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Abstract

The Micro- and NanoTooLs group, as a worldwide pioneer in the development
of silicon-based suspended chips, has previously enabled the development of
micro- and nanodevices small enough to be internalized by living cells. Pas-
sive devices, as barcodes, or active devices as biochemical sensors, electrical
stimulators or nanomechanical sensors have been developed for chip-in-a-cell
and chip-on-a-cell applications. From the previous achievement of develop-
ing and testing an intracellular pressure sensor, motivated by the mechanical
analysis of cells, a new line was opened within the group covering one of the
most promising current research hot-topic in cell biology: Cell Mechanics.

This thesis has been focused on the development of innovative tools to ex-
plore cellular mechanical properties from inside and outside the cell. This
development consisted in the design, fabrication, characterization, mechani-
cal simulation and biological validation of micro- and nanodevices.

Chips were fabricated with the required design using micro and nanofabrica-
tion processes based on silicon technologies. Hence, these technologies allow
the development of tools with functional parts at the micro- and nanome-
ter scale. The mechanical behaviour of these devices was analysed by finite
element method simulations, and was compared with an experimental me-
chanical characterization of fabricated samples. The biological application of
the devices is presented as a final step in most of the tools developed on this
thesis, with the analysis of their biocompatibility as a mandatory study.

Here, we have demonstrated the integration of multiple functionalities within
a single chip. To accomplish this, intracellular magnetic biocompatible bar-
codes were developed enabling both, the labelling, and the magnetic mecha-
nical-manipulation of living cells. Moreover, the second generation of an
intracellular pressure sensor has been designed and fabricated through the
advances of the technological development of the sealing of a cavity at room
temperature and atmospheric pressure to reach millibar sensitivities. Fur-
thermore, the mechanical characterization of the cytoplasm in mouse one-cell
embryo development has been accomplished through the use of an intracel-
lular nanodevice, being the basis for the development of new intracellular
tools for mechanical sensing within eukaryotic cells. Finally, an extracellular
system based on the mechanical failure of silicon chips anchored to the sub-
strate has been designed, fabricated, characterized and validated as a tool
for the sensing of cell ultimate traction forces. Overall, the obtained results
highlight the reliability of the silicon micro- and nanotechnologies for the
fabrication of mechanical chips for and at the scale of living cells.
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1.1 Introduction

The cell is defined as the structural and functional unit of life and establishes
the building block to form tissues, organs and organisms. Since the most
relevant processes occur inside them, there is an enormous demand for inno-
vative intracellular tools for biochemical but also biomechanical and bioelec-
trical applications.

Typically, cell analysis has been performed by measuring and averaging
the response of a population of cells. Thus, it has been assumed that mean
values are representatives of individual cells within a population. However,
along the last decades it has been proved that cells are heterogeneous ele-
ments within the same population, this means that cells with similar pheno-
types can react and behave in different ways to the same stimuli. Hence, the
great interest in developing new tools to monitor, analyse and study individ-
ual cells has led an effort in the technology improvement[1].

Therefore, researchers at the microelectronic field realised that the tools
to solve some of these questions were encompassed in typical application
fields of chips. Thus, MEMS and NEMS (Microelectromechanical Systems
and Nanoelectromechanical Systems) created new opportunities for spatial
and temporal control of cell growth and stimuli, and showed new pathways
for basic biomedical and pharmaceutical research. For instance, scanning
probe microscopy emerged as an interesting tool for cell biology allowing
high resolution scanning of cells[2—4].

In spite of the potential of these tools, these chips are larger than the
cells and therefore they can only study the cells from the exterior or, few of
them, perform intracellular measurements by puncturing the cell membrane,
which can compromise cell viability. On this sense, the Micro- and NanoTooLs
(MNTL) group at the IMB-CNM, CSIC, was a pioneer worldwide in the de-
velopment of chips smaller than the cell scale. The design and fabrication of
new devices for single cells applications have focused the work of the group,
building a strong background on the field, coining two new terms: chip-in-a-
cell[5] and chip-on-a-cell[6, 7].

Therefore, the use of microchips as intracellular passive devices has been
demonstrated. Silicon barcodes were fabricated and internalized by macro-
phages cells[8] enabling their labelling and tracking. In addition, silicon-
based devices were proved to be internalized by living eukaryotic cells with-
out interfering their viability[9]. These initial exploratory ideas were the seed
to an important line focused in the development of MEMS and NEMS with
potential contribution to biology, nanobiotechnology and nanomedicine. He-
nce, chips which combine size smaller than cells, to allow cell internalization,
with the possibility to study populations of cells but also obtain information
from single cells, and with the possibility to perform mechanical and also
biochemical, thermal and magnetic tasks, are of great interest[10-13].

Historically, the investigation about the cellular behaviour has been ad-
dressed from a chemical approximation, with great results in drug research
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and the progress of medicine[14]. However, a great effort is being carried out
during the last decades to perform a mechanical characterization of cells[15-
20]. Cell mechanics is one of the most promising current research lines in
cell biology[21]. The mechanical properties and mechanical behaviour of
cells have a relevant impact in cell malfunction and are involved in many
human diseases including vascular disorders[22], cancer[23] and neuronal
affections[24]. Thus, mechanobiology, at the interface of biology and engi-
neering, has become one of the most interesting emerging fields for science,
with many good examples of devices from the field of micro- and nanotech-
nologies to contribute in the study of the interplay between the forces and
the mechanical properties of living cells and cell function[15, 16, 25].

On this sense, the progress on the investigation of new tools led to the
development (by our group) of a silicon chip which integrated two 50-nm
thick polysilicon membranes, as mechanical sensors, and a Fabry-Perot op-
tical resonator, as a transducer. This device, with dimensions of 6 ymx 4
pumx 0.4 ym, was able to measure pressure changes from the interior of a liv-
ing cell[26] and was the inception of a new perspective in which the MNTL
group advanced in the design and fabrication of new intracellular sensors to
study cell mechanics.

On the one hand, to quantify forces produces by cells during migration,
contraction or development, current techniques are mainly based on the mea-
sure of the deformation of materials whose properties are initially known, as
Traction Force Microscopes (TFM) or Micropost arrays[27-30]. These systems
consist of a polymeric substrate with embedded beads or microspost arrays
commonly fabricated with polydimethylsiloxane (PDMS). Cells of interest
are seeded over the device and the exerted forces can indirectly be measured
from the displacement of the beads or the microsposts positions. However,
these techniques, despite being commonly used, only allow the study of cells
from outside, providing information on the relationship between cells and
their interaction with the environment that surrounds them. On the other
hand, intracellular techniques can help to elucidate the cell mechanical be-
haviour from a direct internal detection. Thus, tools based on optical and
magnetic techniques have been employed to directly measure forces acting
within cells[31]. For instance, optical tweezers have been used to investi-
gate the mechanical response of the F-actin cytoskeleton[32] or to analyse the
rheological differences between normal and cancer cells[33], by trapping mi-
crobeads internalized by the cells. In addition, the viscoelastic behaviour of
the nucleus and the cytoplasm has been investigated by the use of intracellu-
lar spherical magnetic beads[34] or magnetic nanorods[35]. Other methods
based on nanowires bending have emerged as simple techniques for moni-
toring inter- or intracellular force dynamics[36]. Nonetheless, these methods
usually offer local intracellular information and have to be extrapolated to
reach a global characterization, and also, some of them, present limitation
such as the use of high-powered lasers that can alter cell normal function.

Thus, from the challenge on the development of new tools to contribute
on the knowledge of the cell mechanical behaviour arises the motivation
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of this thesis. The main objectives are the design, fabrication, characteriza-
tion and validation of intracellular or extracellular chips for cell mechanics.
Our micro- and nanofabricated chips offer alternative tools to explore cell-
mechanic properties from inside and outside the cell.

1.2 General objectives

This thesis is framed in a highly multidisciplinary nature, since it has been
developed with the main general objective of obtaining micro- and nanotools
which act as sensors in the mechanical characterization of living cells. Hence,
micro- and nanofabrication technologies, physics, materials science and biol-
ogy are the main disciplines covered.

To obtain the devices presented throughout this thesis, it has been devised
the appropriate fabrication technology based on silicon microelectronic tech-
niques. Previously, it was carried out the design of the micro- and nanode-
vices to later fabricate them by photolithography and Electron Beam Lithog-
raphy (EBL) techniques. On the other hand, it was performed the physical
characterization of the fabricated devices, after their fabrication, to validate
its correct operation mode, but also in their application to living cells. More-
over, cell viability has been one of the necessary requirement that the devices
must to fulfil so they can perform their function. In addition, simulations
based on Finite Element Method (FEM) has been a central task in most de-
vices, both in its conception and in their experimental application. Thus, the
micro- and nanotools had to be simulated in order to verify that the experi-
mental results corresponds to their expected behaviour. Hence, they are an
additional method to optimize its design and fabrication to fulfil the techno-
logical and biological requirements.

1.3 Chapters overview

The devices presented in this thesis have been conceived with a common ob-
jective: their operation in the field of cell biology to act as mechanical sensors
or actuators. Each chapter focuses independently on the presentation of each
of the developed chips.

In Chapter 2 we show the progress on the integration of magnetic func-
tionalities on intracellular chips for cell mechanical-manipulation. For that,
we propose chips combining coding and magnetic capabilities, by develop-
ing a technology based on photolithographic processes in combination with
electroplating methods to grow cobalt/nickel (CoNi) and nickel (Ni) lay-
ers. A vast number of suspended microbarcodes have been released from
the wafer through an ad hoc process that combines a thermal shock and a
subsequent peel-off method. Moreover, cell viability has been tested and Ni
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devices were found to be internalized by cells without interfering their via-
bility. Finally, chips were used in a proof of concept to manipulate cells from
a culture.

In Chapter 3, we have improved the technology of a previous intracellular
pressure sensor (developed by the group[26]) to refine its detection limit by
following processes of silicon microelectronic technology. The sensor consists
in two parallel polysilicon membranes separated by an air gap. To achieve
this, the sealing of the sensor cavity has to be done at room temperature
and atmospheric pressure conditions, with a baked-polyimide-cap by a pho-
tolithographic process. The risk of inflowing the polyimide in the sensor
cavity makes the sealing a delicate step. Moreover, FEM simulations were
used to calculate the deflection of the membranes for different values of an
applied external pressure. Notwithstanding, large batch production remains
as future work, some samples were tested confirming its operation mode.

Chapter 4 presents a new intracellular polysilicon tool for mouse-one cell
embryo mechanical properties determination and mechanical load tracking
during fertilization. This device has 22 ym in length and 10.5 ym in width,
and is extremely thin, only 25 nm-thick, which allows its bending inside the
embryo minimizing its impact on the cytoplasm. The cytoplasmic loads were
estimated by measuring the real bending of the device inside the embryo
and by FEM analysis. This tool enable the mechanical characterization of
the embryo cytoplasm along the initial stages of the fertilization until the
tirst cell division. Moreover, the measured program of intracellular force and
mechanical property changes was measured to be altered on embryos treated
with an actomyosin inhibitor. Additionally, it was established a mechanical
model of the cytoplasm behaviour during the pronuclear migration stage of
the embryo development.

Finally, Chapter 5 explores a new extracellular chip as a tester of the Ulti-
mate Traction Force (UTF) exerted by living cells on their extracellular envi-
ronment. The investigation started by fabricating a TFM, based on conven-
tional methods, by stamping a Quantum Dot (QD) pattern on a substrate.
The process was expected to be fast, so that in a stamping-step the whole
TFM system was fabricated. However, it was not such, and an improved
method would not be obtained compared to those systems that already exist.
Thereby, based on the intracellular chips design, we devised and fabricated
a highly sophisticated UTF consisting of standing mushroom-shaped silicon
pillars with different values in their anchor diameters. Micro- and nanofab-
rication technology was the key on the sharpening of the anchors by the use
of dry etching processes. These nanodevices were mechanically character-
ized in a preliminary nanoindentation test and simulated by FEM. Thus, a
catalogue with the correspondence between the size and the fracture force of
each pillar was elaborated. Finally, a chip was tested with HeLa cells validat-
ing their operation mode.
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Chapter 2

Magnetic barcodes development
for labelling and magnetic
mechanical-manipulation of living
cells

In this chapter we report the technological development for the integration of mag-
netic capabilities on intracellular chips. Intracellular chips offer endless possibilities
in cell biology and nanomedicine: as barcodes, biochemical sensors or mechanical
sensors. The capabilities of these chips depend on the possibility to integrate more
functionalities. Here, we study the integration of magnetic capabilities to allow cell
manipulation. In particular, we integrate magnetic capabilities to intracellular bar-
codes to add magnetic cell manipulation to cell tagging. We explore the CoNi and
Ni-based microbarcodes fabrication by electroplating processes on silicon substrates
and, interestingly, we demonstrate a simple and non-destructive release method of
the codes from the wafer. The magnetic properties of the devices are also characterised.
Moreover, we evaluate cell viability with the developed barcodes and show that CoNi
devices affect cell viability. On the contrary, internalization and non-toxic effects
are achieved by the Ni-based barcodes. Finally, we performed experiments which
demonstrate the cell tagging and cell manipulation capability of the Ni-based mag-
netic microbarcodes without cell cytotoxicity. This work opens a way to implement
the manipulation on more sophisticated intracellular tools controlled by magnetic

fields.



Chapter 2. Magnetic barcodes development for labelling and magnetic

1 . . .
0 mechanical-manipulation

2.1 Introduction

There is an increasing demand for tracking, labelling and manipulate even
smaller objects which is inspiring worldwide scientific researchers for a con-
tinuous exploration for newer and better techniques. Microtechnologies pro-
vide new opportunities for device miniaturization which allows the study of
the microworld and its manipulation.

The identification of objects at the micro- and nanoscale has been chal-
lenging in many instances. Hence, researchers have used microbarcodes as
labelling tools as they are representations of data attached to the object of
interest for clear identification, avoiding misreading[1]. The applications of
barcodes for investigation at the microscale have been continuously demon-
strated, in various barcoding studies in molecular interaction[2-9] and com-
binatorial screening[10-14]. In fact, the constant research progress done in
this field proves how much valuable microbarcodes are.

Complimentary techniques based on magnetic approaches have been fol-
lowed to identify systems at the microscale. Thus, synthesized magnetic
nanoparticles offer researchers worldwide labelling and identification tools
with several applications in immunoassays[15], biomolecule detection[16],
biomedical applications[17, 18], trap and control of bacteria[19], or chemothe-
rapy[20]. In cell studies, researchers have used particle-based methods to
manipulate cell orientation and migration using magnetic Iron oxide (Fe3O4)
magnetic nanoparticles under directionalized magnetic fields[21], forfeiting
cell identification. More commonly, the properties of the cells are exploited in
magnetic identification and separation techniques. In some instances solely
the physical characteristics, as size or density, have been used to obtain a
levitation profile of different cellular types with the use of paramagnetic
solutions[22]. However, many cells have similar shape and sizes and con-
sequently these techniques could be proven limited. Instead, the intrinsic
magnetic properties of the cells have been employed in microfluidic cell sort-
ing for White Blood Cells (WBCs)[23], yet only few cell types have intrinsic
magnetic properties. Thus, the addition of an external tag with customized
physical and magnetic properties attached or internalized into the cells could
offer identification and external magnetic manipulation.

In our group, we have previously used polysilicon, a material widely
used in microelectronics, to develop chips smaller than cells for their use
in cellular level identification[24-29] and identification and tracking of liv-
ing embryos[24, 26-30]. The combination of the functional features of both,
microbarcodes, for identification, and magnetic features, for magnetic ma-
nipulation, provides the means to develop a device able to be attached or
internalized by living cells coupled with the capability to be manipulated by
an external magnetic field.

In this work, we present a technological development of an initial top-
down photolithographic microfabrication technology encompassing the batch
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fabrication of millions of reproducible devices at the microscale, with com-
plete control over their size, shape, and distribution. We subsequently demon-
strate the bottom-up aggregation of magnetic materials with a specific elec-
troplating process to obtain CoNi alloy and Ni magnetic suspended microde-
vices. Electroplating is one of many methods to deposit and eventually in-
tegrate magnetic materials into microfabrication processes. Besides being a
cost effective technique, the whole process requires low energy: high depo-
sition rates can be achieved by thermoregulation allowing a precise deposit
thickness by controlling the deposition time, so complex geometries can be
handled[31]. The electroplating set up is also easy to maintain and, what
is most important, the properties of the deposited layer can be adjusted by
modifying the solution composition.

We take a step forward and present a new generation of magnetic micro-
barcodes for labelling and manipulating living cells. In particular, we study
HeLa cells viability with internalized magnetic barcodes with the purpose of
optical cell identification and tracking. Finally, we investigate the magnetic
separation and isolation of cells with internalized magnetic microbarcodes
from the rest of the cell culture and study their viability past 4 days after the
magnetic separation.

2.2 Previous background of the group on CoNi bar-
codes

As said above, in our group we have the experience of the fabrication of
different polysilicon devices smaller than living cells for intracellular appli-
cations or for being adhered to the cell membrane. These devices have been
developed to perform different applications as nanomechanical sensors in
living cells[32, 33], biochemical sensing[34, 35] and tracking and labelling bi-
ological cells[24, 25, 27-30, 36, 37]. Polysilicon barcodes were developed as
label tools[38, 39] and they were tested injected or attached to the Zona Pel-
lucida (ZP) of mouse[24, 28, 29, 36], bovine[37] and human[30] embryos and
also being internalized by living cells[25, 27], resulting a suitable material for
biological experimentation.

As this investigation line is consolidated, the natural evolution is mov-
ing to new materials with further capabilities. Hence, our group developed
the fabrication process of well-defined CoNi alloy barcodes[38] which could
allow the labeling and tracking of microobjects and, in addition, its manip-
ulation. On one hand, we have microtechnology expertise, such as the pos-
sibility to fabricate millions of reproducible devices, a complete control over
the size and shape of the devices or the ability to achieve a low-cost fabrica-
tion. On the other hand, the magnetic material capabilities allow us to have
control on the manipulation of the microbarcodes by the application of an
external magnetic field.
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These CoNi barcodes were previously designed, fabricated, chemically
characterized by ensuring the homogeneity of the alloy, and magnetically by
analysing its suitability as magnetic labels. Formerly, a detailed study on the
etching of the sacrificial and seed layers for the releasing of CoNi barcodes
were also performed[38]. In that work, first, layers were etched with HF
vapors, which resulted to damage the devices and a formless CoNi layer was
obtained. Secondly, it was tried a combination of etching steps (HF, HNO3
and polyethylene glycol (PEG)) plus the approach of a magnet to collect the
devices. Released CoNi devices could be obtained with this second method,
but barcodes were rough and they were released in clusters because the use
of the magnet, thus single device application was not feasible.

In the present section, an outlook of the previous design and fabrication
process is going to be found. After that, all the development done during
this thesis is going to be detailed in further sections.

2.21 Design of the magnetic barcodes

The new magnetic barcodes share the design of the previously developed
polysilicon barcodes[24, 28-30, 36, 37]. Briefly, the design of the barcode con-
sists in a two-dimensional matrix of 2 rows and 4 columns of individual bits
(Figure 2.1a). The external lateral dimensions of the devices were fixed to
10.0 ym in length and 6.0 ym in width, in order to make them easily identifi-
able under an optical microscope. Bit lateral dimensions were fixed to 2.0 ym
in length, 1.5 ym in width. The thickness of the devices were established to
1.0 ym. A solid-bit represented the value 1 (Bit =1) and a hole-bit represented
the value 0 (Bit = 0). A start mark in the top left corner was designed in order
to expedite the correct reading of data. In Figure 2.1b, it can be seen a detail
of some of the codes used during this study (henceforth, a specific barcode
will be designed by its decimal representation).

a 2 um b
” Design Binary code Decimal

f—J oo00-0000 0
& 1001-0110 105
= oro-0110 153

1111-1111 255

10 um

Figure 2.1. Designed barcodes. a) Schematic representation of the barcodes con-
sisting in two rows of 4 rectangles areas representing bits. The presence of material
in these areas indicates a "1” and the absence indicates a "0’. A mark (cut) on the top
left corner indicates the start of the reading position. b) Representation of the physi-
cal design, binary code and decimal corresponding of some of the tested devices.
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2.2.2 Fabrication of the inverted barcode pattern

Compared to the fabrication of the polysilicon barcodes, for the magnetic de-
vice fabrication, it was necessary to design a new mask to obtain inverted
barcode photoresist patterns, as this mould should be filled with the elec-
trodeposited material. The fabrication of the magnetic barcodes started with
a 100 mm p-type silicon wafer (Figure 2.2a), where a 1 ym-thick silicon oxide
(5i0y) layer was deposited as a sacrificial layer (Figure 2.2b). 50 nm-thick
Titanium (Ti) layer and a 50 nm-thick Ni layer were evaporated as seed lay-
ers to allow the further deposition of the magnetic materials (Figure 2.2c and
2.2d, respectively). Then, a 0.9 pm-thick photoresist (Fujifilm OiR 620-09)
was spun (Figure 2.2e) and finally patterned by photolithography to define
an inverted pattern of the devices on the wafer (Figure 2.2f).

a b c

Silicon . Silicon oxide . Titanium Nickel Photoresist

Figure 2.2. Fabrication of the inverted pattern. a) The magnetic barcodes fabrica-
tion started with a silicon wafer substrate. b) 1 ym of silicon oxide was deposited as
a sacrificial layer. c) A 50 nm-thick of Ti and d) a 50 nm-thick of Ni were evaporated
as seed layers. e) 0.9 um of photoresist was spun over the surface. f) Patterned pho-
toresist after exposure to UV through a photolithographic process to get the inverted
barcode pattern.

2.2.3 Fabrication of the CoNi barcodes

For the fabrication of the CoNi alloy, firstly we started up the electroplat-
ing set-up and optimized the parameters and conditions for a high suitable
electroplating bath. Hence, an appropriate chloride bath was needed to de-
posit CoNi alloys onto the selected substrate. The electrolytic bath consisted
of a 0.9 M nickel chloride (NiCl,-6H,O, Merck) and 0.2 M cobalt chloride
(CoCly-6H,0, Merck), boric acid (H3BO3) aqueous solution buffered with
addition of 30 g/1 of boric acid (H3BOj3, Panreac) and 0.7 g/1 of saccharine
(Merck)[40, 41]. Boric acid acted as a weak pH buffer controlling the hy-
drogen evolution maintaining the pH in the range of 3-3.5. In addition, it
improves the quality of the deposit, as the deposited layer may crack and
burn at low boric acid concentrations[42]. Moreover, saccharine worked as
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a de-stressing additive agent which helps to minimize the possible internal
stresses of the CoNi alloy promoting a smooth alloy deposition[43]. Both, the
boric acid and saccharine, were highly insoluble, hence the solution had to be
stirred during some hours (>2 h). The preparation of deposits was performed
under stirring conditions in order to assure homogeneous composition in the
samples

As the electrodeposition is a temperature dependent process, the elec-
troplating protocol requires an extremely accurate thermoregulationin order
to assure constant deposition rates at the applied potential. For this rea-
son, a precise thermostatic bath (Magnetic stirrer and heater, Lab-Mix 35,
Fisher Scientifics) was acquired. The complete set-up includes this bath, a
thermometer probe which measures the temperature at all times, and a cus-
tomized beaker lid with apertures to insert the reference, counter, and work-
ing electrodes comprising the three-electrode cell. The reference electrode is
a silver/silver chloride (Ag/AgCl/Cl™) electrode, the counter electrode is a
Ni sheet and the working electrode is a piece of wafer (where the CoNi alloy
is going to be deposited). The electrodes were connected to the potentiostat
(Autolab 302N, Metrohm, AG) which regulates the applied potential and the
deposition time.

Silicon M silicon oxide M Titanium Nicke! Il CoNi alloy Photoresist

Figure 2.3. Fabrication of the CoNi barcodes. a) The devices were fabricated start-
ing from the inverted photoresist pattern. b) 1 yum CoNi was deposited with the
electroplating process. ¢) Removal of the photoresist.

The whole fabrication starting from samples with the engraved photore-
sist pattern on their surfaces is schematized in Figure 2.3. First, several CoNi
electroplating experiments (Figure 2.3b) were performed for different depo-
sition times (from 50 s to 600 s) and for different bath temperatures (from 45
°C to 65 °C) at fixed applied potentical of E = -0.8 V. Ultimately, the desired
thickness of 1 ym, without losing the devices dimensions, was obtained at 55
°C during 100 s. Lastly, the photoresist was removed with acetone, and sam-
ple was later rinsed with isopropyl alcohol and DI water for 1 min (Figure
2.3¢).

2.2.4 Etching of the sacrificial and seed layers to release the
CoNi barcodes

After the photoresist removal, to obtain suspend CoNi barcodes, we have
to release the devices from the substrate by etching the sacrificial and seed
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layers. As introduced before, a previous study on the group was performed
to release CoNi barcodes. This study consisted in the development of a wet
etching process of the layers.

. Silicon oxide . Titanium . Nickel . CoNi alloy

Figure 2.4. Releasing of the CoNi barcodes by the wet etching of the sacrificial
layer. a) A piece of wafer with the CoNi barcodes after the photoresist removal. b)
Wet etching of the Ti and Ni seed layers and the SiO; sacrificial layer. c) Finally,
suspended CoNi barcodes were obtained by introducing the piece of wafer on an
Eppendorf with 96% ethanol and by approaching a magnet to it.

Silicon

It started from a sample where the CoNi alloy barcodes has been pat-
terned and the phororesist were removed (Figure 2.4a). Then, the Ti and Ni
50 nm-thick seed layers were etched. Firs, the Ni layer was etched for 30 s
with a mixture of 69% HNOj3 and double DI water in a ratio of 1:4, followed
by a wash in water. Next, the Ti layer was etched in for 1 min on a bath
composed of a 1:1 mixture of 10% HF and PEG. As this mixture is composed
by HEF it was also used to attack the SiO; sacrificial layer (Figure 2.4b). Fi-
nally, the resulting piece of wafer was introduced in an Eppendorf with 96%
ethanol and a magnet was approach to allow the CoNi barcode precipitation
(Figure 2.4¢)[38].

Figure 2.5. Suspended CoNi barcodes after wet etching. SEM images of a) a re-
leased barcode with a roughness appearance after the wet etching of the seed layers
and b) a zoom of the same barcode. Scale bars: 3 ym and 500 nm, respectively.
Images extracted from[38].

These released devices were observed under the SEM showing a rough
surface of the CoNi barcodes after the wet etching process. In addition, the
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dimensions of the bits areas did not present their nominal shape (Figure 2.5a
and b). This results could be caused by the presence of HNO3 and HF on the
wet etching solutions of the Ti and Ni seed layers, as the CoNi barcodes were
also etched in these baths. In addition, collecting the devices by approaching
a magnet to them produces large clusters of CoNi barcodes hardly to disag-
gregate without damaging them. Overall, this limitations prevents the use of
the devices for cell labelling and manipulation.

2.3 CoNi-based barcodes

Here we commence a new investigation from the need of obtaining suitable
suspended CoNi barcodes to manipulate a cell population and to label and
track single cells. For that, we started from the development of a releasing
method appropriate for single device applications.

