream of the mixing

area.46’47
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Figure 3.5: Examples of various strategies for mixing in microfluidic channels.

3.2.5 Valving in microfluidics

Pumping and mixing are the elementary functionalities required to perform the most
basic reactions in a microfluidic device. In more complex experimental designs, it can be

critical that one or many solutions be addressed and controlled individually in a precise
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manner through the engineering of valves. The ability to interrupt or direct the flow at
strategic positions and times allows for the integration of functions such as injecting
sequential solutions, switching the flow direction, isolating a particular section of a
microfluidic network and opening or closing fluidic loops.

Some valves are non-reversible and fabricated for single use only (Figure 3.6A). This
is the case of Laplace valves based on the modulation of the capillary action. For
instance, the abrupt expansion of a channel width and/or height can stop the capillary
advancement of a solution. Applying an external pressure forces the liquid through the
stoppage zone and subsequently resumes the flow.**** A local change in the surface
wettability of the substrate material can produce a similar effect. Such a modification can
be included in the fabrication process by chemically patterning hydrophobic zones on the
substrate material, thus stopping the capillary flow without modifying the channel
geometry.” Although Laplace valves can be readily incorporated in a fluidic design, their
functionality depends strongly on the geometry of the channel, the surface properties and
the nature of the flowed solution. Another category of non-reversible valves utilize a plug
of a disposable heterogeneous material such as paraffin® or ferrowax,” obstructing the
channel, that can be subsequently melted to liberate the flow path.

For more complex fluidic manipulations, it is often necessary for a valve to be
reversibly actuated. Electrowetting-based valves, a variation of the chemically-modified
Laplace valves, uses microfabricated electrodes in order to transiently increase the
surface wettability at the surface of a fluidic channel.” Similar to the use of paraffin,
hydrogels with adapted shrinking and expanding properties have also been incorporated
inside microfluidic channels (Figure 3.6B).>**> A final kind of actuated valves employs
vertical pressure to mechanically compress and close an underlying channel. The
necessary pressure can be delivered by external apparatus such as actuated fingers™® or
pneumatic valves,”’ or manually through a system of screws as in the recently described
TWIST valves.™

Among the variety of actuated valves, another kind, the PDMS pressure valves
developed by the team of S.R. Quake in Stanford University have been the most popular
alternative implemented in recently reported microfluidic systems. Its success originates

from the simple fabrication process using exclusively PDMS, and allowing the parallel
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integration of a large number of these valves in a single procedure.’”*® PDMS pressure
valves have been implemented for various applications (only one example of

immunoassay), as well as used in series to create microfabricated mixers and pumps.®®’

(A) Non-reversible valves

Laplace valve based on geometry

—
Laplace valve based on wettability
— | _______=-E———
Valve based on disposable materials
N GRS N
(B) Reversible actuated valves
Hydrogel valve *
I GRS N e |
PDMS pressure valve
1
‘ l Thick PDMS layer
Thin PDMS layer
‘ | e~ |
C 1 ]

Figure 3.6: Examples of valves in microfluidic devices.
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Chapter 4
Microfluidic Immunoassays: State-of-the-art

Over the past 10 years, an exponentially increasing number of microfluidic
immunoassays have been described in the literature. While all systems are converging
toward the fast, inexpensive, and sensitive detection of protein biomarkers, the most
striking observation when first reviewing the field is the large variety of implemented
formats, designs and methodologies.®*”

Similar to bench-top immunoassays, two main formats can be identified. First are the
homogeneous immunoassays, essentially composed of variations of the T-sensor and the
capillary electrophoresis (CE) designs (Figure 4.1A). Second, heterogeneous
immunoassays have been developed, comprising a majority of planar assays with

functionalized channels as substrates, as well as a significant number of bead-based

assays using either magnetic, polymer or glass beads (Figure 4.1B).

(A) Homogeneous IA: T-sensor® (left) and capillary electrophoresis (right)

Sample Detection i
stream G, stream s amp' ling
—
|| 2.
| | Separating
Diffusion zone

(B) Heterogeneous IA: planar assay (left) and bead-based assay (right)

—> —>
L ]

Functionalized channel Functionalized beads

Figure 4.1: Main formats and designs of microfluidic immunoassays.
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Beyond the microfluidic design itself, other important aspects play a critical role in the
conception of a microfluidic immunoassay platform. The first of these aspects is the
chosen material for the fabrication of the microchannels. Evidently, the nature of the
material has a direct impact on the procedures used to fabricate the microfluidic chip.
Also, it determines the necessity and possibilities for surface treatments, and sets the
range of thermal and optical spectrum within which the platform can be operated. The
second aspect, closely related to the previous one, is the choice of the detection method.
The first section of this chapter reviews the microfluidic immunoassays described in
the literature, classified along their respective formats and methodologies. For each of
these assays, the most critical characteristics are provided in the corresponding table. The
second section analyses more specifically the materials and associated surface treatments,
as well as implemented detection methods. Subsequently, the performances of the listed
assays are discussed with regard to these two fundamental aspects. In the last section,
three significant examples of fully-achieved platforms for microfluidic immunoassays are

presented.

4.1 Literature review of the field of microfluidic immunoassays

In order to facilitate the analysis of such a diversified field, four tables are provided in
this section classifying microfluidic immunoassays into different groups with respect to
their format (homogeneous or heterogeneous planar/bead-based assay), and the
methodology used for the generation of the signal (direct or through an enzymatic
reaction). Table 4.1 presents the homogeneous and planar immunoassays with direct
detection, table 4.2 the bead-based immunoassays with direct detection, table 4.3 the
homogeneous and planar immunoassays with enzymatic detection, and finally table 4.4
the bead-based immunoassays with enzymatic detection. For each one of the listed
microfluidic immunoassays, the design, the channel material, the detection method, the
sensitivity and dynamic range for a specific analyte, the assay time and the flow type are

reported.
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4.2 Analyses of the field of microfluidic immunoassays

As an initial remark, it should be noted that a large number of systems published in the
literature feature a single straight channel in order to establish a proof-of-concept of a
specific aspect of the platform (fabrication procedure, technique for surface treatment or
detection method for instance). Less than a quarter of the listed systems have so far
proven capabilities for multiplexing or parallelization, although it is an essential
requirement to achieve the precise quantification of biomarkers. This section analyses the
information contained in the tables, with a particular emphasis on the materials, the
surface treatments, and the detection methods implemented in microfluidic

immunoassays.

4.2.1 Materials and surface treatments

As mentioned in section 3.2.1, one of the main physical properties of microfluidic
channels is their high surface-to-volume ratio. For planar-based immunoassays, this
characteristic is advantageous as it facilitates the immobilization of a large number of
capture molecules on the surface, while the short diffusion distances accelerate the
binding of the analyte. However, this same property of microchannels also implies that a
non-optimally covered surface is prone to strong non-specific adsorption (NSA),
potentially causing an elevated background noise. In particular, systems using a bead-
based approach must be carefully passivated against NSA on the full length of the
microchannel. The treatments of glass and silicon channels are mostly achieved through
the silanization of surface groups with chemically-active or protein-repellent molecules
such as polyethylenoxide (PEO) or Polyethylenglycol (PEG). The treatments of plastics
materials can vary greatly depending on the available functionalized groups at the surface
of the material.

For PDMS channels, the material used in the majority of the reviewed systems, many
techniques have been developed. Active molecules or proteins are rapidly adsorbed on
PDMS due to its highly native hydrophobic nature.'” The most frequent approach to
prevent NSA on PDMS employs the direct absorption of large quantities of bovine serum

albumin (BSA).'” This simple technique is however time-consuming as it must be

28



performed immediately prior to the realization of the assay. Moreover, the quality of the
passivation displays high variations in efficacy from assay to assay. The addition of a
surfactant such as Tween-20 helps to further reduce NSA by forming a protective film at
the surface of the hydrophobic channel.''*'"" Commonly, PDMS can also be treated by
oxygen plasma prior to use to facilitate the fluidic flow and diminish NSA. The oxygen
plasma treatment induces a dramatic change at the surface of PDMS, drastically changing
the water contact angle from 110° to about 20° (Figure 4.2). However, hydrophobic
recovery, a phenomenon specific to PDMS, causes important instability at the surface
only a few minutes after the completion of the treatment. If left unprotected, the total
reversion of the contact angle happens within only a few hours. Hydrophobic recovery is
not yet fully understood, but it is partially explained by the migration of short non-
polymerized chains accumulating at the surface of PDMS from its bulk. This effect
occurs through micro-cracks appearing in the very brittle glassy layer formed by the
oxygen plasma treatment. The rate of recovery can be decelerated by permanently
keeping the treated PDMS in an aqueous solution. Furthermore, the surface
transformation of PDMS into a thin layer of silicon can be utilized for covalently

attaching protein resistant groups such as PEG on the microchannel walls by
112-114

(A) l ®)

silanization.

Figure 4.2: Contact angle of water on native and treated PDMS. (A) Untreated
PDMS and (B) oxygen plasma treated PDMS.
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Despite the relative efficacy of these two techniques, a large variety of surface
modification methods have been developed in an attempt to increase PDMS resistance to

NSA, and enhance its stability over a long period of time. A non-exhaustive list of these

79,115-117

treatments includes the use of lipid bi-layers, polyelectrolyte layer-by-layer

118-120 121,122

. . .. 123-
protective films, chemical vapour deposition,

125

amphiphilic block copolymer,

127-12
7129 and sol-

atom-transfer radical polymerization,'*® ultraviolet graft polymerization,
gel modification of PDMS."*" In the end, the multitude of these techniques mainly points
to the present lack of a convenient, strong and stable method to achieve the efficient

passivation of PDMS microchannels.

4.2.2 Detection methods for microfluidic immunoassays

The method of detection chosen for the development of a new immunoassay dictates
many of the aspects of the future platform, from the channel design to the chip
material."”' By analogy with bench-top immunoassays, and because of the diversity and
sensitivity of commercially available labels and detection devices, fluorescence has been
adopted in almost half of the listed systems. Both the detection of surface-bounded
labelled antibodies (IF type)™>0:06.7273.73.79.8082.83.8687.90.94 414 fluorescent molecules in
solution (ELISA type)’>?%!%*132133 have been achieved with the use of standard scanners,
fluoro-spectrophotometers or fluorescence microscopes (Figure 4.3A). Many strategies
have been described to miniaturize and integrate fluorescent detection in a lab-on-chip
technology.”>"**"* Similarly, several enzymatic microfluidic immunoassays have
incorporated chemiluminescent detection, despite the limited possibilities for
multiplexing compared to fluorescence (Figure 4.3B).”*'* More optical-based methods

have been developed using, for instance, gold nano-particles as labels for aggregation

88,105 74,89

detection,”® thermal lens microscopy or silver reduction. Magnetic beads also

have been employed with dark field microscopy® or magnetophoretic detection,”'*! as
well as latex microspheres combined with QD for targeted light scattering.” Finally,
microfluidic immunoassays employing non-labelled detection methods, in particular
surface plasmon resonance (SPR), have also been reported.®'***’

After fluorescence, electrochemistry is the second most used detection method in

microfluidic immunoassays (Figure 4.3C). This technique benefits greatly from the size
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reduction of the system,'?%!0106107142:1%% A yyong the main electrochemical techniques,
voltammetry displays the most significant improvement in performance with the
reduction of the electrodes into the low micrometer size range. At this scale, non-planar
diffusion occurs, which enhances the collection efficiency of the electroactive species.'*
This effect is further improved by the physical proximity imposed by the small size of
microchannels. Another advantage of electrochemistry is the convenient microfabrication
processes similar to the ones used for the production of the microfluidic chip itself.
Simple electrodes, or more advanced detection devices such as the interdigitated array
electrode (IDA), can be mass-produced at low costs, conferring compactness and
portability to the system. The decrease in current due to miniaturization however requires

improved electronics and shielding materials in order to achieve stable and accurate

measurements.

(A) Fluorescence

él 300 400 500 600
él 300 400 500 600

(C) Voltammetry

L

y—

A
l electron w

Figure 4.3: Most common methods for enzymatic detection in microfluidic
immunoassays.
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4.2.3 Performance of microfluidic immunoassays

With regard to the sensitivity, which is the often the only performance data being
reported, the most crucial objective is to reach the discriminating threshold related to a
given application. If a biomarker is to be quantified for a medical diagnosis, the targeted
sensitivity of the immunoassay depends on the concentration of the analyte present in a
healthy individual relative to the symptomatic concentrations. These threshold
concentrations can vary on several orders of magnitude given a particular analyte and
application. As a comparison, standard bench-top ELISA routinely achieve low
picomolar sensitivities (1-10 pM), which for an average protein of about 50 kDA,
correspond to a concentration of 500 pg/mL. Among the 40 references listed in the tables,
about only a quarter of microfluidic immunoassays have reported results in a similar
range of sensitivity. Among them, 3 systems have reported sensitivities below 1 pM, in
the fentomolar and even atomolar range. These assays however rely largely on their
unique detection methods, namely dark field microscopy on magnetic microbeads,®
magnetophoretic deviation’> and biobar-code coupled with silver staining.*® Their
implementation in a full scale parallel system remains to be proven. The remaining 6

platforms feature in majority direct fluorescent detection,®®>76-*

with the exception of 2
non-fluorescent enzymatic immunoassays, the first one coupled with SPR detection,”’ the
second with thermal lens microscopy.'® Interestingly, only 2 among the 6 lastly cited
systems are made exclusively of PDMS.

The average assay time to complete at least one test is about an hour. Most systems
described in the literature feature only one channel, which gives an appreciation of the
platform possibilities but avoid all complications that might arise from reaction
parallelization. Multiplying the number of independent tests is however an inescapable
requirement to achieve precise protein quantification, along with running the necessary
controls. Direct detection tends to decrease the assay time as compared to enzymatic
assays. About a quarter of the systems using direct detection achieved protein detection in
15 minutes or less. Also, because only one binding step is required, homogeneous assays
have the potential to be much faster than surface-based assays, displaying turn-over times

of less than a minute.** They are however generally significantly less sensitive and less

specific than heterogeneous assays.
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4.3 Significant examples of microfluidic immunoassay systems

Three significant examples of particularly achieved system have been identified and are
presented in this section: (i) the micromosaic immunoassay, originally developed by
Delamarche’s team at IBM Zurich, (ii) the Gyros Bioaffy by Gyros AB and (iii) the

Immunochip by Diagnoswiss SA.

(1) The micromosaic immunoassay is one of the most attractive systems developed to
date. This relatively simple approach consists in patterning straight lines of capture
antibodies on a flat piece of untreated PDMS, using channels embedded in oxygen
plasma treated PDMS. Because 3 walls of the channels are made hydrophilic, the
solutions are flowed by capillary action only. After the washing and blocking steps are
realized, another piece of PDMS with treated channels is placed perpendicularly to the
patterned lines, and the samples and detection antibodies are successively flowed to
complete the immune-complex formation. The signal generated by the labelled detection
antibodies are then analyzed on a fluorescent scanner. This simple approach has led to the
development of rapid, low-cost, user-friendly parallel immunoassays with moderate
sensitivities.”>™

Using this technique, Cesaro-Tadic et al. achieved the quantification of the cytokine
TNF-alpha in cell culture medium with a detection limit of 20 pg/mL (1.14 pM) (Figure
4.4).” The range of quantification is about 2 to 3 orders of magnitude; the time of
completion is less than an hour to perform 11 independent assays. However, in order to
reach performances comparable to those of a bench-top ELISA, compromises had to be
made in the fabrication procedures and the complexity of the assay protocol. Similar to
the earlier systems, the capture antibodies were adsorbed on a flat block of PDMS. The
microfluidic channels however were fabricated in glass, covered with a layer of gold and
passivated with HS-PEG. Two of these chips had to be prepared and utilized for each
micromosaic assay. Furthermore, the flow rates were tightly controlled through a system
of capillary pumps and induced slow evaporation. Although the sensitivity has been
drastically enhanced, these changes significantly increase the costs and complexity of the
micromosaic assay. Additionally, several manual manipulations of the chip itself are

required to complete the assay, potentially limiting the possibilities for automation.
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Figure 4.4: Silicon-gold microfabricated chip for the highly sensitive quantification

of TNF-alpha by a micromosaic immunoassay [Lab Chip, 2004,4, 563-569] -
Reproduced by permission of The Royal Society of Chemistry — http://dx.doi.org/10.1039/b610250f

(i1) Commercialized by Gyros AB, the Gyrolab Bioaffy is another good example of a
fully achieved platform for microfluidic immunoassay (Figure 4.5). Slightly more than
100 assays can be completed simultaneously with low-picomolar sensitivity in less than
an hour.”® The system is completely automated, with pre-loaded solutions and integrated
self-metering capabilities. The channels are fabricated in a polymeric CD, which allows
for the selective release of different solutions by gradually increasing the rotation velocity
of the disk. The fluorescent detection is realized on-line by laser induced fluorescence

incorporated in the quite large bench-top Gyrolab Workstation LIF.
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Figure 4.5: The Gyrolab Bioaffy® and the Gyrolab Workstation LIF®.
(http://www.touchbriefings.com/pdf/890/PT04_gyros.pdf)
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(ii1) Less sensitive but very attractive for its simplicity, the Immunochip developed in
Rossier’s laboratory is another excellent example of a successfully integrated
microfluidic immunoassay platform (Figure 4.6).° This system exploits the advantages
of electrochemical detection to realize 8 parallel assays in less than 10 minutes. All
fluidic and detection components are integrated into a relatively small workstation,
featuring independent peristaltic pumps, pressure valves and a heating element. The
microfluidic chip itself takes the form of a pocket-sized cartridge. Based on the same
detection technology, the so-called GRAVI-Chip is presently commercialized by
Diagnoswiss SA. In the latter system, the fluidic workstation is replaced by on-chip

functionalized magnetic beads and gravitational flow capabilities.
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Figure 4.6: The Immunochip and its workstation. (A) Electrochemical immunochip
for the realization of 8 parallel microfluidic immunoassays. (B) Immunochip workstation
comprising a heating unit, integrated valves and peristaltic pumps and detector [Anal
Bioanal Chem, 2007, 387, 267-275] — Reproduced by permission of Springer.
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Chapter 5
System Description and Originality

5.1 System description

Based on the analysis of the field of microfluidic immunoassays provided in the previous
chapter, and the recurrent limitations observed in these systems, the platform described in

this thesis was developed around 3 main axes:

1- An original microfluidic design:
The final design of the microfluidic chip was conceived to adapt the two novel concepts
introduced in this thesis: the stop-flow and Dual Network systems. In a first iteration of
the chip, the channel layout was adjusted to perform in stop-flow mode, rather than in
continuous flow conditions. In stop-flow mode, the channels are quickly filled with a
given solution before the flow is stopped. After a period of incubation, the next solution
is injected, replacing the previous one without mixing due to the laminar flow. This
method was expected to increase the potential analyte exploitation rate as the system
shifts from a reaction limited regime to a transport limited regime (Figure 5.1). In this
mode, the performance of the system is independent of the flow rate, allowing simple
connection and pumping schemes. Additionally, the volume of solution used for the assay
is defined by the volume of the channel itself, rather than by the volume of solution
manually pipetted and flowed through the system. For these reasons, working in stop-
flow mode should contribute to increase the reproducibility between independent assays.
Based on the initial layout, the concept of Dual Network system was later introduced.
This novel concept relies on the physical separation of the immune complex formation
phase and the enzymatic reaction phase into two distinct networks of channels. The
independence of the two networks, ensured by PDMS pressure valves, permits the
realization of the final immuno-detection step in an environment free of non-specifically
adsorbed proteins. Through reducing the noise, this method was expected to increase the
assay performance. Also, it removes the necessity of passivating channels before use,

leading to the development of a faster, less expensive and less complex protocol.
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Figure 5.1: Modeling of the analyte exploitation rate versus the flow rate in
heterogeneous surface-based microfluidic immunoassays. Adapted from Zimmermann
etal'”

2- The multi-purpose use of magnetic microbeads:

Microbeads have been used previously in microfluidic immunoassays. Most frequently,
they serve as functionalized substrates to support the formation of the immune complex.
Microbeads, both in conventional and microfluidic immunoassays, increase the active
surface area and provide specific chemistries used to attach the capture entity with an
adequate orientation and a preserved binding activity. A large amount of microbeads can
be functionalized in advance and placed in long-term storage without significant loss of
activity. This permits the system to be more versatile, with no functionalization necessary
prior the beginning of an experiment, and also contributes to reducing the overall assay
time and complexity. In other systems, non-functionalized microbeads have been used to
induce mixing inside microfluidic channels.

In this work, magnetic microbeads were utilized to achieve both purposes
simultaneously. During the incubation periods in stop-flow mode, local depletion of the
analyte might occur. To prevent this effect, the beads were magnetically displaced inside
a limited portion of the fluidic channel, homogenizing the solution, while capturing the
analyte molecules inside a well-defined volume. This technique was expected to
accelerate the analyte exploitation rate in stop-flow mode. Additionally, the magnetic
beads were also used in combination with the Dual Network design as vessels to transfer

the newly formed immune-complexes into the yet unused reaction network.
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3- The enzymatically amplified fluorescence signal:

Fluorescent detection was implemented in order to achieve high quality measurements
for protein quantification. To this date, fluorescence remains one of the most used
detection method as it is highly sensitive and offers multiplexing and imaging
possibilities. Besides, powerful devices such as microscopes and scanners are already in
place in most laboratories, lowering the investments associated with the acquisition of a
new technology.

The fluorescent signal was generated and amplified through an enzymatic reaction,
accumulating the fluorescent molecules in a time-dependant manner. Simultaneous
detection of parallel independent assays was achieved thanks to the adapted design at the
detection site. The fluorescent signal intensities were measured away from the reactive
beads in order to physically stop all parallel reactions at the same instant, and avoid

scattering interferences or background noise induced by the bead’s polystyrene shell.

5.2 System originality

The design of stop-flow microfluidic ELISA with parallel fluorescent detection, the
conception and implementation of the Dual Network system, and the multi-purpose use
of magnetic microbeads are the principal aspects contributing to the originality of the
present work. The Dual Network platform is fully functional and allows for every step of
a protein quantification experiment to be completed on a single PDMS chip. In the
remaining part of this thesis, the initial developments leading to the proof-of-concept for
the Dual Network system are first presented. Second, the performance of the platform as
characterized through the optimization of important assay parameters for the rapid
quantification of TNF-alpha are described. By doing so, the use of the platform in
research applications, as well as its potential for the fast and cost-effective diagnosis of
sepsis were demonstrated. The original contribution of this work was recognized and

published in three peer-reviewed articles presented in this thesis as chapters 6, 7 and 8.
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Chapter 6
Initial Microfluidic Design and Detection Method

This first paper, published in Lab-on-a-Chip, established the initial microfluidic design
adapted for the enzymatic generation and the simultaneous detection of the fluorescent
signal of parallel assays in stop-flow mode.

Several technical elements were addressed, such as the shapes and sizes of the
different portions of the microfluidic channels, the connection and pumping schemes, and
the magnetic mixing strategy. A general protocol for the generation and the detection of
the fluorescent signal was also established.

In this first iteration of the platform, only the enzymatic reaction and detection were
performed on-chip. The first part of the assay, which consists in the formation of the
immune-complexes on the functionalized magnetic beads, was realized off-chip in
standard reaction tubes. This approach avoided completely the issue of elevated

background noise caused by non-specific adsorption of proteins on the channel walls.
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Enzymatically-generated fluorescent detection in micro-
channels with internal magnetic mixing for the development of

parallel microfluidic ELISA

M. Herrmann,” T. Veres” and M. Tabrizian®

‘Biomedical Engineering Department, McGill University

®Industrial Materials Institute, National Research Council of Canada

6.1 Abstract

The Enzyme-Linked Immuno-Sorbent Assay, or ELISA, is commonly utilized to quantify
small concentrations of specific proteins for a large variety of purposes, ranging from
medical diagnosis to environmental analysis and food safety. However, this technique
requires large volumes of costly reagents and long incubation periods. The use of
microfluidics permits one to specifically address these drawbacks by decreasing both the
volume and the distance of diffusion inside the micro-channels. Existing microfluidic
systems are limited by the necessary control of extremely low flow rates to provide
sufficient time for the molecules to interact with each other by diffusion only. In this
paper, we describe a new design of micro-channels for the realization of parallel ELISA
in stop-flow conditions. Magnetic beads were used both as a solid phase to support the
formation of the reactive immune complex and to achieve a magnetic mixing inside the
channels. In order to test the detection procedure, the formation of the immune complex
was performed off-chip before the reactive beads were injected into the reaction chamber.
Anti-streptavidin antibodies were quantified with low picomolar sensitivity (0.1 — 6.7
pM), a linear range of 2 orders of magnitude and good reproducibility. This work
represents the first step toward a microfluidic platform for simple, highly effective and

parallel microfluidic ELISA.
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6.2 Introduction

The sensitive detection of specific proteins is an important analysis for applications in
biotechnology, biomedical diagnosis, food and environmental safety. Label-free methods,
such as Surface Plasmon Resonance (SPR) or Quartz Crystal Microbalance (QCM),
provide simple and real-time measurements, but they are yet limited by a lack of
sensitivity."*® Alternatively, sandwich immunoassays allow the detection of a specific
protein with greater sensitivity at the cost of a more complex procedure. In particular, the
Enzyme-Linked Immuno-Sorbent Assay (ELISA), in which the enzymatic amplification
of the signal greatly lowers the limit of detection, is the current standard for protein
quantification. However, this method requires large volumes of reagents as well as long
incubation times due to the high volume-to-surface ratio. The use of microfluidic to
perform sandwich immunoassays permits one to specifically address these drawbacks.
The low scale of these devices reduces the volumes and diffusion distances inside the
micro-channels, therefore decreasing the duration of the successive incubation periods.

Many microfluidic platforms have been described using various methods of detection

77,87,147,148 100,102,143

such as indirect fluorescence, electro-chemistry or fluorescence
. . 132,14 . .

generated through an enzymatic reaction.””*"**!** Fluorescence is a popular technique

as it provides powerful detection tools, increasing sensitivity and gives the possibility of

73,150 Interestingly, optical fibers and diodes

imaging numerous sites on a restricted area.
(LED) have been successfully incorporated in some microfluidic platforms in order to
miniaturize and integrate the fluorescent detection device.’*"*” To date, the highest
sensitivity achieved in a microfluidic immunoassay has been reported for the
quantification of the cytokine TNFa with a detection limit of 20 pg/mL (1.14 pM)."”
This system is however restricted by the number of necessary manipulations and the
requirement for sophisticated equipments, which increase the complexity and the cost of
the assay. Moreover, it has been demonstrated that one of the main challenges to perform
highly sensitive microfluidic immunoassays is related to the fine tuning of the flow

1 When the flow velocity is high, the kinetic of capture of the analyte is

velocity.
reaction-limited. In this regime, the exploitation of the analyte present in the solution is
only about 5%. Conversely, when the flow velocity is extremely slow, or even stopped,

the analyte exploitation reaches values up to 90%. The regime is then transport-limited as
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the incubation time required to attain such high exploitation rates is extended due to the
absence of mixing.

Micro-beads have been used for more than a decade in immunoassays as a means of
concentrating specific molecules and of increasing the available surface area supporting

the formation of the immune complex.**'**!%

In particular, paramagnetic micro-beads
can be easily manipulated by applying variable magnetic fields with permanent magnets
or electromagnets. Magnetic beads are for instance commonly utilized in macroscopic
automated system such as the immunoassay analyzer Elecsys.'> In microfluidic systems,

154-160

they have been employed to capture specific molecules as well as to produce

mixing inside micro-channels or microfluidic chambers.****

Based on these observations, we designed a system to perform microfluidic ELISA in
stop-flow rather than in continuous flow conditions. In stop-flow conditions, the channel
is first rapidly filled with the desired solution. The flow is then stopped for a defined
incubation period. This approach has two major advantages, (i) the volume of solution in
the system is precisely defined by the volume of the channel, thus avoiding imprecision
due to pipetting and (ii) the assay is not limited by the complex control of extremely low
flow rates. The outcome of the assay is hence not dependent on the flow rate but only on
the incubation time corresponding to the stop period. The issue of transport limitation is
circumvented by using magnetic micro-beads both as a solid phase to support the
formation of the immune complex and as a means to create an internal mixing.

This paper is divided in two parts. First, an original microfluidic design to perform
parallel ELISA in stop-flow conditions is described. Then, the enzymatic amplification
and detection of the fluorescent signal was tested on-chip following the off-chip
formation of the immune complex. Rapid prototyping in PDMS, manipulation of
magnetic beads and epifluorescence microscopy have been combined in order to achieve

the detection and quantification of anti-streptavidin antibodies.
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6.3 Material and methods

6.3.1 Fabrication method

Micro-channels were molded in Poly(dimethylsiloxane) (PDMS) (Dow Corning, MI) by
the technique of replica modeling. A negative photo-resist (SU-8 2035, MicroChem, MA)
was spin-coated on to a silicon wafer to achieve a homogenous layer of 50 um. The
patterns were exposed with UV-light (I-liner, 365nm) through a high-definition
transparent mask and then developed to obtain a negative master of the channel network.
PDMS was prepared by mixing the elastomer and the curing solutions in a 10:1 ratio and
baked in an oven at 80°C for 2 hours or more. The PDMS was then pealed off the wafer
and the connection holes were pierced before assembling.

Both the PDMS block and a 5 cm x 7.5 cm glass slide were cleaned and carefully
dried under a nitrogen flow before they were brought into contact to form a tight
waterproof reversible bond. The platform was then placed onto the homemade
trapping/mixing device. The channels were primed with ethanol to prevent the formation
of air bubbles and then connected to a syringe pump (Model 210, Lomir biomedical, NY)
via a single outlet. The fluidic tests were carried out with a buffer solution mixed with a

red food dye for visualization.

6.3.2 Bead preparation and formation of the immune-complex

Phosphate Buffer Saline (PBS), Trizma Base (TRIS), Tween-20, glycine and Bovine
Serum Albumin (BSA) were obtained from Sigma-Aldrich (Oakville, ON). Magnesium
chloride was purchased from ACP Chemicals (Montreal, QC).

The desired amount of streptavidin-coated beads (Dynabeads® MyOneTM
Streptavidin, Dynal Biotech, NY) was diluted 10 times in PBS 0.05% Tween-20 (PBS-
T). The beads were washed 3 times in PBS-T and separated into different eppendorf
tubes. They were then incubated for 30 minutes with the anti-streptavidin IgG (Rockland
Immunochemicals, PA) diluted at the appropriate concentration in a solution of PBS 1%
BSA, under constant mixing. A volume of 10 uL of the protein solution per uL of beads
was used (equivalent to 1 assay). Following the incubation, the beads were washed 3

times in PBS-T. They were then incubated another 30 minutes in a 1 pg.mL™" solution of
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anti-rabbit IgG coupled with Alkaline Phosphatase (AP) (Rockland Immunochemicals,
PA) diluted in PBS 1% BSA. Finally, the beads were washed 3 times and kept in PBS-T

at 4°C until use.

6.3.3 Procedure for on-chip signal generation and enzymatic amplification

The channels were rinsed twice with 10 pL of PBS-T. The remaining solutions trapped at
the bottom of each inlet were rapidly withdrawn with a pipette between each run to avoid
cross-contamination of the sequentially injected solutions inside the inlets. The beads
were then injected into the channel and trapped by an external rare earth magnet in the
reaction chamber, forming a loose bed that can be moved by displacing the magnet back
and forth along the direction of the channel. The beads were washed twice with 10 pL of
TRIS buffer pH =9, 10 mM MgCl,, 10 mM Glycine (TRIS). The solution containing the
enzymatic substrate, namely 20 pM Fluorescein Di-Phosphate (FDP) (Biotum, CA) in
TRIS, was subsequently flowed into the channels and incubated for 5 minutes with 30

seconds mixing every minute.

