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Abstract

This doctoral Thesis focuses on the design, study, and optimization of the controlled
fabrication metodology of a flexible plasmo-mechanical sensor with microfluidics, as well as its
optical and mechanical characterization. We are interested in the use of this sensor to study cell
traction forces for its essential role in cell functions (e.g., adhesion, survival, migration,
proliferation, and differentiation) and tissue development. Nowadays, the monitoring and

quantification of those traction forces are one of the challenges faced by cell biology.

We take advantage of the use of polymeric materials, and low-cost and large-scale
nanofabrication techniques to create the new prototype sensor. The sensor is formed by a
hexagonal array of polymeric nanopillars capped with plasmonic gold nanodisks into a
microfluidic channel. The main strategy for the fabrication of the sensor is based on replica
molding techniques. The diameter, height, and separation of the nanopillars are designed in
order to replicate the structures using polymers with different Young’s modulus, and to control
their mechanical flexibility.The plasmonic gold nanodisks are deposited on top of the
nanopillars by controlled metal evaporation. Finally, the building of the integrated microfluidic
sensor is based on a permanent bonding strategy. The transduction is based on combining the
mechanical flexibility of the nanopillars with the optical properties of the gold nanodisks that

exhibit localized surface plasmon resonances (LSPR).

The results suggest that the combination of the mechanical flexibility of the polymer
nanopillars with the optical properties of the gold nanodisks allow the monitoring of refractive
index changes in the environment. The mechanical properties (e.g., spring constant) can be used
to control the mechanical stability of the polymer structures, and also to mimic the mechanical
properties of soft or rigid tissues. A preliminary analysis of cell culture onto the nanopillar array
was carried out as a proof-of-concept to know the advantages and the limits of the new sensor
design and the optical detection system. The results showed that the living cells could adhere
and interact with the Au-capped nanopillars with different rigidity, inducing detectable LSPR
changes.



The work in this Thesis represents a significant step towards the implementation of novel
and more efficient sensors for the study of cell biology, which could play a key role in the

understanding of essential biological processes.
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Resumen

Esta Tesis doctoral se centra en el disefio, estudio y optimizacion de una metodologia
controlada para la fabricacion de un sensor flexible y plasmo-mecéanico integrado con
microfluidica, asi como en su caracterizacion dptica y mecanica. Estamos interesados en el uso
de este sensor para estudiar las fuerzas de traccién de las células por su papel esencial en las
funciones celulares (por ejemplo, adhesion, supervivencia, migracién, proliferacion y
diferenciacion) y en el desarrollo de tejidos. Hoy en dia, la monitorizacion y cuantificacion de

las fuerzas de traccién son uno de los desafios que enfrenta la biologia celular.

Utilizamos las ventajas de los materiales poliméricos y las técnicas de nano-fabricacion
para crear un nuevo prototipo de sensor flexible de bajo coste y a gran escala. El sensor esta
formado por un arreglo hexagonal de nanopilares de polimero con nanodiscos plasmonicos de
oro en su parte superior, ubicados dentro de un canal microfluidico. La fabricacidn del sensor se
basa en las técnicas de réplica de estructuras. El diametro, la altura y separacion de los
nanopilares estan disefiados para ser copiados utilizando polimeros con un médulo de Young
diferente, y de esta forma controlar su flexibilidad. Los discos plasmdnicos de oro son
depositados sobre los nanopilares utilizando evaporacién de metales. Finalmente, la
construccion del sensor integrado con microfluidica se basa en una estrategia de sellado
permanente. La transduccion utiliza la combinacién de la flexibilidad mecanica de los
nanopilares de polimeros con las propiedades oOpticas de los nanodiscos de oro que presentan

una resonancia de plasmoén superficial localizada (LSPR).

Los resultados obtenidos en esta Tesis sugieren que la combinacion de la flexibilidad
mecanica de los nanopilares de polimero con las propiedades Opticas de los nanodiscos de oro,
permiten la monitorizacion de los cambios del indice de refraccion del medio exterior. Las
propiedades mecéanicas (por ejemplo, la constante eléstica) pueden utilizarse para controlar la
estabilidad mecanica de las estructuras de polimero y para imitar las propiedades mecéanicas de
tejidos blandos o duros. Se llevo a cabo un analisis preliminar de un cultivo celular sobre los
nanopilares como una prueba de concepto, para conocer las ventajas y los limites del nuevo

sensor disefiado y del sistema de deteccion oOptica.
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Resumen

Los resultados mostraron que las células vivas pudieron adherirse e interactuar con los
nanodiscos plasmonicos de los nanopilares con diferente rigidez, induciendo cambios
detectables en el LSPR.

El trabajo en esta Tesis representa un paso significativo hacia la implementacion de
nuevos sensores mas eficaces para ser empleados en estudios basicos de biologia celular, que

podrian desempefiar un papel importante en la comprension de procesos bioldgicos esenciales.
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Motivation and Objectives

Motivation and Objectives

Nanotechnology has been performing an important role in the development of new sensor
platforms. The use of nanomaterials and the ability to build structures with nano-scale
dimensions has enhanced the sensitivity and performance of these devices. Notably, in cell
biology sophisticated sensors are needed not only to emulate more complex, in vivo like
extracellular matrix environments, but also to monitor and quantify dynamic complex biological
processes. For example, cellular adhesion is a complex and fundamental process with crucial
implications in biology, like the immune response, the tissue nature and architecture, or even
the appearance and spreading of tumor cells. However, the detection and evaluation of the
traction forces exerted by cells and transmitted to the underlying substrate through focal
adhesions (FAs) remain a challenging problem due to the small areas where the cells attach
(~um?), the density of those zones, and the range of magnitude of the forces (pN-nN scale).
Therefore, the development of new sensor platforms satisfying those demanding requirements
will be of paramount importance to evaluate the traction forces. Ideally these sensors should
dectect directly the position and magnitude of FAs in real time avoiding any external
modification. Also, these platforms should be small, portable, easy to use, inexpensive,

disposable and compatible with other complementary technologies.

To overcome these challenges, in this Thesis we describe an approach, using low-cost and
large-scale nanofabrication tools, of a novel plasmo-mechanical sensor, which could be
attractive for the field of biology, to enable rapid analysis in vitro. We have designed and
fabricated a sensor compatible with plasmonics and microfluidics technologies. The sensor
transduction will be based on combining the mechanical flexibility of polymer nanopillars with
the optical properties of the gold nanodisks that exhibit localized surface plasmon resonances
(LSPR). The detection will be based on the refractive index sensing and near field interaction

sensing using the LSPR of gold nanodisks supported on the flexible nanopillars.

From the abovementioned, with this work, we intend to contribute to the design, study,
fabrication, characterization and application of the novel sensor. To this end, the main

objectives outlined for the Thesis include:

XViii



1. The development and fabrication of a plasmomechanical sensor integrated with

microfluidics technology.

2. To perform a sensitivity assessment of the plasmomechanical sensors via LSPR
refractive index sensing to characterize their optical and mechanical properties, and to

determine the real potential of these novel sensors.

3. To perform a preliminary proof-of-concept of the capabilities of the sensor for detecting

traction forces of living cells.
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Chapter 1. General Introduction




The cell: study and understanding

1.1 The cell: study and understanding

The cell is the elementary morphological and functional unit of all living organisms. The
human body contains more than 10 trillion cells, either forming the tissues or circulating in the
blood. In complex organisms, the cells adopt different morphologies and functions to meet the
multiple needs required to live, grow, reproduce and even die. Over the years, researchers have
been attracted to the study of the cell structure and composition, its basic functioning and the
interactions between cells. The first observation of a cell is attributed to Robert Hooke in 1665
thanks to the invention of the microscope. Since then, cell biology and technology have been
intimately related, as the development of more powerful and sophisticated instruments has
allowed the deciphering of complex pathways and functions with a great detail. A better
understanding of cell biology has motivated significant advances in disease diagnosis, the
discovery of new drugs and therapies or the development of regenerative implants, among other
examples. However, some cell functions, behaviors or processes are still a not completely
resolved matter. The main limitations and challenges are related to the need of exploring the
live cells either in vivo or in a biomimetic environment, avoiding any external modification

while having a precision in the nanometer range.

Some typical cells

animal cell cell membrane
centrioles / vacuole

(centrosome) _—=__ - ribosomes
S5
™, _endoplasmic plasma
£
‘\ et G membrane /[

& ] mitochondrion
S

plant cell

chromosomes —

“ ==
Golgi COW =
cytoplasm \/ \
chromosome )

bacteria cell
(bacillus type)

cell wall

plasmodesma

plasma

fi; 1l
membrane agelia

capsule imescosome ® 2010 Encyeclopaedia Britannica, Inc.
Figure 1.1. Animal cells and plant cells contain membrane-bound organelles, including a
distinct nucleus. In contrast, bacterial cells do not contain organelles. Encyclopadia Britannica,
Inc.



The cell is the smallest element that we consider alive, with dimensions ranging from 1 to
100 pm. It is primarily composed of the cell membrane and the cytoplasm, which contains
biomolecules such as proteins or DNA, or more complex organelles. Based on their internal
organization, the cells can be divided into two main types: prokaryotes and eukaryotes (see Fig.
1.1). Prokaryotes are small in size (1-10 um) and simple in structure. The intracellular
components (proteins, DNA, and metabolites) are directly placed in the cytoplasm, lacking
membrane-bound compartments. Perhaps the most well-known prokaryote is the bacterium.
Eukaryotes are larger than prokaryotes and more complex in structure and functioning.
Animals, plants, and fungi are eukaryotic organisms. Internally, the eukaryotic cell is organized
into various compartments or organelles enclosed by their membranes, and a cytoskeleton that
defines their structure and morphology. Each organelle has a function, such as the storage of
genetic information (nucleus), protein synthesis (ribosomes and Golgi apparatus) or energy
production (mitochondria), among others. The cytoskeleton is mainly composed of protein
filaments and microtubes that serve as a cellular scaffold, defining its shape and movements.

Externally, both prokaryotes and eukaryotes have a plasma membrane that encloses the

Plasma Membrane chain
glycoprotein
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Figure 1.2. Molecular view of the Plasma membrane. Plasma membrane can be defined as
a biological membrane or an outer membrane of a cell, which is composed of two layers of
phospholipids and embedded with proteins. It is a thin semi permeable membrane layer,
which surrounds the cytoplasm and other constituents of the cell®.



Cell Adhesion

cytoplasm and provides structural support and protection to the cell. It consists of a lipid bilayer
with several embedded proteins and liposaccharides (i.e. lipid + polymeric carbohydrate), see
Fig. 1.2*. The lipid bilayer is formed by a thin polar membrane with a hydrophilic outer part and
hydrophobic inner part, acting as a barrier against external toxic agents?.

Besides of the plasma membrane, the cells count on extracellular entities that help in
external protection, structural support, and communication. In plants or fungi, the plasma
membrane is covered by a rigid and porous cell wall mostly composed of cellulose that
provides mechanical protection but facilitating the entrance of nutrients. In animals, the so-
called extracellular matrix (ECM) is a complex biochemical entity consisting of a wide variety
of proteins and other molecules secreted by the cells. Generally, we can find three types of
molecules in the ECM: fibrous structural proteins (e.g. elastin, collagen), adhesion proteins (e.g.

fibronectin, laminin) and a gel made of proteoglycans and hyaluronic acid?2.

The ECM composition varies depending on the cell type and tissue, regulating the
dynamic behavior of the cells. For instance, the ECM can sequester and accumulate grow
factors that facilitate cell proliferation or induce novel functions. Also, the ECM enables the
cells to sense the mechanical properties of the surrounding. The elasticity and stiffness of the
ECM have significant implications in several fundamental processes, such as cell adhesion or

migration®2*

1.1.1 Cell Adhesion

Cell adhesion is an active process that cells undergo when they interact or attach to a
substrate or other cells. These interactions can last few seconds as in immunological signaling,
or they can be long-lived as in tissue formation. Cell adhesion is, therefore, a fundamental
process with crucial implications in biology, like the immune response, the tissue nature and

architecture, or even the appearance and spreading of tumor cells.



Cells do not only stick together; they form complex cellular structures that enable
communication between them and the ECM through the generation and transduction of
mechanical signals (i.e. mechanotransduction). In other words, they convert biophysical cues
(e.g., external forces, matrix stiffness, and topography) into biochemical responses®. Thereby,
the cell adapts its activity and contractility to the mechanical environment?. In mammalians, the
cell adhesion process is mainly governed by transmembrane proteins, such as integrins,
selectins or cadherins. These proteins, known as cellular adhesion molecules (CAM), are
composed of three domains: an intracellular domain in contact with the cytoskeleton, a
transmembrane domain, and an extracellular domain in contact with the surface or other
components of the ECM. Cellular adhesion starts with the interaction between the CAM
extracellular domain and the surface (anchorage points), initiating the formation of a large
protein complex called focal adhesion (FA), see Fig. 1.35. FAs are sites or zones of tight
adhesion to the underlying ECM developed by tissue cells in culture during their adhesion.
Then, the FAs are multi-protein assemblies mostly composed of integrins that connect and
transmit both mechanical and biochemical information from the ECM to the cytoplasm. FAs act
as sensors that can detect external forces and send the information inside the cell. There, the
intracellular domain of the integrins starts a signaling cascade through the cytoskeleton that
allows the cell to react with the characteristics of their surface. This cell reaction includes not

only a biochemical response (e.g. synthesis of proteins or gene expression) but also mechanical
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Figure 1.3. Mechanotransduction from the ECM to the cell nucleus. (A) The actin cytoskeleton links focal
adhesion at the cell membrane to the protein complexes located on the nuclear membrane. (B) Focal
adhesions are sites of integrin clustering and adhesion to ECM. (C) Actin is bound to nestin proteins,
which are directly connected to the KASP/SUN complex located on the nuclear membrane. Nuclear shape

changes are associated with alterations in the structure of nuclear lamins and chromatin®.



Techniques for the detection of cell traction forces

responses (e.g. external forces due to the topography and the elastic properties of the ECM).
Cells can react by exerting local forces against the substrate (i.e. focal adhesion forces) that
influence its shape and movements. Thus, the overall process can induce changes in the
morphology, signaling, proliferation, migration or even changes in the gene expression that lead
to cellular differentiation (i.e. the process where cell changes from one cell type to another). For
example, the neurons extend neurites only when they are on soft substrates. Smooth muscle
cells, like fibroblasts, generate more traction force and develop a broader and flatter
morphology on rigid surfaces’. This preference even induces cell migration, guiding them from

soft substrates to harder ones®®.

1.1.2 Techniques for the detection of cell traction forces

Considerable attention has been paid to study and quantify the mechanical interactions of
cells with the ECM. In particular, the design of tools able to measure traction forces remains a
challenging problem due to their diversity, small areas where the cells attach (~um?) and range
of magnitudes of these forces (at the pN-nN scale). Such tools should allow the detection of
forces in the required range with a subcellular spatial resolution avoiding any external
modification. They also should be designed to be biocompatible in order to allow conventional

surface coating of ECM proteins to promote cell adhesion.

In the 1980s, Harris and co-workers were the first to visualize cellular traction forces
qualitatively as visible wrinkles on deformable silicone rubber substrate, reflecting the strong
traction forces exerted by fibroblast parallel to the direction of locomotion®. However, although
it was an elegant approach, the method had several limitations such as the complicated

relationship between the size of the wrinkles and the amplitude of the generated forces.

Based on the same principle, more advanced techniques have been developed to achieve a
better spatial resolution, especially at individual adhesion sites. The method called traction force
microscopy, is based on the use of elastic gels or membranes that avoid the formation of
wrinklest®. Fluorescent beads are embedded into the gel and are used as markers to follow the
deformation. Quantification of forces can be made through large-scale matrix computation that

transforms maps of substrate deformation into maps of traction stress (force/unit area)':2,



Nevertheless, this technique requires high-resolution images and a high computational cost to

follow the cell functions.

Alternative methods could be really useful in directly measuring traction forces exerted by
individual FAs. Instead of using uniformly flexible substrate, an innovative approach has been
to use of micromachined cantilevers as forces transducers 2. Cells adhere and exert forces on
micropads at one end of the cantilever, causing displacements that are detected with high
precision under an optical microscope. The strains are confined to individual cantilevers and
forces can be calculated by multiplying the distance of movement with the spring constant of
the cantilever. However, the device is complicated to construct, and the surface topology can
modify cell adhesive properties. Also, the detection area is limited by the number of cantilevers
and the detection of forces is limited to one dimension perpendicular to the axis of the

cantilever.

A similar approach has been developed using substrates composed of flexible arrays of
micropillars!*. These devices are made of polydimethylsiloxane (PDMS) rubber formed from a
microfabricated mold. In these cases, the deflection of each post gives a direct measurement of
the local force exerted by the attached cells, independently of the forces acting on the
neighboring posts. The pillars act as simple independent springs, and the linear theory of
elasticity gives their deflection. For a cylinder of radius r and length L the bent by the

application of a force F, it leads to the formula:
3 4
F=k-Ax= (ZnEZ—3) Ax (1.1)

Where E, k, and Ax are, respectively, the Young modulus, the spring constant and the
deflection of the post. Thereby, these approaches have been applied to various situations
including single cell mechanics®®, cell-cell interactions'é, stem cell differentiation ’and
multicellular systems'®. However, the quantification of the forces is based on
immunofluorescence imaging and also the microstructures do not mimic the rich nano-

topography (e.g. collagen and fibrils) in which the in vivo cells are enveloped in the ECM.

Surface plasmon resonance imaging (SPRM) is other alternative technique which has been

employed to investigate cell traction forces. This approach is based on the plasmonic evaluation



Optical biosensors

of the local refractive index distribution. The sensor chips are glass coverslips coated with a thin
film (~50 nm) of gold on a prism. This technique takes SPRM images of a single cell adhered
on the Au film. The change in the cell-substrate interaction is monitored by recording the
SPRM image over time. Then, the variation of intensity of the images reflected the local
movement of the cell membrane in contact with the substrate. To analyze the local information
quantitatively, the images are divided in 12 regions: R, reference, S1-S5 are the cellular areas,
wl-w6, hole region. The SPR intensity vs. time in each region is observed. A relationship
between the SPRM intensity and the cell substrate distance is purposed, and then, the local cell-
substrate distance from the SPRM intensity is determined. Finally, it provides a spatial mapping
of local cell-substrate adhesion (displacement image). Osmotic pressure was introduced to
provide a controllable mechanical stimulation to the cell attached to substrate *°. However, the
images suffer distortions due to the coupling prism and the image analysis requires a high
computational cost. Also, the technique is limited to a single cell, it does not quantify directly

the traction forces and does not provide the rich nano-topography that the cells need.

The techniques at the state-of-the-art provide insights for the detection of traction forces of
cells. However, those methods have limitations in fabrication design, detection and
quantification of the forces. To overcome those challenges, a combination of the previous
techniques could provide a new device based on the advantages of microfabricated pillars and
the plasmonic detection and, thereby, this new tool could detect directly forces by plasmonic
evaluation of the changes in the refractive index produced in the external medium and by the
close near field interaction between flexible pillars. Also, the effective Young modulus (E) of
array of nanopillars could be tuned to mimic soft and hard tissues. The spring constant k of the
pillars could be tuned by changing the material composition and the nanopillars aspect ratio®.
This new technology (plasmomecanical sensor) could be highly sensitive and compatible with

other technologies (e.g. microfluidics) at the nanoscale.

1.2 Optical biosensors
When in a sensor a biological recognition element is built in (physically attached or
confined) and is the primary selectivity element is named as biosensor?’. A biosensor is formed

by a recognition component that interacts with the target; a transducer that relates the



interaction between the recognition component and the target to a piezoelectric, acoustic,
electrochemical, or optical signal; and a read-out system to interface with this signal (see Fig.
1.4). For instance, biosensors can monitor biological interactions in real time allowing the
evaluation of the affinity and kinetics of the interaction and, thereby, helping in elucidating the
biochemical mechanisms involved in for example in a disease. Recent advances in
nanofabrication further provide interesting opportunities for biosensor miniaturization, high-
throughput, low-cost production and compatibility with other technologies. Biosensor platforms
have shown exceptional capabilities to turn into portable and user-friendly devices which can be
used at doctor’s office or patient’s home 222324 In particular, optical biosensor devices are one
of the most developed biosensor platforms. Optical sensing employs various methods, including
refractive index change monitoring, absorption, or spectroscopic-based measurements. The
optical sensors that are based on refractive index monitoring cover a range of technologies,
including photonic crystal fibers, nano/microring resonator structures, interferometric devices,
surface plasmon resonance (SPR) 25, and localized surface plasmon resonance?. The latter two
are plasmonic-based technologies?’. In this thesis, we have a special interest in LSPR sensors
based on nanostructures. Firstly, the nanofabrication methodologies allow the realization of
various designs of metal nanostructures such as nanoparticles (NPs), nanoholes?®, nanodisks?,
nanotriangles, nanostars, nanocones, among others, with precisely controlled shapes, sizes, and
spacing®™. Secondly, the nanofabrication techniques enable that the design of those
nanostructures can be integrated with microfluidics. Thirdly, it is well known that the extremely

intense and highly confined electromagnetic fields generated by the LSPR of the nanostructures
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Figure 1.4. Schematic representation of a biosensor including the heterogeneous
sample, the specific biological receptor, the transducer, the data processing system
and the final signal.



Localized Surface Plasmon Resonance

can be employed as a highly sensitive probe to perceive small changes in the dielectric medium
around the nanostructures®.

Therefore, plasmonic nanostructures could be created on top of arrays of flexible
nanopillars and their plasmonic response could be employed to detect both the presence of the
cells and the pillar deflection caused by the near field interaction of the nanostructures. Also,
the design of the array of the structures can be compatible with the microfluidic channels.
Herein, the comprehension of the LSPR phenomenon is essential for the design, fabrication and

operation of plasmonic nanostructures as sensors.

1.2.1 Localized Surface Plasmon Resonance

Fig. 1.5 shows the interaction between the electric field of an incident light and the free
electrons of a gold sphere or nanoparticle whose size is smaller than the wavelength of light.
The electric field can cause free electrons to move away from the metal particle in one
direction, creating a dipole that can swap direction with the change of the electric field. When
the frequency of the dipole plasmon is approximately the same as the incident light, a resonance
condition is reached, then dipole plasmon is greatly amplified. Such a condition is referred to
as Localized Surface Plasmon Resonance (LSPR) %2, Only materials with a negative real and

small positive imaginary dielectric constant are capable of supporting surface plasmons.

Electric field

Electron

Metal
nanosphere

Figure 1.5. Interation of an electromagnetic radiation with a gold nanosphere. A
dipole is induced, which oscillates in phase with the electric field of the incoming
light.

Although Ag shows the sharpest and strongest LSPR, Au is preferred for biological applications
due to its inert chemical nature and biocompatibility, and the well-known and established thiol-

gold chemistry for immobilization of biomolecules®%,
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The plasmon modes can extend up to a few tens of nanometers in LSPR nanostructures,
allowing sensitive sensors®. Its spectral position and magnitude strongly depend on the
composition, size, geometry, particle—particle separation distance of nanoparticles and the local
dielectric environment, the latter being the factor on which the sensing capabilities of
nanostructures rely®. For instance, when biomolecular binding events get close to the surface of
a noble metal nanostructure, the refractive index of the immediate environment surrounding the
nanostructure is increased. Thus, biomolecular interactions at the surface of the nanostructures
directly lead to local refractive index changes, which can be monitored via the LSPR peak
wavelength shift 3.

Typically, the LSPR energies and spectra of metal nanostructures are located in the
visible or near-infrared regions of the electromagnetic spectrum, and their resonantly enhanced
extinction cross sections are sufficiently high to allow imaging and optical characterization of
single structures by means of dark field scattering spectroscopy, resulting in peak-shaped
spectral responses. For the acquisition of spectral responses a white light source covering the
visible spectrum is employed 3¢ and the scattered light of the plasmonic structures is collected
with a spectrometer, thereby, the changes in the spectra are converted to interaction data.
Interestingly, in LSPR the light is directly coupled to the plasmonic structures, therefore, the
angle of incidence does not need to be precisely controlled®”. LSPR measurements can be in the
form of absorbance, reflection, transmission, scattering, or spectral shift observed in the
extinction curves ¥.

To evaluate the performance of a plasmonic sensor, we need to know their capability to
detect changes in the monitored quantity (the refractive index), which ultimately determines the
sensitivity of the sensor (S). The bulk sensitivity Sg is defined as the ratio of resonant

wavelength shift 04, to the variation of surrounding refractive index, dn,:

_ Oyes () (12)

S5 = ang(RIU)

Where RIU means Refractive Index Unit. A second factor affecting the sensing
performance of the sensor is its resolving precision to detect changes of the monitored quantity.
This parameter is typically represented by the full width at half-maximum (FWHM) of the

resonance peak: a sharp peak facilitates the registration of a peak shift and viceversa. Therefore,
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Microfluidic channels

when considering the performance of a sensor, it is necessary to evaluate both sensitivity and
peak width3>%3 The figure of merit (FOM) related both quantities and can be used to quantify
the general performance of a sensor and to allow comparison with other sensing plaftorms. It is

defined as:

S(nm-RIU™Y) (1.3)

FoM = AA(nm)

1.3 Microfluidic channels

In microfluidics, small and constant volumes of solvent, sample, and reagents are moved
or mixed through microchannels embedded in a sensor. The new sensors includes a microfluidic
system because it allows the small size of the lab chip offering to minimize the time and cost
associated with the routine biological analysis and improving reproducibility®°. In particular for
the prototype of the sensor, we are interesting on the design and fabrication of a simple

rectangular microchannel with a laminar flow.