2.3.1 Alternative releasing method

Above releasing method (etching the sacrificial and seed layers) affected the
CoNi barcodes surface and turned this step into a critical process. To prevent
this damage, we avoided the etching processes and we developed a two-step
process to release the chips. For that, we started from a piece of wafer with
the CoNi barcodes electrodeposited over them as seen in Figure 2.6 (code
number 0000-0000 = 0).

Figure 2.6. Fabricated CoNi barcodes before their releasing. SEM image of CoNi
barcodes over a silicon wafer after removing the photoresist just before their releas-
ing. Code number 0. Scale bar: 5 ym

Hence, a thermal shock was firstly done by placing the samples (Figure
2.7a) in an oven for 20 min at 200 °C and their subsequent rapid cooling to
21 °C (Figure 2.7b). The exposure to the high temperature and the posterior
rapid cooling induced the thermal expansion and contraction of the layers
on the wafer. This procedure increased the material stresses, weakening the
adhesion at the interface between chips and the nickel layer. Afterwards, we
used a simple but highly effective peel-off method that was previously de-
veloped to release Suspended Planar-Array (SPA) chips[35, 44]. This method
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consisted in placing a drop of an aqueous mounting medium (Fluoromount,
Sigma-Aldrich) directly on the top of the anchored chips and letting it to so-
lidify at room temperature (RT) (Figure 2.7c). After that, a manual force was
used to peel the solidified, flexible membrane encircling the chips (Figure
2.7d). Finally, the chips were collected by centrifugation after dissolving the
water-soluble membrane (Figure 2.7e).

a b N

200°ct 21°C:
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Silicon ™ Silicon oxide M Titanium B Nickel B CoNi alloy = Mounting medium

Figure 2.7. Current release of the CoNi barcodes. a) Starting from a wafer with
the CoNi alloy deposited, the photoresist was removed. b) A thermal-shock was
performed after heating the devices at 200 °C for 20 min and then a quick cooling
down to RT. ¢) A drop of an aqueous mounting medium was casted over the devices.
d) A manual peeling of the solidified membrane was performed to release the CoNi
barcodes. e) Chips were collected in an Eppendorf by dissolving the membrane in
water.

2.3.2 Characterization of the CoNi barcodes

After the releasing process CoNi barcodes were characterized by SEM (Carl
Zeiss Auriga Microscope, GmbH, IncaX-act, Oxford Instruments) by placing
a 2 ul-drop of suspended devices in 96% ethanol on a piece of silicon wafer.
Figure 2.8 shows some released barcodes with a well-defined shape and ac-
curate dimensions of the code number 0110-1001 = 105. The upper side of
the barcodes (devices pointed with green arrows) presented a smoother sur-
face, but smaller dimensions on the bit areas, than the bottom side (devices
pointed with red arrows).

The material composition of the barcodes 105 and 153 were analysed by
EDXS (PentaFET-Precision attached to the SEM equipment) and was found
that the deposit of these two barcodes were composed of only Ni and Co
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without impurities. The characteristic peaks of cobalt and nickel signals at
0.776 keV and 0.851 keV, respectively, can be clearly observed in Figure 2.9a.

Figure 2.8. CoNi barcodes after new releasing. SEM images of the barcodes (up-
wards and downwards) after their release through a thermal shock and the use of
water-soluble mounting medium casted on the devices. Green and red arrows point
upwards and downwards barcodes, respectively. Code number 105. Scale bar: 5
pm.

Furthermore, XRF (Fisher scope system XDAL with DCM 3D optical im-
age profiler software) analysis was carried out for more depth material com-
position. XRF results showed an equitable proportion and fairly constant
ratio of Co and Ni in the fabricated barcodes, composed by an average of
45.4 + 3.2 % of Co and by 54.6 &= 2.7 % of Ni (n=6).
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Figure 2.9. Characterization of the fabricated CoNi barcodes. a) EDXS spectrum of
two different barcodes, shown in the insets, confirmed the presence of both material,
Co and Ni. The signal showed the characteristic peak of Co and Ni at 0.776 keV and
0.851 keV respectively. Scale bars: 2 yum. b) Confocal profile of the thickness of the
CoNi devices (inset shows the scanned line). z represents the vertical dimension and
x the length along the scanned line. c) Hysteresis loop of CoNi barcodes measured
with a VSM for magnetic characterization. M/M; represents the magnetization of
CoNi normalized by its saturation magnetization and H the magnetic field.

To evaluate the device thickness, the barcodes were measured with confo-
cal microscopy (PLu neox, optical 3D surface profiler, Sensofar) before their
release from the wafer (Figure 2.9b, barcode 105) showing a thickness of 1.24
pm.

Finally, magnetic characterization of the barcodes was performed. Figure
2.9¢ shows the hysteresis loop of an array of CoNi barcodes BC105, obtained
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by the use of a VSM (LOT-Oriel EV7). CoNi barcodes were placed on a frag-
ment of silicon wafer inside the equipment under a saturating magnetic field
of 1.8 T in order to know the maximum magnetic moment of the array. All the
magnetic characterizations present throughout this chapter were carried out
at the Instituto de Ciencias de Materiales de Madrid (ICMM, CSIC) by Dr. Rafael
Pérez del Real (see Collaborations and Stays in Research Entities). The magnetic
moment of a single barcode, used to know the force under a magnetic field
gradient, can be calculated following the equation[45]:

my = (Mcox + MNi]/)V (2.1)

where my, is the CoNi barcode saturation magnetic moment, Mc, (1oMc,
=1.8T) and My; (HoMn; = 0.61 T) are the saturation magnetization of Co and
Ni, x and y are the composition percentage of Co and Ni respectively, and V
is the volume of the barcode.

2.3.3 Biological validation of the CoNi barcodes

The intended uses of the suspended CoNi barcodes encompass living cell la-
belling and cell manipulation, hence, cell toxicity studies on HeLa cells were
done with these devices. All biological experiments conducted throughout
this chapter were prepared and performed by Dr. Teresa Suédrez and Dr. Con-
suelo Gonzélez-Manchoén at the Centro de Investigaciones Bioldicas Margarita
Salas (CIB-CSIC) (see Collaborations and Stays in Research Entities). The follow-
ing protocol was established in order to facilitate cell-device contact as well as
microscopic analysis. HeLa cells were grown on 12 mm-coverslips at a con-
fluence of 40-50% and were incubated for 18 h with 80 ul of growth medium
containing ~2500 barcodes in a humid chamber. The coverslips were then
transferred to wells of 12-well dishes with 0.5 ml of medium and incubation
continued for additional 24 h. In this first analysis, a simple visual explo-
ration under an optical microscope was enough to validate the effects of the
CoNi devices on cells. The CoNi barcodes, even not being internalized ap-
peared to be toxic to the cells, resulting in general cell death after the first
day in co-culture. Incubation in the presence of lipofectamine (Invitrogen) to
facilitate internalization of the devices did not improve the results.

Previous studies have reported that cobalt could be released from micro-
and nanoparticles becoming toxic when interacting with the culture medium
components[46, 47]. Therefore, to evade this direct interaction, we developed
an encapsulation process to coat our CoNi barcodes with a gold nanolayer.
This gold coating could preserve the magnetic properties of the CoNi chips
while preventing the contact between HeLa cells and the CoNi alloy.
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2.3.4 CoNi barcode encapsulation through a gold covering
layer

The fabricated CoNi alloy barcodes were coated with a gold layer aimed as
a protective film to prevent any potential toxicity when the devices inter-
act with living cells. We identified and followed two different gold coating
processes: the first, that we names as Au-1, was based on a Potassium Di-
cyanoaurate(I) solution (K[Au(CN);]), and the second, named as Au-2, was
based on a Gold (III) Chloride solution (AuCl3). Both coating processes con-
tain potentially toxic elements, therefore, we tested the two approaches to
study whether the different bath components could affect the cell viability.

In the first approach, Au-1, we initially prepared a batch of electroless
bath solution. To prepare 11 of this solution, 750 ml of water were heated
up to 50 °C, once the temperature was stable, 200 ml of Immersion gold
complex B (MacDermid Enthone) were added. Then, 5.8 g of K[Au(CN);]
(MacDermid Enthone) were incorporated into the solution to maintain a gold
concentration of 4 g/1. Finally, the volume was made up to 11, the temper-
ature raised to 80 °C and the solution was degassed with a constant bub-
bling of nitrogen. The previously liberated CoNi chips were re-suspended
in 1 ml of this solution in an Eppendorf tube and left to react during 15 min
while submerging the tube in a water bath at 80 °C. Afterwards, the sus-
pended barcodes were centrifuged and the supernatant electroless solution
discarded. The chips were rinsed and recollected with water at least 3 times
before finally re-suspended and stored in an Eppendorf tube with ethanol.
Suspended CoNi-Au-1 barcodes were observed under a SEM equipment by
placing a 2 ul-drop of 96% ethanol with the recollected chips on a piece of
silicon wafer (Figure 2.10).

Figure 2.10. Released CoNi-Au-1 barcodes. SEM image of CoNi barcodes with an
Au coating based on K[Au(CN);] solution, namely Au-1. Scale bars: 5 ym.

For the second Au coating approach (Au-2) based in galvanic displace-
ment, we initially replaced the medium where the barcodes were suspended
by centrifuging and re-suspending with 1 ml of a 0.34 mM HAuCl, (Sigma-
Aldrich) aqueous solution. We ensured the solution was thoroughly mixed
with a vortex, and left it to react at RT during 5 min. We then rinsed and
recollected the barcodes as described previously. Detailed characterization
by SEM provided an insight of the Au coating surrounding the barcodes. We
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used this information to tune the coating concentration, as this coating re-
sulted to be coarse, affecting the overall size of the device and by closing the
open areas that define the bits (Figure 2.11, left).

Figure 2.11. Released CoNi-Au-2 barcodes. SEM images of CoNi barcodes with an
Au coating based on AuCl; solution with the original concentration (left), and with
a diluted solution, namely Au-2, to decrease the thickness (right). Scale bars: 5 ym.

To solve this problem, we decreased the original concentration of the
AuClj solution, at a ratio of 490 ul HyO : 10 ul of HAuCly and proceeded
with the same reaction parameters. These resulting devices were also exam-
ined by SEM, resulting in homogeneously distributed Au layer which pre-
served the size and encoding features of the designed devices (Figure 2.11,
right). This second batch was used in all further Au-2 coating experiments.
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Figure 2.12. EDXS characterization of CoNi-Au barcodes. EDXS spectrum of a
CoNi-Au barcodes (inset) with (left) the Au-1 and (rigth) with the Au-2 solution
confirm the presence of Au. Inset graphic shows a zoom of the Au peak at 2.120 keV.
Scale bars: 2 ym.

We characterized the CoNi-Au devices fabricated through both coating
processes. To confirm that the devices were coated with Au, an EDXS anal-
ysis was carried out on a device of each batch (Figure 2.12), demonstrating
the gold deposition by the characteristic peak obtained at 2.120 keV. More-
over, from the inset images in Figure 2.12, and also from Figures 2.10 and
2.11(right), it was confirmed that there was no loss in bit dimension.
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2.3.5 Biological validation of Au-encapsulated CoNi barcodes

A high concentration of both types of Au-coated magnetic barcodes (ranging
from 2500 to 10000 barcodes/coverslip) were co-cultured with HeLa cells to
test their toxicity. Experiments were performed as described above for CoNi
barcodes, and after 24 h cells were incubated with 2 uM calcein-AM (Sigma-
Aldrich), a vital dye, for 30 min at 37 °C, fixed with 4% paraformaldehyde
(PFA) and the nuclei stained with DAPI (Sigma-Aldrich). Coverslips were
mounted with Fluoromount-G (Sigma-Aldrich) and cell viability was exam-
ined with Epifluorescence Microscopy (EFM, Zeiss Axioskop) exhibiting a
lack of viability, such as rounded morphology and a marked reduction of
calcein labelling (Figure 2.13).

CoNi-Au-2

Figure 2.13. Biological validation CoNi-Au barcodes. EFM images of HeLa cells
with and without barcodes stained with DAPI (blue, cell nuclei) and calcein-AM 2
uM (green fluorescence) to study cell viability after 24 h in unlike control cells (Cont.,
left panel), cells incubated with (center) CoNi-Au-1 and (right) CoNi-Au-2. Yellow
arrows point the position of the barcodes. Scale bar: 50 ym.

Despite neither of the two Au coatings prevented cell toxicity, further
analysis by confocal microscopy allowed us to detect a small percentage of
internalized barcodes.

2.4 Toxicity analysis of the CoNi and Ni compounds
through substrates for cell seeding

Some physical or chemical characteristics of the barcodes may interfere with
extra- or intracellular mechanisms, thus, translating as toxicity factors. The
barcode shape and dimensions in the range of microns as toxicity factors
have been ruled out in previous studies[24-30, 32, 35]. Therefore, the chem-
ical composition of the barcodes had to be thought as the root cause of cell
death in the previous experiments. A possible explanation could encompass
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the leakage of toxic ions of the material into the biological media. Accord-
ingly, we fabricated a platform to test the toxicity over two distinct neigh-
bouring regions consisting in the bare Ni and CoNi alloy in a single piece of
wafer (Figure 2.14a). First, a Ni layer was deposited over a complete piece of
wafer as showed in Figure 2.2. Next, CoNi alloy was grown over half of the
previous Ni-coated wafer following the same protocol as that to fabricate the
CoNi barcodes (Figure 2.3), albeit without the initial engraved photoresist
barcode pattern (Figure 2.3a). Thus, the second half of the wafer maintained
only the Ni seed layer. Otherwise, to fabricate a Co layer was not required as
it has been already reported to be a toxic element for its oxidative stress[48].
Hence, with this fabrication we have the possibility of study cell viability
over the CoNi alloy and the Ni layers.

a b

Silicon M Silicon oxide M Titanium

Nickel I CoNi alloy

Figure 2.14. CoNi and Ni substrates for cell toxicity analysis. a) Schematic rep-
resentation of a culture of HeLa cells on the fabricated double-layer (Ni and CoNi)
chip. b)EFM image of HeLa cells stained with DAPI and 2 yM calcein-AM 48 h af-
ter seeding on the substrate platform. DAPI labelling of nuclei (blue) indicates that
cells adhere to both substrates but viability is markedly reduced in the CoNi layer
as indicated by the practical absence of calcein fluorescence (green).

HelLa cells were seeded over this platform within a culture-dish (Figure
2.14a) and incubated in 2 ml of growth medium at 37 °C. After 48 h, the
vital dye calcein-AM was added. Cells were fixed with 4 % PFA and the
nuclei labelled with DAPI. For microscopic analysis, the platform chip was
placed upside down on a glass bottom dish in a DMI6000B inverted Leica
microscope coupled to a Hamamatsu CCD 9100-O2 camera.

Cells were clearly attached to the platform surface, as can be seen by
DAPI labelling of nuclei (Figure 2.14b). However, viability was markedly
reduced in cells adhered to substrate containing cobalt, as indicated by the
absence of calcein fluorescence (Figure 2.14b). We did not observe cell death
all over the culture, as seen with the previous CoNi and CoNi-Au barcodes.
Most probably due to differences in the experiments, as with the substrates,
incubations in small volumes, to increase the probability of chips getting in-
ternalised are not needed. Then, it could be safe to assume that CoNi bar-
code after its releasing, could be less compact for a living cell application,
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and some parts of cobalt could have contaminated the culture. Cobalt com-
pounds could remain in the medium after device releasing causing contami-
nation of cell medium, being impossible to eliminate.

2.5 Ni-based barcodes

2.5.1 Fabrication of the Ni barcodes

As Ni layer was shown to be a viable material with HeLa cells, we proceeded
to fabricate Ni barcodes. The fabrication started from samples with an in-
verted patterned fabricated with the same technology of CoNi barcodes (Fig-
ure 2.2). Ni barcodes fabrication was based on a different type of electroplat-
ing bath. A Watts nickel electroplating solution was used to deposit Ni onto
the exposed areas of the substrates. The Watts Ni platting process consisted
in an aqueous bath of 280 g/1 of Nickel(II) sulfate hexahydrate (NiSO4-6H,0O,
Merck) and 45 g/1 of Nickel(II) chloride hexahydrate (NiCly-6H,O, Merck).
30 g/1 of boric acid were added to keep the pH around 4, also acting as a re-
ducer in the hydrogen production. Nickel sulphate was the main Ni supplier
to the sample, given that it is easily soluble (as chloride) and a non-complex
ion source. The nickel chloride improved the quality of the deposit since it
allowed a high current density limit due to an increased ion diffusion coeffi-
cient, however it corroded the anode.

For the set-up, system of two electrodes was adequate to achieve an accu-
rate Ni deposit, instead than for CoNi barcode fabrication where 3 electrodes
were used to control the alloy deposit. The two electrodes comprise an an-
ode of Ni and a cathode which consists in a 0.5 cm x 1.0 cm piece of wafer
to deposit the Ni layer. Both electrodes were connected to the potentiostat
at a fixed working current of 15 mA during 40 s at RT, that results a current
density of 30 mA /cm?. Afterwards, the photoresist was stripped and the de-
vices were released using the thermal shock and peel-off method explained
previously.

As in the CoNi deposition process, the electrode and the wafer piece were
connected to the Autolab equipment fixing the working current at 15 mA and
establishing a time of 40 s for the deposition process. After this process, the
photoresist was removed.

2.5.2 Characterization of the Ni barcodes

The fabricated Ni barcodes were examined in SEM (Figure 2.15) to validate
their correct shape and dimensions. Ni magnetic barcodes were also in-
spected by EDXS to confirm that the devices were only made of Ni, as shown
in Figure 2.16a with the Ni characteristic peak of 0.851 keV. In addition, the
device thickness was evaluated prior their release with confocal microscopy
(Figure 2.16b) measuring a thickness of 0.81 ym.
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Figure 2.15. Released Ni barcodes. SEM image of a Ni fabricated barcode placed
on a piece of wafer after their release. Scale bar: 2 ym.

Furthermore, we performed the magnetic characterization of the Ni bar-
codes with the VSM as described above for CoNi alloy barcodes. Figure 2.16¢
shows the hysteresis loop for some Ni barcodes spread on a piece of silicon
wafer. Due to there was a small number of Ni barcodes, the measurement
resulted noisy, obtaining a magnetic moment closed to the detection limit of
the equipment.
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Figure 2.16. Ni barcodes: physical and magnetic characterization. a) EDXS spec-
trum a barcode, shown in the inset (code number 255), confirmed the only of pres-
ence Ni. The signal showed the characteristic peak of Ni 0.851 keV. Scale bars: 2
pum. b) Vertical profile just before the releasing process (inset shows the scanned
line). z represents the vertical dimension and x the length along the scanned line. c)
Magnetic characterization of the Ni devices through the use of a VSM. M/ M; repre-
sents the magnetization of Ni normalized by its saturation magnetization and H the
magnetic field.

Following equation (2.1), the magnetic moment of a single Ni barcode can
be derived from as:

my; = MNiV (2-2)

where my; is the Ni barcode saturation magnetic moment, Myj; is the
saturation magnetization of Ni, x and V is the volume of the barcode. The
saturation magnetization of the Ni devices is lower than that of the CoNi
barcodes due to the absence of Co.
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2.5.3 Biological validation of the Ni barcodes

Additionally to the toxicity platform study, Ni suspended barcodes were bi-
ologically tested with HeLa cells. Cells were grown on glass coverslips as
described before and, after 24 h, different concentrations ranging from 2500
to 10000 of Ni barcodes were added in different experiments, and incubation
continued another 24 h. To analyse cell viability, cells were stained with the
vital dye CellTracker (Thermo Fisher Scientific) for 45 min (as indicated by
the manufacturer) and, then, fixed with 4% PFA and the nuclei stained with
DAPI. Cells were mounted with Fluoromount-G and analysed under EFM.

Figure 2.17. Biological validation of Ni barcodes co-cultured with HeLa cells.
Images of Hela cells viability after incubation with Ni barcodes. Fixed cells stained
with CellTracker (green fluorescence) and DAPI (nuclei, blue). Red arrows point the
position of the Ni barcodes. Scale bars: 40 ym.

Cell viability, using the different Ni barcodes concentrations, was assessed
by fluorescence intensity after CellTracker labelling, and was unaffected in
the whole culture, and barcode-bearing cells appeared identical to neigh-
bouring cells (Figure 2.17). Furthermore, with the lowest cell-chip ratio (2:1)
we were able to observe up to 10-13% of cells with internalized barcodes.

2.6 Ni-based barcodes for cell labelling and mag-
netic mechanical-manipulation

2.6.1 Nimagnetic barcodes for cell labelling

To demonstrate the labelling and tracking capabilities of the devices, HelLa
cells were monitored under a DMI6000B inverted Leica microscope coupled
to a Hamamatsu CCD 9100-O2 camera with time-lapse technology. A HelLa
cell was identified bearing the barcode with decimal number 0 (= 0000-0000,
binary code) and was tracked for more than 24 h (Figure 2.18) with a perfect
identification of the cell by the Ni barcode.

Hence, Ni barcodes are demonstrated to employ for cell labelling along
the complete cell cycle. Additionally, cells exhibited a normal functionality,
showing that they underwent division cycles comparable to those of the sur-
rounding control cells, namely Ni barcodes do not affect the cell cycle. Thus,
after the cell division, the magnetic barcode will remain within one of the
daughter cells.
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Figure 2.18. HeLa cell labelling and tracking by Ni barcodes. Images taken from a
24-hour videomicroscopy showing a HeLa cell with a Ni barcode inside (code num-
ber: 0000-0000 = 0). Cell before division (15h 30") and daughter cells (17h 15"). Scale
bar: 10 ym

2.6.2 Characterization of the magnet for the magnetic set-up

After demonstrating their biological compatibility and their use for labelling
in HeLa cells, the Ni barcodes were employed in the magnetic manipulation
of cells. To accomplish this we will make use of a standard magnet.
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Figure 2.19. Characterization of the magnet for the magnetic set-up for cell ma-
nipulation. a) Schematic representation of the magnet characterization. The mag-
netic field of the magnet were measured along the z — axis with a Hall probe. b)
Measured magnetic field, By, of the magnet and the calculated gradient of mag-
netic field, V,By. c) Estimated force, F, applied over the devices depending on the
distance to the magnet for the maximum, mean and minimum barcode volumes.
Measurements for Hall probe-magnet distances below 3.81 mm (grey area) were not
carried out as this is the location from the tip of the Hall sensor inside the probe.

We performed a magnetic characterization of the magnet prior to its use
on the set-up. For that, we employed a gaussmeter Lakeshore 475 DSP to
measure the magnetic field along a perpendicular plane to the magnet, B =
By, (Figure 2.19a and 2.19b) in order to determine the gradient of this field,
VB, (Figure 2.19b, inset). The magnetic force acting on a barcode (and there-
fore on the cell) can be expressed by way of:

F, = mV,B, (2.3)
As the magnetic moment of the barcodes depends on their volume (see

equation (2.2)), the magnetic force on the barcode was calculated depend-
ing on the design (binary code) (see Figure 1 and Supplementary Figure 1).
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The maximum volume corresponds to the barcode 1111-1111 = 256 (Vjyax =
60 um®) and the minimum to 0000-0000 = 0 (V,,;, = 36 um3). A mean value
of the volume corresponds to several barcodes such as the 0110-1001 = 105 or
1001-1001 = 153 (Viyean = 48 ],tm3). Figure 2.19c represents the values of the
magnetic force exerted on HeLa cells with internalized magnetic barcodes for
those three barcode volumes. This force could reach up to 3.83 pN. As a first
approximation, it is assumed that the barcode is magnetically saturated.

2.6.3 Cell magnetic manipulation

To demonstrate the cell manipulation capabilities, 50000 HeLa cells were ini-
tially seeded in triplicate in a 12-well plate and cultured with 25000 Ni bar-
codes (ratio cell-chip 2:1) over 24 h.
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Figure 2.20. Magnetic manipulation of HeLa cells with internalized Ni bar-
codes. a) Schematic representation of the cell separation process. (left) A magnet
was placed close to the bottom of the well containing the cell suspension. After
a 15” exposure, most of the cells without a device could be transferred to another
well (centre), thus enriching the cell population with internalized Ni barcode that
remains in the first well. b) Viability of cells cultured with Ni barcode before (-1 h)
the magnetic separation and of those separated bearing Ni barcodes 3 h and 24 h
after magnetic separation. Percentage values were obtained by analysing approxi-
mately 1000 cells for each condition. c) Optical images 3 h and 24 h after magnetic
separation of HeLa cells bearing Ni barcodes. d) EFM images of HeLa cells stained
with calcein-AM 2 uM (green fluorescence) 24 h after magnetic separation to asses
cell viability. Scale bars: 40 ym
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Then, cells were detached from the well substrate with 100 pl of trypsin
and, after adding 0.5 ml of complete medium, the previously characterized
magnet was located (4.9 mm) under the well dish to perform the magnetic
separation (Figure 2.20a). Therefore, magnetic forces with a value of ~2.57
pN are expected to act over the cells-bearing Ni barcodes. After 15 s of mag-
net exposure and assuming that cells with internalized magnetic barcodes
would remain at the bottom of the well, the rest of the culture medium, be-
ing hovering by the effect of the trypsin, was removed by micropipette aspi-
ration, carrying along the cells without barcodes. The remaining cells with
internalized Ni barcodes were re-suspended with new fresh medium after
detaching the magnet.

These cells with internalized magnetic Ni barcodes were also observed 3
h after the exposure to the magnet to verify if cell viability and /or morphol-
ogy seemed affected by the magnetic separation process. HeLa cells looked
healthy and firmly attached to the plate (Figure 2.20b and 2.20c). Observa-
tion of the cells under the optical microscopy 3 h after magnetic separation
showed a tenfold increase in the population of barcode-bearing cells, from
6% to 60%. It is important to state here that both the shape and the aspect
of HeLa cells containing Ni barcodes were indistinguishable from the sur-
rounding cells. Then, these cells were cultured at 37 °C and their proliferation
analysed after 24 h. As expected, the percentage of cells with microdevices
was reduced after 24 h of incubation, due to the dilution of the carrier cells in
the proliferating population but the viability of cells 24 h after magnetic sep-
aration, assessed by calcein or CellTracker labelling, was similar to that of the
cells analysed before separation (Figure 2.20b and 2.20c). In an independent
experiment, we checked the viability of cells with devices up to 4 days after
the magnetic separation, where cell population developed perfectly healthy
(Figure 2.21).

a b

Figure 2.21. HelLa cells 4 days after magnetic manipulation using Ni barcodes.
a) Optical image of HelLa cells 4 days after magnetic separation. b) EFM images of
HelLa cells stained with 2 uM calcein-AM (green fluorescence) 4 days after magnetic
separation to assess cell viability. Scale bars: 20 ym.

Notably, it has been demonstrated that HeLa cells with internalized mag-
netic barcodes can be recovered after magnetic separation, by re-suspending
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the cells in new fresh medium and aspirated them to translate to another con-
tainer.
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2.7 Discussion

In this work, we present the development and fabrication of CoNi and Ni
magnetic barcodes for cell labelling and manipulation. All the devices were
fabricated with an initial photolithographic process to define their physical
properties and subsequently complemented with the inclusion of an electro-
plating processes. Initially, the fabrication technology of CoNi alloy devices
was developed to obtain homogeneous and smooth barcodes by optimiz-
ing the concentration of the different components of the electroplating bath.
CoNi devices were found to be toxic for living HeLa cells due to the presence
of coballt.