6.3.4 Detection method and data processing

An inverted microscope (TE2000-U, Nikon), a stereoscopic zoom microscope
(SMZ1500, Nikon) and a digital camera (DXM1200F, Nikon) operated with the ACT-1
software were used to acquire pictures of the channels. For fluorescence imaging, the
microscope is equipped with a high pressure mercury lamp (C-SHGI, Nikon) and with
the appropriate set of filters for fluorescein (FITC) excitation and emission wavelengths.
The intensity of fluorescence in each channel was measured with ImageJ (software for
image processing and analysis in Java) over the total section of the captured channel
(100x magnifications). All data were normalized by subtracting the intensity obtained in

the negative control.
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6.4 Results and discussion

6.4.1 Microfluidic design

Employing the technique of replica molding, the network of 3 walled micro-channels
was fabricated in PDMS. After cleaning and drying, the PDMS block was placed on the
surface of a microscope glass slide, closing the channels and creating a reversible
watertight seal. The original design of the system enables the simple parallelization of
individual ELISA on a single chip. Fig. 6.1 presents a photograph of the entire platform,
along with close-ups at various strategic locations. The system comprises eight
independent micro-channels for the realization of parallel simultaneous measurements
with identical experimental conditions. Each channel is composed of 3 different sections:
(a) an independent inlet linked to a wide channel acting as a diffusion barrier, (b) a
reaction chamber where the generation of the signal and the magnetic mixing are
realized, and (c¢) a smaller channel where the intensity of the fluorescent signal is

measured before the solution is discarded via the single outlet of the system.
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Figure 6.1: PDMS chip for the realization of simultaneous microfluidic ELISA: (a)
individual channel with a cross-section of 200 x 50 um acting as a diffusion barrier; (b)
reaction chamber with dimensions of 6 mm x 2 mm x 50 pm (L x W x H); (c) network of
channels with a cross-section of 50 x 50 um referred as the detection area; (d) gathering
of the independent channels; (e) merging of the channels into a unique outlet channel
connected to a syringe pump in withdrawal mode.
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Section (a), linking the inlet to the reaction chamber, is formed by a rectangular segment
of 200 um in width and 50 pm in height. Its relatively large dimension slows down the
diffusion of liquid from the inlet into the rest of the system when the flow is stopped, thus
acting as a diffusion barrier between the sequentially injected solutions. In addition, it
allows for a better lateral distribution of the beads and the various solutions, which flow
through the gradual opening into the wider reaction chamber.

Section (b), or reaction chamber, is 2 mm wide, 6 mm long and 50 pum high. These
dimensions keep the fluid regime in the laminar domain, where solutions injected
sequentially follow each other with only minimal mixing at the interface. The reaction
chamber is terminated with two symmetrical cone-shaped ends, opening and closing over
a 2 mm long path. The gradual change of width leads the solutions from and to the
narrower channels with no apparent dead-volumes or liquid retention in the corners. The
reaction chamber defines a volume of 600 nL, which has been demonstrated to be
suitable in achieving the highly sensitive detection of TNF-alpha in a dendritic cell
culture medium.”” The larger dimension of the chamber also contributes to decrease the
linear flow velocity, thus reduces the hydrodynamic forces that are applied on the beads.
As a result, the magnetic force necessary to capture and hold the beads at the desired
location is also diminished.

However, as the flow is laminar within the entire system, turbulent mixing does not
spontaneously occur inside the micro-channels. Additionally, when working in stop-flow
conditions, fresh solution is not continuously transported toward the capture area. As a
result, it is necessary to actively produce an internal mixing in order to promote binding
events of complementary proteins, increase enzymatic substrate availability and
homogenize the generated fluorescent signal. For our microfluidic platform, a prototype
device was fabricated in order to efficiently trap and manipulate the magnetic beads
inside the micro-channels. The microfluidic chip is placed on the top of the device,
bringing the external rare earth magnet in close contact with the bottom of the glass slide
used to seal the channels. The magnet can be manually displaced from one end of the
reaction chamber to the other entraining the beads along in its course. The displacement
of the external magnet moves the beads in a synchronized way, causing the fluid to

circulate around them and mixing the surrounding solution. With about 10° beads of 1
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pum in diameter trapped in the chamber (equivalent of 1 pL of Dynabeads concentrated
solution), only a few seconds were necessary to initiate the mixing, and moving the
magnet for less than 2 minutes was enough time to ensure the good homogeneity of the

solution in the entire reaction chamber (Fig. 6.2).
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Figure 6.2: Magnetic mixing inside the reaction chamber: (a) about 10° beads of 1 um
in diameter are injected and trapped by an external permanent magnet. The reaction
chamber is half-filled with a solution of red-food dye and left aside for 1 minute to ensure
that the colored solution is not advancing anymore; mixing of the solution after (b) 5
seconds (¢) 30 seconds (d) 60 seconds (e) 90 seconds (f) 120 seconds.

Section (c), or detection area, corresponds to the portion of the system where the eight
independent 50 um wide channels gather (section (d)) to form a network with a 100 pm
pitch. The total width of the detection area is about 750 pum, which allows the
simultaneous observation and acquisition of the signal from all channels in one single
shot. At the end of the detection area, the channels merged into one larger channel
leading to the single outlet connected to a syringe pump in withdrawal mode (section (e)).
This particular design necessitates the utilization of only one source of vacuum,
simultaneously driving the solution into multiple channels, thereby facilitating the

parallelization and the synchronization of individual reactions.
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6.4.2 Fluorescent signal generation and detection

In order to demonstrate the efficiency of the microfluidic platform for protein
quantification, a generic detection scheme has been utilized that can be adapted for
potentially any desired applications. In addition, the chip does not require that it be pre-
coated with either capture proteins or antibodies, thus it can be used for a specific
application without the need for any further modifications. The analytical concept of the
system is described in Fig. 6.3. Paramagnetic beads of 1 um in diameter, coated with a
layer of streptavidin, were used as a support for the formation of the immune complex. In
that experiment, streptavidin was not used for its affinity for biotynilated molecules, but
rather as a target protein to be recognized by anti-streptavidin polyclonal antibodies. The
streptavidin-coated beads were first incubated with various concentrations of anti-
streptavidin antibody, followed by a solution of secondary antibody coupled with alkaline
phosphatase (AP). The enzymatic substrate Fluorescein-diphosphate (FDP) was
subsequently used to generate the fluorescent signal. FDP is a very efficient fluorogenic
enzymatic substrate for alkaline phosphatase, which has been previously utilized both for

161,162 . . .
A" The enzymatic reaction generates fluorescein, a

enzymatic assays and ELIS
strongly green fluorescent molecule, through the hydrolysis of the two phosphate groups

of the colorless and non-fluorescent fluorescein-diphosphate.
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Figure 6.3: Analytical concept for the quantification of anti-streptavidin antibodies:
the formation of the immune complex is performed off-chip by incubating the
streptavidin-coated micro-beads first with rabbit anti-streptavidin antibodies and then
with 1 pg.mL™ of secondary anti-rabbit antibodies coupled with Alkaline Phosphatase.
The beads are then injected into the micro-channels and both signal generation and
detection are performed on-chip.
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Figure 6.4: Schematic presentation of the procedure for the on-chip generation of
fluorescein and signal detection in the downstream channels: (a) filling and washing
with PBS-T; (b) injection of about 10° beads, trapping in the reaction-chamber and
washing with PBS-T and TRIS buffer; (c) introduction of the substrate solution (20 uM
FDP in TRIS buffer), 5 minutes incubation with (d) alternate magnetic mixing and (e)
detection. The total procedure takes about 10 minutes to be completed.

As the beads aggregate to form a loose bed, the reactive surface with the AP-coupled-
antibodies becomes extremely concentrated and localized into the reaction chamber (Fig.
6.4). The reaction then occurs very rapidly around the bead bed but the rest of the
enzymatic substrate solution is left unreacted. Moving the beads and mixing the solution
thus improve the substrate availability and the resulting signal homogeneity. The
transformation of FDP into fluorescein is processed at a steady rate into the reaction
chamber, yielding to a final fluorescent intensity which depends both on the duration of
the incubation period and the number of immobilized enzymes. As a result, when the
incubation period is fixed, the intensity of the fluorescent signal is only dependent on the
number of immobilized enzymes, which itself is directly proportional to the quantity of
anti-streptavidin antibodies bound on the surface of the streptavidin-coated beads. After 5
minutes of incubation and alternate mixing, the reacted solution is simply driven away
from the magnetic beads, physically stopping all reactions at the same time, and giving a
precise control over the duration of the multiple individual enzymatic reactions. The
relatively large volume of the reaction chamber permits the downstream detection
channel to be entirely filled up without the need for an extremely precise control of the
flow.

Figure 6.5 shows the fluorescent image obtained for multiple reactions performed in

parallel on a single chip. No beads were introduced in the first and last channels. They
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served as controls to ensure that the solution of FDP did not exhibit auto-fluorescence
due to deterioration of the substrate molecule during the storage period. From the top to
the bottom, the second channel corresponds to the negative control where beads have
been incubated with the secondary AP-antibody only. The weak signal obtained in this
channel represents the background signal due to the unspecific binding of AP-coupled
antibodies to the streptavidin-coated beads. Channels 3 to 7 correspond to increasing
concentrations of anti-streptavidin antibodies, ranging from 12.5 pg.mL™ (0.1 pM) to 1
ng.mL™" (6.7 pM). The same experiment was repeated 3 times and a standard curve for
the quantification of anti-streptavidin antibodies was plotted. The linear range of
quantification for this model was approximately of 2 orders of magnitude (R* = 0.987).
The low picomolar sensitivity showed promising potential with regards to the
performance of the optimized immunoassay for TNF-alpha (1.14 pM).”> A 3 to 4 folds
increase in sensitivity was observed with systems using indirect fluorescence (1 nM).”’
The sensitivity was also enhanced by at least a factor of 10 when compared to previously
described microfluidic ELISA (17 pM to 31 nM).”>**!*? The standard deviations varied
from 3% to 15% of the highest fluorescent intensity. The inter-assay coefficient of
variation, which is defined by the ratio between the standard deviation and the mean
fluorescence intensity, was about 15% for concentrations above 500 pg.mL™" (3.3 pM).
Similarly, Fig. 6.6 displays a fluorescent picture where all channels, except for the
negative control in channel 3, were filled with beads incubated with a solution of 500
pg.mL™" of anti-streptavidin antibodies. The measured intra-assay coefficient of variation
was 15.1%. Both inter- and intra-assay variability were comparable to those recently
obtained by Honda et al. using indirect fluorescence on a compact disk-shaped
microfluidic device.'® Additionally, the automation of the assay procedure is currently
under development, which is expected to further reduce the variability of the system.
Employing streptavidin-coated micro-beads as the solid phase, the formation of the
immune complex was realized off-chip. With this method, the issue of non-specific
adsorption of proteins on the channel walls has been circumvented, thus largely
eliminating the potential background noise for the enzymatic reaction that can cause a

damageable loss in sensitivity.
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Figure 6.5 (left): Standard curve for the quantification of anti-streptavidin
antibodies: (a) fluorescent imaging of the downstream channels after 5 minutes
incubation with concentrations of anti-streptavidin antibodies varying from 12.5 pg.mL"
to 1000 pg.mL™" (100x); (b) linear range of quantification for anti-streptavidin antibodies.
The averages and error bars were calculated from 3 independent assays.

Figure 6.6 (right): Determination of the intra-assay coefficient of variation: all
channels were filled with beads previously incubated with a solution of 500 pg.mL™" anti-
streptavidin antibodies and secondary AP-coupled antibodies, except for channel 3 where
the beads were incubated with the secondary antibody only. The average fluorescent
intensity after normalization was 56.3 a.u., the associated standard deviation was 8.5 a.u.,

which represented a coefficient of variation of 15.1%.
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However, this approach slightly increases the quantity of reagents used, as sub-microliter
volumes are not conveniently manipulated outside the chip. The overall duration of the
assay is also augmented. Therefore, current efforts are focused on the realization of the
entire assay on-chip, including the formation of the immune complex. This next stage of
development has been so far limited by the difficulty of obtaining effectively passivated

. . : 108,114
surfaces to avoid random adsorption of proteins on the channel walls.'*

6.5 Conclusion

As a first step toward a microfluidic platform for parallel ELISA in stop-flow conditions,
we have developed a system featuring micro-channels molded in PDMS, manipulation of
paramagnetic micro-beads and fluorescence detection. The original microfluidic design
enables one to conveniently work in stop-flow conditions. The magnetic beads are used
both as a solid phase to support the formation of the reactive immune complex and as a
means to produce an internal mixing of the solution. In order to test the amplification and
detection of the signal inside the microfluidic system, the formation of the immune
complex was performed off-chip before the reactive beads were injected into the reaction
chamber. A standard curve for the quantification of anti-streptavidin antibodies was
realized, exhibiting low picomolar sensitivity, a dynamic range of quantification of 2
orders of magnitude, and inter- and intra- coefficients of variation of about 15%. Current
developments include the optimization of the fluidic network, the automation of the
magnetic mixing and the treatment of internal surfaces to proceed to the on-chip
formation of the immune complex, as well as the quantification of bio-medically relevant
proteins.'® Finally, we believe that the design of the system could allow further

integration into a portable biosensor using a miniaturized pump and electromagnets.
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Chapter 7
The Dual Network System: Proof-of-concept

This second paper, also published in Lab-on-a-Chip, followed up on the previous article
by describing a means to realize the immune-complex formation on-chip in addition to
the generation and the detection of the signal. The entire immunoassay was performed on
a single chip, using two interdigitated networks of channels similar to the one developed
initially. It is therefore referred to as the Dual Network system. This original method was
hereby proved to replace efficiently common physical or chemical treatments used to
block non-specific adsorption on PDMS in the presented immunoassay.

With the development of the Dual Network chip, the microfluidic design had to be
adjusted, in particular the size and position of the fluidic bridges linking the two
networks. Certain challenges related to the fabrication and the operation of the pressure
valves had to be overcome.

A specific chip-holder was conceived in order to align the chip on the moving
magnets and to secure the tight connection to the valves. A computer-controlled mixing
device was also developed in order to provide more freedom and precision for the
manipulations of the magnetic beads. The latter was especially necessary for achieving
the bead transfer between the two networks of channels prior to the enzymatic reaction
phase. This paper establishes the proof-of-concept of the finalized prototype of the Dual
Network platform.
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Microfluidic ELISA on non-passivated PDMS chip using

magnetic bead transfer inside Dual Networks of channels

M. Herrmann,™ E. Roy,” T. Veres” and M. Tabrizian®

*Biomedical Engineering Department, McGill University

®Industrial Materials Institute, National Research Council of Canada

7.1 Abstract

Achieving efficient passivation of micro-channels against non-specific adsorption of
biomolecules is a critical aspect of the development of microfluidic ELISA systems.
Usual surface treatments such as pre-coating of the channels with serum albumin,
exposure to oxygen plasma, poly-ethylene glycol grafting however exhibit a lack of long-
term stability, with procedures that can be time-consuming, complex or associated with
costly materials and instruments. In this paper, we present a new fluidic design combined
with an original strategy of manipulating magnetic beads in order to reduce assay noise in
bead-based microfluidic ELISA without the need for prior channel pre-treatment. The
novelty of the system relies on the physical separation of the immune complex formation
phase and the enzymatic reaction phase into two independent networks of channels.
These networks are linked by fluidic bridges, whose openings are controlled by pressure
valves, and through which the beads are magnetically transferred. A standard curve for
the quantification of a model antibody was obtained within 30 minutes. A detection limit

of 100 pg.mL™" (660 fM) and good linearity of the signal up to 4 ng.mL™" were observed.
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7.2 Introduction

For more than a decade, microfluidics has been employed to adapt standard bench-work
bioassays into time- and cost-effective devices. As a result, techniques such as
immunoassays are being increasingly used in clinical diagnostics, food safety and
environmental applications.”*****'% In particular, various platforms for the realization of
microfluidic Enzyme-Linked Immuno-Sorbent Assay (ELISA) have been proposed in an
effort to reduce the use of large volumes of expensive reagents and hour-long incubation
periods, whilst preserving the specificity and the sensitivity of the original assay.®®

In conjunction with improvement in design and functionality, an important part of the
development of microfluidic-based systems has focused on creating bio-functional
surfaces and, alternatively, on finding means to efficiently passivate microchannels
against non-specific adsorption (NSA) of biomolecules. The latter is especially critical in
microfluidic ELISA systems, as the large surface-to-volume ratio greatly amplifies the
undesired surface effects that generate noise and lower sensitivity. Many research groups
have investigated chemical surface modifications of various polymeric materials to limit
the effects of NSA.'“'7? In particular, surface modifications of poly(dimethylsiloxane)
(PDMS) have been extensively explored as it is currently the preferred polymer for
biochip fabrication.’®!0%!1%:12L124173-176 [yegnite many advantages, PDMS is notorious for
its high native hydrophobicity and its tendency to rapidly adsorb biological materials.'”’
Usual surface treatments such as pre-coating of the channels with serum albumin,
exposure to oxygen plasma and poly-ethylene glycol grafting lack long-term stability,
and require procedures that are often time-consuming, complex or associated with costly
materials and instruments.

In a previous publication, we proposed an innovative concept of stop-flow
microfluidic ELISA in which functionalized magnetic beads were used both as a solid-
support to sustain the reactive immune complex formation and as a mean to increase
mixing of the surrounding solution during incubation steps."*” In order to establish the
fluidic design and protocol for the enzymatic amplification and fluorescent detection, the
reactive immune complex was formed off-chip at the surface of the beads, before the
reactive beads were injected inside the microfluidic system. With this method, the

enzymatic reaction occurred in unused protein-free channels thus considerably limiting
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the assay noise. The necessity to passivate the PDMS chip was then avoided, which
represented a substantial reduction in both the time and the complexity of the assay.

In this paper, we describe the next generation of the system, which combines an
original fluidic design and the manipulation of magnetic beads to reduce the noise in
bead-based microfluidic immunoassays and realize microfluidic ELISA entirely on-chip,
without prior channel passivation. This new approach relies on the physical separation of
the immune complex formation phase and the enzymatic reaction phase. Two
independent networks of channels are used (dual networks), linked by fluidic bridges
through which the beads are magnetically transferred. Pressure valves embedded in bi-
layered PDMS™ have been engineered which seal the fluidic bridges when pressure is
applied, thus ensuring the complete isolation of the networks and avoiding
contamination. Using this new fluidic design and an adapted protocol, a standard curve
for the quantification of a model antibody was obtained within 30 minutes. A detection
limit of 100 pg.mL" (660 fM) and good linearity up to a concentration of 4 ng.mL™" were

observed.

7.3 Material and methods

7.3.1 Fabrication of the bi-layer PDMS microfluidic ELISA chip

The master for the control layer was fabricated by standard SU-8 photo-lithography. SU-
8 1070 photo-resist (Microchem, Newton, MA) was spin-coated on a silicon wafer to
achieve a homogenous layer of 40 um. The patterns were exposed through a high-
definition transparent mask (Fineline Imaging, Colorado Springs, CO) with UV-light and
developed, resulting in channels with rectangular cross-sections. The features on the
control mask were designed at a 101.6% ratio of the desired dimensions to compensate
for the shrinkage of PDMS before alignment. For the fabrication of the master
corresponding to the fluidic level, a similar method was applied to construct the two
networks of channels. The fluidic bridges were fabricated using AZ 50xt positive resist
(AZ Electronic Materials, Branchburg, NJ) and aligned on an aligner EVG 6200 (EV
Group, Schaerding, Austria). After development, the master was treated with

Trichloro(1H,1H,2H,2H-perfluorooctyl)-silane (Sigma-Aldrich, St. Louis, MO) to obtain
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a hydrophobic surface and facilitate the release of cured PDMS. The surface treatment
was followed by reflow of the positive resist for 10 minutes at 120°C resulting in fluidic
bridges with semi-circular cross-sections.

The two layers of PDMS Sylgard184 (Dow Corning, Midland, MI) were cured
separately on their respective masters as established by Quake et al.”> For the control
layer, PDMS 5:1 (elastomer base:curing agent) was mixed, degassed at room temperature
and poured to obtain a thickness of about 4 mm. For the fluidic layer, PDMS 20:1 was
prepared and spin-coated on the fluidic master at a thickness of about 70 um, forming a
10 um thick membrane above the 60 um high fluidic bridges. After a 30 minutes pre-
curing step in an oven at 80°C aimed at minimally hardening both layers of PDMS, the
control layer was released from its master and the control inlet punched out. It was then
aligned on top of the fluidic layer. The bi-layer assembly was further cured at 80°C for at
least 2 hours to achieve permanent thermal bonding. Finally, the bi-layer PDMS device
was pealed off the fluidic master and the inlets and outlets were punched out. The system

was then reversibly sealed on a glass slide and ready for use.

7.3.2  Microfluidic ELISA with dual networks of channels

Trizma Base, Tween-20 and glycine were obtained from Sigma-Aldrich (St. Louis, MO)
and magnesium chloride from ACP Chemicals (Slough, UK). The streptavidin-coated
magnetic beads (Dynabeads® M-280 Streptavidin) were purchased from Invitrogen
(Burlington, ON) and the rabbit anti-streptavidin IgG from Rockland Immunochemicals
(Gilbertsville, PA). The secondary alkaline phosphatase (AP) anti-rabbit antibodies and
the enzymatic substrate fluorescein diphosphate (FDP) were purchased from Anaspec
(San Jose, CA). All protein dilutions and washing steps were performed in 0.1 M Tris,
150 mM NaCl, 0.02% Tween-20, pH = 7.4 (TBS-T). FDP was diluted to a final
concentration of 4 uM in the reaction buffer consisting of 0.1 M Tris, 10 mM MgCI2, 10
mM Glycine, pH = 9.0.

Before mounting the PDMS chip on the mixing platform and securing the valve
connection, both the fluidic and the control channels were filled with TBS-T using the
Channel Outgas Technique (COT).'”™ Unless specified otherwise, the protocol for

completion of the microfluidic ELISA was performed as reported in table 7.1. For each
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step, a few microliters of solution (5-15 pL) were deposited in the inlets and flowed
through the channels by connecting the appropriate outlet to a peristaltic pump in
withdrawal mode. After each run, the residual solution trapped at the bottom of the inlets

was aspirated to avoid cross-contamination of the sequentially injected solutions.

7.3.3  Fluorescent signal detection

An inverted microscope (TE2000-U, Nikon), a stereoscopic zoom microscope
(SMZ1500, Nikon) and a digital camera (DXM1200F, Nikon) operated with the ACT-1
software were used to acquire pictures of the channels. For fluorescence imaging, the
microscope is equipped with a high-pressure mercury lamp (C-SHGI1, Nikon) and with
the appropriate set of filters for fluorescein (FITC) excitation and emission wavelengths.
The intensity of fluorescence in each channel was measured with ImageJ (software for
image processing and analysis in Java, http://rsb.info.nih.gov/ij/). All data were

normalized by subtracting the fluorescence intensity obtained in the negative control.

7.4 Results and discussion

7.4.1 Design of microfluidic ELISA with dual networks of channels

The concept of microfluidic ELISA with dual networks of channels relies on the physical
separation of the immune complex formation phase and the enzymatic reaction phase
(Fig. 7.1a). A first network of channels (complexation network) is used to achieve the
formation of the immune complex, consisting of binding consecutive antibodies and
antigens to the surface of the magnetic beads. During this phase, several complex
solutions are successively pumped through the network, resulting in the non-specific
adsorption of proteins on the channel walls, especially secondary antibodies that would
normally cause an elevation in the assay noise. Instead, a second network of channels
(reaction network), so far unused and thus free of non-specifically adsorbed proteins, is
employed to carry on the enzymatic reaction at the surface of the beads that generates the
fluorescent signal. Both networks are independent, linked only by fluidic bridges through

which the reactive beads are magnetically transferred.
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The complexation network is composed of eight inlets connected by 500 um wide
channels, acting as diffusion barrier, to the same number of complexation chambers.
Each chamber forms a 480 nL volume in which the beads are magnetically trapped and
displaced to prevent local depletion of proteins and homogenize the surrounding solution
during incubation periods. Outlet channels connect the eight complexation chambers to a
single outlet from which the successive solutions can be flowed using a peristaltic pump
in withdrawal mode.

The reaction network is very similar to the complexation one. Inlets, diffusion
barriers and chambers, referred to as reaction chambers, are laid out in an identical
manner, parallel to those of the complexation network. The outlet section is however
different as the eight independent channels converge to form the detection area. Upstream
of the detection area, the outlet channels are adjusted to the same length in order to
ensure identical flowing conditions. Downstream to the detection area, the outlet

channels merged into a second outlet.

2] 5 Figure 7.1: Layout of the bi-layer PDMS
[ /_*4 microfluidic ELISA chip. (a) Fluidic level:

1 the solutions are injected into the inlets (1),

2 connected to the complexation/reaction

chambers (3) through large channels acting
+ | as diffusion barriers (2). In the
f ' 'y complexation network, outlet channels (4)
of equal length link the complexation
“ chambers to the upper outlet (5). In the
reaction network, outlet channels (4°)
B complexation network reaction network adjusted to the same length come closer to
form the detection area (6) and then gather
(&) into a larger channel connected to the lower
outlet (5°). The two networks are linked by
the fluidic bridges (7). (b) Control level: the
control level is composed of a single closed
channel (8) fanning into eight branches to

form the pressure valves (9) on the top of
| | | [ T\s | [ ] the fluidic bridges. The fluidic level is
. represented in light grey to display the
overlap of the control channel on the top of
the fluidic channels.
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7.4.2 Engineering of pressure valves

In order to avoid contamination of the reaction chambers, pressure valves were
engineered to close the fluidic bridges and completely isolate the two networks from one
another. The valves are opened to allow the passage of the beads into the reaction
network and then closed again to perform the final steps of the assay.

Due to the design of the fluidic network, the control line for the valves necessarily
overlaps fluidic channels in order to reach the bridges (Fig. 7.1b). As fluidic bridges
should be able to close when pressure is applied without disrupting the flow inside the
outlet channels, the width of both the fluidic and control channels were tuned as
established by Studer et al.®® They have demonstrated that as the widths of the
overlapping channels increased, less pressure was required to close the valves. In our
design, the overlap for operational valves features a 300 x 300 um area. Non-functional
crossings display a limited area of only 50 x 50 um, thus enabling the selective closing of
the bridges.

For the same reason, the fluidic bridges were given a semi-circular cross-section, as
opposed to the outlet channels which display a rectangular cross-section.” Yet, semi-
circular channels are difficult to obtain using a negative resist such as SU-8. They are
preferably produced by reflow of a positive resist. Consequently, the fluidic master was
fabricated in three consecutive steps (Fig. 7.2). First, all the fluidic features but the
bridges were realized in SU-8 at a 40 um thickness. Next, the fluidic bridges, realized in
positive resist at a thickness of 50 um, were aligned so to connect the pairs of chambers.
A final baking step at elevated temperature allowed for the positive resist to reflow giving

the bridges their final semi-circular shapes.

[ (b] (=]

A==

Figure 7.2: Fabrication steps for the fluidic master. (a) The two independent networks
of channels are fabricated in the negative resist SU-8. (b) The fluidic bridges are made
using the positive resist AZ 50xt. (¢) The master is post-baked, hardening the SU-8 and
inducing the reflow of fluidic bridges.
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Using the fabricated fluidic master, bi-layer PDMS microfluidic ELISA chips were
produced in large quantities with high reproducibility of the valve functionality. The
pressure necessary to close the valves is supplied by connecting the control channel to a
screw syringe with a blunt-ended needle. To prevent leakage at the connection site, the
modified needle is passed through a tight piece of rubber and strongly held down together
with the PDMS device. A pressure of about 20 PSI in the control line was found to be
appropriate to completely and reversibly close the eight valves without disrupting the
flow in the outlet channels (Fig. 7.3). The pressure valves proved to be operational for at
least several hours, without observable leakage, pressure drop or contamination between

the pairs of chambers.

Figure 7.3: Photograph of the PDMS microfluidic ELISA device showing the two
independent networks of channels. The complexation network is filled with a blue dye
solution; the detection network is filled with green. All eight pressure valves (1) are
closed resulting in the complete isolation of the two networks. The insert provides a
close-up view of an interrupted fluidic bridge (2) crossed by the control channel (3).

7.4.3  Proof-of-concept: quantification of a model antibody

The operational setup for the realization of the microfluidic ELISA is described in figure
7.4. After priming the channels, the PDMS chip is inserted into its support and the
connection for the control channel is secured. A blunt-ended needle, which tightly fits the
outlets of the system, is adapted at the end of a tube linked to a peristaltic pump. The
pump is then used to flow the diverse solutions through the channels at the required flow
rate. The needle can be reversibly and easily switched from one outlet to the other

depending on which network is to be operated. Round permanent magnets of 3 mm in
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diameter are disposed directly under the PDMS-glass chip. Eight magnets, one for each
of the complexation chamber, are precisely aligned and held together by a plastic piece in
which holes the size of the magnets have been drilled. The plastic piece is attached to a
mixing platform, which can be moved in all directions with micrometer precision in a
pre-determined sequence via a Labview software developed in-house.

In order to demonstrate the concept of dual networks to reduce the noise in bead-
based microfluidic ELISA, a standard curve for the quantification of a model antibody
was realized without prior channel passivation. For this purpose, commercially available
magnetic beads coated with a layer of streptavidin, the model antigen, were used to detect
anti-streptavidin antibodies, the model analyte (Fig. 7.5). The protocol for the realization
of the microfluidic ELISA is presented in Table 7.1. The total assay time was about 30
minutes, mostly due to many pipetting steps, and could be further reduced in a fully
automated system. About 10° beads were injected and trapped in each of the eight
complexation chambers. During the several incubation periods, the beads were
continuously displaced from end to end of the chambers at a velocity of 400 pm.sec™.
The velocity and distance of the magnet to the beads were adjusted so they formed a
loose bed that was dragged behind the magnet, thus facilitating the penetration and
diffusion of solutions between the beads. After both incubation steps with the analyte
antibody and the AP-coupled secondary antibody, the beads were washed twice with
TBS-T and transferred to the reaction chambers via the fluidic bridges with transiently
opened valves. No pre-treatment of the PDMS chip or glass was performed. As a control
experiment, the whole assay was also performed in a single network with identical

experimental conditions.

Table 7.1: Protocol for the realization of the microfluidic ELISA with dual networks

Step nh Complexation nebvork Manipulation Reaction newvrork
1 Close valves
2 Irgectbeads
3 Washilx)
4 Irgect primary anbb od v (antzen) 5 nun b abon with mixing
& Washilx)
3 Irgect AP-conpled secondary anbbody | 5 non mneub abon writh mixing
7 Washi 2
2 Open valves
a Washilx)
10 Trans fer beads
11 Close valves
12 5 mn mneub ation writh mixing Inject FD'P soliton
15 Move wacted sohition to the
detection area
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Figure 7.4: Operational platform for microfluidic ELISA: the microfluidic chip is
inserted into its support (1). The control channel (2) is connected to a manometer syringe
(2°) and secured to avoid leakage. One of the fluidic outlets is connected to a peristaltic
pump in withdrawal mode (3). Below the chip, the eight permanent magnets (4), mounted
on the mixing device (5), are aligned with the complexation chambers.

Figure 7.5: Schematic of the
immune complex formation and
detection procedure: (a) About 10°
streptavidin-coated magnetic beads
are trapped inside the complexation
chamber. The anti-streptavidin
antibody (analyte) binds specifically
to the streptavidin (antigen)-coated
beads during a five minutes incubation
period with mixing. Similarly, the AP-
coupled secondary antibody is added
to form the reactive immune complex.
(b) The valve is transiently opened
and the reactive Dbeads are
magnetically transferred into the
reaction chamber. (c) The enzyme
processes the FDP substrate into the fluorescent molecule FITC. While the reaction takes
place, the solution is homogenized by displacing the beads. (d) The reacted solution is
then pushed into the detection area.
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From the fluorescent microscopy images (Fig. 7.6a), it is striking that the level of noise
caused by NSA on the channel walls is greatly reduced in the dual network system. Some
residual noise is noticeable when comparing channels 1 and 2 in the dual network system
(respectively corresponding to un-reacted FDP solution and the negative control, where
only the analyte was omitted from the reaction), which might be due to very low NSA at
the surface of the beads, however much less than for the same reactions in the single

network system.
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Figure 7.6: Comparative results for microfluidic ELISA without pre-treatment
against NSA using a single network and dual networks of channels. (a) Simultaneous
fluorescent detection in all eight channels of the device. (b) Standard curves for the
quantification of anti-streptavidin antibodies. Each point represents the average obtained
on 4 separate experiments.
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The reported data are the average of four independent experiments for each of the curves
(Fig. 7.6b). To facilitate inter-assay comparison, all values have been normalized by
subtracting the signal obtained for the negative control on the same chip. With the dual
network protocol, a limit of detection (LOD) of 100 pg.mL™, corresponding to a molarity
of about 660 fM (MW = 150 kDa) and good linearity up to 4 ng.mL"' were observed for
the tested anti-streptavidin antibody. The LOD was taken as 3 times the standard
deviation of 5 negative control replicas. For the two highest concentrations, the standard
deviations are quite elevated due to the variation in the reaction kinetics from assay to
assay performed on separate chips. This variation could surely be minimized in a
platform with automated injection and a better control of external conditions such as
temperature and ambient light.