In fluid mechanics, the Reynolds number (Re)* is a dimensionless quantity that is used to
help predict similar flow patterns in different fluid flow situations. The flow can be laminar or
turbulent giving different Re number. Turbulent flow is chaotic (i.e., it is impossible to predict
the position of a particle in the fluid stream as a function of time). Laminar flow is a condition
in which the velocity of a particle in a fluid stream is not a random function of time. Thus, the
Reynolds number is a simple but important parameter. First, we need to know the flow rate, Q,

(m3/s) to calculate the Re number, it is given by,

Q = AP/R (1.4)
Where AP is the pressure drop across the microchannel (Pa), R is the channel resistance.
The pressure drop can be created: (a) by opening the inlet to atmospheric pressure and applying
a vacuum at the outlet, or (b) by applying pressure at the inlet (e.g. via a syringe pump) and
opening the outlet to atmospheric pressure. Also, the other determinant of flow rate is the
channel resistance R, for a rectangular channel with high or low aspect ratio(w « h or h « w)

it is given by

12



R = 12pl/wh? (1.5)

Where p is the fluid viscosity(Pa - s), | is the length (m), h is the height (m), and w is the
width of the channel (m), respectively. Also, the averaged fluid velocity for the flow is given
by 42

_ h? AP (1.6)
v= 8u 1

Finally, in fluid mechanics, Reynolds number is given by:
Re=vlilp/u 1.7)

Where v is the velocity of the fluid( m/s), [ is the cross-sectional dimension(m), p is the
density of the liquid (for water, 1000 kg/m?), and p is the viscosity of the fluid (for water,
1073 kg/(m - s)). For aqueous solutions, p and p are fixed parameters (characteristics of the
fluid), and the rate of the fluid flow v and the channel dimension [ are changeable*®. Re <2300
as calculated by above formula, generally indicates a laminar flow. As Re approaches 2300, the
fluid begins to show signs of turbulence, and as Re becomes greater than 2300 the flow is
considered to be turbulent*!. Then, the dimensions of microchannels can be designed by the

previous formulas and can also be fabricated by the techniques such as photolithography.
1.4 Challenges and requirements

This Thesis has as main objective to fabricate a new prototype of a plasmo-mechanical
sensor with integrated microfluidics to detect forces by the combination of nanofabricated
structures with LSPR properties. The proposed sensor consists of a hexagonal array of polymer
nanopillars within a microfluidic channel. The reasons to select this specific design are the
following : i) The polymer nanopillars can support Au plasmonic nanodisks to use their high
sensitivity not only to detect changes in the refractive index of the medium, but also to detect
the deflection of the flexible nanopillars by a shear force, ii) the nanopillar deflection would not
be limited to only one direction, iii) the array of polymer nanopillars can be fabricated in large
scale (cm?), iv) the array of polymer nanopillars can be created within a microfluidic channel to

miniaturize the sensor, and to ensure the use of small volumes of samples and reagents.
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Nanofabrication Techniques for the sensor

To overcome the above discussed challenges in the Section 1.1.2, this sensor could be
employed in a variety of applications such as in the detection of the traction forces by the LSPR
response. The accurate control of the aspect ratio and material of the nanostructures could
permit the tuning of the spring constant of the nanopillars to control their sensitivity to a shear
stress by a force and to mimic different tissues for possible cellular applications. In particular,
the sensor could be adapted to the cell dimension (um?) and density. It should satisfy the nano-
topography that in vivo the cells are enveloped in the ECM.

Also, the sensor material should be biocompatible, and by using the microfluidic system,

the structures could be easily functionalized to promote cell adhesion, if required.

The production of the sensor with the previous requirements is a demanding technological
challenge. Its design and development requires the combination of several techniques which
allow the integration of polymer nanopillars, plasmonic nanostructures and microfluidics in a
concerted way without disrupting the properties of each other. The confluence of the three
aspects of the proposed sensor can be achieved by the combination of appropriate
nanofabrication techniques.

1.5 Nanofabrication Techniques for the sensor

In the next sections, we present the main nanofabrication techniques that we have

employed to create the prototype of the plasmomechanical sensor.

In general nanofabrication involves processes and methods for constructing nanostructures
and devices having minimum dimensions lower than 100 nm. The nanofabrication methods are
divided into two major categories: top—down and bottom-up approaches according to the
processes involved for creating nanoscale structures. Bottom—up approaches seek to have
molecular or atomic components built up into more complex nanoscale assemblies or directed
self-assemblies based on complex mechanisms and technologies. This area of nanofabrication
uses atoms or molecules as the building blocks of multi-level structures and is extremely

promising since it could lead to no waste or unused materials 4447,
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On the other hand, top—down approach uses nanofabrication tools to create soft and rigid
micro/nanostructures or functional devices with the desired shapes and characteristics starting
from larger dimensions and reducing them to the required values “>%. Also, these techniques
operate at large scale, and are not very complicated, which makes them attractive for fabrication

of the sensors.

1.5.1 Optical lithography

Optical lithography is one of the most employed technique mainly in the microelectronics
field for patterning micro-nanoscale features, and is also used for microfluidics technology.
Optical lithography employs standard procedures that allow the easy and reproducible creation
of novel geometric patterns. In brief, conventional optical or photolithographic approaches use
light that is collimated through a quartz plate supporting a chromium coating to create smart
patterns on a surface (e.g. a silicon wafer or glass). The quartz plate which serves as a mask is
placed in contact with the resist-coated wafer. The photoresist is an organic, light-sensitive
material that can coat on semiconductor wafers*.This technique has a resolution of about 1 um
when using a wavelength of 400 nm. Photolithography is a simple and common method that can

be used for the fabrication of the microfluidic channels of the sensor proposed in this work 113
48

1.5.2 Strategies for Fabrication of Silicon Nanopillars

For the manufacture of the prototype of the sensor, in this Thesis, we are interested in
employing low-cost, and large-scale fabrication techniques to create silicon nanopillars
integrated into microfluidic channel, which can be employed as a master mold for the
manufacture of the flexible nanopillars. Besides the techniques need to be compatible with
standard photolithography processes for the fabrication of the microfluidic integration.

In the literature, the fabrication of nano/micropillars has been achieved using a variety of
techniques such as electron beam lithography “°, photolithography %°, focused ion beam
chemical vapor deposition %!, vapor liquid solid mechanism®, molecular beam epitaxy %35,
laser ablation %, pulsed laser deposition %, thermal evaporation %8, reactive ion etching®,
colloidal lithography® and metal-assisted chemical etching %1, The main materials for the

fabrication of the nanopillars include silicon (Si), metals, metal oxide, ceramics, and polymers.
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Strategies for Fabrication of Silicon Nanopillars

In this context, silicon nanopillars have become a popular configuration because of their unique
optical and electronic properties, e.g. conductivity and resistivity®.

We are interested in the combination of several nanofabrication techniques such as
Nanosphere Lithography (NSL)® with reactive ion etching (RIE)®3, thermal evaporation and
metal-assisted chemical etching®®> which have provided intriguing possibilities for fabricating
Si nanopillar arrays®® .The NSL technique has been widely used as an effective intermedium for
the fabrication of Si nanopillar arrays because the sphere monolayers can cover large areas of
up to 140 cm? at a low cost®¢67, The spheres can be readily self-assembled into single layers
to conform a high-quality hexagonal array over a polymer based microfluidic channels. By
selecting the initial size of the nanospheres, it is possible to set the distance between the SiNPs,
which is an important parameter for replica moulding of soft materials®°,

Secondly, the diameter of the nanospheres can be reduced to the desired diameter of the
SiNPs by adjusting the RIE time and conditions. Thirdly, the catalytic gold mesh can be defined
by depositing functional materials (Au, Ag, Pd, Pt) on top of the etched nanospheres, a process
known as lithographic masking. Finally, by combining the mesh design of the nanostructures
with the advantages of metal-assisted chemical etching, the length, shape, orientation, and
morphology can be controlled®>7°. Also, this strategy is compatible with photolithography to

build well-ordered Si nanopillar arrays into a polymer-based SU-8 microfluidic channel.
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1.5.3 Colloidal Self-Assembly Method

Self-assembly of colloidal micro-nanospheres is an effective strategy for fabrication of
ordered nanostructures. By a combination of colloidal self-assembly with nanofabrication
methods, two-dimensional (2D) colloidal crystals have been employed as masks for
evaporation, deposition, etching, and imprinting, etc. These methods are defined by colloidal
lithography or nanosphere lithography (NSL), which is a facile, inexpensive, and repeatable
nanofabrication technique. Colloidal micro-nanospheres have been used because they range
from micrometers to tens of nanometers, which is close to the limit of conventional patterning

techniques.

Self-assembled 2D colloidal crystals are usually assembled on planar substrates or at
air/water interface with ordered arrangement. Colloidal lithography is employed for both the
ordered packing of self-assembled colloidal crystals and for fabrication of ordered
nanostructure arrays. These nanostructures have the same period as that of the 2D colloidal
crystals, which is determined by size of the nanospheres. Nanosphere diameters from 200 nm to
1 pm are usually used. The materials and shapes of the nanostructure are determined by
nanofabrication methods such as spin-coating” or electrophoretic deposition’. Using 2D
colloidal crystals as masks during evaporation of metals, triangular nanoparticles and thin film
with nanohole arrays are obtained on the exposed substrate 28. Also, using 2D colloidal crystals
as masks for etching of substrates, nanodisks, nanotips or nanopillars have been fabricated in

polymer, silica, silicon, and other semiconductor substrates®°.

Self-assembled 2D colloidal crystals are mostly hexagonal close-packed (hcp) because the
hcp structure is the most stable thermodynamic position with minimum free energy. Colloidal
nanospheres dispersed in various solvents are influenced by interactions including van der
Waals forces, steric repulsions, and Coulombic repulsions. Self-assembly of the colloidal
nanospheres is governed by the balance of these interactions. Self-assembly conditions and
parameters, such as temperature, air pressure, solvent, humidity and the contact line, are crucial

to control of the morphology and to improve the quality of colloidal crystals.
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Reactive ion etching

In a typical procedure, colloidal nanospheres are spread onto a liquid surface through a
spreading agent. After evaporation of the solvent, the nanospheres form a highly ordered
floating monolayer over a large area. The resulting floating monolayer is first compressed by a
barrier to a close-packed monolayer and then deposited onto the receiving substrate. 2D
colloidal crystals at the air-liquid interface can be transferred to many types of substrates,

regardless of surface polarity, roughness, or curvature >,

Therefore, many kinds of nanostructures arrays have been fabricated such as Ta
nanocolumns with 200 nm wide and 600 nm height by glancing angle sputter deposition
(GLAD) onto self-assembled close-packed arrays of 260 nm diameter silica spheres .
Hierarchical TiO; nanocolumn arrays (diameter 350 nm, height 870nm) has been fabricated by
pulsed laser deposition (PLD) using polystyrene (PS) colloidal monolayer (350 nm diameter)

as a template”’.

1.5.4 Reactive ion etching

Dry process technology includes both plasma and reactive ion etching (RIE). RIE is an
ion-assisted reactive etching method which has excellent process control (homogeneity, etch-
rate and selectivity). An important characteristic of RIE is its ability to achieve etch
directionally and faithfully transfer lithographically defined photoresist patterns into underlying
layers, and cleanliness. RIE is based on a combination of chemical and physical etching which
allows isotropic and anisotropic (uni-directional) material removal. The etching process is
realized in a chemically reactive plasma formed by negatively and positively charged ions
produced from the gas that is pumped into the reaction chamber. Thus a mask is used on top of
the substrate to protect certain areas from etching, exposing only the areas to be etched. The
ions accelerate into the etching region, where they attack the substrate surface and react with it.
This method uses ion-assisted processes, where heavy ion bombardment damages chemical
bonds and the radicals chemically react with exposed surface atoms generating a volatile
product. RIE provides excellent pattern-transfer results even for very fine structures

significantly under 100 nm, 78.7.80
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Combining top-down methods with bottom-up methods (e.g. photolithography, e-beam
evaporation, etc.) the realization of nanostructures and architectures, including nanopillars and
Si nanowires, has been achieved. For instance, Chang and co-workers fabricated Si nanopillars
arrays with diameters smaller than 200 nm by RIE technique and nickel masks®®. Also, Ogawa
et al. produced quartz nanopillars for DNA separation®’. As mentioned above, the diameter of
the polystyrene nanospheres can be reduced to the desired diameter of the Silicon nanopillars by
adjusting the RIE time and conditions.

1.5.5 Thermal evaporation

Thermal evaporation method is a simple process in which condensed or power source
material is vaporized at an elevated temperature and the resultant vapor phase condenses under
certain conditions to form the desired thickness or product. The morphology and phase structure
of product depend on not only the parameters adopted but also on the source material employed.
There are several parameters such as temperature, pressure, carrier gas (including gas species
and its flow rate), substrate, and evaporation period, which can be controlled and need to be
selected properly before and during the thermal evaporation. The choice of source temperature
mainly depends on the volatility of the material. Usually, it is slightly lower than the melting

point of the material.

There are two ways of heating the material. One method often referred to as filament
evaporation, is a simple electrical resistive heat element, or filament. The other heat source is an
electron beam, and this is known as E-beam evaporation 8. Umar and co-workers reported the
protocol to synthesize aligned hexagonal coaxial-shaped ZnO nanocolumns on steel alloy by
thermal evaporation, the diameters and heights of the nanocolumns are in the range of 700-900
nm and 8-10 um?%, respectively . This technique allows depositing thin films of metals (e.g.
gold and titanium) to form nanodisks on soft and rigid substrates which makes it attractive for
our purposes of fabrication of the sensor.
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Metal-Assisted Chemical Etching

1.5.6 Metal-Assisted Chemical Etching

Metal-assisted chemical etching is an efficient and low-cost top-down approach that
permits a highly controlled and precise fabrication of Si and Si/Ge nanostructures at large scale.
It is a simple method with the ability to tailor diverse nanopillars parameters like length,
orientation, doping level, doping type, and morphology. In a typical metal-assisted chemical
etching procedure a Si substrate is covered by a lithographic noble metal film (e.g. Au and Ag)
and etched in a solution containing hydrofluoric acid (HF) and an oxidant (typically H20>). In
general, the function of the metal is to catalyze the reduction of hydrogen peroxide (H205)
which delivers electronic holes necessary for the oxidation and the subsequent dissolution of the
Si oxide by HF. The Si beneath the noble metal is etched much faster than the Si without noble
metal coverage. As a result, the noble metal sinks into the Si substrate 3, following the widely

accepted overall reaction 7°:

Si + 6HF +2Hy0, > HySiF +nH,0 + [ 1 (1.8)

This technique involves two steps. First, a structured noble metal film is deposited on the
substrate, e.g. via nanosphere lithography®. Subsequently, etching in HF and an oxidative agent
like H,02, AgNO3s, KAUCIls or KMnOQy is performed . This technique can be utilized to
fabricate straight and well-defined pores or nanopillars with diameters ranging from 5 nm to 1
pum. A variety of studies has been performed to analyze the influence of the type, and the
thickness of noble metals used as catalysts (Ag, Au, Pd, Pt). Also, the effect of doping level,
doping element, the crystallographic orientation of Si substrates, as well as temperature,

illumination, and the concentration of the etching solution®,

20



1.5.7 Fabrication of polymer nanopillars

As mention above, an important component of the prototype of our optomechanical sensor
is the array of flexible nanopillars that support the plasmonic nanodisks. In the previous
sections, Silicon Nanopillars fabrication has been achieved by using a variety of techniques
which have proved to be appropriate for the achievement of structures with a high aspect ratio.
However, there is a strong challenge to fabricate high-aspect-ratio and high-density elastic
nanopillars. Soft lithography represents an excellent strategy based on self-assembly and replica
molding for carrying out micro and nanofabrication. In particular, it provides a convenient,
efficient and low-cost method for the formation of polymer nanopillars. The polymers are
favoured in many applications because many of them are transparent, and can be biocompatible
and biodegradable. Moreover, polymer devices are inexpensive and disposable, which is highly
desirable for the fabrication of our sensor.

1.5.8 Soft lithography

Soft lithography is a set of methods that uses organic (soft) materials to enable replication
and pattern transfer on multiple length scales (from nanometers to centimeters). The term soft is
used to refer to the mold when it is formed of soft matter (e.g., polymers or self-assembled
monolayers). It provides an efficient and low-cost technique for the formation of micro-
nanostructures. In soft lithography, an elastomeric mold with patterned relief structures on its
surface is used to create patterns and structures with feature sizes ranging from ~30 nm to ~100
pum. Also, soft lithographic methods are low in cost, easy to apply, and accessible to a wide
range of users. They can employ a wide variety of materials and surface chemistries. The
pattern transfer consists of three steps: (a) fabricating a topographically patterned master mold,
(b) molding this master to generate a patterned mold, and (c) generating a replica of the original
template in a functional material.

One drawback of soft lithography is that it still requires the assistance of conventional
tools to design and fabricate the masks or master molds®¢®”. But, soft lithographic techniques
can produce numerous molds and replicas from the same master and thus provide good

nanofabrication capabilities required for our purposes of fabrication of the sensor.
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Replica Molding

1.5.9 Replica Molding

Replica molding fabricates objects with a particular topography by solidifying a liquid
polymer precursor against a topographically patterned mold. There are numerous approaches to
replica molding using both rigid and soft topographic molds. We used a combination of the next

techniques to create the optomechanical sensor with microfluidics.
Step-and-flash lithography

Step-and-flash lithography uses a rigid, transparent (usually quartz) master; the process
proceeds by placing the rigid mold in contact with a low-viscosity, photocurable polymer (Fig
1.6 a). A fluorosilane is typically covalently linked to the surface of the master to lower its
surface free energy and to make it easier to separate the master and the cured polymer . Then,
the liquid prepolymer conforms to the rigid mold and requires only slight pressure be applied to
the mold to reduce the thickness of the residual film between isolated features. Exposing the
prepolymer to UV light through the transparent mold initiates photo-induced cross-linking.
Little mechanical stress is imposed on the system during molding, mostly from a decreasing
volume of the polymer during cross-linking. This technique also is self-cleaning because
particulate matter on the surface of the rigid mold is captured mechanically in the cross-linked
polymer replica and thus removed from the mold. Step-and-flash lithography avoids thermal
and pressure-induced deformations of nanostructures and can replicate features with lateral
dimensions as small as ~30 nm. The limitations of this replica molding technique include the

difficulty of patterning nanostructures on nonplanar surfaces and the presence of bubbles.
Replica molding using a soft mold

Replica molding is another efficient strategy for the duplication of the shape, morphology,
and structure present on the surface of a mold 4. UV or thermally curable prepolymers, as long
as they do not contain a solvent, usually have shrinkage of less than ~3 % on curing. The
fidelity of this process is largely determined by van der Waals interactions, wetting, and kinetic
factors such as filling of the mold. These physical interactions are short range and should allow

more accurate replication of small (<100 nm) features than does photolithography .
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Replica Molding

Replica molding allows duplication of three-dimensional topologies in a single step, and it
also enables faithful duplication of complex structures in the master in multiple copies with
nanometer resolution in a simple, reliable, and inexpensive way. In replica molding, a rigid
mold with an appropriate material (polymers) are used for the mass-production of a wide range
of structured surfaces such as silicon nanopillars®®. The capability of this procedure extends by
molding against elastomeric molds rather than against rigid mold (Fig. 1.6b). The molds are
prepared by casting against rigid masters using a procedure similar to that used in step-and-
flash. Each elastomeric mold can be used for multiple replications (>25 times)®®. The relief
features on the elastomeric mold can, in turn, be faithfully replicated by using this structure as a
mold for forming structures in a second UV-curable (or thermally curable) prepolymer. The
relief structures on the replica are complementary to those on the mold and very similar to those

on the original master®,

A benefit of replica molding with polymer is the ability to mold against nonplanar, rigid,
and soft topographic surfaces. Capacity to mold a range of materials and topographies, the
potential for large area molding, and the ability to produce multiple elastomeric molds
(dimensions <100 nm) % inexpensively from a single master, makes this technique potentially

useful for fabrications requiring low costs.

Microtransfer molding (UTM)

In this technique, the liquid prepolymer fills the recessed regions of the mold, and the
excess prepolymer is removed from the top surface using a flat edge or glass (Figure 1.6c).
After, placing the mold in contact with a rigid substrate, the prepolymer is cured by appropriate
protocols. Microtransfer molding has been used to pattern planar or curved surfaces. The
patterned features are cured while in contact with a surface, and the elastomeric mold peeled

away %,
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Micromolding in capillaries (MIMIC)

This technique uses capillarity to fill a series of channels in a topographically patterned
elastomeric mold with a fluid, low-viscosity polymer or ceramic precursor; because the
elastomeric mold is in contact with the substrate before the polymer is introduced, this method
does not leave residues between the patterned features. A patterned elastomeric stamp placed in
contact with flat surface forms a network of open micro (or nano) channels. A low-viscosity
precursor placed at one end of the channels fills them by capillarity. The precursor material is
cured within the channels, and the mold is peeled away to reveal a positive reproduction of the
open network. The speed of filling is determined by the combined influence of precursor
viscosity, channel radius, the interfacial free energy of the surfaces, and distance the precursor

has traveled along the canal, Fig. 1.6d .
1.5.10 Embossing and Nanoimprinting

Embossing techniques have been extended to nanofabrication with resolution well below
50 nm®2. Nanoimprint lithography is the term coined for a procedure that transfers a pattern
from a rigid mold into a deformable material coated on a rigid surface. The material, typically a
polymer, is heated above its glass-transition temperature (e.g., 90-200 °C), while pressure is
applied to the rigid mold (e.g., 50-130 bar)®*4. The mold is removed after cooling the substrate
to below the glass-transition temperature. Imprinting can replicate structures with aspect ratios
up to 10:1 and as small as =10 nm °4, Pattern transfer takes about 5 to 10 min (and sometimes
longer) depending on the efficiency of heat transfer within the system. Solvent-assisted micro
molding uses an elastomeric mold in combination with an appropriate solvent instead of a rigid
mold and high temperatures and pressures to emboss the polymer film. The solvent, rather than
temperature, softens the polymer. The solvent is either briefly applied to the elastomeric mold
or retained in the polymer film before placing the two surfaces in contact®. The polymer is
drawn into the crevices of the molds the solvent is removed from the mold polymer interface by
transport and evaporation through the mold. The permeable mold prevents trapping of air
pockets and non-uniform solvent evaporation. The mold is removed (after evaporation of the

solvent) to reveal a relief structure complementary to the topography of the mold.

25



Obijectives

1.6 Objectives

The main objective of this Thesis is to study and take advantage of nanofabrication tools
to design, develop and fabricate a versatile novel plasmo-mechanical sensor with microfluidics

for the optical detection of forces, such as the one produced by cellular traction.

The proposed sensor consists of a hexagonal array of closely spaced, vertical, elastomeric
nanopillars capped with plasmonic gold nanodisks embedded in a microfluidic channel. The
polymer microfluidic channel aims to work with a laminar flow. The experimental design is
divided into the following processes: 1) fabricating a Si master mold, 2) molding this master to
generate a patterned stamp (PDMS mold), 3) generating a replica of the original template in a
polymer material, 4) evaporation of plasmonic gold nanodisks on the polymer nanopillars and

5) sensor bonding, as shown in Fig. 1.7.

5. Bondin
% 1. SiNPs with

microfluidics

4. Au nanodisks 2. PDMS mold
Figure 1.7. Schematic diagram of fabrication process of the plasmo-mechanical sensor.

We propose an optical detection system based on combining the mechanical flexibility of
the polymer nanopillars with the optical properties of the plasmonic gold nanodisks that exhibit
Localized Surface Plasmon Resonances (LSPR) with the motivation of detecting and
identifying the traction forces of the living cells. We expect that two effects will happen when

the cells are on the sensors:
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Effect 1. We first take a spectrum of the LSPR without cells as a reference in the area to
analyze. The cells will initially adhere to the nanopillars, thereby causing a local change in the
refractive index around the plasmonic nanodisks (see Fig. 1.8a). We expect that the LSPR will
be red-shifted a few nano-meters as a consequence of the refractive index increase, and this
effect will be polarization insensitive, that is, the red-shift will be the same if the polarization of

the light is parallel (transversal magnetic-TM) or perpendicular (transversal electric-TE) to the
light incident plane, as shown in Fig. 1.8b.
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Figure 1.8. Schematic diagram of the detection principle of the plasmo-mechanical sensor to
study cells. (a) Representative LSPR spectrum without cells as a reference. (b) Representative
LSPR spectrum (green curve) due to the refractive index of the cell by using both polarization of

light TM and TE.(c) Representative LSPR spectra due to the cellular traction forces by using both
polarization of light TE and TM.

Effect 2. Once firmly adhered, the cells will exert shear forces in the Au-capped
nanopillars, as reported in references %1%, and thereby, the nanopillars will bend approaching

the plasmonic gold nanodisks of the neighboring pillar, if the nanopillars design and material
parameters are well chosen.
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Thus, when the plasmonic gold nanodisks are approaching one another and they are at a
distance shorter than its diameter they will begin to interact by near-field, that is, by dipole-
dipole interaction. Depending on the polarization of light, the interaction will produce a red-
shift or blue-shift, as shown in Fig 1.8c. If the polarization of light is parallel to the direction of
the nanopillar deflection, a red-shift is expected. This is because the energy of the dipoles tends
to decrease as they approach one another. In contrast, if the polarization of light is
perpendicular, a blue-shift is expected. Therefore, the polarization of light can help to

distinguish the LSPR spectra of vertical and bent nanopillars as well as the dielectric medium.

Specific objectives:

*To design, study, fabricate and characterize a well-controlled protocol for the creation of
high-aspect-ratio silicon nanopillars integrated into a microfluidic channel (master mold), using
top-down nanofabrication techniques in order to design sensors with suitable optical and

mechanical characteristics.

*To design, study, fabricate and characterize a well-controlled protocol for the replica of

the silicon master mold to produce flexible nanopillars, using replica molding techniques.

*To incorporate plasmonic gold nanodisks on top of the polymer nanopillars while

preserving their plasmonic response.
*To calculate the spring constant the polymer nanopillars.

*To design and characterize the protocol for the bonding between the microfluidic channel

containing the polymer nanopillars with the gold plasmonic nanodisks, and a PDMS lid.

*To perform FDTD simulations to study and understanding the LSPR scattering and
transmission of the plasmonic gold nanodisks of the new sensor and perform an experimental

characterisation to compare the results.
*To perform a proof the feasibility of the Au-capped polymer nanopillars for cell culture.

*To perform a preliminary proof of concept to know the capabilities of the sensor to a

possible detection of cellular traction forces.
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1.7 Dissertation Outline

The present Thesis “Development of integrated plasmomechanical sensors in
microfluidic devices for live cell analysis” aims to contribute on the field of Bioengineering.
This work presents a new versatile plasmomechanical sensor that could be attractive for the

field of biological analysis. The Doctoral Thesis is divided into the following chapters:

In Chapter 2, we explain the nanofabrication methodology that integrates silicon
nanopillars (SiNPs) in a microfluidic channel (Silicon master mold) to address the development
of the plasmomechanical sensor. With the method, the area, position, height, diameter, and
aspect ratio of the SiNPs is highly controlled within the microchannel domain. The
nanofabrication strategy is based on a lithographic gold mask placed inside a SU-8 microfluidic
channel that combines the nanosphere lithography method, reactive ion etching treatment and
the e-beam technique to control the diameter of the structures. Meanwhile, the height of the
SiNPs heavily depends on a well-controlled metal-assisted silicon etching protocol. We

demonstrate experimentally the study and the evolution of the fabrication protocol.

In Chapter 3, we present: (i) the strategies for controlling the replication of Si master
using thermal and photopolymers with different Young’s modulus, to minimize the distortions
and to obtain a reliable replica of the Si master. (ii) The mechanical characterization of the
polymer nanopillars (spring constant). (iii) The polymer-based bonding strategies for

microfluidic integration of the plasmomechanical sensor.

In Chapter 4, (i) the LSPR modes of hexagonal array of the Au-capped polymer
nanopillars (with and without perforated gold film) are simulated using FDTD calculations, and
the results are verified experimentally. (ii) The bulk sensitivity of the sensors is examined. (iii)

The hydrophobicity of the sensors is evaluated.