Consequently, we studied the possibility of coating the CoNi alloy bar-
codes with a gold layer as an encapsulation method to avoid toxicity. There-
fore, two different coating processes were developed and two batches of the
CoNi alloy barcodes were coated. After analysing the cultured cells exposed
to the Au-coated barcodes, we found that both coatings did not prevent
the toxicity. Previous studies have reported that Co could be released from
micro- and nanoparticles ensuring a toxic environment for living cells[46, 47].
This could explain that cells attached to the surface of CoNi alloy did not
survive, even with an Au coating, and were unable to retain vital markers.
Hence, we fabricated Ni barcodes to study the effects of this material on cell
viability. We found that incubating cells with increasing concentrations of
Ni barcodes did not affect their viability and that cells that had internalized
these devices apparently preserved their functionality and ability to prolif-
erate. Thereby, we characterized the magnetic properties of the Ni barcodes,
resulting in a lower magnetic moment than that of CoNi alloy, yet still suit-
able for magnetic handling. We demonstrate a magnetic separation of HeLa
cells with internalized Ni barcode, with the consequent enrichment of this
cell population. The viability of these cells 24 h after separation was prac-
tically of 100%. More importantly, isolated cell with internalized barcodes
grown properly 4 days after the exposure to the magnet. This result let a sep-
arated cell population being healthy and suitable for further experiments.

This study provides the development and demonstration of Ni barcodes
as magnetic micrometric tools for easy cell manipulation and their potential
emergence as viable tools for cell tracking in cell-based therapy. For instance,
it is reasonable to suppose that this type of devices could be used to lead
a specific cell type to a precise site. In this sense, the application of an ex-
ternal magnetic field to direct magnetic nanoparticles anchored to T-cells to
the tumor site has recently been reported[49] and similarly with human mes-
enchymal stem cells, that have a significant potential for regenerative cell
therapies[50]. Cell separation, sorting and targeting are necessary tasks in
fundamental investigation in health science, thus, these type of devices are a
step forward in the field of cell manipulation.

Moreover, our group, and also other groups are starting to work on a
wide range of intracellular chips with several applications: polysilicon bar-
codes for cell tracking[25], mechanical sensors for pressure change measures[32,
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33], biochemical sensors with the use of SPA chips[35, 44], and even a radio-
frequency identification and transceiver systems for tracking and monitoring
living cells[51]. Henceforth, we envision the integration of multiple function-
alities in a single chip. In the next future, this work will contribute to the im-
plementation of the manipulation of more sophisticated intracellular chips
controlled by external magnetic fields.
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Chapter 3

Second generation of an
intracellular pressure sensor with
high sensibility and a reference
cavity

A high sensitive pressure sensor smaller than a living cell, based on a previously
intracellular pressure sensor developed by the group, is presented in this chapter.
Intracellular mechanical forces are involved in basic cellular processes, such as cell
migration or development. The microelectronic techniques allow the miniaturization
of complex micro- and nanosystems, thus, silicon-based intracellular devices can
provide real-time monitoring of activity within individual living cells. The MNTL
group has previously developed an intracellular pressure sensor capable to detect
changes within the cell of external pressures, but not sensitive enough to measure
internal forces. Here, to improve the sensitivity of the previous design we propose
the fabrication of a silicon chip with a cavity sealed in air at room temperature and
atmospheric pressure. This new design consist in two cavities: a sensing cavity,
through which the pressure is measured; and a reference cavity, that compensates the
measure from the sensing cavity when the device is tilted. The cavities of the sensor
are structured by two polysilicon layers separated by an air gap. The ground of a
technology development for a sealing process at room temperature and atmospheric
pressure, with micro- and nanotechniques is established, in order to enclose air to
improve the sensibility of the device. Different polymers were tested as a cap to seal
the cavities through photolithographic processes. The inflowing of the polymer in-
side the cavities is a risk during the fabrication development, since it could disable
the devices. Despite the low fabrication yield, pressure sensors have been properly
fabricated attaining to measure pressure changes down to 25 mbar. The sealing of
the devices has been the main challenge during the fabrication development in which
further improvements should be done to achieve a stable mass production for a reli-
able intracellular pressure measure.
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3.1 Introduction

Cells are heterogeneous mixtures of different components as organelles and a
network of microtubules and filaments. Fundamental processes driving cell
function are affected by changes in cell mechanical behaviour[1, 2]. Partic-
ularly, intracellular pressure is an important regulator in cell dynamics be-
cause it is involved in many important processes as cell shape, development,
migration and differentiation[3, 4]. Thus, it is necessary to understand the
changes in pressure in situ through the cell cycle, either in specific subcellu-
lar components, as vacuole, and cytoplasm.

Hence, the technology development of sophisticated miniaturized intra-
cellular sensors able to monitor intracellular processes is in the focus of the
research, from the need to detect the small variations that govern the mechan-
ics of intracellular processes[5]. The integration of new tools with nanosized
moving parts[6] offers enhanced mechanical sensing systems with higher
resolution and sensitivity.

Current techniques for measuring cellular pressure can be classified in in-
direct and direct methods[3]. Indirect methods are based on an external ex-
ploration of the cell, as the measure of the cell shape change in response of an
known external stimuli[7], or experiments that generate large deformation as
micropipette cell aspiration[8]. However, these methods have the disadvan-
tage of obtaining an indirect measure as they both, induce the load and read
the response from the cell exterior. On the other hand, direct methods are
based on pipette insertion[9], as servo-null technique where a micropipette is
introduced into the cytoplasm as pressure probe, changes in the micropipette
resistance translate into changes in cell pressure[10, 11]. This technique is
highly invasive and can damage mechanically the cell membrane impact-
ing in cell viability and pervert the study, both in the data collection and
interpretation[12].

A step forward was done when a novel chip was internalized in living
cells allowing a direct measure and monitoring of cell pressure[13]. These in-
tracellular chips, as pressure sensors, consist in two polysilicon membranes
separated by a vacuum gap. Their direct optical detection method enable to
detect fluctuations in intracellular pressure by measuring the changes in the
reflected light caused by the variation in the gap length between the mem-
branes, being able to detect intracellular pressure changes of 1 bar. Nonethe-
less, to obtain more sensitive devices that allow to better characterize cell
interior is still a challenge, both for biology and for the fabrication processes.

In this chapter, it is presented a new pressure sensor in which the technol-
ogy of the first generation of sensors[13] have been improved to develop a
more sensitive device. To achieve that, the main difference is that the sealing
of the cavity has to be done at room temperature and atmospheric pressure
conditions. Common processes of microsystem techniques used to work at
very low pressure and high temperature conditions. Therefore, if the cavity
of the sensor is sealed under these conditions, the membranes of the sensor
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will suffer a high displacement when the device is in its working environ-
ment (atmospheric pressure and room temperature), with the risk of break-
ing the membranes under relevant changes. Thereby, we develop a sealing
method with a baked-polymide-cap by a photolithographic process atmo-
spheric pressure and room temperature. The risk of inflowing the polyimide
in the sensor cavity makes the sealing a delicate step. Large batch produc-
tion remains as future work. Besides, a reference cavity has been included in
the new proposal, so that the measures can be calibrated and corrected easily
when the device is tilted.

3.1.1 Previous background of the group

As mentioned in 3.1, a NanoOptoMechanical System (NOMS) as an Intra-
cellular Pressure Sensor (IPS) were successfully developed previously in the
group (Figure 3.1). This section of the chapter intends to be a contextual-
ization looking at the previous IPS developed by the group which was pub-
lished in Nature Nanotechnology (Figure 3.1)[13] and is widely described in
Gomez-Martinez thesis[14].

natire. | - .
fanoteeh nology

SINGLE-MOLECULE

Silicon chips feel the pressure in a cell

Figure 3.1. Cover of the publication of the previous IPS. Cover from Nature Nan-
otechnology showing a HeLa cell taking a silicon pressure sensor.

These IPSs were internalized by living cells being able to detect intracel-
lular pressure changes of 1 bar. The system allowed to directly have infor-
mation of the pressure changes inside the cells.

Upper polysilicon membrane\

Etching hole
,—‘\I_,JJ IVacuum gap ’ L‘L/Lower polysilicon membrane
| _ |

Figure 3.2. Schematic of the device parts. The device consists of two polysilicon
membranes separated by a vacuum gap and an etching hole acting as an optical
reference
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The design consisted in a mechanical sensor defined by two polysilicon
membranes separated by a vacuum gap, defining a Fabry-Perot cavity, and
an etching hole uses as an optical reference area (Figure 3.2). The dimensions
of this Fabry-Perot resonator were fixed to 3 um x 3 ym x 0.4 um, based on
prior analytical and simulated studies of the mechanical behaviour of the
polysilicon layers and the optical response through them. Thus, the final
lateral dimensions of the NOMS were suited to 6 um x 4 yum, with an optical
area as a reference of ~ 1 ym of diameter, and a maximum height of 400 nm
(Figure 3.3).

Mechanical
Etching hole  pressure sensor

o ot 500
N

6 um

Figure 3.3. Device dimensions. Representation of the device dimensions. Red
arrows point the delimited etching hole as a reference area and the cavity which acts
as a mechanical pressure sensor.

The operational mode of the devices is as follows. The two polysilicon
membranes constitute a Fabry-Perot interferometer[15] as they act as paral-
lel reflecting mirrors, this means that the cavity is partially transparent for
some wavelengths. When an external pressure, P, acts on the device, the
membranes deflect and the gap distance between them, t,,,, changes (Figure
3.4). Hence, when the devices are observed under a microscope, the inten-
sity of the reflected light at the centre of the sensor membranes, I”sps0r, is
shaped by the applied external pressure. Moreover, an optical reference area
is included, in order to focus and normalize the reflected intensity.

1(A) I(A)
I(A) SW(A P=0) I(A)
I'o(A) I' M) SW(A P>0)
f %P] 0) gap (P = 0
P=

Figure 3.4. Schematics of the operational mode of the IPS. Working principle
shows the incident light intensity, I(A), and the reflected light intensities from the
reference area, I, f(A), and from the centre of the membrane, I”se;50r (A, P), depend-
ing on the mechanical deformation of the device membranes with and without ap-
plied pressure, P (right and left respectively). Blue dots represent the position where
the reflected intensity is measured for tilt corrections.

Nonetheless, this design did not include a tilt compensation system. Hence,
it was assumed that the deflection of the membranes will be negligible at the
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border of the sensing cavity (Figure 3.4, blue dots) and this area was em-
ployed to compensate the device-tilt cross-sensitivities.

Figure 3.5. Fabricated devices. SEM top image of the fabricated pressure sensor
chips before their release from the wafer. Scale bar: 3 ym

The fabricated devices (Figure 3.5) were firstly validated using bright-
field optical microscopy (Eclipse ME600 upright, Nikon) with a x100 magni-
tication by a 0.8 NA long-distance objective (LU Plan ELWD 3.5, Nikon) and
later intracellular pressure changes were detected by the chips and optically
quantified through Confocal Laser Scanning Microscope (CLSM) (Figure 3.6,
left).

For the intracellular pressure change measurements, the fabricated de-
vices were subjected to a lipofection treatment, as described in previous works
of the group[16], in order to promote their internalization in HeLa cells.
Briefly, this method consist in encapsulate the material of interest (here, the
IPS) in a lipid vesicle called a liposome which have the same composition
than the cell membrane[17].

Air Inside vacuole
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ensor

Figure 3.6. Measured reflected intensities through the pressure sensor in dif-
ferent environments versus an applied pressure. Reflected intensity values at the
center of the sensor, I”ses0r, for different applied pressures, P, for A = 594 nm. The
device was immersed in (left) air medium for calibration, and (right) inside a vac-
uole in HeLa cells during experimental measures. Inset show CLSM images of HeLa
cells with an internalized device in a vacuole and a detail of it. Scale bars: (white) 20
pum and (black) 5 ym.
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Hence, sensors were tested inside living cells after its internalization by
lipofection and were located easily by optical light microscopy thanks to the
high reflectivity of polysilicon. After sensor internalization, an external pres-
sure was applied and the sensor was monitored to detect the reflected light
at the center of the sensor cavity (I”sens0r) inside the cells (Figure 3.6, right).
Devices in the cytoplasm or in a subcellular component as vacuoles were con-
firmed to detect pressure changes of up to 1 bar (Figure 3.6). This detection
additionally confirms that the extracellular applied pressure is transmitted
to the cell interior and even inside its subcomponents (as a vacuole).

As IPS were found to be able to detect intracellular pressure changes, it
emerges the aim to improve the sensitivity of the sensors to be able to obtain
more accurate pressure measures. Some studies have evidenced that subcel-
lular components endured pressure changes in the mbar range. Therefore,
devising devices with a lower detection limit of the pressure changes will al-
low us to study more precisely the mechanical changes produced inside cells
and their components.

3.2 Design proposal for a more sensitive cavity

For the development of a more sensitive pressure sensor, we based the new
design on the previous IPS[13, 14]. To decrease the detection limit it was
needed to adjust the dimensions of the cavity, and at the same time to re-
place the contents of the cavity from vacuum to air at room conditions (room
temperature and atmospheric pressure).

a . b
Sensing Cavity Upper polysilicon membrane

Sealing Cap

8 um Reference Cavity
Lower polysilicon membrane

Figure 3.7. Scheme of the second-generation designed devices. a) Dimensions
and 3D view of the scheme of the new design of the pressure sensor consisting in
a sensing cavity and a reference cavity sealed by a polymeric sealing cap. b) Cross
section schematic view of (a) showing the sensing and reference cavities with the
same thickness for the air gap between the two polysilicon membranes.

The second-generation device design consists in two different cavities
made of two parallel polysilicon membranes separated by an air gap plus
a polymer sealing cap to achieve hermetic cavities (Figure 3.7). The large
cavity is the sensing cavity, whose thickness changes when an external pres-
sure is applied, and the small one is the reference cavity, whose dimensions
are conceived so that the membranes do not deflect. This reference cavity
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has been designed so that when it is subjected to an external pressure, in the
range to be studied (<1 bar), the deflection of its membranes is not apprecia-
ble. Since the deflection of the membranes will be negligible, the reflected
intensity is not dependent on the pressure change, only on the orientation
of the device. In this way, it can be employed as a reference to calibrate the
sensing cavity measurements affected by device tilt (Figure 3.7).

2 um
B 5 H .
Sealing Cap, 515. ﬁ{."ai Sensing Cavity

--------- N

EI =3 \ A
3| 3
| v
Ny <
EI """" ;] EE
a2 N~ 0o
N ......... -
Reference cavity D ; Hi VV
I R 7 um >
(1.5 um :

le——10.5 um—>§

Figure 3.8. Dimensions of the second-generation designed sensor. Top view of
the new design with the dimensions of the different parts of the sensor. White dotted
rectangle represents the pinhole for the etching of the internal SiO, sacrificial layer.

To achieve the inner conditions of air at room temperature and atmo-
spheric pressure, these cavities have to be sealed through fabrication tech-
niques fulfilling these conditions. Thus, as photolithographic equipments
operate at room conditions, to seal the devices we employed a polymer seal-
ing cap defined through a photolithographic process. The device dimensions
were fixed in the design values showed in Figure 3.8. This design was draw
in a layout editor and sent to the manufacturer for the reticle fabrication.

I(N) I(N)
1\ senso,(/\ P=0) I(A) [ sense(A, P> 0)
ef(/\) ref(/\)

ﬂ% % y

Figure 3.9. Schematics of the operational mode of the second-generation sensor.
Working principle shows the incident light intensity, I(A), and the reflected light in-
tensities from the reference cavity, I',, f(A), and from the centre of the sensing cavity,
I"sensor (A, P). (Left) Initially (P = 0) the sensing cavity has their nominal tg4,. (Right)
Membranes on the sensing cavity suffer a mechanical deformation when an external
pressure, P, is applied. The reference cavity gap is not pressure dependent.
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The operational mode of the sensor is based on the working principle of
a Fabry-Perot interferometer (as the first generation of sensors), this means
that the width of the sensing cavity is pressure-dependent. When an exter-
nal pressure, P, is applied the polysilicon membranes of the sensing cavity
deflect and the gap distance between them, t,,, changes as shown in Figure
3.9.

On the contrary, the reference cavity will not undergo a significant deflec-
tion of its membranes, due to their low mechanical sensitivity. Hence, when
the devices are observed under a light intensity at a certain wavelength, I(1),
the intensity of the reflected light at the centre of the sensor membranes,
I"sensor, is shaped by the applied external pressure, P. As this pressure mod-
ifies the distance between the parallel membranes of the sensing cavity, it is
possible to derive its value from the value of the t¢,,. Moreover, the reference
cavity was conceived to compensate the device tilt. The reflected intensity
on the center of the membrane of this cavity, I",, £, is not pressure dependent,

I"yo5 # I"ref(P) (Figure 3.9).

3.3 Mechanical analysis of the pressure sensor

For the mechanical analysis of the cavity, we studied the mechanical be-
haviour of a polysilicon membrane, both theoretical and simulated, under
a uniform pressure load. The analytical solution for a rectangular plate sub-
jected to a uniform pressure and clamped at its four edges (Figure 3.10) can
be followed from[18]. Considering that our membrane is a square plate, the
maximum bending at the centre of the membrane is expressed according to
the equation 3.1:

P/ /. //L
e
&&ﬂﬁﬂ‘
A A~
T/ 4
3 Smax = 0.00126%P (3.1)

Figure 3.10. Applied pressure on a membrane.
Schematic of a uniform pressure applied on a
square membrane.

where D is the flexural rigidity, which depends on the Young’s modulus, E,
the thickness of the membrane, t,,,,,,, and the Poisson ratio’s, v, as:

E
D=—
12(1 —y ) memb

(3.2)

Combining equations 3.1 and 3.2, it can be seeing the bending depen-
dence with the geometrical and mechanical properties of the membrane and,
certainly, with the applied pressure.
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(1—1?) o
E

memb

5max — 0.01512 P (3-3)

Hence, for the mechanical analysis of the sensors, we assumed the exper-
imental tendency of the Young’s modulus at the nanoscale obtained for ul-
trathin single-crystalline-silicon cantilever reported in the literature[19, 20],
since for these sizes it can be considered that Es; ~ Ep,;,. Thus, the size-effect
of the Young’s modulus for ultrathin layers, considering a second order poly-
nomial fitting, leads to a value of E = 76 GPa (v = 0.27). On the other hand,
for the geometrical dimensions involved in the bending, the nominal values
(a =7 pym and t,,,, = 50 nm) were taken for the analytical and the simula-
tion calculations.

60; —e— Sensing cavity

—e—Reference cavity

0.00 0.05 0.10 0.15
P [bar]

Figure 3.11. Analytical mechanical study. Theoretical analysis of the maximum
displacement, d,,4x, of a 50 nm-thick polysilicon membrane versus the applied pres-
sure, P, on membranes of the size of the sensing and the reference cavities.

Analytically, the mechanical deformation of the polysilicon membranes
(Figure 3.11) manifests the linear dependence between the applied pressure,
P, and the maximum displacement at the center of the membrane, J;,,x (equa-
tion 3.3). Moreover, Figure 3.11 shows negligible deflection values for the
reference cavity in the range of pressures represented; even higher values of
pressure (1 bar) presume low displacements for the reference cavity (~ 1.2
nm).

For the FEM (Finite Element Method) mechanical simulation study, AN-
SYS Multiphysics (Release 16.0, http:/ /www.ansys.com) software were used,
and the cavities were modelled using a 3D element, SOLID 95. The sensing
and the reference cavities are isolated from each other by the sealing cap, so
they were analysed separately for a simpler construction of the geometry of
the model. Moreover, the reference cavity was simulated as a rectangular
membrane, since the small displacements obtained from the analytical study
demonstrated that second order effects on this membrane deflection can be
neglected. Due to the non-linearity of the mechanical behaviour of the cavity,
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the external pressure applied is an effective pressure, since, when applying
pressure changes the volume of the gas (air) enclosed changes and, therefore,
the internal pressure.

60
—=—FEM-Bottom Membrane
—=—FEM-Top Membrane : -23.8
—e— Sensing cavity, .y y 17.2
'E' 401 > »
= 7%
log

Figure 3.12. FEM simulation of the mechanical behaviour of the sensor. FEM
simulation of maximum displacement at the center of the cavity, d,..x, versus ap-
plied external pressure, P, for the bottom and top membranes of the sensing cavity,
and for the reference cavity. Moreover, analytical results have been included for a
better comparison. (Right) Graphic images of the z-displacement simulated for the
sensing cavity, displaying the maximum deflection at the center of the top and bot-
tom membranes.

Maximum membrane deflection, d,,x, is shown in Figure 3.12 for a range
of external pressure, P, applied on the surface of the membranes, both top
and bottom membranes, of the sensing and reference cavities, together with
a colour scale plot of the z-displacement at the membranes of the sensing
cavity. A mechanical sensitivity of 0.36 nm per mbar is derived from the me-
chanical simulation analysis showed in Figure 3.12.

3.4 Optical analysis of the pressure sensor

Silicon is the most common material as structural layer for the fabrication of
optomechanical systems[21-23], since its mechanical and optical properties
have been widely studied. Thereby, polycrystalline silicon has a refractive
index which confers an important spectral selectivity making it very suitable
for optical sensors.

Our sensors act as a Fabry-Perot resonator, which can be schematized as
an optical multilayer system (Figure 3.13). This optical system can be theoret-
ically analysed with the transfer matrix (TM) method, which is based in the
application of the Fresnel equations to analyse the propagation of the light
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through a layered system by calculating the reflection and transmission co-
efficients of the light along it. The final TM of the multilayer system is the
product of each of the TM of each layer, taking the product in the order in
which the light passes along the stratified system[24].

- [ ] Immersed medium
mectum [ Polysilicon layer

(] Air cavity gap

t

polySi-top I nponSi /

/
tCavityl nAif \ S
t

polySi-bottom I V

\

Figure 3.13. Schematic of the multilayer optical system. Multilayer consists in
two polysilicon membranes separated by an air gap immersed in a medium. n and ¢
refer to the refractive index and the thickness, respectively, of the subindexed layer.

Following Maxwell equations, the boundary conditions, at the interfaces
a and b, for electric and magnetic fields of plane waves expressed that the
magnitudes of the fields on both sides of the interface are equal.

t
V4 X
B n, n n,
Y. E
B B
E o7
6,

Figure 3.14. Schematic of plane waves behaviour in a one-layer film optical sys-
tem. Black dots represent perpendicular direction to the plane of incidence. E and
B represent the electric and magnetic fields, respectively; n refers to the refractive
index; t indicates the thickness of the layer; and 6 the angle at the interface[24].

Therefore, the electric and magnetic fields at the interfaces are:

E,=Ey+Eq1=En+En (3.4a)
Ey =Ep+En=En (3.4b)
B, = Bycosty — B,1cos8y = Bycosfyy — Bjjcosfp (3.4¢)

By = Bjpcosb;1 — Bypcosbyy = Byocosby (3.4d)
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Taking into account that the magnitudes of electric and magnetic fields are

related by:
1

B=E= %E = n./EoioE (3.5)

Hence, equations 3.4c and 3.4d can be rewritten as

B; = vo(Eo — Ex1) = Y(En — Ein) (3.6a)
By, = v(Eip — Er2) = vfEp (3.6b)

by introducing the parameters defined as

Yo = ng+/€0Mocos8 (3.7a)
v = n/ggpocosty (3.7b)
Y= np\/€opocosb (3.7¢)

Additionally, Ej» and E;1, and E;; and E,,, differ in a phase, J, due to one
traversal of the film, which can be written in terms of the path length as ¢ =
Aky = %ntcos@tl. Hence, the electric fields can be expressed as: Ej = Ep e~ 10
and Ej = E,pe P.

Finally, substituting and grouping properly equations 3.4a, 3.4b, 3.6a and
3.6b, it can be obtained

E, = Eycosd + By (ZSZ”S) (3.8)
B, = E (iysind) + Bycosd (3.8b)

These equations give a relation between the magnitudes of the fields at
the interfaces of a single layer system, and can be expressed in a matrix form

as follows: s
1sin
E, _ .005(5 = Ep (3.9)
B, iysind cosé| | By

where the 2x2 is the transfer matrix of the layer with the general representa-
tion as:

M= [’”” mlz] (3.10)
mp1 MmMpa

The expression 3.9 can be generalized for a multilayer of N layers,

[Eﬂ} = MyMyM;s - - - My [EN] (3.11)
Ba BN

Hence, using boundary conditions in equation 3.9, it can be obtained the
transfer matrix in terms of the amplitude of the electric field

Eo+ En my mia| | Ep ]
= 3.12
[’YO(EO - Erl)} [m21 mzz} [’Y fEw (312)
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which define the reflection and transmission coefficients as

r= En _ 270 (3.13a)

~ Eo yomi+ Yoy fmaz + Moy 4y fmo

myy + M1y — My — Yfm
Erp _ YoM + Y0V M2 — M1 — VM2 (3.13b)

Eo  vomu + Y0y fMi + M1 + 7y M2

t

Expressions 3.13a and 3.13b are valid for a multilayer system, and these
coefficients could be used to calculate the Reflectance and Transmittance at
the system

R = ‘ﬂ] T = ‘tZ) (3.14)

Considering the representation of our system in Figure 3.13, we can then
calculate the reflectance through the Fabry-Perot.

tpolySif’cop [nm] tcavity [nm] tpolySifbottom [nm]
Nominal 50 300 50
Experimental 43.7 £ 0.3 309.7 £ 2.5 50.5+ 04

Table 3.1. Thickness values of the fabricated polysilicon layers. Nominal and ex-
perimental dimensions of the thickness of the polysilicon top, ¢ ,e1ysi—top, and bottom,
t polySi—bottom, Mmembranes, and of the air cavity gap, fcaity-

The reflectance at the center of the sensing cavity has been simulated re-
garding the nominal thickness and the experimental thickness of fabricated
devices (Table 3.1).

1.0 ---- Real dimensions 1.0
----------- — Theoretical dimensions '_.--"""-"-
0.81 \ 0.81 /\
c c
S 0.6 S 0.61
© k3]
[} [}
% 0.4 "E 0.4 — P =0 mbar
1 (1 — P =50 mbar
0.2- 0.2 — P =100 mbar
P = 150 mbar
0.0 e . 0.0 \ . .
500 600 700 800 500 600 700 800
A [nm] A [nm]

Figure 3.15. Simulation of the reflection response through the cavity.Theoretical
analysis (left) comparing the reflectance response through the Fabry-Perot cavity
with the designed dimensions and the ones obtained after the fabrication of the de-
vices. (Right) Simulation results with the designed dimensions of the reflection for a
sweep of pressures applied to the sensor (0 mbar, 50 mbar, 100 mbar and 150 mbar)
that reduce the reflection values as consequence of the change in the thickness of the
cavity.
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The theoretical analysis of the Fabry-Perot resonator shows the relation
between the reflection and the wavelength, which is slightly different for
the nominal values and the obtained from a fabricated device (Figure 3.15,
left). Hence, when an applied external pressure would be applied, t;qy;t, will
change, producing a shift in the reflectance curve (Figure 3.15, right).

