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Summary
In this PhD Thesis low-cost functionalized Lab-on-(bio)Chip systems (LOC) for their use as
analytical tools for environmental and biomedical applications have been developed.

Based on photonic LOC approaches (PhLOC) previously defined in our group, the potential of
these devices in analysis was explored first. Multiple Internal Reflection (MIR) optofluidic
systems made of cost-effective polymers, such as polydimethylsiloxane (PDMS), using rapid
fabrication processes were applied for the detection of different analytes (cells and heavy
metal ions) and their performance compared with other more conventional analytical
techniques.

In order to confer selectivity to the PhLOCs, different surface modification protocols for
protein immobilization on the polymeric materials used in this work were developed and
compared. These methods keep the optical and structural properties of the material
unaltered. Horseradish peroxidase (HRP) was chosen as a model protein in these studies, and
the resulting biofunctionalized surfaces tested by measuring the enzymatic activity to
hydrogen peroxide in the presence of 2,2’azino-bis (3-ethylbenzthiazoline-6-sulfonic acid)
(ABTS) redox mediator, whose green colored enzymatic product could be detected by
absorbance measurements. The stability of the immobilized HRP was also tested for periods
longer than one month.

Finally, other fluidic components and functionalities were added to the previously applied
PhLOCs in order to enhance their performance. Microfluidic structures such as
biofunctionalized mixers (therefore also playing the role of reactors) were monolithically
integrated with a MIR, resulting in a PhLOC with enhanced analytical performance. These new
elements decreased the analysis time and sample / reagent volumes. With the integration of a
gold electrochemical cell in the substrate, a dual readout LOC (DLOC) was developed, which
enabled simultaneous optical and electrochemical transduction and made the developed
system self-verifying, thereby improving its reliability. The potential of this DLOC was shown by
developing an analytical tool for measuring glucose. Glucose oxidase (GOx) and HRP were
immobilized following the protocol developed in this Thesis and applied as the specific
receptors for the detection of glucose based on an enzymatic cascade reaction also using ABTS
redox mediator.

As an additional study, the applicability of the developed functionalization protocol was tested
on different polymers and the immobilization of biological components other than enzymes
was also carried out.
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Resumen

En esta Tesis de Doctorado se han desarrollado sistemas lab-on-a-chip (LOC) funcionalizados
de bajo coste para su uso como herramientas analiticas en aplicaciones medio ambientales y
biomédicas.

Inicialmente se explord el potencial de LOCs fotdnicos (PhLOC) previamente definidos en
nuestro grupo, como sistemas en analisis. Se aplicaron sistemas microfluidicos de Reflexidon
Interna Mudltiple (MIR) fabricados en polimeros de bajo coste, como polydimetilsiloxano
(PDMS), siguiendo un procedimiento rapido de fabricacién, en la deteccion de diferentes
analitos (células e iones de metales pesados) y su funcionamiento se comparé con el de otras
técnicas analiticas mdas convencionales.

Para dotar de selectividad a los PhLOCs se desarrollaron y compararon diferentes protocolos
de modificacién de superficies para la inmovilizacion de proteinas en los materiales
poliméricos utilizados para la fabricacién de estos sistemas. Estos métodos mantienen
inalteradas las propiedades dpticas y estructurales del material. Se utilizé la peroxidasa de
rabano (HRP) como proteina modelo para estos estudios, y las superficies biofuncionalizadas
resultantes se testaron mediante la medicion de la actividad enzimdtica en la reaccién de
reduccion de perdxido de hidréogeno en presencia del mediador redox 2,2’azino-bis (3-
ethylbenzthiazoline-6-sulfonic acid) (ABTS), cuyo producto enzimatico de color verde pudo ser
detectado mediante medidas de absorbancia. Se midiéd la robustez del proceso de
inmovilizacién mediante la medida de la actividad del HRP durante un periodo superior a un
mes.

Finalmente, se afiadieron nuevos componentes fluidicos y funcionalidades a los PhLOCs
previamente aplicados para mejorarsu desempefio. Estructuras microfluidicas tales como
mezcladores biofuncionalizados (actuando en consecuencia como reactores) se integraron
monoliticamente con el MIR, dando lugar a un PhLOC con mejores prestaciones analiticas.
Estos nuevos elementos disminuyeron el tiempo de analisis y el volumen de muestra y
reactivo. Con la integracién de una celda electroquimica de oro en el substrato, se desarrollé
un LOC con lectura de medida dual (DLOC), que permitid la transduccién simultdnea dptica y
electroquimica e hizo el sistema desarrollado autoverificable, mejorando asi su fiabilidad. Se
mostré el potencial de este DLOC mediante el desarrollo de una herramienta analitica para la
medida de glucosa. Se inmovilizaron glucosa oxidasa (GOx) y HRP siguiendo el protocolo
desarrollado en esta Tesis y se aplicaron como receptores especificos para la deteccién de
glucosa basada en una reaccidn enzimatica en cascada utilizando el mediador redox ABTS.

Como estudio adicional, se testd la aplicabilidad del protocolo de funcionalizacién en
diferentes polimeros y también se llevd a cabo la inmovilizacién de componentes biolégicos
diferentes a enzimas.
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Chapter 1

1.1.Introduction

The term Total Analysis Systems (TAS) refers to analytical platforms that integrate all (or most
of) the components required for performing a complete analytical protocol®. Sampling, sample
pre-treatment, chemical reactions, separations, analyte detection, product isolation and data
analysis can be directly carried out without minimum manipulation by the user. The starting
idea in the development of TAS was to offer a solution to the limited performance of existing
sensor devices by offering the possibility to directly manipulate complex samples and
incorporate several steps during the analysis®®. Such systems have greatly evolved by the
application of microfabrication processes that gave rise to the miniaturization of the different
integrated components and the addition of more and more complex analytical procedures
(Figure 1.1).

Microfluidic system

Figure 1.1. Representation of the evolution from standard analytical procedures to the miniaturization
of these processes.

Thus, Manz et al. in the year 1990 introduced the term Micro TAS (UTAS), also known as Lab-
on-a-Chip (LOC). Usually, LOCs make use of microfluidics. This term refers to the science and
technology of systems that process or manipulate small amounts of fluids, in a range from 10
to 107" liters. Here, channels between tens and hundreds of micrometers are commonly used?,
although the technology is nowadays able to provide with structures with much smaller
dimensions. Rigorously speaking, the first microfluidic analytical system was presented more
than a decade before the introduction of the pTAS concept by S.C. Terry®. From that seminal
work, microfluidic systems have dramatically evolved, primarily due to the advances in
micro/nanofabrication techniques’. Today, a large variety of different structures are ready to
be included in LOCs in order to carry out all the required steps in analytical processes, such as
channels, reactors, pumps, chromatographic columns or detectors. LOC research field is
inherently multi-disciplinary, combining the knowledge of different areas for their design,
fabrication and application. Physics provides with the understanding of microfluidics, behavior
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of the different materials employed, as well as some detection methods®. Microtechnology
assures high quality LOC elements, as could be electrodes or other electronic components”’.
Chemistry provides with the chemical reactions that are used in analytical and synthetic
processes'®, and also in the chemical modifications of the microsystems™. Biology is also
important since many of the applications are biomedical and the incorporation of of
biosensors into LOC requires the manipulation of biological agents as recognition element®.
All these recent advances have brought important advantages that are not offered by other
analytical tools and that will be described below.

1.2.Performance of LOCs

LOCs offer many advantages that come not only from the miniaturization, but also from the
mergence of a variety of structures with different purposes for sample handling and
manipulation. The advantages include the need of small volume of sample and reagents,
separations with a high resolution, low cost set-ups® and minimization of power consumption
and analysis time**. Monolithic fabrication processes can be used, reducing dead volumes and
eliminating the coupling of different fluidic components that can be cumbersome and may give
rise to poor system performance. Miniaturization also enables taking advantage of different
physicochemical phenomena that are not dominant at larger scales, such as laminar flow™,
different diffusion regimes®™, electrokinetic pumping'®, surface tension-driven flows' or
acoustic streaming™®. These phenomena can be used to improve the performance of the
systems. While the fluids in the macroscale present a chaotic movement, in microfluidic
systems they present a laminar flow behavior, since the fluid viscosity dominates instead of its
inertial behavior and thus Reynolds number values below one'*are common. A fluid with a
laminar flow is very predictable and can be used together with other fluids to create gradients
of physicochemical properties'. Péclet number defines the type of mixing that can be found in
fluids, by relating diffusive and advective mass transport. In the microscale, diffusion is
dominant, since the Péclet number becomes very small (P<<1)®. Diffusion can be used to mix
liquids, or special structures that increase the turbulence can be designed and fabricated in
order to reduce the mixing time'. Separations by on-chip chromatography can also be
improved since the elapsed time for the diffusion of analytes from one flow to another is
decreased compared to the diffusion at the macroscale®. Another property of the miniaturized
systems is that the ratio between the liquid volume and the wall surface of the LOC are
decreased and the interactions between the walls and the analytes that are found in the
liqguids get more efficient. This is important for processes like immune-affinity assays,
chromatographic interactions and electrochemical detection. However, this last advantage can
become a drawback if nonspecific adsorption occurs. Surface modifications are very important
to avoid this problem® and several studies have been made in order to solve this problem by
depositing protein-repellent molecules on the LOC walls such as polyethylene glycol (PEG)** or
polyvinyl alcohol (PVA)%.

Hence, it becomes clear why LOCs have evolved from simple microchannels to a myriad of

different systems ranging from drop generators to single-cell cultivation systems*?. In this
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way, more complex and high throughput experiments can be performed, with multiplexed
measurements for the detection of different analytes at the same time.

For the existence of such a high diversity of LOCs the development of microfabrication
techniques and new materials has been essential. Here, some of the most usual procedures
will be described.

1.3.Fabrication, materials and procedures

The first LOCs were based on silicon micro-machining®. Silicon has the advantage of being
extensively used by the semiconductor industry. It is a widely studied material that can be
patterned by well-established fabrication techniques. Nevertheless, it also has limitations:
when applying electrical detection modes, it requires the growth of a relatively thick SiO,
insulating layer®". In addition, it is non-compatible with the strong potentials used in capillary
electrophoresis and with electrokinetic pumping, which are widely used in LOCs*’. Glass has
also been used, which is chemically stable and transparent, being suitable for optical detection
methods like fluorescence or surface Plasmon resonance (SPR). However, it can present
impurities that interfere with the fabrication processes and the final device operation®. In the
last years, polymers have become more popular due to their high chemical resistance and
good optical properties. In addition, they can be modified for their functionalization, they are
cheap®®, biocompatible®! and some of them biodegradable (e.g., polycaprolactone, PCL)*, and
their microfabrication process is more cost effective than when working with silicon or glass>.

Many different polymers have been used for the fabrication of LOCs. Thermoplastics (Figure
1.2a) such as polystyrene (PS), poly(methyl methacrylate) (PMMA), cyloolefin copolymer (COC)
or polycarbonate (PC), are composed of chains that are weakly bonded together, or even not
bonded, making it possible to soften with the increase of the temperature. Some of them, such
as PC or PMMA, are transparent in the visible part of the electromagnetic spectrum (reaching
deep-UV light in the case of COC), making them suitable for fabricating optical detection
systems. All these materials are soluble in most organic solvents, but they are resistant to
acetonitrile, which is used in liquid chromatography®. They are electrical insulators but they
can be functionalized with the adequate substances that make them conducting or to change
their magnetic properties®. By contrast, poly(phenylene vinylene) and polyaniline are
thermoplastic materials with an inherent conductivity and have been used for the fabrication
of electronic components. The thermosetting polymers (Figure 1.2b), like poly(dimethyl
siloxane) (PDMS), are elastomers that can be patterned on a mold via a cross-linking process.
They are not soluble in organic solvents®* and they present a higher thermal and structural
stability than thermoplastics®. Overall, in spite of the above mentioned advantages of
polymeric materials for LOCs, they also show drawbacks, mostly related to their elastic
behavior. They have a low Young’s modulus and then microstructures of these materials are
prone to collapse and deform. In addition, they show non-specific adsorption to biomolecules,
thus limiting their use for bioanalytical applications®.
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Figure 1.2. Representation of a typical (a) thermoplastic polymer and (b) a thermosetting polymer.

The development of micro-/nanostructures with the mentioned polymeric materials can be
carried out using different micro- and nanofabrication techniques. Among them, soft
lithography (also known as cast molding)®® is a parallel technique widely applied for rapid
prototyping and also mass-production, mainly due to its cost-effectiveness and simplicity
comparing with the well-known photolithographic processes. It consists of the preparation of a
soft mold by casting a liquid polymer precursor against a rigid master. The advantage of soft
lithography over other lithographic techniques is that, once the master is obtained, the
resolution of the mold is determined by van der Waals interactions, wetting and kinetic
factors, but not by optical diffraction. Different polymers can be used for molding, but the
most common one is PDMS. Its liquid precursor is mixed with a curing agent and poured over
the master, as it is shown in Figure 1.3. Then, it is cured to induce cross-linking and then it is
peeled off. The resulting mold can be sealed to define a fluidic structure, or it can be used as
another master for printing the desirable material on a surface by microcontact printing®’,
microtransfer molding®® or micromolding in capillaries®.
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Figure 1.3. Soft lithography process for microfabrication with PDMS.

There are several ways and materials to obtain the master. Some of the most usual materials
are photoresists. They are light-sensitive polymers that are coated onto a substrate and
patterned through a mask containing the desired geometries, as shown in Figure 1.4. A
photochemical reaction is induced on the photoresist with the irradiation using the adequate
light power density® (at a specific wavelength, normally being G-, H- or I-line, corresponding to
435.8 nm, 404.7 nm and 365.4 nm, respectively). In positive photoresists, the solubility of the
irradiated area increases, while the opposite effect happens in the negative-tone photoresists.
Then, the soluble areas are removed by the adequate developer. The master fabrication
process is the most expensive and time consuming step in soft lithography, but it only needs to
be done once. Replica molding can be carried out many times from one single master to obtain
a relatively high number of replicas*’, until the degradation of the master occurs. The most
usual photoresist is SU-8, which is an epoxy-based negative resist, invented together by IBM
and EPFL and patented in 1989*. Using this resist, generally the master withstand up to 50
replicas without compromising its quality.
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Figure 1.4. Photolithography process using a negative photoresist over a silicon wafer.