In Chapter 5, a preliminary study about the feasibility of Au-capped polymer nanopillars
for cell culture is discussed. The effect of culture media on the LSPR response is tested. Also, a

preliminary proof of concept for the LSPR detection of fibroblasts on the sensors is described.

Finally, the general conclusions are presented, focus on the main contribution of this thesis

and the future work.
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In Annex A, elastic modulus of different tissues (spring constant, Kisse) and the
approximated values of aspect ratio of nanopillars required to match the stiffness of the tissues
are described.

In Annex B, the script in Matlab that calculates the spectral LSPR dip position (ALSPR) is
presented.

In Annex C, the protocol for fixing attached cells in paraformaldehyde employed by the

Servei de Microscopia Universitat Autonoma de Barcelona is described.
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Introduction

2.1 Introduction

Nanotechnology has been playing an increasingly important role in the development of
new sensor platforms. The use of nanomaterials and the ability to build structures with nano-
scale dimensions has enhanced the sensitivity and performance of these sensors. Recently, the
use of vertically aligned nanopillars has been proved to be advantageous for developing new
sensing devices'®1%, Particularly, in the emerging field of plasmonics, the configuration of
nanopillars has been explored for different applications. For instance, a simple strategy is used
for reducing the substrate effect by lifting the enhanced electromagnetic fields of the
nanostructures from the substrate by a dielectric pillar, thereby substantially enhancing the bulk
refractive index sensitivity of the nanostructure LSPR 9°11°  Similarly, plasmonic metal
particles on polymer nanopillars have shown to improve the refractive index sensitivity of
LSPR sensorstt-114 - Additionally, the fascinating optical properties of metal nanopillars (e.g.
Au and Ag) have been extensively investigated both experimentally and theoretically, providing
new pathways for manipulating light at the subwavelength scale, for developing new plasmonic
applications'*>-11°. Also metal (Ag and Au) capped silicon nanopillars are studied to evaluate
the impact of the overall geometry of the structures for use as surface-enhanced Raman

scattering (SERS) sensors templates?%-2L,

One of the challenges in the fabrication of plasmonic sensors based on nanostructures is to
create reliable and controllable features with large-area patterns, and with subwavelength
spatial-resolutions at low-cost and in a reproducible manner. It is widely recognized that the
spectral position and magnitude of the LSPR strongly depends on the composition, size,
geometry and separation distance of nanostructures as well as in the local dielectric properties
of their surrounding environment?7:109.111.113.122,123 - Raljable techniques and reproducible
nanofabrication protocols are needed to create new and cost-effective sensor platforms
compatible with other technologies. These protocols must be flexible to identify the parameters,
limits, and defects that influence the fabrication of the sensor. On the other hand, considerable
efforts have been made to integrate nanostructures within microfluidic channels given the close

interplay of microfluidics with the sensor technology.

For instance, the introduction of well-ordered nanopillar arrays into microfluidic channels

has been employed to study the electroosmotic flow suppression during electrophoretic
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separation'?*, or to control the fluid flow by modifying the wettability surface of
microchannels*?®, Conventionally, bottom-up and top-down techniques have been employed to
produce microfluidic devices*?® and silicon nanopillars (SiNPs) 50-58.60.63-65 However, each
fabrication technique provides specific characteristics, advantages, and limitations over the
control of the fabrication process and over the ability to combine them. It is clear that the choice
of the most suitable technique to fabricate a sensor is determined by several factors, such as
available technologies and facilities, cost, time, available materials, and fabrication capabilities

(e.g desired size of the micro-nanostructures).

Lately, the combination of several nanofabrication techniques such as the Shadow
Nanosphere Lithography (SNSL)® with reactive ion etching (RIE)®, thermal evaporation and
metal-assisted chemical etching®%> has provided intriguing possibilities for fabricating Si
nanopillar arrays® for several reasons. Firstly, the SNSL technique has been widely used as an
effective intermedium for the fabrication of Si nanopillar arrays because the sphere monolayers
can easily cover large areas of up to 140 cm? at a low cost®%¢667, The spheres can be readily
self-assembled into single layers to conform a high-quality hexagonal array over polymer based
microfluidic channels. By selecting the initial size of the nanospheres, it is possible to set the
distance between the SiNPs, which is an important parameter for replica moulding of soft
materials®8%°. Secondly, the diameter of the nanospheres can be reduced to the desired diameter
of the SiNPs by adjusting the RIE time and conditions. Thirdly, the catalytic gold mesh can be
defined by depositing functional materials (Au) on top of the etched nanospheres, a process
known as lithographic masking. Finally, by combining the mesh design of the nanostructures
with the advantages of metal-assisted chemical etching, the length, shape, orientation, and

morphology can be controlled®s70.

In spite of the aforementioned advantages, the combination of these nanofabrication
techniques has so far been subject to limitations and defects when producing SiNPs. For
instance, an inappropriate change in the periodicity, the presence of some defects, as well as
hydrocarbon contamination on the catalytic mesh can strongly influence the etching rate and

morphology of SiNPs, producing unstable and inhomogeneous structures.
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This can damage not only the reproducibility of the fabrication but also the properties of
the final sensor device. A detailed study of the methodology to fabricate a sensor based on Si
nanostructures is highly necessary.

To address the fabrication issues mentioned above and to extend the applicability of this
strategy to integrate on-chip microfluidics, in this chapter, we provide a low-cost and high-
throughput protocol to build well-ordered Si nanopillar arrays into a polymer-based SU-8
microfluidic channel. In this way, the advantages of the integration with the microfluidics in
terms of reduced analysis time, reagent consumption, and decreasing cost can be exploited. We
have performed a study and assessment of the main fabrication techniques used in this
methodology which is critical for developing controllable processes to produce high-quality
devices. Our nanofabrication strategy provides high flexibility to control specific features of the
Si nanopillar arrays as is the diameter, height and separation of the nanostructures at the bottom
of the microfluidic channel. In contrast to conventional fabrication methods that integrate
microfluidic interconnections after the fabrication of nanostructures!?”:128, we have exploited
the inert properties of the SU-8 polymer (e.g. resistant to HF/H,O; solution) to outline before a

microfluidic channel.

With this protocol we avoid the need to further align the nanopillar structures with
microfluidic channel, reducing the chances of damaging their topography and integrity.

In particular, we report a summary of the first experiments from Si nanoholes to Si
nanopillars on Si wafer by colloidal lithography (CL). Next, we describe the controlled
fabrication of a lithographic gold mask within the SU-8 microchannel and the creation of Si
nanopillar arrays via metal-assisted silicon etching. Furthermore, we experimentally
demonstrated the strong influence of the UV/ozone pretreatment of samples, the H,Ox/HF
concentration, and design of the lithographic mask to speed up the formation of large-surface-
area Si nanopillar arrays. Our fabrication strategy was used for rapid design and fabrication of

Si master mold for the plasmo-mechanical sensor with integrated microfluidics.
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2.2 Design of the silicon master mold of sensor

The first objective of the fabrication of the sensor is to create the suitable silicon master
mold that can be replicated using polymers to produce the flexible nanopillars. We tested two
routes, silicon nanoholes and nanopillars to find the most appropriate strategy to create them.

Silicon nanoholes and nanopillars were fabricated by the combination of colloidal
lithography (CL), RIE treatment, e-beam evaporation, and metal-assisted chemical etching, to
find the suitable methodology for the production of Si master of sensor. Charged colloidal
beads are utilized, and the size distribution of fabricated nanostructures is largely determined by
size dispersions of the masking colloids ?8. Fig. 2.1 shows not only the processes to achieve
nanodisks and nanoholes but also the additional step of metal-assisted-chemical etching to

produce Si nanoholes and nanopillars, respectively.

2.3 Silicon Nanoholes

The silicon nanoholes are a fast and easy route towards the creation the polymer
nanopillars for the sensor whose depth corresponds to the height of the polymer structures.
Ordered arrays of Au nanodisks were fabricated by hole-mask colloidal lithography (HCL)Z,
Firstly, the Si wafer was immersed in boiling piranha solution [H202: H,SO4 1:3] for 1 hr at 80
°C in order to remove organic residues, rinsed several times with distilled water and dried with
air. After drying the Si wafers with N, they were ready for the HCL process following for a
metal-assisted chemical etching that result in the creation of Si nanoholes. The exact details of

this lithography process are shown in Fig. 2.1a, and described in the following.

Materials

Si (100) wafer chips (p-type, 5-10 Q-cm, Siegert wafer) with 279 um thickness were
employed. 4 wt % PMMA diluted in anisole, Mw=950000 from Microchem Corporation.
Polydiallyldimethylammonium chloride (PDDA), Mw =400k-500k, Sigma-Aldrich, 0.2 wt % in
Milli-Q water, poly(sodium-4-styrenesulfonate) (PSS) and diallyl-dimethyl-ammonium chloride
(DDA, Sigma-Aldrich, 348279-1L) were drop-coated on top of the Si wafer in order to create
an adhesive layer on top of the latter. Polystyrene beads (sulfate latex, Invitrogen, 0.2 wt % in

Milli-Q water) were used to form the ordered polystyrene bead array. Hydrogen peroxide
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(30%), hydrofluoric acid (49%), and distilled water were used for the etching solution. Teflon

holders were designed to submerge the wafers into the chemical solution.

A UV-ozone TipCleaner (TM) device (Bioforce, United States) was used to remove
contaminants and to make the surfaces hydrophilic. A plasmalab 80 plus (Oxford instruments,
UK) was utilized to remove the PMMA, and an e-beam evaporator (ATC ORION deposition

system, United States) was employed to deposit the metals onto the Si wafer.

Process

1. Polystyrene Bead Deposition

First, an approximately 200 nm thick layer of PMMA was spin-coated (4000 rpm, 1000
r-s-2, 4 min) onto the clean surface and next a soft baking (120 °C, 5 min on hot-plate). The
PMMA covered Si wafers were subjected to ultraviolet (U/V) ozone for 15 minutes, in order to
increase the hydrophilicity of PMMA. Then, oppositely charged polyelectrolyte was drop-
coated on top of the PMMA layer, in order to create an adhesive layer on top. For this purpose,
a positively charged PDDA was used (60 s incubation time), followed by careful rinsing with
de-ionized water in order to remove excess PDDA, and dried with N.. As the last step, a
colloidal solution containing polystyrene beads (D= 100 or ~200 nm) was deposited, by a
similar drop coating process (60 s incubation time), subsequently rinsing and drying the Si
wafers with de-ionized water and N, respectively. The electrostatic repulsion between the
polystyrene beads, in combination with the attractive force that exists between these beads and
the PDDA layer, define the short range order polystyrene bead array, as can be seen in Fig.
2.1a, Step 1.
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2. Evaporation of the sacrificial layer

As a second step, the hole-mask template is created by depositing a sacrificial layer of Ti
(15 nm) that is resistive to RIE with oxygen. After, the polystyrene beads are tape-stripped
away, as shown in Fig. 2.1a, Step 2 and 3, resulting in a mask with holes arranged in a pattern

determined by the self-assembled colloidal beads.
3. RIE treatment

Next, an RIE treatment (3 min, 75 W, 75 mTorr, at a flow rate of 21 sccm) is applied in
order to remove the exposed polymer (PMMA/PDDA) underneath the holes that are perforated
in the sacrificial Ti layer, see Fig. 2.1a, Step 4.

4.Disk evaporation and Lift-off

As a fourth step, using e-beam evaporation, first a metal adhesion layer was deposited (15
nm Ti). Next, a 19 nm thick Au film was evaporated at 1.0 A-s!, creating the resulting Au
nanodisks, see Fig. 2.1a, Step 5. Subsequently, the remainder of the hole-mask was removed by
a lift-off process, carried out in acetone at room temperature (Fig. 2.1a, Step 6). The Au
nanodisks diameters, its corresponding diameter side distribution, and inter-disk separations are
entirely governed by the properties of the colloidal polystyrene beads solution. Fig. 2.2 shows a
SEM image with the random distribution of the Au nanodisks.
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Figure 2.2. SEM image of random distribution of fabricated nanodisks.
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5. Metal-Assisted Chemical Etching

As a final step, the Si wafers were immersed in an etching mixture consisting of 18 ml HF
(49%): 5 ml H202 (30%): 77 ml H,0, at room temperature in clean room facilities. The etching
process was stopped by removing the Si wafers from the chemical solution and immersing them

in distilled water for 20 minutes.

2.3.1 Results and Discussion

The concentration of H,O, and HF, and the etching time were varied to study their
influence on the etching rate and the morphology of the etched nanoholes. Fig. 2.3 shows
focused ion beam (FIB-SEM) images of the structural changes observed in the Si nanoholes
employing different etching times. As described in the section 1.4.3, in a typical metal-assisted
chemical etching procedure, the Si beneath the noble metal is etched much faster than the Si
without noble metal coverage. As a result, the noble metal (nanodisk) sinks into the Si substrate,

generating pores in the Si substrate or Si nanoholes.

As observed in Fig. 2.3 the nanodisks not only sank into the Si substrate but also
displaced, as a result, the original distribution of the nanoholes was altered. This disorder
increased with respect to etching time. Cross-sections were done by FIB to characterize the
nanoholes (e.g., depth, diameter). Unfortunately, this technique altered the nanoholes
dimensions, providing misleading measurements. We could conclude that Si nanoholes were
not the best option for our master mold for the projected sensor. Although the process is simple,
the poor outcome in term of quality and the order of the nanoholes were not enough to ensure
reproducibility over the fabrication; also the characterization of the nanostructures is very
difficult by FIB see Fig. 2.3c.
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Results and Discussion

SEM images of Si nanoholes. Th nanoholes were created by an etching

Figure 2.3. FIB

b) 5

a) 3 min,

, at different etching times,
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solution containing HF/H202/H20

min and ¢) 10 min, respectively.
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2.4 Silicon Nanopillars

Si nanopillars were fabricated by colloidal lithography®® as a second route towards the
creation of the silicon master mold. Firstly, the Si wafer was immersed in boiling piranha
solution [H20,: H»SO4 1:3] for 1 hr at 80 °C to remove organic residues, rinsed several times
with distilled water and dried with air. After drying the Si wafers with N, they were ready for
the CL process following a metal-assisted chemical etching that result in the creation of Si
nanopillars. The exact details of this process are shown in Fig. 2.1b, and described in the

following.
Process

1.Polystyrene Bead Deposition

First, polyelectrolytes (PDDA, PSS, DDA) were drop-coated on top of the Si wafer in
order to create an adhesive layer on top (60 s, incubation time), followed by careful rinsing with
de-ionized water in order to remove excess of them, and dried with N2. As the last step, a
colloidal solution containing polystyrene beads (D~100 nm or =200 nm) was deposited, by a
similar drop coating process (60 s incubation time), subsequently rinsing and drying the Si

wafers with de-ionized water and N, respectively. See Fig. 2.1b, Step 1.

2. RIE treatment

Next, a RIE treatment (75 W, 75 mTorr, at a flow rate of 21 sccm) was applied in order to

remove the adhesive layer of the zones exposed to UV/ozone, see Fig. 2.1b, Step 2.

3. Evaporation of Ti and Au

Using e-beam evaporation, the mask template is created by depositing a thin film of Ti and
Au (Fig. 2.1b, Step 3). After, the polystyrene beads are tape-stripped away, as shown in Fig.
2.1b. Step 4, resulting in a gold mask with nanoholes arranged in a pattern determined by the

self-assembled colloidal beads. Fig. 2.4 shows the SEM image of a gold mask with nanoholes.
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Silicon Nanopillars

4. UV/Ozone cleaning

The Au mask with nanoholes was then exposed to UV/ozone for 15 minutes to remove the
contaminants from the mask surface (Fig. 2.1b, Step 5) and produce a clean, hydrophilic and

oxidized gold mask with nanoholes.

5. Metal-Assisted Chemical Etching

As described in section 1.4.3, in a typical metal-assisted chemical etching procedure, the
Si beneath the noble metal is etched much faster than the Si without noble metal coverage. As a
result, the noble metal sinks into the Si substrate, generating Si nanopillars. Then, the Si wafers
were immersed in an etching mixture consisting of HF (49%):H,0; (30%):H.0, at room
temperature in clean room facilities. The etching process was stopped by removing the Si

wafers from the chemical solution and immersing them in distilled water for 20 minutes.
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Figure 2.4. SEM image of random distribution of nanoholes.
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2.4.1 Results and Discussion

To understand the influence of each parameter on the fabrication of the Si nanostructures,
several experiments were performed. Then, the diameter distribution and inter-hole separations
were adjusted. The properties of colloidal polystyrene bead solution and the polyelectrolytes;
the time of reactive ion etching treatment, and the influence of the noble metal were tested.
Also, the concentration of etchant (HF/H20,) and the time of the etching process were varied.
Table 2.1 shows the most representative experiments that were tested to create Si nanopillars,

the structural results are shown in Fig. 2.5.

Figs. 2.5a,b, clearly show that the concentration of etching solution (H2O2/HF) affects not
only the etching rate but also the morphologies of the nanopillars producing a tip-clumped
shape with large bending (hooked) nanopillars. Also, the decrease of the polyelectrolyte layer
results in short, highly tapered nanopillars (Fig. 2.5d) which are collapse towards the bottom
surface when the concentration is high (Fig. 2.5¢). The etching time and periodicity are key
parameters which must be finely controlled; they are responsible of the height of vertical
nanopillars. Fig. 2.5e shows how the simple modification of the periodicity and a long etching
time can produce similarly hooked morphology whereas short periods of etching time can
produce small and vertically nanopillars (Fig. 2.5f). Even with only an inappropriate changing
of the periodicity of the Si nanoholes, it is sufficient to alter the manufacture of the nanopillars,

producing unstable and inhomogeneous structures (Figs. 2.5 g,h).

In a typical metal-assisted chemical etching procedure, the function of the metal is to
catalyze the reduction of hydrogen peroxide (H20.) which delivers electronic holes necessary
for the oxidation and the subsequent dissolution of the Si oxide by HF. Silver (Ag) is also
frequently used as the noble metal. Fig. 2.5i shows the morphologies of etched structures with
Ag, deposited under the same conditions that Au via e-beam evaporation. The results confirm
that the morphologies of the etched structures vary with the type of noble metal, also that it
influences the etching rate. According to our results, the rate of etching assisted by Ag was
much faster than assisted by Au. Moreover, the structures on substrates etched in the presence
of Ag were usually surrounded by a porous layer. Similar results were obtained even increasing
the thickness of the Ag film (Fig. 2.5j).
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Results and Discussion

Table 2.1. Experiments focus on to understand and to control the Si nanopillar

fabrication by CI . See Fig. 2.5

1.Colloidal Lithography 2.RIE-Oxygen 3.Evaporation 5.0zone 6.Attack HF  Time
D=200 nm (0.2 %) 15s 1 nm Ti,19 nm Au 15Smin  H,0,=10ml 2
DDA (2 %) HF=20 ml
PSS (2 %) H,0=70 ml
PDDA (2 %)
D=200 nm (0.2 %) 15s 1 nm Ti,19 nm Au 15min  H,0,=5ml 2
DDA (2 %) HF=20 ml
PSS (2 %) H,0=75 ml
PDDA (2 %)
D=200 nm (0.2 %) 30s 1 nm Ti,19 nm Au I5min  H,0,=10ml 2
DDA (2 %) HF=20 ml

H,0=70 ml
D=200 nm (.2 %) 30s 1 nm Ti,19 nm Au I5min  H,0,=5ml 2
DDA (2.0 %) HF=20 ml

H,0=75 ml
D= 200 nm (.04 %) 30s 0.5 nm Ti,19 nm Au 15min  H,0,=2ml 20
DDA (2.0 %) HF=18 ml

H,0=80 ml
D=200 nm (.04 %) 30s 0.5 nm Ti,19 nm Au ISmin  H,0,=2ml 10
DDA (2.0 %) HF=18 ml

H,0=80 ml
D= 100 nm (.02 %) 30s 0.5 nm Ti,19 nm Au I5min  H,0,=2ml 20
DDA (2.0 %) HF=18 ml

H,0=80 ml
D= 100 nm (.02 %) 30s 0.5 nm Ti,19 nm Au I5min  H,0,=2ml 10
DDA (2.0 %) HF=18 ml

H,0=80 ml
D=200 nm (.04 %) 30s 0.5 nm Ti,19 nm Ag 1Smin  H,0,=2ml 20
DDA (2.0 %) HF=18 ml

H,0=80 ml'
D= 100 nm (.2 %) 15s 0.5 nm Ti,25 nm Ag I5min  H,0,=2ml 10
DDA (2.0 %) HF=18 ml

H,0=80 ml'
D= 100 nm (.04 %) 15s 0.5 nm Ti,19 nm Au ISmin  H,0,=2ml 5
DDA (2.0 %) HF=18 ml

H,0=80 mlI"
D= 100 nm (.2 %) 15s 0.5 nm Ti,19 nm Au 15 min H,0,=2ml 5
DDA (2.0 %) HF=18 ml

H,0=80 ml'
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As expected, the shape and spacing of the nanoholes in the metal mask strongly influence
the etching rate, then under appropriate conditions, the gold mask with well-ordered nanoholes
results in well-defined Si nanopillars, as shown in the Fig. 2.5k. Nevertheless, this elegant
technique of fabrication can be affected not only by inappropriate parameters of fabrication and
defects of the lithography but also by contamination. Fig. 2.51 shows well-ordered Si
nanopillars with a variation of height induced by a defect of the fabrication in the gold mask.
Then, under correct parameters, the Si nanopillars with height gradients can be generated by an
alteration on the catalytic mask as confirming the Figs. 6a,b%. According to the aforementioned
results, the Si nanohole arrangement of the catalytic mask strongly effects on the etching rate
and the morphology of the nanopillars. As above described, the nanoholes in the Au film, their
corresponding diameter, distribution, and separations are entirely governed by the properties of
the colloidal polystyrene beads solution. As a consequence, the Au nanohole arrangement is
random and this complicates the reproducibility of the experiments. Also, the cleaning of the
gold mask by UV/ozone (Fig.2.1b, Step 5) was not controlled, and several experiments failed in

the etching process due to remains of polyelectrolytes.

We could conclude that Si nanopillars were the best option to fabricate the Si master mold
of the sensor. However, the methodology had to be improved in order to control the
arrangement of the Si nanopillars. According to our best results, under controlled conditions,
low concentration of the etching solution (HF/H202), short etching times, and gold as the noble
metal, it could be possible to produce vertically nanostructures. But an inappropriate variation
of them, defects or contamination can result in inhomogeneous structures. Therefore, these
parameters had to be deeply studied before stabilization of the fabrication procedure. An
alternative approach is nanosphere lithography (NSL) which employs organized 2D colloidal
crystals with a hexagonal close-packed array. This method enables the facile production of large
areas (cm?) of nanoscopic features like nanoholes in a thin film. To overcome the previous
challenges, the new nanofabrication strategy was based on a lithographic gold mask with a
hexagonal array, instead of a random distribution, that combines NSL, reactive ion etching
treatment and e-beam evaporation technique to control the position and diameter of the
nanopillars. Meanwhile, the height of the SiNPs heavily depends on a well-controlled metal-

assisted silicon etching protocol.
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Figure 2.5. SEM images of different Si nanopillar testing the parameters that influences in the fabrication process.
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Figure 2.6. SEM imagen of Si nanopillars with height gradient produced by defects of
fabrication. a) Si nanopillars with different heights created by a scratch of tweezers.
b) The variation of the height of Si nanopillars was produced by a fiber of cleanroom

wipers.
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Well-Ordered Si Nanopillars Embedded in a Microchannel

2.5 Well-Ordered Si Nanopillars Embedded in a Microchannel

Fabrication of the silicon master

The fabrication technique is based on the development of a SU-8 microfluidic channel
using photolithography to place well-ordered, high-aspect-ratio silicon nanopillars (SiNPs)
inside the microchannel. The fabrication flow includes three main steps: (1) fabrication of the
microfluidic channel by photolithography, (2) preparation of a lithographic Au mask and (3)
fabrication of SiNPs by metal-assisted-chemical etching of silicon. The steps are described in

[XER
Sreeessesesree
Ssssssssnnsssns
.

-r

1 SU-8 microfluidic channel 2 SU-8 microfluidic channel with the 3 SU-8 microfiuidic channel with silicon
lithographic noble metal mask nanopillar arrays

Figure 2.7. Overview of the fabrication process of a silicon master mold to build the
optical and mechanical nanosensor.

Fig. 2.7.

2.5.1 Fabrication of microfluidic channels by photolithography

Materials

Commercially available SU-8 2025 negative epoxy photoresist and a methoxy-2-propanol
acetate developer (Microchem Corp, United States) were used. Si (100) wafer chips (p-type, 5-
10 Q-cm, Siegert wafer) with 279 um thickness were employed. The photomask was designed
using CoreIDRAW X5 and a Suss-Microtech MA 1006 Mask Aligner was used for the UV
exposition. The thickness of the layer was measured by a Profilometer KLA-Tencor P15.
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. Silicon wafer . SuU-8

a. Top Si wafer

b. Su-8 spin coating (35um)
c. SU-8 photolithography

d. Development, baking

e. SU-8 microfluidic channel

Figure 2.8. Photolithograpic steps with the negative photoresist SU-8. The
picture at the bottom shows SU-8 channels 20 mm long and 1mm wide, with
reservoirs of 5 mm of diameter.