When comparing the assays of the single network to the dual networks, both the
sensitivity and linearity are significantly improved for the dual network system. While
the absolute values are generally higher in the single network experiment, the
normalization to the negative control highlights the weaker contrast in this setup between
the lowest and the highest concentrations due to the elevated noise that quickly saturates
the signal. The sudden increase between the negative control and the lowest
concentration of 50 pg.mL’' can be explained by the fact that several secondary
antibodies can bind a non-specifically adsorbed analyte thereby amplifying the noise as
compared to directly non-specifically adsorbed secondary antibodies.

The results achieved with the dual network system are close to those obtained in the
first iteration of our system where the immune complex was formed off-chip. The
decrease in sensitivity, from about 70 fM previously to 660 fM, can be explained by the
lesser dispersion of the beads and shorter incubation periods of the on-chip procedure.
However, the reduction of the sample size (by a factor of 5) and the shorter total assay
time (from several hours to 30 minutes) represent a strong improvement to the global
performance of the assay. Moreover, improving bead dispersion and compromising on
the incubation times would increase the sensitivity of the assay significantly.
Nevertheless, even with the current protocol, the dual network system is among the most
sensitive microfluidic immunoassays reported to date,’®%76:77:80.89.90.92.95.99.100.105.132.179

without the use of costly, complex and time-consuming pre-treatments.
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7.5 Conclusion

In this paper, the novel concept of dual networks of channels was presented. This
approach permits to reduce noise in bead-based microfluidic ELISA without the need for
prior channel passivation. The original design features two independent networks linked
by fluidic bridges, whose openings are controlled by pressure valves. Following the
formation of the immune complex, the reactive beads are magnetically transferred
through the bridges before performing the final steps of the assay in unused protein-free
channels. A three-step lithography process was developed for the fabrication of the
fluidic master, on which the bi-layer PDMS device was produced in large quantities with
constant functionality. The pressure valves were tested and proved to be operational for at
least several hours, without observable leakage, pressure drop or contamination between
the dual chambers. A protocol was established, which has permitted to obtain standard
curves for the quantification of a model antibody in about 30 minutes. A detection limit
of 100 pg.mL™" (660 fM) and good linearity up to 4 ng.mL™" were observed. These data
are comparable to the performance of the most sensitive microfluidic immunoassays

reported to date without the need for channel pre-treatment.
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Chapter 8
Characterization of the Platform’s Performances for the
Quantification of the Cytokine TNF-alpha

This third and last paper, published in Analytical Chemistry, established the potential of
the Dual Network microfluidic ELISA platform developed previously for its use in
biomedical applications. In particular, the cytokine TNF-alpha was chosen as a model of
protein biomarker for two reasons: (i) to facilitate the comparison with commercial
ELISA and microfluidic immunoassays systems targeting the same analyte, and (ii) to
evaluate the potential of the platform for challenging biomedical applications such as the
diagnosis of sepsis.

In this paper, the Dual Network platform was characterized through the optimization
of four critical parameters, namely the concentration of the detection antibody, the bead
displacement velocity, the incubation times and the detection time. For each of these
parameters, a standard curve for the quantification of TNF-alpha was carefully plotted
with at least three repetitions of the same experiment. Each condition was discussed and
the optimal parameters for this particular analyte were set.

The influence of the solution for the dilution of TNF-alpha was also investigated. The
complexity of the surrounding solution was increased from the buffer solution used for
the optimization step, to a cell culture medium to pure serum. As a result, a last standard
curve for the quantification of TNF-alpha in serum was established, enabling the
evaluation of the performance of the Dual Network platform in realistic conditions

related to the diagnosis of sepsis.
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Quantification of low-picomolar concentrations of TNF-alpha in

serum using the Dual Network microfluidic ELISA platform

M. Herrmann,™ T. Veres® and M. Tabrizian®

*Biomedical Engineering Department, McGill University

®Industrial Materials Institute, National Research Council of Canada

8.1 Abstract

For both research and diagnostic purposes, the ability to detect low levels of proteins in a
cost- and time-effective manner is essential. In this study, the cytokine TNF-alpha, a
widely used protein indicator of inflammatory response, was chosen to demonstrate the
ability of the Dual Network microfluidic ELISA platform developed by the authors to
quantify rapidly low concentrations of this biomarker in serum. Through the optimization
of several experimental parameters, the system was shown to meet the requirements for
fundamental and applied studies, while also relevant for challenging clinical applications
such as the diagnosis of septic patients. A sensitivity of 45 pg/mL (2.6 pM) in both
culture medium and serum, with inter- and intra-variations of less than 15% were attained
for the quantification of human TNF-alpha to a concentration of up to 500 pg/mL. The

overall time for completion of the assay in eight parallel reactions was less than an hour.

8.2 Introduction

Tumor Necrosis Factor-alpha (TNF-alpha) is a biomarker frequently assayed for diverse
research and diagnostic purposes. It is a small circulating protein of the cytokine family
(17.4 kDa), secreted primarily by monocytes and macrophages as a mediator in the early

stage of the inflammatory and immune functions.'® Alone or in combination with other
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proteins, TNF-alpha is used as an indicator to follow cellular reactions to external stimuli

or to detect certain pathological conditions. Among other applications, TNF-alpha

' and its level measured to

182

secretion is commonly assessed in immunological studies,'®
determine the biocompatibility of various types of materials and implants. ™" In these
studies, the accepted relevant concentrations of TNF-alpha range in the 100 pg/mL
bracket. For diagnostic purposes, TNF-alpha is used as an early indicator of inflammatory
reactions. When such a reaction occurs, the fine balance between pro- and anti-
inflammatory cytokines has to be monitored and maintained in the patient’s blood.”> The
up-regulation of pro-inflammatory cytokines, in particular TNF-alpha, can lead to acute
inflammatory reactions, tissue injuries or in the instance of a severe infection, to a
dangerous state of septic shock. The concentration of TNF-alpha in septic patients
typically ranges from 20 to 100 pg/mL, rendering the diagnosis of sepsis particularly
challenging even for the most sensitive immunoassays currently in use. Elevated levels of
TNF-alpha have also been associated with chronic inflammatory syndromes such as
rheumatic arthritis or Crohn’s disease.'™

Conventional immunoassays are time- and resource-consuming, particularly when
extensive automation is not economically beneficial or when portability becomes a
predominant requirement. Consequently, there has been a sustained effort in the past
decade to develop reliable diagnostic tools while reducing the complexity and associated
costs of such assays. The miniaturization of immunoassays using microfluidics has been
with no contest one of the most popular techniques, as it permits to significantly reduce

28,68,74,82,88,96,132,184
However to date, few

reagent volumes and incubation times.
microfluidic systems have achieved fast, parallel and highly sensitive detection of
biomedically relevant proteins using a single fully functional microfluidic chip.”>’** The
Dual Network microfluidic ELISA platform developed in our laboratory has displayed

promising characteristics as to achieve that goal.'®

Its original concept relies on the
physical separation of the immune complex formation phase and the enzymatic reaction
phase into two independent networks of channels. These two networks are linked only by
fluidic bridges whose openings are controlled by embedded pressure valves through
which the reactive beads are magnetically transferred before the final immunodetection

step is performed. As a result, the background noise originated from non-specific
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adsorption of protein on the channel walls was eliminated, thereby removing the need for
long, costly or unstable pre-treatments.

In this paper, we demonstrate that the Dual Network microfluidic ELISA can be
successfully tuned in order to quantify low levels of biomarkers in both cell culture
medium and serum, through the adjustment of its most critical assay parameters. The
variables regulated were the amount of detection antibody, the bead displacement
velocity and the duration of the incubation and detection periods. By doing so, low
picomolar concentrations of TNF-alpha were detected in eight parallel reactions with
good reproducibility in less than an hour, thus confirming the potential use of this system
for biomedical applications in research or for the diagnosis of septic patients in clinical

conditions.

8.3 Material and methods

8.3.1 Proteins and reagents

Trizma Base (Tris), Tween-20 and glycine were obtained from Sigma-Aldrich and
magnesium chloride from ACP Chemicals. Tosylactivated paramagnetic microbeads
(Dynabeads® M-280 Tosylactivated) were purchased from Invitrogen, as well as the pair
of capture (AHC 3712) and biotin-labelled detection (AHC 3419) monoclonal antibodies
against TNF-alpha. The human recombinant TNF-alpha was obtained from Preprotech
and the alkaline phosphatase coupled streptavidin, alkaline phosphatase coupled anti-
rabbit and anti-mouse antibodies from Rockland Immunochemicals. The enzymatic
substrate fluorescein diphosphate (FDP) was purchased from Anaspec. The washing
buffer, also used for priming of the channels, was a Tris buffer saline (0.1 M Tris, 150
mM NaCl, pH = 7.4) supplemented with 0.02% Tween-20 (TBS-T). All proteins were
diluted in TBS-T 0.1% BSA as carrier protein, unless mentioned otherwise. The
enzymatic substrate FDP was diluted to a final concentration of 4 uM in the reaction

buffer consisting of 0.1 M Tris, 10 mM MgCl,, 10 mM Glycine, pH = 9.0.
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8.3.2 Tosylactivated beads functionalization

Dynabeads M-280 Tosylactivated were functionalized according to the manufacturer’s
instructions. Briefly, 200 pL of beads (40.10" beads) were thoroughly washed in a 0.1 M
borate buffer pH 9.5. The beads were then incubated overnight at 37°C with slow tilt
rotation in a solution of the same borate buffer containing the mouse monoclonal capture
antibody at a ratio of 3 pg of antibody / 10’ beads. Subsequently, the beads were washed
twice in PBS buffer, pH 7.4, 0.1% BSA at 4°C, once in 0.2 M Tris, pH 8.5, 0.1% BSA
for 4 hours at 37°C for blocking the free tosyl-groups and a last time with the PBS buffer
at 4°C. The beads were resuspended and stored in 200 pL of PBS, pH 7.4, 0.1% BSA
supplemented with 0.02% sodium azide as preservative. Following the above procedure,
the functionalized beads were tested to ensure the successful binding of the capture
antibodies. On a Dual Network microfluidic ELISA chip featuring eight independent
pairs of channels, two were used as negative controls in the presence of non-
functionalized beads, three for incubation of the functionalized beads with an alkaline
phosphatase coupled anti-rabbit antibody, and the remaining three for incubation of the
same beads with an alkaline phosphatase coupled anti-mouse antibody. The results of

such a test are provided as supporting information (figure S-8.1).

8.3.3 Protocol for Dual Network microfluidic ELISA with TNF-alpha

Before mounting the chip on the mixing platform and securing the valve connection, both
the fluidic and the control channels were filled with TBS-T using the Channel Outgas
Technique (COT).'™ The concept of Dual Network and protocol for the quantification of
TNF-alpha are summarized in Figure 8.1. For each step, a few microliters of solution (5-
15 uL) were deposited in the inlets and flowed through the channels by connecting the
appropriate outlet to a peristaltic pump in withdrawal mode. After each run, the residual
solution trapped at the bottom of the inlets was aspirated to avoid cross-contamination of

the sequentially injected solutions.
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Figure 8.1: Protocol for Dual Network microfluidic ELISA with TNF-alpha. The
table indicates the successive steps from top to bottom. The layout of the PDMS chip for
8 parallel reactions is drawn in the top-right corner; the complexation network is colored
in blue, the reaction network in green. The windows A, B and C represent close-ups on
one pair of dual chambers at different steps of the assay. (A) Complexation phase; the
closed valve is represented by the solid black line separating the chambers; the white
arrow shows the bead displacement pattern. (B) Magnetic transfer phase. (C) Reaction
and detection phases.

8.3.4 Detection and data analysis

An inverted microscope (TE2000-U, Nikon), a stereoscopic zoom microscope
(SMZ1500, Nikon) and a digital camera (DXM1200F, Nikon) operated with the ACT-1
software were used to acquire images of the channels along the detection area. For
fluorescence imaging, the microscope is equipped with a high pressure mercury lamp (C-
SHG1, Nikon) and with the appropriate set of filters for fluorescein (FITC) excitation and
emission wavelengths. The intensity of fluorescence in each channel was determined with
ImagelJ, a Java-based software for image processing and analysis. All data were
normalized by subtracting the intensity obtained in the negative control of the same
experiment. In order to calculate the sensitivity of the assay for the quantification of
TNF-alpha, 3 independent experiments were carried out, each featuring 5 repetitions of

the negative control. The standard deviations were then averaged for the 3 experiments.
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The sensitivity was calculated by adding 3 times the average standard deviation applied

to the equation of the final standard curve.

8.3.5 Fabrication of the Dual Network microfluidic chip

The Dual Network microfluidic chip is composed of two overlaid layers of PDMS
(Sylgard184, Dow Corning), both fabricated by casting the pre-cured elastomer on a SU-
8 resist (SU-8 1070, Microchem) previously structured by standard photo-lithography.
The fluidic bridges, linking the two networks, were fabricated using a positive resist (AZ
50xt, AZ Electronic Materials) and aligned on an aligner EVG 6200 (EV Group, Austria).
After development, the master was treated with Trichloro(1H,1H,2H,2H-perfluorooctyl)-
silane (Sigma-Aldrich) to obtain a hydrophobic surface and facilitate the release of the
cured PDMS. The surface treatment was followed by reflow of the positive resist for 10
minutes at 120°C resulting in fluidic bridges with rounded sections. The two layers of
PDMS were cured separately on their respective masters as established by Quake’s
group.”’ After a pre-curing step of 30 minutes at 80°C, the 4 mm thick top layer was
released from its master and aligned on the top of the thin fluidic layer. The bi-layer
assembly was further cured at 80°C for at least 2 hours to achieve permanent thermal
bonding. Finally, the bi-layer PDMS device was pealed off the fluidic master and the
inlets and outlets were punched out. The system was then reversibly sealed on a glass

slide and ready for use.

8.4 Results and discussion

8.4.1 Influence of the detection antibody concentration

In immunoassays, an elevated background noise seriously impairs both sensitivity and
linear range, and increases variation between tested samples. In our device, the noise
generated by non-specific adsorption (NSA) of proteins on the channel walls is
eliminated by magnetically transferring the reactive beads into a clean unused reaction
chamber. However, some residual background can result from NSA of proteins on the
beads themselves. To limit this effect, the functionalized tosylactivated beads are kept for

long-term storage in a PBS buffer containing 0.1% BSA as a blocking agent.

73



Nevertheless, an important parameter to be optimized in this regard is the concentration
of detection antibody used for the assay. Ideally, it is necessary to provide enough
molecules to bind all previously captured antigens, without adding an excess as to cause
an increase in non-specific adsorption and ultimately generate background noise.

Figure 8.2 displays the standard curves obtained for concentrations of TNF-alpha
ranging from 10 pg/mL to 1 ng/mL, with respect to increased concentrations of the
detection antibody. The incubation and detection times were arbitrary set at 10 minutes,
alkaline phosphatase coupled streptavidin was diluted 1:10000 and the bead displacement
velocity was adjusted at 400 um/s. Each curve represents the average of 3 independent
experiments realized on separate chips, thus error bars represents the infer-assay
variations rather than internal variations of the system. The fluorescent signals for each
experiment were normalized to the signal obtained in the negative control of the same
experiment (all identical steps with no TNF-alpha). In immunoassays, two of the most
important parameters are the slope of the curve which reflects the sensitivity of the assay,
and the correlation coefficient R* which describes its linearity. Accordingly, the optimal
concentration for the detection antibody was found to be 0.5 pg/mL. Data obtained with
1.0 pg/mL displayed similar sensitivity values but exhibited lower linearity. With a
concentration of 0.25 pg/mL however, the slope was significantly lowered with little
improvement in linearity, indicating that not all the captured analytes had been bound by
detection antibodies in the allotted time. Conversely, increasing the detection antibody
concentration to 2 pg/mL generated considerable background signal, thus impairing both
inter-assay reproducibility and linearity due to the rapid saturation of the fluorescent
signal. Based on this series of experiments, following assays were realized with the
optimal detection antibody concentration of 0.5 pg/mL. The standard curve obtained
with this specific set of parameters is referred to as the default experiment to which later

experiments are compared.

74



=, 097 __60
3 0.25 pg/mL Ab S Default — 0.5 pg/mL Ab
& 50 & 50
> >
2 49 2 4
8 8
£ 30 £ 30
® ®
2 2
8 20 8 20
7] 7]
< <
o 10 o 10
3 =}
= 0 = 0
0 200 400 600 800 1000 0 200 400 600 800 1000
TNFa concentration (pg mL-1) TNFa concentration (pg mL-1)
~ 60 __60
3 1 ug/mL Ab § 3 2 ug/mL Ab
& 50 & 50
2 40 2 40
8 8
£ 30 £ 30
§ § = 0.049x
g 20 g 20 el
8 2 R?=0.947
o 10 - s 10
=3 >
G 0 = 0 y
0 200 400 600 800 1000 0 200 400 600 800 1000
TNFa concentration (pg mL-1) TNFa concentration (pg mL-1)

Figure 8.2: Influence of the concentration of detection antibody on the
quantification of TNF-alpha by Dual Network microfluidic ELISA. Other parameters
were set at their default conditions. All fluorescence intensity data were normalized by
subtracting the value of the negative control of the same experiment. Each data point is
the average of three independent experiments. Error bars represent the inter-assay
variation for each condition.

8.4.2 Influence of bead displacement velocity

Unlike the majority of microfluidic devices, which operate in a continuous flow mode,
this immunoassay was designed to work in stop-flow conditions.*® In this setup, the
fluidic channels are filled with the appropriate solution before the flow is stopped for
incubation and the next solution is flowed to replace it. This method reduces and
improves the control of reagent volumes used, which are defined by the geometry of the
channel rather than by the flow rate and manual pipetting. Also it avoids the dependency
of the assay performance on the flow rate. In order to prevent local depletion of the

109

analyte molecule at the vicinity of the capture zone, =~ the functionalized beads were
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magnetically moved from one end to the other end of the fluidic chamber during
incubation periods. This manipulation allowed for the reaching of the analyte molecules
in the entire volume of the chamber while creating disturbances in the surrounding
solution, thus enhancing the analyte exploitation rate.

Figure 8.3 illustrates the effect of the bead displacement velocity on the outcome of
the assay for TNF-alpha. In the default experiment, the beads were displaced at the
maximum velocity of 400 um/sec during the three incubation periods, as well as during
the enzymatic reaction phase (maximum velocity due to current hardware limitations).
When the same experiment was conducted without displacing the beads during the
incubation periods (the beads were moved only during the reaction phase), the
fluorescent signal was drastically weakened, suggesting rapid local depletion and limited
diffusion of the analyte molecules during the 10 minutes of flow stop. When the beads
were moved at 200 um/sec, the overall signal became stronger, coming close to the signal
obtained in the default experiment. Surprisingly, the curve also displayed a marked
saturation profile at higher concentrations of TNF-alpha. This difference in linearity can
be explained by the behavior of the beads while being moved inside the fluidic chamber.
During flow phase, the beads are held by a strong permanent magnet placed directly
under the glass slide that forms the bottom of the chip (approximately 1 mm from the
beads). At that distance, the magnetic field is still very strong, thus the beads aggregate in
a tight bed with little space between them for the solution to circulate. During incubation
phases however, the magnet is moved, followed by a smear of beads, which widens when
the movement is faster. The formation of the smear increases bead dispersion which in
turn increases the effective surface of capture sites at the functionalized surfaces.
According to these results, the bead displacement velocity for further experiments was set

at 400 um/sec.
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Figure 8.3 (left): Influence of the bead displacement velocity on the quantification of
TNF-alpha by Dual Network microfluidic ELISA. Other parameters were set at their
default conditions. All fluorescence intensity data were normalized by subtracting the
value of the negative control of the same experiment. Each data point is the average of
three independent experiments. Error bars represent the inter-assay variation for each
condition.

Figure 8.4 (right): Influence of the incubation times on the quantification of TNF-
alpha by Dual Network microfluidic ELISA. Other parameters were set at their default
conditions. All fluorescence intensity data were normalized by subtracting the value of
the negative control of the same experiment. Each data point is the average of three
independent experiments. Error bars represent the inter-assay variation for each
condition.
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8.4.3 Influence of incubation times

Another important parameter affecting the outcome of an immunoassay is the time given
for the molecules to interact with each other and form a stable immuno-complex. The
present protocol features three sequential incubation periods with respectively, TNF-
alpha, the biotinylated detection antibody and the alkaline-phosphatase coupled
streptavidin. Variations of the incubation time affected both the slope and the linearity of
the standard curve (Figure 8.4). In comparison to the default experiment, when the
incubation time was reduced by half from 10 to 5 minutes, the slope decreased by about
the same factor with only a slight increase in linearity. These data suggest that the
saturation of the beads with the maximum loading of TNF-alpha occurs shortly before 10
minutes of incubation, which also explains the slightly saturated profile of the default
curve. Extending the incubation times to 15 minutes confirmed the bead saturation at
higher concentrations, leading to an even less linear and slightly less sensitive curve than

the one of the default experiment.

8.4.4 Influence of detection time

Following the three incubation periods and the magnetic transfer of the beads carrying
the immune complex to the reaction chamber, the reaction network is filled with a
solution of the enzymatic substrate for alkaline-phosphatase fluorescein di-phosphate
(FDP). The enzymatic reaction converting FDP into green-fluorescent fluorescein then
occurs in conditions similar to the previous incubation phase. The extent of the enzymatic
amplification period is expected to display a drastic effect on the outcome of the
immunoassay and the profile of the standard curve (Figure 8.5). In comparison to the
default experiment, when the detection time was increased from 10 to 15 minutes, the
independent signals obtained for the different concentrations of TNF-alpha were
significantly increased. However, the curve can no longer be considered linear on the
tested range with a correlation coefficient of only 0.92. The excessively saturated profile
in this case stems from at least two major effects. First, the already slightly saturated
profile observed in the default experiment is further amplified as the enzymatic reaction
is extended. Second, the rate of conversion of FDP is likely to decelerate as the

concentration of substrate decreases in the substrate solution. Saturation of the detection
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device at high fluorescent intensities also enhances the latter effect. Although increasing
detection time can significantly improve the overall sensitivity of the assay, it can also be
detrimental on both the linearity and the dynamic range as it amplifies minor variations in
the signal. For the following experiment, the detection time was maintained at 15
minutes, but incubation periods were shortened from 10 to 5 minutes. Interestingly, the
profile obtained was very similar to the one observed in the default experiment in terms
of both the slope and linearity, with an overall assay time reduced from 40 to 30 minutes.
Only a minor increase in the infer-assay variability was caused by the extension of the
detection time, as the efficiency of the enzymatic reaction differs between each assay due
to external conditions, such as temperature or ambient light, and contributes for the
largest part to this type of variability.

When setting up an immunoassay, it is important to consider the relevant range of
concentrations in which a particular analyte has to be detected and quantified. For a
biomarker such as TNF-alpha, although concentrations of several 100 pg/mL can be
found in experimental samples, clinical values, for the diagnosis of septic patient for
instance, stands typically around 100 pg/mL and below. Therefore, narrowing down the
dynamic range to 500 pg/mL, in order to cancel the light saturation effect, might give a
more accurate quantification of TNF-alpha around biomedically relevant levels. The
doted lines in Figure 8.5 show the corrections made to the standard curves when
removing the last data point at 1 ng/mL of TNF-alpha. In all three cases, both the
linearity and slope of the curves were improved though to different extents. For the
default experiment and the experiment with 5 minutes incubation periods, improvements
of the slope is moderate (117% and 114% of the respective slopes taken on the full range)
while both correlation coefficients approximated 0.99, indicating excellent linearity. The
experiment with 10 minutes incubation periods and 15 minutes detection time undergo a
more drastic change, with a slope increased by 132% and a linearity approaching 0.97.
Nevertheless, because saturation of the signal is still observed in these conditions, this
last standard curve can not be used accurately on the designated range of concentrations

despite its stronger slope.
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Figure 8.5: Influence of the detection time
on the quantification of TNF-alpha by
Dual Network microfluidic ELISA. Other
parameters were set at their default
conditions except for the bottom graph where
incubation times were set to 5 minutes each.
The solid curve represents the trendline for
data points taken between 10 pg/mL and 1
ng/mL; the dashed curve is the trendline for
the same data points taken only up to 500
pg/mL. All fluorescence intensity data were
normalized by subtracting the value of the
negative control of the same experiment.
Each data point is the average of three
independent  experiments.  Error  bars
represent the inter-assay variation for each
condition.
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8.4.5 Quantification of TNF-alpha in serum

For the adjustment of experimental parameters, all previous experiments were run with
TNF-alpha diluted in a TBS buffer supplemented with 0.1% BSA as a protein carrier. In
order to show the ability of the Dual Network microfluidic system to perform in
conditions close to its final intended use, the previous measurements were repeated with
TNF-alpha diluted in a more complex solution (Figure 8.6). First, the experiment was
conducted with TNF-alpha diluted in a DMEM cell culture medium supplemented with
10% FBS. The addition of interfering proteins decreased the slope of the standard curve
when default parameters are used. Nevertheless, by extending the detection incubation
period from 10 to 15 minute, the slope was increased to its original value with excellent
linearity. Quasi-identical data were obtained with TNF-alpha diluted into pure serum
(FBS). The excellent linearity, even with the addition of an extra data point at high
concentration of TNF-alpha, demonstrated again the reliability of the standard curve
within the tested range of concentrations, from 25 pg/mL to 500 pg/mL. Typically,
similar results in cell culture medium and pure FBS are not expected because of the more
complex composition of serum containing many uncharacterized proteins that interfere
with the reaction. It is very interesting to observe that the Dual Network assay, by getting
rid of the larger part of the background noise, manages to maintain the same efficacy in
both medium. For clarity, a summary of slope and linearity data for all tested conditions
is provided in Table 8.1.

The assay sensitivity was calculated based on 3 independent experiments, each
featuring 5 repetitions of the negative control. The value obtained for the quantification
of TNF-alpha in a cell culture medium or pure serum was 45 pg/mL (2.56 pM). This
sensitivity is considered adequate as it falls within range of concentrations relevant for
research and diagnostic purposes. Moreover, concentrations of TNF-alpha as low as 25
pg/mL were consistently detected and fitted very well on the linear standard curve. Error
bars represent the variations in the signal obtained from 3 independent experiments
performed in identical conditions. The inter-assay coefficient of variation was found to be
in the order of 15% or less for concentrations of 50 pg/mL and above. Intra-assay
variations were also calculated by running 5 repetitions of a given concentration of TNF-

alpha on a single chip along with the appropriate controls. At the exception of the
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concentration of 50 pg/mL, for which the intra-assay variation coefficient was calculated
at 24%, internal variations were all below 15% for concentrations of 100 pg/mL and
above. The specificity of the reaction for TNF-alpha in serum was confirmed by
substituting the specific mouse monoclonal capture antibody anti-TNF-alpha with a non-
specific mouse IgG control purified from a non-immunized animal (Figure S-8.2). Given
inherent variations such as small differences in the number of beads, magnets alignment
and fluorescence inhomogeneity, which could be overcome in a more automated and
integrated platform, these values are considered very promising at this stage of

development.*’
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Figure 8.6: Influence of the dilution medium on the quantification of TNF-alpha by
Dual Network microfluidic ELISA. (A) The discontinuous curve on the left panel was
obtained with default parameters and TNF-alpha diluted in TBST; the continuous curve
was obtained in identical conditions with TNF-alpha diluted in a DMEM cell culture
medium with 10% FBS. On the right panel, the detection time was extended from 10 to
15 minutes. (B) On the right panel, the standard curve for the quantification of TNF-alpha
in pure serum is displayed; all parameters were set to default expect for the 15 minute
detection time. The left picture shows a typical fluorescent photograph of the detection
area in these conditions.
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Table 8.1: Summary of slope and linearity data for all tested conditions. The second
set of parameters was arbitrarily chosen as the default conditions and referred to as
default experiment throughout the text. For clarity, the most favorable conditions for the
quantification of TNF-alpha using the Dual Network microfluidic ELISA platform are
shaded in grey.

Nb  conceniration Bead displacement I"ZCREUO  DESECAN - Medium for TNF- - Linedr siope - Linearity B
(ng/mL) velocity (um/sec) (min) (min) alpha dilution up to 0.5 ng/mL up to 0.5 ng/mL
1 0.25 400 10 10 TBS-T 0.1% BSA 0.044 0.993
2 0.5 400 10 10 TBS-T 0.1% BSA 0.060 - 0.070 0.981 - 0.994
3 1.0 400 10 10 TBS-T 0.1% BSA 0.060 0.954
4 2.0 400 10 10 TBS-T 0.1% BSA 0.049 0.947
5 05 0 10 10 TBS-T 0.1% BSA 0.023 0.998
6 0.5 200 10 10 TBS-T 0.1% BSA 0.049 0.947
¥ 05 400 5 10 TBS-T 0.1% BSA 0.034 0.990
8 0.5 400 15 10 TBS-T 0.1% BSA 0.053 0.961
9 0.5 400 10 15 TBS-T 0.1% BSA 0.071 - 0.094 0.921 - 0.967
10 0.5 400 5 15 TBS-T 0.1% BSA 0.062 - 0.071 0.983 - 0.989
11 0.5 400 10 10 DMEM 10% FBS X -0.047 X -0.998
12 0.5 400 10 15 DMEM 10% FBS X -0.068 X -0.995
13 0.5 400 10 15 Pure FBS X-0.072 X -0.991

With low-picomolar sensitivity in both cell culture medium and serum, good
reproducibility and a total assay time of less than one hour, the Dual Network
microfluidic system places itself among the most achieved microfluidic immunoassays
described to date. For the quantification of TNF-alpha specifically, the sensitivity is very
near the values obtained with traditional microwell ELISA as well as with the highly
sensitive micromosaic assay developed by Cesaro-Tadic et al. at IBM Research.’”
Compared to the latter, the overall assay time is significantly reduced, as the combined
use of magnetic microbeads and pressure valves removes the need for pre-coating the
chip with the capture antibody or blocking the uncoated sites. Reaction volumes of 600
nL, identical to those used in the micromosaic assay, are delimited by the fluidic
chambers in which the beads are displaced. No complex design for solution
transportation is required since working in stop-flow mode insures minimal influence of
the flow rate. Besides, the Dual Network chip is entirely fabricated in PDMS, using only

soft-lithography techniques, which makes it simple and inexpensive to produce.
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The Dual Network system also compares very well to the most recent commercial
products in the field of miniaturized immunoassay, such as the fully automated GyroLab
Bioaffy CD platform’® or the electrochemical-based Gravi-Chip.””'® Similar to these
systems, the time needed for completion of parallel assays and the throughput of the Dual
Network device could benefit greatly from a fully automated platform and a better
controlled environment for the enzymatic reaction. Moreover, the sensitivity of the Dual
Network assay could be further improved including by integrating the detection device on
the platform and by enhancing bead dispersion inside the microfluidic chambers, for
example by the use of ultrasonic vibrations or the addition of nanopillars inside the
chambers. A better bead dispersion is expected to improve the assay sensitivity in both a
direct an a indirect manner: directly by increasing the active capture area, which would
also broaden the dynamic range and potentially decrease incubation times for complete
analyte exploitation; indirectly by decreasing variability, especially at low concentrations

of analyte and for the negative control and by increasing washing efficiency.