A =580 nm
1.0
P =0 mbar P =50 mbar
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Figure 3.16. Simulation of the reflection dependence with the tilt angle of the

device for A = 580 nm. Results of the reflection at the center of the cavity for different
applied pressure, P, for different angles of the incident light, .

The reflection at the center of the devices was also analysed, for A = 580
nm, for different angles of the incident beam, &, due to sensors may be tilted
during their performance (Figure 3.16). When an external pressure, P, is ap-
plied on the system and the device is working at a tilted position, the reflec-
tion at the center of the cavity varies with the orientation angle and with the
applied pressure as seen in Figure 3.16. It must be remembered that the ref-
erence cavity is not changing when pressure changes, hence, it profiles will
always be as the represented for P = 0 in Figure 3.16.

3.5 Technological development for the fabrication
of a sealed cavity

The most important challenge in the sensors fabrication is the technological
development required to achieve them, as this work is framed at the limit of
the microfabrication technology. On one hand, the polysilicon layers com-
posing the detection membrane are very thin (50 nm) and, on the other hand,
the cavities are needed to be hermetically closed. Hence, smooth functional
layers and the appropriate sealing of the cavities are necessary for a correct
measure detection.
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3.5.1 Development of a thin-nongrainy polysilicon layer

Polysilicon has been used widely in microelectronic technology fabrication.
In the case of transistors, polysilicon has been used as gate material for most
of the microelectronics era, but following transistor miniaturization (related
to Moore’s law) a polysilicon gate thicknesses of 100 nm or less was required.
Thus, controlling material properties on the nanometer scale becomes highly
relevant in material science, making that the mechanical properties of the
polysilicon layers need to be optimised according to the microsystem to be
fabricated.

Intrinsic stress and stress gradients of deposited or grown layers are com-
mon problems in MEMS. In the case of the pressure sensor, the development
of the polysilicon layer is a critical step as this layer composes the membrane
through which the detection will be done. Commonly, in many research and
industrial polysilicon-based mechanical devices, structural layers are in the
range of microns containing surface irregularities of tens of nanometers, thus
they do not affect the mechanical performance of the device. However, when
the thickness of the layer is thinner, as in our case with a 50 nm polysilicon
layer, surface defects of tens of nanometers may affect to the mechanical per-
formance of the devices. This means that deposition conditions must also be
optimized to achieve a smooth surface.

a b

Figure 3.17. Polysilicon deposit conditions. SEM images of the surface of polysil-
icon layers deposited under different deposition conditions. c represents the gas
flow, P and T are the pressure and the temperature in the chamber, respectively.
Scale bar: 1 ym. Conditions selected for the polyslicon layers on the pressure sensor
fabrication are the represented in image d.

The deposition of the polysilicon layer for the fabrication of the sensor
membranes is based on a Low Pressure Chemical Vapour Deposition (LPCVD)
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process. The working substrate (a silicon wafer) is located in a high temper-
ature chamber where one or more volatile precursors react and decompose
on the wafer surface producing the layer deposit (here, the polysilicon layer).
Deposit conditions make a major contribution to the smoothness of deposited
polysilicon layer (Figure 3.17)[25].

In Figure 3.17, there are some SEM images representing different deposit
conditions. It is clearly visible how the roughness of the layer is affected
by the change on the parameters involved in the process. The selected con-
ditions for the deposition process of the polysilicon for the pressure sensor
devices were the ones of Figure 3.17d.

Additionally, the roughness of the layer with the selected conditions was
measured by an AFM (Bruker) scanning (Figure 3.18). Two areas of 1 x 1
um? at different positions on the wafer were scanned with roughness values
less than 3 nm.
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Figure 3.18. Polysilicon roughness. AFM scan of two areas of 1 x 1 um? in the
center (image on the left) and in a side (right image) of the wafer. Images show a
roughness average less than 3 nm.

3.5.2 Fabrication of the pressure sensor devices

The intracellular pressure sensors were fabricated based on silicon micro-
electronic techniques. For that, photolithographic processes were employed
together with micromachining technologies through the etching of the sacri-
ficial SiO, to shape the polysilicon layers of the sensor cavities. Following,
the fabrication process is explained until this etching process.

Devices are fabricated over a four-inch p-type silicon wafer <100> (Ok-
metic) (Figure 3.19). —Ox1— Initially, a 1 um-thick layer is grown by wet ox-
idation at 950 °C. —Poly1— A 50 nm-thick polysilicon layer is deposited by a
CVD (Chemical Vapour Deposition) process (630 °C, 140 mTorr). —Ox2— A
280 nm-thick silicon dioxide TEOS layer is deposited by a PECVD (Plasma-
Enhanced Chemical Vapour Deposition). A 1.2 ym-thick of positive photore-
sist (ma-P 6512 MicroResist Technology) is spun onto the wafers. UV light
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exposure (Stepper NSR 2205-i112D Nikon) is performed through the second
quadrant of the reticule.

| SiO, sacrificial layer 1 I silicon
| SiO, sacrificial layer 2 | Polysilicon

SiO, sacrificial layer 3 Photoresist

Figure 3.19. Detail of the pressure sensors fabrication steps before cavities etch-
ing. a) Silicon wafer as initial substrate. b) 1 ym-thick of grown SiO, as sacrificial
layer for releasing the devices, Ox1. c) 50 nm-thick polysilicon deposition, Poly1.
d) 280 nm-thick SiO, deposited, Ox2, to define the vertical dimension of the sensor
cavity. e) 1.2 ym-thick of positive photoresist is spun. f) Photolithographic process
followed by the resist developing and baking. g) 280 nm-thick SiO, layer is etched
in a RIE process. h) Resist is removed. i) 30 nm-thick SiO, layer is deposited. j) 0.6
pum-thick of OiR photoresist is spun. k) Photolithographic process. 1) 30 nm-thick
SiO; layer is etched in a wet process. m) OiR resist is removed. n) 50 nm-thick
polysilicon deposition, Poly2. o) 1.2 um-thick of positive photoresist is spun. p)
Photolithographic process. q) Resist is removed. r) SiO, internal sacrificial layers
are wet-etched and a drying process is performed with a critical point dryer.
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The resist is developed and baked during 30 min at 200 °C. Then the
etching of the 280 nm-thick silicon dioxide layer is done with a C,F¢ and
CHF; RIE process (ALCATEL GIR 160). After that, the photoresist is stripped
(TEPLA 300-E, Technics Plasma). Next, a 30 nm-thick silicon dioxide TEOS
layer is deposited by a PECVD. A 0.6 um-thick of positive photoresist (Fuji-
film OiR 620-09) is spun onto the wafer. Then, the exposure of the photore-
sist is performed by UV light (Stepper NSR 2505-i12D Nikon) through the
third quadrant of the reticule. The 30 nm-thick SiO, layer is etched by a wet
buffered Hydrofluoric acid (HF)-based solution (SiO-etch MT 06/01 VLSI Se-
lectipur, BASF). Lastly, the OiR photoresist is removed. —Poly2— A 50 nm-
thick polysilicon layer is deposited. A 1.2 um-thick of positive photoresist
(ma-P 6512 MicroResist Technology) is spun onto the wafers. Then, the ex-
posure of the photoresist is performed by UV light (Stepper NSR 2505-i12D
Nikon) through the fourth quadrant of the reticule. The resist is developed
and baked. The pinhole in the 50 nm-thick polysilicon layer is opened by a
dry reactive ion etching with CF4 and Cl, (AMI ETCH P-5000). Lastly, the
photoresist is stripped. Next, the internal sacrificial layers of silicon dioxide
are wet-etched with a HF-based solution. Drying process is performed with
a critical point dryer of CO, (Supercritical Automegasamdri®-915B, Series C,
Tousimis).

So far, two of the most critical step in the fabrication process are the etch-
ing of the 50 nm-thick polysilicon to open the pinhole and the following wet
etching of SiO2 inside the cavities (Figure 3.19p-r). Initially, the pinhole on
the polysilicon layer was etched through a RIE (ALCATEL 601 E) based on a
Bosch process, consisting in the combination of an ion bombardment by SFg
with the deposition of a chemical etch resistant polymer (passivation layer)
by c-C4Fg. It resulted that when, the pinhole on the polysilicon layer was
etched by this process, the subsequent wet etching of the SiO; failed.

Partial SiO, etching

Figure 3.20. Partial SiO; internal etching of the cavities. (Left) Scheme of the
(right) SEM image of the cavities with a non-correct etching due to the use of the
c-C4Fg which promotes the formation of polymers walls.

As it can be observed in Figure 3.20, devices could not be completely
etched. This failure was found to be originated in the passivation of the ver-
tical walls of the pinhole during the polysilicon etching. The c-C4Fg passi-
vation generates polymers that are deposited throughout the wafer. Those
deposited on the surface are removed with the physical component of the
etching. Otherwise, those that remain on the walls of the structures can not
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be removed and hinder the subsequent wet etching, probably due to the hy-
drophobicity of the polymers promoted by the c-C4Fg etching, inhibits the
entrance of the HF.

As the Bosch process is a deep RIE (DRIE), it is commonly used for large
etching that require a highly anisotropic profile [26]. However, in our case
it is not needed a high anisotropic profile, as the vertical depth is only of 50
nm and the motivation of this step is to etch the polysilicon layer in order to
have accessible the SiO, from the interior of the cavities for its etching in the
next step. Hence, this polysilicon etching was replaced by a dry etching with
Clp, HBr and He-O, (AMI-Etch P-5000 MXP; Applied Materials Inc.), with
which the cavities where completely etched (Figure 3.21), as the He-O; pas-
sivates the substrate (in our case SIO,) with oxygen but does not generates
polymers on it. The resulting products from this passivation can be removed
in aqueous media unlike those originated in the Bosch process.

Complete SiO, etching

Figure 3.21. Complete SiO, internal etching of the cavities. (Left) Scheme of the
(right) SEM image of the cavities with a correct etching through the process with CI,
HBr and He-O; gasses.

Now that the interior of the cavities has been released, sensors have to
be sealed, so, we next investigated in the development of a correct sealing
process for a tightness device.

3.5.3 Cavity sealing development for the tightness of the pres-
sure Sensors

To address air cavity sealing to gain sensitivity, the pair of conditions neces-
sary to meet the requirements of atmospheric conditions of temperature and
pressure inside the cavities must be considered. Most of the deposition pro-
cesses involved on the microelectronic fabrication technology operate at high
or low conditions of pressure or temperature. Also, it is necessary to choose a
sealing material and process that ensures a hermetic seal of the cavity. These
considerations led us to choose a polymer as the element to seal the cavity
and photolithography as the process to define it. The nominal dimensions of
the cap established in the photomask are 2.0 x 2.5 um?.

Firstly, we selected SU-8 polymer (SU-8 2000.5, MicroChem), which is a
negative photoresist, that according to the datasheet of the product with the
proper spin and bake conditions could reach a minimum thickness of 0.5 ym.
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It must be remembered that the maximum height of the sensor is 400 nm, so
the sealing cap should not greatly exceed this figure.

I silicon | Polysilicon | SiO, sacrificial layer 1

I sio, sacrificial layer 2 Si0, sacrificial layer 3 M su-s

Figure 3.22. SU-8 photolithographic process. a) Sensors after the critical drying
process following their internal SiO, etching. b) SU-8 resist is spun achieving a 0.5
pm-thick layer. c) Su-8 cap is structured by a UV photolithographic process and (d)
is later developed and baked at 95 °C for 8 minutes.

In a photolithogrpahic process there are two factors that can be controlled
to fit the profile and dimensions of the design to be transferred to the resist.
These factors are the Energy Dose (ED) and the Depth Of Focus (DOF). There-
fore, we carried out a photolithography exposure test to establish the energy
and focus settings for suitable cap dimensions.
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Figure 3.23. Photolithography SU-8 test for the definition of the sealing cap di-
mensions. (Left) Schematic of a wafer with photolithographed chip areas with dif-
ferent configurations of energy dose and depth of focus to achieve the proper di-
mensions of the SU-8 cap. (Right) SEM image shows some fabricated caps. Scale
bars: 5 ym.

Hence, a silicon wafer with the structured polysilicon cavities before their
internal SiO, releasing, is taken as initial substrate (Figure 3.22a). To perform
the SU-8 exposure over sensors without etched cavities is based in the need to
protect devices, as the cap photolithographic step is irreversible and sensors
can not be recovered if cavities are damaged. Hence, the fabrication for the
SU-8 cap is as follows. First, SU-8 resist is spun onto the substrate at 3000 rpm
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to achieve a thickness of 0.5 ym (Figure 3.22b). Next, UV photolithographic
exposition (Stepper NSR 2505-i12D Nikon) defines the physical dimensions
of the cap through the photomask (Figure 3.22¢c). After the exposure, the
resist is developed and baked during 8 minutes at 95°C (Figure 3.22d).

The SU-8 cap test exposure was done by varying the DOF in the vertical
axis and the ED in the horizontal axis in each chip (1.5 x 0.5 cm?) exposi-
tion, as schematized in Figure 3.23. Thereby, multiple combinations of DOF
and ED were obtained and the one with the suitable dimensions was chosen.
From the study, it was concluded that a DOF value of +0.7 and an ED level
of 445 m] /cm? were the best conditions to conform the sealing cap (Figure
3.24), with cap dimensions of 2.12 x 2.61 x 0.57 ym3.

Figure 3.24. SU-8 cap selected to fabricate the sensors. SEM images of a sensor
with the dimensions of the SU-8 cap from the best conditions of the photolithogra-
phy test. Scale bars: 2 ym.

Once the dimensions have successfully been attained, the resist resistance
to acetone was evaluated (Figure 3.25). The need for this test lies in the sub-
sequent exposure of the wafers to a resist stripping process (last step repre-
sented in Figure 3.26) that the polymer used as a cap will have to endure.

Figure 3.25. Evaluation of the SU-8 resistance to acetone exposition. SEM images
of a sensor showing that the SU-8 cap maintained its dimensions after the immersion
of the wafer in acetone during 5 minutes. Scale bars: 2 ym.
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Thus, the wafer was immersed during 5 min on a 140 mm glass crystal-
lizer and later it was observed by SEM, confirming that the SU-8 cap con-
served its defined dimensions (Figure 3.25). Finally, the SU-8 cap photolitho-
graphic steps were performed in real process wafers with sensors whose cav-
ities have been etched (Figure 3.19r).

a b c d

o= o=

" silicon M Polysiicon M SU-8cap = Photoresist

| SiO, sacrificial layer 1

Figure 3.26. Last steps in the sensors fabrication with SU-8 cap. a) Sensors with
SU-8 caps. b) 1.2 um of positive resist is spun. c) Photoresist is developed. d) The
100 nm-thick polysilicon layer is etched in a RIE process. e) Photoresist is stripped.

Then, it follows a sequence of steps for the definition of the final dimen-
sions of the sensors. As follows in Figure 3.26, starting from wafers wit sealed
cavities (Figure 3.26a) a 1.2 ym-thick layer of positive photoresist (ma-P 6512
MicroResist Technology) is spun onto the wafers (Figure 3.26b). Then, the ex-
posure of the photoresist is performed by UV light (Stepper NSR 2505-i12D
Nikon) through the fifth quadrant of the reticule and resist is developed (Fig-
ure 3.26c). The 100 nm-thick polysilicon layer is etched with SFe in a RIE
process (GIR 160) (Figure 3.26d), and, after that, the photoresist is stripped
(Figure 3.26e).

Figure 3.27. Fabricated sensors SEM image with SU-8 cap. SEM image shows that
sensors have collapsed during the final steps of the fabrication process. Scale bar: 10
pm.
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Devices were examined in SEM/FIB after the polysilicon etching, just be-
fore their releasing, to examine the reliability of the cavities. The wafer was
located inside a FIB chamber (Zeiss 1560XB Cross Beam, Carl Zeiss) and a
tirst scanning was done by the SEM column (Figure 3.27). Since SEM inspec-
tion (Figure 3.27) showed that sensors were collapsed, FIB nanomachining
was used to section the devices to ascertain if the resist was entered inside
the cavity. As shown in Figure 3.28, SEM images show that SU-8 resist ap-
pears to have entered the cavities, being the reason for its collapse.

Figure 3.28. Sensors with SU-8 cap after FIB milling. SEM images of a sensor
after the FIB nanomachining for the examination of the interior of the devices. Red
arrows point the SU-8 within the cavity and the SU-8 in the cap. Devices are not
functional as SU-8 has entered within the sensing cavity. Scale bar: 2 ym. Scale bar:
1 ym.

To further validate this assumption, the use of Energy-Dispersive X-ray
Spectroscopy (EDXS, PentaFET-Precision attached to the SEM equipment,
INCAx-act, Oxford Instruments) was done. Briefly, this technique consists
of the surface analysis by the ionization of atoms of a sample. An electron
beam hits the sample causing the ejection of an electron in an inner shell.
Then, the excited atom can relax through the loss of energy by filling the hole
(left behind by the ejected electron) with one of the outer shell. This energy
loss outcomes in the emission of an X-ray, whose energy is the difference be-
tween the energy levels of the electron ejected and the electron shifted from
the outer shell. As the energy of the emitted X-ray is exclusive for each el-
ement, it can be employed for chemical analysis with an energy dispersive
detector[27].

Figure 3.29 shows the detected spectrum and the elements associated
with the characteristic peaks obtained for different point positions of the sam-
ple. Spectrum 1 corresponds with the SU-8 cap (carbon, C, 0.277 keV and
oxygen, O, 0.525 keV) and the characteristic peak of silicon (Si, 1.739 keV)
is also detected. Spectrum 2 detects the elements which are presents at the
interior of the sensing cavity (C, 0.277 keV; O, 0.525 keV and Si, 1.739 keV),
and spectrum 3 is a detection of the silicon from the wafer substrate (S7, 1.739
keV). Therefore, it was probed that elements as C and O, specific of SU-8 re-
sist, are present within the sensing cavity, and any kind of misconstruction
or contamination of the sample was discarded by spectrum 3.
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Figure 3.29. EDXS analysis of the interior of the devices. Cross section SEM image
of the devices. Scale bar: 1 ym. Coloured dots mark the position where the EDXS
has been performed. Profiles show the element in each of the corresponding colour

dot, confirming SU-8 inside the cavity. The working voltage was 3 keV.

Thus, it was necessary to look for another polymer which allows us to
perform a photolithography process to seal the cavities having the required
dimensions without the resist enter into them. For that, we looked for a pho-
toresist with a higher viscosity, since the SU-8 low viscosity (Table 3.2) prob-
ably stimulated its entry into the cavity. Among the commonly used resists,
we selected an aqueous positive polyimide photoresist (HD-8820, MicroSys-
tems), which has higher viscosity (Table 3.2) and it presents a thicknesses
range between 4 to 10 ym (values have been extracted from the datasheet of
the product).

SU-8 2000.5 | Polyimide HD-8820
Viscosity [St] 0.0249 18

Table 3.2. Viscosity of the resist. Viscosity values for SU-8 2000.5 and Polyimide
HD-8820 resists.

Polyimide was tested in two ways, to tried to achieve the minimum height
in the cap. One, based on the original polyimide and, the second based on
the dissolution (1:1) of the polyimide with y-Butyrolactone (GBL) solvent to
reach a thinner layer. As in the case of the SU-8, a photolithographic test was
done, with each polyimide configuration, to fit the dimensions of the cap, by
varying the ED and the DOF.

Table 3.3 shows the selected factors for each one. For dissolved polyimide,
the energy dose was ranged from 16 to 56 m] /cm? in steps of 4 m]/cm?, and
the depth of focus from -0.2 to +0.2 in steps of 0.1.
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Energy Dose [1]/cm?] | Depth of focus
Polyimide 150 -0.25
Dissolved polyimide 36 +0.2

Table 3.3. ED and DOF for both polyimide configurations. Most suitable pairs for
each one of the polyimide configurations.

The most suitable profile was achieved at the configuration of 36 m] /cm?
in ED and a DOF of +0.2, with dimensions of 2.06 x 2.59 um? in the plane
of the wafer (Figure 3.30, left). The vertical profile was estimated to be lower
than 0.5 ym.

Figure 3.30. Selected polyimide cap with and without dissolve. SEM images with
the dimensions of the polyimide (left) with and (right) without dissolving after the
election of the best conditions from the photolithography test. Scale bars: 5 pm.
Inset scale bars: 2 ym.

On the other hand, for the original polyimide, the best configuration was
achieved for 150 m] /cm? in ED, for a range of values from 50 to 150 m] /cm?,
with step of 10 m]/ cm?, and a value of -0.25 for DOF, between the values
-0.1 to -0.3, in steps of 0.05. With this configuration the obtained dimensions
were 3.08 x 3.8 um? in the plane of the wafer (Figure 3.30, right), and a ver-
tical profile between 0.5-0.7 ym, as its pyramidal shape, originated on the
defocusing of the process, did not allow a better specification.

Returning to Figure 3.26, we followed the same last steps of the fabrica-
tion process of the sensors but with the polyimide configurations adopted
above. First, it was processed the wafer with the dissolved polyimide, until
the step prior to the etching of the SiO2 sacrificial layer.

Devices were analysed by SEM, and it was found that cavities were col-
lapsed (Figure 3.31), since polyimide entered inside them as corroborated by
FIB nanomachining (Figure 3.31). This result forced us to completely dismiss
the dissolved polyimide as an option for the cap.
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Figure 3.31. Analysis of the collapsed sensors sealed with the dissolved poly-
imide. a) SEM image shows a collapse sensor with the polyimide cap from the dis-
solved configuration. b) SEM image of a milled sensor by FIB showing that only
the farthest zone to the pinhole is unfilled inside the sensing cavity (pointed by the
arrow) and the rest in collapsed by the polyimide entry. The reference cavity is also
filled with polyimide. Dotted orange areas show the space with polyimide. Scale
bars: 1 ym.

On the other side, wafer with devices sealed with the ordinary polyimide
were also processed following the steps described in Figure 3.26, with the
difference that photoresist was annealed in step represented in Figure 3.26c.

1 2

Figure 3.32. Sensors with resist rests after the resist stripping. SEM images of the
resist rest showing the progression of the resist removal, from the center (1) to the
border (4) by the plasma etching which also modifies the dimensions of the poly-
imide cap. Scale bar: 5 ym.

The annealing consists of a step where the photoresist is cured for 1 h
with UV light and then the wafer is located in an oven for 20 minutes at



3.5. Technological development for the fabrication of a sealed cavity 65

125 °C and then a ramp heating to 175 °C for 30 minutes. This hard baked
was needed as the polysilicon etching were carried out in AMI ETCH P-5000
equipment, with CF,; and Cl, gases. The hard baked of the photoresist on the
previous step to the polysilicon etching, resulted in a over-hardened resist.
Thus, the stripping of the resist was performed in TEPLA 300-E (Technics
Plasma) by the use of oxygen (600 sccm) and CFy4 (15 sccm) gasses with a
p-wave-power of 500 W for 30 seconds. The CFy4 helps to remove the resist,
but makes the process not homogeneous, causing a non-uniform etching of
the resist along the wafer (Figure 3.32). The external parts are fully etched,
even the polyimide cap has been completely stripped (Figure 3.33), while as
we moved into the wafer the resist was less affected. Figure 3.32 shows the
devices from a wafer examined by SEM, which still have photoresist traces
on the internal areas, while in the border the polyimide cap and the resist has
been completely removed.

Figure 3.33. Complete stripping of the resist and polyimide caps. SEM image
showing the polyimide cap has been totally stripped from a sensor. Scale bar: 1 ym.

Additionally, devices were milled by FIB for their internal inspection,
checking that only the inner side that lengthen around the outline of the de-
vice shows an accumulative volume with polyimide extending less than 0.4
pm to cavity interior (Figure 3.34).

Figure 3.34. FIB milling to probe sensors have not collapsed with the ordinary
polyimide as sealing cap. SEM image shows the internal part of the non-collapsed
sensing cavity free of polyimide. Only the contour of the polyimide (red zones) has
polyimide cumulus which can be consider as a loss in the device dimensions. Scale
bar: 2 ym.
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This internal polyimide accumulation could be considered as a small loss
in the cavity dimensions, reducing its analytical sensibility a 15 % when the
length of one side of he membrane changes to 4 = 7 ym (nominal) to a = 6.5
pum. Nonetheless, this potential change in the size will not affect its mode of
operation, since the devices are calibrated prior to their application in living
cells.

To solve the problem of the cap stripping, we introduced a ramp baked
of the polyimide to harden it (just following its photolithography) as a pro-
tective mode for subsequent stripping of the photoresist. The ramp baked
consist in a program where the temperature of the oven is increasing from
100°C to 330°C for 1 hour, then the temperature continues for another hour
at 330°C, and after that time a cooling steps is carried out for 2 hours. With
this ramped process a gradual variation in temperature is guaranteed, pro-
tecting the devices from sudden alterations.

Therefore, the complete fabrication was carried out starting from a silicon
wafer, as it was established before, with the original polyimide hardbaked
after the photolithography, and without the UV recruit for the photoresist
prior to the final etching of the 100 nm polysilicon layer (the entire fabrication
process can be found in Subsection 3.5.4), obtaining a final fabrication yield of
~3% (around 800.000 devices). Optical images, in Figure 3.35, show sensors
in the final step of the fabrication prior to their releasing. Depending on the
position of the chips in wafer, devices looked collapse (periphery) or properly
sealed (center).

Figure 3.35. Optical images of the fabricated sensors with polyimide cap. Images
show sensors on the step prior to their release, with (left) correct fabricated cavi-
ties in chips at the center of the wafer, and (right) collapsed cavities in chips at the
periphery of the wafer. Scale bar: 10 ym.

Thus, we will focus on the collection of sensors from chips in the center
of the wafer to later try to perform their optical characterization.
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3.5.4 Summary of the complete fabrication process of the pres-
sure sensors with polyimide cap for sealing the cavities

Hence, to summarize the whole fabrication process of the intracellular pres-
sure sensors were based on silicon microelectronic techniques; photolitho-
graphic processes were employed together with micromachining technolo-
gies by the etching of the SiO, layers to shape the polysilicon layers.