Process

In order to remove any imperfections that can affect the quality of the spin coating
process, the wafer was cleaned as follows. Firstly, the wafer was immersed in boiling piranha
solution [H202: H,SO4 1:3] for 1 hr at 80 °C to remove organic residues, rinsed several times
with distilled water and dried with air. The Si wafer was then dehydrated in an oven at 200 °C
for 30 minutes to improve the adhesion of the SU-8 film (Fig. 2.8a). As follows, 2.5 ml of SU-8
were dispensed onto the center of the wafer using a syringe (Fig. 2.8b). To minimize the
presence of bubbles, which is a common problem when depositing SU-8 onto a wafer, the resin
was allowed to stand overnight inside the syringe. The wafer was spanned using the parameters
shown in Table 2.2 to obtain a thin and uniform layer of about 35 um. Afterward, a soft-baked
of the wafer was done to remove solvents and to improve adhesion of layers. This process was
performed in three different steps on a hot-plate to avoid film shrinkage: step 1 at 65 °C for 5

minutes, step 2 at 95 °C for 3 minutes and step 3 at 65 °C for 5 minutes.
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Catalytic metal mesh preparation

Table 2.2.Parameters of SU-8 spin coating process (~35 um)

Factor Level 1 Level 2
Speed 600 rpm 3000rpm
Acceleration 600 rpm s? 600 rpm st
Time 10s 40s

In order to ensure good adhesion between the wafer and the SU-8 film, crosslinking
control was required. The microchannel was patterned by soft contact photolithography with the
photomask design and using an energy dosage of 150 - 215 (mJ/cm?) for 40 s according to the
thickness of the SU-8 film (~35 um) (Fig. 2.8c). A post-exposure bake of the wafer improve the
crosslinking degree and stabilized the irradiated areas for the development step. The SU-8 resin
was developed by immersing the wafer in metroxy-2-propanol acetate for 5 minutes at room
temperature, rinsed with isopropanol and dried with air. Finally, a hard bake step was
performed at 150 °C for 10 minutes on a contact hot plate to harden the photoresist, see Fig.
2.8d. The final thickness of the microchannel was measured with a profilometer. Measurements
of the resin thickness were taken from 20 samples at 5 different locations across the width of
the channel in order to obtain the SU-8 average thickness and standard deviation value (StD).
The average thickness was ~34.08 pum with StD of 1.59 (Fig. 2.8e). A schematic of the whole

process is shown in Fig. 2.8.
2.5.2 Catalytic metal mesh preparation

Materials

Commercially available polystyrene spheres (carboxyl latex beads, 4% wi/v) of 400 nm
and 300 nm diameter and ethanol absolute were used to prepare a PS solution (1 ml) at 1:1.
Surfactant Triton-100 was also used to compact the monolayer and a Gilson Minipuls 3
Peristaltic Pump was used to drain the water. A plasmalab 80 plus (Oxford instruments, UK)
was utilized to reduce the diameter of the spheres and an e-beam evaporator (ATC ORION
deposition system) was employed to deposit the gold on the Si wafer with the SU-8

microfluidic channel.
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Figure 2.9. Schematic illustration and photos describing the procedure of
lithography. (a) Position of the Pasteur pipette on the wall of a Petri dish with 13.5
cm of diameter in order to slip the spheres into the water surface. (b) Nanopheres of
400 nm of diameter covering 90% of the water surface. The inset shows the
diffraction pattern made upon the illumination of the mask with a lamp. (c) PS
monolayer compacted and separated from the glass wall. (d) PS monolayer deposited
and adjusted on the SU-8 microchannel.

Process

In our study, a hydrophilic petri dish was filled with Mili-Q water and 0.25 ml of PS
solution were taken using a Pasteur pipette to slip the spheres onto the water surface (Fig. 2.9a).
The transfer of the spheres into the container was stopped when the monolayer covered about
90 % of the water surface (Fig. 2.9b). The monolayer was formed by recrystallization after 1.5
hr. Then, the monolayer was compacted and separated from the petri dish walls by inserting a
wetted needle with triton X-100. Finally, the microfluidic channels were submerged into the
water and aligned under a PS monolayer (Fig. 2.9c). The water was then drained slowly by the
pump, until the monolayer was deposited on the Si wafer with the microchannels and the rest of

the water evaporated overnight (Fig. 2.9d).
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Catalytic metal mesh preparation

Among the advantages offered by the SNSL technique, besides the selection of the sphere
size, is that the PS spheres can be further tailored by using annealing-induced deformation
through temperature or by diameter reduction using RIE treatment. In our study, the PS
monolayer was modified by a combination of the aforementioned processes. Thus, the spheres
were heated at 100 °C for 15 s on a hot-plate to compact them (Figs. 2.10a,b). Meanwhile, the
diameter of the spheres was reduced by RIE treatment (Fig. 2.10c). The source gas used in the
RIE experiments was oxygen at a flow rate of 21 sccm, pressure of 150 mTorr and RF power of
75 W. The diameter of the PS spheres was reduced to the desired value by varying the duration
of the etching time (Fig. 2.10d).

In metal-assisted chemical etching, gold is one of the most frequently employed noble
metals due to its high stability during the chemical etching process, and because it can be easily
deposited by e-beam evaporation*®#2, Accordingly in our study, a titanium film of 0.5 nm thick,
and a gold film of 19 nm thick were deposited onto the Si wafer surface that contained the
microfluidic channels and the etched spheres (Figs. 2.10d,e) The titanium was used to improve
the adhesion of the gold film to the silicon area. Finally, the PS spheres were removed using an
ultrasonic bath with ethanol absolute for 1 min to generate the gold mesh inside the microfluidic
channel (Figs. 2.10f,g).
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a Deposition of sphere array

¢ Reactive ion etching

e Deposition of Au film

) ©

f Removal of spheres and UV/ozone cleaning

h Etching Process

Figure 2.10. Schematic illustration of the experimental procedure for fabricating
large-area arrays of silicon nanopillars in microfluidic channels. (a) Deposition
of PS sphere monolayer in the microfluidic channel. (b) SEM image of the PS
sphere monolayer (D = 400 nm) on the microchannel. (c) Size reduction of the
sphere by RIE. (d) SEM image of PS spheres etched by RIE at 150 mTorr and 75
W, with reduced diameter of 200 nm after an etching time of 100 s. (e) Deposition
of Ti and Au layers on the microchannels with reduced spheres. The titanium was
used to stick the gold film to the silicon area. (f) Removing the spheres by
ultrasonication and UV/Ozone cleaning of the gold mask. (g) SEM image of the
gold mesh produced in the microchannel when the spheres are removed. (h)
Cross-sectional scheme of the formation of Si nanopillars in the SU-8
microfluidic channel by catalytic etching. (i) Cross-sectional SEM image of
vertically aligned and ordered Si nanopillars in the microfluidic channel
produced after 10 min of etching.
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Fabrication of SiNPs by metal-assisted chemical etching

2.5.3 Fabrication of SiNPs by metal-assisted chemical etching

Materials

A UV-ozone TipCleaner (TM) (Bioforce, United States) device was used to remove
contaminants over the gold masks of the microchannels and to make the surface hydrophilic.
Hydrogen peroxide (30%), hydrofluoric acid (49%) and distilled water were used as etchant
solutions. Four Teflon holders were designed to submerge the microchannels into the chemical

solution, and to remove the gold film using potassium iodide (KI).
Process

In order to remove any hydrocarbon contaminant from ambient air conditions, the
microfluidic channels with the gold masks were cleaned by ultraviolet (U/V) ozone for 20
minutes to produce clean, hydrophilic and oxidized surfaces*?. The microchannels were then
rinsed with isopropanol for 15 minutes and dried under N (Figs. 2.10f,g). Afterward, for the
fabrication of SiNPs by metal-assisted chemical etching the microchannels were placed in
Teflon holders and immersed simultaneously in an etching mixture consisting of
(HF(49%):H202(30%):H,0=6:1:26:v:v:v) at room temperature in Clean Room facilities. The
etching duration was varied, depending on the required length of the SiNPs. The etching
process was stopped by removing the microchannels from the chemical solution and immersing
them in distilled water for 20 minutes (Figs. 2.10h,i). Thereafter, the microchannels were
immersed in Kl solution for 2 minutes to remove the gold film, and rinsed with distilled water
(15 minutes) and isopropanol (15 minutes) to minimize capillary effects during N2 drying.
Experimental photos of the whole process are shown in Fig. 2.11

Etching Mixture Distilied water Ki solution Distilled water and Isopropanol Drying samples
Figure 2.11. Photos describing the procedure of metal-assisted chemical etching to
create the Si nanopillars at Clean Room facilities.
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2.6 Results and discussion

2.6.1 Hexagonal arrays of Si Nanopillars: PS nanosphere monolayer

Figs. 2.12 a,b show the final monolayer formed by the recrystallization of spheres with
~400 nm in diameter. The monolayer was deposited and adjusted on the microfluidic channel
covering it completely. The SEM image in Fig. 2.12c clearly shows the hexagonal array of PS
spheres homogenously distributed. Defects in the monolayer, such as disorders in the hexagonal
arrangement of PS spheres and overlapping were transferred into the Si nanopillars array. These
defects could be reduced by improving the control of the sphere deposition to form the
monolayer on the water surface and by compacting the spheres as best as possible. Moreover,
other imperfections resulted from different initial sphere size. For instance, Fig. 2.12d shows
the distribution of the diameters of the spheres of 400 nm. The mean diameter of the sphere was

~390.04 £ 26.16 nm which matched well with the size provided by the company (390 nm).
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Figure 2.12. PS 400 nm monolayer on a SU-8 microfluidic channel fabricated by SNSL.(a)
SEM image of the monolayer deposited and adjusted on the microfluidic channel (b)
Photo showing the PS mask covering the entire SU-8 microfluidic channel. (c) SEM image
of the PS sphere array in the SU-8 microfluidic channel with some defects (top view, scale
bar =2 um). (d) Size distribution of spheres with diameters with a mean value of 390.04 +
26.16 nm.
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Etched polystyrene masks within microchannel by RIE

2.6.2 Etched polystyrene masks within microchannel by RIE

It has been reported that the LSPR spectral position and magnitude strongly depend on the
composition, local dielectric environment, geometry, size, and separation distance of
nanostructures®. Therefore, we used RIE etching process to set the diameter of the Si
nanopillars, and consequently to control the radius and position of the nanostructures. The
spheres deposited on the microfluidic channel were etched by RIE with oxygen for a period of
30-120 s. The characterization of the results was performed by SEM images taken at 4 different
locations left; right, up and down in order to obtain the average diameter and the StD value, see
Figs.2.13 a,b. The graph in Fig. 2.13c shows the reduced diameter of the 300 nm and 400 nm
PS spheres according to the RIE time. While the RIE of both PS 300 nm and PS 400 nm
increased over time, the reduction of the PS 300 nm spheres was faster. At 100 s, the 300 nm
spheres were completely etched, whereas the diameter of the 400 nm spheres was reduced to
~207.65 nm.
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Figure 2.13. PS spheres in microfluidic channels etched by RIE with a flow of 21%,
75 W and 150 mTorr. (a) and (b) SEM images of PS 300 and 400 nm masks exposed to
RIE, respectively. (c) Data plotted on the basis of measurements acquired from SEM
images of the reduced diameters of PS spheres of 300 nm and 400 nm of diameter
during 120 s of RIE.
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Figure 2.14. Defects presented during the nanofabrication of SiNPs. (a) PS 400 nm
monolayer in a SU-8 microfluidic channel is damaged by an excessive RIE time of 145 s
where the nanospheres lost quality in the spherical shape and order (top view, scale
bar= 1 um). (b, c) Top view of deformed SiNPs produced by an excessive time of RIE of
120 s. (c¢) Imperfect hexagonal arrays of SiNPs caused by defects in the PS monolayer
and by an inadequate RIE treatment (15° tilt view, scale bar= 1 um).

According to our experiments, excessive RIE time can affect the quality and arrangement
of the reduced nanospheres producing imperfect SiNPs (Fig. 2.14). The differences in diameter
values can be explained by the variations in size of the original spheres and by the quality of the

equipment used in the RIE treatment.

2.6.3 Height of Silicon Nanopillars
2.6.3.1 Effect of HF/H.O: ratio

For a better control of the size and spacing of the SiNPs placed inside the SU-8
microfluidic channel, we have employed the nanosphere lithography technique. Using this
approach combined with reactive ion etching and e-beam, the density, position and diameter of
the SiNPs are well defined, thus, we were able to overcome the main challenges described in
Section 2.4.1, with respect to the periodicity, shape, and spacing of the Si nanoholes in the gold
mask that strongly influenced on the etching rate. In this Section, the diameter (2r) is kept at =
207.65+27.60 with a center-to-center distance (dcc) of 400 nm, and the height is controlled by
HF/H,0; ratio and etching time.
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Effect of HF/H202 ratio

Table 2.3. Experimental conditions for fabricating SiNPs. Compositions of etching solutions used in
this study with volume in mL (volumes of 49% HF and 30% H202) with a total volume of 100 ml

1.SNSL 2.RIE 3.Evaporation 5.Attack HF Etching Time
a 500 pl PS spheres (400nm) 100s  0.5nm Ti,19 nm Au  H,0, =3ml 2.5 min
500 ul ethanol HF=18ml,
H,0=79 ml
b 500 ul PS spheres (400nm)  100s  0.5nm Ti,19 nm Au  H,0,=5ml 2.5 min
500 ul ethanol HF=18 ml
H,0=77 ml
C 500 pul PS spheres (400nm) 100s  0.5nm Ti,19 nm Au  H,0,=3 ml 5 min
500 ul ethanol HF=18 ml
H,0=79 ml
d 500 ul PS spheres (400nm) 100s  0.5nm Ti,19 nm Au  H,0,=5ml 5 min
500 ul ethanol HF=18 ml
H,0=77 ml
e 500 pl PS spheres (400nm) 100s  0.5nm Ti,19nm Au  H,0,=3ml 7.5 min
500 ul ethanol HF=18 ml
H,0=79 ml
f 500 ul PS spheres (400nm) 100s  0.5nm Ti,19 nm Au  H,0,=5ml 7.5 min
500 ul ethanol HF=18 ml
H,0=77ml
g 500 pl PS spheres (400nm) 100s  0.5nm Ti,19nm Au  H,0,=3ml 10 min
500 ul ethanol HF=18 ml
H,0=79 ml
h 500 ul PS spheres (400nm) 100s  0.5nm Ti,19nm Au  H,0,=5ml 10 min
500 ul ethanol HF=18 ml
H,0=77 ml

—0—HF/H,0,= 6/1
—e—HF/H,0.=3.6/1

(unw) awny Buiyoyz

Etching Time (min)
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Figure 2.15. Temporal evolution of SiNPs during the etching process for different
HF/H202 ratios. HF/H202/H.0 =(a,c,e,g) 6/1/26 and (b,d,f,h) 3.6/1/15.4. Each row
indicates the etching time 2.5, 5, 7.5 and 10 min respectively (43°tilt view, scale bar=200
nm).
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Table 2.3 shows the most representative experimental conditions that were tested to
fabricate the SiNPs. It is important to note, that these experiments skip the step of UV/Ozone
cleaning of the gold mesh (see Fig. 2.10). Figs. 2.15 a-h show the structural changes in SiNPs
with respect to the HF/H,O; ratio during the metal-assisted chemical etching. Based on the
observed dependence of the Si nanopillar height on the relative ratio of HF and H,0,, the height
results in the Figs. 2.15 a-h were plotted as shown in Fig. 2.15i. As shown in Fig. 2.15i, the
height SiNPs are observed to be longer with increasing H,O, concentration. It must be noted
that the tip-clumped shape with large bending (hooked) SiNPs were not produced. Specifically,
while there is not bending of pillars during formation under low H>O, concentration (Fig.
2.150), even higher SiNPs (<1678.35 nm) are vertical with increasing H2O, concentration (Fig.
2.15h). It has been reported that in a typical metal-assisted chemical etching procedure, the
function of the metal is to catalyze the reduction of hydrogen peroxide (H2O2) which delivers
electronic holes necessary for the oxidation and the subsequent dissolution of the Si oxide by
HF. Then, according with our results most of the injected holes are consumed by Si dissolution
at the Au/Si interface, giving rise to the vertical shape (Figs. 2.15a-h). Increasing volumes of
H,0,, that is, increasing the hole injection can accelerate the etching rate and as a result the
height SiNps are ~50 % higher, see Fig. 2.15i.

2.6.3.2 Effect of UV/ozone on the etching process

In this fabrication protocol, we found that the cleaning of gold mesh in the microchannels
by UV/ozone strongly influenced the etching process. In order to demonstrate this effect, a
simple experiment was performed. Eight samples formed by a lithographic gold mesh placed in
a hydrophobic SU-8 microchannel (contact angle ~102.2 + 0.19) were used. Their diameters
(2r) were kept at ~280 nm with a center-to-center distance (dcc) of 400 nm. Four samples were
then exposed to UV/ozone for 30 minutes to remove the contaminants from the wafer surface
(Fig. 2.16a) and produce a clean, hydrophilic and oxidized gold mesh in the SU-8
microchannels (Fig. 2.16b). Afterward, the samples were immersed simultaneously in an
etching mixture consisting of (HF(49%):H,02(30%):H,0=6:1:26:v:v:v) at room temperature in

Clean Room facilities. The etching duration was varied from 2 to 8 minutes.
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Effect of UV/ozone on the etching process

Figure 2.16. UV/ozone cleaning (a) Schematic illustration of a sample formed by a
gold mask and a monolayer of ambient hydrocarbon contamination placed in a SU-8
microchannel prior to exposure to UV/ ozone treatment. (b) Schematic illustration of
a sample formed by a clean, hydrophilic and oxidized gold mask placed in a SU-8
microchannel after to UV/ ozone treatment (30 min).

Fig. 2.17 shows the SEM images of structural changes in the SiNPs with and without
UV/ozone treatment with respect to etching time. Particularly, Fig. 2.17a clearly shows that the
etching process was slow in samples that were not cleaned with UV/ozone, and as a result, the
heights of SiNPs were shorter than those samples subjected to UV/ozone (see Fig. 2.17b). This
can be explained by considering contaminant residues on the gold mesh surface, which reduced
its quality and delayed the etching reaction described by the equation (1.8). The UV/ozone
treatment removed contaminants from sample surfaces and produced hydrophilic and oxidized
gold mesh in the microchannels (see Fig. 2.16b) that resulted in an accelerated etching rate.
Moreover, the SiO, monolayer formed in the Au holes of the mesh did not affect the reaction as
it was dissolved by HF according to the chemical equation (1.8)*. Throughout the process, the
morphology and quality of the SiNPs were not affected. Importantly, this simple cleaning step
avoids the necessity to change the etchant concentration, the type of metal or to increase the
temperature to accelerate the etching rate”. SEM images allowed a visual characterization of
samples at different locations to obtain the average height and the StD value of the
nanostructures. The temporal evolution of the SiNPs growth inside the SU-8 microfluidic
channels is shown in Fig. 2.17c. According to the graph, an increase of the SiNP height with
etching time was obtained in both conditions. It can also be observed that the heights of the
SiNPs fabricated in the contaminated samples were 100%, 92%, 87% and 71% shorter than the

heights of the SiNPs fabricated in the cleaned samples.
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Figure 2.17. Effect of UV/Ozone on the temporal evolution of SiNPs at different etching
times. Their diameters were kept at ~280 nm with a center-to-center distance of 400 nm
inside the microfluidic channel, during the metal-assisted chemical etching (HF (49%):
H202 (30%):H20=6:1:26:v:v:v). Each row indicates the time that the samples were
exposed to UV/ozone: (a) 0 min and 30 minutes for (b). Each column indicates the etching
time of 2, 4, 6 and 8 minutes, respectively (15° tilt view, scale bar=2 pum). (c) In both
graphs an approximately linear relationship between the heights and etching times was
obtained when the etching rate increased with UV/ozone demonstrating its influence on

the etching rate.
Therefore, by controlling this factor, the successful fabrication of SiNPs with heights

under and over 500 nm can be achieved at the same etching times, clearly demonstrating the
influence of UV/ozone cleaning on the fabrication of the SiNPs. It is reasonable to think that a
high H,O./HF concentration, an excessive UV/ozone cleaning or etching time, with an
inappropriate design of lithographic gold mesh, can produce SiNPs that are bent and collapsed

towards the bottom gold surface, as summarized in the Fig. 2.18.

Figure 2.18. SEM images of dramatic changes in the morphologies of SiNPs. Tip-
clumped shape with bending SiNPs are produced by an inappropriate combination of
fabrication parameters: UV/ozone cleaning=40 min, HF/H202/H.0 = 3.6/1/15.4, (a)
etching time 5 min and (b) 8 min. (c) without UV/ozone cleaning and an etching time

of 15 min.
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Controlled fabrication of SiNPs within microchannels

2.6.3.3 Controlled fabrication of SiNPs within microchannels

To demonstrate the controllability and reproducibility of our nanofabrication method to
create embedded nanostructures in polymer microfluidics, another series of experiments were
performed. The characterization of three experiments was done with SEM images to calculate
the average height and StD value of the SiNPs (see Fig. 2.19a).

Fig. 2.19b shows the temporal evolution of the SiNPs fabricated inside microfluidic
domains using two different designs of the catalytic gold mesh, prepared with both PS 300 nm
and PS 400 nm spheres, with a reduced diameter of 180 nm and ~160 nm, respectively. The
microchannels were etched in the same solution ((HF (49%): H.0, (30%):H.0=6:1:26: Vv: V: V))
for different times of 2, 4, 6 and 10 minutes, respectively. The results confirmed that in the two
different catalytic meshes, the height of SiNPs increases as the etching time becomes longer.
Additionally, the graph shows that the design of the catalytic Au mesh with respect to the
diameter of the mesh holes, the periodicity (d..=300, d..=400) and the hexagonal array,
influenced as well the etching rate.

a) b)
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Figure 2.19. (a) SEM images of temporal evolution of Si nanopillar heights in the SU-8
microfluidic channels during the etching process (15° tilt view, scale bar=1 um).(b)
Average heights of the SiNPs separated at a center-to-center distance (dcc) of 300 nm and
400 nm for 2, 4, 6 and 10 minutes, respectively.
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Table 2.4. Characteristics of the SiNPs in SU-8 microfluidic channels
Etching d=180nm, d.=300nm? Aspect % StD? d=160nm, d=400nm? Aspect % StD“

time ratio ratio

[min] Height [nm] ® (H/dy)* Height [nm] ° (H/dr)°
2 414.41+68.99 2.30 16.64 351.67+49.47 2.19 14.06
4 839.91+58.44 4.66 6.95 531.52+69.37 3.32 13.05
6 1287.07+62.83 7.15 4.88 1113.21+96.93 6.95 8.70
10 1261.62+136.90 7.00 10.85 1013.80+£169.08 6.33 16.67

2 de.= center to center distance of nanopillars

® mean + standard deviation of 3 replicates of the experiment

¢ H/d, =Height / reduced diameter

4 9%StD represents the percentage of Std with respect to mean value

It can also be observed that the heights of the SiNPs (dr =180 nm) separated at a dcc of 300
nm were higher than the heights of the SiNPs (dr =160 nm) separated at a dcc of 400 nm. This
can be explained by the fact that the area with the gold/silicon interface in the mesh with the
dr=180 nm and d¢:=300 is smaller than in the mesh with the dr=160 nm and d¢.= 400 nm, then it
sinks faster into the silicon following the reaction (1.8), thereby producing higher SiNPs. It
demonstrates that the combination of dr and dcc plays a key role to control the etching rate.
Interestingly, after 6 minutes, the etching rate began to stabilize in both cases. To prove the
high control of our protocol over the formation of SiNPs, three samples were etched during 1, 2
and 5 minutes, maintaining the same dcc at 400 nm, but now with a dr=280 nm. Fig. 2.20

indicates the cross-sectional images of the SiNPs in the microchannel. The resulting heights

Figure 2.20. Cross-sectional SEM images of SiNPs inside the SU-8 microfluidic channels using
PS 400 nm spheres with a reduced diameter of 280 nm. The etching times were for (a) 1, (b) 2,
and (c) 5 minutes with heights of ~ 180 nm, ~300 nm and ~750 nm, respectively, according to the
measurements obtained by SEM images.
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Conclusions

were ~180 nm, =300 nm, and = 750 nm, respectively, which were the expected values
according to the results described in Fig. 2.19b. Finally, Table 2.4 shows the mean and StD
values of the heights of the fabricated SiNPs. The column % StD represents the percentage of
standard deviation with respect to the heights mean value. In both fabrications, there was a
controlled and proportional increase in the aspect ratio, and the %StD did not exceed 17%,

which was acceptable for our fabrication purposes.
2.7 Conclusions

In summary, we have described a simple and low-cost fabrication protocol of ordered
arrays of silicon nanopillars with integrated polymer microfluidics. With our fabrication
strategy, the area, hexagonal arrangement, diameter, and height of the SiNPs within the
microchannel are well controlled. In this process, it was shown that the diameter of the PS
spheres (300 nm and 400 nm of diameter) was reduced by RIE treatment and these results were
used to control the diameter of the SiNPs. Explanation and advice were given on how to reduce
defects and imperfections in the fabrication of the microchannel and the catalytic gold mesh.
Our investigation confirmed that the height of SiNPs increases as the etching time becomes
longer. Moreover, the simple cleaning of the microchannels by UV/Ozone clearly affects the
etching rate. Importantly, this step avoids the necessity to change the etchant concentration, the
type of metal or to increase the temperature to accelerate the etching rate. Through our results,
we demonstrate that the combination of reduced diameter (dr), and periodicity (dcc) of the
catalytic gold mesh plays a key role in order to control the etching rate. The results from our
strategy offer a controlled tool for the creation of plasmo-mechanical sensors integrated with
microfluidics.
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Chapter 3 Building of the
Integrated microfluidic sensor

5. Bonding

1. SiNPs with
microfluidics

4. Au nanodisks 2. PDMS mold

The plasmomechanical sensor consisting of a hexagonal array of vertically
aligned polymers nanopillars capped with plasmonic gold nanodisks, within a
microfluidic channel. Replica molding technique is our fabrication strategy to develop
the sensor. Therefore, the fabrication consists of five steps: 1) fabricating a Si master
mold, 2) molding this master to generate a patterned stamp (PDMS mold), 3)
generating a replica of the original template in a polymer material, 4) Evaporation of
plasmonic gold nanodisks on the polymer nanopillars and 5) the sensor bonding for
the microfluidics.
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Introduction

3.1 Introduction

As discussed in Chapter 2, with the implemented fabrication strategy, the area, hexagonal
arrangement, diameter, and height of the silicon nanopillars within the fluidic microchannel are
well controlled. In this chapter we describe the process for developing the flexible
plasmomechanical sensor, consisting of an array of closely spaced, vertical, polymer nanopillars
capped with plasmonic gold nanodisks and embedded in a microfluidic system. The fabrication
of the sensor is based on a replica molding technique where the gold nanodisks are incorporated
on the polymer nanopillars by e-beam evaporation. In this chapter, we provide: (i) the strategies
for controlling the replication of Si master using thermal polymers and photopolymers with
different Young’s modulus, in order to minimize the distortions in the process and to obtain a
reliable replica of the Si master mold. The Si master molds of the sensor consist of a hexagonal
array of SiNPs with diameters from =140 nm to =200 nm, and heights ranging from ~200 nm to
~1.3 um, with center to center separations (dcc) of 400 nm and 300 nm, integrated in a SU-8
microfluidic channel,(ii) the mechanical characterization of the polymer nanopillars. The elastic
constant or spring constant k of the polymer nanopillars is evaluated and (iii) polymer-based

bonding strategies for microfluidic integration of the sensor.

The fabrication process was divided into four steps: 1) fabrication of polydimethylsiloxane
(PDMS) mold, 2) replication of Si master mold, 3) evaporation of gold nanodisks on the

polymer nanopillars (PNPs) by e-beam evaporation and 4) bonding process (Fig. 3.1).