8.5 Conclusion

In this paper, we demonstrated the possibility for the rapid quantification of low
concentrations of protein biomarkers in serum using the Dual Network microfluidic
ELISA platform. By carefully assessing the assay performance as a function of the
concentration of the detection antibody, the bead displacement velocity, the incubation
and detection time, we have attained a good compromise in terms of sensitivity (2.56
pM), dynamic range of detection (25 — 500 pg/mL), reproducibility (<15% variability)
time-efficiency (< 1 hour) and user friendliness. These results suggest that the platform
is suitable for fundamental and applied research studies, as well as demonstrates its
potential for use in medical applications for the early diagnostic of diseases and
infections. These performances, combined to the inexpensive fabrication process and the
concept of Dual Network, which removes the need for pretreatment of the chip,
contribute to make of this system an extremely sharp, cost-effective and versatile device.
The automation of flow injection, the integration of the detection device and the

achievement of an enhanced bead dispersion during incubation times are the next
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developments to be addressed. These investigations will help to further increase the
sensitivity, reproducibility, detection range and throughput of the assay, thereby creating
a very competitive platform for performing immunoassays in point-of-care or on-field

analysis settings.

8.6 Supporting information

The supporting information contains 2 additional figures. The first demonstrates the
successful functionalization of the tosyl-activated microbeads (Dynabeads® M-280
Tosylactivated) with monoclonal mouse antibodies directed against human TNF-alpha
(Invitrogen, AHC3712) according to the supplier’s instructions. The second confirms the

specificity of the reaction for TNF-alpha.
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Figure S-8.1: Functionalization test after the coating procedure of the tosylactivated
beads with the capture antibody. On a Dual Network microfluidic ELISA chip
featuring eight independent pairs of channels, two were used as negative controls in the
presence of non-functionalized beads, three for incubating the functionalized beads with
an alkaline phosphatase coupled anti-rabbit antibody, and the remaining three for
incubating the same beads with an alkaline phosphatase coupled anti-mouse antibody.
The controls show very little fluorescence mainly caused by the PDMS bulk and the non-
reacted enzymatic substrate FDP. With the anti-rabbit antibody, the registered fluorescent
signal is slightly higher, because of minor cross-reactivity of the anti-rabbit antibody with

mouse [gG. After 5 minutes incubation of the functionalized beads with the anti-mouse
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secondary antibody, a saturating fluorescent signal is observed, which indicates the

presence of a high density of capture mouse antibodies at the surface of the

functionalized beads.

Channel 8: positive control for TNF-alpha (500 pg/mL)
Channel 7: negative control for TNF-alpha (0 pg/mL)
Channel 6: Ms IgG with 500 pg/mL in pure serum
Channel 5: Ms IgG with 500 pg/mL in pure serum
Channel 4: Ms IgG with 250 pg/mL in pure serum
Channel 3: Ms IgG with 250 pg/mL in pure serum
Channel 2: positive control for Ms IgG

Channel 1: FDP control

Figure S-8.2: Confirmation of the specificity of the reaction for TNF-alpha by the
substitution of the capture mouse monoclonal antibody anti-TNF-alpha with a non-
specific mouse IgG control purified from a non-immunized animal. The eight parallel
reaction of the Dual Network microfluidic ELISA chip were set up as follow: 1. FDP
control: no beads or proteins were added in this channel. 2. Positive control for
functionalization of the tosylactivated beads with the mouse IgG: no TNF-alpha or
detection antibodies were added; the AP-coupled streptavidin was replaced by an AP-
coupled goat anti-mouse IgG. 3/4. Beads functionalized with mouse IgG were
immobilized in these channels. The rest of the reaction was performed with 250 pg/mL of
TNF-alpha in serum. 5/6. Beads functionalized with mouse IgG were immobilized in
these channels. The rest of the reaction was performed with 500 pg/mL of TNF-alpha in
serum. 7. Negative control for the TNF-alpha reaction: beads functionalized with mouse
monoclonal anti-TNF-alpha antibodies were immobilized in this channel. The rest of the
reaction was performed with no TNF-alpha in serum. 8. Positive control for the TNF-
alpha reaction: beads functionalized with mouse monoclonal anti-TNF-alpha antibodies
were immobilized in this channel. The rest of the reaction was performed with 500
pg/mL of TNF-alpha in serum.

Despite a slightly more elevated noise in channels 3-6 due to the non-specificity of

Ms IgG, no positive reaction was observed with elevated concentrations of TNF-alpha
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when using the Ms IgG beads; no concentration-dependent variations were detected. The
positive control with Ms IgG (channel 2) confirms the successful functionalization of the
beads. Both the negative (channel 7) and positive (channel 8) controls for TNF-alpha in

serum were as expected.
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Chapter 9
Conclusion and Perspectives

In the first section of this chapter, the objectives established at the beginning of the thesis
are reviewed, and a summary of the achievements relative to each of them is given. The
second section presents some perspectives on possible future developments, in particular
for improvements related to the automation and integration of the current platform. The

last section provides a final conclusion to this thesis.

9.1 Summary of achievements and meeting the objectives

1.a. Design a microfluidic chip that is simple and economical to fabricate.

Unlike the majority of devices displaying similar high sensitivities, the Dual Network
chip is exclusively fabricated in PDMS. The current method is well adapted for the
simple and economical fabrication of prototypes and the production of a reasonably high
number of units. Additionally, the Dual Network system eliminates the need for physical
or chemical pre-treatments, which further decreases the cost and complexity of
fabrication. Other materials, in particular thermoplastic elastomers, could provide an
excellent alternative for the inexpensive and rapid production of a large number of these

chips, with fabrication procedures more adapted to industrial settings.

1.b. Maintain the versatility and ease of use, and the potential for automation and
integration.

With the Dual Network system, no pre-treatment or surface functionalization steps are
required prior to the start of the assay. The eight parallel assays on the chip are entirely
independent such that the tested protein depends exclusively on the target of the capture
entity on the magnetic bead surface. The independent channels can be utilized to test one
sample for different biomarkers, or inversely several samples for a unique biomarker. As
a result, the Dual Network chip remains extremely versatile. The magnetic microbeads
can be functionalized in advance and stored for a long period without a significant loss of

activity. The untreated PDMS chips can be kept at room temperature until they are used.
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To date, the Dual Network platform is still operated manually. An ordinary peristaltic
pump directly connected to one of the chip outlets generates the flow necessary to flush
the channels with a new solution. This simple approach is made possible only because of
the low influence of the flow rate when working in stop-flow mode. Similarly, simple
external devices control the other elementary functions of the platform: a syringe to close
the valves, permanent magnets mounted on a 3-axis micromotor to magnetically displace
the beads and a standard inverted microscope to capture the parallel fluorescent signals.
Despite the multiple steps of the assay protocol, no intervention on the chip itself is
required. The PDMS chip is firmly secured onto the platform’s holder after the priming
step until the final detection step. For these reasons, the implementation of an automated
and integrated platform is realistically conceivable. This possibility will be discussed in

more detail in the next section.

l.c. Achieve low density parallelization adapted for point-of-care diagnosis while
maintaining the possibility for further increasing the throughput.

In the current iteration of the Dual Network chip, up to eight independent reactions can
be performed simultaneously. This number has been sufficient to realize a standard curve
for the quantification of a single biomarker and for characterization purposes. It could
also be adequate for diagnostic applications based on qualitative results. However, this
number is still limited when compared to the standard 96-well plate used for bench-top
ELISA. In particular, it would be necessary to increase the number of parallel channels
on the chip before a precise diagnosis based on quantitative results could be performed.
For this type of applications, duplicates or triplicates of samples, standards and controls
must be run simultaneously, requiring a larger number of independent reactions. While
the current fluidic design does not present any theoretical barrier to increasing the final
channel count, the main obstacle preventing the further miniaturization of the system
remains the size of the permanent magnets. In a future iteration of the platform, the
magnetic bead control device would have to be integrated through the fabrication of

electromagnets.
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1.d. Equal or surpass the performance of standard bench-top immunoassays while
decreasing the time and cost of analysis.

With a quantification range for TNF-alpha between 45 pg/mL and at least 500 pg/mL, the
Dual Network platform operates at concentrations comparable to those of standard
commercial ELISA kits for the same analyte (10 - 1000 pg/mL). The sensitivity value is
also close to the data reported for the optimized micromosaic assay described in section
4.3 (20 pg/mL). Both the inter- and intra-assay variations were below 15 %. The current
reproducibility is considered satisfactory, given the lack of control of external conditions
(in particular the temperature) and the manual operation of the platform. An automated
and integrated platform could further improve the sensitivity, range and reproducibility of
the assay, in particular by enhancing the bead dispersion during incubation phases and by
better controlling external conditions.

The assay time was decreased from the typically day-long laboratory protocol to
about an hour. The volumes of costly reagent and samples were reduced from a minimum
of 50 pL in a standard microwell ELISA to 10 pL in the microfluidic assay. This volume
was utilized to facilitate manual pipetting, although in actuality, less than 1 uL of
solution is required to entirely fill a channel and complete an assay in stop-flow mode.
The absence of a blocking step in the Dual Network protocol also contributes to lower the
time and cost of analysis. An automated and integrated platform would be expected to

increase even further the time- and cost-efficiency of the assay.

2. Demonstrate the potential of the developed platform to perform a rapid and sensitive
test for a relevant biomedical application such as the quantification of the cytokine TNF-
alpha in the context of sepsis diagnosis.

Following the proof-of-concept established with anti-streptavidin antibodies, the cytokine
TNF-alpha was chosen as an example of a biomarker related to various applications. For
instance, TNF-alpha is often tested to monitor the reaction of immune cells to stimuli
such as chemicals or implantable materials. Also, the upregulation of this protein can
reflect pathological conditions, such as the early progress of sepsis following a surgical
intervention. After achieving the optimization of the critical assay parameters in a buffer

solution, TNF-alpha was diluted in pure serum (or alternatively in a standard cell culture
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medium) in order to assess the performance of the assay in more realistic conditions. The
sensitivity and quantification range obtained (45 - 500 pg/mL) were within relevant
concentration levels for in-vitro studies, generally found around several 100 pg/mL. In
the context of the sepsis diagnosis, however, pathological values are more commonly
situated below 100 pg/mL. Although the potential of the assay was confirmed for the
latter application, the sensitivity for the quantification of TNF-alpha would have to be
slightly improved to match concentration thresholds as low as 10 pg/mL. Moreover,
multiplexed assays with several other biomarkers would have to be implemented and
tested on real samples before the platform can be considered a suitable tool for the

diagnosis of sepsis.

9.2 Towards an automated and integrated platform

In the previous section, the implementation of an automated and integrated platform was
mentioned often as the next important developmental stage to be addressed. While the
benefits in terms of costs, assay time and general user friendliness are straightforward, it
is also expected to improve the performance of the assay. This section discusses the
possibilities of integration for the three main elementary functions of the platform: the

fluidic controls, the detection device, and the magnetic bead manipulation device.

9.2.1 Automation and integration of the fluidic controls

In stop-flow mode, the precision of the injected volumes is not critical as the volume used
for the assay is defined by the size of the fluidic chamber rather than by the volume
delivered in the inlet. As a result, the manual injection of the successive solutions does
not contribute to the variability of the assay. Yet, the manual injection requires relatively
large inlets to enable convenient loading. The implementation of a series of fluidic pins,
which can deliver minute amounts of solution, would permit one to decrease the size of
the inlets and increase parallelization. Similar to the injected volume, the precise control
of the flow rate is a non-critical issue in stop-flow mode. With the appropriate
connections at the two outlets, the generation of the fluidic flow could be controlled by a

simple integrated pump delivering sufficient negative pressure to move the solution. The
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same pump could be conveniently used to apply and release pressure inside the valves.
Finally, the addition of a thermal element enabling work at constant temperature could
reduce the incubation times, increase the binding specificity, and improve the

reproducibility of the enzymatic reaction.

9.2.2 Automation and integration of the detection device

The miniaturization of several types of detection devices constitutes an important field of
interest related to microfluidics. Numerous studies have described the integration of
simple optical elements in microfluidic systems for fluorescent measurements.’>'**1%
The standard inverted microscope used in this work could be replaced by a system of
diodes (LED) and optical fibers. Ideally, the individual fluorescent measurements should
be performed in real-time and converted instantaneously into interpretable values.
Moreover, while the current design of the chip was adapted for the enzymatic generation

of the fluorescent signal, other detection methods could also benefit from the advantages

of the Dual Network system.

9.2.3 Automation and integration of the magnetic bead manipulation device

The miniaturization of the magnetic bead manipulation device would be the most
challenging, yet the most essential, aspect of the integrated platform. In the current
system, permanent magnets of 3mm in diameter are utilized. Their rather large size
constitutes the main obstacle impeding the further miniaturization of the platform. In the
future, they could be replaced by a series of electromagnets generating a sufficient force
and gradient to capture and move the beads inside the fluidic channels.*”">*'*® The
resulting size reduction would lead to the further parallelization of the assays.
Furthermore, when designing the future manipulation device, special care should be
given to improving the bead dispersion during the incubation phases, thus increasing the
accessibility to binding sites. This feature is expected to enhance the sensitivity,
reproducibility, detection range and speed of the assay in a significant manner. The
incorporation of microposts inside the fluidic chambers and the use of sophisticated

techniques such as diaelectrophoresis (DEP) or ultra-sound waves (USW) are possible

approaches to be explored.
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9.3 Final Conclusion

The main objective of this thesis was to develop and characterize a microfluidic
immunoassay platform adapted for point-of-care diagnosis applications. The assay was
conceived to provide high scientific performance comparable to the standard bench-top
ELISA, while remaining cost- and time-effective in its fabrication and utilization.

An original design with an adapted detection method was developed to realize rapid
parallel microfluidic immunoassays in stop-flow mode. The new concept of Dual
Network was also introduced to considerably reduce the background noise due to NSA
without costly and complex surface modifications. The last iteration of the Dual Network
system combines the multi-purpose use of magnetic beads (as functionalized substrates,
mixing elements and carriers for the transfer of the immune-complexes) with the precise
control of embedded pressure valves. With these features, a versatile, user friendly and
economical microfluidic immunoassay platform was developed.

The characterization of the Dual Network assay was performed using the cytokine
TNF-alpha as a model protein biomarker. Through the optimization of the critical assay
parameters, a standard curve was established for the rapid quantification of TNF-alpha in
serum within the low-picomolar concentration range. The assay performance, comparable
to those of commercial ELISA, demonstrated the potential use of this platform for
challenging applications such as the cytokine-based diagnosis of sepsis.

The next stage of development should focus on the automation and integration of the
platform, with special attention to increasing the number of parallel reactions and the
dispersion of beads during the incubation phases. With these future improvements, the
Dual Network microfluidic immunoassay platform can become a viable and successful

tool for point-of-care diagnosis and other biomolecular analysis applications.
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The Enzyme-Lmked bmmume-Sorbent Asay, or ELISA, 18 commionly utibasd o quantily small
concentrtions of dpecilic protems Tor 2 e vadety of purposes, ranging Trom medical dismoss
Lo envirommenial malys and food safely. However, this technigue requires lairge volumes of
coally meagents and long incubation perdods. The wse of nderollddis perndis one Lo specificadly
addnss these drawbacks by decnsging both the volume and the ditmee of difTusion msade the
miero-channek. Existing macrofluidic syatens ane lmibed by the necessary control of extramely
Tow Tow mates wo provide sulficent tme for the molkculks 1o intemd with each other by difTusion
only. In this paper, we deseribe a new microllndic design for the nalization of paralle] ELISA in
slopeTlow conditions. Magmetic beads were wsed both a8 a solid phase 1o support the formation of
The resctive mmune o s and o achieve a magnetic miing inside the channek. In order 1o
lest the detection procedure, the fommtion of the mmune conplex wis perfomied ofT-chip before
the resctive beads wene ingcted mio the nsaction chamber. Anti-sireplavidin antibodies were
quantifiel with low pioomolar snsitivity (01-67 pM), a Hnear range of 2 orders of magnitude
amd good reproducibility. This work repreents the il step lowand a new plitfom for sinple,

Tighly effisctive and paralle] nocreflnde ELESA

1.0 Intr s iom

The senadtve detection of speclic prolens @ an fmportant
analyss Tor applcations in hiolechnology, bomedical diag.
noas, Tood and environmental safely. Labelfnee methods,
suwch m Surface Phsmon Resonanes (SPR) or Qruanrie Crysial
Microbalanes (0 M), provide sim
ments, bul they ane lmdled by oa bk of sensiuwiy
Altematvely, sandwich mmunosisays allow the detection of
a specific protem with greater snsitivity atl the cosl of a more
procedune. In particular,  the  Ensymee-Linked
Inmiune-Sorbent Assay (ELISA), in which the enzymatic
amplification of the dmal greatly lowens the Hndt of detection,
1% the current standard for protem quantifcation. However,
this mwethod e uines large volumes of nagenis as vell = long
incubation e due o the high vol ume-to-sm faoe ratio. The
wse of mocrofluklics Lo perform sandwich  mmunomssays
perndls one Lo specifically address these drawbacks. The low

2 and neal-time measure

DO P

scale of these devicss msduces the volumes and diffusion
distances maide the micro-channek, therdore decrssing the
duration of the succssve inaubalion periods.

Many mocroflndic platfomis have been described usmng
variows methods of detection such o mdinet Nworsoence,”
or [iorescence penerated through an
S Fleonscence 5 a popular technique

Vo B
electri-chemmstry
enEymmE e resclion

° Biowsedl) el Engimeering Department, Metill U ver sity, Mortreal, (30
Hid 284, Canada Small: maryan sobr o megll. o,

Faver +1-514008 1000 Tel + 15140088129

* Mclan srikal Marerkals Trsrivae, Narional Beseardh Comncll, Bouwcherville,
G0 MB &Y Canada

as 11 provide powerul detection ools, incnesing sendlvily
and gives the possibiity of fmaging numeros siles on a
restricted ans 'Y lnlerestingly, optcal Ghers aml disdes
(LED) have been sucossalully incorporated in some micro-
Thdic platforns in order to non@lrse and inlegate the
flwensemni detection deviee '™ To daie, the highesi sensiiiv-
ity acheved i a mocrolhodic mmunossay has been nepaor ted
for the quantification of the olekne THFa with a deection
Tt of 20 pg mL™t 4104 phL'7 Thi ssstem & however
restricled by the number of necesiary momipulations and the
requirensenl for sophisticated equipment, which incnsse the
sily amd the emt of the msay. Monsover, 11 has been
demonstrated that one of the mamn challengs to performing
Tighly sengitive nocrofhndic mmunoassays ® rebed 1o the
Tine tming of the Mow vd:sdl_l,-.m When the Tow velocly @
high, the kinaics of the analyle caplure 8 resction-lmiied. In
this regme, the explodlation of the analyle present in the
solution 18 only about $. Conversdy, when the Now velocity
15 exiremdy slow, or even stopped, the analyie explodiation
remches values up o 90 The negmee 5 then trans pori-Hnd ted
@ the meubalion tme nagired Lo attain suwch high explodation
raled B extended due to the abeenos of noxng.

o

Micro-besds have been wed for mone than a decade in
I v s s a8 @ maems of concentrating spoecfe maolecuks
and of mensasing the avalable surface area supporiing the
fornmiion of the mmune conplex.'™! In particular, para-
magnele micro-beads can be emily manipulated by applying
variahle magmetic felds with permoment magmels or eectro-
magnels. Magnetic beads are for instane commonly uiilied in
mmcroscopis aulomaled systems such & the immunoassay

Ths journal s & The Royal Society of Chemmstry 2006

Labs Chipy 2004, 8, 555-564 | 555

105


http://dx.doi.org/10.1039/b707883h

analyeer Eleos ™ I onocrefludse syilens, they  lave
been amploved 1o caplire specific mokeuks™ ™ = wdl =
Lo produce nuoxng imike ndere-channek or macrolludic
chamibers ™

Bassd on thete observations, we desimed a @ylem 1o
petfomm nderoflnde ELSA in stop-flow rather than in
comtinuss-low  conditions. In stop-llow  conditions, the
channel 18 fist rapdly fllal with the desred solution. The
TNow # then stopped for a defined mevbation perdod. Thi
approach has two magjor advaniages, (1) the volume of solution
in the syatem s precsely defined by the volume of the channel],
thus avedding inprecison dwe 1o pipetting and (1) the msay &
nod bmited by the complex control of extnemely low Tow mates
The ouleome of the sy 18 henee not dependent on the flow
rale bul only on The meubation time cornsponding Lo The siop
peril. The s of transport Bndiation 18 crcunmvented by
g magmelic micro-beads both as a sold phase 1o support
e Tormeaton of The dom e oo s a2 amesms Lo cnsale
an miernal mixing.

An ongmal mocrolldic desien 1o perform pamalld ELISA
in stop-low waditons 13 deseribed . The enzymate amphiica-
ton and deection of the Muonscenl signal was lested on-chip
follvwmg the off-chip formmtion of the mmume complex
Rapid protolyping m PODMS, manipulation of mametic beads
and epdlvonsceno: nderoscopy have been conibined in onder
Lo achieve the detection and quamiification of an ks tneplavidin
aniibodies.

200 Materials amd methods
2.1 Falwication method

Micro-channels wen: moldsd m  Polydmethykioxans
(PDME) (Dow Corning, MI) by the technique of neplica
mokling A negative pholoeresist (SU-8 2035, Moo hem,
MA} wa spin-coated on to a dhem waler o achieve a
homogenous byer of 50 pm. The pallems were expoged with
U%-light (I-Hner, 365 nm) through a hgh-definition tramspar-
ent mask and then developed 1o oblan a negative master of the
channel nawork. PDME wa preparad by mdudng  the
elas tomer and the curing solutions in a 10 : 1 matio and baked
inan aowven al 81°C Tor 2 howrs or mone. The PDMS was then
peled off the wafer and the connection hols were poerosd
tefore meemblng.

Both the PINE block amd 2 5 e s 7.5 cm glass shide were
cleaned and canfully dosd under a nitrogen Now befons they
wens brought into comiact to form a tght water prool revers ihle
bond. The platform wes then placed onte the homemade
trapping/ndiing device The channel were prmed with
ethanol te prevenl the formation of dr bubbls and then
connected 1o a syrnge pump (Model 210, Lomdr bdomedical,
Y ) v amghe outlet. The (udae tess wens camried out with a
buffier solution noxed with a red food dye Tor vEmbztion.

1.1 Hewdl prepamation and lommation of the immuane-comples
Phosphate Bufler Saline (PHS), Trimm Hase (TR1%5), Tween-
20, glyeine and Bovine Serum Albundn (BSA) were oblaned
Trom Signa-Aldrch (Oakville, ON). Magmesivm chlorde was
purchased from ACT Chemicak (Montread, Q0

The desiral  amount  of  steplovidin-eated  bexds
(Dynabeads . MyOne™ Streplavidin, Dynal Bistech, NY)
was dilnted 10 tmwes in PBS G008% Tween20 (PBS-T)
The besds were washed 3 tmes n PHST and sepamied
mie different Eppendor! twbes. They wens then meubated
for 3 mdn with e antksteplavidin 1l (Rockland
lvmumachemacak, PAY dilutal ot the appropriate concentm-
ton moa solutien of PES 1% BSA, under constanl ndsing. A
volumie of 10l of the prolein solution per nderolitne of beads
wa used {equivalent 1o 1 assay). Following incubation, the
heds wen: washed 3 tmes m PBS-T. They wen: then
imcubated smother 3 minules a1 oue mb ' selution of
anti-rabbil el couplsd with Alkalme Plosphalase (AF)
(Rocklad Inmivnochendeals, PA) diluted i PRE 1% BEA
Finally, the beads were washed 3 tmwes and kept in PBS-T at
400wl wsed.

213 Procedure Tor on-chip signal generalion and enxymalic
amiplilication

The channek were rmssd twice with 10 pL of PBS-T. The
nem@ining solibons trapped at the bollom of each mlel were
rapidly withdrmawn with a pipetie betveen sach run 1o avoedd
crosi-conlamination of the sequentially inpeted solulions
mnside the mbets. The beads wene then mjocted mis the channel
and trapped by an extemal rane arth magnet m the nection
chamiber, formdng a looss bed that can be moved by displacing
the magnet back and forth along the dinsction of the channel
The besds were washed todee with 10 uL of TRIS buller pH
9, 10 mM MegCl, 10 mM Glydne (TRIS). The selution
nlaming the enrymatic substrate, namey X pM Fluonsesin
Diphos phate { FDP) (Biotum, ©A) in TRIS, was subsequently
flown inte the channel and incubated for 5 min with 30 s
ming every minuwle

14 Detection method and data processing

An mverted microscope (TEJML, Mikon), 2 slensoscopde
ot macroscope (SME1S0, Nikon) and a digial camera
(DXMI20GF, Nikon) operated with ACT-1 sollware were
wed 1o acquire pelenes of the channels For fuorsosmoe
muagng, the mocroscope ® equipped with a high pressure
mwercury bamp (C-SHG, MNikon) and with the appropriate set
af filters for Nuonscsn (FITC) excdiation and enmsion
wavekngtha. The miensity of Muorescence mn each channel
wars e uned with Insge] (softwane Tor mage processmg and
amalya s in Java) over the tolal section of the capiured channel
(100 magnification). All data wens nomelized by sublmact-
ing the intensily oblaned in the negative contral.

A0 Results and discussion

Al Micralluilic design

Empleying the technique of nephca melding, ™ the network of
3 walled mocro-chamnel was fabrdated m PDMS Aler
desming and drying, the PDMS block was placed on the
surface of a mieroscope glams dide, closmg the channek and
creating a neversible watertight seal. The orignal design of the
gy lenm enables the dmple parallelration of mdividual ELTSA
o @ smgle chip. Fig. 1 presents a phologrph of the entire

5546 | Leb Chip, 2006, 6 555-560
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Fig. 1 FDMIS chip for dhe redeontion of simulaneous micrafhedic
ELIS A= {a} individml charmel wih o cros-ecion of 3060 = 30 pm
aciing asa diffusion bamrer; (b} recton chamber with dimensions of
tmm = 2mm x 30 pum (L = W = H);icpnetwork of channelks with o
crmsewcikon of 30 « 530 pm referred os ihe delecson area; (df
aatheringof the independen channeks: (g} merging of the channeks imo
o unique aullel charmel conneded t0 o syringe pump m withd rawal
mcdie

platform, along with close-ups 3l varous strategse Jocalions.
The sytem compries eght mdependent moero-channek for
the rabzation of paralkl smulanous mesumemenls with
identical eperinwental conditions. Each channel & composded
of thnee different sections: (4) an mdependent miet inked 10 a
wide channel acting & a diffusion barder, (b) a resction
chamber whene the genemtion of the signal and the naemetic
miking are realteed, and (¢} a smaller channel whene the
intengly of the fuonscent dgmal & measural befone the
solution 18 discarded via the sngle outlel of the system.

Section {a), Hnking the inkt 1o the neacton chamiber, =
Tormesd by arectangular sepment of 200 wm m width and 50 pm
in hedght (Fig la) hs nelatively large dimension slows down
The diffusion of Bywd from the mbet mio the st of the system
when the Mow 1% glopped, s acting as a diiTusdon bamier
tetwesn the ssquentially inpacied solutions. In addition, it
allows for a better bnteral dsidbution of the beads and the
variows solubions, which flew through the gradual opening
inte the wider nacton chamber.

Section (b), or raaction chamber, 8 2 num wide, § mm hng
and S pum high (Fig 1b) These dimensions keep the Thod
regme m the lagnar deman, whene solutions njected
sequentally follow each other with only mmnmmal ndxng at
the mterface. The resction chamber 18 termmated with two
symimelrcal cons-shaped ends, opening and closng over a
2 mm Jong path. The gradual change of width lesds the
solutions from and 1o the namower channels with no apparent
dead-volumies or Hguid retention in the comers. The resction
chamber defines a volume of 600 nl, which has been
demonsirated Lo be suilable in achieving the highly sensitive
detection of TRFx in 2 dendritic cdl cultere medivm '™ The
larger dimension of the chamber alio contnbubs 1o decrease
Uhe Inear flow velocity, this nedwcing the oy drod ynand ¢ fonoes
apphed on the bexds. As a resull, the magmete fonce necessary
Lo caplure and hold the beads at the desred loation & ako
dimumished .

However, as the {low 8 lammar within the entire sysiem,
Turbulent miving does nol spontamecusly oocur insde the
micro-channel. Additionally, when working i stop-flow
conditions, frsh solution B nol contmuously tmnsporied
toward the caplure ansa. As & reull, 1118 necessary 1o actively
produce an miemal nixing in onder 1o promole binding evenls
of complamentary prolems, mereme enzymiale subsimle
availabitity and homogenime the generated Nuonsent smal
Far owr meroflndic platform, a prololype device ws
Tabricated in order to effidently tap md oomipulae the
magnete hmds msde the mdero-channels The macrolludic
chip 1s placed on the top of e deviee, bringng the external
rare earth magnel n clode conlact with the botiom of the glas
aHde used 1o seal the channels The magne can be manually
displaced from one end of the reaction chamber 1o the other
entraning the beads along in s coure. The diplacement of
the extemnal magnel moves the beads in a synchronizsd way,
causing the fud 1o areubite around them and ndsdng the
surmrounding solution. With about 10° besds of 1 pm in
dizmeter trapped m the chamber (equivalent of 1 pl of
Dynabesds cnoemirated solution), only a few semnds were
necesgary o mitiale the moxing, and moving the magna for
lesi than 2 nmdnukes was enough tme o ensune the good
homogenedty of the solution n the entine reaction chaniber
{Fig. 7).

Section (c), or delection anea, comEponds 1o the portion of
the sysiem whens the dghl mdependent 50 pm wide channek
gather wo form a network with a 100 pm patch (Fig 1eand d)
The total width of the detection ans & about 750 wm, which
allows the amulansous obdervation and scquition of the
signal from all channek m one smgle shol. At the end of the
detection anm, the channel mergsd mie one lrger channel

-

Fig- 2 Mogneic mining inside the reaction chamber: fa) about 1G°
beads of | pm in diazmeter are imjecied and trapped by an external
permanem magned. The reaciion chamber & holffilled with o salution
ofred-fond dveand lefi aside for | minuie o ersure ihat the sal uiion &
nol achvanang anymane; minang of the soluson afier (b} 3 =, (o} 20 s i}
60 =, (o) 90 =, i) 130 =
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leading 1o the single outkel connecied 1o a syrnge pump in
withdrawal mode (Fig leh This particular design necsss laies
the utiization of only ene source of vacuum, simulaeously
driving the solution mie mutliple channek, thereby faclilatng
the paralkebztion and the synchronizmtion of individua
Temclions.

3.2 Fluorescenl signal gemeration and deleciion

In order 1o demonstrate the efficeney of the mcrollmdic
platform for proten quamtification, a genere detaction scheme
has been uiilmsd that can be adapled for polentially any
desired applcation. In asddition, the chip does not neguire that
11 b prz-coated with ether caplume prolems orantibodies, thus
i1 can be wsal for a spedle applcation without the nesd Tor
any further maod ifications. The analy teal concept of the gy stem
15 deseribed in Fig. 3. Paramagnetic beads of 1 pm in dimeter,
coated with a baver of streplavidin wene used 23 a support Tor
the formation of the mmune comples. In that experiment,
steplavidin was nol used for 118 alfnity for beetynilated
mokscuks, bul rather a3 a largel prolemn o be necogntaed by
ant-dineplavidin polyelmal atibodies. The strepiavidin-
coated teads wens Tral mewbated with variows concenimations
of anti-sirepavidin antibody, folowed by a solution of
secondary antibody couplsd with alkalme phosphatase (AP
The enymatic substrate Nuonsodn dphosphate (FOP) was
subsequently wed 1o generte the Muorescent signal. FOP 15 a
very dlicient (uorogens ensymatic substmle for alkaline
phodphatase, which has been previouwsly uwtilsed both for
enzymaie amays amd ELSA™ The ensymaie resction
generales fTuonsosn, a srongly green Tuorescenl modscuk,
thraugh the hydrolss of the twe phosphale groups of the
colotlEs and non-Mwonscent fuonsoan diphod phate.