Devices are fabricated over a four-inch p-type silicon wafer <100> (Ok-
metic) (Figure 3.19). —Ox1— Initially, a 1 ym-thick layer is grown by wet ox-
idation at 950 °C. —Polyl— A 50 nm-thick polysilicon layer is deposited by a
CVD (Chemical Vapour Deposition) process (630 °C, 140 mTorr). —Ox2— A
280 nm-thick silicon dioxide TEOS layer is deposited by a PECVD (Plasma-
Enhanced Chemical Vapour Deposition). A 1.2 um-thick of positive pho-
toresist (ma-P 6512 MicroResist Technology) is spun onto the wafers. UV
light exposure (Stepper NSR 2205-112D Nikon) is performed through the sec-
ond quadrant of the reticule. The resist is developed and baked during 30
min at 200 °C. Then the etching of the 280 nm-thick silicon dioxide layer is
done with a C;Fg and CHF3 RIE process (ALCATEL GIR 160). After that,
the photoresist is stripped (TEPLA 300-E, Technics Plasma). Next, a 30 nm-
thick silicon dioxide TEOS layer is deposited by a PECVD. A 0.6 ym-thick of
positive photoresist (Fujifilm OiR 620-09) is spun onto the wafer. Then, the
exposure of the photoresist is performed by UV light (Stepper NSR 2505-
i12D Nikon) through the third quadrant of the reticule. The 30 nm-thick
SiO; layer is etched by a wet buffered Hydrofluoric acid (HF)-based solu-
tion (SiO-etch MT 06/01 VLSI Selectipur, BASF). Lastly, the OiR photore-
sist is removed. —Poly2— A 50 nm-thick polysilicon layer is deposited. A
1.2 pym-thick of positive photoresist (ma-P 6512 MicroResist Technology) is
spun onto the wafers. Then, the exposure of the photoresist is performed
by UV light (Stepper NSR 2505-i112D Nikon) through the fourth quadrant of
the reticule. The resist is developed and baked. The orifice in the 50 nm-
thick polysilicon layer is opened by a dry reactive ion etching with CF; and
Cl, (AMI ETCH P-5000). Lastly, the photoresist is stripped. Next, the in-
ternal sacrificial layers of silicon dioxide are wet-etched with a HF-based
solution. Drying process is performed with a critical point dryer of CO,
(Supercritical Automegasamdri®-915B, Series C, Tousimis). A 7 um-thick
of polyimide photoresist (HD-8820 MicroSystems) is spun onto the wafers.
Then, the polyimide cap is performed by exposing the polyimide with UV
light (Stepper NSR 2505-i12D Nikon) through the sixth quadrant of the retic-
ule. The polyimide resist is developed and then hardbaked at 330 °C. A 1.2
pum-thick of positive photoresist (ma-P 6512 MicroResist Technology) is spun
onto the wafers. Then, the exposure of the photoresist is performed by UV
light (Stepper NSR 2505-i12D Nikon) through the fifth quadrant of the retic-
ule. Here, we do not perform the annealing in order to avoid to damage
the polyimide cap when stripping the photoresist after the etching. The 100
nm-thick polysilicon layer is etched with CF4 and Cl; in a RIE process (AMI
ETCH P-5000). The photoresist is stripped. Finally, the devices are released
by HF vapours (49% HF; Honeywell) and collected in 96% ethanol.
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Figure 3.36. Detail of the whole final fabrication of the pressure sensors. a, Silicon
wafer as initial substrate. b, 1 ym-thick of grown SiO, as sacrificial layer for releasing
the devices, Ox1. ¢, 50 nm-thick polysilicon deposition, Polyl. d, 280 nm-thick SiO,
deposited, Ox2, to define the vertical dimension of the sensor cavity. e, 1.2 ym-thick
of positive photoresist is spun. f, Photolithographic process. After that the resist is
developed and baked. g, 280 nm-thick SiO, layer is etched in a RIE process. h, Resist
is removed. i, 30 nm-thick SiO; layer is deposited. j, 0.6 ym-thick of OiR photoresist
is spun. k, Photolithographic process. 1, 30 nm-thick SiO, layer is etched in a wet
process. m, OiR resist is removed. n, 50 nm-thick polysilicon deposition, Poly2. o,
1.2 ym-thick of positive photoresist is spun. p, Photolithographic process to define
the orifice dimensions and the 50-nm thick polysilicon etching to open the cavity on
the layer. q, Resist is removed. r, SiO; internal sacrificial layers are wet-etched and
a drying process is performed with a critical point dryer. s, 7 ym-thick of polyimide
photoresist is spun. t, Polymide cap is structured by a photolithographic process
and is later developed and hardbaked at 330 °C. u, 1.2 ym of positive photoresist is
spun. v, Photoresist is developed. w, The 100 nm-thick polysilicon layer is etched
in a RIE process. x, Photoresist is removed. y, SiO, sacrificial layer is etched by HF
vapours to release the devices. z, Finally, devices are collected in an Eppendorf with
96% ethanol.

3.5.5 Releasing of the pressure sensors

The final step in the fabrication of the sensors is their release from the sub-
strate, in order to achieve them in suspension. For a better manipulation dur-
ing the releasing process, the wafer is cut into chips (areas of 1 cm x 0.5 cm)
with a diamond tip; each chip contains 265,320 devices. Hence, the releasing
process is as follow in Figure 3.37.

First, chips are place on a teflon holder and the SiO, sacrificial layer is
etched by HF vapours (49% HF; Honeywell) four 40 minutes. Next, the
etched chips are immersed in a plastic container with 96% ethanol inside,
where they are initially obtained in suspension. Then, devices suspended in
ethanol are collected in different Eppendorf tubes.
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Figure 3.37. Releasing process of the sensors from the wafer. a) Starting from
a silicon wafer with the fabricated devices on a SiO», b) this SiO, sacrificial layer
is etched by HF vapours to release the devices, and c) finally, devices are collected
in an Eppendorf with 96% ethanol. SEM image shows a released fabricated sensor.
Scale bar: 5 ym.
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3.6 Preliminary characterization and validation of
the first devices

Fabricated devices were characterized and validated, prior to their releasing
and after that. Since the fabrication presented a low yield and only some
devices were correctly sealed, further improvements have to be done in order
to achieve faultless fabrication batches. However, properly fabricate devices
were collected in suspension and a first measure, to characterize and validate
their operational mode was done.

3.6.1 Morphological characterization of the fabricated devices

Fabricated devices were analysed using confocal microscopy (PLu neox, op-
tical 3D surface profiler, Sensofar) to obtain a profile of the cavities to measure
their dimensions.

Figure 3.38 shows the optical profile for a (left) collapsed cavity and for
a (right) non-collapsed cavity. This method allows the characterization of
the devices, which is important to validate sensors at critical steps during
their fabrication. The measures show a z-profile of 85.85 & 2.40 nm for the
collapsed cavity and 325.89 &+ 0.25 nm for the non-collapsed cavities.
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Figure 3.38. Confocal characterization of the devices. Confocal profiles of released
devices (left) with a collapsed cavity and (right) with a non-collapsed cavity. Inset
confocal images show the measured sensor with a coloured line defining the profile.
The measured height of the center of the sensing cavity are 85.85 4= 2.94 nm for the
collapsed and 325.89 + 0.25 nm for the non-collapsed cavity.

Additionally, released devices were placed in a small piece of silicon to ex-
amine them in optical and electron microscopies. For that, collected devices
were resuspended and a 2 ul-drop of ethanol was taken and placed within a
SEM equipment or under an optical microscope in the piece of wafer. Figure
3.39 shows some released devices: at the left devices showing a correct fab-
rication on the sensing cavities and at the right devices with them collapsed.
The analysis of the physical aspect of the fabrication also exhibits damages
in the polysilicon top membrane of the reference cavity, which is caused by
the resist reticulation by its baking (200 °C during 30 min) for the first SiO,
etching (Figure 3.19f).
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Figure 3.39. SEM and optical images of released devices. Images on the left show
devices with a correct fabrication of the sensing cavity. On the right, images of de-
vices with a non-correct fabrication present collapsed sensing cavities. Scale bar: 2
pm.

3.6.2 Validation of the pressure sensor operation principle by
bright-field optical microscopy

Devices were validated under an optical microscope by sweeping the ap-
plied pressure and the wavelength. Particularly, image acquisition was per-
formed in a bright-field optical microscope (Eclipse ME600 upright, Nikon)
with a X100 magnification, 0.8 NA, long-distance objective LU Plan ELWD
3.5 (Nikon).

Figure 3.40. Scheme of the Ludin chamber. Cross section of the Ludin chamber
where sensors are placed to be characterized during their exposition to different
applied pressures. Orange star represents the position where the devices are placed.

Images were recorded using an 8-bit colour CCD (charge-coupled de-
vice) camera (DXM1200F, Nikon) using the advanced control software Nikon
ACT-1 (Automatic Camera Tamer). Band-pass filters (Thorlabs) coupled with
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a YM-NCBI1 filter slider (Nikon) were used to sweep the wavelength of the
incident light.

For the pressure application, a portable pressure calibration kit LPP-KIT-
PD-05-9005 (Druck & Temperatur Leitenberger GmbH) and polytetrafluo-
roethylene (PTFE) tubing was used in the experiments. The LPP-KIT in-
cluded a LPP 30 hand pump that can be used to generate pressures up to
+35 bar and the electronic pressure calibration LR-Cal TLDMM with a range
of -1 to +5 bar and an accuracy of £0.05 % FS. The experiment was carried out
inside a hermetic live-imaging chamber for the microscope (Ludin Chamber
Type 3; Life Imaging Services GmbH) (Figure 3.40). The steel body and the
(® = 12 mm) cover slip provided a high stiffness for the pressure experi-
ments.

P [mbar]
S~ 0 50 100 150 200
A [nm]

Figure 3.41. Pressure sensor validation subjected to a pressure sweep for differ-
ent wavelengths. Optical bright field true-colour images of a sensor for different
pressures, P, from 0 mbar to 200 mbar, for different wavelengths from 550 nm to 580
nm for for the pressure sensor validation, A.

To analyse the fabricated devices, we performed a pressure sweep, from 0
mbar to 200 mbar, in steps of 50 mbar, under the bright-field microscope. We
hosted the devices in the hermetic chamber in an aqueous medium, and with
the LPP 30 hand pump we produced changes in the external pressure. For
the wavelength sweeping, filters from 540 nm to 580 nm, in steps of 10 nm,
were used. Figure 3.41 shows optical changes in the reflection on the central
area of the sensing cavities when the applied pressure changes.

This recorded images were analysed using the Image] software (http:
//rsbweb.nih.gov/ij). Two Regions Of Interest (ROI) were taken (Figure
3.42): ROI 1is a line to measure the intensity profile along the sensing cavity
and ROI 2 is a circular area in the reference sensor. A line instead a circular
area was used in ROI 1 for a better determination of the center of the sensing
cavity. ROI 2 will change when the device is tilted, but not due to a deflection
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of the membranes, thus it will allow us to amend the tilt effect of the sensing
cavity measurement.

ROl 1

@)
ROI\2

Figure 3.42. Scheme of the selected ROIs for the measure of the reflected inten-
sity. Drawing of a sensor with a (red) line profile as ROI 1 for the sensing cavity and
a (green) circle as ROI 2 for the reference cavity intensity measurements.

Therefore, the measured ROI 1 profile (I”sens0r) Was tilt-compensated by
the factor of correction B = I"f(P = 0)/I",,¢(P). Thus, the intensity re-
flected at the sensing cavity is normalized to I sp50r = BI"sensor- The val-
ues for the intensities were established as the average value of the intensities
measured in the ROI area for ROI 2, and the average value in a range of +
10 pixels from the center of the line profile (total length 250 pixels) for ROI 1.
In Figure 3.43 are presented the measured changes in the reflected intensity
when pressure varies for different wavelengths. A clear trend downward
and upward can be observed around A = 570 nm, where a valley on the re-
flectance was found.

100 A =550 nm A =560 nm A =570 nm A =580 nm
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Figure 3.43. Reflection intensities for different values of A in a sweep of pres-
sures, P. Bright field optical measures of the reflected intensities at the sensing cavity
normalized with the reference cavity measure, 1" s, for different wavelengths,
A, showing perceivable pressure changes with a valley shape around A = 570 nm.

A surface plot to display a three-dimensional graph of the reflected inten-
sities through the reference and sensing cavities in the areas shown in Figure
3.44 was performed for A = 580 nm. Fulfilling the designed specifications,
the intensity reflected at the reference cavity is invariable, due to the opti-
cal path does not change when the pressure varies. On the contrary, reflected
light through the sensing cavity modifies its intensity values during the pres-
sure sweep.
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P =0 mbar P = 50 mbar P =100 mbar P =150 mbar P = 200 mbar

Figure 3.44. Surface plot of the reflected intensities of the sensor cavity. Three-
dimensional surface plot of the (green frame) reference and (red frame) sensing cav-
ities for the different values of pressure, P, at a fixed wavelength, A = 580nm.
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Since changes up to 50 mbar have been measured, we wonder if lower
variations of the applied pressure could be detected and measured with the
sensors. Hence, a sweep from 0 mbar to 50 mbar, in steps of 25 mbar, was
done for A = 580 nm where it was found that 25 mbar pressure changes can
be detected (Figure 3.45 and Figure 3.46).
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Figure 3.45. Normalized reflected intensities at the sensor cavity in a range of 0
to 50 mbar. Graph plot of the reflected intensities at the sensing cavity normalized
with the reference cavity, 1" .50, versus the applied pressure, P, for A = 580 nm,
showing detectable variations for 25 mbar increments.

To evaluate the deviation obtained from this measure we preformed the
following calculations. First, the ROI 1 was traced and the average of the £10
pixels from the center was done to obtain the nominal value of the measure
for each of the pressure values (as before). Next, four more measures were
done by shifting the ROI 1 one pixel up, one down, one left and one right,
and again averaging the central values of each one. In this manner, each
measurements is affected by an average deviation of +1.58 a.u..

Additionally, it can be derived from the measure (Figure 3.45) that the
sensibility of the devices obtained through a bright-field optical microscope
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reached 1.59 mbar/a.u.. This remarkable result elucidate the high sensibility
of the fabricated devices, which drives to an average deviation of 2.52 mbar
in our measure system.

The surface plots on Figure 3.46 display the the cavity three-dimensional
graphs detecting changes up to 25 mbar at the sensing cavity.
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Figure 3.46. Surface plot of the reflected intensities in a range of 0 to 50 mbar.
Three-dimensional surface plot of the (green frame) reference and (red frame) sens-
ing cavities for pressure values in steps of 25 mbar.

The first generation of pressure sensors were designed to achieve theoret-
ical mechanical sensitivities of 0.0055 nm per mbar (5.5 nm per bar) on the
membranes. Our new proposal has been designed to reach 0.1683 nm per
mbar (E = 160 GPa). This represents a 30-fold improvement in the mechani-
cal sensitivity of the membranes. Also, this second generation of sensors can
detect changes down to 25 mbar, which means (at least) a measured enhance-
ment of 10-fold in the optical detection.
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3.7 Discussion

In this chapter a more sensitive intracellular pressure sensor has been pre-
sented. Considering the previous pressure sensor developed by the group[13],
a new device has been designed and the ground for a reliable fabrication has
been developed.

The first generation of pressure sensors consisted in two parallel polysil-
icon membranes separated by a vacuum gap. Here, the design of the new
device has been modified to improve its detection limit by devising larger
membranes enclosing air between them. Hence, the sealing of the cavity had
to be done at room temperature and atmospheric pressure, since major dif-
ferences between the pressure inside and outside the cavity will damage or
break the device. Therefore, we performed the sealing of the cavity by the
photolithography of a polymer resist, since most processes of the microtech-
nology fabrication were discarded as they operate at high temperature and
very low pressure. Moreover, a reference cavity was included in this device
in order to amend the reflected intensity measured at the sensing cavity.

The analysis of the mechanical and optical performance of the designed
cavity was also carried out. The deflection of the membranes was mechan-
ically simulated by FEM and the analytical calculation of the deflection has
been done to corroborate the simulation results. Furthermore, a theoretical
study of the optical performance of the Fabry-Perot resonator proved their
high reflectivity at the visible operational range.

Throughout the fabrication process various important steps were minutely
analysed because of their relevance as critical procedure. First, polysilicon
layers were correctly developed, achieving 50 nm-thick non grainy layers
thanks to the fitting of the magnitudes involves on the deposition process.
Later, it was also proved that the etching of the pinhole was needed to be per-
formed without the presence of c-C4F8, as this passivation generates poly-
mers that can not be removed from the vertical surfaces and hinder the SiO,
etching from the interior of the cavities. Finally, the sealing of the cavity
focused almost completely the fabrication development of the sensor. Dif-
ferent polymer resists were tested, concluding that a high viscosity polymer
was needed in order to prevent the collapse of the cavities due to the entry
of the resist. Polyimide was finally used to seal the sensors.

Final fabrication of the devices (prior to their released) have shown that
not all the sensors along the wafer have been correctly sealed. Therefore, ad-
ditional investigation on the sealing step must to be done in order to improve
the fabrication yield, but also to obtain similar devices.

The devices were released from the wafer and we characterized some
of the properly sealed. A sweep on the external pressure, P, for different
wavelengths A was performed under a bright-field optical microscope. The
reflected intensity at the centre of the sensing cavity, I,.r, was detected to
change when changing the pressure and the reference was used to compen-
sate the measure, validating its working principle. Devices have shown to be
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able to detect up to 25 mbar, with a sensibility of 1.59 £ 2.52 mbar/a.u.. These
values pointed that these pressure sensors could help in the in the study of
the dynamic pressure of vacuoles inside living cells.

An extraordinary improvement in the sensitivity of the devices, com-
pared with the first generation of sensors[13], has been demonstrated, even
the sensitivity could be higher when devices are scanned in a white light
CLSM, where A can be adjusted to set the most suitable for working with the
one where the slope of the reflection spectrum is maximum. Moreover, the
validation of the devices inside living cells remains to be performed, when
the overall characterization of correct fabricated devices is completed.

This work is one more step in the search for a pressure sensor with a high
sensitivity able to be internalized in living cells allowing a direct monitoring
of the cell pressure changes in cytoplasm or even in vacuole.
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Chapter 4

H-comb polysilicon devices for
tracking intracellular forces and
mechanical property changes in
mouse one-cell embryo
development

In this chapter, the development of a polysilicon tool for intracellular mechanical
characterization is detailed. Based on silicon technologies, a 25 nm-thick polysilicon
device was designed and fabricated as a functional device for addressing fundamental
biological questions at the initial phase of mouse embryo development. Nanodevices
were microinjected into a mouse oocyte enabling us to monitor nanodevice displace-
ment and bending in real-time movies during the embryo (containing nanodevices)
development. Analytical processing of nanodevice displacement and bending yields
fundamental information about how forces and cytoplasmic properties contribute to
initial developmental steps in mouse embryos. Furthermore, the mouse one-cell em-
bryo cytoplasm has been modelled in terms of viscous and elastic elements revealing
a gradient of effective stiffness, which could facilitates the female and male pronuclei
convergence. In particular, nanodevices revealed very low mechanical activity dur-
ing chromosomes alignment. Additionally, nanodevices detected a reduction on the
effective stiffness of the cytoplasm on embryos treated with an actomyosin inhibitor.
This result allowed us to conclude that there is a program of intracellular force and
mechanical property changes during the first stages of the embryo development, and
that H-comb nanodevices allowed us to track and quantify it.
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Note about my contribution to this work

This work began five years before I joined the group, thus I clarify here my
contribution in the development of this investigation that involves several
areas of the scientific knowledge, as it is a high multidisciplinary research.
Hence, many researchers have contributed along the seven years of the work
development. The contribution of each one has allowed these results to be
achieved, thanks to the development of research that is at the limit of the
knowledge of the involved fields.

Despite not to being part from the beginning of the work, I have con-
tributed on the data analysis of the nanodevices inside the embryo, both
treated and untreated embryos. For instance, data analysis of embryos with
nanodevices was done prior to my incorporation, however, I joined to make
the complete data analysis of treated embryos and also to accurate the method
of data acquisition and re-analysed some of the previously examined nan-
odevices in untreated embryos.

On the simulation analysis, I have contributed on the research of the ap-
propriate method to calculate the 25 nm-thick polysilicon Young’s modulus.
I have also taken part of the modelling of the cytoplasm organization by the
analysis of the movement of organelles and vesicles.

Additionally, I have fully participated in the investigation about how
much the device bending measures are affected by the diffraction limit, through
the analysis of the injected H-comb devices, but also by the design, fabrica-
tion and characterization of new optical test structures.

Biological experiments such as nanodevice injection, embryo develop-
ment, gene expression analysis or immunochemistry were entirely carried
out by the biologist partners at the University of Bath led by Prof. Tony Perry
(see Collaborations and Stays in Research Entities).

In spite of Prof. José Antonio Plaza and Prof. Tony Perry wrote most of
the published manuscript, I have had the opportunity to contribute on the
writing of the manuscript, as well as the responses to reviewers, during the
publication process.
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4.1 Introduction

Intracellular mechanics is a key determinant of cell biology. Each cell is
mechanically stabilized by a filamentous cytoskeleton that controls relative
stiffness[1]. Active mechanical behaviour generates intracellular pulling and
pushing forces and drives stochastic force fluctuation to enable cytoplasmic
remodelling[2]. Such dynamic mechanical intracellular behaviour provides
a tier of regulation that may be as critical to developmental processes as
regulation by gene expression[3, 4] and there is interplay between the two:
force and stiffness changes control transcriptional programs involved in cell
differentiation[5-7].

Successful and comprehensive models of cell mechanics will require in-
formation on different hierarchical levels to relate local interactions in the
cytoskeleton to the aggregate mechanical behaviour of cells[1, 8, 9]. Broadly,
there are two approaches to study cell mechanics: top-down (systems-level)
and bottom-up (reductionist)[1, 10]. Top-down models are based on generic
principles that are not obviously dependent on lower levels in the structure.
These models are derived from extracellular devices[1, 9, 11-14]. By contrast,
bottom-up methods derive system properties from those of their constituents
(e.g. molecular assemblies including the cytoskeleton)[1, 8, 9, 11, 15].

Bottom-up approaches[16-18] can be based on local intracellular mea-
surements but the descriptions of constituent functions cannot necessarily
be extrapolated to higher-order structures (e.g. the cell) due to their com-
plex heterogeneity[1]. Thus, improved models of cell mechanical behaviour
will be required that meet the considerable challenges of devising top-down
direct intracellular models. Tools to complete the internalized top-down pic-
ture were not available until recent advances in silicon-based nanodevices
that can be reproducibly manufactured, are versatile, and have the potential
to be placed completely inside cells[19, 20].

In the context of embryogenesis, externally-induced stiffness in mouse
embryonic stem cells influences the expression of pluripotency factors such
as Oct4 to drive differentiation[21, 22]. In addition, endogenous mechani-
cal transitions play a critical role in preimplantation development of mouse
embryos after several days[23], but almost nothing is known about whether
similar processes are important for embryonic development immediately af-
ter fertilization.

We accordingly sought an intracellular top-down approach to study the
cytoplasmic mechanics of mammalian one-cell embryos (to the first mitotic
cell division), which are relatively large: ~170 pl compared to ~1 pl for other
mammalian cells[24, 25]. Such large cellular volume likely affects chromatin
remodeling, intracellular transport (including pronuclear convergence) and
cell division[26]. Although this suggests that intracellular forces and changes
to the mechanical properties of the cytoplasm play a crucial role, no mechan-
ical model accounts for them.
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Furthermore, measuring intracellular embryonic mechanics required the
scalable, high-fidelity production of force-change-sensitive chips that can be
entirely internalized within mouse metaphase II (mll) oocytes. Such devices
needed to be large enough to average out random (local) molecular perturba-
tions so that their intracellular behaviour would reflect force fluctuations and
changes in cytoplasmic stiffness. For a top-down model, relatively large 2D
devices are required (22 ym, similar to the diameter of the pronucleus, pn).
This precludes the use of spherical 3D tools of similar diameter, including
some types of bead, or oil droplets[27], whose large volumes could perturb
cytoplasmic dynamics. Device thickness also had to be on the nanometer
scale, akin to cytoskeletal structures (Figure 4.1), giving them an extraordi-
narily small volume and a high mechanical sensitivity.

mf

.
.....

Figure 4.1. Cytoskeletal structures. Dimensional schematic of microtubules (mt)
and actin microfilaments (mf).

In this work, we detail a direct mechanical readouts obtained following
nanodevice injection and integrate them with molecular and gross morpho-
logical analyses. Results directly show an active program of forces and me-
chanical property changes that drive early embryo development.

4.2 Design and operational principle of the me-

chanical sensor
With the motivation to accomplish a mechanical portrait of the embryo cy-
toplasm, we contrived a 3D "H-comb’ polysilicon device (Figure 4.2). These
polysilicon-based nanodevices comprised eight cantilever prongs, with a to-

tal width of 10.5 ym, and a length of the complete device of 22 ym (Figure
4.2).

10.5 ym

Figure 4.2. H-comb device design dimensions. Schematic representing the de-
signed shape and dimensions of the H-comb device.
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To achieve the dimensions of the H-comb device, we employed silicon
chip technology. This technology permits a high degree of control and re-
producibility over geometrical dimensions, as we will see in Section 4.3.2,
allowing us to mass-produce complex structures.

In-plane dimensions of H-comb devices (22 ym x 10.5 ym) were designed
to be large enough to average random (local) molecular perturbations so that
their intracellular behaviour would reflect mechanical load fluctuations and
changes in cytoplasmic resistance due to cytoplasmic reorganization. Per-
pendicular dimensions were, by contrast, designed to be very small (0.025
pm) to allow a high sensitivity and to minimize the impact of devices on
embryo development.

The H-comb devices have free spaces between the eight cantilevers, fur-
ther minimizing any impact on cytoplasmic organization and molecular dif-
fusion compared with non-structured rectangular devices or spherical beads
of similar micrometer-scale dimensions. The extraordinary aspect ratio of
the nanodevices facilitates the measurement of their responsive rotation in-
side the embryo, revealing cytoplasmic dynamics and mechanical activity.

a o b
sensing direction

Figure 4.3. Conceptualization of the operating principle. a) Schematic view of the
nanodevice sensing direction (nanodevice thickness, z-direction). b) Nanodevice
bending, §, by the action of (c) force loads, F, or a uniform distributed pressure load,
P, (right).

Therefore, the nanodevices allow a readout of its bending and translate it
into a measurement of force, F, or pressure, P (Figure 4.3). The eight-pronged
H-comb nanodevice design avoids uncertainty in the determination of the
maximum displacement, &, that arises for narrow devices that are not copla-
nar to the image plane. A large device width solved the uncertainty of the
maximum displacement, J, determined by angular orientation, a problem
that can arise with a beam design (Figure 4.4).

For the determination of the device bending, we firstly established three
axes of rotation: Rot(z), Rot(w) and Rot(l), from the point of view of the objec-
tive of the microscope, as outlined in Figure 4.5.
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view plane

Figure 4.4. Cantilever schematic of errors induced by the optical projection. (Left)
SEM images of 10.00 x 2.00 x 0.05 um? cantilevers which were initially fabricated for
the first biological experiments. (Right) Optical projection of cantilever in the view
plane illustrating that errors can be induced in the determination of its bending.

Scale bar: 2 ym.

Rot(w)
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Figure 4.5. Representation of the three axes of rotation. Schematic representation
shows the three axes of rotation: Rot(z), Rot(w) and Rot(l).

Figures 4.5 and 4.6 help in the comprehension of these axes.
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Figure 4.6. Determination of the H-comb deflection. Deflection calculation of (up-
per) a not-bent cantilever and (bottom) a bent cantilever, for the same configuration

of the axes of rotation.

Rot(z) rotations do not affect the determination of §; Rot(w) rotations were
not considered, as our experiments were restricted to analysis in which these
rotations are small. Larger Rot(w) rotations produce images in which part of
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the device is out of focus, so these images were excluded. Finally, the precise
determination of Rot(l) rotations can be found by determining the projected
width of the device in the image, Wi;¢., compared to the one of the design,
W. The angle of rotation determined in this way was used to correct the em-
pirical djpage, to give real bending of the device, 4.

4.3 Technological development for the fabrication
process of the H-comb mechanical sensors

Following, it is detailed the whole fabrication process of the H-comb de-
vices, from the silicon wafer as substrate to the released suspended devices.
This fabrication process is based on the standard microelectronic techniques
largely used in the microfabrication industry. It must be highlighted that the
releasing and recollection steps are not standard processes from microelec-
tronic industry, but they have been previously developed by the group and
widely used in several works[19, 28, 29].