Masters, and microsystems in general, can also be fabricated by micromachining. Here, two
main techniques are used: Bulk micromachining consists in the selective etching of the
substrate material (usually silicon, using the BOSCH process*) in order to define the required
structures. A sequence of masking layer formation and etching processes are used (Figure
1.5). An advantage of this technique is that the structure presents high quality, low-stress and
excellent mechanical properties. On surface micromachining, a similar process is followed but
sequentially deposited layers are patterned and etched. An important advantage of this
technique is that the structures obtained can be much smaller than the ones produced by bulk
micromachining®.

Etching

Figure 1.5. Selective removal process on bulk material by etching.
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Micromilling can also be used as a low cost alternative towards obtaining masters, enabling
the machining of metallic materials, which have a longer duration. However, the diameter of
the drill limits the resolution of the structures. This problem can be solved by using the laser
machining technique (laser ablation). In this method, a high power density is applied on a very
small spot area (up to >1 x 10™ W/cm?)®. It is suitable for producing high quality structures on
hard materials like ceramics, silicon carbide and hardened steel*®. Another important
advantage is that a mask is not required and the pattern can be directly written on the final
material, even in 2 % dimensions-. The main disadvantage is that it is time consuming. In
addition, if it is applied on polymers, effective ablation depends on the polymers absorption at
the laser wavelength®’.

Once the master is fabricated, the replica mold can be obtained not only by soft lithography as
previously described, but also by hot embossing (Figure 1.6a). In this technique, a
thermoplastic flat material is heated above its glass transition temperature, with the aim of
softening it as it is pressed against the master. Then the material is cooled and the
thermoplastic is separated from the master, with the patterns already defined®. It is a rapid,
inexpensive, simple and straightforward process. Its resolution is limited by the process used
for the fabrication of the master. If three-dimensional structures are desired, injection molding
process can be used by melting a polymer inside a closed master under high pressure (Figure
1.6b)*.

(a) (b)

Thermoplastic ‘

Injected
polymer

Thermoplastic l

28

Figure 1.6. Fabrication process by (a) hot embossing and (b) injection molding.
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Polymeric materials commonly used for LOC fabrication are hydrophobic and suffer from
serious fouling processes when working with hydrophobic molecules and macromolecular
structures such as proteins. Here, surface modification processes that avoid or minimize these
effects are required®’. In addition, LOCs sometimes incorporate areas or components that are
functionalized with biomolecules in order to provide them with the capacity to selectively
interact with target analytes and be applied for separation or sensing purposes®’. Surface
modification procedures for achieving these objectives will be described next.

1.4.Surface modification of Microsystems

There are two categories in which surface modification methods can be divided depending on
their effect on the surface: physical and chemical: (i) Physical methods induce the change of
roughness, grain sizes and grain boundaries of the material without affecting the chemical
composition of the surface. Examples of this group include surface polishing or grinding and
thermal treatments™. (ii) Chemical methods introduce changes in the chemical composition on
the surface of a material by breaking chemical bonds of the polymer structure and creating
functional groups.

The main approaches reported so far regarding the chemical methods are described below.

1.4.1. Plasma activation

The energetic species that are present in a plasma (ions, electrons, radicals, metastable
species, UV photons) (Figure 1.7) can modify a surface in a variety of ways such as surface
activation by introduction of new chemical functionalities, cleaning by removal of
contaminants or etching by material volatilization and removal. These processes are limited to
the most outer layer of the substrate®. The composition of the surface material and the gases
used, together with the process parameters (pressure, power and exposure time) have to be
controlled in order to optimize the activation process™. For example, plasma treatments using
oxygen, ammonia or air could generate carboxyl or amine groups on polymer surfaces. The
appropriate selection of the plasma source and gas plays a role in the introduction of different
surface functional groups. They modulate a variety of surface properties such as wettability,
adhesion and biocompatibility. These functional groups could also be useful for the covalent
immobilization of other molecules®'. As an example, Peng-Ubol et al. applied oxygen plasma to
create carboxylic groups on polyethylene surfaces prior to further carry out wet chemical
modifications for immobilizing antibodies against Salmonella Typhimurium®?.
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Figure 1.7. Representation of a surface treatment with plasma oxygen.

1.4.2. Chemical vapor deposition (CVD)

This technique consists in the deposition of thin films by reaction of gas phase precursors with
the surface of the material, as shown in Figure 1.8. CVD systems deliver a mixture of reactive
and carrier gases (typically hydrogen, nitrogen or argon) and volatile reactive compounds (i.e.
metal halides, carbonyls or alkoxides). These gases and compounds are flowed over the
surface at a controlled temperature. The deposition is achieved by different methods such as
thermal decomposition, oxidation and hydrolysis, leading to a reaction between the surface
and the constituents of the vapor phase®>. As an example, Gupta et al. used this method to
coat the surface of high aspect ratio capillary pore membranes and silicon trenches with
poly(1H,1H,2H,2H-perfluorodecyl acrylate) (PPFDA) with the aim of demonstrating that it is
possible to use this method to coat high aspect ratio microstructures with organic polymers>.

— Gas phase

Deposited atoms

Substrate

Figure 1.8. Representation of a CVD process.
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1.4.3. UVirradiation

This technique is based on the fact that the energy of the photons is high enough to dissociate
various chemical bonds, forming free radicals on a surface, which can react with photo-excited
species present in the surrounding medium (reactive gases or other specific compounds) (see
Figure 1.9)®. Okajima et al. demonstrated that UV irradiation of poly(butylenes terephthalate)
(PBT) removes alkyl chains and ester bonds and forms anhydride groups>. This process does
not require costly equipment and patterned surface modifications can be carried out by using
lithographic techniques®. However, if lasers are used to perform the irradiation in specific
small areas instead of UV lamps, the cost can be increased considerably™.

/ ‘ \ UVirradiation

{ Surface I

COOH
—COOH
—COOH

|

—COOH

Protein binding

Figure 1.9. Representation of a surface modification process by UV irradiation.
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1.4.4. Wet chemical modifications

Functional groups can be introduced on surfaces by directly incubating liquid phase reagents.
These treatments are sometimes preferred due to their low cost compared to plasma
processes'’. Once these groups are introduced, other molecules can be easily attached
through covalent bonds. As an example, the hydrophilic nature of silicon oxide can be
improved by immersion in an acidic solution of hydrogen peroxide. The reactivity of silanes
with the silanol groups of silicon oxide can be used to introduce new functional groups through
incubation in a silane containing solution®’. 3-aminopropyltriethoxysilane (APTES) is a very
common silane and it introduces amine groups on the modified surface (Figure 1.10). These
groups can further react with a crosslinker (i.e. glutaraldehyde) in order to obtain new
additional groups that enabled the covalent attachment of proteins or other biomolecules.
Molecules containing amine and ester residues can also be attached to surfaces that present
carboxylic  groups  with the help  of  thionyl chloride or 1-ethyl-3-
(dimethylaminopropyl)carbodiimide (EDC)®. Following this approach, Brault et al.>® activated
carboxylic acid groups on a chip surface by submerging them in an aqueous solution of EDC
and N-hydroxysuccinimide (NHS) prior to the immobilization of antibodies. The attached
antibodies could then detect different analytes directly from undiluted human plasma.
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Figure 1.10. Representation of the silanization process of a hydroxylated surface with APTES in an
acetone solution.

One very specific kind of wet chemistry is the modification by sol — gel chemistry. The term sol
— gel refers to a process that includes hydrolysis and condensation reactions of precursors to
synthesize inorganic or hybrid organic-inorganic polymer matrices. It includes two main steps
(represented in Figure 1.11): the formation of a colloidal suspension, the sol, which upon
further assembly and drying gives rise to a gel. Further curing and ageing steps produces stable
polymeric materials. Dopants can be included inside the gel in order to provide it with the
desired functional properties®®. Carregal-Romero et al.** used this technique for the fabrication
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of polymers doped with fluorescent molecules and demonstrated their performance by
fabricating waveguides with absorption and emission bands that corresponded to the doping
dyes. Orhan et al.®* used the sol — gel technique to modify a PDMS microchannel with a coating
using tetraethyl orthosilicate and trimethoxyboroxine as precursors. This coating served as a
protector with no cracks for PDMS, avoiding the diffusion of harsh chemicals chemicals as
toluene that could swell PDMS. The diffusion was visualized using the fluorescent dye
rhodamine B dissolved in toluene.

Figure 1.11. Representation of a surface modification process by sol - gel chemistry.

The previously described fabrication and modification methods also depend on the detection
technique that will be used. Due to the growing popularity of LOCs and their great
diversification, many detection methods have been reported, being most of them optical,
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electrochemical or mass detection methods. These can be integrated in the LOCs following
different strategies, as is described below.

1.5.Detection techniques

1.5.1. UV/Vis absorbance measurement

In this technique (represented in Figure 1.12), a spectrophotometer is used to measure the
attenuation of the light as it crosses the sample. A spectrum of the light is obtained and the
peaks located therein are used to identify the compounds and their concentration that are
present in the sample®. This method is very common in biochemical analysis®. Optical signals
present immunity to electromagnetic interferences and multiplexed detection can be carried
out in a single system®. In addition, the cost of the fabrication is low since micro-optic
structures can be defined in a single photolithographic step and fabricated in one single
polymer piece®®. However, the miniaturization of the LOCs leads to a shortening of the optical
path length, decreasing the absorbance signal which is proportional to it®’. This problem was
solved by Llobera et al. by including air mirrors that lengthen the optical path®. As an example
of a LOC with optical readout, Balslev et al.*® presented a system with a liquid dye laser,
waveguides and fluidic channels with mixers. The laser emitted the light into five waveguides
that brought the light to a fluidic channel that plays the role of a spectrophotometry cuvette
and that transmitted the light to a photodiode array for the absorbance measurements. A
microfluidic mixer directs the samples to the cuvette in order to obtain the absorbance results
of different fluid mixes. They tested the LOC with a Rhodamine 6G solution as laser dye for the
absorbance measurement of different xylenol orange dye concentrations.

Light source Absorbed light

Sample

Transmitted light

Figure 1.12. Representation of absorbance process of a sample.

1.5.2. Fluorescence detection
In this method, which is shown in Figure 1.13, a light source (typically a laser) is used to excite
a fluorescent sample. Its emission is detected by either a photodetector or a spectrometer®. It
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is widely used for molecular sensing as it is very well-established, very sensitive®® and suitable
when working with small sample volumes. However, it is limited to the detection of analytes
showing inherent fluorescent properties or labeled with fluorescent molecules™. A problem
when using this method is that the Stokes shift (difference between excitation and emission
wavelengths) is generally very short, thus requiring expensive, orientation dependent
interferometric filters. In addition, many polymers and even some molecules present auto-
fluorescence, which may interfere in the detection of the target analyte®. Finally, mercury
lamps and lasers are used as light sources® as well as detectors attached to microscopes,
which makes the setup bulky and expensive. For this reason, miniaturization of the different
elements of the setup is being pursued. Carregal-Romero et al. for example, developed xerogel
polymeric absorbance micro-filters that could be integrated into microfluidic devices in order
to eliminate the signal of the excitation light”. Lefevre et al. published a microfluidic chip for
water pollutant detection that presented a blue organic light emitting diode (OLED) for
illumination, an organic photodetector (OPD) to detect the emission of the excited sample
(algal fluorescence in the near infrared region), a filter between the OLED and the detection
chamber to eliminate the undesired part of the OLED emission, and a second filter between
the detection chamber and the OPD to remove the excitation light that was not adsorbed by
the algae’.

Laser light source Sample

Excitation light

P

— Emitted light

Figure 1.13. Representation of fluorescence emission process of a sample.

1.5.3. Chemiluminescence detection
This technique is similar to the fluorescence detection, but the emission of light is
photochemically caused by a specific reaction with the target analyte (Figure 1.14). In this way,
the excitation light source is avoided. Very sensitive detectors are required due to the weak
intensity that the signal commonly shows®>. Nevertheless, the technique is highly sensitive, it
provides with wide linear measurable ranges, simple instrumentation is required and there is
no interference from background light”>. Kamruzzaman et al. presented a microfluidic chip for
the detection of L-phenylalanine by detecting the enhancement effect that this compound has
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on the chemiluminescent signal of the luminol-Cu**-hydrogen peroxide (H,0,) system in an
alkaline medium”.

N
[ >
b Surface Analyte
\Q\' JJ"liecognition )
h element " Light

Figure 1.14. Representation of chemiluminescence emission of an analyte after its recognition process.

1.5.4. Interferometric detection
For carrying out this method (Figure 1.15), a single light source is split into two beams. Only
one of them is sensitive to the analyte present in the sample, which causes a change in the
effective refractive index. This, in turn results in a phase shift that, when recombining the
optical beams, produces an interferometic pattern. It is highly sensitive and can be readily
used for label-free detection approaches®. Their main disadvantages are the complexity of the
design, fabrication and required positioning accuracy’”.

Crespi et al.® for example designed a three-dimensional Mach-Zehnder interferometer, which
was integrated in two different microfluidic chips: a self-made one and a commercial LOC for
capillary electrophoresis, providing label-free detection with a spatial resolution of about 10
pm. They tested the interferometer integrated in the self-made chip by monitoring the change
in the refractive index due to the transition between pure water and glucose solutions of
different concentrations, while the interferometer integrated in the commercial LOC was
tested by measuring the change between ethanol and peptides after a calibration with glucose
solutions. They obtained a limit of detection (LOD) of 5 mM glucose with the first approach,
while the second one presented a larger responsivity and a LOD of 5 mM for the glucose and 9
mM for the peptides.
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Figure 1.15. Representation of an interferometric detection system.
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1.5.5. Surface-enhanced Raman spectroscopy (SERS)
SERS is a very sensitive technique (Figure 1.16) that makes use of a nanostructured surface

whose Raman scattering response is enhanced by the adsorption of molecules’®. However, it is
limited by the inconsistency in the reproducibility and preparation of the substrates, requiring

an optimization of the nanofabrication strategies’’.