As the beads aggregate 1o form a Joose bed, the nactive
surface with the AP-coupld-antibodis becomses sinemely
concentraied and ealmed mio the nmetion chamber (Fig 4).
The nesction then occurs very rapadly around the besd e but
The nestoof the enrymmie subsiale solution 15 kel wnrescted.
Moving the beads and nosing the solution thus mprove the
subsirale avalabiity and the nsulting signal homopene iy
The tramsformmation of FDP inle Muorescsn 15 processesd a1 a
sleady mie mio the reaction chamber, yilding i a final

4 Enrepreidin
O i =
){ m straptavidin
j AP gkl
anf-rabb
FOP = waegmale
Ct=chip —_—

I

Onechip LIt ]
FITC = ducrescsin

Fig. 3 Anahical comcept for the quantficagon of ant-=irepiavidn
antibadies the formagon of the mmune comples & performed offs
chip bv moubating the sirepiovidincoted mershbeads fis wih
rabbil angstrepividin anthodies and then with | ug ml ! of
secondary anmirabbit anthodies coupled with Alkakine Phos phatase.
The heads are then meoted it the mero-channek and both sigral
gemeraiion and detesiion are performed on-chip

L

LLl

L " Flow dmction

\\\

Hy. 4 Schematc presntation of the procedure for the on<chip
gmemniion of fluoesein ond sgml deiedion i othe downsirem
channels: o} filling and washing with FES-T; (b} injection of abow 167
teadls, trapping in the reacgon-chamber and washing with FES-T and
TRIS buffer; ) mtroduction of the substrate sohution (30 u% FDF in
TRIS buffer}, 3 mimies monbaison widh id} abiermie mgneic mng
mnd (e} deteciion. The dotal procedure wkes about [0 mnuies o
com et

Tonscemnt intensily which depends both on the duration of
the meubation perod and the number of immohbmed
mrymes. Ad 3 nesull, when the incubation perod B fixed,
The intena ity of The Muonsomnt dmal & mly dependen on the
mmiber of mmobdmed enzymes, which isell & directly
moportional o the quamiity of antkstreplavidin amiibod s
o on the surface of the streplavidin-coated baads. Afler §
monuies of incubation and aliemate nddng the neacted
solution ® smply drven away from the magnetic beads,
physically stoppingall resctions al the same tme, and giving a
ecie contrel over the duration of the mulipk individuad
mrymalte namelions. The nslatively large volmme of the
nesction chamber permis the downsiraam detection channel
1o e entirely filld up wdthoul the nesd for an extremely
precie watrel of the Tow.

Fig 5a shows the Monscent inmge oblaoned for muliple
neactoms perfommeed in parallel on a single chip. No beads were
miroduesd in the st and b8 chanmmek. They served =
onlrel Lo ensune that the selution of FDIP did net exhibit
aule-llerescence due 1o deleriomation of the subsimle
mokecule durng the storage perod. From the lop 1o the
bottom, the secomd channel cornsponds 1o the negalve
coniral whens beads have been meubated with the secondary
AP-antibody only. The weak signal oblamed m this channel
neprestenis the backeround signal duwe 1o the unspec i bindng
of AP-wupled antibodis 1o the streplavidmn-coated beads
Channels 3 1o 7 cornspond 1o mensasing concentmtions of
antbstneplaviiin antibodies, ramging from 128 pg mL™!
(0] pM) 1o 1 ng mL™' (6.7 pM). The same experment wa
nepeearted 3 tmes amd a8 tamdand curve Tor the quantification of
amiid teplavidin antibodies was fotied ;0 Fig. $h The Hnear
rnge of quaniifiation for this mode]l was approsdmaiely
2 orders of nagnilude (B = 0870 The low picomalar
wnsitivity showed promsmg polembial with negands 1o the
perfommance of the optmied mmunossay for THFx
(114 pML'7 A 3 1o 4 fokd meresme in sens ivily was shaerved
with systens wsing mdinect fuenscmes {1 oMLY The
snsitivity was akio enhanced by at lest a faetor of 10 when
compared Lo previously described microflodic ELISA (17 phd
o 31 abp T The stamdand deviations vared from 3 10 15%
o the highest Muorescent miensty. The dnterasaay coellcent
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=HE&EBERE

100 00 &0 0 1000

i FLrap Avdin &b 1 pyg mL?

Fig. & Siandard curve for ihe gqunificaton of and-sirepiavidn
anthodies: o} fluorescen imaging of the downstream channeks afier
5 minues moubhation with concemmtons of amisremavidn anii
bades varving from 125 gz mL Vo b mgmL I|:'.Ll.ln-c k{b}Enear
mange of quamifcation for wnistrepiavidn aniibodies. The awmges
and emror bars were cakulied from 3 mdependent assays.

of varition, which 15 defined by the ratio between the standard
deviation snd the mesn Morscenos inlensly, was aboul 154
for concentralions abeve 500 pe mL™" (33 pMy Smulady,
Fig fa duplas a Muonscant poctune whens a1l channek | exespl
for the negative contrel n channel 3, were filled with besds
imcwbated with 2 selution of 5 pgmL ™" of antbsreplavidia
antibodien. The messumed mirsasay coellicdent of vadation
war 151% (Fig. ab) Both inler- and mim-assay varmbdiy
were comparable 1o those recenily oblamed by Honda ef al
wsing indinect uoresoemes on a compact disk-shaped mcre
Migdie devaoe ™ Additienally, the sulomation of the asay
procedumne i curmently umder developaent, which 15 ex pecial 1o
Tur ther reduce the vadabihy of the system.

Emplymg streplaviin-coaled nocro-besxls o the sobd
phase, the formation of the immume complex wae realed off-
chip. With this method, the B of non-speci e sdsorption of
protems on the channel walk has heen arevmvented, thus
largely elmdnating the potential background nodse Tor the
enzym@le nmchon thal can ke a damageable kds in
senaiwily. However, s approach shehily inenssses  the
quantity of nagenis wed, @ sub-nderolter volumes ane nol
convenenlly manmpulaisd outskle the chip. The overall
duration of the saay @ alse avgmened. Thenefons, current
elforis are focusal on the realization of the entine sy on-
chip, induding the formation of the immmune complex. Thi
next giage of development has so far been Dndied by the
difficulty of oblamng effectively paavated surfacs Lo avedd

random adsorplion of proteing on the channel walk

(=)
£ [ 1
§ L :
E 3 8
t | '
g
2 o §
2 T
g L 8
B
5
_E 10
E 10 Stodey. 5 8.5
100 CW = 15.1%

& HI L)
- 0 L M . ® i
T 40 .
k]
5 0

0 i ¥ 3 4 5§ & 7 & boaopm

Cranned numbar

Fig. & Determimtion of the inim-asay coefliden of vamtion: all
chanmeks were filled with heacs previously inoubated with o solution of
510 pg mL ' andstrepimidin antihadies and secondary AP-coupld
antihod s, excepl for channel 2 whene ihe beads were incubaied with
the seondary anmiibody onlv. The average fluorescent mtensiy afier
normaleaton was 5.3 oo, the psodned sundand devation wis
& fau_, which represemied o coefficien of varmison of §3.0%.

4.0 Comelhusion

As oa frst sep towand a mdaoellnde plform for parallel
ELISA in stop-Tlow conditions, we have developed a system
featuring nicro-channek mokled m PIDMS, nemipulation of
patamagEnele mdero-beads and feonsoence detection. The
origmal nderofldde design enables one Lo conveniently
watk in glop-flow conditions. The nogmetic besds are
wsed both a2 a sold phase to support the formation of the
resclive dmmiume complex amd o3 mesms oo prosduce
an mlemal midng of the selution. In order 1o st the
amplification and detection of the simal mside the mero-
MNuadic system, the formation of the mmume compls
win perfomed ofl-chip before the reactive baads were mjected
inte the A standard
quantification of mibsieplavidin antbodies was nealmed,
exhibiting low pleomolar sensitivity, a dynanoe range of
quantification of 2 orders of magmitude, and inter- and
coelfdents of varmton o aboul 150 Cument
developmients  melude  the oplindmtion of the findic
network, the aulomation of the magmelic noxng and the
treatmient of dnternal surfioes oo procesd Lo the on-chip
formation of the mmune complex, as well as the quaniifica-
tod of blemedically relvant protems™ Fmally, we heleve
that the design of the system could allow Turther misgration
inte a poriable bodesor wsmg a mmialumsesd pump and
e o gmsls

reaciion  chamber. curve  Tor the

mles-
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Microfluidic ELISA on non-passivated PDMS chip using magnetic bead
transfer inside dual networks of channels
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Achieving elficient pasivation of ndero-chamels agadnit non-spac e sdsorplion of bomokculs
1% @ crteal mpect mothe developmient of nocroflodic ELESA systems. Usual surfaee treatmais
such s precoating of the channels with serum al bundn, exposunes Lo oxy gen plagn, polyethylens
elyool graftng however exhibil a lack of Jng-term siabibty, with procedures thal can be tme-
cons g, com e or associied with cotly melerdals and matremen s In this paper, we present
a new Thodic design combined with an orignal simtegy of monipulating magnetic beads m onder
Lo vl assay nodse i bead-boased mucrollnde ELTSA withou the need for poor channel pre-
tressbment. The novelty of the system rebes on the physical sepamation of the mmume complex
Tormmtion phase and the enmpmatic reaction phase into twoe mdependent networks of chamnels.
These networks are nked by Todic bridgs, whose openings are controlisd by pressune valves,
and through which the beads ane magnetically transfernsd. A stmdand curve Tor the quemiification
of @ mode] antibedy was obldned within 30 momutes . A detection Budl of 100 pe ml ' (660 1M}

and good lnearity of the signal up 1o 4 ngmL !

1.0 Intr e tism

For more than a decade, microfluidics has been employed 1o
adapl stndard benchwork bomsays into Ume and codt-
ellective devices. As a resull, lechniques such 28 mmunodmssays
ane bedmg incressingly wied i clinical diagnostics, Tood safety
and ewirenmental apphcatiens'™ In parbcularn, varkus
platforms for the realtsation of mocroflude Enzyme-Linked
Inmiuno-Sorbent Assay (ELISA) have been proposed m an
elfort 1o neduce the wse of large volumes of expensdve nsagenis
and hour-dmg meubation perids, whikl preserving the
specificty and the senativily of the erigmal smsay.”

In conjunction with mprovement i design and funetion-
ality, an miportaml parl of the development of mcrollmdic-
based syatems has focused on creating bio-Tunctional gurfaoes
and, allematively, on finding means 1o effcdently pamsivate
mitochannek agandt non-dpecific adsorption (MEA) of
tomwlecules. The bitter 15 especially eritical m macrolludic
ELISA systems, as the large surface-to-velumee matio greatly
amiplifies the undesirad swrface effiacs that generale nose and
lower sensitivity. Many mesearch groups have investe el
chemical surfaoe modifications of vanos polymere maleriak
o Hogi the effecis of NSASY In partcuwlar, surface
madifications of poly{dmethykiloxans) (FIDMS) have been
exlensvely explonsd 8 1l & currenly the prefernsd polymer for
echip fabncation” =" Despite many slvantags, POMS &
natoriows for 118 high natve hydrophobdaly and 118 tendency

“Depariment of Bomedical Engineering, Mol Usiversiry, Momreal,
Q0 Hid 284, Comada. E-mail muaryans sabrizionime gl ca;

Fax: (F04) 398 Tael; Tel (514) dow 8l

* fclun el Marerialn fesrinase, Novonel Sesearch Cowsal af Cavadla,
Bomsherille, OC, M4B6YS, Camada. Esall reodor vere

Il ewromrege.aa; Fae: (450) 844 5108, Tel: [430) 841 3252

# o co rresponding authors comirbuied equally so dhis work.

were chaerved.

Lo rapidly slsorh bolegical materak ** Usual surfsoe tneat-
menis such as pre-coating of the channek with serum albumin,
sposure Lo oxygen plains and polyethylne gycol gralling
Tk Jomg-term siababity, and requdre procalures that ane oflen
Hme-consuming, o a0 or assoctled with coslly maleriak
el s rumen s,

In a previous publication, we proposed an nnoyative concepl of
stopeThow mucroflukle ELEA m which functionabiad nametic
teads wene used both s a solddsupporl Lo siston the active
i com e Tomuation and 28 2 mesns 1o menssemddng of
the sirreunding selubon durng inarbation stepa.™ In order 1o
siablah the (Mode desigm and protoce] for the enynstic
amphfication and Nuonsent detection e neclive inmine

ox wans Tormed aff-chip at thes ur face of The beads, belore the
meciive heads were mpecied made the nderoflndie system. With
this method, the esrymatc naction occirnsd in unised protdn-
free chamnek thus consderably lmdtng the ssxy noke The
ey Lo pasivale the PDMS chip was then avodded, which
mepresented 2 substmiial reduction m both the tmwe and the
sty of the ey

In ths paper, we describe the nesl genemtion of the systen,
which comibanes an orignal Musdie des ien and themanipulstion of
magnele haadi o reduce the nose in head-baad mocrolhddic
mmrumoss gy and realiee ndcrolludie ELISA entinely an-chip,
withoul prior channe] peesivation This new approach el on the
phyaical separation of te mmime o ex formution phateand
the enrymalte nacbon phae Two mdependent networks of
chamnek ane med (dual networks), Hnked by Thodie bodges
through which the besds are mametically transfiemsd. Pressure
valves emibedded i bi-layensd POMSE™ have heen engneened
which seal the fhodic brides when pressume 8 appbed, thos
enauring the complele Bolation of the networks and avosding
contamdmation. Wkng this new odiec deien and an adapied
molocel, a standard curve for the quamntificaition of a maodel

1546 | Lads Chip 2007, 7, 15461552
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antbody was obldnsd within 30 ndmies. A detection Tt of
10K e mal ' (660 TM ) amel poed Enearily up e 2 comcentration of
dngml " wene obasrved

2.4 Material and methods
2.1 Fabrication of the bi-laver FDMS micrafluidic ELES A chip

The master for the contrel liyer wos fabrcated by slandard
SU-8 photo-Hthography. SU-8 1070 photo-nssl (Microchem,
Mewlon, MA) was spin-codted on a shomn wafer 1o achieve a
homognous layer of 40 pm. The patlems wen: expoded
through a hgh-definition transpannt mask (Finelme Inagng,
Caolorado Springs, OO0) with UN-light and developed, resulting
in channek with nectangular cross-sections. The featuns on the
control mesk wene designed at a 101.6% mtio of the desired
dimensions 1o compensale for the shrnkage of FDMS before
alignment. For the fabrcation of the megier corresponding 1o
e Thedie kevel, a sindlar method wis appbed 1o construet the
1wo networks of channek. The Mude bridess wene fabracated
wimg AL Sin positive ressl (AY Elctromic  Materals,
Bramchburg, W) and algned on an algner EVOG 6200 (EV
Giroup, Schaerding, Avstra). Afler devedopment, the master
wis trembed with Trachlosod LI, LR 202 Heper Tluor oocty] il ame
(Sigma-Akldch, 5t Loum, MO} 1o oblam a hwdrophobde
surface and facbiae the nkose of amsd PDMS. The surfae
treatment was followed by rdlow of the positive rest for
10 mmnuwles a1 120 °C resuling m (ode bradges with send-
el Crodsese i

The 1we layers of PDME Syleard184 (Dow Coming,
Midland, MI) wen: amred sepamately on thenr repective
mizs lers 28 establshed by Quake eral ™ For the contral layer,
PDMS 5 ¢ 1 (elastomer base : curing agent) was noxed,
degmasd  al room lemperatune and  powed o obldn a
Urickness of aboul 4 mm. For the Thodie layer, PDMS 20 1
was prepunsd and spin-coated on the Thodic master at a
Urdcknes of aboul W pm, forndng a 10 pm thick meembrane
above the 60 wm high Modic bridges. After a 30 mnules pre-
curing slepin an oven al $0°C dmed ai monmeally hardenng
hath layers of PDMS, the control lver v redesed from 11
mag ter angd the contral mlet punched ol T was then aligned
on Lop ol the Tudie layer. The bi-laver ssembly was Turther

in (k1 M Trs, 150 mb NaCl, 023 Tween-20, pH = 7.4 (THS-
Th FOP wa diluted 10 a final cncentration of 4 pM i the
reaction buller condsting of (1 M Tra, 10 mbd MgCla, 10m M
Gilyeme, pH = 9l

Before mounting the PDME chip on the nddng platfomm
and scurmg the valve canection both the Mdde and the
conirol channel were filed with TBS-T using the Channel
Outgas Technigque (O0TL Unkss specilial otherwse, the
protocel for completion of the mderoflnde ELISA was
perfommad & reported m Table 1. For esch dlep, a few
mcrobires of solution (515 pL) wens deposited in the ineis
and Mown throwgh the channels by connecting Uhe appropriaie
outlel 1o a perstalie pump in withdrawal mode. ATer each
rum, the nesidual solution trapped at the boltom of the indeis
Wi aspiratal 1o avodd cross-conlammation of Ue sequentially
impected solulions.

13 Fluorescenl signal deteclion

An mverted macroscope (TEXNE-LU, Nikon), a slensoscopic
pooan maetoRcope (SMZ1500, Niken) and a digial camera
(DXMIZEE, Mikon) operated with the ACT-1 softwan: were
e 1o mcquire pictuns of the channels. For forscencs
immgng, the mdcmscope ® equipped with a high-pressure
mercury bp (C-SHOG1, Mikon) amd with the approprae set
of filters for Nuonscdn (FITC) exciiation and emmsion
wavelmngils. The miensity of Muorescence n each channel
wins mezred with Insge] (softwane for mage procesmg and
analyas m Java, hipdhrsbinfoniheoviil All daia were
normabizsd by sublracting the Muonscenos intensity oblaned
in the negaive control

3.0 Results and discussion

3.1 Design of microfluidic ELISA with dual networks of
channels

The concepl of nocroflodic ELISA with dual networks of
channek neles on the physcal separation of the mmune
complex Tomation phase and the enrymate nsction phae

cured at # 0 Tor al lesst 2 hours to achisve
thermal bonding Fmally, the HW-lawer PDMS devie ws
pealad off the fTuwdie master and the inkis and outlels were
punched oul. The system wes then neversibly saled ona glas
shde amd neady for use.

2.2 Microfnidic ELESA with dual networks of channel

Triema Base, Toeen-2 and glycine were obladned from
Sigma-Akdrch (51 Lous, MO) and magnesivm chioride from
ACP Cheneak (Slough, UK) The streplavidm-coated
magnete beads (Dynabesds™ M-250 Streplaviding were
purchaad from Invitrogen (Burdnglon, ON) and the rabba
antiatneplavidin 1el from  Rocklad  omunochemacak
(Gl bertsville, PA)L The secondary alkalme phosphatase (AF)
anti-rabbil antibodies and the enzymatic subsirate Nuoresosdn
diphosphate (FDOP) were purchased from Anaspes (San Jose,
CAL All proten dilutions and washing gleps were perlommed

Table 1 Proocol for the realeaton of the microfluilic ELISA wah
duall networks
Step Camplexation Reaction
numhber netwark Mhanipu bvison neiwork
] Close vahes
2 Inmject beads
3 Wash (l =}
4 Imject primary A min incubagon
amihody anggen) with mixing
i Wash il =}
& Iect A Pecoup b A mm meubatian
scondary antibady  with mng
T Wash 2=}
i Open valves
kS Wash (l =}
8] Transfer bewuk
1 Close vahes
12 S min meubaton  Inject FDP
with mixing =0 luiian
11 Move recied
solution to the

detecon are
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(Fig. lNa)p A frat network of channek (complexation
network) B weesd 1o achieve the frmation of the mmune
complex, consddting of binding consecutive antibodies and
antigens o the surface of the magmetic bexds. Durng thi
phase, several complen solutions ane successavely pumped
through the miwork, nesulting in the non-specfic adsomption
of protedm on the o 1 walls, especially secondary
antibodies that would nommally cause an elevation n the
asay nodse. Indtead, a second network of channek (resction
network), so far unused and thus free of non-specfically
adsorbed protems, 8 employed 1o camy on the ensymatic
rescton Al the surfeee of the besds that generates the
TNuonseent dgmal Both networks are mdependent, Hnked only
by (hddic bradges through which the nactive hesds are
magnebeally tranddernsd.

The complexation network 13 compossd of eght inleis
connecled by 500 um wide channek, actng & a diffusion

(] I'/!

JURN,

Y

B complexation netwers [l reaction rebwark

[L=1]

Fig. 1 lavoui of the hihver PDMS miroflmdic ELISA chip {a}
Phidic kevel: the solnions ane njected into the inlets (1), which are
conmecied w0 the complemtiondreaciion chambers 3} rie large
chanmeks aciing as diffusion barrsers (2} In ihe complexnson neiwaork,
autled channels (@4} of equal kngth link ihe complesaton dambers o
the upper oudel ¥ In the reaction meiwork, okt chanmels @)
adjusted ta the sume lkength come daser to farm the detection area (6}
and then gather imio o brger chanme] comnecied o the lower ouded
(5"} The twa networks wre Bnked by the fluidie bricges (7). (b} Contral
level the comiral level & composed of o single dosed chonnel (£)
fanning imo eight bronches o form the pres ore vabes (9) on ihe iop
afl the fludic bridges. The fludic kvel & represenied n Eght grey o
display the overlap of the comrol chammel on the dop of the fudie
channeks.

tarrier, Lo the same number of amplexation chambers. Each
chamber foms a 480 nL volume m which the bewds are
mugnetcally tmapped amd diplaesd 1o prevent Jocal depletion
af proteing and homogenine the surromding solution durng
meubation pedods. Outket channelk connedt the eght con-
Hexation chambers 1o a dngle outlet from which the successive
solutions can be Town using a persialise pump in withdrawal
mide.

The resction nedwork 13 very simdar 1o the complaxation
ame. Inkts, diffuson bardens and chambers, nefemed 1o =
recUon chamibers, ane lad ol m an identieal manner, paralkl
1o those of the complexation network. The outlsl section ®
however different as the eght independent channek anverge
v form Uhee detection ansa. U patresmm of the detection ara, the
outlel channek are adjusted 1o the same ength in order o
caume ddentical Towing conditions. Downstream Tfrom the
detection area, the owthl channels mergsd into a sscond owthl.

A2 Emgineering of presure valves

In order to avorl contammation of the resction chambers,
pres ume Valves were engneensd 1o dose the Muddic bridges and
wmpklely Bolate the two networks from one aother. The
valves ane opened 1o allow the passage of the beads into the
meaction network and then chsed agn 1o perform the final
slepa of the assay.

D 1o Ve dessign of the Nuddic network, the contml Dne for
the valves necessarily overlaps fuidie channds in order o
resch the bridges (Fig. Wbi As the Modic bridges should be
able 1o close when presumne B applisd without disrupling the
Tlew inside the outkel channels, the widihs of both the Mudic
and conirol channek wen: tuned as established by Studer
o al®™ They have demonstrated that as the widths of the
awerlapping channds mereasesd, kss pressumne wes requinsd 1o
doss the valves. In our design, the overlap for operational
valves features a 300 x 300 pm anea. Non-Tunctional crossings
display a limited anea of anly 50 % 50 pm, this enabling the
sehective chamg of the bradge.

Far the same resgon, the Mddie bridess were given a send-
ancilar eros-section, as oppoded Lo the outlel channels which
chisplay a recltamgular cros-section. ™ Yel, smicreular chan-
mels are difficult to obtam usinga negative resst such as SU-R
They are preferably prodwoxl by neflow of a positive resisl
Conssgquently, the Mudic nosier wes fabricated m thres
wndeculive sleps (Figo 20 Frst, all the Thodic featuns but
the bridges were natimed in 188 ot a 80 wm thickness. Nead,
the fhodic bridges, reabized m positive ressl at a thickness of
) pm, wene aligned 8o 1o connect the pairs of chambens. A
fnal baling step al elevaied tempersiure alowed for the
poailive ne=igl to neflow gving the bridges thear fnal send-
ancular shapes.

Using the fabricatal fode master, b-layer PDME micro-
fluidic ELISA chips wene produced in large quamitities with
hgh reproducibility of the valve functionality. The pressure
mecessany Lo dose the valves & suppbed by connocting the
cmirol chamel to a serew syringe with a bhmi-ended nesdle.
Tor prevent leakage ai the comection site, the modified nesdle
# pamed through a tight peece of rubber and strongly held
down logether with the PDMS device. A prssune of aboul
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Fig. 2 TFabration seps for dhe fluidic master. (o} The two
independent netwarks of chonnels are fibricatad inthe negative resst
S1LE ¢b) The fluikc bridges are made using the positine resist AZ
30wt ¢} The master s posi-haked, hardening the 5152 and mduang
the reflow of fluidic bridges.

Fig. 3 Thowgmph of the FDME mucrofhode ELTSA device showing
he two independent networ ks of channels. The complexntion netwaork
15 fillled wiih o blue dve sohiton; ihe deieciion network & filled with
green. All eight pressure valhes {1} ane closed resubing in the complete
isalation of the two networks. The msent provides o closesup viewofan
imerrupied fhode brdge (2} crossed by the comiral chamnel {2}

20 PAI in the contmel lne wa found 1o be appropriale o
complelely and nverably close the eghl valves wathout
disrupting the flow m the outlet channek (Fig 3. The
presaume valves proved o be operational Tor al lessi several
howrs, without observable leakage, prssume dop or conlam-
ination befwesn the pairs of chambers.

33 Proal-ol-conapl: quantificalion of @ meaodel aniibody

The operational setup Tor the raleation of the microlludic
ELISA = described m Fig 4 Afler prindng the channels, the
PIOMS chip # inserted o i3 support and the @anection for
the contrel channel 13 secured. A blunt-ended needle, which
tightly fits the outkes of the syslem, 15 adapled althe end of a
lube hokel toa porsialte punp. The pump & then wsed 1o
MNow the diverse soliions through the channek at the negured
Mow mate. The needle can be reversibly and esily sodiched
from one outlel to the other depending on which netwark 18 1o
e operated. Round pemianent magmets of 3 mm o diameter
ane placed dmectly under the PDMS-glas chip. Eighl magnets,
one Tor each of the complxation chamber, amn precwmely
aligmed amd held together by a plasia posce m which holes the
s of the magnels have been drillsd. The plate poce ®
altached 1o a mixng platform, which can e moved in all
dinshioms wath mocromelre prcmim in @ pré-delermoned
seguenee via a Labview softwane developed m-luouse.

In order Lo demonstrate the concepl of dual networks 1o
reduce the nose m bead-based noerofhndic ELISA, a standard
curve Tor the quantification of a mode] antibody was raahined
withoul pnor channel passwation. For ths purpose, oo -
clally avadable magnete besds coated with a layer of
atreplavidm, the moxdel antigen, wen: uwsed 1o delect anti-
steplavidn antibaodis, the mode] analyle (Fg 5) The
protocel for the nalmton of the micofludic ELIBA &

LE O

Fig. 4 Operational pliform for micrafludic ELISA - the miorofluidic chip i msented imo is suppont L) The comrol chanmel (2} s connected do o
manomeder syringe 2} and secured 1o avoid kealoge. One of the fluide outledsisconnecied o o persialise pump n wilhdrowal mode {2} Bebow ihe
chap, the sight permanent magnets (@4}, mounied on ihe mining device (5}, are aigned with the complesation dhambers.
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Fig- 3 Schemaiic of the immune comples formatin and detection
pracedure: @)} About 10° sirepinvidinconied magnese heads ane
trapped meide the compleation chamber. The angstrepavidn
amifbady {amlvie} hind speafically o the sirepiovidin fanigen)-
comied beads during a five minuie incubason period with mining.
Similarly, the APcoupled scondary anibady & added to form the
rencinve mmune complex (b} The vahe is imnsenly apened and ihe
reaciive beads are magnetically transfenred mio the reaction chamber.
jc) The emyvme processes the FDP subsiate mio the fluoresem
malecule FITC While ihe reaciion iokes phee, ihe soluiion =
homagensed by displadng the beads () The reacted solution & then
pushed mio the delecion area.

L

presented o Table 1. The total msay tme was aboul
30 monutes, mostly due Lo momy pipelling steps, and could
b Turther reduced moa fully aulenated system. About 107
beads wen: mjectel and trappad in oesch of the eght
complexation chambers. Durng the several meubation per-
odla, The heads wen: antinuously displaced from end 1o end of
e chambers al 2 velocily of 400 um s~ " The welodily and
distance of The magnet 1o the besds were adjusted o they fomm
a lowose bed that 18 dragged behind the magmet, thus facdliatng
the penetration and diffusion of solution betwesn the beads
Adter both meubation steps with the analyie antibody and the
AP-couplad scondary antibody, the beads wene washed 1wice
with TBET and tramafermred to the resction chanmibers va the
Thdic tridges with tansiently opened  valves. Moo pre
treatment of the PDMS chip or glis was performed. As a
conirol experiment, the whole msay was ako perfornd in a
smngle network with adentical expermmental conditions.

From the fluonscenl nderoscopy inmees (Fig 6da)), 1 8
strking that the kevel of nose caused by NEA on the channel
walk 15 greatly reduvcsl oo the dual nawork system. Some
residual nodee 18 nobcea ble when compating channels 1 and 2
in the duad network sy tem (e pectivdy cormsponding 1o wne
reacied FDP solution and the negative contml, whens only the
analyle was amitbed from the resction), which might be due o
very Jow MSA ol the surface of the besds, however much less
Than for the same resctions n the sngle network $y@tem.

The reporied data ane the average of fouwr mdependent
experimenis for each of the crves (Fig. 6(b)) To facliate
inter-asiay comparion, all valwes have been nomalined by

subiracting the signal obloned for the negative control on the
same chap. With the duad networ k protocs], a Hndtof detection
(LOE ) of 106 pe mL ", corresponding 1o 3 maolarily of abaoul
G TM{MW = 150 kDa) and pood Ineadiy upie 4 ngmlL ™!
wene observed for the lested antistreplavidn antibody. The
LMD was taken as 3-tmie the stmdand devistion of § negaiive
aatrel replieas. For the twoe highest concentmations, the
standard devitions are qudie elevabed dwe 1o the varation in
the neaction kinetic from assay 1o oy performed on sepamate
chipa. Thi variation coukd sunsly be mmmissd m a platdomm
with automated mpction amd a beller contrel of external
conditions such & lemperaiune and ambient light.

When comparing the assays of the single network 1o Uhe duad
metwaorks, both the sensdtvily and lmesrily ane sipmifcantly
mproved for the dual network systenm While the absolute
valwes are penerally higher m the single network experment,
The normabizstion 1o the negative sontrol highlights the weaker
cniral mo this selup hetwesn the Jowest and the highest
concentrations due 1o the elevated nodse thal quickly salurates
the signal The sudden meresse between the negative contmsl
amel the lowest concentration of 50 pgml " can be explaned
ty the feet that several secondary antibodies can bind a non-
specifically adsorbed analyle theneby amphiiving the nodse =
compared 1o divectly non-specilically adsorbed secondary
amlibolies.

The nesuls achieved with the dual network system ane close
o Uhose obldned in the fst ilemtion of our system whene the
mmune complx wa fomied offechip. The decnsase in
s lvity, Trom about W I prevdously to G660 T, can be
aplamed by the leser duperion of the besds and shorter
meubation perods of the an-chip proceduns. However, the
reduction of the sample dze (by a factor of 5) and the shorter
ol amsay tme (from several hours 1o 30 ndnuies) epresent a
strong improvenent to the global perfommance of the asay.
Maoteover, mproving besd disperiion and eoniprondgng on
The mewbation Hmes would meresse the semitivity of the asay
sigmificanily . Neverthelss, sven with the curnent protocol, the
duz] metwork system & among the most senst Uve mcrallwdic
mm ey reported 1o date, M without e use of
coaily, complex and Hme-consuming pre-tnslmenls.

4 Comnelusion

In the paper, the novel concepl of dual networks of channek
war presented. This approsch pernd 14 nodse neduction i bead-
tased moacrolldic ELISA withowt the need for prior channel
msivation. The orgnal desien features two ndependent
metworks lnked by fhodi brdges, whose openings are
comirolled by presgure valves. Following the formation of the
i une Gomphex, the nsctive beads ane magmetically trans-
Ternsd through the bridges before perfomimng the final steps of
The assay in unused protensfoee channels. A threestep
Hthegraphy proces we devdoped Tor the fabrication of the
Thodic master, on which the bi-layer PDMS device was
oduced m lrge quamitites with constant Tunctonality. The
e e Walves were lested smd proved 1o be operational for a1
Jemt several howrs, withowl observable kakage, pressure drop
or conanination betwemn the dual chambers. A protocol was
wlablihed, which has enabled standand curves 1o be oblaned
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Fig- & {omparatne results for mucrofluide ELIS A wrthout pre-ireatmem agaims NAA using a smgle network and duald networks of channels. (a)
Smubaneos fluorecent detecton i all eight chanmeks of the device. ¢ Sandand curves for the quamifeation of antistre pavilin ant bodies.