4.3.1 Fabrication steps of the H-comb mechanical sensors

H-comb devices were fabricated as illustrate in Figure 4.7.

/ / P, / f
PPy |

Figure 4.7. Schematic of the fabrication process of the H-comb devices. a) Silicon
wafer as initial substrate. b) SiO, deposition as sacrificial layer. c) Polysilicon depo-
sition as device layer. d) Photoresist spin-coating. e) Photolithographic exposure to
UV and {) resist developed and baked. g) Polysilicon vertical etching. h) Photoresist

removal. i) Etching of the SiO, layer for device releasing and j) devices collection in
Eppendorf tubes.

a

Silicon

100 mm p-type <100> silicon wafers (Si-Mat, Silicon Materials) of 500-
pum-thick were used as substrate (Figure 4.7a). A 100 nm-thick SiO, TEOS
tetraethylorthosilicate [Si(OC,Hs)4] layer was deposited by plasma-enhanced
chemical vapour deposition (Figure 4.7b). Next, a polysilicon layer 25 nm-
thick was deposited by chemical vapour deposition (630 °C, 120 mTorr) (Fig-
ure 4.7c) and a 1.2 ym-thick positive photoresist was spun onto the wafer
(ma-P 6512 Micro Resist Technology) (Figure 4.7d). Then, the wafer was
exposed to UV light (Stepper NSR1505-G7E; Nikon) to pattern the design
through the reticule (Figure 4.7e). The resist was developed and baked (30
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min, 200 °C) (Figure 4.7f), and the polysilicon layer was etched using SFs and
c-C4Fg (ALCATEL 601E; Alcatel) (Figure 4.7g). After the etching process, the
photoresist was stripped (TEPLA 300-E, Technics Plasma) (Figure 4.7h) and
finally, chips were released by SiO; sacrificial etching in 49% (v/v) hydrogen
fluoride (HF) vapours for 40 min and resuspended in 96% ethanol with short
ultrasonic pulses (Figure 4.7i). Due to their fragility, centrifugation was im-
practicable and devices were collected by settling in Eppendorf tubes (Figure
4.7j).

Following this fabrication process, we are able to produce > 1.5 - 107 de-
vice copies per 100 mm-diameter silicon wafer.

Figure 4.8. Fabricated chips. SEM image of fabricated chips on the silicon dioxide
layer before their releasing. Scale bar: 5 ym

Release of the devices cannot be achieved by ultrasound due to their
fragility. Rather, we liberate devices from the substrate by immersion in
ethanol and careful rinsing with recirculated ethanol using a micropipette.
The released chips are washed thoroughly in ethanol to remove residual HE,
which otherwise can affect embryo viability. Centrifugation of the chips was
avoided, and devices were allowed to settle out of suspension or collected by
tiltering. After the final collection, devices were gently resuspended in sterile
pure water.

Device manipulation is an extremely dainty step and it has to be per-
formed carefully, always in liquid medium, to avoid device fracture and
sticking to each other. H-comb nanodevices are very thin and soft that they
can change their shape and adjust to their environment if they dry, as shown
in Figure 4.9.

4.3.2 Reproducibility of nanodevice dimensions

The use of standard techniques in microelectronics for the fabrication of the
H-comb nanodevices allows extraordinary control and reproducibility of ge-
ometrical dimensions during fabrication. To prove the reliability and re-
producibility of the polysilicon devices, we performed a verification on the
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Figure 4.9. Released chips. Nanodevice immersed in ethanol and dropped onto
a 3D microstructured substrate. The nanodevices are so soft that after drying they
bend to adapt their shape to the 3D microstructures. Scale bar: 10 ym

thickness of the polysilicon layer and on the device dimensions after the pho-
tolithography and etching processes.

Our fabrication is carried out over a 4 inch silicon wafer, where the de-
signed H-comb pattern is repeated in chip batches (1 cm x 1 ¢cm) throughout
the practical wafer area (Figure 4.10).

Wafer ' 1cmx1cmChip Nanodevices

—l

22
25

10 cm

Figure 4.10. Nanodevice area on a wafer. Schematic of the dimensions (left) of a
silicon wafer, (center) of the chip used for the experiments and (right) the total area
occupied by a nanodevice (area of the H-comb plus the area between nanodevices).

The Table 4.1 presents values for the area and the number of fabricated
devices per wafer and per chip. The used technology allows the fabrication
of >15 x 10° devices per wafer. A portion of the wafer is enough for the
experimental applications, hence, the wafer is cut into chips of 1 x 1 cm?
containing >2.6 x 10° devices. To verify if there are deep variations in the
thickness of polysilicon all over the wafer, we performed a test consisting of
measuring the thickness in five points at wafer and chip levels (Figure 4.11),
by the use of Nanometric Nanospec 2011 equipment.

The polysilicon thickness was determined experimentally at these five
points whose average values (+ standard deviation, s.d.) are presented in
the Table 4.2, resulting in very low (< 2 A) values of standard deviation for
both levels, wafer and chip.
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Substrate area [um?®] | Number of nanodevices
Wafer >7 - 10° >15-10°
Chip 108 >0.26 - 10°
Nanodevice 375 1

Table 4.1. Area and number of devices. The left column of the table shows the area
of the nanodevices compared with a wafer and a chip areas. The column on the right
shows the number of the nanodevices contained in each of the previous areas.

wafor Polysilicon thickness, t[A] Atv. 1 :7
y’ é N 1cm x 120m chip 1 2 3 4 5 [A] | [A]
3 1 4 31 4 Wafer | 294 | 294 | 295 | 294 | 298 | 295 | <2
N - 4 ° Chip | 294 | 294 | 294 | 294 | 294 | 294 | <1

Figure 4.11. Wafer and chip Table 4.2. Polysilicon thickness variations. Results
points locations for polysili- of the measured thickness, t[A], in the five points of
con thickness measure. the wafer and the chip, and the resulting average stan-

dard deviation values.

After the polysilicon deposition, a photolithographic process to transfer
the pattern to the photoresist were executed. As this step is crucial (as it
defines the dimensions of the devices), a Stepper NIKON Nsr 1505 G7e was
employed allowing a high degree of lateral control over H-comb device fabri-
cation. After that, the polysilicon layer was structured by an etching process
in ALCATEL 601E using SFg and c-C4FS8.

L Wafer Chip
C
! (n=25) (n=b)
Nominal | Aw. o Av. 1

[pm] [pm] | [pm] | [pm] | [pm]
L, 10.00 993 | 0.03 | 9.90 | 0.02
W, 1.50 1.58 | 0.03 | 1.58 | <0.02

Figure 4.12. Schematic of
a nanodevice showing the
lateral dimensions, L. and
w,, of a cantilever.

Table 4.3. Measured dimensions of a cantilever of
the nanodevice. Nominal values of L. and w,, along-
side their values determined experimentally and its
corresponding errors over a wafer and a chip.

Therefore, for the verification of the dimensions of the devices across the
entire wafer, we performed measures of the length and the width of the
branches of the H-comb devices, L. and w, respectively (Figure 4.12). For
that, we have measured these dimensions on five devices on each of the five
regions of the wafer shown in Figure 4.11. Table 4.3 shows the average values
of each dimension and its corresponding value of the standard deviation.

Results show low values on the standard deviation in the measures of L,
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and w, over the wafer and even lower deviation over a chip, highlighting
the control on the dimensions of the devices through the fabrication process
and discarding it as a significantly source of error. Furthermore, for the ex-
perimental applications, we usually work with chips from the central area of
the wafer as it is the best preserved area and chips from the wafer edges are
avoided as they could have been damaged by the contact with the holder of
the equipments or with wafer manipulation tools.

4.4 Theoretical and numerical analysis of the de-
vice through FEM simulations

4.4.1 Determination of the Young’s modulus for the theoret-
ical analysis

The nanodevices were fabricated using polysilicon deposition and patterning
technologies that are highly refined in microelectronics processing, allowing
a high degree of reproducibility. We empirically determined the errors in fab-
rication by directly measuring them (Section 4.3.2) and found that variations
are not significant. However, the nanometric dimensions of the thickness of
the polysilicon layer (29.4 nm) induced an uncertainty in the Young’s modu-
lus of the polysilicon layer.

For over three decades, and still today, size-dependent behaviour in phys-
ical properties of polysilicon and other microelectronic materials is under
experimental and computational studies[30-32]. It has been reported that
silicon or polysilicon layers of less than ~100 nm-thick possess an altered
Young’s modulus [31, 32]. For instance, in[32], Li et al. reported a reduction
on the Young’s modulus from ~170 GPa (when the layers were >100 nm-
thick) to 68 GPa (38.5 nm) and 53 GPa (12 nm) for monocrystalline silicon
layers. In the case of polysilicon, deposition parameters also influence the
mechanical properties of the layer as they define the grain diameter.

Methods commonly used to characterize micro- and nanocantilevers and
beams have limitations when it comes to determining mechanical sensitivity
for the H-comb devices, as the stiffness of a given device depends on its ge-
ometry (shape and dimensions), the applied mechanical loads (i.e. Pressure
(P), Force (F), ...), and the applied boundary conditions (type and localiza-
tion) (Figure 4.13). These limitations include the difficulty (if it is possible at
all) of reproducing the boundary conditions of free-floating cantilevers, and
the difficulty (again, if it is even possible) of reproducing the applied load.

The small dimensions of the devices (whose cantilever components mea-
sure 10 yum x 1.5 pym x 0.025 ym), their non-simple modal shapes, their
small force constant (~1073 N/m) and the fact that they are intended to be
free-floating inside the cell, collectively dissuaded us from employing static
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or dynamic deflection techniques to derive their mechanical sensitivity, but
rather argued for a dimensional calculation[33].

Stiffness of an arbitrary device

Geometry

Shape Dimensions
— ./

Mechanical Load

Type Position
P F P Hydrostatic

Boundary conditions

Type Position

..
T— /C—/ | T—/ T/

Supported ~ Clamped

Figure 4.13. Stiffness dependence of an arbitrary geometry. Schematic of the
parameters involved in the stiffness of an arbitrary device. Device geometry by its
shape and dimensions, the type of the applied mechanical load and its position on
the device, and the boundary conditions type and its position on the device.

Moreover, in the case of F, the exact force localization on the nanodevices
is also a limitation due to the small size of the specimen, as a slight misalign-
ment may introduce large variations of the momentum or undesired device
torsions. These limitations mean that typical static and dynamic methods
used for spring constant determination of cantilevers (AFM probes) do not
provide a good solution for determining the mechanical sensitivity of H-
comb nanodevices. It is important to appreciate that H-comb nanodevices
are not simple rectangular cantilevers anchored at one end and operate at
distinct boundary conditions, distinct applied loads and have a complex ge-
ometry (complex vibration modes).
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Although these methods are unsuitable to provide a nanodevice precise
spring constant, we tried to manipulate them to perform some tests. Firstly,
free floating nanodevices immersed in ethanol where dropped onto a 3D mi-
crostructured substrate in order to evaluate whether any of the nanodevices
lodged in such as way as to leave one of its cantilevers free-standing. The
nanodevices are so soft that after drying they bend to adapt their shape to
the 3D microstructures (Figure 4.14), making them useless for their charac-
terization.

Figure 4.14. SEM images of the dropped devices for mechanical determination.
Nanodevices immersed in ethanol and dropped onto a 3D microstructured sub-
strate. The nanodevices are so soft that after drying they bend to adapt their shape
to the 3D microstructures. Scale bars: 10 ym.

On the other hand, we attempted to manipulate nanodevices laying on a
dry substrate (Figure 4.15) by Focused Ion Beam (FIB) micromachining. To
this end, free floating H-comb devices immersed in ethanol where dropped
onto a substrate and (after drying) introduced onto a SEM /FIB system. Within
the SEM/FIB system, a sharpened micromanipulator tip was placed in con-
tact with an H-comb device. Localized platinum deposition was then used to
attach the micromanipulator tip to the nanodevice. The tip was then lifted, to
detach the chip from its substrate, with the idea to re-attach it in a configura-
tion suitable for a posterior mechanical characterization. However, as shown
in Figure 4.15, the nanodevices did not detach. Again, this test proves how
extraordinarily difficult is to manipulate the H-comb devices.

Given these difficulties, it was tried to characterise individual cantilevers
at the wafer level. To attempt this, it would be necessary to alter the nanode-
vice fabrication process by performing a partial release etching of the devices
in such a way that the eight cantilevers became released, but the central bar
of the H-comb remained attached to the substrate. Although we used the
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a
Micromanipulator tip

Attach with 5
Pt deposition

Figure 4.15. FIB Lift-out with micromanipulator. a) Representation of the FIB
micromanipulator system. b) SEM images of a nanodevice on a dry substrate is
attached by platinum deposition to a micromanipulator tip in a SEM/FIB system.
Nanodevices laying on a substrate stick so hard that when the micromanipulator
lifts, they break rather than detaching from the substrate. Scale bars: 10 ym.

Super Critical Dry etching technique (Supercritical Automegasamdri®-915B,
Series C, Tousimis) to avoid sticking. However, the cantilevers are so soft
that they stuck to the substrate (Figure 4.16).

Boundary
conditions

Figure 4.16. H-comb nanodevices anchored at their centers. SEM images of partial
etching of the underlying sacrificial silicon oxide layer allows complete removal of
the silicon oxide beneath the cantilever arms but not from the center of the H-comb
devices. The attached zones are indicative of non-ideal boundary conditions. In
addition the cantilevers stick to the substrate even though super-critical dry etching
techniques were used. Scale bars: 10 ym.

Additionally, it can be seen, from Figure 4.16, that the boundary condi-
tions defined by the areas that anchor the nanodevice to the substrate are
irregulars, which will prevent subsequent experiments to determine the me-
chanical performance of the device accurately or reliably.

These multiples difficulties prevent the use of static and dynamic meth-
ods in the determination of the Young modulus of the nanodevices. Never-
theless, another category of methods resulted appropriate for the mechanical
performance of the H-comb: dimensional methods. Dimensional methods
are based on theoretical or numerical calculations and on the material prop-
erties of the structures.
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Therefore, we experimentally determined the Young’s modulus of the 25
nm-thick polysilicon layer for the nanodevice fabrication using PeakForce
Quantitative Nanomechanical Analysis (QNM-Brukker)[34] at the Centros
Cientificos y Tecnologicos de la Universidad de Barcelona (CCiTUB) by the aid of
Dr. Jordi Diaz. This technique allows the determination of nanoscale mechan-
ical properties by AFM nanoindentation. To this end, we employed portions
of the same wafer from which the H-comb devices had been fabricated.

Force
_|_
|
|
1

Time Time

Figure 4.17. Peak Force mapping scheme. Special imaging mode for atomic force
microscopy where the probe acquires a map of force-curves using PeakForce Quan-
titative Nanomechanical Analysis (QNM-Brukker).

Experiments were performed using an AFM Microscope Multimode 8
with electronic Nanoscope V (Bruker), Peak Force QNM Mode, and using
a Tap525A model tip (Figure 4.17). The AFM probe scanned zones of 5 X
5 um? area comprising 512 x 512 pixels (262144 force curves). The soft-
ware, Nanoscope Analysis (Bruker), extracted the Young’s modulus from
each force curve and calculated the percentage of pixels with the same mea-
sured Young’s modulus on the scanned area (Figure 4.18).

Map of force curves Map of Young Modulus % Pixel distribution of Young’s Modulus

(512 x 512 pixels)
Q\OL

Young's modulus

Figure 4.18. Schematic of the Force map curves for Young Modulus calculation.
The AFM probe acquires a map of force-curves obtaining multiple mechanical prop-
erties, including a map of the Young’s modulus of the nanolayer.

We performed ten different zones scanning across the surface of the wafer.
Figure 4.19 shows each of the curves calculated on the ten measured areas.
These plots are fitted by a Gaussian shape function, and the maximum of
each of the plots represents the Young’s modulus of the polysilicon layer of
the sample. We determined the Young’s modulus of ten different samples in
this way (Table 4.4) and averaged them.
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Figure 4.19. 25 nm-thick polysilicon layer Young’s modulus estimation. Experi-
mental values of the percentage of pixels with the same Young’s modulus measured
in 10 samples of polysilicon layers 25 nm-thick.

The experimental results revealed a Young’s modulus of 54.4 &= 2.2 GPa
for the nanodevice polysilicon layer, a value that is in good agreement with
values obtained for monocrystalline silicon of similar thickness[31, 32], cor-
roborating our approach and the obtained value. We accordingly adopted
our experimental value for Young’s modulus in the determination of nan-
odevice mechanical rigidity.

#sample S22 | 1 2 3 4 5 6 7 8 9 10
Young’s Modulus [GPa]| 43.711| 51.767| 55.066| 53.169| 59.974| 50.560| 46.960| 63.936| 66.527| 52.247

Table 4.4. Young’s Modulus of the measured samples. Characteristic Young's
modulus determined by Peak Force QNM Mode analysis (the maximum of the
Gaussian-like adjusted curve) for the 10 samples.

4.4.2 Calculation of the devices sensitivity by Finite Element
Method

Since H-comb nanodevices were conceived for a specific biological applica-
tion (to detect the average of loads that drive cytoplasmic reorganization),
we study, through FEM simulations, the mechanical behaviour of the devices
with the constrictions of its operating environment: the cell interior. The cell
interior has reduced inertial forces[35], and as a first approximation we mod-
elled nanodevice bending based on two representative simulations: a pres-
sure, P, applied to the device surface, or a force, F, applied at the center of
the device (Figures 4.20). Our boundary conditions assume that nanodevice
ends are free to rotate and translate and that constraints in the perpendicu-
lar plane acting at the ends of the H-comb cantilevers are required to cause
nanodevice bending.

Thus, for the FEM simulation analysis we made use of the software AN-
SYS Multiphysics. Nanodevice quantitative modelling (Figures 4.20 and 4.21)
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Figure 4.20. Representation of the modelled device load state. Scheme of the de-
vice load state and simulated normalized vertical displacement by the finite element
method for uniform distributed pressure load (P, top) and force loads (F, bottom).

was performed using the 3D element, SOLID95. The nanodevices are large
enough (22.0 x 10.5 ym) compared to the embryo diameter (>70 ym) that
they can average random molecular perturbations and hence monitor cyto-
plasmic rearrangements.

We first studied bending based on applied loads but focusing on how the
application location inferred in this bending. Thus, if the forces were applied
closer to one border of the nanodevice (exactly mid-way along a cantilever),
bending at the center would be -35% of the deformation induced by the same
force acting at the center of the device. To achieve a given deflection by acting
nearer to the nanodevice center, the force responsible would need to be larger.
With that, we modelled nanodevice bending based on a total force, Fyy; =
8 X Feant, applied at the center of the device, so that estimated forces represent
the low limit of the possible range of intracellular forces.

Previous results on the contribution of the geometrical and material prop-
erties of the nanodevices lead to mechanical sensitivities of the nanodevices
for the two proposed load conditions (Figures 4.20 and 4.21) of 0.029 + 0.001
pum/Pa and 0.30 £ 0.01 ym/nN respectively. Furthermore, simulations pre-
dicted extremely low stiffness, with sensitivity to minute load states of Kp=35
Pa-uym~! and Kr=3.39 nN-um~! (Figure 4.21).

4.4.3 Simulation analysis of an initial curvature of the nan-
odevices.

Another relevant characteristic to study is the possible initial curvature of
our nanodevices after device releasing, as it can influence in the bending
readout. Initial curvature due to stress has been widely proved in micro-
machined cantilevers[36]. For instance, stress can affect mechanical sensitivi-
ties and resonance frequency changes on cantilevers, and stress gradients can
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Figure 4.21. Simulation results of applied pressure or force. Simulated maximum
vertical displacement versus applied pressure, P, and force, F.

bend cantilever beams. Because our nanodevices are freefloating, a gradient
of stress has the potential to induce an initial curvature in them.

dummy+
T !

t

tymm, = 0.01 t
t, =099t
t = tdummy + t2

Figure 4.22. Scheme of the layer modelling to simulate an initial curvature of the
H-comb nanodevices. Schematic of the model used to simulate initial nanodevice
deflection due to an intrinsic stress gradient. The structure is simulated by consider-
ing two layers, the sum of whose thicknesses is the total thickness of the device.

Stress gradients can be modelled by applying a surface stress to one side
(top or bottom) of the devices. Hence, we define a layer of thickness t (as
the thickness of the device), composes by a dummy layer with a very small
thickness, £y, (representing the surface of the layer) and a second layer
with a thickness of t; = t — t,mmy (representing the remaining thickness)
(Figure 4.22). Any imbalance of surface stresses between the top and bottom
induces a vertical displacement (;,;) that is perpendicular to the plane of the
device (Figure 4.23).

The study of an initial curvature by intrinsic stresses was simulated by
ANSYS using the SOLID186 element. This is a 3D 20-Node Structural Solid
element that allows modelling of layered structural solids (KEYOPT(3) = 1).
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Figure 4.23. Scheme of the imposed load conditions on the modelling of an initial
curvature of the devices. The upper layer (left, in red) is used as a dummy layer to
apply a stress load (middle) that induces a stress gradient and bends the devices.
(Right) Normalized vertical displacement of a nanodevice due to intrinsic surface
stress.
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Figure 4.24. Scheme of the initial state under F and P loads to be simulated.
Schematic of a model assuming an initial intrinsic curvature and an additional pres-
sure load state, P, or a force load state, F.

s= o/t

dummy

Following the scheme of Figure 4.22, a dummy layer with a thickness of
1/100 of the total thickness of the device was established to simulate the sur-
face stress effects. The second layer therefore has a thickness of 99/100 of
the total thickness of the device. Both layers possess the Young’s modulus
for polysilicon, but an initial surface stress is applied to the dummy layer
by using the INISTATE command in ANSYS to define initial states of struc-
tures. The applied surface stress in the dummy layer induces a stress gradi-
ent in the structure whose consequence is an initial offset in the displacement
(6ini) (Figure 4.23). Subsequently, the load steps under evaluation (pressure
or force load states) are applied and simulated (Figure 4.24).

These analyses show that the initial curvature induced by the fabrication
generates an offset without altering the mechanical sensitivity, the slope of
the curves (Figure 4.25).

4.4.4 Effects of geometrical and material property errors on
device sensitivity

In previous sections, it has been proved the high reliability on the repro-
ducibility of the device dimensions through the fabrication process, and it
has been calculated the Young’s modulus polysilicon layer. Thus, an analy-
sis of how the geometry and the material properties could influence on the
device sensitivity must be done.
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Figure 4.25. Simulation results under F and P load states and considering an
initial curvature on the devices. Simulated displacement (J) versus a representative
surface stress for the case of an initial intrinsic curvature with a representative (left) P
=30 Pa, or a (right) F = 4 nN . Displacement () curves, considering either the surface
stress alone, or the surface stress plus pressure or force, are parallel, demonstrating
that the initial curvature of the nanodevice does not affect its mechanical sensitivity.

............. I 6max (P)

Figure 4.26. Representation of an applied pressure or force on a cantilever.
Schematic (left) of cantilever loaded with a uniform pressure, P, and a cantilever
loaded with a force, F, at one end.

From a mechanical point of view, H-comb nanodevices could be analysed
by considering each finger of the device as a cantilever. This consideration
allowed us to evaluate the errors on device sensitivity by using simple equa-
tions. For that, we started from the analytical formula describing the maxi-
mum bending of a cantilever versus a pressure, P, applied uniformly along
the cantilever length (L.), or a force, F, applied at the end of it (Figure 4.26):
3 L¢ 4L

where w, and t are the width and the thickness of the cantilever respectively,
and E is the Young’s modulus of the polysiicom. These equations are a good
approximation to the mechanics of H-comb devices for symmetric load con-
ditions.

5max(P) —

Therefore, error on the calculation of the maximum bending, Ady;qy, of
the devices can be inferred from the propagation of dimensional errors and
Young’s modulus errors:

2 2
Adnax(P) :\/ ALC + 35) + (ﬁ) (4.3a)
max t E

2 2 2
Bonax(F) _ ALC Ty AWC) +(3§) +(ﬁ) (4.3b)
max W t E
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Dimensional errors in the sensitivity of the nanodevices have been demon-
strated to be very small and do not significantly affect the results (section
4.3.2). Hence, relative errors corresponding to the dimensional features of
the devices contribute with a 1.3% and 1.7% on equations 4.3a and 4.3b, re-
spectively.

On the other hand, experimental results have found a Young’s modulus
of 54.4 £ 2.2 GPa, whose relative error correspond to 4%, leading to a major
contribution of the material properties in the sensitivity of devices. Actu-
ally, dimensional errors are negligible in the sensitivity of the nanodevices
concluding that the main contribution come from the Young’s modulus ex-
perimental calculation.

B E

A(Smﬂx(P) A5max(F) -~ AE 40
Smax(P)  Smax(F) N( ) 4% (4.4)

4,5 H-comb deflection measure within mouse one-
cell embryos for cytoplasm mechanical charac-
terization

4.5.1 From device bending measurements to the mechanical
description of the cytoplasm behaviour

Monitoring intracellular force dynamics and changes to the resistance to cy-
toplasmic reorganization along different phases of mouse one-cell embryo
development after fertilization provide important new information about the
role of cell mechanics at the onset of embryogenesis. Nanodevice rotation
and translation (the displacement vector, d) describes cytoplasmic reorga-
nization and is a consequence of changes in intracellular mechanical loads
(the force vector, F). The level of intracellular forces can be determined by
measuring the bending of the devices. How forces, F, affect cytoplasmic re-
organization depends in part on the mechanical properties of the cytoplasm.
This means that changes in the mechanical properties of the cytoplasm can
be inferred by determining the level of mechanical loads (forces or pressures)
and measuring nanodevice rotations or translations inside the embryo.

Hence, we investigated nanodevice behaviour in five nominal embryo
phases: sperm decondensation, recondensation and pronucleus formation
(SDR, corresponding to meiotic exit), pronuclear migration (PM, correspond-
ing to G1- and S-phases), pronuclear envelope breakdown and chromosome
mingling (PEB), embryo elongation just prior to division (EL, presumptively
initiating in G2-phase) and the first (one- to two-cell) mitotic division (DIV)
(Figure 4.27).
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Figure 4.27. Stages of the development of mouse one-cell embryo. Schematic
representation of the different stages in the mouse one-cell embryo (zygote) follow-
ing fertilization, showing key structures in embryo mechanics and embryo stages.
Optical images show mouse embryos at the different stages, each containing a mi-
croinjected nanodevice. Scale bar: 20 ym.

For that, H-comb nanodevices were co-injected inside a mouse oocyte
with the sperm. Because injected nanodevices are free to move in the cy-
toplasm, it is not possible to dictate their localization apart from their ap-
proximate placement near the beginning of development in the SDR phase,
soon after injection. Thus, the measured data for each phase represent differ-
ent device positions inside a given embryo, reporting the overall cytoplasmic
mechanics. It might be thought to mitigate this by the co-injection of multiple
devices into a single oocyte, but this consideration was rejected as it is tech-
nically challenging and would result in the potentially toxic introduction of
excessive volumes of injection medium.

Rotation [?]