Taylor et al. fabricated a microfluidic separation device that integrated a diffusive mixing
region for SERS detection of analytes during continuous monitoring, and they tested it by

detecting rhodamine 6G’%.
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E | ||| | ll- |
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Figure 1.16. Representation of a surface-enhanced Raman spectroscopy detection process.
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1.5.6. Surface plasmon resonance (SPR)

In this technique, a polarized light beam is focused onto a noble metal layer and it is reflected
to a detector. At a specific incidence angle, the oscillating electric charges (called surface
plasmon) generated in the metal layer resonate with the light, resulting in light absorption. A
shift in this resonance can be measured as a consequence of the change on the thickness or
the refractive index of the sensing layer, for example after a recognition process during the
analytical experiment’. It is a label free technique that is carried out in real time, it is specific,
rapid and cost-effective®®. The plasmon field has a small penetration depth into the aqueous
media, being the bulk effects from the analyte solution negligible. This makes the signal
readable before carrying out the washing steps. However, an immobilization of a recognition
element is needed and the tethering of molecules to the surface can affect the
measurement®’. A representation of the technique in Kretschmann configuration can be seen
in Figure 1.17. Ouellet et al. developed a microfluidic device with a serial dilution network for
the simultaneous detection of up to six different analyte concentrations by SPR. The device
was tested by monitoring the immobilization, binding and regeneration processes for human
factor IX, human a-thrombin and their respective antibodies®.

Photodetector

Laser light
source

Gold layer

Microfluidicchannel
Substrate

Figure 1.17. Representation of the detection by surface plasmon resonance using the Kretschmann
configuration.

1.5.7. Mass spectrometry
This technique (shown in Figure 1.18) is based on the measurement of mass-to-charge ratio of
ions generated by fragmentation of molecules by electrospray ionization (ESI). The
miniaturization of the electrospray device improves the results when compared to the ones
obtained with their bulky counterparts’. Rob et al. published a microfluidic device for time
resolved ESI-mass spectrometry that incorporated a capillary mixer and they characterized it
by monitoring acid induced cytochrome c unfolding kinetics®.
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Mass spectrometry by ESI can be problematic with samples that contain high concentration of
salts or other non-desired compounds because the formation of ions can be suppressed
making the analysis cumbersome. In addition, the interpretation of the spectra is challenging
since many peaks can appear due to the generation of many different charged species®.

High molecular
weightions
lon detector

Low molecular
weight ions

Sample

Figure 1.18. Representation of the mass spectrometry detection technique.

1.5.8. Electrochemical detection

This method is based on the charge transfer processes taking place at the interface between a
solution and a transducer device (electrode) (Figure 1.19). Most of them rely on the
polarization of the electrode at potentials at which redox reactions of electroactive species
take place. These reactions give rise to the measurement of faradaic currents, which are
related to the concentration of the electroactive species in solution. The potentials at which
the redox reactions of the target analytes occur are quite selective for each compound. This
characteristic can be used for analyte identification’®. Unlike the UV/Vis absorbance technique,
electrochemical devices can be miniaturized without any loss of sensitivity and materials do
not need to be transparent. Another notable difference is that with electrochemistry, only
analytes present at the electrode solution interface are detected while with UV/Vis
absorbance measurements all the volume through which the light passes can be considered
the interrogation region. Microelectrodes can be easily fabricated by conventional
microfabrication methods. However, this technique cannot be applicable to any target analyte,
as is restricted to those showing electroactivity or that can be labeled with electroactive
species. Another drawback of these techniques is that the surface-to-volume ratio is high and
adsorption of analytes on electrodes is difficult to avoid®. This usually gives rise to fouling of
the electrodes by sample components or chemical species produced during the analysis that
limit the sensitivity of the analysis or can even inhibit the electrode response. Webster et al.
carried out the electrochemical detection of pyocyanin using a nanofluidic chip that integrated
a palladium hybride reference electrode and a gold working electrode®.
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Flow

Figure 1.19. Representation of the electrochemical detection method.

1.5.9. Surface-acoustic wave (SAW) detection

This technique (Figure 1.20) uses the changes in the propagation of acoustic waves through a
surface due to changes in the mass or viscosity produced on the surface layer. SAW systems
operate at high frequencies, which leads to high sensitivities because the penetration depth of
the acoustic wave into the adjacent media is reduced, being in this way more sensitive toward
the changes occurred on the substrate surface®. They can also be low-cost and simple, and
they have a good mechanical property. However, they present low chemical resistance and
poor stability due to the piezoelectric substrate®. Linge et al. integrated a SAW biosensor in a
microfluidic chip for the monitorization of the adsorption of bovine serum albumin (BSA)®.

Propagating acoustic

wave ] o
Outputinterdigitated

transducer

Inputinterdigitated
transducer

Piezoelectric substrate

Figure 1.20. Representation of a SAW detection system.

1.5.10.Mechanical detection
Micromechanical structures are integrated into LOCs and functionalized with probe molecules
to selectively recognize the analytes of a sample. The most common geometry is with
cantilever-like structures. The mass changes taking place on the surface upon the selective
binding process induce the deflection of the cantilever. Figure 1.21 illustrates an example of an
antigen binding event to an antibody-functionalized cantilever. The deflection of the cantilever
or the shift in the resonant frequency can be optically (with a laser beam)® or electrically (with
piezoresistors)’ measured, respectively. The main advantage of this detection system is that it
is label free, but its low signal-to-noise ratio (SNR) together with the long response times are
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important obstacles®>. Bosco et al. applied a DVD-based read-out system with cantilever arrays
for vapor and liquid phase detection of 2,4-dinitrotoluene (DNT)®.

Figure 1.21. Representation of the deflection of a cantilever after the mass increase due to the antigen
reaction with the antibody recognition element. The cantilever where no recognition process takes place
does not deflect.

1.6.Fields of application

Clearly, cheap, portable and disposable LOCs may represent a breakthrough in healthcare
medicine and high-throughput drug discovery®. Here, it is the biological and biomedical fields,
including drug screening, single cell or single molecule analyses, biosensing and point-of-care
diagnostics (POC), the main fields of application of LOCs. Genetic analyses can be done by
integrating fluidic and thermal components such as heaters and temperature sensors carrying
out on-chip polymerase chain reactions (PCR)*. Proteins can also be analyzed and their
reactions can be monitored in real time®. Even complete cells and cell cultures can be
manipulated and analyzed by using biocompatible materials and controlling temperature®.
Biomolecules and pathogens can be identified and quantified by incorporating chip-based
biosensors in LOCs>'. The use of high-throughput systems could accelerate the required
bioassays for the discovery of new drugs”. Finally, POC diagnostics cannot be understood
without the application of LOCs, leading to cheap, portable and easy-to-use tests that can be
used for early detection of a disease and in decentralized disease screening programmes
without the need of a specialized training and can be also applied in the developing countries

or in disaster situations®.

Less numerous applications have been carried out in the environmental, food and toxicological
fields’. As examples, water contaminants like nitrates and nitrites have been analyzed in a
system by performing colorimetric measurements®; bacterial contamination (Lysteria
monocytogenes) in food has been genetically detected by capillary electrophoresis®; and
cocaine has been optically detected by a mid-infrared waveguide integrated with a microfluidic
chip™®.

As example of highly developed LOCs that have already been applied to analyte detection in

1. published a fully integrated centrifugal microfluidic system capable
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of carrying out detection of analytes directly from biological samples (blood, urine, saliva). It
performs an enzyme-linked immune-sorbent assay (ELISA) and then a flow-enhanced
electrochemical detection. This was validated for the quantification of C-reactive protein.

1.1 presented a microsystem with several parts. First, a fluid storage section is

Fragoso et a
found, which consists of five reservoirs to store the reagents and the sample. Second, an
electrochemical detection zone is defined, which incorporates electrode arrays divided in
separate chambers for performing the measurements from the samples and for the
calibration. The system integrates various microfluidic operations such as reagent storage and
transport, metering, incubation and detection. It was validated for antibody-based detection

of protein markers of breast cancer, also in real serum samples.
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2. OBJECTIVES

The main objective of this PhD Thesis was the development of low-cost functionalized lab-on-
a-chip devices (LOC) with the potential to be applied as analytical tools for environmental and
biomedical applications. Starting from a few photonic LOC approaches (PhLOC) that had
already been defined in our group, the aim of this work was to explore the potential of these
devices in analysis and, by increasing their degree of complexity, integrate additional
functionalities to them that resulted in new PhLOC devices with a clear application in the
above mentioned fields.

Several steps were followed to achieve this objective:

e Development of analytical procedures for the detection of target analytes of different
nature, such as cells and heavy metal ions, which could be implemented with low-cost
polymer-based PhLOCs and demonstrate the versatility and real potential of these
devices for analytical purposes.

e Development of immobilization protocols for proteins on the polymeric materials used
for the fabrication of PhLOCs. In order to integrate sensing components to these
devices, different surface modification methods were compared so that the stable
immobilization of proteins was attained while keeping their activity.

e Monolithic integration of specific microfluidic components which provided the
resulting PhLOC with enhanced analytical performance, such as reactors and mixing
components. Different transduction methods could also be integrated in order to get
devices that were more robust and could also be self-verifying thus greatly improving
their reliability and/or allow multiplexing. Here, the simultaneous integration of optical
and electrochemical detection approaches was carried out.

~51 ~



~52 ~

Chapter 2



Cell screening using disposable microfluidic chip systems with optical readout

3. CELL SCREENING USING DISPOSABLE MICROFLUIDIC CHIP
SYSTEMS WITH OPTICAL READOUT

3.1. 1S L 010 0 1= V2 PP 54
3.2. TNEFOAUCTION 1uteiei e 54
3.3. EXperimental details ... e 56
3.3.1. Materials and reagents ... ...vuiiiiiii 56
3.3.2. Optofluidic system design and fabrication ...........cccoiviiiiiiin e 56
3.3.3. Cell culture and 1abeliNg ...uuiuieiii e 57
3.3.4. MeasuremMent SEEUP .. ..oviiiii 58
3.4. ReSUIES @and diSCUSSION ..vuiuisiiiiiiiiiit e a e 58
3.4.1. Measurement ProtoCOoIS ... i 58
3.4.2. (Aol | = S =Y | o =N 59
3.4.3. Dead cells: LS + ABS and ABS regimMes ....uuuiuieieieiiieeeearnenenesesesararnrnsnsnensnenenenenes 61
3.4.4. Dead/Live ratio MeEasSUrEMENE .. it i r e r e r e aaeraeaneas 63
3.5. (0] o Yol 11 T=] o} o 1= 67
3.6. RIS vttt 67
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3.1.Summary

A low-cost photonic lab-on-a-chip (PhLOC) with three different working regimes for cell
screening is presented. The proposed system is able to perform scattering, scattering +
absorption, and absorption measurements without any modification. Opposite to the standard
flow cytometers, in this proposed configuration, a single 30 ms scan allows to obtain
information regarding the cell optical properties. An additional novelty is that the whole
spectrum is obtained and analyzed, being then possible to determine for each regime which is
the optimal working wavelength that would provide the best performance in terms of
sensitivity and Limit of Detection (LOD). Experimental results have provided with a LOD of 54.9
+ 0.7 cells (in the scattering regime using unlabeled cells), 53 + 1 cells (in the scattering +
absorption regime using labeled cells), and 105 + 4 cells (in the absorption regime using
labeled cells). Finally, the system has also been used for measuring the dead/live cell ratio,
obtaining LODs between 7.6 £ 0.4% and 6.7 £ 0.3%, depending on the working regime used.

3.2.Introduction

In the area of cell culture analysis, the main issues that Lab-on-a-Chip (LOC) systems have to
address are the isolation of the cells of interest and their fast screening. Cell isolation is
generally evaluated with immunofluorescent labeling, which provides high specificity at the
expenses of increasing the time and the required steps of sample processing. Additionally, for
population measurements, the counting repetition at random points is required in order to
avoid errors due to irregular or random patterns of uneven cell distribution”. Some
interesting approaches have recently been presented trying to tackle this issue’. Nevertheless,
a microscope is still required, being then necessary for manual counting of the entrapped cells
on a single device (with the possibility of having computer-assisted systems). A step forward is
the lensless, ultrawide field cell monitoring array platform based on shadow imaging (LUCAS)

that records the shadow of each individual cell**

. Although these results are a significant step
towards white light microscopy on a chip, they cannot perform multiwavelength
measurements (as could be the case of fluorescent labeling). Hence, the use of the LUCAS

configuration is restricted to cell counting.

Generally speaking, manual counting chambers, automated cell counters, and flow cytometry
are the standard methods used to determine cell concentration in cultures. Several dyes are
also used to evaluate live and dead cells in culture, based on the assumption that only dead
cells are stained®. In this approach, human errors caused by operator subjectivity in manual
counters and statistical errors due to dilutions or sample concentration in manual and
automated counters are common. Flow cytometry solves this issue but at the expense of a
high price. Hence, a fast, multiparametric, disposable system for Point of Care (POC)
applications able to count cells in a constant volume is yet to be presented.

This open issue is currently addressed with the LOCs. Regarding the detection methods, the
optical readout that is made with photonic LOCs (PhLOCs) makes possible to perform
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measurements that do not require direct contact with the cell culture or the use of potentials
which could either interfere or modify the cell properties’. Two different approaches toward
LOC can be found in the literature: performance enhancement, which means the development
of High-Throughput Systems (HTS) for multiparametric detection®, or accuracy enhancement,
with the most significant example as the use of optical tweezers for single cell analysis and
manipulation®. In both cases, the low-cost assumption is not fulfilled. The tackling of this issue
is generally associated with the use of polymers, especially poly(dimethylsiloxane) (PDMS),
using soft lithographic methods™. Considering its excellent optical and structural properties,
microfluidic and photonic elements can be monolithically defined. Not surprisingly, it has
already been used in laser-induced fluorescence systems' and optical cytometers™.
Moreover, multiplexing/filtering can also be included™®'. The integration of photonic elements
also allows removing the bulky inverted microscope and the external filters from the
experimental setup, hence having an in-plane configuration with much higher accessibility.
Besides, a final result is given directly, avoiding the possibility of interpretation errors. Finally,
its biocompatibility and its low cost make this material the most suitable for meeting the
previously mentioned requirements. Hence, polymeric PhLOC is a promising configuration,
especially in the field of cellular biology, where time dependent multiparametric
measurements have to be done without compromising the environmental conditions of either
the cells or the media. The low cost also assures having disposable systems, being then
possible to use sterile systems for each measurement.

Currently, fluorescence is the most common analytical method®™. Nevertheless, as it was
previously mentioned, the labeling adds another step to the cell preparation. Additionally,
fluorescence is emitted in 4zsr, which makes it challenging to have a reasonable amount of
fluorescence reaching the detector. Conversely, absorbance measurements can be done much
faster without requiring labeling or with a simpler labeling method. Since the absorbance is
directly proportional to the path length, larger interrogation regions reduce the Limit of
Detection (LOD). It has to be noted, however, that the increase of the optical path requires
having reflections inside the interrogation volume. Because of the low refractive index contrast
between the PDMS and the liquid that fills the interrogation region (as could be phosphate
saline buffer, PBS), the reflection coefficients at the PDMS-PBS are 0.029 for TE-polarization
and 0.062 for its TM counterpart, requiring hence long integration times for achieving a
reasonable signal-to-noise ratio (SNR) and thus inherently preventing the possibility of
implementing them in high-throughput screening (HTS).