Ench paint represnis the average obinined in 4 ssparaie experimems.

Tor the quamtifeation of a maodd anti body in about 3 nonutes.
A detection Bagl of 100 pg ml ' (560 IM) and peed Bnesrily
up le 4 ng mb' were ebaerved. These dala ane comparable
1 the perfommames of the moesl smatve mocrollndic
Imm uneassay s Teporled 1o date withowt the nesd Tor channel
Presinslmenl.
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Quantification of Low-Picomolar Concentrations of
TNF-a in Serum Using the Dual-Network
Microfluidic ELISA Platform

Marc Herrmann,t:¥ Teodor Veres,** and Maryam Tabrizian*:t

Biomedical Engineenng Department and Faculty of Dentistry, MeGill University, Montreal, QC, H3A 2B4, Canada, and
Industrial Matenals Institute, National Research Council, Boucherville, QC, J4B 6Y4, Canada

For both research and diagnostic purposes, the ahility (o
detect low levels of protemns i a cost- and time-effective
manner is essential. In this study, the cytokine TNF-o
(tumor necrosis factor-a), a widely used protein indicator
of inflammatory response, was chosen to demonstrate the
ability of the dual-network microfluidic ELISA (enzyme-
Iinked immunosorbent assay) platform developed by the
authors to rapidly quantify low concentrations of this
biomarker in serum. Through the optimization of several
expenmental parameters, the system was shown to meet
the requirements for fundamental and apphed studies,
while also being relevant for challenging clinical applica-
tions such as the diagnosis of septic patients. A sensitivity
of 45 pg/mL{2.6 pM) m both culture medium and serum,
with inter- and mtravarations of less than 15%, was
attamed for the guantification of human TNF-o to a
concentration of up toe 500 pg/mL. The overall ime for
completion of the assay i eight parallel reactions was less
than 1 h.

Tumor necrosis factor< (TNF<) 1= a biomarker frequently
assayed for diverse research and diagnostic purposes. Itis a small
circulating protein of the cytokine family (174 kDa), secreted
primarily by monocytes and macrophages as a mediator in the
early stage of the inflammatory and immune functions. Alone or
in combination with other proteins, TNF-11 is used as an indicator
to follow cellular reactions to external stimuli or to detect certain
pathological conditions. Among other applications, TNF-0 secre-
tion is commonly assessed in immunological studies,” and its
levels are measured to determine the hiocompatibility of various
types of materials and implants® In these studies, the accepted
relevant concentrations of TNF-0 range in the 100 pg/mL bracket.
For diagnostic purposes, TNF- i= used as an early indicator of
inflammatory reactions. When such a reaction occurs, the fine
halance between pro- and antiHinflammatory cytokines has to be
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Faxe 5143087461 (MT.), 450641-5106 (T°V.). E-mail: maryam.tabrizian@megill.ca
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monitored and maintained in the patients blood* The up-
regulation of proinflammatory cytoldnes, in particular TNF-, can
lead to acute inflammatory reactions, tissue injuries, or in the
instance of a severe infection, to a dangerous state of septic shock.
The concentration of TNF-01 in septic patients typically ranges from
20 to 100 pg/mL, rendering the diagnosis of sepsis particularly
challenging even for the most sensitive immunoassays currently
in use. Elevated levels of TNF-i have also been associated with
chronic inflammatory syndromes such as rheumatic arthritis or
Crohn's disease.”

Conventional immunoassays are time- and resource-consumn-
ing, particularly when extensive automation is not economically
beneficial or when portability becomes a predominant require-
ment. Consequently, there has been a sustained effort in the past
decade to develop reliable diagnostic tools while reducing the
complexity and associated costs of such assays. The miniaturiza
tion of immunoassays using microfluidics has been with no contest
one of the most popular techniques, as it permits one to
significantly reduce reagent volumes and incubation times ™
However, to date, a very few number of microfluidic systems have
achieved fast, parallel, and highly sensitive detection of hiomedi-
cally relevant proteins using a single fully functional microfluidic
chip.'** The duatnetwork microfluidic ELISA (enzymelinked
immunosorbent assay) platform developed in our laboratory has
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Figure 1. Protocol for dual-network microfluidic ELISA with TNF-. The table indicates the successive steps from top to bottom. The layout of
the poly(dimethylsiloxana) (PDMS) chip for eight parallel reactions is drawn in the top-right comer; the complexation network is colored in blue,
the reaction network in green. The windows A, B, and G represent close-ups on one pair of dual chambers at different steps of the assay. (A)
Complexation phase; the closed valve is reprasented by the solid black line separating the chambears; the white arow shows the bead displacsment

pattern. (B) Magnetic transfer phase. (C) Reaction and detection phases.

displayed promising characteristics to achieve that goal'” Iis
original concept relies on the physical separation of the immune
complex formation phase and the enzymatic reaction phase into
two independent networks of channels. These two networks are
linked only by fluidic bridges whose openings are controlled by
embedded pressure valves through which the reactive beads are
magnetically transferred before the final immunodetection step
is performed. As a result, the background noise originating from
nonspecific adsorption (NSA) of protein on the channel walls was
eliminated, thereby removing the need for long, costly, or unstable
prefreaiments.

In this article, we demonstrate that the dual-network micro-
fluidic ELISA can be successfully tuned in order to quantify low
levels of biomarkers in both cell culture medium and serum,
through the adjustment of its most critical assay parameters. The
variables regulated were the amount of detection antibody, the
bead displacement velocity, and the duration of the incubation
and detection period=s. By doing so, lowpicomolar concentrations
of TMF41 were detected in eight parallel reactions with good
reproducibility in less than 1 h, thus confirming the potential use
of this system for biomedical applications in research or for the
diagnosis of septic patients in clinical conditions.

MATERIAL AND METHODS

Proteins and Reagents. Trizma base (Tris), Tween-20, and
glycine were obtained from Sigma-Aldrich, and magnesium
chloride was from ACP Chemicals. Tosylactivated paramagnetic
microbeads (Dynabeads M-280 tosylactvated) were purchased
from Invitrogen, as well as the pair of capture (AHC 371Z) and
biotindabeled detection (AHC 3419) monoclonal antibodies against
TMF4t. The human recombinant TNF-ni was obtained from
Peprotech, and the alkaline phosphatase coupled streptavidin,
alkaline phosphatase coupled antirabbit, and antimouse antibodies
were from Rockland Immunochemicals. The enzymatic substrate
fluorescein diphosphate (FDF) was purchased from Anaspec. The
washing buffer, also used for priming of the channels, is a Tris
buffer saline (0.1 M Tris, 150 mM NaCl, pH = 74) supplemented
with (L02% Tween-20 (TBS-T). All proteins were diluted in TBST

B Analyica Chamisty, Vol xxx, No. xx, XXXX

0.1% BSA (bovine serum albumin) as carrier protein, unless
mentioned otherwise. The enzymatic substrate FD'P was diluted
to a final concentration of 4 xM in the reaction buffer consisting
of 0.1 M Tris, 10 mM MgCls, 10 mM glycine, pH = 9.0

Tosylactivated Beads Functionalization. Dynabeads M-280
tosylactivated were functionalized according to the manufacturer's
instructions. Briefly, 200 uL of beads (40 x 107 beads) was
thoroughly washed in a 0.1 M borate buffer pH 9.5. The beads
were then incubated overnight at 37 *C with slow tilt rotation in
a solution of the same borate buffer containing the mouse
monoclonal capture antibody at a ratio of 3 g of antibody /107
beads. Subsequently, the beads were washed twice in phosphate-
buffered =saline (PBS) buffer, pH 7.4, 0.1% BSA at 4 °C, once in
0.2 M Tris, pH 85, 0.1% BSA for 4 h at 37 °C for blocking the free
tosyl groups, and a last time with the PES buffer at 4 “C. The
beads were resuspended and stored in 200 uL of PBS, pH 74,
0.1% BSA supplemented with 0.02% sodium azide as preservative.
Following the abowe procedure, the functionalized beads were
tested to ensure the successful binding of the capture antibodies.
On a dual-network microfluidic ELISA chip featuring eight
independent pairs of channels, two were used as negative controls
in the presence of nonfunctionalized beads, three for incubation
of the functionalized heads with an alkaline phosphatase coupled
antirabhit antibody, and the remaining three for incubation of the
same beads with an alkaline phosphatase coupled antimouse
antibody. The results of such a test are provided as Supporting
Information (Figure 51).

Protocol for Dual-Network Microfluidic ELISA with TNF-
. Before mounting the chip on the mixing platform and securing
the valve connection, both the fluidic and the control channels
were filled with TBST using the channel outgas technique
(COT).®¥ The concept of dual network and protocol for the
quantification of TNF4 are summarized in Figure 1. For each
step, a few microliters of solution (5—15 L) was deposited in the

(17y Herrmann, .. Roy, E.; Veres, T.. Tabrizian, M. Lab Chip 2007, 7, 1546
1552,

{18y Monahan, J., Gewirth, A, A MNuzzo, B, G, Asal Chem, 2001, 73, 3103
3107,
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inlets and flown through the channels by connecting the appropri
ate outlet to a peristaltic pump in withdrawal moede. After each
run, the residual sohation trapped at the bottom of the inlets was
aspirated to avoid cross-contamination of the sequentially injected
solutions.

Detection and Data Analysis. An imverted microscope
(TE2000-U, Nikon), a stereoscopic zoom microscope (SMZ1500,
Mikon), and a digital camera (DXM1200F, Nikon) operated with
the ACT-1 software were used to acquire images of the channels
along the detection area. For fluorescence imaging, the micro-
scope is equipped with a high-pressure mercury lamp (C-SHG,
Mikon) and with the appropriate set of filters for fluorescein
(FITC) excitation and emission wavelengths, The intensity of
fluorescence in each channel was determined with Image], a Java
hased software for image processing and analysis. All data were
normalized by subtracting the intensity obtained in the negative
control of the same experiment. In order to calculate the sensitivity
of the assay for the quantification of TNF-x, three independent
experiments were carried out, each featuring five repetitions of
the negative control. The standard deviations were then averaged
for the three experiments. The sensitivity was calculated by adding
3 times the average standard deviation applied to the equation of
the final standard curve.

Fabrication of the Dual-Network Microfluidic Chip. The
dual-networl microfluidic chip is composed of two overlaid layers
of poly (dimethylsiloxane) (PDMS) (Syvlgardl84, Dow Corning),
bath fabricated by casting the precured elastomer on an SU-8
resist (SU-8 1070, Microchem) previously structured by standard
photolithography. The fluidic bridges, linking the two networls,
were fabricated using a positive resist (AZ bixt, AZ Electronic
Materials) and aligned on an aligner EVG 6200 (EV Group,
Austria). After development, the master was treated with
trichloro(1H,1H,2H. 2H-perflucrooctyl)-=ilane {Sigma-Aldrich) to
obtain a hydrophobic surface and facilitate the release of the cured
PDMS. The surface treatment was followed by reflow of the
positive resist for 10 min at 120 °C resulting in fluidic bridges
with rounded sections. The two layers of PDMS were cured
separately on their respective masters as established by Quake’s
group.™ After a precuring step of 30 min at 80°C, the 4 mm thick
top laver was released from its master and aligned on the top of
the thin fluidic layer. The bilayer assembly was further cured at
&0 “C for at least 2 h to achieve permanent thermal bonding.
Finally, the bilayer FDMS device was pealed off the fluidic master
and the inlets and outlets were punched out. The srstem was then
reversibly sealed on a glass slide and ready for use.

RESULTS AND DISCUSSION

Influence of the Detection Antibody Concentration. In
immunoassays, an elevated background noise seriously impairs
hoth sensitivity and linear range and increases variations between
tested samples. In our device, the noise generated by NSA of
proteins on the channel walls is eliminated by magnetically
transferring the reactive beads into a clean unused reaction
chamber. However, some residual background can result from
MNSA of proteins on the beads themselves. To limit this effect, the
functionalized tosylactivated beads are kept for long-term storage

(180 Unger, M. &; Chou, H. P; Thorsen, T.; Scherer, A; Quake, 5. B Seionce
2B, 288, 113-116.
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in a PBS buffer containing 0.1% BSA a= a blocking agent
Mevertheless, an important parameter to be optimized in this
regard is the concentration of detection antibody used for the
assay. [deally, it is necessary to provide enough maolecules to bind
all previously captured antigens, without adding an excess as to
cause an increase in NSA and ultimately generate background
noise.

Figure 2 displays the standard curves obtained for concentra
tions of TNF-0 ranging from 10 pg/mL to 1 ng/mL, with respect
to increased concentrations of the detection antibody. The incuba
tion and detection times were arbitrary set at 10 min, allkaline
phosphatase coupled streptavidin was diluted 1:10 000, and the
bead displacement velocity was adjusted at 400 gm/'s. Each curve
represents the average of three independent experiments realized
on separate chips; thus, error bars represents the interassay
variations rather than internal variations of the system. The
fluorescent signals for each experiment were normalized to the
signal obtained in the negative control of the same experiment
(all identical steps with no TNF-i). In immunoassays, two of the
most important parameters are the slope of the curve which
reflects the sensitivity of the assay and the correlation coefficient
F* which describes its linearity. Accordingly, the optimal concen-
tration for the detection antibody was found to be 0.5 gg/mL. Data
obtained with 1.0 ug/mL displayed similar sensitivity values but
exhibited lower linearity. With a concentration of 0.25 pg/mL,
howewver, the slope was significantly lowered with little improve-
ment in linearity, indicating that not all the captured analytes had
been bound by detection antibodies in the allotted time. Con-
versely, increasing the detection antibody concentration to 2 ug/
mL generated considerable background signal, thus impairing
both interassay reproducibility and linearity due to the rapid
saturation of the fluorescent signal. On the basis of this series of
experiments, following assays were realized with the optimal
detection antibody concentration of 0.5 pg/mL The standard
curve obtained with this specific set of parameters is referred to
as the dgfault experiment to which later experiments are compared.

Influence of Bead Displacement Velocity, Unlike the
majority of microfluidic devices, which operate in a continuous
flow mode, this immunoassay was designed to work in stop-
flow conditions.” In this setup, the fluidic channels are filled
with the appropriate solution before the flow is stopped for
incubation and the next solution is flown to replace it. This
method reduces and improves the control of reagent volumes
used, which are defined by the geometry of the channel rather
than by the flow rate and manual pipetting. Also it avoids the
dependency of the assay performance on the flow rate. In order
to prevent local depletion of the analyte molecule at the vicinity
of the capture zone,*! the functionalized beads were magneti-
cally moved from one end to the other end of the fluidic
chamber during incubation periods. This manipulation allowed
for the reaching of the analyte molecules in the entire volume
of the chamber while creating disturbances in the surrounding
=olution, thus enhancing the analyte exploitation rate.

Figure 3 illustrates the effect of the bead displacement velocity
on the outcome of the assay for TNF-. In the default experiment,
the beads were displaced at the maximum velocity of 400 pm/s

(200 Herrmann, M.; Veres, T.: Tabrizian, M. Lab Chip 2006, &, 555-560.
(21) Zimmermann, M.; Delamarche, E.. Wolf, M. Hunziker, P. Biomeed. Mi-
erodesdces 20005, 7, 90110,
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Figure 2. Influence of the concentration of detection antibody on the quantification of TNF-u, by dual-network microfluidic ELISA. Cther parameters
were set at their default conditions. All fluorescence intensity data were normalized by subtracting the value of the negative control of the same
experiment. Each data point is the average of three independent experiments. Error bars represent the interassay variation for each condition.

during the three incubation periods, as well as during the
enzymatic reaction phase (maximum velocity due to current
hardware limitations). When the same experiment was conducted
without displacing the beads during the incubation periods (the
beads were moved only during the reaction phase), the fluorescent
signal was drastically weakened, suggesting rapid local depletion
and limited diffusion of the analyte molecules during the 10 min
of flow stop. When the beads were moved at 200 pm /s, the overall
signal became stronger, coming close to the signal obtained in
the default experiment. Surprisingly, the curve also displayed a
marked saturation profile at higher concentrations of TNF-z1. This
difference in linearity can be explained by the behavior of the
beads while being moved inside the fluidic chamber. During flow
phase, the beads are held by a strong permanent magnet placed
directly under the glass slide that forms the bottom of the chip
(approximately 1 mm from the beads). At that distance, the
magnetic field is still very strong; thus, the beads aggregate in a
tight bed with litle space between them for the solution to
circulate. During incubation phases, however, the magnet is
moved, followed by a smear of beads, which widens when the
movement i= faster. The formation of the smear increases bead
dispersion which in turn increases the effective surface of capture
sites at the functionalized surfaces. According to these resulis,
the bead displacement velocity for further experiments was set
at 400 pm/s.

Influence of Incubation Times. Another important parameter
atfecting the outcome of an immunoassay is the time given for
the molecules to interact with each other and form a stable
immunocomplex. The present protocol features three sequential
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incubation periods with, respectively, THF-n, the hiotinvlated
detection antibody, and the alkaline phosphatase coupled strepta
vidin. Variations of the incubation time affected both the slope
and the linearity of the standard curve (Figure 4). In comparison
to the default experiment, when the incubation time was reduced
by half, from 10 to 5 min, the slope decreased by about the same
factor with only a slight increase in linearity. These data suggest
that the saturation of the beads with the maximum leading of
TMF-00 occurs shortly before 10 min of incubation, which also
explains the slightly saturated profile of the default curve.
Extending the incubation times to 15 min confirmed the bead
saturation at higher concentrations, leading to an even less linear
and slightly less sensitive curve than the one of the default
experiment.

Influence of Detection Time. Following the three incubation
periods and the magnetic transfer of the beads carrying the
immune complex to the reaction chamber, the reaction networl
is filled with a solution of the enzymatic substrate for alkaline
phosphatase FDP. The enzymatic reaction converting FDF into
greerrfluorescent fluorescein then occurs in conditions similar to
the previous incubation phase. The extent of the enzvmatic
amplification period is expected to display a drastic effect on the
outcome of the immuneassay and the profile of the standard curve
(Figure §). In comparison to the default experiment, when the
detection time was increased from 10 to 15 min, the independent
signals obtained for the different concentrations of TNF-0, were
significantly increased. However, the curve cam no longer be
considered linear on the tested range with a correlation coefficient
of only 0.92, The excessively saturated profile in this case stems
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Figure 3. Influsnce of the bead displacsment velocity on the
quantification of TNF-1 by dual-network microfluidic ELISA. Other
parameters were set at their defauli conditions. Al fluorescence
intensity data were nomalized by subtracting the value of the negative
control of the same experimant Each data point is the average of
three independeant expariments. Emor bars represent the interassay
variation for each condition.

from at least two major effects. First, the already slightly saturated
profile observed in the default experiment is further amphfied as
the enzymatic reaction is extended. Second, the rate of conversion
of FDIF 1= likely to decelerate as the concentration of substrate
decreases in the substrate solution. Saturation of the detection
device at high fluorescent intensities also enhances the latter
effect. Although increasing detection time can significantly im-
prove the overall sensitivity of the assay, it can also be detrimental
on hoth the linearity and the dvnamic range as it amplifies minor
variations in the signal. For the following experiment, the detection
time was maintained at 15 min, but incubation periods were
shortened from 10 to 5 min. Interestingly, the profile obtained

123

2

5 min inc

3
2 5
=
E 40
£ 30
g
5 20 y=0.084x
-
E " R® = 0.990
& 0
i} 200 400 600 800 1000
TMFa concentration (pg mL-1)
_ B0
3 [ Default - 10 min inc
2 50
2
E 40
= 30
g
20
2
£ 10
3
s
0
o 200 400 600 BOO 1000
TNFa concentration (pg mL=1)
. B0
L]
2
2 a0
g .
KT .
E = 0.053x
8 20 ] you
R = 0.561
E10{ w
E
“ 0
0 200 400 E00 800 1000

TNFa concentration (pg mL-1)

Figure 4. Influsnce of the incubation times on the gquantification of
THF-i by dual-network microfluidic ELISA. Other parameters wera
set at their default conditions. Al flucrescence intansity data were
normmalized by subtracting the value of the negative control of the
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was uasi-identical to the one observed in the default experiment
in terms of both the slope and linearity, with an overall assay time
reduced from 40 to 30 min. Only a minor increase in the interassay
variability was caused by the extension of the detection time, as
the efficiency of the enzymatic reaction differs between each assay
due to external conditions, such as temperature or ambient light,
and contributes for the largest part to this type of variability.
When setfing up an immunoassay, it is important to consider
the relevant range of concentrations in which a particular analyte
has to be detected and quantified. For a biomarker such as TNF-
1, although concentrations of several 100 pg/mL can be found in
experimental samples, clinical values, for the diagnosis of septic
patient for instance, stand tvpically around 100 pg/mL and below.
Therefore, narrowing down the dvnamic range to 500 pg/mL, in
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experiments. Eror bars represent the interassay variation for each
cordition.

order to cancel the light saturation effect, might give a more
accurate quantification of TNF- around biomedically relevant
levels. The doted lines in Figure 5 show the corrections made to
the standard curves when removing the last data point at 1 ng/
mL of TNF-0. In all three cases, both the linearity and slope of
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the curves were improved though to different extents. For the
default experiment and the experiment with 5 min incubation
periods, improvements of the slope is moderate {117% and 114%
of the respective slopes taken on the full range) while both
correlation coefficients approximated (L99, indicating excellent
linearity. The experiment with 10 min incubation periods and 15
min detection time undergoes a more drastic change, with a slope
increased by 132% and a linearity approaching 0.97. Nevertheless,
because saturation of the signal is still observed in these
conditions, this last standard curve cannot be used accurately on
the designated range of concentrations despite its stronger slope.

(uantification of TNF-a in Serum. For the adjusiment of
experimental parameters, all previous experiments were run with
TMF-x diluted in a TES buffer supplemented with 0.1% BSAas a
protein carrier. In order to show the ability of the duaknetwork
microfluidic system to perform in conditions close to its final
intended use, the previous measurements were repeated with
TMF- diluted in a more complex solution (Figure 6). First, the
experiment was conducted with TNF-n diluted in a Dulbecco’s
modified Eagle's medium (DMEM) cell culture medium supple-
mented with 10% fetal bovine serum (FBS). The addition of
interfering proteins decreased the slope of the standard curve
when default parameters are used. Nevertheless, by extending
the detection incubation period from 10 to 15 min, the slope was
increased to its original value with excellent linearity. Quasi-
identical data were obtained with TMNF-x diluted into pure serum
(FBS). The excellent linearity, even with the addition of an exira
data point at high concentration of TNF-i1, demonstrated again
the reliability of the standard curve within the tested range of
concentrations, from 25 to 500 pg/mL. Typically, similar resulis
in cell culture medium and pure FBS are not expected because
of the more complex composition of serum containing many
uncharacterized proteins that interfere with the reaction. It is very
interesting to observe that the dualnetwork assay, by getting rid
of the larger part of the background noise, manages to maintain
the same efficacy in both mediun. For clarity, a summary of slope
and linearity data for all tested conditions is provided in Table 1.

The assay sensitivity was calculated based on three indepen-
dent experiments, each featuring five repetitions of the negative
control. The value obtained for the quantification of TNF-n in a
cell culture medium or pure serum was 45 pg/mL (2.56 pM). This
sensitivity s considered adequate as it falls within range of
concentrations relevant for research and diagnostic purposes.
Moreover, concentrations of TNF) as low as 25 pg/mL were
consistently detected and fitted very well on the linear standard
curve. Error bars represent the variations in the signal obtained
from three independent experiments performed in identical
conditions. The interassay coefficient of variation was found to
be in the order of 15% or less for concentrations of 50 pg/mL and
ahowve. Intra-assay variations were also calculated by running five
repetitions of a given concentration of TNF-0 on a single chip
along with the appropriate controls. At the exception of the
concentration of 50 pg/mL, for which the intra-assay variation
coefficient was calculated at 24%, internal variations were all below
15% for concentrations of 100 pg/mL and abowve, The specificity
of the reaction for TNF41 in serum was confirmed by substituting
the specific mouse monoclonal capture antibody anti-TINF-1 with
a nonspecific mouse IgG control purified from a nonimmunized
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Figure 6. Influence of the dilution medium on the quantification of TNF-g by dual -network microfluidic ELISA. (A) The discontinuous curve on
the left panel was obtained with default parameters and TNF-a diluted in TBS-T; the continuous curve was obtained in identical conditions with
TMF-i diluted in a DMEM call culture medium with 10% FBS. On the right panel, the detection time was extended from 10 to 15 min. (B) On
tha right panel, the standard curve for the quantification of THF-q in pure serum is displayed; all parameters were set to default expect for the
15 min detection ime. The left picture shows a typical flucrescent photograph of the detection arsa in these conditions.

animal (Supporting Information Figure 5-Z). Given inherent
variations such as small differences in the number of beads,
magnets alignment, and fluorescence inhomogeneity, which could
be overcome in a more automated and integrated platform, these
values are considered very promising at this stage of develop-
ment*

With a low-picomolar sensitivity in both cell culture medium
and serum, good reproducibility, and a total assay time of less
than 1 h, the dual-network microfluidic system places itself among
the most achieved microfluidic Immuncassays described to date,
For the quantification of TNF-1 specifically, the sensitivity is very
near the values obtained with traditional microwell ELISA as well
as with the highly sensitive micromosaic assay developed by
Cesaro-Tadic et al. at [BM Research.' In comparison to the latter,
the overall assay time is significantly reduced, as the combined
u=e of magnetic microbeads and pressure valves removes the need
for precoating the chip with the capture antibody or blocking the
uncoated sites. Reaction volumes of 600 nL, identical to those used
in the micromosaic assay, are delimited by the fluidic chambers
in which the beads are displaced. No complex design for solution
transportation is required since working in stop-flow mode insures
minimal influence of the flow rate. Besides, the dual-network chip
i= entirely fabricated in PDMS, using only sofilithography
technirues, which makes it simple and inexpensive to produce.

(22) Gao, Y. Sherman, P. M. Sun, Yo Li, [ Awagl Chime, Acts 2008, 808, 08
107,
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The dualnetwork system also compares very well to the most
recent commercial products in the field of minaturized 1mmu-
noassay, such as the fully automated Gyrolab Bioaffy CD
platform®® or the electrochemical-based Gravi-Chip.**** Similar
to these systems, the time needed for completion of parallel assays
and the throughput of the dualnetwork device could benefit
greatly from a fully automated platform and a better controlled
environment for the enzymatic reaction. Moreover, the sensitivity
of the duaknetwork assay could be further improved including
by integrating the detection device on the pladform and by
enhancing bead dispersion inside the microfluidic chambers, for
example, by the use of ultrasonic vibrations or the addition of
nanopillars inside the chambers. A better bead dispersion is
expected to improve the assay sensitivity in both a direct an a
indirect manner: directly by increasing the active capture area,
which would also broaden the dynamic range and potentially
decrease incubation times for complete analyte exploitation;
indirectly by decreasing variahility, especially at low concentrations
of analyte and for the negative control and by increasing washing
efficiency.

COMNCLUSION
In this article, we demonstrated the possibility for the rapid
quantification of low concentrations of protein biomarkers in

(23) Rossier, 1. 5. Girault, H. H. Lgb Chip 2001, I, 153157,
(24) Hoegger, D.; Morier, P Vollet, C.; Heini, D; Reymond, Fi; Roessier, I, S
Anal. Biogral. Chem. 2007, 387, 267275
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Table 1. Summary of Slopa and Linearity Data for All Tested Conditions”

Detection Ab " Incubation Detection - Linear slope Linearity R®
Nb  concentration Bee:d ;'sph“c:mmt periods period “'f'"mdfl‘r;; HF upto1ngmL-  upto 1 ngimL-
{ugimL) velocity (umisec) (min) (miin) alpha o up to 0.5 ng/mL up to 0.5 ngimL
1 0.25 400 10 10 TES-T 0.1% BSA 0.044 0.983
2 0.5 400 10 10 TBS-T 0.1% BSA 0.060 - 0.070 0.981 - 0.994
3 1.0 400 10 10 TBS-T 0.1% BSA 0.060 0.954
4 2.0 400 10 10 TBS-T 0.1% BSA 0.049 0.847
5 05 i 10 10 TES-T 0.1% BSA 0.023 0.688
6 0.5 200 10 10 TBS-T 0.1% BSA 0.049 0.847
T 0.5 400 5 10 TBS-T 0.1% BSA 0.034 0.9890
8 0.5 400 15 10 TES-T 0.1% BSA 0.053 0.961
a 0.5 400 10 15 TBS-T 0.1% BSA 0.071 - 00594 0.921 - D.967
10 0.5 400 5 15 TBS-T 0.1% BSA 0.062 - 0.071 0.983 - 0.989
1 0.5 400 10 10 DMEM 10% FBS X -0.047 X - 0.998
12 0.5 400 10 15 DMEM 10% FBS X - 0.068 X -0595
13 0.5 400 10 15 Pure FBS X-0072 X-089

“ The second set of parameters was arbitrarily chosen as the default condition and is referred to as the default experiment throughout the text.
For clarity, the most favorable conditions for the quantification of TNF-g using the dual-network microfluldic ELISA platform are shaded in gray.

serum using the dualnetwork microfluidic ELISA platform. By
carefully assessing the assay performance as a function of the
concentration of the detection antibody, the bead displacement
welocity, and the incubation and detection times, we have attained
a good compromise in terms of sensitvity (2.56 ph), dynamic
range of detection (25—500 pg/mL), reproducibility {<15% vari-
ability), ime efficiency {<1h), and user fnendliness. These results
suggest that the platform is suitable for fundamental and applied
research studies, as well as demonstrate its potential for use in
medical applications for the early diagnosis of diseases and
infections. These performances, combined with the inexpensive
fabrication process and the concept of dual network, which
removes the need for pretreatment of the chip, contribute to make
of this system an extremely sharp, costeffective, and versatile
device. The automation of flow injection, the integration of the
detection device, and the achievement of an enhanced bead
dispersion during incubation times are the next developments to
be addressed. These investigations will help to further increase
the sensitivity, reproducibility, detection range, and throughput

H Analytical Chemisty, Vol xxx, No. xx, XXXX
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of the assay, thereby creating a very competitive platform for
performing immunoassays in point-ofcare or onfield analysis
setiings.
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Abstract: The development of novel fabrication methods, materials and surface chemistries to implement nucleic acid
analysis brings reduced cost, reduced reagent consumption, increased analysis efficiency, portability, ease of use and
reliability to today’s genomic approach. This trend, as evident by the exponential growth in the number of patent
applications, granted patents and commercialized systems, 1s motivated by the promise for significant breakthroughs and

benefits of nucleic acid analysis to dmg discovery and point-of-care diagnesis. This review paper aims at identifying the
enabling technologies and key patents in microfluidics for nucleic acid analysis. [n particular, it seeks to identify granted
and pending patents for cell sorting and lysis, nucleic acid extraction and purification, followed by nucleic acid
amplification, sepamtion and detection. Additionally, it presents an overview of the current intellectual propery
environment and secks to identify trends for the future development. Much of this development is geared increasingly
toweard fully integrated systems. The comvergence of technology and interdisciplinary interests is expected to foster further

breakthroughs and commercialization.

Keywords: Microfluidic nucleic acid analysis, cell sorting, cell lysis. nucleic acid extraction, nucleic acid separation,
polymerase chain reaction, electrophoresis, integrated systems, Lab-on-a-Chip.

INTRODUCTION

In the near future, one can imagine a device no larger
than a credit card able to detect infections and diseases
directly from a single drop of blood within minutes. Such is
the promise of lab-on-a-chip and microfluidic technologies.

With microfluidies, the precise eontrol and manipulation
of micraliter or nanoliter volumes of fluids poses significant
technological challenges, and wet offers considerable
benefits: rapid analysis, minimal reagent and sample
consumption. The integration of fimetional components for
sample processing and detection onto a single platform as to
create a fab on a chip, provides additional advantages:
portability. reliability and reduced cost. For pointof-care
diagnosis, these advantages must be leveraged to provide a
viable and effective tool [1.2]. Generally. in molecular
biclogy or nueleie acid (NA) analysis, these advantages are
sought for new applications in drug discovery, cancer
reszarch. food and environmental safety.