I

1. PDMS mold 2. Replication 3. Au nanodisks 4. Bonding

Figure 3.1.0verview of the replica process of Si master mold and bonding process to
create the plasmomechanical sensor.
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3.2 Fabrication of the Polydimethylsiloxane mold
Process

To create the polydimethylsiloxane (PDMS) mold, the surface of the silicon master was
cleaned and oxidized by an oxygen plasma cleaner (Femto plasma cleaner, Electronic Diener
Inc, Germany) at 75 W, with a flow rate of 15 % for 2 min. Then, it was treated with an aliquot
(50 ) of (tridecafluoro -,1,2,2-tetrahydrooctyl) trichlorosilane in a vacuum desiccator for 2 h
at room temperature to deposit a monolayer on the Si nanopillars. This layer avoids that the
polymers stick permanently and helps the unmolding step (see Figs. 3.2a,b). The PDMS
prepolymer and curing agent ( DOW Sylgard 184) were thoroughly mixed in a volume ratio of
10:1, followed by a first degassing for 20 min to remove the air bubbles. The degassed PDMS
mixture was gently poured onto the silicon master (Figs.3.2 ¢,d) and a second degassing for 1 h
was applied ( Figs. 3.2e,f). The PDMS was then cured at ~100 °C for 1h on a hot-plate (KW-
4AH, Chemat Technology Inc, United States). Finally, the cured PDMS was carefully removed
from the Si master manually (Figs. 3.2g,h). UV curable polymers and epoxy resins were used to

produce the replica of the Si master mold of sensor.
3.2.1 Results and Discussion

PDMS molds of nanoholes were fabricated from the silicon masters according to the
controlled procedure described in the Fig. 3.2. Fig. 3.3 shows the SEM image of negative
PDMS molds. The PDMS pattern (thickness 1mm) contains the hexagonal array of nanoholes
whose depths correspond to the heights of the SiNPs. These results confirm the excellent
combination of our protocol and the ability of the PDMS (Sylgard 184) to mold the Si
nanostructures in the SU-8 channel to a large area. The use of PDMS molds is inexpensive and
multiple copies can be replicated from the original master mold (around 25) without
deformations, which make it attractive for effective and low cost sensor fabrication. The
differences observed in the diameter values and the presence of defects can be explained by

variations of the original master molds.
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Results and Discussion

a. Silanization b

e. Degassing

g. PDMS mold

al
Figure 3.2. Procedure of fabrication of the negative PDMS mold: a) Silanization of
Si master. b) Silanization in a desiccator with an aliquot of silane (shown in dashed
circle) and the Si masters. c) PDMS covering the silicon nanopillars in the SU-8
channel. d) Photo showing the pouring of the mixed PDMS prepolymer onto the
silanized Si master molds. e) Bubbles rising from the PDMS. f) Photo showing the
degassing of the PDMS prepolymer inside a vacuum at room temperature. g) PDMS
mold of nanoholes whose depths correspond to the heights of the SiNPs. h) A picture
showing the PDMS mold.
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Figure 3.3. (a) PDMS mold of nanoholes within a microchannel.(b) Area protruding
from the plane surface, which shape corresponds to the shape of the silicon master
mold of nanopillars.

3.3 Replication of the Si master mold and evaporation of gold
nanodisks

Process

UV curable polymers: The selected polymer (1.0 g) was poured on the PDMS and placed
in a vacuum desiccator in order to remove the air bubbles and to fill the nanoholes (Figs.
3.4a,b). It was then covered with a precleaned glass slide or PDMS film (Fig. 3.4c). Next, the
polymers were exposed to a UV light (190 mW at 365 nm, normalized intensity), see Fig.3.4
d. Thermal polymers: According to the data sheet, the mix ratio of epoxy resin was prepared
(1.0 g) to cure the polymer in the shortest time possible, and thereby, poured on the PDMS. The
mixture was placed in a vacuum desiccator to remove the air bubbles and to ensure complete
filling of the PDMS nanoholes (Figs.3.4a,b).The polymer was covered with a precleaned glass
slide or PDMS film (Fig.3.4c) and was then cured on a hot-plate (Fig. 3.4e). After curing, all
polymer structures were carefully peeled off from the PDMS mold (Fig. 3.4f).

Finally, the gold nanodisks were incorporated on the polymer nanopillars by e-beam
evaporation. Figs. 3.4g and h show a thin metallized polymer replica (thickness 279 £25 pum)

result by using the PDMS film as a support, and a polymer replica on a glass.
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Replication of the Si master mold and evaporation of gold nanodisks
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Figure 3.4. Schematic illustration of the replica molding steps. (a-b) Removal of the
air bubbles from the polymer by degasssing in a vacuum desiccator. (c) Glass slide
covering the pre-polymer. (d) Curing of the polymer by a UV lamp. (e) Curing of the
polymer by temperature. (f) Demolding by peeling the PDMS from the polymer
replica. (g) Gold nanodisks on the polymer nanopillars in a channel. (h) Photo of a
thin metallized polymer replica and other on a glass.



3.3.1 Polymers for the replica of the Si master mold

In the molding process, filling of nanoholes with liquid precursor is capillary-force-
controlled. The complete filling time can be a function of the viscosity of the liquid epoxy
polymer, the radius of the nanohole, and the contact angle between the liquid and the surface of
the capillar (6 ). A lower contact angle (i.e., higher wettability) of the liquid on the PDMS

mold with and without nanoholes, is preferred for a complete filling in a short period of time.

Table 3.1 Plysical Properties of Polymers employed to replicate the Si master mold

Polymer Viscosity? Young's? Spectral Degradation Contact Contact
(23°C)(cPs) Modulus Transmission? Temp?(°C) angle (@) ° angle (0)°

NOA 65¢ 1200 .137 GPa >99% @ 450-1200 - 48.4+0.79 57.7+0.46
nm,IR=1.524

NOA 81¢ 300 1.38 GPa >99% @ 400-1000 nm, - 65.7 + 0.06 71.4+024
IR=1.56

0G133-8 1000-1500 2.42MPa >95% @ 900 nm 353 26.3+3.65 30.6 +3.97
,IR=1.5244@ 589 nm

UVO-114 350-550 1.56 GPa >94% @ 500-1400 nm, 361 118.2+3.27 92.5 +6.56
IR=1.5191@ 589 nm

0G142-87 250-600 3.59 GPa >97% @ 580-1600 nm, 384 47.3+0.30 66.8 +0.23
IR=1.5058@ 589 nm

0G603 150-250 1.73 GPa >98% @ 420-1600 nm, 385 425+0.13 57.6 +0.74
IR=1.5037@ 589 nm

Super Gel 3000-9000 62 MPa >99% @ 400-1000 nm, 93 52.1+0.13 55.9+3.90
IR=1.5253

301-2FL 100-200 1 GPa >99% @ 400-1000 nm, 325 54.6 +0.24 64.7+0.11
IR=1.5115@ 589 nm

310M 450-850 4.16 MPa >97% @ 400-1300 nm, 397 58+0.12 53.4+0.29

IR=1.5129@ 589 nm

a ,Data from vendor, Epoxy Technology, Inc.

b ,Contac angles between the liquid prepolymers and PDMS

c,Contac angles between the liquid prepolymers and PDMS mold of nanoholes
d ,Norland Optical Adhesives

Table 3.1 shows the physical properties of the polymers tested to replicate the Si master
mold. It includes two kinds of polymers, photopolymer and thermal polymers, with different
viscosity and Young’s Modulus in order to create soft and hard nanopillars. Also, we can see
that their contact angles on both, a planar surface of PDMS and a PDMS mold of nanoholes, are

smaller than 90° and then are considered suitable for the replica process.
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Polymers for the replica of the Si master mold

Table 3.2. Protocols of functional Epoxy resins (1 g) to create the polymers nanopillars

Polymer

UVvO-114

0G142-87

Protocol SiNPs (nm)
Precure=5 Hsines=1113.21
s/UV Dsines=207.6
Without UV=2 ratio=5.36
min
Fullcure 40
min/ UV
Precure= 15 Hsines=1678.3
s/lUV Dsines=207.6
Without UV=1 ratio=8
min

Fullcure 3 min/
uv

Protocol SiNPs (nm)
Degasssing=3 min  Hsinps=940
Precure= 15s/UV ~ Dsinps=150
Without UV=1 ratio=6.2
min

Fullcure 4 min/
uv
Cure=2h@150°C

Degasssing=1h
Precure=1
min/UV
Without UV=1
min

Fullcure 5 min/
uv

Hsines=764.37
Dsines=200
ratio=2.636

Fullcure=
12h@80°C

HSin5=527.26
DSiNPs=207-6
ratio=2.53

Degasssing=6
min
Precure=1
min/UV
Without UV=1
min

Fullcure 7 min/
uv

HSins=1678.3
Dsines=207.6
ratio=8

Degasssing=1 h
Fullcure=
3h@80°C

Hsinps=764.37
Dsines=200
ratio=3.82

Degasssing=6
min

Precure= 30
s/UV

Without UV=1
min

Fullcure 4 min/
uv

Cure=
2h@150°C

Hsinps=940
Dsines=150
ratio=6.2

Degasssing=1.5h
Fullcure= 1 day
+2h@65°C

HSins=493.56
Dsinps=154.27
ratio=3.2

Table 3.2 contains the protocols for the aforementioned polymers. It is important to point

out that the protocols ignore possible air trapped by the introduction of the liquids.

Nevertheless, we observed air bubbles in the nanopillars when the glass or PDMS film is placed

over the polymer.
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3.3.2 Results and Discussion

Polymer nanopillars replicated from the corresponding silicon master with different
heights and diameters are exemplified in Fig. 3.5. It clearly shows that in spite of the
mechanical characteristics of Super Gel, NOA 65 and NOA 81 they did not penetrate in the
nanoholes. On the other hand, the photopolymers (0G133-8, UV0-144, 0G142-87, OG603)
and thermal polymers (301-2FL, 310M), could penetrate the nanoholes with diameters from 150
nm to 200 nm and different deeps. It is clearly shown that their viscosity and Young’s Modulus
are important factors to fully penetrate the mold and to keep vertically the nanopillars. In order
to know which polymer should be finally selected to create suitable soft and rigid polymers
nanopillars, we performed a study to identify the limit of the aspect ratio of the structures that
they can replicate.

Arrays of SiNPs with an increasing aspect-ratio integrated in the SU-8 channels (Figs.
3.6a-c) were replicated from the corresponding PDMS molds using polymers with different
Young’s modulus (see Table 3.1), and gold nanodisks were placed on them by e-beam
evaporation. As shown in Figs 3.6d-l epoxy nanopillars with an aspect ratio < 3.75 were found

stable without any pattern collapse. However, Figs 3.6g,h,j and k clearly show that 301-2FL and

Figure 3.5. SEM images of polymer nanopillars. Photo and thermal polymer were used to
identify the optimal one for the replica molding process. Images from 1 to 6 are materials with
a Young’s Modulus >1GPa for hard tissues. Images from 7 to 9 are materials with a Young's
Modulus< 1 GPa for soft tissues.
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Results and Discussion

0G133-8 nanopillars did not have the same height between them as the UVO-114 nanopillars
show (Figs. 3.6d,e).

The fabrication of polymer nanopillars with an aspect ratio of 6.5 found that EPOTEK-
UVO0-114 completely filled the PDMS nanoholes, and its mechanical properties helped to avoid
the collapse of the nanopillars (Figs.3.6.f,i,l). Fig 3.6.i and Fig 3.6.1 show collapsed 301-2FL
and OG133-8 nanopillars, which can be attributed to the surface adhesive forces between the
PDMS and the replica during separation as well as to the influence of the material stiffness.

As above described, the diameter of the nanoholes strongly influences the stability of the
polymer nanopillar arrays. Then, we reduced the diameter to replicate SiNPs with a high aspect
ratio of 4.4 and 5.5 (see Fig. 3.7 a,b) with the polymers whose Young’s Modulus are 3.59 GPa
(OG142-87) and 1.73 GPa (OG603). It is important to point out that a reduced diameter
increased the difficult to fill the nanoholes but the separation helps in the unmold step. Figs. 3.7
e-h show the stable replication results without any pattern collapse.

On the other hand, 310M (4.16 MPa) and 310M-1 (32.39 MPa) were used to produce soft
nanopillars with an aspect ratio of 1.49 and 2.15 (Fig. 3.7i-1). We can observe that the shape and
height are the same as the original Si masters.

According to the experiments performed, we could conclude that the polymer 0G142-87
and 310M were the best materials to create rigid and soft polymer nanopillars ensuring

reproducibility and generating the suitable replication of original Si master of the sensor.
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Polymer Nanopillars
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s®D0®
LY L LA

fod

) @ Ll(“‘)“‘)‘

Figure 3.6. SEM images of silicon and polymer nanopillars. (a-c) Silicon nanopillar arrays as master molds. Features

dimensions dp =200 nm, dcc=400 nm, h=500 nm , 750 and 1.3um, respectively. (d-f) Epotek-UVO-114 nanopillars, (g-
i) Epotek- 301-2FL nanopillars and (j-1) Epotek- OG133-8 nanopillars, (15° tilt view).
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Figure 3.7. SEM
nanopillar arrays as master molds. Features dimensions dp =140 nm for a,b and
165 nm for ¢ and d, dcc=400 nm, h=560 nm , 1040 nm, 264 nm and 410nm,
respectively. (e-f) Epotek-OG142-87nanopillars, (g-h) Epotek-603 nanopillars, (i-
j) Epotek-310M nanopillars, and (k-1)Epotek-310M-1 nanopillars (15° tilt view).



3.3.3 Spring constant of polymer nanopillars: mimicking tissues

Table 3.3 compares the experimental aspect ratio of the polymer nanopillars capped with
gold nanodisks (thickness= 25 nm) with the corresponding values of silicon master. The results
showed an increase in almost all the diameters of the polymer nanopillars (dp) and a decrease in
the heights, as a result, the aspect ratios of the polymer nanopillars were smaller than the Si
masters. A possible explanation for this might be that the temperature at which the different
polymer nanostructures were exposed during the deposition of the gold nanodisks by e-beam
evaporation, caused these distortions which are consistent with the results of other processes of
replica molding 3132, Other distortions are due to unmold step, as we observed that the

polymer nanopillars adopt the orientation at which were separated from the PDMS mold.

Moreover, Table 3.3 shows the spring constant (k) that the polymer nanopillars produce
according to their aspect ratio, and the Young’s Modulus of the material. The calculation of the

k is extracted from the formula 1.1%, the aspect ratio, and Young Modulus are substituted in
4
k= GnE 2—3) and then the results are compared with experimental data of elastic moduli of

real tissues'® to identify the mimicked tissue (See Annex A). Also, the k indicates the

mechanical sensibility (stiffness) of the sensors to a shear stress.

We can conclude that using OG142-87 and 310M polymers, SiNPs with diameters from
140 nm to 170 nm and heights ranging from 260 nm to 1um can be replicated by our protocol.
Also, the spring constant of those gold capped polymer nanopillars can not only be designed to
create polymer structures with different mechanical sensitivity to a shear stress but also to

mimic soft tissues such as muscle and rigid tissues such as bone.
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Spring constant of polymer nanopillars: mimicking tissues

Table 3.3. Comparison of experimental results of aspect-ratios of polymer nanopillars

SiNPs dimension EPO£F5|<6-8¥5414 EPOT(EES?)LZFL EPO(';iI;-IaS;)%-S
dr(hm)  h (nm) afgtelzt dop® (M) (nT) aif.e csozrsTa% A (M) (n*;n) aigzzt cSoF:sTagn dony® (NM) (n?n) ai’f_.e csor::sl?a%
ratio [N/m] [N/m] ratio [N/m]
200 500 25 260 410 157 1.56E+01 220 260 1.18 2.07E+01 220 400 181 1.48E-02
bone bone muscle
200 750 3.75 270 780 2.88 2.74E+00 220 560 254  253E+00 270 620 229 9.20E-03
bone bone liver
200 1300 6.5 260 1350 519  3.66E-01
cartilage
EPOTEK-OG142-87  SPHNd EPOTEK-0G603  SPring
(3.59 GPa) constan (1.73GPa) constan
[N/m] [N/m]
141 560 3.97 201 883 44 1.37E+00 156. 468 3 1.75E+00
bone bone
141 1040 7.37 193 1014 5.25 7.70E-01 165. 719 435 581E-01
cartilage cartilage
EPOTEK- ;F;]rs't”a?] EPOTEK-310M- ;‘:{S'{‘a?]
310M(4.16MPa) [N/m] 1(32.39MPa) [N/m]
165 264 1.6 174.9 261 149 3.61E-02 160. 260 162 2.20E-01
muscle cartilage
165 410 2.64 171.2 368 2.15 1.19E-02 169. 428 252 5.73E-02
muscle muscle

2 Botton diameter is used for calculation.
d; ,reduced diamter of silicon nanopillar
dpnp, diameter of polymer nanopillar

dcc, distance center to center =400 nm
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3.4 Gold film on the sensor

Fig. 3.8a shows a schematic representation of the nanopillars integrated in the polymer
microchannel with the Au nanodisks deposited by e-beam evaporation. Importantly, with this
technique not only the nanodisks are formed, but also an array of nanoholes in a thin film, due
to the Au film that is deposited at the bottom of the polymer surface. The nanoholes are also
nanostructures that generate LSPR, then for this reason we performed several experiments to

remove the gold film and to obtain a configuration without Au film as shown in Fig. 3.8b.

Au
nanodisk

Figure 3.8. (a) Schematic representation of the plasmomechanical nanosensor showing the Au
film (25 nm) and the Au nanodisks deposited on the polymer nanopillars. (b) Au nanodisks on top
of the polymer nanopillars

Removing of the gold film by silanization of SiNPs and transfer of Au nanodisks to the

PDMS mold and to polymer replica

The strategy is to take off the Au nanodisks from the SiNPs to the bottom of the nanoholes
of PDMS mold, and next to dissolve the Au film deposited on the top of PDMS mold by KI
solution. Once done, UV curable polymers and epoxy resins were used to produce the replica of
the Si master and try to adhere the Au nanodisk at the bottom of the PDMS holes.

Process

First, Si nanopillars (SiNPs) with a diameter of =207 nm and height of ~640 nm were
cleaned and oxidized by an oxygen plasma cleaner (Femto plasma cleaner Electronic Diener
Inc, Germany) at 75 W, with a flow rate of 15 % for 2 min. Then it was treated with an aliquot
(50 pl) of (tridecafluoro -,1,2,2-tetrahydrooctyl) trichlorosilane in a vacuum desiccator for 2 h
at room temperature to deposit a monolayer on the Si nanopillars. This layer avoids that the
pdms stick permanently and helps the unmold step. Next, 25 nm of gold were deposited on the
SiNPs by e-beam as is shown in Fig. 3.9a. Then, the degassed PDMS (10:1) mixture was gently
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Gold film on the sensor

poured onto the silicon master and a second degassing for 1 h was applied. The PDMS was then
cured at 100 °C for 1h on a hot-plate (KW-4AH, Chemat Technology Inc). Finally, the cured
PDMS was carefully removed from the Si master manually.

Results

Fig. 3.9b shows the SiNPs after unmolding the PDMS. It clearly shows the gold film
deposited on the ground of SiNPs, also, it is observed that SiNPs do not have the Au nanodisks,
which means that they were unglued and placed on the bottom of PDMS nanoholes.
Unfortunately, there were zones where the Au film was elevated and then the Si nanopillars
were harmed (see Fig. 3.9¢). Also, the PDMS penetrated under Au film damaging the Si master
and leaving residues of PDMS between the SiNPs, (see Fig 3.9d). Moreover, the polymer
nanopillars fabricated with these PDMS molds did not have any Au nanodisks, they were

trapped in the bottom of the PDMS mold. Therefore, this tactic was unsuccessful.

Figure 3.9, (a) SiNPs with Au nandisks and the film deposied by e-beam. (b) and (c) SEM imge of
SiNPs without Au nanodisks after unmolding the PDMS. The gold film is elevated from the ground.(d)
SiNPs covered with PDMS remains.

Removing of the gold film by Au evaporation on PDMS molds

The PDMS mold was fabricated according to the procedure described in Section 3.2 and
the Au layer were deposited by e-beam. Then, the Au film deposited on top of the PDMS mold
was removed by using a blue tape. Next, the PDMS mold was subject to the process of replica
described in Section 3.3. Regardless of the aspect ratio of the SiNPs, the PDMS mold of
nanoholes was distorted due to the high temperatures and vacuum of the e-beam evaporator,

also by the porosity of PDMS mold (ATC ORION deposition system, United States).
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Result.

Fig. 3.10 shows the PDMS mold expanded by the effect of the temperature and vacuum of
the evaporator, and PDMS porosity, and as a result, the nanoholes closed avoiding that the Au
nanodisks were deposited at the bottom. As were not able to control the temperature of the
system, the process of replica could not be carried out, and this strategy was unsuccessful. We
can conclude that the final configuration of the plasmomechanical sensor is formed by a
hexagonal array of polymer nanopillars within a microfluidic channel. Gold plasmonic
nanodisks are on top of the polymer structures with a gold film on the ground of the sensor as

shown in Fig. 3.8a.

Figure 3.10. (a) SiNPs with Au nanodisks and the film deposited by e-beam. (b) and (c) SEM image
of SiNPs without Au nanodisks after unmolding the PDMS

3.5 PDMS based Bonding Strategy of the microfluidic channels

The next step is the building of the integrated microfluidic sensor, for that, we need to
seal the different microfluidic channels with the Au-capped polymer nanopillars.
Polydimethysiloxane (PDMS) is widely used for fabricating chip-based microfluidic devices
using mainly lithography and replica molding processes. The ease of fabrication, low cost,
biocompatibility, elastomeric property, and optical transparency are attractive reasons for its
wide usage for rapid prototyping. A number of PDMS bonding techniques have been reported
in the literature over PDMS microfluidic devices. Also, oxygen plasma bonding is a method
widely used due to its cost, fabrication time and excellent bonding results. This technique is
used for getting irreversible seals by exposing the surfaces to oxygen plasma (e.g. glass or

silica).
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PDMS based Bonding Strategy of the microfluidic channels

Materials

An oxygen plasma cleaner (Femto plasma cleaner Electronic Diener Inc, Germany) was
employed for the cleanliness of the polymer surfaces. A SYRINGE pump (NE-1010 higher
pressure programmable PumpSystemsinc, United States) was employed for providing the
solutions sensor with controlled flow, two PEEK tubes (Valco Instruments Co. Inc. JR-T-6009,
Canada) of 250 pm of I.D. were affixed to each reservoir to complete the integration of
microfluidics. A microfluidic valve (VICI valco Instriments, Canada) was used to inject the
samples towards the sensor.

Bonding process

It is important to point out that a number of factors can avoid the contact between the
surfaces and influence the quality the bond, including cleanliness of the bonding surfaces, the
aspect ratio of the microfluidic channel, the roughness or defects of the PDMS lid. In particular,
we combined the oxygen plasma to clean the surfaces with a partial curing of PDMS (25:1) for
the bonding between the PDMS lid, and the polymer (310M, OG142-87) replica. The alignment
between the surfaces is fast and easy, reducing the chances of damaging their topography and
integrity. In this process, we cleaned the surfaces to remove any contamination that avoid the
contact between the PDMS and polymer replica by oxygen plasma. The remains of the PDMS
uncross-linked enough at the interfaces between layers form an effective bond at the low
temperature (2h @ 75° C)**135,This method provides an inexpensive, rapid, non-cleanroom,

permanent bonding for integrating the sensor.

To create the PDMS lid, the PDMS prepolymer and curing agent ( DOW Sylgard 184)
were thoroughly mixed in a volume ratio of 25:1 to create a smooth and adjustable lid to the
channel surface, followed by a degassing for 10 min to remove the air bubbles. The degassed
PDMS mixture was gently poured onto the poly(methacrylate) PMMA mold (Fig.3.11a). The
PMMA piece was designed with two inlet holes for the reservoirs of the microchannels (Fig.
3.11b). Then, the PDMS was cured at 70°C for 2h on a hot-plate (KW-4AH, Chemat
Technology Inc, United States). Finally, the cured PDMS was carefully removed from the mold

manually
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Two through holes were perforated on each reservoir with a biopsy punch (Harris Uni-
CoreTM 1 mm I.D, United States) for external access of tubing connections (Fig.3.11c). As
next step, the polymer replica and the PDMS lid were exposed to oxygen plasma to clean the
surfaces at 50 W, with a flow 45% for 1 min (Fig.3.11d). Immediately, the PDMS lid was
carefully taken and positioned above the replica, the inlets were used to visually monitor the
alignment between the surfaces. Gentle pressure was applied atop the mold to allow the full
coverage of the PDMS lid over the replica surface and also to get rid of trapped air bubbles
(Fig.3.11e). When the alignment was completed, the complete sensor was cured at 75°C for 2h
on a hot-plate (Fig.3.11f).

a. PDMS mixture b. Final design of lid

f. Fullcure on hotplate

e. Alignment

4

©©,V
B

Figure 3.11. Schematic illustration of the oxygen plasma bonding method. (a-b) PDMS lid at 25:1
ratio. (c) Activation of the surfaces by Oz plasma (d) Holes perforated by a biopsy punch. (e)
Visually alignment between the surfaces, and (g) Curing of the whole sensor device using
temperature.
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Results and Discussion

3.5.1 Results and Discussion

Figs. 3.12 a-d show the photos of the flexible sensor devices achieved as a result of the
bonding between the thin metallized polymer replica (thickness 279 +25 pum) and the PDMS
lid. Fig. 3.12e describes the experimental setup that includes a pump, with a syringe of 20 ml to
assure a constant liquid flow through the microfluidics, thereby passing through a manual
injection valve and the sensor. According to the dimensions of the microchannel (see Fig.

3.13a) the Reynolds number is 142.2 that corresponds to a laminar flow.

Figure 3.12. Sensor with the microfluidic system. (a-d) Photos of the rigid (0G142-
87) and soft (310M) sensors in contact with water. (e) Implemented experimental
setup to test the pressure range of the sensor.

Fig. 3.13b show a photograph of the soft (310M) sensor working with a solution of
phenolphthalein which pink color helps to visualize the trajectory of the water from the
microfluidic valve to the outlet of the sensor. Also, we can see the microscope images of the
liquid flowing through the microchannel. Finally, four sensors of each material (0G142-87 and
310M) were fabricated to test the limit and reproducibility of the permanent bonding, the same
flow rate was kept for 4 hours. Fig. 3.13c shows the graphic of the flow rate and pressure
applied to the different sensors. According to the experimental results the permanent bonding of
0G142-87 and 310M sensors work stably from 5 pl/min to 50 pl/min , but at 90 pl/min the
bonding of both sensors (0G142-87 and 310M) breaks, producing water leakages.
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Figure 3.13. Operation of the sensor. (a) Schematic view of the sensor dimensions.
(b) 310M sensor working with a phenolphthalein solution to indicate the water
trajectory. The microscope imagens exhibit the flow through the canal. (c) Graph of
the flow rate and pressures employed to test t the 0G142-87 and 310M sensors.

3.6 Conclusions

We have presented the fabrication of sensors formed by polymer nanopillars capped with
gold nanodisks and integrated in a microfluidic channel using the replica molding technique.
The controlled process to produce PDMS molds of nanoholes from the silicon master was
described. The results showed the excellent combination of our protocol and the ability of the
PDMS (Sylgard 184) to mold the Si nanostructures in the SU-8 channel to a large area. The use
of PDMS molds is inexpensive and multiple copies can be replicated from the original master
mold (around 25) without deformations, which make it attractive for effective and low cost
sensor fabrication. The differences observed in the diameter values and the presence of defects
can be explained by variations of the original master molds.