In an attempt to go beyond this state of the art, the low cost, disposable, polymeric PhLOC
system in multiple internal reflection (MIR) configuration is used. Such MIR systems have
already been used for fluorophore detection®, but to the best of our knowledge, up to now
there has been no contribution regarding using such systems for cell screening. In addition, we
show in this manuscript that MIRs can work in the three working regimes: LS (scattering), LS +
ABS (scattering + absorption), and ABS (absorption). Opposite to cell cytometers, where the
cells are successively counted, in our approach a single measurement of 30 ms is done in the
entire interrogation region. If the cells are unlabeled or do not have absorption bands in the
wavelength range under study, a scattering band (flat absorption band) is obtained.
Conversely, when they are labeled, a superimposed absorbance band is observed. In both
working regimes, the population can be determined. Finally, by subtraction of the two
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previous results, we obtain the spectra related only to the absorption (ABS). To show the
viability of the proposed system, it has been used not only for determining the population of
labeled and unlabeled cells but also for determining the dead/live ratio. This is the first time,
to the best of our knowledge, that a PhLOC that simultaneously tackles both the human errors
of the Neubauer chamber and the cost issue of the cell counters is presented to the scientific
community.

3.3.Experimental details

3.3.1. Materials and reagents
PDMS Sylgard 184 elastomer kit was from Dow Corning (Midland, MI, US). EPON SU-8
photoresist (SU8-25) and propylene glycol methyl ether acetate (PGMEA) were from Micro-
Chem Corporation (Newton, MA, USA). RPMI 1640 medium, fetal bovine serum and trypan
blue (Gibco®) were from Life Technologies Corporation (Carlsbad, CA 92008, USA).

3.3.2. Optofluidic system design and fabrication
Optically, these PhLOCs™ form a complex system with a high degree of monolithic integration,
since they comprise self-alighment systems for adequate positioning of fiber optics, lenses,
and focusing mirrors. Light propagates in the system following a zigzag path with the help of
integrated air mirrors'’. In such conditions, the air mirrors meaningfully lengthen the optical
path without dramatically increasing the overall size of the reactor. The MIR system can be
seen in Figure 3.1.

The inherent diffraction of the light coming from the input fiber optic is corrected with a
cylindrical biconvex microlens, getting parallel light beams into the interrogation region. In a
phosphate buffered saline (PBS)-PDMS interface without air mirrors, light propagates from a
low refractive index (RI) media (npgs = 1.334) to a high RI media (nppys = 1.41). In this way, the
light would escape from the microchannel without reaching to the output fiber optic. Instead,
when the air mirrors are added, the light that propagates through PDMS reaches to a region
with a lower Rl (n,; = 1). If the incidence angle is appropriate, the light will be reflected by
Total Internal Reflection (TIR) again into the PDMS. Based on Snell’s law (n; sin 8; = n, sinB,,
where 6, is the incidence angle and 6, is the reflection angle), it is possible to determine the
critical angle in which the reflection occurs. For the air-PDMS interface it is 45.17 °. Higher
angles will produce TIR. However, for the PBS-PDMS interface, the critical angle is 70.6 °. The
mirrors are designed with the aim of fulfilling TIR conditions for the air-PDMS interface but not
in the PBS-PDMS interface. Thus, will not get confined in PDMS, and it will be reintroduced in
the interrogation region until it reaches the biconvex lens that collects the light into the output
fiber optic.

~56 ~



Cell screening using disposable microfluidic chip systems with optical readout

-

- '
y, o8 Se nment
o nel

Interrogation region

Output fiber optics S

Microlenses - s r S ——

Air mirror _ Input fiber optics

1 Cm | Microlenses

Input fluidic port

Figure 3.1. Picture of the PDMS-based MIR system. It comprises self-alignment microchannels for
accurate fiber optics positioning, microlenses, and air mirrors. All these microoptic elements ensure an
adequate zigzag path of the light along the interrogation region, which can be filled through the input

fluidic port.

For the fabrication, first a master was fabricated with EPON SU-8 25 negative tone resist. The
resist was twice spin coated in order to reach a height of 250 nm. It was dried at 95 °C for 3
hours and then a standard UV-photolithographic process was carried out, followed by a baking
step for 20 min at 95 9C, and a consecutive developing step in PGMEA. The master was ended
by a final hard bake at 120 2C for 2 hours in an inert atmosphere to harden it. Then PDMS was
used for the replication of the master. Pre-polymer was prepared by mixing the curing agent
and the base elastomer in a 1:10 (v/v) ratio and degasifying it in a vacuum chamber. The pre-
polymer was poured on the master and cured on a hot plate at 80 2C for 20 min. Then it was
peeled of from the master and sealed over a flat soda-lime glass substrate using a plasma
treatment. For this, the PDMS and the glass were placed in a TePla plasma processor (PVA
TePla AG, Munich, Germany) and exposed to oxygen plasma (500 W, 18 s). Immediately after
the treatment they were put in contact and kept at 80 2C for 30 min, irreversibly sealing the
fluidic systems. The final volume of the PhLOC is 1.6 pL.

3.3.3. Cell culture and labeling
Human monocytic cell line THP-1 (ECACC No0.88081201) was maintained in RPMI 1640 medium
with 20% fetal bovine serum at 37 °C in 5% CO.. Before each experiment, cells were rinsed
twice in PBS tempered at 37 °C and kept alive in an incubator under controlled temperature
and atmosphere. To obtain the dead cell population, monocytes were fixed with 4%
paraformaldehyde in PBS for 10 min. Afterwards, cells were stained with trypan blue in PBS
(1:1) for 5 min and rinsed twice in PBS to maintain the label only inside the cells and not in the
buffer. Trypan blue is one of the most commonly used methods for assessment of viability in a
given cell population®® and gives the possibility to differentiate the dead/live cells with an easy
staining procedure. The trypan chromophore is negatively charged. Hence, this stain does not
enter inside the cells unless the membrane is damaged. When it penetrates into the cytoplasm
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of dead cells through the membrane, it can be seen as a blue color on the whole area of the
cells, while live cells are still transparentlg. Finally, for the dead/live ratio measurement, both
populations were diluted to obtain the desired cell proportions. All the measurements have
been performed in PBS buffer to ensure that results are due only to the cell signals

3.3.4. Measurement setup

A broadband light source (Ocean Optics HL-2000, Dunedin, USA) is coupled into the input
multimode fiber optics with a diameter of 230 um, which in turn is located in the self-
alignment microchannels. At the end of this microchannel, a microlens corrects the numerical
aperture of the fiber optics, having then parallel beams. Light enters into the interrogation
region and interacts with the media that fills this region. As previously discussed, because of
the reflection coefficients, most of the light is transferred to the PDMS. When it reaches the air
mirror, the conditions of total internal reflection (TIR) hold. Hence, light is reflected towards
the interrogation region, reaching the second air mirror, which reflects again the light while
focusing it on the vicinity of the collecting fiber optics. Hence, light propagates in the system
following a zigzag path. The readout comprises an identical fiber optics, which carries the
signal to a spectrometer (Ocean Optics HR4000, Dunedin, USA) with a spectral resolution of 2
nm. The integration time has been fixed to 30 ms. All the measurements have been done at
room temperature in a temperature-controlled lab. This setup remains unchanged throughout
the experiment, that is, for the three regimes and for labeled/unlabeled cells.

3.4.Results and discussion

3.4.1. Measurement protocols
Three different experiments have been carried out with the proposed systems and using the
previously mentioned working regimes: counting of living cells by LS, counting of trypan blue
stained cells (both by LS + ABS and ABS) and finally the determination of the dead/live ratio at
a constant population (again by LS + ABS and ABS). The main objective is to determine the LOD
of the system for each experiment and for each regime. The following experimental procedure
has been carried out: first, the system has been filled with buffer solution (PBS) and the
readout obtained was considered as the reference for all subsequent experiments. Then, for
the LS and the LS + ABS experiments, dilutions with progressively higher concentrations of live
or dead cells from 50 to 2000 kcells/mL have been injected in the MIR. In the case of
determining the LOD of dead cells, trypan blue is used since it is a direct, nearly instantaneous
vital stain able to be used at room temperature with an optimal detection peak located at a
wavelength of 580 nm. For each cell concentration, the average of 10 consecutive scans was
taken. After measurement of the highest available cell concentration, the buffer solution is
injected again to check possible drifts of the reference signal. In all the measured sets, the
reference signal had a constant value within the experimental error. Then, the absorbance as a
function of the cell concentration has been plotted, obtaining a linear fit for different
wavelengths. In accordance to the 30 IUPAC definition®®, from the values of this linear fit, the
LOD are obtained for live and dead cells. It is noteworthy mentioning IUPAC states that the
LOD is not the lowest detectable cell concentration but also depends both on the sensitivity
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and the accuracy of the linear fit. From these data, it is possible to determine at which
wavelength the LOD has a minimum and the sensitivity is maximal, being then able to obtain
the optimal working parameters according to the cells under study. Once this optimization has
been done, a third experiment (live/dead) is pursued. A total of 11 serial tubes were arranged
with a 10% of variation in the live/dead cell ratio between them and a constant cell
concentration of 2000 kcells/mL. In this case, LS + ABS and ABS working regimes were used to
measure the dead cells percentage. The value obtained therein was afterwards compared and
confirmed using a Neubauer-counting chamber; images of this experiment were recorded with
a digital camera under an IX71 inverted microscope (Olympus) with a differential interference
contrast and a 20x objective.

To avoid non-desired cell death and minimize non-controlled variations in the optical
measurements, all the experimental work was carried out with the minimum required time
and keeping the monocytic cell line under culture conditions (37 °C in 5% CO:) until the
measurements were done.

3.4.2. Live cells: LS regime

The absorbance spectra as a function of the live cell concentration are shown in Figure 3.2a. As
expected, because of the size of such cells (between 7 and 15 um in diameter), a nearly flat
absorption band can be observed for all cell concentrations. There are two main differences of
the proposed PhLOC with those previously presented: (i) the cell detection is done in parallel.
That is, it does not work cell by cell (serial counting) as most of the cytometers but is able to
provide information regarding the cell population in the volume by a single 30 ms
measurement. (ii) Instead of measuring the absorption at a concrete wavelength, with the
proposed MIR systems, the whole cell spectral response is obtained. This approach allows
simultaneous in situ multiparametric detection by choosing the appropriate working
wavelengths. Once the LS spectral response is obtained for the different cell concentrations,
the absorbance as a function of the cell concentration can also be determined for several
wavelengths (see Table 3.1), obtaining the expected linear behavior in all cases, which is in
accordance to the Beer-Lambert law. Interestingly, and as an improvement of the state of the
art, the linear fits allow one to determine the sensitivity and the LOD for each wavelength.
From them, it is possible to determine which wavelength has the highest sensitivity and/or
lower LOD, optimizing the response of the PhLOC.

The results of this optimization for live cells can be seen in Figure 3.2b, where the sensitivity
and the LOD are plotted as a function of the wavelength. It can be seen that a plateau of
maximal sensitivity is obtained at wavelengths between 580 and 700 nm, which
simultaneously corresponds to a LOD minima, with values between 60 +1 and 38.4 £ 0.5
kcell/mL. Considering that the system has a volume of 1.43 L, these LODs correspond to 86
+ 1and 54.9 £ 0.7 cells, respectively.
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Figure 3.2. Results obtained for the scattering measurements using unlabeled cells: (a) absorbance as
a function of the wavelength for concentrations ranging from 50 to 2000 kcell/mL. The flat absorption
band is due to the cell scattering, which have a size between 7 and 15 ym. From these results, the
absorbance as a function of the concentration is obtained, which can afterward be linearly fitted (Beer-
Lambert regime). From this fit, sensitivity and LOD as a function of the wavelength for the LS regime is

obtained, which is shown in part b, which determines the optimal working wavelength.

Table 3.1. Linear fits and LODs of LS measurements for different wavelengths.

LS
Wavelength Intercept Slope R? LOD (Kcell/mL)
(nm)
Value Error Value Error Value Error
400 -0.0015 2x10* 8.2x10° 3x107 0.988 105 4
480 -0.013 1x107° 4.6x10° 1x10° 0.991 90 3
500 -0.012 1x107° 5.3x10” 1x10° 0.994 75 2
580 -0.013 1x107° 5.7x10” 1x10° 0.996 60 1
600 -0.0121 9x10™ 5.6x 107 1x10° 0.997 48.7 0.9
680 -0.0105 7x10*  555x10° 8x10”7 0.998 38.4 0.5
700 -0.012 1x10° 5.3x10° 1x10° 0.996 60 1
780 -0.004 1x10° 4.8x10° 1x10° 0.993 79 2
800 -0.007 1x10° 4.7x10° 1x10° 0.993 81 2
880 0.002 1x10° 2.7x10° 1x10° 0.986 112 5
900 0.0012 3x10*  2.23x10°  4x10”7 0.997 50.2 0.9
980 0.0018 6x10* 6.5x10° 6x10”7 0.926 269 26
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3.4.3. Dead cells: LS + ABS and ABS regimes

When a vital stain or a dye is used for cell labeling, two effects simultaneously occur:
absorption and scattering. Generally, it is challenging to uncouple them, especially if
measurements at a single wavelength are done. This issue is also addressed and solved with
the proposed system: as it is shown in Figure 3.3a, the absorbance as a function of the
wavelength for 2000 kcell/mL shows the trypan blue peak at 580 nm and the scattering band
in the wavelength range studied. In the previous subsection, the absorption band for such a
cell concentration was determined (also shown in Figure 3.3a for clarification). Hence, simply
by subtraction of both spectra, the trypan blue absorption band can be isolated.