Over the past decade, much progress has been achieved
in the development of novel materials and fabrication
processes o overcome the limitations of early microfluidic
systems. These devices were the initial attempts to adapt
materials, silicon and glass, and microfabrication processes
from the semiconductor industry to a nowvel application.
However, the high cost associated with the clean-room
processes (photohithography. etching, and bonding) limited
the development of disposable devices. Polymer-based chips
with alternative low cost manufacturing processes were

“Address correspondence 1o this author at the Department of Biomedical
Engineering, MeGill University, 3775 University %ireet, Montréal, OO,
H3A 244, Canada; Tel: (SM308-812% Fax: (51403%68-7461; E-mail:
maryam.tabriziani@megill.ca

“Flest anthor - equal cortribaiion.

18TI-21217 S100.00+,00

introduced to address these issues [3.4]. Increasingly.
mierofluidic devices are fabricated from ngid transparvent
polymers such as acrylics or flexible polymers like silicone
rubber using the cost-effective techniques of injection
molding, embossing and replica molding [5]. Additionally,
the development of novel chemistries were introduced 1o
enhance the swface properties of these materials [6-8].
Growing access of these technologies to both research
groups and companies has led to a commensurate increase of
innovations in the development of NA on-chip analysis
[9.10].

m this paper. inventions describing microfluidic
technologies for the implementation of on-chip NA analysis
systems are presented. In confrast to existent literature
reviews, which provide excellent overview of most recent
developments, this review focuses on the state of intellectual
property as to identify the trends and contributors from
which future commercial development must build upon.
Given the protracted process of a successful patent
prosecution reaching sometimes over 3 years, this review
also covers patent pending invertions (published patent
applications) as to provide a timely overview of recent
trends. The approach is three-fold. In the first ter. key
inventions and methods that implement the individual
fimeticnal components of NA analysis are catalogued. For
clarity, a short deseription of the manipulation steps of NA
analysis is provided. A wide wvariety of materials and
physical and chemical approaches are described for the
handling of fluids and processing of the genomic samples.
The second tier addresses strategies and challenges of the
integration of these components into a  functional,
application-oriented microfluidic WA analysis platform.
Examples of patents, granted and pending, of integrated
systems are identified. In the final tier of this review, the

i) 2007 Bentham Science Publishers Lid.
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currert outlook  and  trends in the development and
commercialization of microfluidic NA analysis platforms are
discussed. Much of the focus of current work is on the
integration issues, which includes the introduction of novel
MA analysis techniques. Finally, the major inventors and
companies are identified, as to provide a glance of the
microfluidic NA analysis market.

1. INTELLECTUAL PROPERTY FOR NUCLEIC
ACTID ANALYSIS

L.1. Principles of Nucleic Acid Analysis

The analysis of the NA content of a given sample
requires a succession of manipulation steps, as illustrated by
Fig. (1). The sequence of individual steps varies according to
the chosen method of analysis and the required information.
The procedure starts with the collection of a sample, which
contains the genetic material to be analyzed. This sample can
be a body fluid, such as blood, urine, saliva; cultured cells in
their medium; solubilized grinded tissue or an environmental
water sample. For more complex samples that contain higher

Mualie of al

quantities of potential contaminants, it is eritical to prepare
the sample prior to analysis.

The first step for sample preparation is the sorting and
enriching of the cells and organisms of interest. In this
review, cell sorting will be discussed. Generally, these
techniques can be applied to eukaryotic cells, bacteria.
viruses as well as other NA containing organisms. Although
not always necessary. cell sorting and enrichment is often
desired. For instance, to isolate white blood cells from the
more  abundant red blood cells and platelets, or to
concentrate bacterial cells from a diluted water sample, to
collect rare sterm cells, or to study the genetic expression
profiles of healthy cells versus cancer cells, this initial step
must be performed. After the cells of interest have been
isolated in sufficient number, the genetic materal is
extracted by disrupting the cellular membranes or other
protective layers. This particular step is called eell lysis.
Although it is an essential step in sample preparation, during
cell lysis. cellular debris is generated and harmful substances
are released along with the WA material, which can hinder
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Fig. (1). Manipulation steps for nucleic acid analysis. The steps depicted in boxes with solid lines are covered in this review. The numbers
provided in each box refer to the section in which the particular topic is presented. The boxes with dotted lines are beyond the foous of the

review.

131



Chrrent State of Imtelfectval Property in Micraflnidic

subsequent manipulations. Consequently, the released NAs
are often purified before they can be firther processed.

After the genetic material has been extracted and
purified. it can be processed by a variety of techniques. The
processing greatly depends on a given application. For
instanee, the NAs can be readily separated by electrophoresis
for sequencing purposes or single nueleotide polymorphism
identification. Due to the limited amowut of sample
available. sensitive instruments such as laser induced
fluorescence or mass spectrometry are often required for
detection. Alternatively, a specific NA sequence can be
anmplified by polymerase chain reaction (PCR) prior to the
separation to facilitate the detection. NA amplification of a
particular nueleic acid sequence can also be monitorad in
real-time (RT-PCR) to study for example the level of
expression of a disease-sssociated gene or to identify the
presence of a particular microorganism. Additionally, for
more exhaustive studies such as the comparison of the
expression profiles of healthy versus cancer cells, or cells
following a particular treatment, the whole NA extract can
be amplified and subsequently hybridized on a microarray
chip.

The following sections examine the different micro-
fluidie approaches to NA analysis, as describad in patents or
patent applications, focusing on sample preparation and
processing. Although the detection methods are necessarily
associated to the analysis [11]. they are issued from different
technologies and thus are discussed only as a part of a
system where they are integrated with one or several of the
previous steps of the NA analysis.

1.2. Microfluidics for Sample Preparation
1.2.1. Cell Sorting and Enrichment

For cell sorting and enrichment, the conversion of
labaratory instruments into a microfluidic format, as well as
specifically adapted microfluidic  sclutions have been
deseribed. These invertions are presented in the following
section.

1.2.1.1. Fluorescence Activated Cell Sorting

Fluorescence  Activated Cell  Sorting (FACS) is
frequently used in biological and medical laboratories for its
high efficiency and specificity. However. the associated
costs, the requirement for a highly qualified operator, and the
risk of cross-contamination between samples are important
limitations, which impair the routine use of this technique.
Therefore. researchers have naturally concentrated their
efforts on developing an inexpensive, easy-to-use and
disposable device basad on the same principles as FACS.

FACS involves a sequence of three independent events to
sort cells as depicted in Fig. (2). Individual events or their
integration into a functional device have all been the subject
of recent patents and patent applications. First, the cells are
separated and aligned into a ribbon of cells, a process called
cell focusing. In microfluidic systems, this initial step is
achieved by generating three parallel laminar streams with a
central stream large enough to allow the passage of only one
cell at a fime. In 2000, Wada ef al. from Caliper

Recemt Patents on Engineering 2007, Fal. I, Na. I T3

1) Focusing

2) Detection - -~

3) Switching

Fig. (2). Microfluidic Fluorescent Activated Cell Sorting (FACS).
Sequence of the three independent events for cell sorting with
microfluidic FACS, The grey streams represent the focusing buffer,
while the middle whits stream represents the cell containing
sample. Two types of cells are depicted by white and black circles

Technologies proposed several methods for cell focusing in
microfluidic systems [12]. In 2003, Micronics filed a patent
application for an injection device. a so-called sheath
injector, for hydrodynamic focusing and sorting of ealls [13].
A year later, they patented a deviee for the separation of
white blood cells from a whole blood sample [14].

Following the focusing step, positive cells, namely the
cells that are separated from the other components of the
flowing solution, are detected. Several methods for positive
cell detection have been elaborated. The large majority of
systems however use flucrescent detection, whether the cells
are tagged with specific fluorescently-labeled antibodies or
they express a modified fluorescent protein. The detection
event actuates a switch, whose activation divects the positive
cells into a separate collection channel. Flow swirching can
be implemented in several manners such as electrome-
chanical valves [15.16]. pressure-driven [17] or electroo-
smotic switches [18-20]. In particular, electroosmotic foree
(EOF) has been frequently employed as it is a robust, rapid
and easily miniaturized means of directing flows in
microfluidic channels. In 1999, Quake e af patented a
microfabricated FACS device based on fluorescent detection
and electroosmotic flow switching to separate, as a proof-of-
principle, GFP expressing E. colf [18.19]. More recently, Lin
et al. elaborated a very similar device with integrated optics
for cell detection, secking further miniaturization and
portability [20]. In 2005, Evotec also released two patent
applications describing the operation of similar FACS
devices [21.22].

Nevertheless, the biggest challenge yet to be overcome in
microfluidic FACS design lies in the optimization of the
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separation rate while minimizing the occurrence of false
positive events. Essentially, the faster the flow of cells, the
lesser time is available for accurate detection and sorting. In
this regard, the use of microfluidies permits to increase the
separation tate by parallelizing multiple microsystems rather
than by accelerating the flow. Moreover, multiple
embranchments can be laid in a sequence to perform multi-
step sorting with re-sorting decisions, thereby decreasing the
number of false-positive events [ 16].

Although the majority of reported devices use planar
chamels, meostly due to fabrication constraints, other sche-
mes have been proposed. Foster 1.8, for instance, patented a
device in which the cells are isolated and detected in parallel
vertical channels and then oriented toward the appropriate
outlet by electromechanical valves [15]. The smaller planar
area occupied by vertical channels, as compared to an array
of horizontal chamels, allows for massive multiplexing,
which in turn greatly increases the overall separation rate.
The patented micromechanical actuator is capable of sorting
hematopoietic stem cells individually at an aperation rate of
3.3 kHz. With the massively parallel 1024-fold device, a
throughput of 33 million events per second was
demonstrated.

1.2 1.2 Magnetic Activated Cell Sorting

Besides fluorescence, other types of labeling are also
available. In particular, magnetic labeling is often used as it
represents a more affordable alternative method for cell
separation. By analogy, cell sorting using magnetic labeling
is refered to as MACS. In one embodiment of the
aforementioned patent application from Micronies [13], the
flowing cells are attached to magnetically-labeled antibodies.
After focusing, the positive cells are attracted into a
secondary chanel by a magnet positioned on one side of the
T-junction. This approach could be described as dynamic, as
opposed to a sfafic approach, where the positive cells are not
only rerouted into a secondary channel but are rather
magnetically trapped inside a unique linear channel. For
instance, Cosman e af described a device, in which
magnetic beads with capture moieties are immobilized inside
the channel prior to the injection of the cell containing
solution [23]. The cells are selectively trapped and can later
be collected by demagnetizing the trapping device and
releasing the beads. Such trapping device can consist of
external permment magnets or meore econveniently of
microfabricated  electromagnets, such as  deseribed by
Whitesides G.M. [24] or Ahn er af. [25].

1513, Filter-hased Cell Sorting

Various strategies, which do not require prior labeling of
cells, have also been adapted to microfluidic systems.
Despite a lower specificity, they offer the possibility of
readily sorting cells from a complex sample without further
manipulations or introduction of foreign labeling species.
Among these techniques, microfabricated filters {or sieves).
which separate cells based on their size. shape and
deformability, are very popular [26-30]. The company AVI-
VA Biosciences, for mstance, disclosed a patent application
on several methods, compositions, and automated systems
for separating rare cells from fluid samples [28]. Although
microfabricated filters are easily implemented in micro-
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fluidic systems, their inherent small area increases the
susceptibility to clogging. In this regard, Sethu and Toner
developed a device for the removal of red blood cells and
platelets from blood, featuring a junction with a lateral sieve
rather than a frontal filter [27]. In this device, a force
generator perpendicular to the main stream leads the red
blood cells and platelets through the lateral sieve into a
secondary channel, while the larger white blood cells
continue their cowrse into the main stream, thus avoiding
clogging the filter. Altemnatively, Wilding and Kricka
included a secondary flow channel connected with the
separation zone, which allows the discharge of collected
cells [29]. Less conventional methods, such as differential
cell disruption in a serpentine channel [26], separation based
on gravitational acceleration [31], or the separation of white
blood cells based on lateral migration due to frequent
collisions with red blood cells, have also been proposed [32].

1.2 14, Dielectrophoresis

Ancther common approach for cell separation is based on
dielectrophaoresis (DEP). DEP is the translational motion of
charge-neutral matter caused by polarization effects in non-
uniform electric fields. Positive DEP occurs when a cell is
more polarizable than the surrounding medium. and results
in the cell being drawn toward a region of higher field
gradient. Conversely, negative DEP occurs when a cell is
less polarizable than the medium. and results in the cell
being drawn toward a region of lesser field gradient. Due to
the ease of integration of microelectrodes, DEP provides an
especially attractive method for on-chip cell manipulation.
Moreover, the limited height of microfluidic channels
constrains the flow of cells to few tens of microns above the
electrodes, where the electric field is the strongest. The
electrodes can be arranged in a perpendicular array to the
main stream, thereby differentially changing the linear
velocity of varlous types of cells, either separating or
trapping a specific cell population [33]. They can also be
disposed in a parallel array, displacing the cells laterally
toward distinet outlet channels [34.35]. Yet another
advantage of this technique relies on the possible utilization
of the same electrodes for subsequent steps such as the
extraction of the genetic material and further amiplification as
described by Nanogen [36] and Hiescu ef af [37].

Interestingly. the dielectric properties of cells have also
been employed to separate wvarious populations by optical
trapping or guiding. In two patent applications, Arryx
described the use of holographic laser steering for this
purpose [38.39]. Essentially. this technique uses the gradient
forces of a beam of light to trap a particle based on its
dielectric constant. Particles with a slight dielectric constant
differential with their surroundings are sensitive to this
gradient and are either attracted to or repelled from the point
of highest light intensity. When the beam is shinad
perpendicular to a microfluidic channel, the flowing cells are
separated and collected at various lateral positions.

L2 Cell Lysis
Standard laboratory methods for cell lysis employ
chemical, mechanical, thermal and electrical means to

disrupt cellular membranes. Although similar approaches
have been used to lyse the cells in microfluidic systems, the
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miniatirization of these techniques is not always straight-
forward and fluidic designs often have to be adapted.

1.2 2.0, Chemical Cell Lysis

Chemical lysis methods are often used in microfluidic
systems, as many well defined protocols, which are adapted
to break down specific types of eukaryotic cells, bacteria,
viruses, etc.. have been developed over the years. Further-
more, no large external device that requires independent
contrals, space and power supply is needed. For instance,
Kayyem LF. proposed to use lysing agents such as guani-
dium chloride, chaotropic salts and lysozymes [40].
Parthasarathy ef @/, from 3M hmovative Properties Company
have likewise suggested freeze/thawing, hypotonic shock an
alkaline treatment with sodium hydroxide to lyse cells from
a blood sample [41]. However, stringent buffers containing
the Iytic agent might interfere with the subsequent NA
analysis by inhibiting the enzymes necessary to perform, for
example, a PCR amplification. Thus the lytic agent needs to
be neutralized or replaced without loosing the genetic
material that was previously released. This manipulation
often leads to the undesirable dilution of the sample. and
frequently demands a more complex fluidic design with
integrated wvalves [42]. Hong ef al from the California
[nstitute of Technology, for instance. deseribed a micro-
fluidic system that uses the two-layer PDMS  valves
developed by Quake’s group [43]. In particular, they realized
a parallelized isolation and lysis of cells, DNA affinity
purification on beads and recovery of the purified DNA on a
single chip.

More recently, Irimia D and Toner M. developed an
ingenious device capable of trapping and chemically lysing a
single cell within an extremely limited volume of 50pL,
thus greatly reducing the dilution factor of the releasad
molecules [44]. In this device. a cell is first trapped between
two air-bubbles delimiting a 25-pL chamber. This chamber
is connectad via a thin chamel to a second 25-pL compar-
tment containing the Iysis buffer. The two solutions are then
mixed together and the cellular membrane is disrupted. The
released molecules are free to diffuse inside the second
compartment while cell debris remains in the cell-trapping
chamber.

1.2, 2.2 Mechanical Cell Lysis

Mechanical cell lvsis methods comprise a large variety of
means to break down cellular membranes and organisms.
One of the most popular methods in conventional labora-
tories uses ultrasomication. The generation of ultrasonic
waves creates microscopic bubbles in the medium, which
burst out violently thus creating holes in membranes and
lysing the cells [45]. Although certain limitations are
associated with the utilization of sonication in microfluidic
systems. such as the resulting presence of foam and bubbles,
as well as high power consumption and lack of portability,
Cepheid currently commercializes a microfluidic cartridge.
which coupled to an ultrasonic hom. delivers ultrasonic
energy to the sample in the lysing region [46.47]. In addition
to ultrasonic agitation, solid particles, such as glass beads,
can be injected in the system thereby adding mechanical
stress and increasing the lysing efficiency [47]. Very
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recently. Yuan ef al. from Microfluidic Systems described a
similar device [48].

Ancther mechanical approach, more specific to micro-
Huidic systerns, consists of the intrinsic design of cell
membrane piereing protrusions, that extend from the surface
of the channel inside which the cells are forced through and
ruptured by shearing forces, as patented by Wilding et al.
[49] and schematized in Fig. (3).

Membrane piercing
protrusions

Fig. (3). Mechanical cell lysis in a specially designed microfluidic
channel. The cells (black circles) are forced through a thin channel
designed with membrane piercing protrusions. The protrusions
disrupt the cellular membranes and the intracellular medium
containing the nucleic acid material is released in the downstream
compartment.

1.2.2.3. Thermal and Electrical Cell Lysis

Other methods, which are particularly attractive for NA
analysis on microfluidic chips, are based on the thermal or
electrical disruption of cellular membranes. Heating the cells
at a high temperature, for instance, can be compatible with
the subsequent on-chip NA amplification, using the same
integrated heating element [50]. Elevated temperature in the
solution can be achieved, for example, by radiating
microwaves from a monolithic microwave integrated circuit
{(MMIC) [51], or can be induced at a precise location inside a
microchannel by an external laser beam [52]. Likewise,
electrolysis, also called irreversible electroporation, necessi-
tates only microfabricated electrodes that can be also used
for fluid handling and subsequent NA separation by capillary
electrophoresis [53-55]. In particular, Motorola patented in
2004 a microfluidic device featuring embedded metal
conductors to perform both cell lysis and NA amplification
on a single chip [56]. The same company also released a
patent on a multilayered microfluidic DNA analysis system
in which cell lysis is performed by subjecting the cells to
pulses of high electric field strength [57]. Similar to
ultrasonication, the major drawback of both the thermal and
electrical approaches is associated with the formation of
bubbles inside the microfluidic system due to the elevation
of the temperature. The generation of joule heating can
however be minimized by applying electrical pulses instead
of a continuous current. Techniques such as the local electro-
generation of hydroxide ions can also help reduce the high
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field strength and wvoltage required for breaking the cells
[58].

In recent years, many approaches have been described for
microfluidic cell lysis. The chosen technique mostly depends
on the type of cells or organisms from which the NAs have
to be extracted and its compatibility with the subsequent
steps of the amalysis. Moreover, different methods can be
combined to achieve the differential lysis of a specific cell
type as proposed in the microfluidie differential extraction
cartridge developed by Microfluidic Systems [59].

1.2 24 Nucleic Acid Extraction and Purification

Following the cell lysis, the next step in NA analysis is
the extraction and purification of the NA material from the
cell lysate. On a macro-scale, NA extraction is commonly
completed by using various chemicals, precipitation and
centrifugation. However, these conventional methods are
time consuming, difficult to automate and to scale down to
small sample volumes. In particular, the centrifugation and
precipitation processes often involve the use of large-scale
apparatus, stch as that disclosed by Osanai ef al. [60]. From
this point of view, the solid phase extraction (SPE) method is
expected to become mainstream in the future where
dowmsizing 1s required. Various techniques of SPE mvolving
the use of magnetic particles, filters, silica gels and beads,
and micro- and nanoengineered surfaces have been
developed. Mowvel devices utilizing these methods are
discussed next.

I.2.2.5 Filters

Several microfluidie-based  extraction dewices that
employ filters in lateral-flow devices [61-66] and in vertical-
columns [67-70] have been described. While wvertical
column-based devices have the advantage of high throughput
due to the high-level integration of columns, their fabrication
does not benefit from microfabrication-batch process, hence
only lateral-flow devices are considered in this section. In
lateral-flow devices, a suitable sample extraction matrix
comprises filters to block the impurities resulting from the
cell lysis process while permeating the NA material [61.62].
Alternatively, a filter paper can be employed to temporarily
entrap the NAs present in the sample, while washing the
undesired contaminants [63,64]. Here, the NAs entrapped
within the matrix may be eluted and then transported into the
next charmel for further processing. Affymetrix patented a
system where the extraction device comprises a deformable
porous material for WA binding and pnewnatic ports for
fluid transport [64]. As such. it overcomes the fluidic
problems  encountered  with high surface area packed
systems. However, as the filter is added after the micro-
fluidic chamnel formation, it does not have the advantages of
batch fabrication that arise from a monolithic design.

Although most of the reported inventions use external
filters inserted into the microtluidic chamber at the assembly
level. efforts have been made to monclithically integrate
filtering functions at the fabrication level and thus simplify
the system assembly. For instance, Microtechnology Ct Man
presented a monelithic integration of a polymeric filter
produced by ablation or stamping in microchannels, which
also allows for precise control of pore size during fabrication
[65]. Alternatively, Nanostream incorporated filter-holding
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structures to easily achieve fitting and tight seal of the filter
element [66]. While on-chip filter-based extraction method
has been demonstrated, unresolved issues concerning lateral-
flow saturation at the filter and the resultant slow assay time
have led to the development of other SPE methods.

1.2 2.6 Magnetic Beads

The use of magnetic beads is an alternative extraction
method, where the target NA molecules can be captured by
complementary binding with molecular probes immobilized
on the surface of the beads. Subsequently, the beads are
collected within a channel using an applied magnetic field
and washed with an elution buffer. The NA strands,
dissociated from the surface of the magnetic beads, are
retrieved along with the buffer.

Several inventions have been reported utilizing this
method; they vary on the arangement and the number of
external magnets and microchannels. For instance. a single
magnetic field for collection of magnetic particles was
shown by Yang ef al. [71] and Kusumoto ef af. [72]. In the
latter invention, a multi-channel network is implemented to
increase throughput. To enable more efficient mixing of the
sample with magnetic beads, Kreuwel ef af from
Biomerieux presented a microfluidic device utilizing two
separate magnetic fields applied simultanecusly in different
directions [73]. In firther attempts to improve the efficiency
of target capture, Canon disclosed a patent application where
an aggregate of magnetic particles is formed thus facilitating
the capture without the need to apply a large magnetic field
[74]. Nelson er @l from Aclara Biosciences patented an
extraction-separation device consisting of a network of
channels and electrodes that control the fluid flow electro-
kinetically, while the magnetic bead collection inside the
SPE channel is carried out with a single magnet [75].
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Several microfluidic inventions tailored to the extraction
by silica-beads have been disclosed in patents and patent
applications. Norchip demonstrated the use of packed silica
beads on a PDMS microfluidic platform for NA extraction
[42]. In the presence of chelating agents, the NAs bind to the
packed silica particles. After washing, the NMAs can be
released with an elution buffer. To enhance the extraction,
the device uses several electrodes adjacent to the packed
silica beads-channel to reversibly bind and pre-concentrate
the eluted MAs an-chip. A different invention disclosed in a
patent application by Quake’s group uses a densely packed
channel network with a set of control valves instead of
electric fields to trap and release the affinity-beads [43].
However, a disadvantage of the packed beads NA-extraction
method is that the free beads are not strongly linked to the
channel, thus they can be accidentally exhausted with the
flow of solution.

As an alternative, sol-gel methods for improving NA
extraction have been developed. Landers ef @l used
immuobilized beads in a gel matrix to alleviate the problem of
free beads in the solution flow [76]. A different invention,
utilizing gel-extraction method in the form of microfluidic
disk. was developed by Gyros [77]. This device relies on
centrifugal forces for fluid transport and integrates other
necassary components for NA analysis.
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1.2 2.8 Micro- and Nano-engineered Surfices

Engineered surfaces employ different micro- [78-82] and
nano- [83] fabricated structures to improve the NA
extraction yield. They may be used to capture affinity beads
[81-83] or be coupled with a specific surface chemistry [78-
80] to increase MNA binding capacity and retention. For
instance, Microfluidic Systems has a patent pending on a
handheld portable extraction device that incorporates pillars
configired in a gradient of silica-on-silicon structures, as
represented in Fig. (4) [79]. In addition to increasing the
extraction efficiency. the gradient acts as a filter to block
physical debris present within the sample. By positioning the
pillars less densely near the input port, they block more
effectively the debris without becoming clogged. With the
debris removed, the fluidic sample passing the more densely
configured pillars is better prepared for NA extraction and
collection. A similar invention utilizing pillars etched in
silicon substrate to capture and retain NA affinity beads was
also disclosed [82]. In this device, pillars of different heights
and widths are etched to form a filter that traps the beads
onto which NAs are subsequently immobilized. An
advantage of the micropillar chip for NA purification and
concentration. besides providing increased binding surface
area, lies in the ability to produce multiplexed channels
containing compact arrays of micropillar on a small footprint
for high throughput purification.

Pillars Array

Inllew

Outflow

e

LA E NN NN N
I E F R NN NN N

Fig. (4). Gradient of increasing density of pillas on substrate for
nucleic acid extraction and purification.

However, to fabricate pillars in a silicon substrate.
expensive DRIE (Dry Reactive lon Etching) equipment and
complex fabrication methodology are required. To simplify
the fabrication process, smooth-walled silica channel with
electrically controlled fluid-flow [84], or thermally grown
silicon-dioxide on  porous silicon substrate with
appropriate surface chemistry for enhanced NA absorption
[85] have also been demonstrated. Further developments in
this arena have led to novel devices with improved surface
chemistries that employ dendrimers on glass or polymer
chamnels [86] and minor groove binders for simultaneous
detection on glass chamels [87].

1.3, Microfluidics for Nucleic Acid Amplification

Polymerase Chain Reaction (PCR) is the most commonly
used method for WA amplification. It is a three-step
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amplification process requiring three temperature transitions.
The process starts with a denaturation step, during which the
hydrogen bonds of a double stranded NaA (femplate) are
broken to form single stranded NAs. The process oceurs at
temperatures between 24°C and 96°C. In the annealing step,
the temperature is lowered to 50-65°C, allowing primers
which limit the NA region to be replicated to bind to the
single stranded template. The temperature is then raised to
70-75°C to allow the enzymatic replication of the template
by a DNA polymerase in the extension step. Several repeats
of this three-step thermocyele result in millions of copies of
the NA template.

The miniaturization of the PCR system brings particular
advantages to the amplificaion process. Specifically, it
offers a significant thermodynamic advantage as small
device dimensions and reduced sample volume exhibit less
inerfia to temperature change. Conventional PCR thermo-
cyclers achieve heating and cooling rate in the range of 2-
10°C per second. while miniaturized thermocyclers can
reach rate of 15-40°C per second. This thermal advantage
remains the key driving force in the development of micro-
fluidic PCR allowing for rapid amplification. Yet, the
thermal requirement for PCR constrains the design of
microfluidic chambers and channels for optimal heat flow
and isolation, as it limits the fabrication to thermally stable
materials.

As the first PCR patert issued in 1983 to Cetus, is set to
expire in 2006, an extensive catalogue of patents emists
deseribing  integrated PCR  systems on  microfluidic
platforms. Since Northrup ef al. in 1993 first introduced on-
chip PCR devices [88], they and many other inventors have
suceessfully patented systems that can be categorized into
well-based PCR, flow-through PCR and thermal convection
PCE, shown in Fig. (8). Various heating principles, relying
on both contact and non-contact techniques have also been
described. The general operation of the PCR starts from
extracted NA samples from upstream processing to which
primers and reagents are added. After mixing, the homo-
geneous solution can ba thermally eyeled for amplification.

1.2.1. Well-based PCR

Early microfluidic PCR systems consisted of reaction
chambers or wells, where the PCR reagents (MA template,
primers, md polymerase) are kept stationary and the
temperature is cyeled between the three PCR temperature
ranges. The amplified NAs are recovered from the chambers
for post processing upon completion of the reaction.

Morthrup A, and  eo-workers at the University of
California patented various well-based PCR designs starting
from 1996 [89-21]. These patents describe microfabricated
reactors that incorporate reagent agitators and mixers,
heaters. pumps. and later, optical or electromechanical
sensors to the PCR chamber. The inventions focus on the
design of silicon chambers that combine a eritical ratio of
silicon and silicon nitride to ensure uniform heating. Wilding
and Kricka also patented and disclosed similar approaches to
silicon PCR reaction chambers in 1996 [92,93] and 2005
[94]. They describe chambers designed with high surface to
volume ratio to facilitate thermal regulation. The thermal
cyeling oceurs in successive chambers set at different
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Fig. (5). Schematic of 3 different stmtegies for nucleic acid
amplification on-chip. T;, T. and T; rcpresent 3 specific
temperatures required for nueleic acid amplification by Polymerase
Chain Reaction (PCR).

temperatures. The latter patent application describes a
chamber design for use in conjunction with the eollection
and analysis of cell samples. A multi-chamber thermoeyeling
device patent was also granted to Biometra Biomedizinische
Analytik and the Institit fir Physikalische Hochtechnologie,
which incorporates a heat sink on the substrate and heating
elements constructed in the chamber wall [95].

In another direct adaptation of the semi-conductor
fabrication technology, a patent by Tamiya e al presents a
rapid implementation of an array of hydrophilic microwells
etched into a hydrophobic substrate via anisotropic bulk
etching [96]. Recently. other materials have been considerad
for chamber fabrication. Briscoe ef al. implemented a PCR
device, using ceramic multilayer technology., embedding
conductive and isolation layers to provide thermal control
[97]. Similarly, Agilent Technologies patented a micro-
reactor device in polymer materials [98]. Furthermore, the
waork at Fluidigm on elastomeric materials has led to the
disclosure of a device for PCR with & x M reaction cells
connected to samples and reagent inlets [99]. The approach
is currently used for genetic analysis in their commercial
system Biomark™.

1.3.2 Flow-Through PCR

Generally, a well or staticnary approach to PCR limits its
efficiency due to the time required for uniform temperature
transition in the reaction chamber. An alternative approach
consists of a dynamie. continuous sample flow systermn,
where solutions are moved through successive zones of
constant temperatures. The small sample volume allows the
solution to reach the temperature equilibrium quickly, while
the transition from temperature zones is only limited by the
flow rate. In an early description of this technique in 1999
[100] and patented in 2005 [101], Koehler ef al show a
microfluidic device constituting of three substrate platelets
maintained at different temperatures. A fluidic  path
meanders through each zone successively, each passage
equivalent to a PCR cycle. A similar concept was patented
by the French Commissariat Energy Atomique in 2000
[102]. In 2001, Micronics described a PCR device where the
samples and PCR reagent are mixed through a diffusion
process in the PCR channel [103]. Later, Franzan J. from
Bruker Daltonik patented an improved method of the
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temperature zone technique for very fast NA replication by
simply dividing the PCR reaction solution into fine capillary
arrays in each temperature zone [104]. The close proximity
to the heating source and small volume further reduce the
thermal inertia, allowing for a 3-step PCR thermocyele in
only a few seconds.

The meander design limits the PCR reaction to a given
number of eyeles, defined by the number of loops. An
alternative method consists of the circular path approach.
The patent for a mierofluidic continuous flow PCR device
was granted to the California Institute of Technology [105].
The device includes a rotary channel featuring multiple
temperature regions along the circular path.  Apgilent
Technology also published a similar approach. but instead of
channels, the PCR chamber is compartmentalized into 3
portions arranged in a eyelic mamer [106]. The PCR
solution flows from portion to portion during the duplication
process in a continuous fashion. A linear version of the
continuous flow rotary concept also exists. Auroux ef al.
with the Imperial College of London described a sample-
shutting PCR device in which the samiple is passed back and
forth over the three thermal zones in a straight channel [107].

In a different implementation of the continuous flow
PCR technique, the samples and reagents for NA ampli-
fication are manipulated as mierodroplets. The discrete
microdroplets are moved on a silicon based chip via
electrowetting through different temperature zones for the
thermal cycling and propelled into channels for post-
processing [108].