Different polymers with an increasing Young’s modulus were used to understand and
investigate the replica molding limitations of polymer nanopillars when the gold nanodisks
were placed on them. The results confirmed that the molding material and the aspect ratio play

an important role in the success of the replica molding. We showed that the use of polymers
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Conclusions

0G142-87 and 310M combined with our fabrication protocol were able to replicate the silicon
nanopillars integrated in the SU-8 channel, with an aspect-ratio from 1.6 to 7.37. Spring
constants from 9-10° N/m to 2.5 N/m were approximately calculated to know both the
mechanical stability (stiffness) of the polymer nanopillars to a shear stress, and the soft and
rigid tissues that those spring constants could mimic according to the bibliography, if required.
However, the height of the polymer nanopillars was lower than that of the silicon nanopillars

due to distortions caused by incorporation of the gold nanodisks.

On the other hand, using the combination of the oxygen plasma with a partial curing of
PDMS (25:1), the microfluidic integration of sensors with different heights, diameters and
materials with an increasing Young’s modulus (0G142-87 and 310M) was possible.
According to the dimensions of the microchannel and the water characteristics, the Reynolds
number indicates a laminar flow. Experiments under different flow rates were carried out to test
the pressure and duration of the permanent bonding. The permanent bonding was stable for a

flow rate from 5 to 50 pl/min, breaking at 90 ul/min for both materials.

Finally, we expect that the mechanical characteristics (e.g., spring constant) of
sensors can be useful not only to mimic biological structures but also to use as sensors
with different mechanical sensitivity to shear stress. Thus the effect of a shearing force
on the flexible nanopillars could cause changes in their orientation. Thereby, we expect

this effect could also produce optical responses.
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Chapter 4. Characterization
of the sensor
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In this chapter: (i) LSPR modes of a hexagonal array of the Au-capped
polymer nanopillars (with and without perforated gold film) are simulated using
FDTD calculations, and the results are verified experimentally.(ii) The bulk
sensitivity of the sensors was examined by a set of serially diluted glycerol
solutions with known RI. (iii) And the hydrophobicity of the sensors was evaluated

by contact angle.



Introduction

4.1 Introduction

As mentioned in Chapter 3, we have developed a controlled methodology for the
fabrication of sensors formed by Au-capped polymer nanopillars of different heights,
diameters and materials (0G142-87 and 310M) with an increasing Young’s modulus,
whose spring constants can range from 9E10° to 2.5 N/m. We believe that those characteristics
could be used not only to mimic tissues but also to control the mechanical flexibility of the
structures. In this chapter, we theoretically studied the LSPR properties, scattering, transmission
spectra and the electric field distributions at normal incidence of the Au-capped polymer
nanopillars with a gold film, using the 310M (S1b sensor) short nanopillars as model for finite-
difference-time-domain (FDTD) calculations®®. Following a step by step approach, LSPR
modes of a hexagonal array of the Au-polymer nanopillars (with and without Au film) were
simulated. Also, we theoretically studied the influences that diameter (standard deviation) of
Au nanodisks generate on the transmission measurement. Additionally, the theoretical spectra
(air and water) were also verified experimentally by depositing a water droplet on the polymer
nanopillars, to prove the optical operation of the sensor. The bulk sensitivity of different
designed sensors was tested experimentally by set of serially diluted glycerol solutions with
known RI. On the other hand, the sensor hydrophobicity and capillary forces were also tested

by contact angle.
4.2 Sensors Design

Two new silicon master molds of arrays of Si nanopillars (SiNPs) with an increasing
aspect ratio, integrated into the SU-8 channels, were specially fabricated to study the influence
that the aspect-ratio of the structures and material have on the optical and mechanical
properties. We bealive that after this study, it will be posibble to choose the most suitable
design for the optomechanical sensor and its applications. The silicon master molds were
designed with a similar diameter, varying the height, with a distance center to center of 400 nm.
They were then replicated from the corresponding PDMS molds using the polymers epoxy
310M and OG142-87 by replica molding process. Gold nanodisks were placed on top of them
by e-beam (For further details, we refer to Chapter 3). Table 4.1 compares the experimental
aspect-ratio of the polymer nanopillars capped with gold nanodisks (thickness=25 nm), with

their corresponding values of the silicon master. The average size parameters and standard
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deviations, extracted from the SEM images, are also included in Table 4.1. Moreover, Table 4.1
shows the spring constant (k) that the Au-capped polymer nanopillars produce according to
their aspect ratio, and the Young’s Modulus of the material (See Annex A). As mentioned
above, the size of the 310M (S1b sensor) short nanopillars was used to create the model for the

FDTD simulation as they are the first in being fabricated.

Table 4.1. Comparison of experimental results of aspect ratios of a hexagonal array of Au-capped
polymer nanopillars embedded in the polymer microchannel with a center-to-center distance of 400 nm.
Average and standard deviation (axb) from sensors created using the Si masters and the 310M and
0G142-87 polymers by replica molding protocol.

Silicon nanopillar EPOTEK-310M (4.16 MPa) EPOTEK-OG142-87 (3.59 GPa)
dc. =400 nm dc. =400 nm
dee =400 nm ° e

dr? (nm) h (nm) aspect dpnp 2(NM) h (nm) aspect Spring dpnp® (NM) h (nm) aspect Spring
ratio ratio constant ratio constant

[N/m] [N/m]

167.5+ 294.0 1.75 160 320 2.09 1.19 185.8 490 2.63 5.35

- 111 + + + E-02 + + E+00
& 6.2 108° 1151 Muscle | 18.0° 1316 bone
165.7+ 588.6 3.55 163.6 468.7 2.86 4.27 195.6 512.5 261 5.75

UN) 115 + + + E-03 + + E+00
122.1 130" 58.6 liver 18.7%" 67.6 bone

a Botton diameter from SEM images is used for calculation.

dr reduced diameter of silicon nanopillar

dpnp diameter of polymer nanopillar

dec center to center distance

b, 310M (S1b sensor) short nanopillars replica of the sample S1 with the polymer epoteck-310M, ¢
0G142 (Slc sensor) short nanopillars replica of the sample S1 with the polymer epoteck-OG142-87
b*, 310M (S2b sensor) tall nanopillars replica of the sample S1 with the polymer epoteck-310M, ¢
0G142 (S2c sensor) tall nanopillars, replica of the sample S1 with the polymer epoteck-OG142-87

4.3 Theoretical study: optical simulation of the sensor

Simulation

Fig. 4.1a shows the geometry of the hexagonal array of polymer nanopillars (PNPs) in the
FDTD model. As mentioned above, such geometry established according to the 310M (S1b
sensor) short nanopillars with gold film observed in the SEM images, as shown in Figs. 4.1 (b)
and (c). In the FDTD model, a cylinder with a dpnp=160 nm and thickness of 25 nm were used
to approximate the Au nanodisks (yellow) on the short polymer nanopillars (EPOTECK-310M)
with a height h=320 nm and with a center-to-center distance (dcc) of 400 nm (green). Also, the

yellow film was used to simulate the Au film (25 nm). Unless otherwise noted, values above of
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Figure 4.1. (a) A modeled array of the Au polymer nanopillars: yellow represents Au
metal, while green stands for polymer (n=1.49). A cylinder with a dpnp=160 nm and
thickness of 25 nm are used to approximate the Au nanodisk on the short polymer
nanopillar with an h=320 nm, and with a center-to center- distance of 400 nm (dcc).
These values are chosen referring to real PNPs observed in (b) and (c) of the sample
named 310M short nanopillars(S1b), see Table 4.1. Top-view (b) and (c) 15° tilt-view
SEM images of Au polymer (EPOTECK-310M) nanopillars. The substrate is covered
by a gold film with holes down the PNPs, whose diameters correspond to the diameter
of the nanopillars; the deposition thickness of Au film is also 25 nm.

the geometry parameters described in the caption of Fig. 4.1 of the 310M (S1b sensor) short
nanopillars, used in the simulations of a hexagonal array of the Au-polymer nanopillars with
and without gold film. Throughout all simulations, optical constants of Au reported by Johnson

and Christy were used.

The polymer was modeled (green) by its complex refractive index (n=1.49). EM field
profiles and scattering/transmission spectra are calculated with 1 nm mesh accuracy in air and
water (n=1.3331). For transmission a polarized broadband light source (plane wave, 400-1000
nm) was placed above and in a normal direction through the nanopillars array. The detector was
placed down the nanopillar array. For scattering measurements a polarized broadband light
source (TFSF source, 400-1000 nm) was located above and in a normal direction through the
nanopillars array. The detector was placed above the nanopillar array and the light source.
Finally, the EM field distribution (cross-section) was only calculated for the central pillar of the

hexagonal array to reduce the computational requirements .

4.3.1 LSPR of the array of Au capped polymer nanopillars in air
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The real configuration of the optomechanical sensor is a hexagonal array of Au-capped
polymer nanopillars with an Au film. This complex shape was divided in three cases to
understand the contribution and effect on the scattering and transmission spectra: i) A
hexagonal array of nancholes formed in the base of the nanopillars (see Fig.4.2a). ii) A
hexagonal array of Au-capped polymer nanopillars with the Au film (see Fig. 4.2b). And iii) a
hexagonal array of Au-capped polymer nanopillars without the Au film. Those configurations
were theoretically studied to investigate the positive or negative influence of the Au film on the
optical properties (see Fig.4.2c).

First, scattering spectra are calculated not only for the array of nanoholes but also for Au-
capped polymer nanopillars with and without gold film (in air). Results are shown in Fig. 4.2.
For the array of nanoholes in the gold film, the LSPR peak appears at 840 nm (P2’), whereas it
appears at 654 nm (P1°) for the array of Au disks on the nanopillars but without gold film. The
spectrum is blue-shifted when the array of nanopillars support the Au disks whereas it is red-
shifted with nanohole configuration. Furthermore, it can be observed that the FWHM of the
resonance peak of the array of PNPs without gold film (80 nm) is less than the array of

nanoholes (108 nm), see Figs. 4.2a,c.

Next, we performed the scattering simulations for the structure that contains a hexagonal
array of the Au-capped polymer nanopillar with a gold film, see Fig.4.2b. We can notice that
there are two peaks and one dip. The simulations describe that the electric field distribution at
P1 (706 nm) is localized around the Au nanodisks (Fig. 4.2h). The simulations for the array of
Au nanopillars but without the gold film (Fig. 4.2c) exhibit a strong peak P1’, which has nearly
the same spectral position and field distribution (Fig.4.2k) as P1, confirming that P1 is the
LSPR arising from the gold nanodisks. For the peak P2 (902 nm), the electric field is mainly
distributed in the gold hole (Fig.4.2j). To confirm P2, we can see in Fig. 4.2a that in the
scattering spectrum of the array of nanoholes there is a peak P2’, which is caused by the LSPR
of the gold nanohole (Fig. 4.2g). Finally, the dip D at 790 nm, in Fig. 4.2b can arise of the
LSPR of the gold nanoholes and nanodisks as shown in the electric field distribution of Fig.
4.2i.
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LSPR of the array of Au capped polymer nanopillars in air
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Figure 4.2. Scattering, transmission and electric field distribution at normal incidence in air. (a) and (d) simulated scattering and
transmission spectra for the structure composed of only an array of nanoholes in a gold film, the diameter of the nanoholes
correspond to the diameter of the 310M short polymer nanopillar (dnpn=160 nm) and the thickness of the gold film is 25 nm.(b)
and (e) simulated scattering and transmission spectra for the structure composed of an array of polymer nanopillars with a gold
film (dnpn=160 nm, h=320, Au thickness =25 nm). (c) and (f) calculated scattering and transmission for an array of gold
capped polymer nanopillars but without gold film.(g-q) Simulated electric field intensity distributions for the peaks and dips of
the spectra, respectively. The insets in a-f show the schematics of the corresponding structures.
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To understand the resonant mode of the polymer nanopillars structures, we used the FDTD
software to simulate the transmission spectra and the electric field distributions of the structures
at normal incidence. The results of the simulations are shown in Figs.4.2d-f. We can see in Fig.
4.2e that there are three dips and one peak in the simulated spectrum. For the array of
nanoholes (Fig. 4.2d), the LSPR peak appears at 765 nm (D3”), whereas it is at 658 nm (D2”)
for the array of Au disks on the nanopillars without gold film (Fig. 4.2f). It can be observed that
the FWHM of the resonance peak of the array of polymer nanopillars without gold film (88 nm)

is less than for the array of nanoholes in the gold film (130 nm), see Figs. 4.2d and f.

Then, Fig. 4.2m shows the electric field distribution at dip D1 (555 nm). It is slightly
distributed in the vicinity of the nanohole. Also, Fig. 4.2n shows the electric field distribution at
D2 (698 nm), which is localized around the gold nanodisks. The simulations for the array of Au
nanopillars but without the gold film (Fig. 4.2f) exhibits a strong dip D2’, which has nearly the
same spectral position and field distribution (Fig.4.2q) as D2, confirming that D2 is the LSPR

arising from the gold nanodisks.

Compared with D3’ (Fig. 4.2d), D3 of the Au-capped nanopillar with gold film (Fig. 4.2e)
is shifted at 744 nm, which is believed to be caused by the LSPR of the Au nanodisks on the
nanopillars. Then D3 is described as the LSPRs of the array of nanoholes and the Au nanodisks
on the polymer nanopillars, as the electric field distribution in Fig. 4.20 shows. Also, it is
observed that Fig. 4.2e exhibits a peak P at approximately 856 nm, which we try to identify by
simulation. Fig. 4.2p shows the simulation result where a localized electric field distribution
around the Au nanodisks and the nanohole is observed. P has field features similar to those of

D3’ but has a larger hotspot region.

Then, the simulations not only show that the LSPR spectra are generated but also that the
Au film (nanoholes) creates a complex spectrum. According to the simulations, in the real
configuration of the sensor, the scattering, and the transmission, depending the wavelength, are
dominated by both the Au-capped polymer nanopillars and the nanoholes formed in the gold

film.
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Experimental characterization of the optical properties of the sensor

This means that the interpretation of any LSPR shift due to a change in the refractive
index of the medium will be complex. A sensor configuration avoiding the Au film would be

more suitable for the purpose of this thesis.

4.4 Experimental characterization of the optical properties of the

sensor
4.4.1 Experimental set-up measuring scheme

DF microscopy in transmission mode offers a very reliable technique for the acquisition of
scattering spectra of single nanoparticles. This method operates in a very similar way as a
conventional microscope. The difference is hidden in the use of a dark-field (DF) condenser,
which is placed between the excitation light source and the sample. The DF condenser forms a
hollow cone of light focused on the sample. The only light that is scattered out of this cone
reaches the objective (which must have a smaller numerical aperture than the condenser). Thus,
the DF condenser blocks all the incoming light angles that otherwise would travel right into the

objective. A diagram of the experimental arrangement is shown in Fig. 4.3a.

In our approach, we employed an inverted Nikon inspection microscope (Eclipse Ti-U,
Fig. 4.3b), equipped with a halogen light source (100 W) and fiber-coupled (gF=1000 um) to a
mini-spectrometer (TM-VIS/NIR, Hamamatsu (320 to 1000 nm)). It was utilized to obtain
scattering and also transmission spectra of the sensors, which are formed of gold capped
polymer nanopillars with a gold film. DF condenser (Dry N.A. 0.95-0.80, Nikon) was employed
to send light to the sensors (Fig. 4.3c). The transmission spectra are measured when the
condenser is removed from the excitation light source and the sample (Fig. 4.3d). The sensor is
placed as shown in Fig. 4.3e. It possesses an inlet and outlet that serves as connections for the
fluidics they were employed to carry out the sensitivity measurements with microfluidics as
shown in Figs. 4.3f and g. A microfluidic pump with adjustable pumping speed was used to
assure a constant liquid flow through the microfluidics, thereby passing through (manually
operated) an injection valve and to the sensor. A schematic drawing of the experimental setup,

containing all the major components, can be observed in Fig. 4.4.
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Figure 4.3. Experimental arrangement for dark-field microscopy. (a) Schematic of an
inverted dark-field transmission spectroscopy setup. (b) Photograph of the inverted Nikon
Eclipse Ti-U microscope employed. (c) and (d) Configuration of the DF microscope for
scattering and transmission measurements, respectively. () Top-view photograph of the
experimental measuring scheme.(f) and (g) show a sensor with an inlet and outlet that
serves as connections for the fluidics.

The experiments were performed by first recording the LSPR spectra (area with a diameter
of 100 um (ca. 7500 um”2)) of scattering or transmission through an optical fiber (1000 um)
from the DF microscopy (objective 10x) to the spectrometer,as can be seen in Figs. 4.4a and b.
For data acquisition, the commercial software, SpecEvaluationUSB2, supplied with the mini-
spectrometer was used. Normalized scattering or transmission spectra (Is) were obtained by
subtracting the previously stored dark spectrum (ds) from the data received from the mini-
spectrometer, and dividing by a previously stored reference spectrum (Rs). The acquisition
times for the spectra ranged from 2 s to 4 s with 500 spectral accumulations, depending on the
sensor. The spectra were saved for analysis using Matlab and OriginLab software. Then, the
spectral LSPR dip position (ALSPR) was carried out a posteriori. For this, a high-degree
polynomial (N=20) was fitted to the previously acquired transmission spectra, using a home-
made script in Matlab. The script calculates the minimum values of the spectra (ALSPR), and

then are exported to be plotted as function of time in the OrigingLab software (see Annex B).
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LSPR scattering and transmission spectra of sensor in air
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Figure 4.4. Schematics of the employed experlmental DFconflguratlon (a) Dark- f|eld
scattering experimental setup using a high-numerical aperture dark-field condenser
and a low-numerical aperture microscope objective for scattering evaluation. (b)
Schematic of the geometry for transmission evaluation.

4.4.2 LSPR scattering and transmission spectra of sensor in air

The 310M (S1b sensor) short nanopillars were selected for the experimental studies
because the previous FDTD simulations used them as model. As above described, the
nanopillars have a diameter dynp~160 nm and height of 320 nm, separated center to center 400
nm (see Fig. 4.1). Importantly, the experimental measurements were performed without the lid
of the microfluidic channels (air).Then, the sensor was placed in the DF microscopy for

scattering and transmission measurements as shown in Fig. 4.3c, and in Fig. 4.3d, respectively.

Fig. 4.5a and ¢ show the calculated scattering and transmittance spectra for the 310M
(S1b sensor) short nanopillars. We can see in the dashed rectangles the range of the wavelength
employed to compare the experimental measurements as the Fig. 4.5b and d show, respectively.
The range of the wavelength was delimited because the spectra are distorted by the noise
(electronic) of the DF microscopy during the acquisition of the data.

For scattering spectra, Fig. 4.5b shows that the experimental spectrum is slightly red-

shifted and broader. It can be seen that the P1 at 706 nm is red-shifted, according to the
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simulations of the electric field distribution, it corresponds to LSPR arising from the gold
nanodisks (Fig. 4.2h). Therefore, both the dip D at 790 nm that corresponds to the LSPRs of the
gold nanoholes and nanodisks (Fig. 4.2i), and the peak P2 (902 nm), that corresponds to LSPR
of the gold holes (Fig.4.2j) are also red-shifted. One can attribute the red shift to the fabrication
process, which inevitably would result in Au nanodisks on the nanopillars with different
diameters, leading to a weak resonant frequency than in the case of perfect Au nanodisks on

nanopillars.

For transmittance spectra, the spectrum of the simulation was in good agreement with the
experimental transmittance spectrum obtained from the corresponding first peak and dip (D2)
positions of the array of Au-capped polymer nanopillars with gold film as shown in Fig. 4.5d.
In the graph, the experimental spectrum is distinctly broader (red curve). It is reasonable to

think that this effect is due to the fabrication process. Also, we can notice that the dip D1
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Figure 4.5. (a) and (c) Scattering and transmission spectra at normal incidence in air
for 310M (S1b sensor) short nanopillars. (b) Experimental (red) and calculated
(green) scattering spectra of the 310M(S1b sensor)short nanopillars. (d) Experimental
(red) and calculated (blue) transmission spectra of the 310M(S1b sensor) short
nanopillars.
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Influence of the nanopillar diameter in the optical properties in air

(555nm) does not appear in the experimental spectrum, which according to the simulations of
the electric field distribution, corresponds to a slight distribution of the electric field in the

nanohole vicinity, as shown in Fig. 4.2m.

Then, the experimental spectrum exhibits a strong dip at 698 £6.5 nm, which has the same
spectral position as D2 (698 nm). The simulations confirm that D2 is the LSPR arising from the
gold nanodisks with a slight contribution of nanoholes, as shown in Fig. 4.2n. We think that due
to the quality of the fabrication process, the D3 (744 nm) does not appear in the experimental
spectrum. Also, we can see that after D3, both the experimental and simulation spectra increase
,and according to the simulations of Fig, 4.5¢, the transmission spectrum forms the peak P (Fig.
4.2p). However, the peak P was not possible to be observed experimentally due to the

limitations of spectrometer.

4.4.3 Influence of the nanopillar diameter in the optical properties

inair

Given the previous results of the scattering and transmission spectra, we considered
necessary to confirm the significant impact of the deviation standard of the diameter of the Au
nanodisks, on the optical properties, due to the methodology of fabrication. Our manufacturing
process leads to two main distortions of the Au nanodisks on the polymer nanopillars: i) in the
unmold step we observed that the polymer nanopillars adopt the orientation in which are
separated from the PDMS mold. ii) the temperature, at which the different polymer nanopillars
were exposed during the deposition of the gold nanodisks by e-beam (See Chapter 3). Then,
using FDTD simulations, we demonstrate that the deviation standard (std) of the diameter of
gold nanodisks is responsible for significant modifications of the LSPR properties. The SEM

images reveal the different size of the diameters of the Au nanodisks, as can be seen in Fig. 4.1.

The scattering and transmission spectra were calculated, with the same conditions of the
previous simulations. We continue using the 310M (S1b sensor) short nanopillars with a gold
film whose diameter (dpnp) is 160+£10.8 nm, with a height of 320 nm, and a center to center
distance (dcc) of 400 nm. We keep the height and separation distance but a simulation used the
diameter +std (170.8 nm), and the other used the diameter —std (149.2 nm).
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Fig. 4.6a shows the scattering spectra for the different size of diameters (160+10.8 nm). It
can be seen that the simulated spectrum using the +Std of the diameter of the nanopillars is
slightly red-shifted and broader (orange curve). The peak P1 at 706 nm is shifted by +6 nm and
the peak P2 at 902 is shifted by +17 nm. Also, we observed that the intensity of P1 slightly
increases. On the contrary, the simulated spectrum using the -Std of the diameter is slightly
blue-shifted and broader (pink curve). It is clearly shown that the P1 and P2 are shifted by -10
nm and -33 nm, respectively. In other words, with a large diameter of disk, the LSPR spectrum
moves to the right and with a small diameter to the left.

Fig. 4.6b presents an interesting comparison between the scattering spectrum of the
simulation using the diameter of 160 nm (green curve) and the average of the spectra of
simulations using the diameters of +std (black curve). It can be noticed that spectra agree well
with each other in the prediction of the peak and the dip position. Therefore, it demonstrates not
only the influence of the size of the diameter of the Au nanodisks over the LSPR position but
also that the experimental scattering spectrum (Fig. 4.6b) is the result of an average of the size
of the fabricated structures.
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Figure 4.6 (a) and (c) Scattering and transmission spectra of the average of the
diameter of the 310M short polymer nanopillars (160 nm) and its *standard
deviations (sensor S1b). (b) and (d) Comparison between the scattering and
transmission spectra from the simulation using the diameter of 160 nm, and the
average of the simulations from diameter of +Std.
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LSPR scattering and transmission spectra of sensor in water

Fig. 4.6¢c shows the transmission spectra for the different diameters size (160+10.8 nm).
Here, the spectrum using 170.8 nm of diameter moved to the right (orange curve). The peak P at
856 nm is shifted by +9 nm and the dip D3 at 744 nm is slightly shifted by +6 nm. Also, we
observed that D2 does not appear. On the contrary, the spectrum from the simulation using the -
Std of diameter (149.2 nm) moved to the left (pink curve). We can see that P and D3 are shifted
by -16 nm and -5 nm, respectively. We also observed that D2 is shifted by -20 nm. Finally, for

the case of D1, the position is not affected, only the intensity.

Fig. 4.6d presents the comparison between the transmission spectrum of the simulation
using the diameter of 160 nm (blue curve), and the average of the simulations using +Std of the
diameter (black curve). We can notice that spectra agree well with each other in the prediction
of the peak and the dip position. Also, we can see that D2 disappears thereby the dip D3 is best
defined.

Then, the FDTD simulation demonstrates not only the influence of the size of the diameter
of the Au nanodisks over the LSPR position and shape in the transmission spectrum but also
that the transmission is less affected than scattering by the defects and the variations of size of

the nanostructures of the complex configuration of the sensor.

4.4.4 LSPR scattering and transmission spectra of sensor in water

The study of the LSPR spectra of the sensor, when the medium changes from air to water,
is crucial because it proves that the Au-capped polymer nanopillars work as a refractometric
sensor. The study also provides information on the behavior of spectra and its sensitivity. The
310M (S1b sensor) short nanopillars are placed between the excitation light source and the
objective of the DF microscope, as shown in Fig. 4.3c for scattering and in Fig. 4.3d for
transmission. Next, a water droplet (5pl) is deposited on the polymer nanopillars (dnpr=160 nm,
h~320) to examine the behavior of the spectra due to the change in the refractive index of the

dielectric medium (Fig 4.7m).
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Fig. 4.7a shows the simulated scattering in air (green, n=1) and water (dark cyan,
n=1.3331) for the hexagonal array of 310M short nanopillars with the gold film. We can see
that the P1 at 706 nm that corresponds to the LSPR arising from the gold nanodisks (Fig.4.2h)
is significantly blue-shifted by -119 nm. The simulations show that the electric field distribution
at 587 nm is slightly spread in the vicinity of the nanohole (Fig. 4.7d). Also, the dip D at 790
nm is red-shifted by +22 nm. The electric field distribution at 812 nm shows that it has a
localized electric field distribution around the nanohole and also around the Au nanodisk, but
with a larger hotspot region (Fig. 4.7e). The P2 at 902 nm that corresponds to LSPR of the
nanoholes is red-shifted by +98 nm. Fig. 4.7f shows the electric field distribution at 1000 nm;
which is localized around the nanohole and slightly around the nanodisk.

By comparing the simulation (black cyan) and the experimental (cyan) spectrum in water
(n=1.3331) from 450 nm to 800 nm, we can infer that the spectra agree well with each other in
the prediction of the dip and peak position, as shown the Fig. 4.7b. We can see that the peak at
587 nm is slightly blue-shifted. We can attribute the blue-shift to size differences of the
fabricated structures. Finally, Fig. 4.7c shows the experimental spectra in air (red) and water
(cyan).