Interestingly with labeled cells, the MIR-based PhLOC system allows working in two distinct
regimes: scattering + absorption (LS + ABS) or absorption (ABS). In the first case, the
procedure is identical to that presented in the previous section: The results of these fits are
presented in figure 3b and at also in Table 3.2. As expected, because of the strong trypan
absorption band, the maximum sensitivity is obtained at 580-600 nm. At such a range, a
minimum LOD between 53 £1 and 61 +1 cells is obtained. It is also noticeable that the
scattering band still can be seen at longer wavelengths, which allows one to have LODs of
some hundreds of cells in the NIR range (>700 nm). Such configuration is of interest for
measuring samples without preprocessing (such as labeling). Nevertheless, in the most general
situation, cell labeling is used. Then, overall spectra is formed both by contributions of
biomarkers and scattering. In this situation the scattering can be considered as a background
noise, which modifies the overall shape of the spectra. Hence, having the possibility to subtract
the scattering effects, and only obtaining the absorption/fluorescence contribution, is highly
advantageous. The results obtained in the previous section have been taken as reference and
subtracted from the spectra, as previously discussed. Again, several key wavelengths have
been taken, and their linear fit is shown in Table 3.3. Since only the trypan blue band is
obtained, the mentioned table just shows the linear fits of interest, with a minimum LOD of
105 =+ 4 cells. The comparison between both regimes can also be seen in Figure 3.3b. Although
the absorbance has a slightly smaller sensitivity, it provides a much higher specificity, since
outside the trypan blue region, LODs higher than 350 cells are obtained.
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Figure 3.3. (a) Absorbance as a function of the wavelength for the three regimes studied: LS (flat
absorption band), LS + ABS (flat scattering band and a strong trypan peak superimposed), and ABS
(only showing the trypan peak) for a cell concentration of 2000 kcell/mL. This latter regime is obtained
by subtraction of the first two regimes. Identical to the previous figure, labeled cell concentrations
ranging from 50 to 2000 kcell/mL have been used. Absorbance vs concentration is plotted, and from
these graphs, the sensitivity and LOD as a function of the wavelength for LS + ABS and ABS regimes are

obtained, which are shown in part b.

Table 3.2. Linear fits and LODs of the LS + ABS measurements for different wavelengths.

LS+ABS

Wavelength Intercept Slope R? LOD (Kcell/mL)
(nm)

Value Error Value Error Value Error

400 8x10™ 3x10%  1.04x10° 4x10’ 0.984 95 4
480 -0.009 2x10®  9.30x10° 2x10° 0.994 57 1
500 -0.016 2x10° 1.85x10* 3x10° 0.997 37.4 0.7
580 -0.016 2x10° 1.80x10*  4x10° 0.997 42.7 0.9
600 -0.011 3x10° 9.0x 10” 4x10° 0.982 100 5
680 -0.011 3x10° 7.0x 10” 4x10° 0.978 110 6
700 -0.005 2x10° 5.6x 107 3x10° 0.972 125 7
780 -0.006 2x10° 5.2x 107 2x10° 0.983 96 4
800 -0.001 2x10° 3.2x 107 3x10° 0.947 174 14
880 -0.004 1x10° 2.6x10° 2x10° 0.965 141 9
900 3x10* 2x10* 8.8x10° 3x107 0.986 86
980 8x10* 3x10* 1.04x10° 5x107 0.984 95 4
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Table 3.3. Linear fits and LODs of the ABS measurements for the wavelengths of interest.

ABS

Wavelength Intercept Slope R? LOD (Kcell/mL)

(nm)
Value Error Value Error Value Error

480 0.008 2x10° 1.9x10° 3x10° 0.761 405 79
500 0.004 3x10% 3.800x10% 4x10° 0.907 234 26
580 0.003 3x10%  1.24x10" 4x10° 0.99 74 3
600 0.003 3x10%®  1.21x10* 5x10° 0.988 82 3
680 0.001 4x10° 3.2x10° 5x10° 0.823 338 54

Up until now, we have shown that the proposed PhLOC is able to work in three different
regimes: scattering (LS), scattering + absorption (LS + ABS), and absorption (ABS), obtaining
comparable sensitivities and LODs, although each of them with distinct features. To confirm
this last point, we have selected a key application, namely, the detection of dead/live cell
ratios. To this effect, different proportions of labeled (dead) and non-labeled (live) cells (10%
variation between conditions) are mixed at a constant concentration (2000 kcells/mL) and
afterward injected in the MIR. The results of the conducted experiments are presented in the
next subsection.

3.4.4. Dead/Live ratio measurement

The absorbance as a function of the wavelength for different dead/live cell ratio is presented
in Figure 3.4a. Since the samples injected range from 0% to 100% labeled cells, the spectra also
vary from only the flat absorption band (0% of dead cells) to the conditions where the trypan
absorption peak is superimposed (100% of dead cells). An image of labeled and non-labeled
cells inside the MIR can be seen in Figure 3.4b. A closer view of the labeled cells is shown in
Figure 3.4c. Similar to the previous section, these spectra have been analyzed with two of the
previously presented regimes: LS + ABS and ABS. In the first case, the absorbance as a function
of the percentage of dead cells is presented in Figure 3.5a. The highest sensitivity corresponds
to the trypan blue region (580-600 nm), decreasing sharply both for longer and shorter
wavelengths. The values above the 70% of dead cells do not match the tendency. This effect is
understood when the same dead/live cell ratio was placed in a Neubauer counting chamber.
While the percentage of dead cells counted corresponds to the dead/live cell ratio analyzed,
the total number of cells did not; dilutions above 70% have a significant cell deficit, which
explains why these points do not follow the expected linear tendency. This point is also
noteworthy, since this behavior can be understood as a self-test system: if the experimental
value falls outside the calibration curve, a cell deficit is likely to have happened.
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Figure 3.4. Measurement of the dead/live ratio. A constant cell concentration of 2000 kcell/mL has been
selected, varying the live/ dead ratio in the 11 samples taken. In the absorbance as a function of the
wavelength, the spectra shift from the LS regime (scattering) when all cells are alive to the LS + ABS
regime (scattering + trypan peak), when only measuring dead cells. (b) Image of a concrete region of

the MIR filled with dead and alive cells in a 50/50 ratio. (c) Close view of the labeled monocytes.

Once the values above 70% had been understood, they have not been used for the
determination and the sensitivity and the LOD, which are presented in Figure 3.5b and Table
3.4. In this case, no scattering effects are observed even though we are using the whole
spectra, namely, LS + ABS. Only the wavelengths where the trypan blue absorbs show a high
sensitivity peak and an LOD of the percentage of dead cells of 7.6 + 0.4%. This effect can be
understood if we take into account that we are using a constant population of 2000 kcell/mL.
Hence, the scattering band is similar in all the samples used, and no difference in both
parameters (sensitivity, LOD) should be observed. As it was presented in the previous section,
if a variation of any of these parameters were seen, it could only be due to the variation of the
population.
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Figure 3.5. From the results obtained in the previous figure, the absorbance vs % of dead cells for
different wavelengths are obtained, which are plotted in part a, together with their respective linear fit
(using a constant concentration of 2000 kcell/mL). The wavelengths absorbed by the trypan blue have
the highest sensitivity and the lowest LOD (both in the LS + ABS and ABS regimes) as shown in part b.

Because of the constant population level, the absorption measurements are suitable to
provide lower LODs. The procedure has been similar to that previously presented, and the
results are shown in Figure 3.5b and Table 3.5. In this case, the experimental and statistical
errors of the LS + ABS make it difficult to compare their specificity, although the thinner full-
width half-maximum (FWHM) of the sensitivity for the ABS may suggest that this latter regime
has a slightly higher specificity. Again, a decrease of the sensitivity is obtained, although the
LOD for the percentage of dead cells using ABS has been experimentally measured to be 6.7
+ 0.3%.
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Table 3.4. Linear fits and LODs of the live/dead cell measurements using LS+ABS for different

wavelengths with a constant population of 2000 kcell/mL.

LS+ABS

Wavelength Intercept Slope R? LOD (% of dead cells)
(nm)

Value Error Value Error Value Error
400 0.0170 2x10* 2.7x10°  4x10° 0.851 22 4
480 0.101 3x10° 2.2x10" 6x10° 0.704 34 9
500 0.119 3x10° 49x10™ 7x10° 0.889 19 3
580 0.133 5x10° 0.0018 1x10* 0.981 7.6 0.4
600 0.134 5x10° 0.0018 1x10* 0.978 8.1 0.5
680 0.131 3x10° 43x10* 7x10” 0.857 22 3
700 0.127 3x10° 1.8x10*  7x10° 0.46 54 22
780 0.119 3x10° 6x10” 6x10” 0 135 137
800 0.109 3x10° 6x10° 6x10” 0.013 129 124
880 0.070 2x10° 6x10° 3x10° 0.251 77 44
900 0.0561 8x10* 4x10° 2x10° 0.348 65 32
980 0.0183 3x10* 1.4x10° 6x10° 0.483 52 20
Table 3.5. Linear fits and LODs of the live/dead cell measurements using ABS for the
wavelengths of interest with a constant population of 2000 kcell/mL.
ABS

Wavelength Intercept Slope R? LOD (% of dead cells)

(nm)
Value Error Value Error Value Error

480 -0.003 2x10° 1.8x 10" 3x10” 0.828 26 4
500 -0.004 2x10° 3.7x10* 4x10° 0.939 14 1
580 7.0x10™ 3x10° 1.36x10° 6x10° 0.985 7.1 0.3
600 2.0x10™ 3x10®  1.34x10° 6x10° 0.986 6.7 0.3
680 5.0x 10" 1x10° 3.0x10™ 2x10° 0.962 11.3 0.8
700 0.0028 9x10* 1.1x10* 2x10° 0.85 23.7 3

Regarding the direct applications and as an example, a CD4+T cells count below 200 cells/uL is

given as a key diagnosis for AIDS*. Such cells have not been used in our experiments but, due

to its size and its common hematopoietic origin, are comparable to these used in our

measurements. Therefore, it could be estimated that the performance of the presented PhLOC

would be similar when using CD4'T cells, and the presented LODs of the three detection

methods are far below the requested CD4T cells limit. When comparing the performance of

the presented system with the LUCAS configuration®’, it can be seen that the integration time

has been reduced more than 80 times while having a much lower LOD, reducing the

technological complexity and keeping the same error count (less than 10%).
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3.5.Conclusions

A low-cost polymeric PhLOC is presented with the attempt to tackle the inherent drawbacks of
the Neubauer cell counters: counting error due to uneven distribution, measuring speed, and
cost of the system. The proposed system takes advantage of the definition of air mirrors in the
vicinity of the interrogation region which meaningfully lengthen the optical path while keeping
the overall dimensions of the system at a reasonable size. Optically, the system has a high
degree of integration, since it comprises self-alignment systems, microlenses, and air mirrors.
Nonetheless, the whole PhLOC is defined with a single photolithographic mask using low-cost
materials (PDMS and soda-lime glass as substrates). Cell measurement has allowed
determining three distinct working regimes: scattering, where no significant absorption band
has been observed in the studied UV-NIR spectra, scattering + absorption, where over the
scattering band a clear absorption band is superimposed, and absorption, in which the two
previously mentioned spectra have been subtracted in order to have a clear view of the bands
of interest. For such characterization, and opposite to the standard procedure, a broadband
spectrum has been analyzed, being then possible to determine the optimal working
wavelengths in terms of sensitivity and LOD. Such regimes have been demonstrated with
labeled and non-labeled cells, obtaining LODs between 53 and 105 cells depending on the
working regime. Finally, as a concrete demonstration of the applications of the presented
configuration, it has also been used for measuring the dead/live cell ratio of a constant cell
concentration. The two studied regimes show LODs between 7.6 + 0.4% and 6.7 = 0.3%, that
is, with a performance comparable to the Neubauer cell counters but only requiring 30 ms for
its measurements and with the possibility of multiparametric (by detecting different
wavelengths) and continuous cell monitoring.
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Chapter 4

4.1.Summary

The selective absorbance detection of mercury(ll) (Hg*) and lead(ll) (Pb*) ions using
ferrocene-based colorimetric ligands and miniaturized Multiple Internal Reflection (MIR)
systems implemented in a low-cost photonic Lab-on-a-Chip (PhLOC) is reported. The detection
principle is based on the formation of selective stable complexes between the heavy metal ion
and the corresponding ligand. This interaction modulates the ligand spectrum by giving rise to
new absorbance bands or wavelength shifting of the existing ones. A comparative study for the
detection of Hg**was carried out with two MIR-based PhLOC systems showing optical path
lengths (OPLs) of 0.64 cm and 1.42 cm as well as a standard cuvette (1 cm OPL). Acetonitrile
solutions containing the corresponding ligand and increasing concentrations of the heavy
metal ion were pumped inside the systems and the absorbance in the visible region of the
spectra was recorded. The optical behavior of all the tested systems followed the expected
Beer—Lambert law. Thus, the best results were achieved with the one with the longest OPL,
which showed a linear behavior in a concentration range of 1 mM-90 mM Hg**, a sensitivity of
5.6 x 10° A.U. mM™ and a LOD of 2.59 mM (0.49 ppm), this being 1.7 times lower than that
recorded with a standard cuvette, and using a sample/reagent volume around 190 times
smaller. This microsystem was also applied for the detection of Pb** and a linear behaviour in a
concentration range of 3-100 mM was obtained, and a sensitivity of 9.59 x 10* A.U. mM™ and
a LOD of 4.19 mM (0.868 ppm) were achieved. Such a simple analytical tool could be
implemented in portable instruments for automatic in-field measurements and, considering
the minute sample and reagent volume required, would enable the deployment of high
throughput environmental analysis of these pollutants and other related hazardous species.

4.2.Introduction

Heavy metal ions can injure human health and pollute the environment. It is well known that
these metals are able to enter organisms and interfere with metabolic processes’, producing
physiological problems including neurological, neuromuscular, or nephritic disorders. Among
the different metals, mercury and lead are considered to be the most toxic non-radioactive
chemical elements. They are highly water-soluble, being bioavailable for animals by ingestion
of water®. The divalent cation of mercury (Hg”") is non-biodegradable, accumulative and toxic
even at very low concentrations. It can damage heart, kidney, stomach and intestines, also
causing sensory and neurological damage®. In the case of the divalent cation of lead (Pb*),
exposure to very low levels can cause neurological, reproductive, cardiovascular and
developmental disorders®.