SDR PEB ELDIV i SDR PEB ELDIV

Figure 4.28. Monitoring of H-comb during embryo development. Representative
plots showing rotations (Rot(w), Rot(l), Rot(z), left) and nanodevice deformation (AJ,
right). Each background colour corresponds to one of the different embryonic stages
of Figure 4.27.

Once inside the embryo, nanodevices register intracellular mechanics of
relatively large regions of cytoplasm (unlike small-scale measurements of in-
dividual random perturbations[2]): displacement, rotation and translation,
contained information about the cytoplasmic reorganization, and nanode-
vice deformation revealed force magnitudes. In Figure 4.28, it is shown the
tracking of one embryo during the complete development cycle up to the
tirst mitotic division.
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Figure 4.29. Phase duration. Average duration of each nominal stage of one-cell
embryo development.

To interpret this information, we propose two ad hoc theoretical param-
eters: Cx = Fyax/Rotyay, related to resistance to cytoplasmic reorganization
(Fnax and Rot .y are, respectively, maximum force and rotation detected by
the nanodevice), and &paet = (Adgy X Rotyy)/time, related to transitions in
time-averaged mechanical activity (where time is the phase duration and
Adgy and Rot,, are respectively averages of measured nanodevice bending
and rotation during that time) (Figure 4.29).
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Figure 4.30. Experimental results in control embryos. Maximum rotations, Rot(w),
Rot(I), Rot(z), maximum nanodevice deformation, Ad,y, for each stage with the
range of lower confidence indicated in grey, and simulation of the pressure or force
on the nanodevice necessary to obtain given values of Ady,,y. Error bars depict mea-
surement uncertainty. Black horizontal lines show mean values.

To carefully carry out the analysis of the forces and mechanical changes
of the cytoplasm, we examined the H-comb behaviour inside the cytoplasm
in several embryos by measuring the rotation and the bending changes of
the nanodevices in each of the established stages (Figure 4.30). Moreover,
as previously investigated, nanodevices may have an initial curvature which
induces an offset in their deflection. To avoid uncertainty due to any poten-
tial initial offset, we confined our calculations to considering variations of
deflection, AJ.

In Figure 4.30, it is plotted the obtained values of rotations (n = 41 for
Rot(w), n = 43 for Rot(l), n = 46 for Rot(z)) and the maximum change on the
bending of the devices (n = 36 for Ad,.x) along the embryo stages, and its
corresponding P and F value.
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Figure 4.31. Experimental ad hoc parameters. Transitions of ¢ and et along
embryo stages.

From the obtained values represented in Figure 4.30, the theoretical pa-
rameters defined previously ({x and §act), are found to mechanically char-
acterise the embryo cytoplasm as shown in Figure 4.31. These parameters
revealed that mouse embryos exhibited programmed transitions in intracel-
lular ¢ and a range of several orders of magnitude in {yact (Figure 4.31)
during the first stages of the embryonic development.

A deeper analysis of the obtained results in each embryo stage is exam-
ined separately on the section 4.7. First, an analysis over the limitation of the
measure method of the device bending shall be done.

4.5.2 Device bending limitation under experimental condi-
tions

Once proved that fabricated nanodevices are useful tools to characterise the
cytoplasm mechanics from its bending, we wonder how much our measure-
ments are affected by the limitations of the optical microscopes. Thus, we
investigated if the diffraction limit has a relevant contribution in our mea-
surements errors under the conditions established for the experiments.

Firstly, it is necessary to detail the measurement protocol. After the in-
jection of the nanodevices in the cytoplasm, embryos are recorded in a time-
lapse videomicroscope (DO/LUCPLFLN60X PH/ NA 0.7, Universal C-plan
Fluorite) capturing images at 1 min to 2 min intervals and each frame was
scanned in 7-10 z-slices, each 2 ym-thick. With that conditions, we restricted
the measures to the best-focused images (Figure 4.32).

n ~—

2 ide S
e —

n-1

Figure 4.32. Scheme of the z-stack images acquisition. a, Representations of z-
stack images (left) corresponding to those taken for videos. The best-focused images
(right) are used for processing.
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For the calculation of the device deflection, 644, We drew an imaginary
line (red) on the image, from one end of the H-comb to the other, as shown
in Figure 4.33.
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Figure 4.33. Detail of the calculation method of the device deflection. Location
of P1, P2, P3, pixel point positions needed to calculate ;44 at each frame (i,j) by
always following the same criteria (max, half, or min intensity).

Oimage length is the smallest that is determined, but we took advantage of
the fact that it is not necessary here to resolve features and that all devices
have an offset bending. Hence, for its determination we established differ-
ent point positions, P1, P2, P3 (Figure 4.33), required for the measurements,
and, as devices can be tilted, we selected the best-focused z-slide for each
one, which is not necessarily on the same focal plane. With all, the same
criteria are always used to calculate J;;,6. (max, half, or min intensity; see
Figure 4.33), namely, to localize pixels P1, P2 and P3 at the borders of the
nanodevice.

Therefore, as the resolution of an optical microscope is constrained by
light diffraction, we investigated how it affects to the method described above.
Considering a point source of light, or light passing through a minute space
(Figure 4.34, left), a small pattern, so-called Airy pattern, appears in the im-
ages instead of a point, because of the interference between the light and the
small space. Thus, the optical resolution of a microscope (Figure 4.34, center)
is defined as the smallest distance between two points on a specimen that
can still be distinguished as two separate entities. Without computational
titting algorithms, this limits the smallest distance between two points that
can be distinguished to a few hundred nanometers. However, if the two im-
age points are far enough apart, they can be recognized as separate objects
and their separation can be calculated even though they cannot be individu-
ally resolved. When there are non-point sources (Figure 4.34, right), as in the
case of light passing near to the nanodevices, it follows from the Huygens-
Fresnel Principle that each point on a wavefront is itself a source of spherical
wavelets. The sum of these spherical wavelets forms the wavefront, which
can be viewed as the origin of the diffraction effects on their borders[37].

Since adjacent optical slices were separated by 2 ym (z-step) (Figure 4.35,
left), we calculated errors in the determination of distances between adjacent
slices using a flat dummy device as a test specimen, deliberately out of focus
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Figure 4.34. Scheme of the resolving distances of different interference profiles.
Interference profile between the light and (left) a small space, and (center) two small
spaces situated very close and far from each other. (Right) The interference profile
of non-point sources widely separated.

in +1 and —1 z-planes. To achieve this, devices immersed in ethanol were
deposited onto glass such that after the ethanol had evaporated, the chip
adhered to the glass slide, assuring its flatness and avoiding device rotation
before the z-slices were acquired.
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Figure 4.35. Nanodevice intensity profile over a z-stack. Three z-images of a nan-
odevice. Z, is focused and Z3 and Zs are out of focus (yellow, red and blue lines-RO],
respectively). (Center) Intensity profile of the line-ROI (Region Of Interest) of the de-
vice length on each three z-images. Detail (right) of the same profile taken from the
border of the chip, where diffraction and noise effects are observed as a gradual in-
tensity transition in spite of the step transition. Black dots indicate the pixel ratio
+1.

Figure 4.35 represents three z-slices with a 2 ym-step between each one
of them. It is shown high contrast of a nanodevice, whether the device is in
focus (Z4 ) or out of focus (Z3 and Zs). Coloured lines depict the line-ROI
for the three intensity profile plots. These profiles show that, even when the
devices are out of focus (£1 optical slice), the dimensions extracted from their
intensity profiles are similar. Although best-focused z-stack images are used
for dimension processing, points not exactly in the focal plane can also be
measured accurately. The main contribution of defocusing (blurring) occurs
when there is a lack of contrast, but as silicon is opaque, the contrast of the
nanodevices in the images is very high, facilitating image processing.

For instance, we performed the measure of a similar profile in a nan-
odevice injected in a mouse embryo. Hence, two frames were taken from
a videomicroscopy, to determine the nanodevice edge position (Figure 4.36).
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We precisely localize the minimum of intensity in the diffraction profile in an
effort to minimize the error (pink rectangle in Figure 4.36). In addition, we
do not calculate absolute distances, as explained before (Figure 4.33); we cal-
culate the increment of distances, further reducing invariant errors between
frames.
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Figure 4.36. Nanodevice intensity profile inside an embryo. Optical images of
mouse embryo containing a nanodevice and the intensity profiles (orange) along
one edge in two consecutive frames.

Figure 4.36 shows optical images of a mouse embryo containing a mi-
croinjected H-comb nanodevice (left in each pair), showing the optical pro-
file along the path indicated by orange lines in each micrograph, at the edge
of the nanodevice (right in each pair), at two time consecutive points during
videomicroscopy. Clearly, it can be identified the typical diffraction profile
from the edge of a structure found in usual optical books[37].

Therefore, diffraction is not the main limitation for the determination of
Simage, @s long as the same criteria are always used to calculate it (max, half or
min intensity; see Figure 4.33) by localizing pixels P1, P2 and P3 at the bor-
ders of the nanodevice, and they present high contrast even inside embryos.

4.5.3 Development of optical structures for the calculation of
the device bending limitation

To further clarify the contribution solely by diffraction to our measurements,
we designed and fabricated optical structures. A series of specific test struc-
tures, similar to the H-comb cantilevers of the manuscript, was developed.
Each of the designed test structures has a pre-determined bend in the range
of the value of the bending, J, that is measured in H-comb devices inside
embryos (Figure 4.37a).

Later, test structures will be used to calibrate our optical images. The
bending of the different test devices were determined by the same optical
method used to determine H-comb nanodevice bending inside embryos and
employing the same microscope settings.

For the fabrication of the test structures, we started from a 800 ym-thick
Fused Silica wafer (Si-Mat) as substrate. Next, an aluminium layer (100 nm-
thick) was deposited by sputtering (Leybold Z550) on top of the wafer. The
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Figure 4.37. Optical test structures fabricated by EBL to determine the minimum
curvature that can be solved. a, Scheme of the designed structures dimensions.
Bending ranges from 100 nm to 1000 nm in steps of 100 nm; they are arranged in
order, with the smallest bending at the top. b, SEM images of the fabricated devices
showing their intended bending (6,,omina) and the bending determined empirically
by SEM (dsgm). Scale bar: 2 ym. ¢, Optical image of test structures recapitulating
cantilever bending. Black areas are aluminium and bright areas are fused silica.

wafer was then diced to form 1 cm x 1 cm chips. Then, CSAR62 (ALLRE-
SIT) resist was spun onto the chips as a previous step of an electron beam
lithography (EBL) process (RAITH 150 (two)), which permitted the defini-
tion of structures with nanometer precision. The resist was developed by
ARS600-546 (ALLRESIT). After that, a dry etching process was used to pat-
tern the aluminium layer using SENTEC equipment and the resist removed
by PVA TEPLA 300SA. Finally, the resulting structures were calibrated in a
SEM (LEO 1530) at a resolution of <20 nm (Figure 4.37b). The test structure
bending were determined optically (Figure 4.37¢), dpptica;, under our stan-
dard experimental conditions, so they could be compared to the high preci-
sion determination obtained by SEM, ésg .

Moreover, the measuring of dppticss Was done in blind experiment con-
ditions, in order to reduce or eliminate the bias of the experimenter who
recorded the device bending. The resulting comparison is presented in the ta-
ble of the Table 4.5, confirming the fidelity on the determination of the bend-
ing by optical microscopy.

As can be seen in Table 4.5, the optically-determined measurements were
in good agreement with the actual bending values: all confirmed that the
error in the determination is not limited by the diffraction limit. o ,ycq errors
were below the 2 pixel error that we considered for our calculations. The
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O¢en [NM] 100 141 258 398 469 586 656 791 908 1001

Sopia [NM] 103 132 210 315 406 511 609 702 850 1022

Bomm-Boea [NM] | -3 9 48 83 63 75 47 89 58 -21

Table 4.5. Calibration values of the optical test structures. Bending determined
by SEM 6sgp and optically 8o ,rica for each test structure, showing the dopyicar errors
assuming the dspps as calibrated values.

main source of errors in our method to determine ¢ is due to the optical noise
inside the embryo and is not limited by diffraction.

4.54 Measure limitation inside embryos due to optical noise

All the previous analysis have shown that the determination of the device
bending is not mainly limited by the diffraction of the light, as it contribution
is minimized. On the other hand, a second error source than the diffraction
could impact on the calculation of optical errors in our measurements: the
optical noise.

Therefore, the determination of the optical noise contribution to the mea-
surement errors of injected devices in mouse embryos have to be done under
the same conditions of real experiments. One method to determine its contri-
bution could be to account the device deflection in fixed cells recorded under
the same optical conditions than the usual experimental ones. Clearly, as the
cells have been fixed, the nanodevices should not change its curvature and
have a constant value along the recorded video.

25 ym-thick nanodevices were injected in embryos and, after & 6 h post-
fertilization (PM-phase), were fixed in 4% (w/v) paraformaldehyde and recor-
ded immediately after. Figure 4.38 shows five frames from the recorded em-
bryo containing a nanodevice. Measurements of the device bending were
carried out following the described method in Figure 4.33 in images taken
each 2 min. As observed in Figure 4.38 the measures present a variance of =+
0.21 pm.

However, measuring fixed embryos presents technical and biological draw-
backs. For example, fixation induced device bending (av. measured initial
offset bending = 2.41 £ 0.21 ym) and it might alter the optical properties of
the experiment.

Although the detected variations of the measure with the fixed samples
were very small, we performed an additional experiment to further analyse
the effects of the optical noise. For that, we injected oocytes with sperm plus
a 100 nm-thick device and recorded the resulting embryos (n = 2) during
PM phase. These devices are ~43 (~64) times stiffer than those handled in
the main investigation (25 nm-thick) and are not predicted to exhibit observ-
able change in bending during PM-phase. The 100 nm-thick devices should
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Figure 4.38. Fixed embryo with nanodevice for optical noise determination. Op-
tical images of a fixed embryo in five frames of a videomicroscopy containing a
nanodevice. Displacement values of the nanodevice within the embryo and its cor-
responding deviation for each frame. Orange line depicts the average value and its
deviation (dashed).

thus serve as test structures to reveal optical errors independently of bending
within living embryos.

For the analysis, we took five images covering a period of 40 min for the
tirst embryo and 700 min for the second one. As for 25 nm-thick devices,
we selected frames with a clear image of the device. Experiments with the
100 nm-thick nanodevice inside the embryo have all of the features of those
with the 25 nm one, including displacement, rotation, diffraction effects, opti-
cal noise of the camera and errors due to vesicles/particles moving over the
chip; the images were collected under the same optical conditions. Figure
4.39 show five frames (each) for analysis of 100 nm devices with negligible
physical bending.

Values of the bending of the device for the five images of embryo 1 and 2
show that the initial offset bending (due to fabrication) was 0.65 ym and 0.27
pm, for each device, with a standard deviation about this mean of +0.21 ym
and 0.17 ym, respectively, throughout the analysed time course.

These experiments empirically suggest that errors introduced by optical
noise inside embryos are the main limitation for the deflection calculation.
This led us to present a confidence level <0.5 ym as a grey area in the calcu-
lation of Ady,4y, Figure 4.30.
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Figure 4.39. Embryos within a 100 nm-thick device for optical noise determina-
tion. a, and b, Optical images of two different embryos in five frames of a videomi-
croscopy containing a 100 nm-thick H-comb device. Displacement values of the nan-
odevice within each embryo and its corresponding deviation for each frame. Orange
lines depict the average value and its deviation (dashed).
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4.6 Normal embryo development injected with H-
comb nanodevices

There are few, if any, reports of cells harbouring entirely internal exogenous
artefacts of >10 ym and it was unclear whether mlIl oocytes would survive
injection or tolerate the presence of such large (if extremely thin) structures.
Thus, it is necessary to assure the normal healthy development of embryos
containing H-comb nanodevices after the microinjection which precisely de-
livered fully internalized nanodevices into the cytoplasm of mlI oocytes by
membrane puncture. Nanodevice volume was small compared to the vol-
ume of mlII oocytes (with a volume ratio of <1.4 x 10’4); oocytes could sur-
vive injection with devices.
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Figure 4.40. Histogram levels in one-cell embryos of transcripts upregulated fol-
lowing embryonic genome activation determined by ratiometric, semiquantita-
tive PCR (qPCR). Wild type metaphase II (mlII) oocytes (1=2) were injected with a
sperm alone (Control (9hpICSI), n=4) or a sperm plus an H-comb device (H-comb
(9hpICSI), n=4) and resulting embryos collected 8 h later. Transcript levels were
normalized against levels of the house-keeping gene, H1foo and shown (+ s.e.m.)
relative to a value set at ~1.00 for mII oocytes. Unpaired two sided t-test p>0.25 for
all control vs corresponding H-comb embryo levels (H1foo, p=0.321; Kpna2, p=0.488;
Ik, p=0.683, Kanadaptin, p=0.907; Slc4alapV'1, p=0.416; Ube2a, p=0.261).

Coinjecting mIl oocytes with 22.0 x 10.5 x 0.025 ym?® H-comb nanode-
vices and sperm heads permitted nanodevice delivery and fertilization in
the same procedure so that force changes could be captured from the earliest
moments of development in the resulting embryo. One-cell embryos con-
taining H-comb nanodevices expressed genes at control levels (Figure 4.40),
consistent with normal development. Oocytes coinjected with sperm plus
nanodevices produced embryos that developed at high rates (90.0 £ 10.0%)
to form expanded blastocysts (Figure 4.41) indicative of healthy development
after nanodevice injection.



4.7. Detailed analysis of the mouse one-cell embryo development stages 113

100] ©

e-Ho

% development
with 25 nm nano device
(@]

(@]

Figure 4.41. Development of 25 nm nanodevice-injected embryos. Development
rates plotted at two-cell (2C, n=40), four-cell (4C, n=36), morula-blastocyst (mor/bla,
n=36) and expanded blastocyst (exp bla, E5.0, n=32) stages (+ s.e.m.). Dot plots
indicate percentages from n=4 biologically independent experiments.

4.7 Detailed analysis of the mouse one-cell embryo
development stages

H-comb nanodevices have been successfully proved as a tool for the cyto-
plasm mechanics characterization without interfering in the normal embryo
maturing. Hence, it is possible to analyse each of the early stages of the em-
bryo development, specified in Section 4.5.1: SDR, PM, PEB, EL and DIV.

4.7.1 SDR-phase. Major mechanical activity during paternal
genome reprogramming

Within 20 min of injection into mII oocytes, sperm heads started decondens-

ing and increased ~7-fold in length (Figure 4.42) before recondensing and

forming a visible pronuclear envelope[38, 39], corresponding to the SDR-
phase, lasting 168+27 min (Figure 4.29).

?Female d Male % Nuclear DNA

Figure 4.42. Rearrangement close to the sperm. Schematic showing the displace-
ment of the devices associated with paternal (sperm-derived) genome remodelling.

Nanodevices were typically near the sperm head (9.5+4.5 ym) and ro-
tated up to 44+1°, with elastic deformations of 1.5+0.8 ym (Figure 4.30).
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Maximal nanodevice deformation corresponded to P = 56.2£28.7 Pa (1 Pa
=1 pN-um~2) and F = 5.342.7 nN (Figure 4.30). These results reveal major
Cmact and thus cytoplasmic reorganization near the paternal genome during
chromatin remodelling (Figure 4.31). Although direct force comparisons be-
tween studies are difficult, forces near to the sperm head were ~50 times
larger than those inside aortic muscle cells measured with silicon nanowires
(with peaks of 116 pN)[17] and three orders of magnitude greater than forces
exerted by single cytoskeletal motors (<10 pN)[40].

4.7.2 PM-phase. Membrane ruffling detected close to the em-
bryo center
Pronuclei appeared 4.0~4.5 h after fertilization and during pronuclear mi-

gration (PM) converged on the embryo center until membrane breakdown
(Figure 4.27), 812+195 min after sperm injection (Figure 4.29)[39, 41].
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Figure 4.43. PM movement towards embryo center. Two-dimensional pronuclear
translations around the embryo center. pos,, represents position in x; and pos,, rep-
resents position in y.

On small spatio-temporal scales, pronuclear migration was directionally
stochastic (Figure 4.43). This translation was accompanied by random ruf-
fling of up to 2 ym at the embryo surface, which our nanodevices were able
to detect even when close to the center (Figure 4.44). Pronuclear and nan-
odevice random displacements reflected random kinetic activity and were
concurrent with centralizing directional displacements.

Nanodevices deformed by 1.34-0.1 ym, corresponding to loads of 47.9+6.1
Pa and 4.5£0.5 nN and rotated 47.0+£6.7° (Figure 4.30), evidencing a pro-
gram of gradual (over several hours) long-range cytoplasmic reorganization
required for pronuclear convergence at the center.

The mechanical properties of mouse one-cell embryo cytoplasm were mod-
elled in terms of elastic and viscous elements using a combination of springs
and dashpots[42], and it was found these simulations supported a model in
which the embryo cytoplasm exhibits a gradient of effective stiffness (GES)[43]
(Figure 4.45).
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Figure 4.44. Membrane ruffling during pronuclear migration. a, Optical images
of an embryo during PM-phase showing membrane ruffling, and (left) a red line
indicating the membrane profile and a dashed black circle representing the embryo
diameter. b, Membrane topography changes at two opposite points and movement
of the nanodevice (near the center) with time. pos indicates the scan position along
AA’, BB’ and CC’ versus time.

In the GES model, the effective elastic constant and viscosity are increased
by the relatively stiff cortical system in a manner that is also a function of
the internal particle size. In agreement with this, the random migration of
endogenous cytoplasmic particles is typically smaller the closer the particles
are to the cortex (Figure 4.46).
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Figure 4.45. Simulated normalized effective elastic and viscous constant. Qualita-
tive simulated normalized effective elastic constant (kg;}’;, left) and viscosity (y?}?}’;,
right) for the displacement of spherical objects of different diameters versus the
object position relative to the embryo center. Dotted lines show theoretical values

(valid for objects near the border).

To probe this, an empirical analysis of endogenous embryonic behaviour
was done. Empirical analysis of real time movies (Figure 4.46, center) al-
lowed optical tracking of particles (1.9-6.9 ym diameter; average 2.8 um)
within living embryos (1n=3 biologically independent samples (embryos); ~2
h post-fertilization) so that their respective maximum distances could be plot-
ted from the starting position, dist;,x, (normalized to 100 seconds) versus
the particle distance from the EP. Figure 4.46, right, shows distances from the
respective starting positions of particles over a given time, relative to their
starting positions from the EP.
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Figure 4.46. Endogenous embryonic particle trajectories analysis. Schematic (left)
representing the trajectory (red) of an endogenous particle within a one-cell mouse
embryo, and the distance (dist) from its starting position (black line). (Centre) Max-
imum distances from the starting position, dist,;,y, (normalized to 100 seconds) ver-
sus the particle distance from the embryo periphery (EP) and (right) distances, dist,
from the respective starting positions of particles over a given time, relative to their
starting positions from the EP. Linear fitting with straight lines was included to ap-
proximate tendencies.

Particles within ~10 ym of the membrane border were analysed, as this is
the region in which GES is relevant for particles with diameters in the 1.9-6.9
pm range (Figure 4.45). Thus, particles close to EP exhibited relatively small
maximum displacements, in agreement with GES model.

Although limited by inherent intraembryonic heterogeneity, the GES model
predicts that an increase in pronuclear size during the PM-phase would fa-
vor movement towards the embryo center, where the effective stiffness is
smaller. This prediction was validated by real-time videomicroscopy reveal-
ing pronuclear expansion in mouse (Figure 4.47). In addition, GES explains
the increment of mechanical loads detected by nanodevices during this phase
(Figure 4.30), which could also contribute to pronuclear centring.
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Figure 4.47. Embryo pronuclear growth. a, Optical images of an embryo at an
initial moment (PM;, ,.,) and at the end (PM; fm]) of the PM-phase. Dashed yellow
lines indicate the area of the pronuclei. b, Measured pronuclear diameter (¢,,, mean
+ s.e.m.) determined by videomicroscopy analysis (1 = 3).
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4.7.3 PEB-phase. Low cytoplasmic mechanical activity dur-
ing spindle formation

The pronuclear envelope breakdown (PEB) phase (lasting 113.0+£30.8 min)
(Figure 4.29) included spindle formation and chromosome alignment prior
to the onset of embryo elongation. During the PEB-phase, nanodevices re-
ported cytoplasmic mechanical load changes at the lower threshold of detec-
tion and the smallest of the entire embryo one-cell stage (8.6+1.7 Pa, 0.8+0.2
nN) (Figure 4.30). Embryo surface membrane ruffling stopped simultane-
ously and abruptly with PEB, in agreement with the minimal ¢+ reported
by the nanodevices (Figure 4.31). This coincided with a marked increment of
cortical F-actin (Figure 4.48), reflecting actin redistribution from the embryo
interior to cortex. A reduction of cytoplasmic forces during the PEB-phase
could facilitate spindle assembly and chromosome alignment.

F-actin a-Tubuline Pl Merged

Figure 4.48. Fluorescence confocal images of injected embryos during PEB. Em-
bryos were stained with phalloidin to label F-actin (green), anti-a-Tubulin antibodies
tolabel a-Tubulin (gray) and propidium iodide (PI) to label nuclear DNA (red). Scale
bar: 70 ym.

The minute changes on the curvature of the nanodevices along this phase
allow us to experimentally determine their average initial curvature. As PEB-
phase reported the smallest forces (PEB), we use devices during this phase
to obtain a range of initial curvatures (~1.3 & 0.3 ym) due to the intrinsic
deflections of them. From that, it was simulated the effect of this curvature
on the mechanical sensitivity of the devices as explained in the Section 4.4.3,
concluding that they do not change the mechanical sensitivity. This supports
our analysis of deflection differences rather than absolute deflection values
to produce conclusions from the resulting trends and averages.

4.74 EL-phase. Cytoplasmic stiffening governs embryo elon-
gation

The embryo elongation phase, EL, lasted 14£2 min (Figure 4.29) and was
characterized by spindle separation and embryonic axial elongation of ~10%
(~8 um). After the embryo poles contacted the zona pellucida (ZP), embryo
elongation continued at the same rate, ~1.25 ym-min~! (Figure 4.49). This
plot incorporated changes that reflected mechanical transitions that we des-
ignated (in temporal order): EL1, EL2 and DIV.
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Figure 4.49. Morphological changes during elongation and division. Represen-
tative images (left) of EL, showing an initial stage before the onset of elongation (I),
elongation in which zero axial cortical curvature is achieved in the equatorial region
(I) and EL after cleavage plane instatement (III). Increment, A¢, of axial (d,x) and
equatorial (d.;) diameters of five mouse embryos (right), showing absolute values of
dax and de; diameter increments, A¢ (inset). Scale bar: 20 ym.

Immunofluorescence images of embryos revealed changes in microtubule
organization coinciding with EL1, EL2 and DIV (Figure 4.50).
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Figure 4.50. Inmunofluorescence images of embryo elongation and division. Im-
munofluorescence images (top) of a-tubulin (TUB) showing microtubules in mouse
embryos during initial spindle elongation (EL1), equatorial tubulin meshwork ap-
pearance (EL2) and after the appearance of radial microtubules and invagination
(DIV). Immunofluorescence images (center) of F-actin (Act) and myosin II (Myoll,
bottom) showing a myosin II increase after EL1 and a decrease after EL2. Genomic
DNA is stained with propidium iodide (PI) in all the images. Scale bar: 20 ym.