A second phase of the study was the transmission analysis. Then, the Fig. 4.7g shows the
simulated transmission in air (blue, n=1) and water (dark cyan, n=1.3331) for the hexagonal
array of 310M short nanopillars with the gold film. We can see that the simulated spectrum for
water (dark cyan) is slightly red-shifted and broader. Also, the D1 at 555 nm and D2 at 698 hm

disappear.
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LSPR scattering and transmission spectra of sensor in water
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Figure 4.7. (a) and (g) calculated scattering and transmission spectra, respectively for the structure composed of an array of
polymer nanopillars with a gold film (dnpn=160 nm, h=320, Au thickness =25 nm) in air (n=1) and water (n=1.3331). (b) and
(h) experimental (cyan) and simulated (dark cyan) scattering and transmission spectra in water, respectively. (c¢) and (i)
experimental scattering and transmission spectra in air (red) and in (cyan). d-f,j-I Simulated electric field intensity distribution
for the peak and dips, respectively. (m) Schematic showing the hexagonal array of polymer nanopillars with gold nanodisks on
top, and the gold film, when a water drop is deposited on them to examine the spectra change.
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We calculated the electric field distribution at 744 nm (D3) to examine this change.
According to the previous simulations in air, it is described to be due to the LSPRs of the array
of nanoholes and the Au nanodisks on the polymer nanopillar (Fig. 4.20). Now, the result in
water describes a pattern similar to that of D3 but with a larger hotspot region in the gold
nanodisk, as shown the Fig.4.7j. Interestingly, we can see that D3 is red-shifted at 812 nm by
+68 nm, the simulation of the electric field also presents a pattern similar to D3 but with the
largest hotspot region in the gold nanodisk as shown in Fig. 4.7k. The peak P at 856 nm is also
red-shifted by +42 nm. The electric field at 898 nm has a pattern similar to P (Fig. 4.2p) but
with a large hotspot region in the Au nanodisks (see Fig. 4.71). This could be caused by the
LSPR of the upper Au nanodisks and the nanoholes of the gold film.

Importantly, from those FDTD calculations in air and water, we can determine the
theoretical sensitivity s defined as the ratio of resonant wavelength shift (04, [nm]) to the
variation of surrounding refractive index (dng[RIU]). Therefore, the sensitivity of 310M (S1b
sensor) short nanopillars is given by 68 /0.3331 = 204.14 nm/RIU.

Now, by the comparison of the simulation and experimental results in water (n=1.3331)
one can infer that the experimental spectrum matches well in the range of wavelength that
LSPR is arising from the array of nanoholes and the Au nanodisks on the polymer nanopillar
(see Fig. 4.7h).

Finally, Fig. 4.7i shows the experimental spectra in air (A.spr =691.61 nm) and water
(ALspr =711.84 nm), which is red-shifted by +20 nm. A slight increase in amplitude for the

spectrum in water is also observed.

Taking the previous study into account, we verified that the experimental scattering and
transmission spectra shifted by a change in the refractive index in the surrounding medium,
demonstrating the operation the plasmonic sensor. In particular, the LSPR in the transmission
spectra in air and water are useful for application in sensing, and then the theoretical sensitivity
was calculated. In the case of the scattering measurements, this could be inaccurate due to the
limitations of our spectrometer and the electronic noise of the DF microscopy, and then we need

to measure in a wide range to see the whole spectrum.
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Bulk sensitivity evaluation of the sensor

4.4.5 Bulk sensitivity evaluation of the sensor

The evaluation of the bulk sensitivity is of paramount importance for knowing the
performance of the device as a sensor. In order to evaluate the bulk sensitivity of a sensor
device the standard procedure is to introduce successive solutions of known concentrations with
different index values. After monitoring the sensor response to all the solutions, the data are
plotted versus the concentration and fit by a linear regression to calculate the sensitivity of the
sensor in nm/RIU. The sensitivity (Sg) is extracted from the slope of linear fits through the

obtained data points (AA;gpr vs. RI).

To examine the bulk sensitivity of the arrays of polymer nanopillars with gold nanodisks
and film as a refractive index sensor, we performed transmittance measurements at normal
incidence as shown in Fig. 4.4b. Three different sensors with different aspect ratio and spring
constant were evaluated to find out the possible effect of their characteristics on the device
sensitivity. The sensor were OG142 (S1c sensor) short nanopillars (dpnp=185 nm, h=490 nm)
with a spring constant of 5.35 E*® [N/m], OG142 (S2c sensor) tall nanopillars (dpnp=195 nm,
h=512 nm) with a spring constant of 5.75 E*® [N/m] , and 310M (S2b sensor) tall nanopillars
(dpnp=163 nm, h=468 nm) with a spring constant of 4.27 E%[N/m].

Four samples with different concentrations of glycerol were prepared and their refractive
index was measured by a refractometer (ABBE model 315, UK). The samples were 2.5 %
(An=0.0032), 5 % (An=0.0064), 7.5 % (An=0.0096) and 10% (An~0.0128) of glycerol. The
serially diluted glycerol solutions with known RI were flowing over the sensors and the induced
A)gpr Was evaluated, while MilliQ water (n=1.3331) was employed as a continuous running
solution. All solutions were injected into the microfluidic system of the sensors at a speed of
10uL-mint as depicted in Fig. 4.4.

Fig. 4.8a,c, and e show the time-resolved responses of the sensors. As expected, all
sensorgrams showed a stepwise increase in ALSPR response as the surrounding RI increase,
which means the difference between the transmission light beams passing through the H,O and

the different solutions.
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Bulk sensitivity evaluation of the sensor

Next, the values of ALSPR when the glycerol samples were in contact with the nanopillars
were averaged and plotted as a function of the RI variations (AA;gpgr vs. RI) displaying a linear
dependence as shown in Figs. 4.8b,d and f. Fitting to a linear regression function, we

determined the (Sg) values for the sensors.

Figs. 4.8b,d and f describe the slope of effective sensitivities of the OG142 (S1c sensor)
short nanopillars (164 nm/RIU), the OG142 (S2c sensor) tall nanopillars (289 nm/RIU) and the
310M (S2b sensor) tall nanopillars (270 nm/RIU), respectively (see Table 4.2).We intuit that
the sensitivity of the OG142 (S1c sensor) short nanopillars is lowest due to the low height. On
the other hand, the sensitivities of the OG142 (S2c sensor) and 310M (S2b sensor) tall
nanopillars are higher than the S1c sensor, we believe that bulk sensitivities obtained are due to
the high height and mechanical stability of the polymer structures. Those results suggest that the
height of the nanopillars can help to expose the LSPR of the Au nanodisks to the dielectric
environment and to access the glycerol molecules, thereby influencing on the sensitivity. Also,
those values match with the some reported in the literature and have demonstrated to be useful
for applications of sensing 30109114137 However, these values do not exceed the best sensitivity
reported in the literature'*?, see Table 4.2.

Table 4.2. Comparison of sensitivity of the different sensors by changing the surrounding RI of
the Au nanodisks of the polymer nanopillars with the gold film integrated into the microfluidic

system.
dcc=400 dpnp? (NmM) h (nm) Aspect ©) Material
nm ratio (nm/RIU)
Short 185.8+18.0 490+131.6 2.63 164 0G142-87 (3.59 GPa)
(Sic)
Tall (S2c) | 195.6+18.7 | 512.5%67.6 2.61 289 0G142-87 (3.59 GPa)
Tall (S2b) | 163.6+13 468.7+58.6 2.86 270 310M (4.16 MPa)
Example 100 20 5 222 glasst®
230 150 15 375 Polymethyl methacrylate 114
285 510 5 1000 Polymethyl methacrylate!*?

dpnp diameter of polymer nanopillar
dcc center to center distance

106



4.5 Contact angle of Au-capped polymer nanopillar arrays

The contact angle measurement is a good method to characterize surface wettability and is
widely use for the study of hydrophobicity of surfaces. We evaluated the hydrophobicity of the
sensors employed a contact angle apparatus (Kruss EasyDrop and the software Drop Shape
Analysis). A single Mili-Q water droplet (5 ul) was deposited onto the surface of the 310M
(S1b sensor) short nanopillars (dpp=160 nm, h=320 nm) and 310M (S2b sensor) tall nanopillars
(dpnp=163 nm, h=468 nm), and also on the OG142 (S1c sensor) short nanopillars (dpnp=185 nm,
h=490 nm) and OG142 (S2c sensor) tall nanopillars (dpnp=195 nm, h=512 nm). A camera
registers the droplet, and the software adjusts the shape of the drop to obtain the contact angle
as shown in Fig.4.9a. Next, letting it evaporate also we can examine the effect of capillary

forces on the Au-capped polymer nanopillar during the liquid drying step.

The contact angle data for the sensors are quoted in the SEM images of Figs. 4.9b-e. The
contact angle of the 310M (S1b sensor) short nanopillars (34.3° £.8) is larger than the 310M
(S2b sensor) tall nanopillars (21.3°£2). Similarly, the contact angle of the 0G142 (S1c sensor)
short nanopillars (90 +.2) is larger than the OG142 (S2c sensor) tall nanopillars (76.7 £2). One
can infer that the large height of the 310M (S2b sensor) and 0G142 (S2c sensor) tall nanopillars
influences on the surface wettability of the polymer nanopillars. Then, they are considered
hydrophilic and attractive for our purpose of sensing. Also, from SEM images it can be seen
that after the evaporation of the water droplet on the nanopillars, the capillary forces caused that
the gold-coated polymer nanopillars move the top part of their structure towards their nearest
neighbors, as shown in Figs. 4.9b-e. We can notice that the 310M nanopillars (Figs.4.9 b-c) are
more flexible and hydrophilic than the OG142 nanopillars (Figs. 4.9 d-e). The effect of the
capillary forces generated between the vertical nanopillars and the liquid medium were larger
for the samples of 310M (S1b sensor) short, 310M (S2b sensor) tall, and OG142 (S2c sensor)
tall nanopillars than for the OG142 (S1c sensor) short nanopillars. The capillary-force induced
structural deformation, especially for high-aspect-ratio nanopillars. For example, the sample of
the 310M (S2b sensor) tall nanopillars was most deformed or bunched together as shown in Fig.
4.9¢, whereas in OG142 (Slc sensor) short nanopillars, the structures are standing as shown in
Fig. 4.9d.
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Contact angle of Au-capped polymer nanopillar arrays

Therefore, if we are able to prove a correlation between induced shear stress and the
deformation experienced in the different polymer nanopillars and the variations on the optical

response of the sensors this would prove their applicability as possible mechanical sensors.

Figure 4.9. (a) Schematics representing of the Au capped polymer nanopillars with water droplet.
(b-e) Tilted SEM images (15) of Au capped 310M nanopillars and OG142-87, after the water
droplet test, respectively. The contact angle measurements are also shown in the SEM images,

respectively.
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4.6 Conclusions

We have presented simulated scattering, transmission spectra and the electric field
distributions at normal incidence of a hexagonal array of Au-polymer nanopillars (with and
without perforated gold film). For the simulations of the hexagonal array of gold capped
nanopillars with and without gold film, the results show not only that the LSPR spectra are
generated in both scattering and transmission, but also that the Au film (nanoholes) create a
complex spectrum. According to the simulations, in the real configuration of the sensor, the
scattering, and transmission, depending on the wavelength, are dominated by the Au-capped
polymer nanopillars and the nanoholes formed in the gold film. This result is not optimal
because it means a difficult interpretation of the LSPR shift due to a change in the medium
(sensing). As the simulations were based on the ideal geometrical model, the observed
deviations in the measured transmission spectra can be attributed to the differences between the

model and the real fabricated structures

Taking the previous results into account, we verified that the experimental scattering and
transmission spectra shifted by a change in the refractive index of the medium, demonstrating
the operation the sensor. In particular, the LSPR in the transmission spectra in air and water are
useful for applying the devices for sensing. Also, by using those simulated transmission spectra,
the theoretical sensitivity of the 310M (S1b sensor) short nanopillars was (204.14 nm/RIU)
approximately calculated. However, the scattering measurements could be inaccurate due to the

limitations of our spectrometer and the effect of the electronic noise on the DF microscope.

The sensors have a bulk sensitivity of 270 nm/RIU for 310M (S2b sensor) tall nanopillars,
164 nm/RIU for OG142 (Slc sensor) short nanopillars, and 289 nm/RIU for OG142 (S2c
sensor) tall nanopillars, that according to literature, the values of the bulk sensitivity not only
match with other plasmonic sensors but also indicate that the sensors could be appropriate for
sensing purpose. However, the values do not overcome the sensitivity of the state of art (1000
nm/ RIU)?
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Conclusions

According to the contact angle, the 310M nanopillars are more flexible and hydrophilic
than OG142 nanopillars. Finally, we hypothesized that the 310M (S1b sensor) and OG142 (Sic
sensors) short nanopillars could be employed for a preliminary proof a concept of sensing of
shear stress and this could be interesting to explore living cells interactions with substrates also.
The cells will cause shear forces in the Au capped nanopillars, as reported in °-1% and
according to the experimental results here presented and a LSPR shift if the nanopillars design

and material parameters are well chosen.
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Chapter 5. Preliminary proof
of concept of the sensor

In this chapter, the sensors selection is presented. Also the feasibility of the
use of the Au-capped polymer nanopillars for evaluating cell adhesion is shown.
A preliminary proof of concept for the LSPR detection of fibroblasts onto the
sensors is described. Finally, the general conclusions and future work are
presented, focus on the main contribution of this Thesis and the future steps.
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Introduction

5.1 Introduction

As described in the Chapter 4, we hypothesized that the 310M (S1b sensor) and OG142
(S1c sensor) short nanopillars could be employed for a preliminary proof a concept of sensing
of shear stress and this could be interesting to explore living cells interactions with substrates
also. We believe that the cells could cause shear forces in the Au capped nanopillars, as
reported in %1% and a LSPR shift if the nanopillars design and material parameters are well
chosen. Also, we consider that the different spring constants (k) could be interesting parameters
to test with living cells. However it is important to notice the complexity and heterogeneity of
these interactions which limit the use of these optomechanical sensors in its current form as

qualitative rather than quantitative.

In this chapter, we present a preliminary results using the 310M (S1b sensor) and the
0G142 (S1c sensor) short nanopillars for cell studies. The first experiments were designed to
test the biocompatibility of the sensor materials as the device will be employed as a cell culture
substrate. It is necessary to know if living cells are able to make contact with the nanodevices.
Also for the first time, we cultured fibroblasts on the sensors, for studying the cellular responses
to changes of the nanopillar rigidity in the period of cell adhesion initiation, and their LSPR
signature was followed for three hours!®, The fibroblasts were chosen and donated by
University of Barcelona (Department of Biochemistry and Molecular Biomedicine), whose

group is specialized in their study.
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5.2 Proposed sensors

According to state of the art, the cells not only have been able to excerted forces on
microstructures but also on other types devices, those forces ranging from pN to nN. It is
important to highlight that the reported forces depend on design detection device (e.g.,
materials, micro/nanostructures), the methodology of quantification and the cells, and therefore,
the forces can vary. Table 5.1 shows some examples of different approaches to detect traction
forces using different living cells. With this in mind, we hypothesized that the cells will be able
to get close, interact and cause a shear forces in the Au-capped nanopillars, as reported in %100
and the Table 5.1, and a LSPR shift if the nanopillars design and material parameters are
suitable. However, it is important to point out that the new sensors and the optical detection
system can be employed, for a preliminary proof a concept of sensing of the aforementioned

facts caused by living cells, in their current form as qualitative rather than quantitative.

We analyzed the advantages, limits, optical and mechanical properties of the 310M (S1b
sensor) and OG142 (S1c sensor) short nanopillars to study the possibilities that could have to
qualitatively detect the cell adhesion. From the point of view of fabrication, they come from the
same silicon mold master, and only by changing the Young's modulus of the material the
production of polymer structures (<25 samples) with spring constants (k) ranging from 10-%2 N/m
to 1 N/m were obtained. The estimated k can not only indicate the different mechanical sensitivity

to a shear stress but also the soft or rigid mimicked tissue, if required.

Table 5.1 summarizes the characteristics, optical and mechanical properties that we have
approximately estimated throughout the thesis. The bulk sensitivity of the 310M (S1b sensor)
and OG142 (Slc sensor) short nanopillars were approximately of =204 nm/RIU and =164
nm/RIU, respectively (See Section 4.4.5). Those values match with the some reported in the

literature and have demonstrated to be useful for applications of sensing 30109114137,

The contact angle of the nanopillars were different for 310M short nanopillars (34.3 £.8,
(S1b sensor) and for OG142 short nanopillars (90 +.2, (S1c sensor)), thus, the capillary forces
caused that the Au-capped nanopillars moved the top part of their structure towards their nearest

neighbors (See Section 4.5), then we expect something similar happens with the living cells.
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d sensors

Table 5.1 Optical and mechanical properties of the optomechanical sensors.

dcc=400 Material dpnp? (NM) h (nm) Spring constant (Sg) Contact
nm (N/m) (nm/RIU) angle
Short 0G142-87 160+10.8 | 320+115.1 1.19 E-02 204* 34.3%.8
(S1b) (3.59 GPa) muscle
Short 310M 185.8+18.0 | 490+131.6 5.35E+00 164 o0 +2
(Sic) (4.16 MPa) bone
Traction forces exerted by cells with devices of the state of the art
Device Biological system Force range cells
Micropillar array Focal Adhesion 1-100 nN Rat cardiac fibroblast®’,
Bovine pulmonary muscle cells,
mouse fibroblasts®, fibroblast
cells 3,
Microplates Actin networks 10pN bacteriat®®
Single cell Hundreds of ~ Myoblasts (muscle cells) 14°
nN
Atomic force Actin networks 0.4-4nN lipid vesicles!#!
microscope

dcc center to center distance

@ Botton diameter from SEM images is used for calculation.

*Theoretical bulk sensitivity
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5.3 Preliminary proof of concept of the sensor
5.3.1 Materials and Methods

Materials

The fibroblasts are a type of cell that synthesizes the extracellular matrix and the collagen,
they are large, flat, elongated (spindle-shaped) cells 2. The cell line aliquots utilized in this
preliminary proof of concept were provided by Dr. Francesc Villarroya specialized in their
study, from the Laboratory of Research in Genetics and Molecular Biology of Mitochondrial
Proteins and Associated diseases, at the University of Barcelona (Spain). The cells
immortalized interscapular brown adipose tissue (mice) precursors that maintain the capacity to
differentiate into brown adipocytes after induction with a hormonal cocktail*4314, It could be
expected that a brown adipocyte may reach a diameter of =60 microns'*®. Although the elastic
modulus of this concrete cell line has not been evaluated, the perivascular adipose tissue has
been assessed by Vonavkova and co-workers!#6, They determined an initial elastic modulus of
about 0.0170+0.0182 MPa. For our experiments we used 5x10° pBAT cells in suspension, 45
mL pBAT growth media, 45 mL phosphate saline buffer (PBS), and 2.0 mL poly-L-Lysine of
(Sigma-Aldrich, United States (0.1mg/mL)) for DMEM (Dulbecco’s modified Eagle's medium)

and cell-pleating preparation®43144,

The poly-L-Lysine is a positively charged amino acid polymer, which can be used to
promote cell adhesion to solid substrates. Also, the poly-L-Lysine has amino groups (NH) that
have an affinity to gold. Although, the amine/gold surface interactions are much weaker than
the thiol/gold bond, on nanostructures or nanoparticles the amines form strong electrostatic
interactions that have been shown to bind in a manner best described by a weak covalent
bond'4"148, This strategy is widely employed in surface chemistry in gold nanoparticle

immobilization491%0,
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Cell culture process in the sensor

Eight samples were employed with different diameter, height, and polymer; including the
310M (S1b sensor) and OG142 (S1c sensor) short nanopillars, (see Table 5.2) to check if the
fibroblasts adhere on the nanopillars (experiments done at University of Barcelona). Also, the
310M (dpnp=160 nm, h=320 nm, S1b sensor) and the OG142 (dpnp=185 nm, h=490 nm, Slc

sensor) short nanopillars were used to perform cell culture experiments.

As a control, fibroblasts (30x10* cells/mL) were also seeded onto a commercial culture
dish (Corning, Sigma-Aldrich, United States) for three hours. The seeding time of three hours
was chosen according to the literature® and the experience of our collaborator as good enough
to obtain an acceptable percentage of cells adherent to the structured arrays. The attached cells
on the polymer nanopillars were also fixed for SEM analysis by using the UAB protocol (See
Annex C). For the optical measurements, we employed the set-up described in the Section 4.4.1
and shown in Figs. 5.1a and b. The acquisition times for the spectra were 2 s with 500 spectral

accumulations every 30 minutes for 3.0 h.

5.3.2 Cell culture process in the sensor

0.5 mL of poly-L-Lysine (0.1 mg/mL) flowed through the array of nanopillars by the
microfluidic channel of the sensor (10pl/min), with an incubation time of 20 minutes. Then, 5
mL of phosphate buffered saline (PBS) passed through the microfluidic channel for 20 min to
wash the excess of poly-L-Lysine. Next, 3 mL of growth media (DMEM (Dulbecco's Modified
Eagle Medium), 10% FBS, 1% antibiotics) was flowed for 10 minutes. Then, the flow was
stopped for 20 minutes to discard the possible deformation of polymer nanopillars. After, the
fibroblasts were passed through of the sensor. Thus, the flow ratio was stopped for 25 minutes.
The outlet of the sensor was closed by a reservoir to avoid loss of the sample as shown in the
Figs.5.1a and b. Next, the transmission spectrum acquired every 30 minutes for 3 hours as

shown in the Fig.5.1a and b.
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Figure 5.1. (a) Experimental set-up. (b) Top-view photograph of set-up used for cell culture protocol for the sensors.
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Feasibility of Au-capped polymer nanopillars for cell adhesion

5.4 Feasibility of Au-capped polymer nanopillars for cell adhesion

First of all, it is necessary to check that cells can adhere on the flexible nanopillars as they
are different to the typical substrate used in cellular culture (plastic petri dish). For that a cell
culture was performed for 3 hours® on arrays of gold capped polymer nanopillars. Before the
experiments, the sensors were sterilized with UV light for 10 minutes, and then they were
immersed in 2 mL of poly-L-Lysine (0.1 mg/mL) to functionalize the nanopillars, with an
incubation time of 20 minutes. Then, the poly-L-Lysine was aspirated by vacuum (Figs.5.2a,b).
The sensors were immersed in PBS (incubation time, 20 min) and aspirated by vacuum. We
confirmed the density of cells using an automated cell counter (Fig.5.2d). The cells were seeded
(30x10* cells/mL) on the nanopillars and the commercial culture dish (Fig.5.2¢e) and let growing
for three hours in the culture medium at 37°C with 7 % CO3 in an incubator, as shown in
Fig.5.2f. As the incubator cannot be open for very long time, only the OG142 (S1c sensor) short
nanopillars and the commercial culture dish were observed by microscopy (20x objective) every
30 minutes (Fig.5.2g). Finally, after the three hours of incubation, the cells seeded on the
sensors were fixed for SEM analysis (Fig.5.2h)

Table 5.2. Characteristics of the sensors and the culture dish to seed fibroblasts (30x10*
cells/mL)

Sensor Commercial
culture dish
dec=400nm dec=400nm
M1 h~800nm, M4 h=1.3 pm, | 1 dish
dpnp=180 nm dpnp=180 nm
M2 h=470nm, M5 h=750nm, -
dpnp=160 Nm dpnp=180 nm
M3 h=400 nm, | M6 h~500nm, -
dpnp=160 Nm dpnp=180 nm
Short h=320nm, Short | h=490nm, -
(S1b) dpnp=160 nm | (S1c) | dpnp=185nm

dcc, distance center to center of the nanopillars
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a. Sterilization UV (10 min) b. poly-L-lisina (20 min) c. Remove poly-L-lisina d. Cell counter

e. Cell culture on a f. Incubator

" g. Microscopy every 30 min h. Solution to fix the
nanobiosenor

for3h cells for SEM images
Figure 5.2. Cell culture on arrays of gold capped polymer nanopillars within the
microfluidic channel. (a-g) Cell culture protocol realized in the laboratory of the Univ. of
Barcelona.(h) Solution to fix the cells on the polymer nanopillars for SEM analysis.

5.4.1 Results and discussion

In Figs. 5.3a and b, we can observe fibroblasts attached on 310M nanopillars of the
M1lsample (h ~800 nm, dpny=180 nm) and also of the M2 sample (h ~470 nm, dpnp~160 nm),
respectively. We can observe that the fibroblasts spread on soft nanopillars with their filopodia
projections, whose morphology and behavior on the nanopillars are similar with other works
reported in the bibliography®”%1001%8 The filopodia lengths are =9.93 um and =6.74 um,
respectively. We can also notice that the Au-capped polymer nanopillar moved by capillary

forces during the liquid drying step of the protocol for fixing attached cells.
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Results and discussion

h=470 nm, d,,,,=160 nm

Figure 5.3. SEM images showing e influence of nanopillars on the process of cell
adhesion after 3 hours. (a) and (b) fibroblasts spread on 310M nanopillars substrates,

h=800 nm, dpnp=180 nm, and h=470 nm, dpnp=160 nm, respectively.
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Fig. 5.4a exhibits the adherent cells could form dynamic extensions during the process of
cellular adhesion and spreading, in the proposed time by the biologist specialist. It is also clear
the cell-nanopillar interactions on 310M nanopillars of sample M3 (h =400 nm, dpnp=160 nm).
The SEM images display cells with filopodial extensions of *12.49 um that are similar with the
literature®®*>1, The 310M (S1b sensor) short nanopillars used for this cell culture was

experimentally contaminated and damaged during the cell culture. As a result, the gold film was

lifted as shown in the Fig.5.4b.
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process after 3 hours. (a) and (b) fibroblasts spread on soft 310M nanopillars substrates,
h=400 nm, dpnp=160 nm, and h=320 nm, dpnp=160 nm, respectively.
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Results and discussion

The fibroblasts cultured on OG142 nanopillars of the M4 and M5 samples are shown in
Figs.5.5a and b, respectively. We can see the sites of cell attachment to the rigid nanopillars
forming their adhesions. Thereby, the cells could perceive the nanoscale topography through
lateral scanning and protrusions events verifying to that reported in the literaturg®-9%13.151 The

filopodia length of fibroblasts on OG142 nanopillars of the M4 and M5 samples are ~20.81 um
and ~24.85 um, respectively.

h=750nm, d,,,~180 nm

Figure 5.5. CeII-nanopiIIa interactions and focal sion formations (a) and (b)
adherent cells form filopodial extensions during the process of cellular adhesion and
spreading, on OG142 nanopillars, h=1.3 um, dpnp=180 nm, and h=750 nm, dpnp=180

nm, respectively.
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In the SEM images of the OG142 nanopillars of the M6 and Slc sensors (Fig.5.6), the
effect of the capillary forces during the liquid drying step was reduced by the mechanical
stability due to the aspect-ratio of the rigid nanopillars. Thereby, the cell-nanopillar interactions
on rigid nanopillars were easier to see. Moreover, we could notice that the fibroblasts spread on
rigid nanopillars with their filopodia projections®®1%151  According to SEM images, the
filopodia lengths are ~32.23 pm and ~33.3 um, respectively. Therefore, these SEM images of
fibroblasts were experimental indicators that cells were able to pull on both soft and rigid
polymer nanopillars and, thereby, cause a shear stress. It is important to point out that the
drying step of protocol for fixing cells does not happen in the LSPR detection of the fibroblasts
on the sensors, in other words, the cells always are in DMEM liquid, and then, the capillary

effect of the polymer nanopillars never happens.

h= 500nm, d,,~180 nm

h=490nm, dm=185 nm

1

Figure 5.6. Cell-nanopillar interactions and focal adhesion formations (a) and (b)
adherent cells form filopodial extensions during the process of cellular adhesion and
spreading, on rigid nanopillars, h=500 nm, dpnp=180 nm, and h=490 nm, dpnp=185 nm,
respectively.
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LSPR detection of fibroblasts on the sensors

5.5 LSPR detection of fibroblasts on the sensors

Once it has been proven that the cells could make contact with the 310M and 0G142
nanopillars for three hours, we performed the measurement of the transmission spectra when the
fibroblasts were on the different sensors to research the possible effect of the spring constants
could have on cellular adhesion for 3.0 h'%, Two new 310M (dpnp=160 nm, h=320 nm, Slb
sensor) and OG142 (dpnp=185 nm, h=490 nm, Slc sensor) short nanopillars were used to
perform cell culture experiments with an analytical spring constant of 1.19-10°2 N/m and 5.35
N/m, respectively. By following the cell culture process (Section 5.3.3) onto the sensors
30x10%cells/mL were passed for 25 minutes through the microchannel to be seeded. The outlet
of the sensor was closed by a reservoir to avoid loss of the sample as shown in the Figs.5.1a and
b. The cells were observed by DF microscopy to check their survival on the zone (100 pm),
thereby LSPR transmission spectra were obtained every 30 minutes for 3 hours. A schematic
and photo of the experimental setup, containing all the major components, can be observed in
Fig. 5.1.