L33, Thermal Comvection PCR

In 2003, Benett e al. from the University of California
were pranted a patent for a PCR microfluidic device basad
on thermal convection [109]. By creating a chamber reaction
with different temperature zones and utilizing the differential
temperature to create a convection current. rapid amplifi-
cation can be realized with a simple design employing
minimal pumping mechanisms and electronic  control
COMPOonENts.

134, Thermal Comtrol and Navel PCR Approacies

In the descripion of PCR microfluidic systems, the
design of an integrated heater, temperature sensor and
control  components are central. Variations of popular
techniques using resistive elements made of platinum or
chromium are often implemented [110]. Peltier-assisted
thermoeyeling was also disclosed by the University of
Califorma [111]. A few patents are worth noting as they
describe  approaches to  increase the Theating/cooling
efficiency in order to rapidly provide stable and uniform
temperature zones. To improve thermal control, Aclam
Technology deseribed the incorporation of heat transfer films
in the structure of the microfludie charmel [112]. Li D. and
Erickson [3. also disclosed a patent for a low power miero-
channel reactor that incorporates in-channel heating elements
instead of the conventional in-wall approach [113]. In
conjunction with a capillary PCR method, Lee ef al
disclosed a device in which a conductive polymer that emits
heat under an applied current is molded around and in-
between capillaries for fast heating [114]. In other patents,
the focus is on novel non-contact techniques for termperature
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control. TR/UV heating and air cooling for multiplexed
microfluidic PCR devices have also been disclosed [115-
117]. The integration of parallel microfluidic channels and
reservoirs into a PCR microfluidic system to transport and
carrvout exothermal and endothermal chemical reactions was
also described. Such a system was disclosed by Micronics
[118]. Stichting Voor De Technische Waternschappen
published a similar concept in which one of its embodiments
uses the evaporation of acetone for cooling and the
dissolution of sulphuric acid in water to generate heat [119].

Alternative PCR methods are considerad in other patents.
Techniques such as isothermal NA amplification (e.g.
MASBA. SDA, ete [120.121]) was described using micro-
fluidic devices. In many instances, devices designed for a 3-
step PCR are well suited for these methods. Bums e al., at
the University of Michigan, for example, disclosed a micro-
fabricated device dedicated to low temperature isothermal
MNA amplification [122].

Improved handling of the PCR products were also
proposed with the use of microcarriers or microspheres on
which the MNA template is immobilized. In 1995, Hitachi
patented a capillary FCR device to amplify trace amount of
MA on microspheres [123]. In 2005, Mathies ef al. with the
University of California, deseribed an on-chip genomic
analysis system using microspheras to move the MNAs
through a matrix thermocyeling reaction chambers to a
detection area, incorporating an optical scammer for the
detection of the microcarriers [124].

Interestingly, Goel recently disclosed a novel approach to
PCR without thermocycling. referred to as Nano-PCR [125].
Denatiration, amealing and extension of the NAs can be
induced by a mechanical, hydrodynamic or electromagnetic
stress of different intensities in a NA strand, analogous to
changing the temperature. The disclosed microfluidic device
incorporates microchannels in a linear or rotary configu-
ration, treated for the anchoring of the NAs, in which
hydrodynamic flow provides tension to denature, anneal and
extend the NA strands.

14. Microfluidics for Electrophoresis and Nucleic Acid
Separation

Traditionally, efficient electrophoretic separations are
performed in either slab-gel or capillary configurations.
While slab-gel electrophoresis exhibits higher resolution,
capillary electrophoresis (CE) is more suited for high
throughput sequencing and genotyping. since it does not
require casting of a new gel prior to each separation
experiment. Although significant advances have been made
in electrophoretic analysis in silica capillaries over the past
decade, the difficulty in assembling very large mumbers of
capillary arrays that would enable large-scale screening
redirected the research focus on the development of
microfabricated electrophoresis systems [126].

Generally, in CE microchips, the substrate defines at
least one elongate capillary chamel which extends between
opposed  cathode and anode ports and  contains  the
electrophoretic medium. A typical chip-based electrophoretic
system with cross-injection and separation charmel is shown
in Fig. (6A). When a biclogical fluidic sampleis deposited in
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the sample port, electrical potential is applied to direct a
portion of the fluid sample first into the elongate
microchannel and then towards the opposed anode port The
different chemical species within the sample migrate at
distinet rates towards the oppositely charged end of the
capillary; the rate of migration is dependent on the
electrophoretic mobility of the chemical substanee in the
separaion medium (polymeric solution or gel such as
polyacrylamide and agarcse gels). As a result of their distinet
rates of migration, the various chemical components become
separated as they progress along the electrophoresis chamel
and, thus, can be separately detected. The design and
construction of electrophoretic  microfabricated  systems
however pose challenges such as achieving high-resolution
separation within a compact footprint, which requires
optimization of electrokinetic manipulations, chammnel
geometry and sieving media.

141 1. Capiliary Gel Matrix Electrophoresis

Electrophoresis in planar chips was first patented by
Salvatore from Du Port in 1990 using a simple straight
channel geometry etched in silicon substrate [127]. Follow-
ing this invention, Manz from Ciba Geigy fabricated both
silicon and glass microfluidic chips to demonstrate the use of
the electrophoretic funetions [128.129]). In the latter patent,
channel length was increased using a closed-loop arange-
ment with multiple cross-injections to make the device more
suitable for MA separation. However, the regular cross-
injection method could alter the original sample composition
in the separation chammel due to sample leakage at the
intersection by diffusion. Hence, another electrokinetic
injection method using a disjointed sample and drain channel
in a shape of a double-T to inject a well-defined sample plug
was patented (Fig. 6B) [130,131]. Another effort by Manz
and Effenhavser was directed toward increasing  the
separation efficiency by integrating two separation paths in
microfabricated devices having the shape of a double-T
piece (Fig. &C) [131]. To inerease throughput of
microfabricated CE chips, Manz and Zhang have used a
cross-injection scheme for sample loading in a multicharmnel
glectrophoretic separation device fabricated in glass and
PDMS substrates comprising of eight separation paths [132].
Burns ef al. have also addressed sample injection issue by
patenting a novel electrode-driven injection scheme and
precise interface gel casting techniques to achieve sample
focusing [133]. By fabricating an array of on-chip electrodes
to apply the electric field in the sample-loading region, the
MAs are forced to migrate and are collected at an anode
located just outside the gel interface. Next, the collected NAs
are released and enter the gel as a narrow well-defined band.
thus enhaneing sample injection and enabling low-voltage
operation. Another electrically assisted injector-concentrator
CE-device has been described by Swierkowski S.P [134]. In
this patent. sample imjection and pre-concentration s
achieved with a single input port, a featwe desirable in
highly packed array systems.

Simultaneously, other efforts have been directed towards
developing  polymer-based chips  suitable to  capillary
electrophoresis. Aclara Biosciences has used a double-T
injection scheme for a chip fabricated by hot-embossing
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Fig. (6). Designs for microfluidic eapillary electrophoresis-based
nucleic acid separation. (A) Typical cross-section design ()
Sample injection through double-T design (C) CE chip integrating
two separation paths.

PMMA [135] and Feonor [136]. In particular, the use of a
Zeonor substrate alleviates the problems related to complex
polymer surface chemistries that tend to aggravate sample
adsorption to the capillary walls and generate non-uniform
electroosmotic  flow  resulting in  reduced separation
resclution.

In order to increase the length of the separation channels
while maintaining throughput, Lin 5. from Molecular
Dynamics developed a microfabricated capillary electro-
phoretic DN A sequencing device that consists of an array of
sixteen Tem long channels that are fanned out on a 10em
diameter wafer [137]. Each channel has its own cathode,
sample and waste wells and they all converge on a commaon
high-voltage anode. An average of 457 bases per channel ean
be acquired in 15min with 99% accuracy [138]. Another
high-throughput microfabricated CE system was presented
by Davidson J. and Balch 1. [139], which uses a high density
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array of microchannels with extended read lengths enabled
by the channel geometry. To increase the effective length of
the separation channels while minimally impacting the
packing density. they use sinusoidally-shaped micro-
channels, and microchamels etched on both sides of the
substrate, comnected by a wvia. Similarly, Mathies ei al,
provided a capillary armay electrophoresis microplate with an
array of 96 radially configured separation channels [140].
The necessary separation length is provided by four
hyperturns in the center of the device, which minimizes the
geometric band dispersion introduced by tums in the
separation path. This device is able to acquire 41,000 bases
in 24 min with 99% accuracy [141].

In terms of integrated CE-detection systems, Motorola
patented a capillary electrophoresis device in which an
optical waveguide system transmits excitation radiation from
a source port into each one of the electrophoresis channels,
while a detector optical system images the fluorescence
radiation onte a CCD or photodiode array, enabling
individual monitoring of each chamel [142]. An alternative
CE-detection plattorm that fully imtegrates electrochemical
detection and high voltage electrodes with a portable power
supply was disclosed by Kevton ef al. [143].

Finally, one of the recent inventions disclosed by Lee and
Devoe demonstrates an  automated, high-throughput, 2-
dimensional DNA gel electrophoresis system. They patented
a 2-dimensional plastic microfluidic network capable of
rapidly and accurately resolving DNA fragments based on
their differences in size and in sequence [144]. Increased
throughput is achieved by rapid size-based separations in the
first dimension, followed by simultaneous transfer of the
size-separated DNA fragments together with the parallel
sequence-dependent separations in the second dimension.

1.4, 1.2, Nano-Elecirophoresis

Many deviees rely on sieving gel matices for
electrophoretic NA separation. Alternative methods utilizing
nanostructured materials are also being explored for rapid
microchannel electrophoretic separation. For instance, Yager
et al. from Visible Genetics have demonstrated a dense
separation chip comprising of 50 channels on a lem wide
substrate [145]. The device uses an extended series of
microelectrodes (i.e. multiple anodes and cathodes in each
channel to permit greater control of the electrophoretic
process) to move a NA sample through a homogeneous
separation medium to a desired location for detection or
further reaction. When a wvoltage is applied across two or
more of the microelectrodes, the charged molecules are
induced to move and separate according to the electric field
density, the type of solvent film, the charge. the shape and
the size of the molecule. Additionally, they patentad a nowvel
separation matrix that overcomes problems associated with
gel, such as the need for hydration and the randomness of the
structure [146]. The separation matrix comprises a solid
support with a plurality of nanofabricated posts and pores
that form an obstacle course for the NA strands.

Another interesting invention that relies on enfropic
recail for length-based separation of NA molecules was
developed by Craighead's group. [147]. The 3-dimensicnal
microfluidic device is formed by placing a polymer
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membrane, consisting of thick (1.5-3um) and thin (75-
100nm) regions, between two micropatterned plastic chips.
Size-dependent trapping of NA ocews at the onset of each
constriction. The separation is achieved by moving the NA
sample with short electric pulses through the porous
membrane. Short NA molecules pass completely through the
membrane, while longer NA molecules are only partially
moved into the holes. By switching off the voltage, longer
NA molecules recoil out of the holes, resulting in the
separation of the NA molecules by length. The membrane
may be a filter or artificial gel produced using electron beam
lithography to define an array of entropic traps (holes,
pillars, etc) [148,149].

Further developments in  microfabricated  capillary
electrophoresis systems have been directed towards device
optimization, such as new low-viscosity polymer sieving
matrices [150] and novel designs of electrical circuitry for
delivery of uniform electric fields in two dimensions [151].
Other  optimizations include sample pre-concentration
methods for enhanced electrophoretic separation, using semi-
permeable porous silicate membranes [152] and nanofa-
bricated obstacles [153].

. TOWARD INTEGRATED
NUCLEIC ACID ANALYSIS

In the previous sections, primary functional components
necessary to perform microfluidic NA analysis have been
reported. Many inventors deseribed adaptations of standard
laboratory approaches onto a nuniaturized format, while
others presented innovative microfluidic-criented techni-
ques. With the recent development in microfabricated valves
and pumps for liquid handling, the next step lies in the
integration of individual compeonents into a self-sufficient
device capable of delivering application-specific informa-
tiom.

MICROFLUIDIC

In this regard, the following section discusses inventions
incorporating some level of sample preparation, processing
and detection. In some applications, the integration of
sample preparation with WA separation by electrophoresis,
followed by laser induced fluorescent detection or mass
spectrometry, is sufficient. However, such systems are
limited to applications where the detection can be carried out
with only a small amount of genetic material. By reviewing
inventions that incorporate PCR - amplification  in  the
processing of the samples, the following discussion is
focused on the challenges in implementing more complex
integrated systems (Fig. (7).

The integration is necessarily application specific. as it
determines which fimetional components are to be included.
For exaniple, a microfluidic platform for NA-based diag-
nosis requires sample preparation to extract the NAs from a
blood sample, an amplification step, and a real-time
detection via a sequence-specific molecular probe. This is
opposed to an application in drug discovery, where the post-
treatment variation in expression profiles of mumerous genes
is recorded following the non-specific amplification of the
total NAs and the hybridization on a microarray chip.

Although theoretically straightforward, the integration of
individual functional components has encountered many
practical issues as the technological requirements for each
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Fig. (T Schematic of an integrated lab-on-a-chip device containing
individual  functional  microfluidic  components  for  sample
preparation, nucleic acid amplification and peost-processing, The
detection system and the control electronics should ideally be
integrated on-chip.

component may be conflicting. Additional limitations to
microfluidics, ranging from miero-to-macro interface com-
patibility to the resistance of end-users (both psychological
and economical), must also be considered in order to
understand the challenges in bringing such devices to
market.

2.1. Integration of Functional Components
2. L1 Sample Preparation and Detection

The inclusion of sample preparation is an important first
step toward integration. Many devices described in the
earlier sections for cell sorting, cell lysis, and NA extraction
can be readily inmtegrated onto a single substrate. Subse-
quently, the products of these processes can be carried to an
amplification step, as described by Norchip [42]. This
invention features a lab-on-a-chip platform  for NA
amplification displaying chambers for performing cell lysis
and NA extraction. Similarly, Micronics described an
integrated sample preparation and amplification system with
a lateral flow strip for the wvisual detection of the PCR
product [154]. Also, as reported in section 1.2.2.3, thermal
and electrical cell lysis have been integrated with a subse-
quent NaA amplification step in several inventions [50.56.57].

L L2 Efectrophoresis

An extension to the above integration is the incorporation
of controls and components for the purification  and
processing of the PCR products. In recent yvears, Mathies ef
al. have disclosed many examples of the integration of PCR
with capillary electrophoresis and detection. For instance,
they developed a PCR-CE glass chip that achieves the
enzymatic digestion and the affinity capture of DNA for
detection. patented by Affymetrix in 2001 [155]. In a more
recent invention, another device incorporating sample
preparation, PCR amplification, CE separation and detection
was disclosed [156]. Here, the detection is done using a 4-
color rotary confocal seamer described in a different patent
[157]. Mathies ef al. also released a patent application for an
integrated capillary electrophoresis-electrochemical detec-
tion system fabricated in borosilicate glass substrate to detect
DMA restriction fragments and size PCR products [158].
Furthermore, they deseribed in several patent applications a
microfabricated electrophoretic platform for sequencing that
includes sample desalting, PCR template removal, precon-

140



41 Recent Paienity on Engineering 2007, Vol I, No. 1

centration and CE analysis [159-161]. The device comprises
a four layer stack of PDMS and glass to form a membrane
used to modulate the fluid flow and allow for less interfacing
components to control very large number of valves.

Other integrated devices have been developed by Caliper
Technologies and are cwrrently being conmmercialized. In
particular, the company presented a microfluidic DNA
sequencing device that integrates sample preparation,
mixing, amplification, size separation and detection [162-
164]. In the latter system. the CE device allows size-
separation of DNA in 75 sec separation ime. In a different
Caliper Tecmologies invention, simultaneous NA separation
of a sample in 32 channels with minimal leakage was
demaonstrated [165].

Gyros also patented a device for sample purification,
amplification and separation by CE using their centrifugal
force disk approach [77]. Cardy and Allen expand on the
electrophoresis or chromatographic approach by developing
a lateral flow device for the detection of a specific NA
sequence [63]. The device consists of linearly positioned
zones containing reagents required to carry out the reactions
for NA extraction. amplification, and detection.

2.1.3. Real-time PCR Defection

The use of intercalators the likes of SYBR" Green or
ethidium bromide. and more recently sequence-specific
flucrogenic probes, such as TagMan®, enables real-time
detection of the WA products during the replication process.
The amplification kinetics are measwred, from which the
mitial concentrations of target NA fragments can be
calculated. Sequence specific probes also eliminate the need
for electrophoresis separation and further detection. Real-
time techniques are well-suited for microfluidic PCR as
many implementations feature materials that are transparent
at optically relevant wavelengths. As an example of a
successful platform, Cepheid now commercializes a real-
time PCR apparatus (GeneXpert® System) with fully
integrated sample preparation. Its patented approach consists
of a fabricated reaction chamber with optically transmissive
walls through which the excitation and detection are carriad
out [166]. Another example of integrated real-time PCR is
given by Oh er al. [167]. Alternatively, access ports can also
be incorporated in the microfabricated substrate for the
insertion of an optical system. Such a system, for instance,
was patented by Benett ef al. at the University of California
[168].

214, DNA Arvay and Hybridization Detection

Mucleic acid assays using hybridization are also widely
used in gene-expression analysis. The integration of large
DNA arrays to microfluidic PCR has been developed: as
exemplified by Lipshutz ef @l in an Affymetrix’s 1999
patent [169]. The device featwres several chambers for
performing sample preparation and amplification connected
to a hybridization chamber that includes a DNA array.
Olympus Optical also realized the integration of a DNA
array to a PCR chip that features electrophoresis for
extraction and an elliptically polarized light system for
detection of DNA hybridization [170]. Quake 5.R. and Chou
H.P. presented a modified approach to the DNA hybridi-
zation detection in which the DNA probes are immobilized
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on a closed loop chamnel (aetive flux microffuidic) [171]. The
samiples, with or without previous amplification, can be
moved into the loop and exposed repeatedly to the probes. In
a microfluidic device by Blackburn G., microchannels are
sectioned into regions in which DNA probes are bound to a
porous polymer or beads [172]. The hybridization is detected
optically by fluoreseence. Similarly, Mathies ef al. deseribed
a miniature device featuring multiple functional components
with NA probes immobilized on the substrate of the
chambers. After hybridization, the substrate is removed for
measurements under a microscope [ 156].

In other systems, electrical detection methods have been
implemented. Miles ef of. used impedance measurements for
the detection of the end-products of PCR amplification
[173]. For sequencing, Ouchi ef al. from the Tokyo Shibaura
Electric Company, patented a detection system in which a
DMA array features electrical probes for the electrochemical
measurement of hybridization [174].

2.1. Challenges of Component Integration

One major limitation impeding the integration of
individual components lies in the intrinsic properties of the
material chosen for the fabrication. The choice of material
must meet all design requirements in terms of cost
effectiveness, ease of fabrication. chemical functionality,
thermal stability and optical transparency. More often than
not, a compromise must be made to satisfy all the
requirements of an integrated functional device. Simplicity
in the design of an integration system is crucial. The
development of novel methods of analysis or processing
protocols may alleviate integration challenges by removing
certain steps in the sequence of NA analysis. Specifically,
new techniques, such as isothermal or non-thermal
amplifications (discussed in section 1.3.4) avoid the need to
design heating/cooling elements and thermal sensors. In this
case, the formation of air bubbles in microchannels due to
heating is also bypassed, along with the limitations related to
the thermal stability of the material.

The majority of inventions described previously are
microscale devices that need coupling to macrescale
equipment. In order to achieve a higher degree of system
portability and finctionality required for on-field applica-
tions, it is desirable to decrease the reliance on external
instruments. For instance, fluorescence lasers, lamps and
microscopes used for detection can be replaced with arrays
of optical or electrochemical detectors that are more suitable
to miniaturization. Rapid and automatic dispensing and
handling of small sample volumes is also needad to reduce
the level of human intervention, which in particular requires
improved  micro-fo-macro interface with  innowvative
hardware interconmection  technologies. In this regard,
integrated microfluidic devices on CD, or lab-en-a-CD, are
advantageous due to their versatility in handling fluids, their
simple rotational motor requirements and inexpensive
fabrication methods [175]. Additionally, the CD format is
already adapted to miniaturized optical detection platforms
used to image CDs at the micron resolution and soon at the
submicron resolution with the advent of DVD and HD-DVD
technologies. Several companies such as Gyros, Burstein
Technologies and Abaxis are currently commercializing CD-
based systems. However, an appropriate teclmological
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solution is not necessarily commensurate with a commercial
success. Tecan, for example, has discontinued the develop-
ment of its LabCD technology as it foresaw difficulties in
achieving *“significant economical competitiveness and
substantial market share in the required time-frame”
(Thomas Bachmann, CED of Tecan Group Ltd).

Several additional non-technological barriers can impede
the introduction of microfluidic products to the market. One
of them is the reluctance of some instrument-supplier
companies to incur additional costs and loss of profit due to
the commercialization of a new technology that is intended
to replace the equipment they are currently marketing and for
which pgreat costs were already incurred. Additional
impediments include the reluctance of end-users to adopt
new technologies (due to the costs assceiated with equip-
ment replacement and laboratory personnel training) and the
general uneasiness of the public toward micromanc-
technologies applications in life-science.

3. CURRENT & FUTURE DEVELOPMENTS
3.1. Trends for Integration

In developing the systems described in the earlier
sections, inventors have managed to circumvent the issues
related to the integration of individual fimetional compo-
nents with some success. Many of these devices employ
electromagnetic fields for liquid handling by electroosmosis,
cell sorting by DEP, electrolysis, NA electrophoretic
separation and for heating in PCR. This approach allows the
implementation of the device using fewer materials, thus
minimizing the cost and mumber of fabrication steps.
However, as for most current technologies, such integration
necessitates a certamn level of trade-oft in performance of
each functional component.

Additionally, microsized particles and beads, either made
of silica, polymers or magnetic materials, have been
successfull y incorporated in microchips at different steps of
the analysis. Microbeads dramatically increase the surface
area available for the capture of cells or NA: they are
compatible with a subsequent amplification step, and can
also be usad for detection purposes [176]. Hence, micro-
beads represent a valuable approach in the integration of
individual components.
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3.2, Nanoengineering

Recent advancements in nanctechnology have opened
new avenues for the development of nanodevices that
promise to overcome some of the limitations in miniaturized
MNA mnalysis systems. For instance, nanostructures and
nanomaterials have been explored for NA separation in
microchip electrophoretic devices as an  alternative to
polymer sieving matrices (see section 1.4.2). Densely spaced
nanofabricated structures (e.g. nanopillars) or nanopacking
medium (e.g. nancsphere solution inside a microchannel)
can replace the viscous polymers that are often unsuitable for
separation of long DNA and are difficult to inject into
narrow channels. These nanostructures can be produced in
highly parallel fashion in each separation chamel as to
maintain throughput. Additionally, surface functionalization
using self-assembled monolayers of capturing biomolecules
can provide pre-concentration and highly specific separation
of target NA molecule [177].

Although these nanoengineered systems offer advantages
of high speed, potentially increased sensitivity and speci-
ficity due to their unique material properties and processing
capabilities, they still require costly and complex fabrication
processes. Mevertheless, the proliferation of nanotechnology
in genomic analysis is certainly expected [178].

3.3, Main Contributors and Intellectual Property Market

Among the major contributors to the development of
microfluidic WA analysis technologies, many academic
researchers have plaved a critical role in the pioneering
work, including Manz, Northrup, Quake, Toner, Wilding.
and Kricka Other comtributors to the wider field of
microfluidies, such as Whitesides G.M., Madou M. and
Delamarche E. have developed alternative fabrication
methods, microfluidic components (valves, pumps, ete.), and
surface chemistries, enabling the more recent progress in
microfluidics for NA analysis [179]. Many of them have
licensed their inventions to start-up and affiliated companies,
presented in Table (1).

The development of platforms for microfluidic NA
analysis has also been carried out by small and large
companies, seeking to find a niche in an inecreasingly
crowded microfluidic market. Table (2) lists the companies

holding patents and patent applications related to
Table 1. Major Academic Researchers Identified Contributing to the Development of Intellectual Property in the Field of
Microfluidic Nucleie Acid Analysis
Name Academic affiliation Company affiliation

Manz Andreas
Morthrup Allen

(Juake Stephan
Wilding Peter

Kricka Larry

Imperial College (UK), Institute for Anabytical Sciences{ Genmany )
University of California (LSA])

Stanfiond University, Califomia Institute of Tachnology (15A)
University of Pennsylvania (LS4}

Univarsity of Pennsyvania (L5A)

Ciha Geigy (now Movartis)
Ciepheid , Microfduic Systams
Fluidigm

Aviva Riosciences, Chemeore (now
Caliper Technol ngies)

Chemenre (now Caliper Technologies)
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Table 2. Major Companies ldentified Contributing to the
Development of Intellectual Property in the Field of
Microfluidic Nucleic Acid Analysis and Sorted by

“aleoories®
Categories

Mierofluidie

Aclara Biceciencas
AVTVA Biosciences
Caliper Lilie Sciences (Formely Caliper Technologies)
Cepheid
Fluidigm {fonmealy Myoomeatrix)
Gyre
Handylab
Bicroluidic Systams
Micromics
Manogen
Manostremm

Monchip

Lifie Seiences

Becton Dickinson
Biomerienx
Bruker Daltonik
Ciba Geigy (now Novarbis)

Evotec

Diversified with Lile Sciences

AM Innovative Properties
Agilent technologies
Du Pomt

Hitachi

Electronics

Canon
Muotorala
Cilympus Optical

ST Microslecironics

Tokyo Shibaura Electronic

*Micrallwidie: companies specialized in the devdopmeant and commercial tzation of
micmiluidic prcucts; Life Sciences: companics spe
bictehnalegy, pharmmcology, sbo.: Diversifisd with Lile neex companies nol
specialized in Life nces bul with a significanl Life Sciences  depariment;
Electromics: companies specializad in eledonics and microdacironics.

FE lifz sciences such as

microfluidic NA analysis technologies. The listed companies
are classified into four distinet groups according to their field
of expertise.

Several companies, well established in their field of
competency, such as Canon and ST Microelectronies, have
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applied their technological strengths to the field of molecular
biology. Their interest is driven by the capacity of their
technology to provide solutions to wimet application areas.
In many cases, their competencies in microfabrication,
electronic design, optical system components and packaging
are essential in the development of microfluidic integrated
platforms. For companies already well established in the life
sciences providing instrumentations and laboratory equip-
ments, microfluidic technology offers a particularly enticing
opportunity. Mindful of the significant cost in replacing
existing equipments and the consumer reluctance to accept
new techmology, they are able to leverage benefits of
miniaturization by integrating microfluidic with their pre-
existing technology.

A large contingent of companies currently working
toward providing integrated WA analysis systems are smaller
companies highly specialized in microfluidic technology, as
listed in Table (3). Many originate from academia while
other from larger companies (e.g. Gyros from Amersham
Biosciences). Their competitiveness and success lies in
providing the advantage of microfluidics to current labora-
tory equipment in terms of cost and performance, as well as
in bringing portability and user-friendliness for new devices
in point-of-care diagnesis or on-field instrumen-tations,
where traditional technologies cannot provide viable solu-
tions. As a group, these microfluidic companies, however,
represent a small segment of the overall mtellectual property
market, with less than 1% of the share (Fig. (8A4)). It should
be noted that the numbers in this analysis must be taken
qualitatively, as the comparison is based on a keyword
search against a worldwide patent and patent application
database rather than a company size, sales or market value.
MNonetheless, these numbers highlight the major role that the
smaller companies play as developers and innovators in the
field of microfluidics, halding over 80% of the granted and
pending patents worldwide, as shown in Fig. (8B ).

The microfluidic market remains young and in constant
evolution and the introduction of commercial products
featuring microfluidic systems are on the rise. Many
companies have been created in the late 90s or early 2000s,
and have since merged or have established partmerships with
larger companies. Increasingly, collaborations between
companies with complementary competencies are becoming
more common, as exemplified by 8T Microelectronics joint
development with Mobidiag for mierofluidic lab-on-chip for
NA-based diagnosis.

Geographically, Japan and Europe are important players
in microflmidies: however the great majority of the
companies identified in this review, involved i microfluidic
NA mnalysis, are American. Thus, considering the US patent
market as indicative of worldwide trends, one can observe a
vear o year growth of microfluidic granted patents and
patent applications disclosed by NA  analysis-orientated
microfluidic companies (Fig. (%1). The growth in the late
1990 to 2003 sterms from the rapid introduction of novel
technologies and materials, and increased public awareness.
In recent years, a stabilization of the number of granted
patents is observed, pointing to a matwing microfluidic
technology. In wview of the number of recent patent
applications and the lengthy process of patents prosecution,
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Table 3. Deseription of Major Identified Companies Specialized in Microflmidics and Active in the Field of Nucleic Acid Analysis®
Name Creation date HU) Lacation Number of patent Commercialized product
LIE{H 84
Caliper 1995 Hopkinton, MA 222 128 Labhip
Manogen 1951 San Diego, CA 6 41 ManoChip
Manosiream 1999 Pazadena, CA 36 4 Rrio Cariridge
Cepheid 1996 Sunnyvale, Ch 27 42 GaneXpart, SmanCyclar
{iyros 2000 Uppsala, Sweden 21 21 Gyralab BioalTy
Aclara Biosciences 1995 San Francisco, CA 16 58 LabCard
Fluidigm 1995 San Francisco, CA 12 4 Topaz, Riolark
AVIVA Bimsciences 1995 San Diego, CA 12 0 SaalChip
Micronies 1996 Redmond, WA 9 9 Microllow, Microcylomater
Handylah 1989 Aam Arbiur, M1 4 3 Integrated cartridga
Morchip 1998 Klokkarsiua, Morway i 1 MucliSens
Microfuidie Sy lems 2001 Plaasanton, CA 1} 3 Riolyser
SUEG: mimbar of US granted patent; USA: number of US patent application since 2002
A B
7.7%
35.1% 4%
1.5%
13.3% 0.3% 81.4%

O Microfuidic companies
B Diversified companics

O Life Sciences companies

B Flectronics companics

Fig. (8). Pie charts representing the distribution of intellectual property by company eategory. The search includes worldwide patents and
patent applications of the companies listed in table 2 without any time limitation, (A} General intellectual property. (B Intellectual property
in the field of microfluidics as defined by the presence of the words “microfluidic”, “micrachannel™ or “microfabricated channel™ in the title

or abstract of the document.

one can expect the current trend to continue in the coming
Yedrs.

CONCLUSION

In this paper, recently disclosed patents and patent
applications of microfluidic devices in key subject areas of
NA malysis have been presented. As evident from this
review, the major focus has been on the development of
individual components for sample preparation, WA
amplification, separation, and detection schemes on-chip,
and great success has been reached in the miniaturization of
each of these areas. However, to take full advantage of

miniaturization technology for on-field applications, the
ability to achieve full integration ameng different system
components is essential in order to construet self-contained
lab-cn-a-chip MA  analysis system. In this regard, the
technical challenges (fabrication materials and micro-to-
macro interconnects) along with non-scientific issues related
to the introduction of new technology to the market, still
need to be overcome. The more recent trends have therefore
focused on the use of electromagnetic fields, bead and
particles proven to be compatible with individual steps of
MNA analysis. Additionally, exploration of nancengineered
surfaces promises to solve some of the material-related

144



86 Receni Patenity on Engineering 2007, Vol I, No. |

(Lh1]

.

Mualic et al

1598 K 11|

year

O US granted patent

2002

2003 2008

B US applcation simnce 2002

Fig. (9). Annual total number of US patents and patent applications (since 2002 of the companies specialized in microfluidies listed in tables

Zand 3.

challenges. Despite this work, the progress toward integra-
ting many or all functions of an assay on-chip is difficult,
since the conditions needed for successtul completion of all
steps of NA analysis, from cell sorting to detection, are not
necessarily compatible. Nonetheless, several companies
identified in this review are marketing commercial products
which exhibit a certain level of integration. A continued
collaboration between researchers with different expertises is
needed in this highly multidisciplinary field, to enable rapid
technological innovations that will overcome the integration
challenges and allow the commercialization of self-contained
lab-on-a-chip nucleic acid systems.
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