There are several analytical techniques that enable the sensitive detection of heavy metal ions,
such as inductively coupled plasma mass spectrometry (ICP-MS)®, cold vapour atomic
absorption spectrometry (CV-AAS)®, X-ray fluorescence (XRF) spectroscopy’ and high
performance liquid chromatography (HPLC)®. However, the corresponding analyses have to be
carried out in centralized laboratories, making them expensive and not suitable for the rapid
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detection of these target analytes®>. In this context, the high toxicity of heavy metal ions has
given rise to a necessity of new systems for their detection and quantification that were
simple, portable and inexpensive. Miniaturization of analytical systems is nowadays a real
alternative to perform in situ and continuous monitoring of pollutants, which could be used as
alarm systems to target potential contamination outbreaks and thus give rise to a faster
response to tackle the problem. Lab-on-a-Chip (LOC) systems have already been applied for
the detection and quantification of heavy metal ions. Most of them rely on electrochemical or
optical detection approaches. Among the former, Zhu et al.’ developed a chip including a
mercury droplet based microelectrode to detect lead and cadmium ions. Zou et al." further
incorporated the possibility to carry out in situ and online measurements to their
electrochemical detection based chip. However, these approaches are based on the
cumbersome implementation of different materials and the application of highly toxic
electrodes. Optical detection approaches (photonic LOCs, PhLOCs) are gaining a preeminent
position mainly because they are highly sensitive non-contact techniques that show immunity
to electromagnetic interferences and provide with the capability of multiplexed detection in a
single analytical system™. In environmental applications, optical approaches have also been
reported for the measurement of heavy metal ions. There is a wealth of molecular metal ion
receptors that provide with the possibility of performing optical detection, many of them

1.2 such as 1-pyrenecarboxaldehyde thiosemicarbazone

included in a recent review by Kim et a
(a fluorescent ligand that binds Hg**)**, or an hybridized DNAzyme with an intercalated
Picogreen (PG) fluorescent molecule (which is cleaved in the presence of Pb* resulting in a

release of PG and a decrease of the fluorescent signal)™.

In this context, this work aims to show the benefits of simply combining two colorimetric

1318 which selectively interacted in solution with Hg2+ and Pb*' ions,

ferrocene-based ligands
with low-cost miniaturized PhLOCs for the rapid detection of these pollutants. Two different
PhLOCs based on MIR approaches®’, showing different OPLs, are applied for the detection and
quantification of highly toxic metal ions (Hg*" and Pb**) by using colorimetric ligands that form
selective stable complexes with the corresponding ion and, upon complex formation, new
absorbance bands or wavelength shift of the existing ones appear. The successful performance
of these PhLOCs makes them potential candidates to carry out rapid decentralized studies

directed towards monitoring these pollutants in the environment.

4.3.Experimental details

4.3.1. Materials and reagents
Hg(ClO,4), and Pb(ClO,4), were purchased from Sigma Aldrich (St. Louis, MO, US). PDMS Sylgard
184 elastomer kit was from Dow Corning (Midland, Ml, US). EPON SU-8 photoresist (SU8-25)
and propylene glycol methyl ether acetate (PGMEA) were from Micro-Chem Corporation
(Newton, MA, US).

4.3.2. Ligands
Analytical measurements in the PhLOCs were carried out by previously mixing the heavy metal
ions with the corresponding selective ligands. Previously published works have already

~71 ~



Chapter 4

demonstrated that certain derivatives of 2,3-diaza-1,3-butadiene can act as sensitive and very
selective molecular probes for the detection and preconcentration of Hg?* in standard

131819 3nd real water samples®. Here, an azine derivative bearing two ferrocene

solutions
groups was used (Scheme 4.1, ligand 1). This molecule was prepared using previously reported
procedures®’. A solution of ligand 1 in acetonitrile shows an absorbance band at 476 nm. The
addition of increasing amounts of an aqueous solution of Hg(ClO,), to this solution causes the
appearance of a new band at 551 nm, a secondary peak at 405 nm and the disappearance of
the initial band at 476 nm. The three well-defined isosbestic points indicate that a neat
interconversion between the uncomplexed and complexed species occurs. The new band is
red-shifted by 45 nm and is responsible for the change in color from yellow (neutral ligand 1)
to deep purple (complexed ligand 1). The absorption spectral data indicate a 1:1 binding model

and an association constant of 4.35 x 105 M-1 in acetonitrile™.

Scheme 4.1. Chemical structure of ligand 1 (1,4-disubstituted 2,3-diaza-1,3-butadiene bearing two
ferrocene groups) for the detection of Hg**

AN

5 N—N
- N LD

.
<

The detection of Pb®* was carried out using an imidazophenazine-ferrocene ligand (Scheme
4.2, ligand 2) whose absorbance spectra also change upon complexation with Pb** cations. This
ligand was prepared using a previously published method”. A solution of ligand 2 in
acetonitrile shows an absorbance band at 503 nm. The addition of increasing amounts of
Pb(ClO,), to this solution gives rise to a new absorbance band at 404 nm and the shift of the
initial band from 503 nm to 515 nm. Binding assays previously performed®® using the method
of continuous variations (Job's plot) suggest a 1:1 binding model with an association constant
of 1.4x10° M™.

Scheme 4.2. Chemical structure of ligand 2 (2-ferrocenylimidazo[4,5-b]phenazine) for the detection of
Pb2+
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4.3.3. Design and fabrication of the PhLOCs

The PhLOCs" consist of a microfluidic system with a defined geometry embedded in a PDMS
chip and sealed on a soda-lime glass. The analyzed volume/region is constructed so as to
reduce the mean flow cell volume. Thus, in the vicinity of the micro channels, micro-optical
elements are defined in the PDMS in the same fabrication step. These micro-optical elements
include alignment channels for positioning the input/output optical fibers as well as bioconvex
microlenses for the correction of the fibers numerical aperture. In addition, air mirrors have
been included to meaningfully lengthen the optical path without dramatically increasing the
overall size of the analytical system. Taking into account the low cost issue, all these elements
have been defined considering the refractive indices of air (n,, = 1.00), PDMS (nppms = 1.41)
and acetonitrile (n.. = 1.34)%, the latter being used as the solvent for the preparation of the
heavy metal ion samples. It has been reported that this solvent does not swell the PDMS or
induce other negative effects that could affect the performance of the analytical system?.

Images of the two PhLOC systems presented in this work can be seen in Figure 1. Both are
based on a MIR detection approach. The first one is the Propagating Multiple Internal
Reflection (PMIR) system (Figure 4.1a), in which two air mirrors are included, causing the light
to follow a zigzag path along the detection region with a total OPL of 6357 um. The second
system is the Ring Multiple Internal Reflection (RMIR) approach (Figure 4.1b), in which three
air mirrors have been included in order to increase the light path without significantly
increasing the chip size. The total OPL in the RMIR is 14264 um.

'“PUt_ Air mirror
‘._f/reservow et |:-|:\ ) a
T o iber optic
‘\. \ \ alignment channel

\ Air mirror

Fiber optic Output-
alignment channel reservoir

Air mirrors

Input
reservoir

Output
reservoir

L 4

Fiber optic 4_;

alignment channels

Figure 4.1. (a) PMIR and (b) RMIR systems used for the detection of heavy metals. The analyzed region
was filled with a red-color solution for better contrast.
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The systems were fabricated by casting of PDMS against a master made of the EPON SU-8
2025 negative tone polymer, which in turn was fabricated by standard photolithographic
processes. The methodology is described in Chapter 3 and it was previously reported by
Llobera and co-workers"’.

4.3.4. Experimental setup and measurement protocol

A comparative analytical study of the performance of the two fabricated systems as well as a
standard cuvette, which is commonly used in spectrophotometric methods (10 mm OPL, 1 mL
minimum working volume; CVD-UV1S plastic cuvettes, Ocean Optics, Dunedin, USA), was
carried out. To this effect, multimode optical fibers with a diameter of 230 um were inserted in
the alignment channels. The input fiber optic was connected to the light source (Ocean Optics
HL-2000, Dunedin, USA), whereas the output fiber optic was connected to a
microspectrophotometer (Ocean Optics HR4000, Dunedin, USA). The spectral response was
recorded using the SpectraSuite software (Ocean Optics, Dunedin, USA).

Samples containing increasing Hg2+concentrations from 1 uM to 1 mM and a 0.1 mM constant
concentration of ligand 1 in acetonitrile were pumped into the PhLOC systems by using a
vacuum pump and the resulting absorbance spectra were recorded in the visible wavelength
range (from 300 nm to 800 nm) under quiescent conditions. For each concentration, the
average of 10 spectra recorded consecutively was taken. Measurements were carried out
starting with the lowest Hg®* concentration. Acetonitrile was pumped in between
measurements to clean the microsystem. The results obtained with the two PhLOC systems
were compared to the ones obtained with the standard cuvette.

Once the PhLOC systems for Hg>* detection were characterized, the system that presented the
best performance was selected to carry out the analysis of Pb** using ligand 2 under the same
conditions in terms of concentration and experimental setup as for Hg**.

4.4.Results and discussion

Figure 4.2 shows the change of the absorbance spectra with increasing concentrations of Hg>*,
measured with the RMIR system. A similar behavior was observed with the PMIR. The signal
recorded in an acetonitrile solution just containing ligand 1 was taken as a reference. Two new
peaks were observed at 405 nm and 551 nm when solutions with increasing amounts of Hg**
were flowed through the system. Due to the fact that the ligand shows several wavelengths at
which a significant change in absorbance takes place upon increasing amounts of Hg** in the
sample, the sensitivity and LOD estimated from the calibration curves recorded for each
wavelength of the spectra were plotted against the wavelength, as in Vila-Planas et al.**
(Figure 3a and b, respectively). The LOD was calculated as the lowest analyte concentration for
which the signal exceeds the relative standard deviation of the background signal divided by
the slope of the calibration curve by a factor of 3. The calibration curves showed in all cases
the expected linear behavior (Beer-Lambert law) in a Hg** concentration range between 20
KM and 100 um for the PMIR and between 1 uM and 90 uM for the RMIR system.
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Figure 4.2. Absorbance spectra recorded in solutions acetonitrile containing 0.1 mM ligand 1 and
increasing concentrations of Hg?* in a range from 1 pM to 90 uM, with the RMIR system. Spectrum of
the ligand 1 solution was taken as reference value and two new peaks were observed at 405 nm and

551 nm when Hg?* was present in solution. Inset shows a picture of acetonitrile solutions containing 0.1
mM ligand 1 and the change in color of this solution upon addition of 1 equivalent of Hg?*.

Figure 4.3 clearly provides with the working wavelength that shows the highest sensitivity
(Figure 4.3a) and lowest LOD (Figure 4.3b) for Hg”" ions. These values were 5.6 x 10° + 1 x 10™
A.U. pM™ and 2.59 x 0.04 uM (0.49 ppm), respectively, at a wavelength of 551 nm for the
RMIR system. The LOD and sensitivity parameters attained with the cuvette were 4.38 + 0.14
UM and 4.2 x 10 + 1 x 10™ A.U. pM™, whereas for the PMIR these values were 7.0 + 0.2 uM
and 1.67 x 10° + 6 x 10° A.U. pM™, respectively. These variations are consistent with the
different optical paths of the RMIR, the cuvette and the PMIR system. Similar analytical values
were previously reported using this ligand either in solution or deposited on a nitrocellulose
membrane by measuring the absorbance or fluorescence behavior of this molecular probe®*2.
It is worth mentioning that the sample/reagent volume was 190 times lower when applying
the RMIR system (5.34 uL) compared with the volume required when the standard cuvette (1

mL minimum working volume) was used.
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Figure 4.3. (a) Sensitivity and (b) LOD values for the detection of Hg?* in a solution of ligand 1 using a
cuvette, PMIR and RMIR system in a spectral range that varies from 300 to 800 nm.

The versatility of the presented analytical approach, which combines the use of molecular
ligands that selectively interact with heavy metal ions with easy-to-use low-cost PhLOC
systems, is demonstrated by carrying out the detection of Pb*". The RMIR system was chosen
because of its best performance in the detection of Hg*". Thus, an identical RMIR system to the
one used for the detection of Hg”" was used. The analytical measurement was based on the
use of ligand 2 described in the experimental section. Here, the sensitivity and LOD were also
calculated as a function of the detection wavelength and results are shown in
Figure 4.4. A linear behavior in a concentration range of 3 uM—100 uM Pb?** was obtained, with
9.6+0.2x 10" A.U. uM™ and 4.2 + 0.1 uM (0.868 ppm) being the highest sensitivity and lowest
LOD values respectively. These results were recorded at 515 nm, at which the spectra of ligand
2 show a peak when interacts with Pb*, as described above. These results are similar to the
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ones previously reported using the same ligand and fluorescence detection™® but with the
added advantage of requiring minute sample volumes.
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Figure 4.4. (a) Picture showing acetonitrile solutions containing 0.1 mM ligand 2 and the change in
color of this solution upon addition of 1 equivalent of Pb?*. (b) Sensitivity and Limit of detection (LOD)
values for the detection of Pb?* in a solution of ligand 2 using the RMIR system through a spectral range
ranging from 300 to 800 nm.

Although the results do not allow detection of mercury® or lead® ion levels below the
threshold for drinking water defined by the US Environmental Protection Agency (EPA), the
LOD could be decreased by simply lengthening the optical path even more without significantly
affecting the overall size of the chip. Nevertheless, it should be highlighted that the LOD is also
limited in this work by the ligands themselves, which have been previously shown to provide
similar sensitivities and LOD to those achieved in this work, even when applying a fluorescence

detection approach in the case of Hg*" analysis™'®**° The increase in the length of the optical
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path is relatively simple to carry out compared with the application of other more complicated
approaches such as surface plasmon resonance®’, or electrochemistry®®. Nevertheless, it is
worth mentioning that in some countries the tolerance limits are higher. For example, in India,
the allowed levels prescribed by the Bureau of Indian Standards (BIS) for Hg?* are 10 ppm for
inland surface water and 1 ppm for drinking water?, which make the system presented here
with the potential to be directly applied in these scenarios.

4.5.Conclusions

Two low-cost polymeric PhLOC systems were presented and their potential showed when
combined with highly selective ligands for the quick in situ testing of heavy metal ions using
very small sample volumes. The described systems included air mirrors to lengthen the optical
path without increasing their inherent dimensions and presented high absorbance signals,
making them useful in miniaturized optical detection approaches.

Overall, the here presented PhLOCs could be implemented as miniaturized analytical systems
for detecting Hg** and Pb®" in an easy and cheap way. They outperform other previously
reported systems just by considering the ease and cost of their fabrication process as well as
the simplicity of the applied absorbance-based detection approach, which avoids the
implementation of electrodes'®*°, heaters or the incorporation of toxic substances such as
mercury droplets that make the system non-disposable’. Finally, these PhLOCs offer the
possibility of carrying out rapid analysis of such kind of pollutants if a continuous flow
operation mode is used. In addition, they can be included in more complex PhLOCs,
incorporating mixers for mixing the sample with the ligand or filters to eliminate particles in
suspension that would induce light scattering, as it is usually done with real samples following
the guidelines from the United States (US)*" and from the European Union*’.
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The work included in this chapter has been reported in a paper entitled “Selective
functionalisation of PDMS-based photonic lab on a chip for biosensing”, by Bergoi Ibarlucea,
César Fernandez-Sanchez Stephanie Demming, Stephanus Bittgenbach, and Andreu Llobera,
Analyst 136, 2011,3496-3502.