5.5.1 Results and discussion

Fig. 5.7a and b show the results of the LSPR responses due to cell culture on 310M (S1b
sensor) and OG142 (S1c sensor) short nanopillars, respectively. The value of LSPR, at 0.0 h,
corresponds to the DMEM solution (reference), then we hypothesized that the polymer
nanopillars were in the equilibrium position. Also, we can notice that the ALSPR is red-shifted
as time increases. We hypothesize that those significant LSPR responses could have been
caused by the local changes of the refractive index caused by the cell-nanopillars interactions,
according to the previous SEM analysis of the cells on 310M and OG142 nanopillars (Section
5.4.1). To examine the impact of the spring constant of the different sensors (310M and 0G142)
in the period of three hours, the AX; gpr Was approximately calculated from the spectral

resonance shift and the initial position of the LSPR at 0 h, as shown in Fig. 5.7c.
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Figure 5.7. (a-b) Experimental LSPR transmission spectra due to cells
adhesion from 0 to 3 h on the 310M (S1b sensor) and OG142 (S1c sensors) short
nanopillars, respectively.(c) AALSPR calculated from the induced spectral
resonance shift with respect to the initial position of the LSPR at 0 h for soft and
rigid sensors.

Microscope images comparing the cells seeded on OG142 (S1c sensor) short nanopillars
with the standard culture dish are shown in Figs. 5.8, an observational method widely used in
biological experimentation as suggested by the biology expert collaborators and widely reported
in literature®. In Fig. 5.8a and b, we could notice how the fibroblasts in the Au-capped
nanopillars looked similar to those in culture dish at 0 h. In both substrates, spherical cells were

floating in the growth media however there were cells began to adhere on both substrates.

At 0.5 h, we could hypothesize in Fig.5.8 ¢ and d (shown in dashed circle) the initial cell
tethering and filopodia exploration which started faster on OG142 nanopillars than in the
culture dish. This cell behavior coincides with other reported experiments in the
bibliography”%”.We checked with the SEM pictures that this occur in the sensors and, thereby,
the red shift of LSPR at 0.5 h (see Fig. 5.7¢) could be caused by the changes in the refractive

index induced by the cells adhered on the array of nanopillars.
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Time [h]

Fibroblasts on
0G142 nanopillars (S1c) culture dish

Fibroblasts on
culture dish

Fibroblasts on
0G142 nanopillars (Sic)

Figure 5.8.(a-b) Experimental LSPR transmission spectra due to cells adhesion from 0 to 3 h on the S1b and Sic sensors,
respectively.(c) AALSPR calculated from the induced spectral resonance shift with respect to the initial position of the
LSPR at 0 h for soft and rigid sensors. (d-q) Comparison of cell adhesion on OG142-87 nanopillars with a standard
culture dish. Photos (20x) of fibroblasts cultured on the Au capped OG142-87 nanopillars within microchannel and on
culture dish every 30 minutes for 3.0 h.



The LSPR responses of the 310M (S1b sensor) and OG142 (S1c sensor) short nanopillars
indicate a red shift at 1.0 h by =3.5 nm and by =~1.4 nm, respectively. In that time, the
microscope images (Figs.5.8 e and f.) showed that the number of attached fibroblasts on the
nanopillars increased similarly to those on the culture dish at 1.0 h, also their morphologies
match with other studies’%, We hypothesized that the changes could have possibly been
originated by the spread of cells on the array of nanopillars, as in Figs 5.8 e and f shown, and
thereby, to provoke the additional LSPR shift.

The LSPR responses of sensors at 1.5 h (Fig.5.7¢) showed a red shift by =4 nm and by =2
nm, respectively. Therefore, we hypothesize that the greatest contribution of LSPR changes
could be caused by the living fibroblasts. As occurs at that time, in the experimental images
fibroblasts (see Figs.5.8g and h). They were adhered on the nanopillars, whereas some spherical

fibroblasts (shown in dashed circle) were still floating in the medium of the culture dish.

The photos from 2.0 h to 3.0 h (Figs. 5.8i-n) clearly suggest that most of the fibroblasts
could not only adhere but also respond to the nanoscale topography, through cytoskeletal
projections (filopodia) to explore the nanofabricated substrate, as SEM pictures shown (Section
5.4.1). Also, those results are similar with reported experiments in the literature” 7138153 Wwe
hypothesized that fibroblast could behave as the experimental SEM pictures and, thereby,

caused those LSPR responses, as Fig.5.7¢ shown.

Finally, the previous results suggest that the fibroblasts could adhere to the flexible
nanopillars as shown in photos and SEM pictures, causing displacements in the Au-capped
nanopillars. Also, those pictures confirm the biocompatibility of the 310M and OG142-87
materials in the period of three hours. On other hand, we hypothesized that the significant LSPR
changes detected by the 310M and OG142 sensors, with a slightly contribution of the culture
medium, could be provoked by the fibroblasts adhesion and subsequently local increase of the
refractive index in the vicinity of the plasmonic nanodisks. Unfortunately, the current optical
system does not have the capacity to distinguish between the LSPR response due to shear stress

in the nanopillars and local changes in the refractive index.

127



Conclusions

5.6 Conclusions

We have employed the 310M (S1b sensor) and OG142 (S1c sensor) short nanopillars as
they come from the same silicon mold master, and only by changing the Young's modulus of
the material, the production of polymer structures with spring constants (k) ranging from 10-%2
N/m to 1N/m were obtained. The estimated k can not only indicate the different mechanical

sensitivity to a shear stress but also the capacity to mimic soft or rigid tissue.

The previous results suggest that the fibroblasts could not only adhere but also respond to
the nanoscale topography of the sensors, through cytoskeletal projections (filopodia). Also they
could exert shear stress at the tip of the flexible nanopillars as shown in photos and SEM
pictures, causing displacements in the Au-capped nanopillars. Those pictures confirm the
biocompatibility of the 310M and OG142-87 materials for three hours. On other hand, we
hypothesized that the significant LSPR changes detected by the sensors, with a slightly
contribution of the culture medium, could have been provoked by refractive index increased
caused by the fibroblasts adhesion, during the three hours. Unfortunately, the current optical
system does not have the capacity to distinguish between the LSPR response due to a shear

stress in nanopillars and change in the refractive index of medium.
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General Conclusions

We have designed and implemented reproducible fabrication protocols to create a new
prototype of a plasmo-mechanical sensor compatible with microfluidic technologies. The
principal conclusions of this thesis that can be drawn from the experimental studies are the
following:

*We described a reproducible and low-cost fabrication protocol of ordered arrays of
silicon nanopillars (SiNPs) with integrated polymer microfluidics. With our fabrication strategy,
the area, hexagonal arrangement, diameter, and height of the SiNPs within the microchannel are
well controlled. In this process, it was shown that the diameter of the PS spheres (300 nm and
400 nm of diameter) was reduced by RIE treatment and these results were used to control the
diameter of the SiNPs. Our investigation confirmed that the height of SiNPs increases as the
etching time becomes longer. Moreover, the simple cleaning of the microchannels by
UV/Ozone evidently affects the etching rate. Through our results, we demonstrate that the
combination of reduced diameter (dr), and periodicity (dcc) of the catalytic gold mesh plays a
key role in order to control the etching rate. We exploited the inert properties of the SU-8
polymer (e.g. resistant to HF/H,O; solution) to outline a microfluidic channel. By using our
protocol, we avoid the need to align the nanopillar structures with microfluidic devices,
reducing the chances of damaging their topography and integrity. Finally, the integrated
platform was used as a master mold for replica molding technique, for mass production of the

plasmo-mechanical sensor (<25 samples).

*We presented an efficient fabrication of flexible sensors with modulated rigidity formed
by polymer nanopillars capped with gold nanodisks integrated into a microfluidic channel using
a replica molding technique. The controlled process to produce PDMS molds of nanoholes from
the silicon master was described. Different polymers with an increasing Young’s modulus were
used to understand and investigate the replica molding limitations of polymer nanopillars when
the gold nanodisks were placed on them. The results confirmed that the molding material and

the aspect ratio play a significant role in the success of the replica molding.
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General Conclusions

We showed that the use of polymers EPOTECK-0G142-87 and 310M combined with our
fabrication protocol were able to replicate the SiNPs integrated into the SU-8 channel, with an
aspect ratio from 1.6 to 7.37, whose estimated spring constants (k) can not only indicate the
different mechanical sensitivity to a shear stress, but also mimic soft or rigid tissues.
Experiments under different flow rates were carried out to test the pressure and duration of the
permanent bonding of the flexible sensors. The permanent bonding was stable from 5 to 50

pl/min, breaking at 90 pl/min for both materials.

*The results of the simulation of the transmittance spectrum were in good agreement with
the experimental one obtained from the corresponding peak and dip positions of the array of
Au-capped polymer nanopillars with a gold film. This was a suitable approach to the evaluation
of the LSPR spectra for characterization of the sensors. Furthermore, the sensors presented
adequate bulk sensitivity ~204 nm/RIU for 310M (S1b sensor), ~270 nm/RIU for 310M (S2b
sensor), =164 nm/RIU for 0G142 (S1c sensor), and ~289 nm/RIU for OG142 (S2c sensor).

*The results suggest that the fibroblasts could not only adhere but also respond to the
nanoscale topography of the sensors, through cytoskeletal projections (filopodia). Also they
could exert shear stress at the tip of the flexible nanopillars as shown in photos and SEM
pictures, causing displacements in the Au-capped nanopillars. Those pictures confirm the
biocompatibility of the 310M and OG142-87 materials for three hours. On other hand, we
hypothesized that the significant LSPR changes detected by the 310M (S1b sensor) and 0G142
(S1c sensor) short nanopillars, with a slightly contribution of the culture medium, could have
been provoked by the fibroblasts adhesion due to the higher refractive index of cells during the

cell culture of three hours.

Currently, the flexible optomechanical sensors have achieved a qualitative degree of
advancement to study cell adhesion, however there is still additional work to be done to
distinguish, locate and quantify the cellular traction forces. The optomechanical sensors are
ready for a second phase of development aimed at overcoming their optical and mechanical

limitations.
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6.1 Future perspectives
Short term future work

In this Thesis we have developed the first prototypes of flexible optomechanical sensors
for the study of living cells using low-cost and large-scale nanofabrication techniques. Future
perspectives may be directed towards the improvement of the complete prototype of the sensor
by using the study developed in this work.

*The design of the microfluidics channels has to be improved. The aspect ratio should be
reduced by the modification of the size of the canal. Also, the design could be adapted
according to any particular necessity to study the cells. Due to the well-controlled protocol to
create the silicon nanopillars, the new model of the channels will not affect the quality of the
structures.

*The configuration of the hexagonal array of Au-capped polymer nanopillars with the
gold film on their base must be improved. The gold film must be removed by using as a guide
the experiments proposed in this work. Then, the LSPR spectra measurements could be
enhanced and as a consecuence also the sensitivity of the sensor will improve. Due to the well-
controlled protocol to create the bonding of the microfluidics system, the new configuration of
the sensor will not affect the quality of operation of the microfluidic channel.

*Optical and mechanical simulations could be performed in Comsol Multiphysics to study

a real model of the sensor in order to propose a relation to the quantification of cellular traction
forces. Also, florescent beads embedded into the polymer nanopillars could be used as marker

to follow and check their deformation and to perform an image analysis of the cells.

Long term future work

*We considered necessary to replace the Darkfield microscope for an optical set-up to
move the system to a biology specialized laboratory to perform the experiments of the cells
under suitable conditions (e.g., temperature and CO,). The optical set-up should be able to
distinguish the LSPR spectra of vertical and bent nanopillars as well as the dielectric medium.

Also, it should provide the number of the cells and the position of the traction forces.
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Future perspectives

The optical detection system could be based on the combination of the mechanical flexibility of
the polymer nanopillars and the optical properties of the plasmonic gold nanodisks, to detect
and identify the traction forces of the living cells. As described in the introduction, by analyzing
the near-field interactions of the plasmonic nanodisks supported on top of the flexible
nanopillars, the detection of the traction forces of the living cells could be possible, and then, by
using the polarization of the light (parallel and perpendicular) the LSPR changes due to bent
nanopillars and variations in the external dielectric medium could be distinguished.

— T M
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Transmittance[a.u.]
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Fig. 6.1 Representative LSPR spectra due to intensity changes by using both
polarizations of the light.

The proposed optical system should allow the following functions. Once we know the LSPR
spectrum generated by Au nanodisks, we propose to use a LED with emission wavelength
where the slope of the spectrum curve is greater (green and pink line), as shown in Fig. 6.1. The
wavelength (Mieq) Will provide a reference point with an initial intensity of the spectrum (lo), as
shown in Fig. 6.1. The optical system will take images of the area by using parallel (transversal
magnetic-TM) and perpendicular (transversal electric-TE) light polarizations. As a result, we
could observe intensity changes produced in each pixel of the images due to the spectral shifts
towards red or towards blue. If the intensity of the reference point increases (green line) it will
be attributed to a LSPR red-shift (1).
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In contrast, if the intensity of the reference point decreases, it will be attributed to a LSPR blue-
shift (Ip), see Fig. 6.1.Therefore, the spectral changes could be observed by the optical system as
changes of intensities with time. Note that the above reasoning should be applied accordingly to
the slope of the selected curve (pink line). Then, the images will show maps of intensity of the
cellular traction forces and of the dielectric medium, and therefore, the study of the cellular

adhesion with the time could be analyzed.

*This methodology of the fabrication allows the creation of a new design of sensor that
contains soft and rigid nanopillars in the same microfluidic channel. Thereby, the study of the
influence of the rigidity of the substrate on the traction forces could be performed at the same
time. Also, the development of a cell culture substrate of rigid nanopillars could make possible
to study also the cell movement and other cell functions. By using the LSPR of the Au
nanodisks onto the nanopillars, the sensors could be employed to study for example, the cell

signaling (e.g, protein secretions from the cells).

Finally, this Ph.D. Thesis represents a significant contribution to the progress in the
development of new technologies to analysis cell function. This Thesis is a first step to getting
sophisticated sensors whose capabilities can facilitate fundamental investigations in the Cells

Biology Field.
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Annex A

Annex A

A. Approximate values the of spring constant of different tissues

The calculation of the required spring constant (kissue) Of the polymer nanopillars to mimic
the reported elastic modulus of different tissues! is extracted from reference®. In Table A, we
see the different tissues with their elastic modulus and spring constants, represented in N/m. On

4
other hand, the necessary nanopillars aspect ratio is extract from k = G nE 2—3) where r is the

nanopillar radius, by using the previous Kisswe, the aspect ratio of the nanopillars can be
estimated and chosen to minimize the nanofabrication risks®®, as also shown in Table A.

Table A. Elastic Modulus of different tissues and their Kissue in N/m. Approximated values of
aspect ratio of nanopillars required to match the stiffness of the tissues.

Tissue type Elastic Modulus of  Spring Constant (k)% Aspect ratio of
the tissues!®® of the tissues Nanopillars*
Brain 100Pa N ~5.4*
107* —
N
Liver 1kPa ~2.2*
1073 —
N
Muscle 10kPa ~1.16*
1072 —
N
Cartilage 100kPa ~2 5**
1071 —
Nm
bone 1MPa ~1.16**
10 —

m
*Aspect ratio (height/diameter, L/D) of nanopillars with proposed diameter D=100 nm and a
Young modulus (1MPa*, 100MPa**) required to match the stiffness of different tissues.
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Annex B

B. Script to calculate the high-degree polynomial to fit the experimental
spectra

%Loading of the wavelength and spectrum data.
Al=load ('Exl.txt'");
$Plotting the original data.
x= Al (:,1);
y= Al(:,2);
plot(x,y);
hold on
title('Original Spectrum Data'
xlabel (' [nm]")
ylabel (' [transmission %]')
xlim([xmin, xmax]) ;
ylim([0.46,0.5]);
%Creation of the polinomial of grade n =10 with a range
sfrom 450 to 800 nm.
lcolors= ['g',"'c',"y","k"', "', "x', e, 'y, "k, T ]
icolor = 1;
% Data loading and range to test
xmin=600;
xmax=750;
for n=5:10;
m=n-1;
pp=polyfit (x,y,m);
$Derivate the interpolated polynomial to calculate maximums and
$minimums by finding its roots.
dp=polyder (pp) ;
rp=roots (dp) ;
%We take away the imaginary roots.

r = rp(imag(rp)==0);
%We limit the roots to the known range of our experiments (600 nm to 750 nm)
r=r (intersect (find (r>xmin) , find (r<xmax))) ;

% We find the corresponding values for the roots.
yr=polyval (pp, r) ;
% We find the global minimum value.

[ymin, imin] = min(yr);
wmin = r(imin);
Ax (n)= wmin;

Ay (n)= ymin;
% Plot the Interpolated Polinomial
x2=450:1:800;

y2=polyval (pp, x2) ;

pg=plot (x2,y2,1lcolors (icolor), 'LineWidth',2);
% Mark the minimum plot on the polynomial.
plot (wmin, ymin, 'ro', 'LineWidth',2) ;
x1lim([xmin, xmax]) ;

ylim([0.46,0.5]1);

title('Fitted Spectrum Data')

xlabel (' [nm] ")
ylabel (' [transmission %]')

1b{icolor}=sprintf('n %d, wmin = %.3f nm, ymin = %.3f',n,wmin,ymin);
legend (pg, lb{icolor});
icolor = icolor + 1;
$sprintf('n = %d, wmin = %.3f nm, ymin = %.3f',n,wmin, ymin)
%$legend (sprintf('n = %d, wmin = %.3f nm, ymin = %.3f',n,wmin,ymin));
pause

end

for i=l:icolor-1
disp(lb{i})
end
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Annex B

Fitted Spectrum Data

"—n = 10, wmin = 670.849 nm, ymin = 0.468

0.495—

0.49

0.485—

0.48~

[transmission %]

0.475—

0.47

0.465— -

0.4 L L
600 650 700 750
[nm]

Fig. 1 Example of the effect using different high-degree polynomials on an experimental spectrum

The Fig. 1 shows the results when the different degree of polynomials (N=5 to 20) is used
in a same experimental spectrum. Also, it can be seen the minimum values with their ymin.
Green curve, n =5, wmin = 674.018 nm, ymin = 0.465.Cyan curve, n = 6, wmin = 673.910 nm,
ymin = 0.470. Yellow curve, n = 7, wmin = 670.921 nm, ymin = 0.470. Black curve, n = 8,
wmin = 671.708 nm, ymin = 0.472. Blue curve, n =9, wmin = 674.461 nm, ymin = 0.470. Red
curve, n = 10, wmin = 670.849 nm, ymin = 0.468. According to results a high-degree
polynomial adjusts well to the spectrum, then we teste a degree of 20. Fig. 2 shows the fitted
and the original spectra.

Fitted Spectrum Data
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Fig.2 Result of fitted spectrum using a polynomial of 20 degree.
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Annex C

C. Protocol for fixing Attached Cells in Paraformaldehyde

Ed Harlow and David Lane

This protocol was adapted from "Staining Cells," Chapter 5, in Using Antibodies by Ed Harlow and David
Lane. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY, USA, 1999.

Cite as: Cold Spring Harb. Protoc.; 2006; doi:10.1101/pdb.prot4294

Treating cells with paraformaldehyde leads to the establishment of chemical cross-links between free
amino groups. When the cross-links join different molecules, a latticework of interactions occurs that holds
the overall architecture of the cell together. Commercial formaldehyde solutions are not recommended,
because they lack the advantages of using a variable-length polymer, and the cells will simultaneously be
fixed with the alcohol (usually methanol) these solutions contain. For fixing attached cells in organic
solvents, see Fixing Attached Cells in Organic Solvents. For fixing suspension cells with
paraformaldehyde, see Fixing Suspension Cells with Paraformaldehyde.

MATERIALS
Reagents

Cells that have been attached to coverslips, slides, or tissue-culture dishes
Paraformaldehyde in PBS (4%, prepared fresh)

PBS

0.2% Triton X-1000r NP-40in PBS

Equipment

Racks or staining jars (Optional, see Step 2)
METHOD

1. Prepare a fresh solution of 4% paraformaldehyde in PBS.

2. Rinse the coverslip, slide, or tissue-culture dish once with PBS: For individual slides or
coverslips, hold them with forceps and dip in a beaker of PBS. For batches of slides or
coverslips, use commercially available racks. For plates, simply pour off the media and flood the
plate with PBS.

3. Drain well, but do not allow the specimen to dry.

4. Fix the cells by incubating in 4% paraformaldehyde in PBS for 10 minutes at room temperature.

5. Wash the cells twice with PBS.

6. Paraformaldehyde fixation is not stable. Excessively long incubations in aqueous buffers will

reverse the cross-linking and should be avoided.

7. Permeabilize the fixed cells by incubating in 0.2% Triton X-100 or NP-40 in PBS for 2 minutes
at room temperature. Some preparations may need as long as 15 minutes; check access of the
antibody to the specimen for each antigen.

8. Rinse gently in PBS with four changes over 5 minutes.

9. Samples are now ready for the application of antibodies (see Indirect Detection Using
Horseradish Peroxidase-Labeled Reagents and Indirect Detection Using Fluorochrome-Labeled
Reagents).
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TROUBLESHOOTING

Problem: Antigenicity of cell components is reduced

Solution: Fixation in protein cross-linking reagents such as paraformaldehyde preserves cell structure
better than organic solvents but may reduce the antigenicity of some cell components. Any antibody that
binds to a free amino group may be unable to recognize the antigen after paraformaldehyde treatment. If
antibodies work well in other procedures but fail to work in cell staining, try titrating the levels of
paraformaldehyde to lower concentrations. This may result in a lower level of cross-linking, but the cell
architecture will be maintained and the antibody will have access to at least some of the antigen-binding
domains.

Paraformaldehyde

Paraformaldehyde is highly toxic and may be fatal. It may be a carcinogen. It is readily absorbed through
the skin and is extremely destructive to the skin, eyes, mucous membranes, and upper respiratory tract.
Avoid breathing the dust or vapor. Wear appropriate gloves and safety glasses and use in a chemical fume
hood. Keep away from heat, sparks, and open flame.

Triton X-100

Triton X-100 causes severe eye irritation and burns. It may be harmful by inhalation, ingestion,
or skin absorption. Wear appropriate gloves and safety goggles.

Paraformaldehyde in PBS

Paraformaldehyde, EM grade

PBS (10X)

NaOH (1 M)

HCI (1 M)

For a 4% paraformaldehyde solution, add 4 g of EM grade paraformaldehyde to 50 mL of H20. Add 1 mL
of 1M

NaOH and stir gently on a heating block at ~60°C until the paraformaldehyde is dissolved. Add 10 mL of
10X PBS and allow the mixture to cool to room temperature. Adjust the pH to 7.4 with 1 M HCI (~1 mL),
then adjust the final volume to 100 mL with H20O. Filter the solution through a 0.45-pm membrane filter to
remove any particulate matter. Make the paraformaldehyde solution fresh prior to use, or store in aliquots
at —20°C for several months. Avoid repeated freeze/thawing.

Phosphate-buffered saline (PBS)

Reagent Amount to add Final concentration Amount to add Final concentration
(for 1X solution) (1X) (for 10X stock) (10X)

NaCl 8g 137 mM 80 g 1.37 M

@ o 0.2g 2.7 mM 24 27 mM

NayHPO4 1.44 g 10 mM 14.4g 100 mM

KH,PO,4 0.24 g 1.8 mM 249 18 mM

If necessary, PBS may be supplemented with the following:
@ caciye2H,0 01339 1mM 1.33¢ 10 mM

@ mgClye6H;0 0.10 g 0.5 mM 1.0g 5 mM

PBS can be made as a 1X solution or as a 10X stock. To prepare 1 L of either 1X or 10X PBS, dissolve the
reagents listed above in 800 mL of H,0. Adjust the pH to 7.4 (or 7.2, if required) with HCI, and then add H,0
to 1 L. Dispense the solution into aliquots and sterilize them by autoclaving for 20 min at 15 psi (1.05 kg,’cmz)
on liquid cycle or by filter sterilization. Store PBS at room temperature.
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Copyright © 2006 by Cold Spring Harbor Laboratory Press. Online ISSN: 1559-6095 Terms of Service
All rights reserved. Anyone using the procedures outlined in these protocols does so at their own risk.
Cold Spring Harbor Laboratory makes no representations or warranties with respect to the material set
forth in these protocols and has no liability in connection with their use. All materials used in these
protocols, but not limited to those highlighted with the Warning icon, may be considered hazardous and
should be used with caution. For a full listing of cautions, click here.

All rights reserved. No part of these pages, either text or images, may be used for any reason

other than personal use. Reproduction, modification, storage in a retrieval system or
retransmission, in any form or by any means-electronic, mechanical, or otherwise-for reasons

other than personal use is strictly prohibited without prior written permission.
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