The methodology followed in the experimental section has been described in detail in a
protocol entitled “Biofunctionalization of PDMS-based microfluidic systems” by Bergoi
Ibarlucea, César Fernandez-Sanchez, Stephanie Demming, Stephanus Blittgenbach and Andreu
Llobera. Nature Protocol Exchange, 2011, DOI: 10.1038/protex.2011.271
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5.1.Summary

A comparative study of different approaches for the selective immobilization of biomolecules
on the surface of poly(dimethylsiloxane) (PDMS) is reported. The motivation of this work is to
set a robust and reliable protocol for the easy implementation of a biosensor device in a
PDMS-based photonic Lab-on-a-Chip (PhLOC). A hollow prism configuration, previously
reported for the colorimetric detection of analytes was chosen for this study. Here, the inner
walls of the hollow prism were initially modified by direct adsorption of either polyethylene
glycol (PEG) or polyvinyl alcohol (PVA) linear polymers as well as by carrying out a light
chemical oxidation step. All these processes introduced hydroxyl groups on the PDMS surface
to a different extent. The hydroxyl groups were further silanized using a silane containing an
aldehyde end-group. The interaction between this group and a primary amine moiety enabled
the selective covalent attachment of a biomolecule on the PDMS surface. A thorough
structural characterization of the resulting modified-PDMS substrates was carried out by
contact angle measurements, X-ray photoelectron spectroscopic (XPS) analysis and atomic
force microscopy (AFM) imaging. Using horseradish peroxidase as a model recognition
element, different biosensor approaches based on each modification process were developed
for the detection of hydrogen peroxide target analyte in a concentration range from 0.1 uM to
100 puM. The analytical performance was similar in all cases, a linear concentration range
between 0.1 uM and 24.2 pM, a sensitivity of 0.02 A.U. mM™ and a limit of detection around
0.1 umM were achieved. However, important differences were observed in the reproducibility
of the devices as well as in their operational stability, which was studied over a period of up to
two months. Considering all these studies, the PVA-modified approach appeared to be the
most suitable one for the simple fabrication of a biosensor device integrated in a PDMS PhLOC.

5.2.Introduction

The huge impact of the Lab-on-a-Chip (LOC) concept cannot be understood without the
development of polymeric materials, being polydimethylsiloxane (PDMS) one of the most
usual ones. However, one important drawback of PDMS lies in its ability to nonspecifically
adsorb biomolecules and other macromolecules, which hampers its application for chemical
sensing. In this context, its surface can be easily tailored in order to avoid such undesirable
process, or by contrast, to selectively immobilize different molecules'. PDMS surfaces have
already been treated with oxygen plasma® or UV/ozone?, in order to make the surface
hydrophilic by replacing the surface methyl groups, bound to the Si on the PDMS structure, by
silanol groups (Si—OH). These new groups are prone to chemically interact with different
functional groups, thus enabling the selective modification of the PDMS surface. However, it
should be taken into account that the properties of these silanol groups are dynamic in the
sense that the surface progressively recovers its hydrophobicity. Keeping in mind this
drawback, the fact that these processes required special instrumentation and cannot be
applied in microfluidic channels that were embedded in PDMS matrices”, alternative processes
for the selective modification of PDMS surfaces, which were easy to implement, are required.
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In this work, a study of different liquid-based surface chemical biofunctionalization methods
was carried out using a PDMS photonic LOC (PhLOC) consisting of a hollow Abbe prism
transducer configuration (Figure 5.1)°. On one hand, physical adsorption of two different
polymers containing hydroxyl groups, such as polyethylene glycol (PEG) or polyvinyl alcohol
(PVA) enabled the further silanization of the surface for the introduction of chemical functional
groups and the eventual covalent immobilization of the protein receptor. Both polymers were
previously applied to the modification of PDMS in order to avoid the non-specific binding of
proteins®’. On the other hand, a covalent modification approach was tested based on the
chemical oxidation of the PDMS surface, thus generating silanol groups onto which a
silanization process and further immobilization of the protein receptor were carried out, as
above. A thorough structural and analytical characterization of the resulting modified PDMS
surfaces was carried out. These methods could be performed in chemical and biological
laboratories and applied to PDMS microfluidic systems without the need for special
instrumentation.

Figure 5.1. Photography of the photonic Lab-on-a-Chip microfluidic system.

5.3.Experimental details

5.3.1. Materials and reagents
The EPON SU-8 2025 negative tone polymer and the propylene glycol methyl ether acetate
(PGMEA) were purchased from MicroChem Corporation (Newton, MA, USA). The PDMS
Sylgard 184 elastomer kit was bought from Dow Corning (Midland, MI, USA) and used
according to the datasheet.

99% PVA, PEG (molecular weight: 12 000 g), 30% (v/v) H,0,, 99% triethylamine (TEA), HRP type
VI, 99% 2,2’azino-bis (3-ethylbenzthiazoline-6-sulfonic acid) (ABTS), sodium cyanoborohydride
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(NaBHs;CN) and Tween 20 were from Sigma-Aldrich Co. (St Louis, MO 63103, USA). 90% 11-
triethoxysilyl undecanal (TESU) was from ABCR GmbH & Co. KG (76187 Karlsruhe, Germany).
All other chemicals were of analytical grade.

5.3.2. Fabrication of the microsystem
The PhLOC was fabricated by cast molding, following the protocol described in Chapter 3 and
previously reported by Llobera and co-workers®. The final volume of the PhLOC is 1.6 L.

5.3.3. Modification and characterization of the PDMS surfaces

Scheme 5.1. Representation of the different methods employed for the modification of PDMS surface.
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The three selected approaches for the PDMS surface modification are based on the
introduction of hydroxyl (—OH) groups. Scheme 5.1 shows a representation of the different
steps required for each functionalization process. First, the PDMS surfaces were cleaned with
ethanol and deionized water (DI H,0). For the modification shown in scheme 5.1A, a 1 mg ml™
PEG solution in DI H,0 was pumped inside the system and left to react for 1 hour at room
temperature (RT). For the modification in scheme 5.1B, the system was filled with a 1 mg ml™
PVA solution in DI H,0 and left to react for 1 hour at room temperature (RT). Scheme 5.1C
shows the direct introduction of —OH groups on the PDMS surface, using an acidic solution
containing DI H,0, 37% HCl and 30% H,0, in a 5:1:1 (v/v/v) ratio®. After each of these steps,
the surfaces were rinsed with DI H,0 and dried under a N, stream. Next, a silanization process
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was carried out by incubating the modified PDMS systems in a 99.5% ethanol solution
containing 2% TESU and 2% TEA for 1 hour at RT. Then the surfaces were thoroughly rinsed
with 99.5% ethanol and dried at 80 2C for 2 hours. The TEA induces a highly nucleophilic
oxygen in the —OH group that readily interacts with a silane’ having its ethoxy groups
previously hydrolyzed. In this way, the silane covalently bound to the surface. All these
modifications were also applied to flat PDMS surfaces having an area of 1 cm? to facilitate the
structural characterization of the resulting modified material by the different techniques
described below.

Contact angle measurements were carried out with the sessile drop method, using a Kriss
Easydrop contact angle meter and DS1 analysis software (Kriiss GmbH, Hamburg, Germany). A
drop of water was deposited on the modified PDMS surface and the angle formed between
the liquid and the solid surface was measured. XPS analysis was carried out at the facilities of
the Instituto de Nanociencia de Aragon (Spain) on an Axis Ultra-DLD spectrometer (Kratos
Analytical Ltd, Manchester, England), using a monochromatized Al Ka source (1486.6 eV).
Signals were deconvoluted with the software provided by the manufacturer, using a weighted
sum of Lorentzian and Gaussian component curves after background subtraction. The binding
energies were referenced to the internal standard Cls (284.9 eV). Atomic force microscopy
topographic and phase images of the modified surfaces were taken with a Veeco Nanoscope
Dimension 3100 (Veeco, Plainview, NY, USA), working in tapping mode.

5.3.4. Fabrication of the biosensor approach

Scheme 5.2, HRP-catalyzed reduction of hydrogen peroxide mediated by colorless ABTS, which
generates water and green-color ABTS radical cation counterpart.

SO+ SOy
N N \/
N‘ HRP ,J
+ Hy0, - N +H0
1 |
S”J\N”\ S/\NA\
“0,8 "048

The analytical performance of the different modification protocols was tested by developing a
biosensor for the detection of H,0, based on the use of HRP as a model recognition element.
The resulting aldehyde-modified PDMS surfaces bound HRP through the amine groups of its
lysine residues, by forming a Schiff base that is further reduced to a stable secondary amine
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with sodium cyanoborohydride™. HRP catalyzes the reduction of H,0, in the presence of
colorless 2,2’azino-bis (3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) charge transfer mediator,
which is concomitantly oxidized to the green-colored ABTS"* radical cation™ (Scheme 5.2). This
redox species shows an absorption peak at 420 nm and two secondary peaks at 650 nm and
720 nm, the first one being chosen for the absorbance detection of this enzymatic reaction.

The overall procedure is described in detail below. PhLOC was filled with a solution containing
1 mg ml™ HRP type VI and 5 mM sodium cyanoborohydride in 0.05M carbonate buffer pH 8,
and incubated for 1 hour at RT. Then, a 0.1 M phosphate buffer saline solution pH 7.0
containing 0.02% (v/v) Tween 20 (PBST) was pumped inside the system in order to remove the
nonspecifically adsorbed HRP molecules. The resulting biosensor systems were filled with PBS
and stored at 4 °C until use.

A fourth biosensor approach was developed by direct adsorption of the HRP enzyme on the
intact PDMS surface of the microsystem. It has been previously reported that proteins easily
physisorbed on the surface of PDMS due to its high hydrophobicity'. In this work, the PDMS
system was incubated in a 1 mg ml™ HRP solution in 0.05 M carbonate buffer pH 8 for 1 hour
at RT. Then, the system was rinsed in PBST and stored at 4 2C, in the same fashion as above.

Finally, solutions of 0.1 M acetate buffer pH 5.5 containing 0.5 mM ABTS and increasing
concentrations of H,0,, from 0.1 uM to 100 uM were sequentially pumped inside each PhLOC.
The resulting response was detected by using a LED working at a wavelength of 430 nm
(spectrally very close to the previously mentioned first absorption band of ABTS™), and
measuring the spectral response using a microspectrometer (OceanOptics HR4000).

5.3.5. Stability of the microsystems
The microsystems were stored in PBS at 4 °C for over two months. The stability of the
immobilized enzyme was studied by repeating the calibration curve in a H,0, concentration
range from 0.1 uM to 1.53 uM. The slope (sensitivity) of the calibration curve was plotted over
time for comparative purposes.

5.4.Results and discussion

Each one of the three different approaches for the modification of PDMS was chosen with the
aim of providing the surface with a different density of hydroxyl groups. The PVA adsorption
process could give rise to a higher proportion of these groups comparing with the PEG
adsorption one, taking into account the chemical structures of both polymers. As for the
chemical oxidation process of the PDMS surface, the conditions were set following an
optimization study, which showed that higher concentrations of H,0, and HCI in the solution
or longer incubation times gave rise to the PDMS surface degradation. As for the selection of
the TESU aldehyde-terminated silane, this molecule enabled the straightforward covalent
immobilization of the biomolecule receptor without the need of using cross-linking molecules.
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5.4.1. Structural characterization of the modified PDMS surfaces

A rough but rapid estimation of the degree of modification of the PDMS surface following
every step of each modification protocol was firstly provided by contact angle measurements.
Given the hydrophobic nature of the intact PDMS surface, it was apparent that the
introduction of chemical functional groups would give rise to a decrease of the contact angle
value. The PVA-based approach was the one that appeared to induce the most significant
changes on the PDMS surface. The contact angle of a native PDMS surface was found to be
114.57°, which is a similar value to that reported in previous studies®*. Following the PVA
modification step, it decreased to 102.47°. However, the contact angle did not change when
PEG was adsorbed. This may be related to the higher density of hydroxyl groups that PVA
contains in its linear structure compared with PEG, which only presents two hydroxyl groups at
both ends of its chain. This facilitates the incorporation of a higher number of silane molecules
during the silanization step, which indeed gave rise to a further decrease of the contact angle
on the PVA-modified surface to 96.9°, whereas no difference in this value was measured with
the PEG-modified samples. The chemical oxidation approach induced a change in the contact
angle value to 110.75°, which appeared to be not significant since such a value was not altered
following the silanization process. The light chemical oxidation of the PDMS surface that took
place using the HCI/H,0,/H,0 solution may account for such small differences in the measured
contact angles. All these values were plotted in a bar graph, which can be found in Figure 5.2.

Figure 5.2. Contact angle values measured following every step of each modification procedure. Error
bars correspond to the standard deviation of three replicates.

XPS analysis was carried out to make a fine estimation of the density of hydroxyl and aldehyde
groups introduced on the PDMS surface during the different modification steps. Table 5.1
shows the atom content in percentage values extracted from the XPS survey scan. An increase
in the carbon content occurred following the PVA modification step, from 43.38% to 51.74%,
while the Si percentage decreased from 36.90% to 27.05%. This is a clear indication of the
adsorption of PVA molecules on to the PDMS surface. These changes were smaller in the
samples prepared by the other treatments. High resolution spectra of the Cls region were also
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recorded. After the deconvolution of the C1 signal (Figures 5.3-5.5), new peaks could be
detected that were related to each step of the PDMS modification processes. The native PDMS
presents a unique peak that corresponds to the carbon atom of the methyl group, with a
binding energy of 284.90 eV. After the first modification steps carried out to introduce —OH
groups on the PDMS surface, a new peak was observed in all cases with energy of 286.50 eV,
which is ascribed to C-0O bonds (Table 5.2). Both PVA and PEG molecules contain this bond, but
PEG has it in lower quantities, thus giving a smaller signal in the XPS spectra. In the case of the
modification by chemical oxidation, Si-OH groups must have been introduced on the PDMS
surface, instead of C—0 bonds. However, it is reported that the oxidation of PDMS could give
rise to —OH groups bound to the carbon atom of its methyl groups (~CH3)™. This may be
responsible for the appearance of such a peak in the XPS analysis of the chemically oxidized
samples. Nevertheless, its signal is significantly lower than that of the PVA-modified surface.
Additionally, a new peak was observed in all samples further silanized with TESU. This peak is
ascribed to the C=0 bonds being part of the aldehyde end group of the silane molecules.
Again, the highest density of this group appeared in the PVA-modified PDMS. From these
results, it can be assumed that the PVA-based modification process seems to be more effective
for the introduction of chemical functional groups on the surface of PDMS, which enabled the
attachment of biomolecule receptors and thus the fabrication of biosensors.

Table 5.1. Atomic percentages of the different surfaces analyzed by XPS.

SAMPLE ATOMIC CONCENTRATION (%)
O1s 19.71

PDMS Cls 43.38
Si 2p 36.9

O1s 21.21

PVA Cls 51.74
Si2p 27.05

O1s 19.05

PEG Cls 43.85
Si2p 37.11

O1s 20.09

OXIDATION Cls 44.92
Si2p 34.99

O1s 21.29

PVA + TESU Cls 50.69
Si 2p 28.02

O1s 19.13

PEG + TESU Cls 45.36
Si 2p 35.51

01s 20.26

OXIDATION + TESU Cls 44.25
Si 2p 35.48
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Figure 5.3. High resolution XPS spectra of the C (1s) region corresponding to (a) intact PDMS, (b) after
the adsorption of PVA and (c) after the silanization process with TESU (c).
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Figure 5.4. High resolution XPS spectra of the C (1s) region corresponding to PEG-modified PDMS (a)
before and (b) after the silanization process with TESU.
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Figure 5.5. High resolution XPS spectra of the C(1s) region corresponding to PDMS (a) after the
chemical oxidation and (b) after the silanization process.
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Table 5.2. C percentages corresponding to the different chemical groups introduced on the
PDMS surface after each modification step.

Sample Bond Position (eV) Atomic percentage
PDMS C-H 284.90 100
C-H 284.90 77.96
PDMS + PVA
Cc-0 286.68 22.06
C-H 284.90 78.21
PDMS + PVA + TESU c-0 286.68 19.78
c=0 288.33 2.01
C-H 284.89 95.40
PDMS + PEG
Cc-0 286.50 4.60
C-H 284.89 89.23
PDMS + PEG + TESU Cc-O 286.50 9.70
Cc=0 288.80 1.07
C-H 284.93 91.79
Oxidation
Cc-0 286.50 8.21
C-H 284.93 90.98
Oxidation + TESU c-0 286.50 8.24
Cc=0 288.78 0.78

The topographic and phase images obtained by AFM (Figure 5.6) show that the unmodified
PDMS surface is topographically flat as well as structurally and chemically homogeneous. In all
cases, the modified surfaces upon each modification step exhibit from slight to dramatic
variations in topography and composition, depending on the applied procedure. Branch-like
structures can be observed on the PVA-modified surfaces (also shown in Figure 5.6), which are
likely to be related to the linear structure of the PVA polymer chains randomly adsorbed on to
the PDMS. Furthermore, the PDMS surface significantly changed upon the silanization process
with TESU and a honeycomb-like polymeric structure was imaged (last two images of Figure
5.6). Here, a polymerization process could have taken place among the TESU molecules
starting at those ones attached to the PDMS surface, which could somewhat act as nucleation
points for the growing of such a polymer layer eventually covering the entire substrate. The
adsorption of PEG did not seem to affect the topography of the PDMS substrates (Figure 5.7).
By contrast, the further silanization process with TESU appeared to generate homogeneously
dispersed dots, which are likely to be related to TESU-based polymer structures generated at
specific positions where an isolated —OH group, coming from the adsorbed PEG molecules,
appeared. As pointed out above, such big differences between PVA and PEG-modified surfaces
could be explained taking into consideration that PEG contains a much lower density of —OH
groups than PVA in their respective structures. These results are in good agreement with those
obtained by XPS and contact angle measurements. Regarding the chemical oxidation process,
AFM images show a surface roughness increase compared with that one of the native PDMS
(Figure 5.8). However, no significant differences were observed upon the silanization process.
These results indicate that the chemical oxidation process generated a very low density of —OH
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groups on the PDMS surface and so the further silanization with TESU appeared to slightly
change the topography of these samples.

Topography Phase
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Figure 5.6. Topographic and phase AFM pictures of the PDMS surface before and after the modification
with PVA and silane.
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Figure 5.7. Topographic and phase AFM pictures of the PDMS surface after the modification with PEG
and further silanization with TESU.
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Figure 5.8. Topographic and phase AFM images of the PDMS surface after the chemical oxidation and
further silanization with TESU.

5.4.2. Analytical performance of the different biosensor approaches

Once the HRP receptor was immobilized on the different modified-PDMS surfaces, the
analytical performance of the resulting biosensor approaches was tested in H,0, solutions in a
concentration range from 0.10 uM to 100 uM. The corresponding calibration plots (Figure 5.9)
showed a linear increase in the measured absorbance at 420 nm up to a H,0, concentration of
24.2 uM. Therefore, a linear fitting was carried out in this range and the analytical parameters
were calculated (Table 5.3). No significant differences were observed among the different
approaches. Nevertheless, the estimated error was higher for the adsorption approach, this
being related to the lack of control of the adsorption process itself and the reported instability
of the adsorbed molecules when carried out repeated measurements with the same PhLOC. A
lowest limit of detection around 0.10 uM H,0, was attained, this being between 10 and 100-
fold lower than those values previously reported with similar analytical systems based on the
use of a HRP receptor>®. Additionally, the sensitivity of the modified PhLOC improved 150
times when compared with another reported application using the same system?®.
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Figure 5.9. Calibration plots recorded with the different biosensor approaches. Each point is the mean

value obtained for each hydrogen peroxide concentration in three different experiments, the error bars

being the corresponding standard deviation. A linear range from 0 to 24.3 uM H,0, was obtained in all
cases.

Table 5.3. Analytical parameters of the four different biosensor approaches.

Modification  Sensitivity® (A.U./uM)  LOD (uM)>° R’

Adsorption  0.017+0.003 0.1240.08 0.996
PEG+TESU  0.019+0.001 0.28+0.08 0.990
PVA+TESU  0.019+0.001 0.1440.08 0.996
Oxid. + TESU  0.021+0.005 0.10£0.01 0.998

®Mean values and corresponding standard deviations of the parameters extracted from three calibration curves recorded with
different devices in three consecutive days are represented.
°LOD calculated following the 3o IUPAC criteria using the lowest order of the linear concentration range from 0.1 uM to 1.53 pM.
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Finally, the operational stability of the PhLOC was systematically tested for over a month.
Figure 5.10 shows the shift in the sensitivity values with time. Two different trends were
observed. Those devices based on the adsorption and PEG-modification processes show a
rapid decrease in the sensitivity values during the first week of operation while those based on
PVA-modification and chemical oxidation processes remained more stable for at least one
month. However, a clear shift towards lower sensitivity values was observed for the oxidation
approach after one month of operation while it was estimated that the PVA-based one
retained 82% of its initial sensitivity after two months of operation.

Figure 5.10. Sensitivity measurements of the microsystems through time after keeping them in PBS pH
7 at 4°C.

Overall, from the results presented above, the PVA and oxidation approaches gave rise to the
PhLOC systems with a better analytical performance in terms of reproducibility and stability.
Nevertheless, the structural characterization together with the analytical studies clearly
indicate that the PVA-based approach is the one to be chosen considering the apparent higher
density of chemical functional groups introduced on the PDMS surface and the longer stability
of the resulting biosensor device.

5.5.Conclusions

Different chemical modification processes that enabled the introduction of hydroxyl groups on
the surface of PDMS and the further attachment of a silane molecule for the selective
immobilization of a biomolecule receptor are reported. A thorough structural and analytical
characterization clearly indicated that the modification with PVA polymer is the most suitable
approach for the biofunctionalization of PDMS PhLOC systems. These processes do not require
any specific instrumentation, thus enabling their easy and rapid implementation in chemical
and biological laboratories working with PDMS microfluidic systems.
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Chapter 6

6.1.Summary

Two Lab-on-a-Chip (LOC) systems are presented in this chapter, both of them incorporating a
dual detection approach (electrochemical and optical). The so-called DLOC approaches
monolithically combine in one single chip a Multiple Internal Reflection (MIR) element and
additional microfluidic structures. A microreactor is integrated in the DLOC1, whereas a mixer
that plays the role of both a mixer and a reactor was added to the DLOC2, herein simplifying
the design by avoiding the integration of an extra reservoir containing the bioreceptors and
resulting in a significant reduction of the dead volumes. The concepts were validated by
functionalizing the reactor and the mixer with horseradish peroxidase (HRP) and glucose
oxidase (GOx), being possible in this way to detect glucose both optically and electrochemically
under continuous flow conditions. A limit of detection (LOD) of 1.9 + 0.1 mM glucose for the
DLOC1 at 30 pL/min and 6.3 + 0.4 mM glucose for the DLOC2 at 100 pL/min, were achieved, the latter
showing a response time of only 20s. By decreasing the flow rate of the DLOC2 to 10 pL/min, a LOD of
0.1137 £ 0.0003 mM glucose was obtained, with a response time of 60 s.

6.2.Introduction

The integration of both optical and electrochemical transduction methods in a single Lab-on-a-
Chip (LOC) is anticipated to be advantageous in different scenarios. They can provide with
either complementary information or enhanced the system performance: i) if the linear range
of each detection method is different, their combination in a single LOC improves the
concentration range where such LOC may be used (assuming that there is no cross-talk, as
discussed by Ordeig and co-workers’; ii) this integration can be used to detect analytes with
different optical and electrochemical properties (different absorbance bands, fluorescent/non
fluorescent analytes, conductivity, etc), and even to induce oxidation to some analytes,
resulting in a colored oxidized form which could be measured optically’; iii) when both
detection methods have similar sensitivity to a given analyte, their combination ubiquitously
provides the LOC with a self-verifying mechanism, which reduces the number of false
positives/negatives, resulting in a more robust and reliable LOC.

In addition to the transduction mechanism, there are several strategies towards providing the
LOC with biosensing abilities such as the development of immunosensors (by using antibodies
as recognition element)’, enzyme-based sensors® or DNA biosensors>. Among them, LOCs that
make use of enzymatic reactions have shown better performance in terms of reusability and
fast kinetics®. The inclusion of microreactors in their structure offers several advantages such
as high efficiency and repeatability. Generally, larger surface areas can be obtained, achieving
a faster mass transfer compared to the traditional batch devices. Also, reaction conditions and
time can be controlled by making changes in the design of the microfluidics’. These structures
can be used as microreactors for various purposes such as synthesis, catalysis or analytical
detections. Tudorache et al. for example, developed a microreactor by immobilizing
horseradish peroxidase (HRP) on gold patterns for the catalytic oxidation of phenol®. Luckarift
et al. used a silica-immobilization of enzymes in microfluidic systems for multi-step synthesis of
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2-aminophenoxazin-3-one from nitrobenzene under continuous flow conditions’. Baeza et al.
fabricated a ceramic device that incorporated a microreactor with immobilized R-galactosidase
enzyme for the detection of ortho-nitrophenyl R-D-galactopyranoside in continuous flow.
However, many of these reactor approaches include several fabrication steps such as the
fabrication of additional structures like gold patterns® or the mechanization of several layers®,
or make use of very low flow rates® (in the range of 50-300 pL/hr) that increase the response
time. Therefore, the development of new approaches that make both the fabrication and
measurement processes easier is required in this context.

In this work, two LOCs are presented, both of them incorporating a dual detection approach
(electrochemical and optical), which monolithically combine in one single chip a Multiple
Internal Reflection (MIR) and additional biofunctionalized microfluidic structures: a
microreactor for the first LOC (DLOC1) and a mixer that plays the role of both a mixer and a
reactor for the second LOC (DLOC2). The reason why this second microfluidic element has this
two-folded role is because it has been functionalized with horseradish peroxidase (HRP) and
glucose oxidase (GOx) in the same way as the reactor. Here, a reaction between the
immobilized enzymes of the mixer and the glucose and the redox mediator 2,2"-Azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) present in the sample occurs together with the
downstream propagating of the same. The cascade reaction that takes place is described in
Scheme 6.1. Glucose oxidase catalyzes the oxidation of D-glucose by oxygen to produce D-
gluconolactone and H,0,. H,0; is the substrate for HRP, which catalyzes the reduction to H,0
with the concomitant oxidation of ABTS redox mediator to the ABTS"™ green colored radical
cation. This cation presents various absorbance peaks at 420, 650, 740 and 835 nm, as
described by Cho and co-workers, being possible in this way to detect glucose both optically
and electrochemically and in continuous flow. Nevertheless, this approach is also valid for
other optically/electrochemically responsive analytes. These easy-to-fabricate approaches
avoid the necessity to add an enzyme reservoir in the system, resulting in a significant
reduction of the dead volumes and keeping the advantage of the low reagent consumption
that is associated to the LOC concept.

Scheme 6.1. Enzymatic cascade reactions for glucose detection.

Glucose oxidase

D-Glucose + O, D-Gluconolactone +H,0,

H202+ ABTS Horseradish peroxidase - H20+ABTS+

r

6.3.Experimental details

6.3.1. Materials and reagents
Polyvinyl alcohol (PVA), ethanol 99%, triethylamine (TEA), sodium cyanoborohydride
(NaBH;CN), tween 20, potassium hexacyanoferrate (I1) ([Fe(CN)e]*, ferrocyanide), , potassium
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nitrate (KNOs), glucose oxidase (GOx) and horseradish peroxydase type VI (HRP) and 2,2'-
Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt were from Sigma-Aldrich
(Munich, Germany). Potassium hexacyanoferrate (Ill) ([Fe(CN)¢]*, ferricyanide) was from
Panreac (Castellar del Vallés, Spain). 11-triethoxysilyl undecanal (TESU) was from ABCR GmbH
& Co. (Karlsruhe, Germany). EPON SU-8 25 photoresist and propylene glycol methyl ether
acetate (PGMEA) were from MicroChem Corporation (Newton, MA, US). The PDMS Sylgard
184 elastomer kit was from Dow Corning (Midland, M, US).

6.3.2. Design and fabrication of the DLOCs
DLOC1 is shown in Figure 6.1. It is composed of a branched microreactor and a MIR (Figure
6.1). The branches increase significantly the surface area of the microreactor in order to
increase the number of enzymes t