4.7. Detailed analysis of the mouse one-cell embryo development stages 119

EL1 microtubules shape the spindle and localize cortically with F-actin,
augmenting cortical stiffness. At EL2 (just before cleavage furrow forma-
tion at the embryo center), a tubulin meshwork[44] appeared in the equa-
torial region (Figure 4.50). Radial microtubules then increasingly emanated
from spindle poles, first towards their proximal overlying equatorial cortex
and subsequently (during DIV), towards polar cortical regions (Figure 4.50),
when elongation practically stopped.

Overall, EL-phase embryos experienced the largest global deformation,
but nanodevices counter-intuitively reported the smallest rotations (Figure
4.30), indicating minimal cytoplasmic reorganization. Consistent with their
decreased rotation, nanodevices detected the greatest ¢ at EL (Figure 4.31).
The fact that the embryo normally elongated, even though radial micro-
tubules were absent, suggests that the mechanical load generated by the elon-
gating spindle is transmitted through the bulk cytoplasm to the axial cortex.

An increment of myosin II from EL1 to EL2 is shown in Figure 4.50, in
agreement with previously suggested myosin-mediated cytoplasmic stiffen-
ing. This directly demonstrates that the cytoplasmic stiffness of mouse em-
bryos increases during the EL-phase, accompanied by an increase in myosin
IT activity.

4.7.5 DIV-phase. Cytoplasmic softening and the largest forces
during division

During the brief division (DIV) phase (lasting 5.5£1.6 min) (Figure 4.29),

nanodevices near the cleavage plane underwent rotations of up to 137+2°

and deformations of 4.2+0.3 ym, corresponding to P = 233+20 Pa (17.7+£1.5
nN) (Figure 4.30).

a

§?20 o

=3

.9:*:10

=

22

s

32 ol :

PEB EL

b

Figure 4.51. Embryo DIV-phase analysis. a, Average cytoplasmic myosin II inten-
sity (determined by quantitative immunofluorescence + s.e.m.) at PEB, EL and DIV
stages (n = 4 each), showing an increase during the EL and a posterior decrease dur-
ing the DIV. b, Schematic of microtubule distribution. ¢, Representative immunoflu-
orescence micrographs (n = 2) of a-tubulin showing microtubule (green) and nuclear
DNA (red) distributions near the end of the DIV-phase. Scale bar: 10 ym.
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Nanodevices reported maximal ¢4+ approximately two orders higher
than at any other time in the embryo (Figure 4.31). This, combined with the
rapidity of nanodevice bending and relaxation, suggested a decrease in gy
during DIV, indicating active softening of the cytoplasm.

Furthermore, it was probed that changes in cytoplasmic stiffness corre-
lated with cytoplasmic myosin II dynamics (Figure 4.51a). Close to DIV
completion, spindle and radial microtubules underwent a collective motion
similar to an umbrella folding as each of the two chromosome sets moved
towards their respective cortical pole (Figure 4.51b,c).Therefore, the fact that
nanodevices reported a large 4+ and that chromosomes sets are located
close the embryo poles, this suggest that chromosomes moved further from
the division plane, where cytoplasmic reorganization is greater, guarantee-
ing the chromosome segregation to respective daughter cells.

4.8 Experimental perturbation of the mouse cyto-
plasm mechanical program

This work predicts a program of mechanical and force changes within em-
bryos through the changes detected in the bending of H-comb nanodevices.
Thus, we thought about the evaluation of this program via perturbation ex-
periments. We reasoned that this might be achieved by the actomyosin (myosin
IT) motor inhibitor, blebbistatin, to reduce force generation[45] and cytoplas-

mic stiffness[46] within the embryo.
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Figure 4.52. Blebbistatin treated embryos during PM-phase. a, Time-lapse images
of embryo (n = 2 each) cultured without (control, Cont.) or with blebbistatin (B; 200
uM) just after pronuclear formation (Initial) and at PEB (Final), showing starting and
final positions (dots) and trajectories of female (green) and male (red) pronuclei. b,
Box-and-whiskers plots showing distances between pronuclei and embryo centres at
initial (pronucleus formation) and final (PEB) positions (1 > 5). Whiskers, 0 to 99"
percentile; box, 25t to 75th percentile; line within box, median. Values (maximum,
mean, minimum): Cont. (initial) 26.34, 19.25, 8.32; (final) 12.00, 6.87 and 2.78; B
(initial) 24.00, 16.14, 7.55; (final) 20.74, 14.68, 5.08.

Accordingly, embryos incubated in the presence of blebbistatin under-
went a reduction in cortical ruffling and pronuclear convergence during the
PM-phase compared to untreated controls (Figure 4.52a,b).
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Figure 4.53. Blebbistatin treated embryo underwent asymmetric division. a, Op-
tical images of different frames from embryo elongation to division. Scale bar: 20
pum. b, Percentages of control (Cont.; n = 10) or in 200 u- blebbistatin (B; n = 22)
cultured embryo undergoing asymmetric division. Data are box-and-whiskers plots
(whiskers, 0 to 99th percentile; box, 25th to 75th percentile; line within box, median).
Values (maximum, mean, minimum): Cont., 1.08, 1.05, 1.00; B, 1.94, 1.34 1.01.

Moreover, exposure to blebbistatin did not prevent embryo division but
it occurs asymmetrically as shown in Figure 4.53.

Compared to unexposed controls (Figure 4.30), nanodevices within bleb-
bistatin-treated embryos exhibited a marked reduction in rotation (related
to cytoplasmic reorganization) and mechanical loads throughout much of
the one-cell stage (Figure 4.54), further evidencing a functional role for the
actomyosin complex in force generation. In addition, the reduced forces
and increased random pronuclear movement in blebbistatin-treated embryos
provided evidence for a reduction in effective stiffness caused by myosin
inhibition[46].
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Figure 4.54. Experimental measures with several devices on treated embryos.
Maximum intracellular device rotations Rot(w) (n = 21), Rot(I) (n = 24) and Rot(z)
(n = 25), Adyay during embryo stages (n = 23). Grey area indicates a range of lower
confidence, and simulated pressure (P) and force (F) acting on the nanodevice nec-
essary to obtain given values of Ad;x. Data are for embryos cultured in blebbistatin,
with bars depicting error propagation.

Although blebbistatin-treated PM-phase embryos experienced a two-fold
cytoplasmic mechanical load reduction (Figure 4.30 and Figure 4.54), pronu-
clear centring was reduced ~10-fold, suggesting that cytoplasmic forces alone
are not sufficient to account for pronuclear centring (Figure 4.52b). The re-
duction in cytoplasmic stiffness caused by blebbistatin would also reduce
spindle force transmission to the cortex, leading to aberrant spindle centring
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followed by asymmetric division (Figure 4.53b).

4.9 Suspended intracellular devices developed for
mechanical actuation inside eukaryotic living
cells

Mouse embryos (0 ~ 70 ym) are large in terms of size of cells. For instance,
the diameters of Hela cells are approximately 20 ym. Pursuing in the pivotal
task of this thesis, we devised new suspended star-shaped devices to mea-
sure intracellular forces in cells with smaller sizes (~20 ym in diameter). Cell
interior is a dynamic organization of microtubules, intermediate and actin
filaments which pull and push generating intracellular forces. Therefore, to
internally measure these forces we designed and fabricated these new set of
polysilicon devices (Figure 4.55).
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Figure 4.55. Star-shaped device design dimensions. Scheme representation of the
star-shaped structures with designed dimensions.

Here, the basis of the development of these new intracellular tools will be
briefly presented, which are currently being tested at the Dr. Sudrez labora-
tory (see Collaborations and Stays in Research Entities) using HeLa cells. Next,
the design, fabrication and simulation of the mechanical behaviour will be
shows.

z

y

Figure 4.56. Simplified working principle of star-shaped devices. Scheme of the
device with physical constrains at the end of the cantilevers subjected to a load (a
force, F, or a uniform distributed pressure load, P) that causes the its bending in
z-direction, é.
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The design consists in an eight cantilevers in a star-shaped distribution.
Each cantilever has a length of 10 ym and a width of 1.5 ym, while the total
length of the device was established to 23.5 ym (Figure 4.55). As we previ-
ously designed in the case of the H-comb, the device has free zones between
cantilevers to reduce the impact on the cytoplasm organization. Further-
more, the sensing principle of the devices will be again based on the bending
(6) readout of the cantilevers and its conversion into a force (F) or a pressure
(P) (Figure 4.56).

The fabrication process is the same than for the H-comb nanodevices (Fig-
ure 4.57). 100 mm p-type <100> silicon wafers (Si-Mat, Silicon Materials)
of 500-ym-thick are used as substrate (Figure 4.57a). A 100 nm-thick SiO,
layer is grown by wet oxidation at 950 °C (Figure 4.57b). Next, a 50 nm-thick
polysilicon layer is deposited by chemical vapour deposition (Figure 4.57c).
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Figure 4.57. Schematic of the fabrication process of the star-shaped devices. a)
Silicon wafer as initial substrate. b) SiO; as sacrificial layer. c) Polysilicon deposition
as device layer. d) Photoresist spin-coating. e) Photolithographic exposure to UV
and f) resist developed and baked. g) Polysilicon vertical dry etching. h) Photoresist
removal. i) Etching of the SiO, layer for device releasing and j) devices collection in
Eppendorf tubes.

1.2 ym-thick positive photoresist is spun onto the wafer (ma-P 6512 Micro
Resist Technology) (Figure 4.57d) and later the wafer is exposed to UV light
(Stepper NSR1505-G7E; Nikon) patterning the design across the reticule (Fig-
ure 4.57e). Then, the resist is developed and baked (30 min, 200 °C) (Figure
4.57f), and the polysilicon layer is etched using SFs and c-C4Fg (ALCATEL
601E; Alcatel) (Figure 4.57g). Next, the photoresist is stripped (TEPLA 300-E,
Technics Plasma) (Figure 4.57h) and finally, chips are released by etching the
SiO; sacrificial layer in 49% (v/v) hydrogen fluoride (HF) vapours for 40 min
and resuspended in 96% ethanol with short ultrasonic pulses (Figure 4.57i).
Devices are collected by settling in Eppendorf tubes (Figure 4.57j).

Then, a 2 ul-drop of 96% ethanol with immersed recollected chips is taken
from the tube and placed in a small piece of silicon, as a substrate, to eval-
uate the fabricated devices by SEM inspection (Figure 4.58). Devices show
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the correct dimensions and polysilicon presents a smooth aspect with a non-
grainy layer thanks to the optimization of the deposit conditions carried out
in the previous chapter (section 3.5.1).

Figure 4.58. SEM image of the star-shaped fabricated devices. Released devices
dropped on a piece of silicon are partially transparent evidencing their thin thick-
ness. Scale bar: 2 ym.

Finally, the mechanical behaviour of the structures was analysed by FEM
simulation with the use of the software ANSYS Multiphysics. Star-shaped
devices were modelled using SOLID95 as a 3D element.
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Figure 4.59. Simulation of the vertical displacement] versus a pressure or force.
Maximum vertical displacement of star-shaped devices under applied pressure, P,
and force, F.
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Simulation results in elastic constant of Kp = 251 Pa-um~! and Kr = 8.8
nN-um~! (Figure 4.59), which are larger than those of the H-comb nanode-
vices, as the star-devices are thicker than them.
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410 Discussion

This interdisciplinary work adopts a top-down intracellular approach that
identifies a program of intracellular force and mechanical property changes
during mouse one-cell embryo development. Intracellular nanodevices re-
vealed a program of cytoplasmic force and stiffness changes that map to de-
velopmental progression.

H-comb devices, with a nanometer dimension, has successfully been fab-
ricated and collected, allowing, for the first time, a direct measure from the
interior of mouse embryos of the forces generated in the cytoplasm during
the first stage of the mouse one-cell embryos development.

Nanodevice deflections during the SDR-phase revealed major mechani-
cal activity that coincided with dynamic paternal chromatin remodeling[38].
This is possibly the first direct force measurement associated with any intra-
cellular genome reprogramming, with relevance to chromatin remodeling[47,
48]. The GES model[43] considers the effects on cytoplasmic effective me-
chanical properties due to boundary conditions. Although it is descriptive
in nature, given the molecular nature of some of the force generators and the
unknown role played by cytoplasmic heterogeneity, it explains why pronu-
clear displacement is larger in the direction of center of the embryo during
the PM-phase, predicts the contribution of pronuclear growth to centring and
is compatible with force gradient models.

Spindle alignment throughout the PEB-phase is facilitated by reducing
cytoplasmic mechanical activity and could act as a mechanism to avoid chro-
mosome mis-sorting during cell division. During the EL-phase, nanodevices
reported high cytoplasmic resistance to reorganization which counterintu-
itively occurred in the absence of radial microtubules. Such cytoplasmic stiff-
ening would enhance spindle centering and the transmission to the cortex of
mechanical loads exerted by spindle elongation. Acute softening of the cy-
toplasm would be required for rapid cleavage plane progression and exten-
sive cytoplasmic reorganization[49] during cell scission. Cytoplasmic forces
larger than 10 nN were detected that may indeed be necessary during com-
pletion of the first cell cycle in mouse embryonic development, and it is no-
table that our devices measure average forces driving cytoplasmic reorgani-
zation rather than intracellular point forces. For example, the devices tracked
large average reductions in cytoplasmic mechanical loads and cytoplasmic
redistribution after blebbistatin perturbation (Figure 4.60), in agreement with
consequential reduction in pronuclear centring and increased asymmetric di-
vision.

Collectively, these findings are consistent with fundamental roles for in-
tracellular forces and cytoplasmic mechanical dynamics in early mammalian
development (Figure 4.49). Thus, this work will open a window onto in-
tracellular physics and will provide complementary information to existing
techniques for mechanobiology. Consequently, we have already began to
develop a new intracellular device with a star-shape design, to carry out a
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Figure 4.60. Outline of the mechanical program of mouse embryo. Models of
the mechanical program for controls (Cont.) and embryos perturbed by blebbistatin

treatment (B).

mechanical sensing inside eukaryotic living cells. These devices have been
fabricated based on silicon microtechnologies with a high-aspect ratio, 23.50
pm in length and 0.05 ym in thick. Moreover their mechanical behaviour has
been analysed by the use of FEM simulations and the biological experimen-

tation is a future task.
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Chapter 5

Anchored silicon chips for cell
traction forces determination

Cell traction forces are a main factor of cellular development, motion, shape and
extracellular matrix remodelling. Hence, there exists a huge interest in the devel-
opment of tools able to measure traction forces to understand cell behaviour be-
hind them. Here, we explore different fabrication technologies to develop traction
force devices. We started by fabricating a traction force microscope consisting of a
periodically-spaced Quantum Dots substrate from a PDMS stamp obtained by elec-
tron beam lithography silicon master fabrication. Since the stamping process to ob-
tain nanometric dots with a nanometric pitch was unattainable with the technology
at our disposal, we switch to a novel standing silicon chips anchored by nanopillars
whose rupture is used for the determination of the ultimate cell traction forces. Fabri-
cation of the nanopillar system was carried out through silicon-based microtechnolo-
gies, where the sharpening of the pillar anchors was approached by different etching
processes. This sharpening process was the challenge of the fabrication development,
since standing pillars reach dimensions less than 25 nm at the anchor. Successfully,
the fabrication of the samples was reached and pillars were mechanically studied to
characterize their fracture force. Finally, HeLa cells were seeded on a chip demon-
strating their interaction with the pillars, through which cell traction forces could be
measured.
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5.1 Introduction

The determination of cell tractions forces is a key issue in cell mechano-
biology[1-3]. Cells mechanically interact with their environment and these
interactions regulate many cell functions as cell proliferation, differentiation
and migration[1, 2].

Despite the relevant role of the mechanical traction processes of the cell,
there is a limited number of tools to study cell mechanics compared to the
larger number of molecular genetic techniques to study cells[1]. This arises
from the difficulty of measuring directly the cell traction forces as they are
very small (pN to nN) and occur in small length scales (nm-pm)[1].

Quantification methods of cell traction forces are mainly based on micro-
scope imaging of the displacement field induced by the cells in a substrate,
whose mechanical properties are known. The displacement field is later used
as input in a mechanical model system to simulate the exerted forces. Two
main methods are used for this purpose: (1) traction force microscopes (TFM)
on soft elastic substrates and micro-pillars (¢P); and (2) TFM on soft elastic
substrates with embedded particles[1, 3] or Quantum Dots (QD) nanodisc
printing on elastic silicone substrates[4, 5]. These second methods require
the optical measurement of the displacement of the particles, the reconstruc-
tion of the displacement field and the numerical solution based on a substrate
material model[4-6]. Conversely, arrays of elastic P are also routinely used
to calculate the exerted forces by cells using the bending of the pillars as
an input, and the beam theory to translate the pillar bending in an applied
force[2, 7-9].

However, these techniques are subjected to some limitations, since they
require to measure the initial or a reference state, and they share the challenge
of measuring the nanometre displacements in a noisy environment, which re-
quires techniques and equipments that might not be available on a standard
laboratories[1]. Moreover, some of them are inverse methods, in the sense
that the measured displacement field must be numerically post-processed to
determine the forces, which can also be difficult for laboratories that want
to implement this technique[1, 3]. In this sense, a great effort has been done
to improve the postprocesing techniques in order to reduce errors due to ig-
norance of the out-of-plane displacement components and of the mechanical
properties inherent to non-linearities of soft materials, to reduce noise effects
and selecting the best interpolation methods for an ill-posed problem[3, 6].

Additionally, these systems suffer from mechanical coupling effects be-
tween adjacent particles or pillars, and stresses are transmitted through the
soft substrate. In these sense, in order to increase sensitivity, avoid the cross-
sensitivities between pillars made of soft-materials and, at the same time,
increase the pillars density, hard materials for nanopillars, as GaAs and GaP,
have been proposed|[2, 10, 11].

Despite the fact that both, the soft elastic substrate and the ypilars mea-
sure traction forces, they present an important difference between them: one
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is two-dimensional and the other three-dimensional. Thereby, the cellular be-
haviour (and, thus, the measured forces) can differ as, in the first, cells lie on
a 2D substrate to which they can attach meanwhile cells experienced a 3D en-
vironment in the case of ppillars. Although being reductionist approaches,
2D systems have facilitated the understanding of cell behaviour[12]. Con-
versely, some studies have shown 3D environments reflect more accurately
the cellular microenvironment[13, 14], since cell proliferation, differentiation,
mechano-responses, and cell survival have been proved to be affected by the
dimensionality of the extracellular matrix (ECM) surrounding cells[12, 15,
16]. Consequently, the adoption of 3D systems aims to be more appropriate
as it mimics physiological processes in vivo more realistically.

Different challenges can be distinguished in the determination of cell trac-
tion forces. Many studies are interested in solving the fundamental biological
problem of the origin of the cellular traction forces, for instance, the molec-
ular complexes that generate the forces, the cytoskeletal components and
molecular motors involved or the role of the focal adhesions. In many of
these experiments, the challenge is to detect small forces, for what, the im-
portant parameter is to improve the low detection limit of the techniques.
This can be approached by improving imaging resolution[4, 5, 17] and /or by
improving the algorithms for force calculation[17, 18]. In other cases, spatial
resolution is the important parameter in order to accurately obtain a force
map with resolution below the cell size[4, 5, 17-19].

However, in many other experiments the Ultimate Traction Force (UTF),
which can be defined as the maximum traction force exerted by a cell, can
be of enormous interest to determine the condition of the cell. In this sense,
traction forces have been demonstrated to be a biomarker of malignant cells
and a way to investigate the effects of anticancer drugs[10, 11]. For instance,
UFT have been used to distinguish between MCF7 breast cancer cells and
MCF10A normal-like breast epithelial cells, and even to monitor traction
forces to investigate the effects of anticancer drugs by using the bending of
nanopillars[11]. Hence, there is a lack of simple, fast and direct 3D techniques
for the UTF calculation.

Here, we initially started our research on the development of a new 2D
TFM with improved capabilities as we devised a TFM with a forthwith print-
ing method of a periodically spaced QD pattern combining EBL with printing
techniques to reduce the pitch between the spots. In that sense, the fabrica-
tion process is faster, as the printing of the pattern is done in one go rather
than point by point as found in the literature. However, as discussed be-
low, this system was dismissed since the fabrication difficulties were tougher
than the advantages that this tool presents. We then moved to a more so-
phisticated design and we fabricated a silicon chip with standing nanopillars
to contribute in the study of cell UTF. This silicon chip comprises an array
of mechanical test specimens (nanopillars) with catalogued minimum forces
for their structural integrity. In this way, cells cultured on them can fracture
some specimens up to a certain one in which the required force to fracture
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will define the maximum force applied by the cells.

5.2 Electron Beam lithography patterning for a
PDMS-based cell TFM

Our first proposal for the determination of the cell forces exerted on a sub-
strate, was the development of a TFM. Inspired by previous works consisting
of embedded beads[4, 5], we thought on the fabrication of a substrate pat-
terned with QD, which allows the quantification of the cell migration forces
by the change on the position of these dots.

5.2.1 Design of a patterned substrate as a TFM

The design of the TFM is based on an array of periodically-spaced dots prin-
ted on a cellular substrate. Seeded adherent cells attach and spread over the
substrate where they exert traction forces when modifying its shape or mi-
grate. These cell-generated forces provoke changes in the substrate which
translate in changes in the position of the printed dots. Hence, by an optical
read-out we can measure the position of the printed spots that will be lat-
erally displaced. The deformation of the substrate can be correlated to the
exerted forces. Moreover, due to the periodicity of the pattern, it is easy to
notice this change, and from this shift, we are able to calculate the applied
force by the cell (Figure 5.1).

_(_)f,-,y,) _______
o oy -
P N —
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Figure 5.1. Schematic of the working principle of the TFM for cell force measure-
ments. Periodically distributed QD stamped on a cell substrate with a pitch p and a
diameter ¢. When cells are cultured and adhered on the substrate they exert forces
on it making the position of the dots changes, so the applied force can be derivated
from the change in dots location.

The designed conception for the fabrication of the TFM (Figure 5.2) was
to print QD on the cellular substrate with a polydimethylsiloxane (PDMS)
stamp ((Figure 5.2c). The PDMS stamp consists in vertical nanopillars of 200
nm of height and 160 nm of diameter. The top surface of the nanopillars will
be initially inked with a QD solution and then will be stamped on a substrate
in which living cells will grow. The PDMS stamp will be replicated from a
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silicon master (Figure 5.2b), which is previously fabricated with the Electron
Beam Lithography (EBL) technique (Figure 5.2a). Lithography techniques
(electron and ion beam and photolithography) are commonly used to obtain
a master for the fabrication of PDMS micropillar membranes [7, 20, 21].

a b
PDMS stamp

Silicon master

Silicon master

c
d .B. QDs
PDMS stamp
L L L
Cell Substrate Cell Substrate

Figure 5.2. Designed steps for the fabrication of the TFM. a) Silicon master has to
be fabricated in order to create a (b) PDMS nanopillars stamp which (c) will be coated
with a QD solution to stamp the pattern on a cell substrate (d) to finally obtain the
TFM with periodically spaced (p) dots (¢).

The pattern is written with EBL by importing a previously drawn file with
a matrix of 5 x 5 yum? with 500 nm-pitch between dots. This small matrix is
later replicated with the EBL software settings to define the final layout for
filling an area of 500 x 500 pm?.

5.2.2 Technological development for the fabrication of a pe-
riodically-spaced dots substrate

As summarized in the previous section, the technological development to
fabricate a periodically-distributed dot pattern can be approached in two
steps: first, the PDMS stamp is obtained from a silicon master fabricated by
EBL (Figure 5.2a,b), and second, the PDMS is inked with a QD solution to
stamp the pattern on the substrate (Figure 5.2¢,d).

EBL
_____ DA
Copolymer
""" ' ‘ PMMA
Silicon

Figure 5.3. PMMA-Copolymer profile after EBL exposure. A thinner sidewall
profile is obtained with a polymer-copolymer configuration.
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The silicon master fabrication was performed by electron beam lithogra-
phy (EBL Raith 150 Two, Raith) over a 100 nm-thick PMMA 950K A2 and a
200 nm-thick Copolymer EL6 layers. With that polymer-copolymer configu-
ration a thinner sidewall profile is achieved, due to the different dissolution
rates of the layers are different at the developing step (Figure 5.3).

For sample preparation, a four-inch p-type silicon wafer <100> (Okmetic)
is diced in 1.5 x 1.5 cm? chips, on which the exposure will be done. The
selected chip is cleaned by a piranha etching (H,SO4 and H,O; solution) to
remove organic residues, and is activated by oxygen plasma (TEPLA 300-
E, Technics Plasma) to generate —OH moieties on the surface for a better
adhesion of the polymer (Figure 5.4a). Next, the chip is placed on a hot plate
for 90 s at 180°C to evaporate aqueous rests. Then, a layer of 100 nm-thick
PMMA 950K A2 is spun at 1500 rpm and after 1 min the sample is post-baked
on the hot plate during 1 min at 180°C (Figure 5.4b). After that, 200 nm-thick
copolymer EL6 is spun for 1 min at 1500 rpm. The sample is then post-baked
on the hot plate for 1 min at 180°C and ready for the EBL exposure (Figure
5.4¢).

Copolymer
PMMA
=+ < 5 Silicon

Figure 5.4. EBL process for the silicon master fabrication. a) A cleaned diced piece
of a silicon wafer. b) 100 nm-thick PMMA 950K A2 is spun. c) 200 nm-thick copoly-
mer EL6 is later spun. d) EBL exposure is performed. e) Resists are developed. f)
Silicon substrate is etched by anisotropic RIE. g) Finally, resist is stripped to obtain
the silicon master.

EBL exposure (Figure 5.4d) is performed by replicating a matrix of 5 x 5
um?, with dots periodically spaced 500 nm, up to a final area of 500 x 500
pum?. The beam column parameters are fitted to a voltage of 20 kV and an
aperture of 30 ym with a beam current, Iy, of 312.3 pA. Since the designed
layout is comprised by dots, to achieve the exposure of a 160 nm diameter
area for the wells of the silicon master, it is needed to established a time for
the beam to remain in each spot delivering the correct dose, Tp,;- This time
is fixed in Tpye = 0.25 ms. Hence, the dot dose, defined by equation 5.1, is
0.078 pA-s.
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DD = IbeamTDwell (5-1)

After the exposure, the resist is developed (Figure 5.4e) by the chip im-
mersion in a Methyl isobutyl ketone (MIBK) : Isopropyl alcohol (IPA) (1:3)
solution for 30 s then a 30 s rinse in IPA, and, finally, dried with N.

Once the resist is developed, the pattern is transferred to the silicon sub-
strate by anisotropic RIE (Alcatel AMS-110DE P10) with SFq, C4Fs, O gases
(Figure 5.4f). Finally, resist is tripped to get the silicon master (Figure 5.4g).

Following, the PDMS stamp is fabricated in a two-step procedure: first
the silicon master is silanized by exposure to a fluorinated alkyl silane (1H,
1H, 2H, 2H—Perfluorooctyltriethoxysilane, PFOTCS, Fluka) vapours render-
ing its surface hydrophobic to avoid it sticking to the PDMS (Figure 5.5). The
PDMS mixture is then prepared and poured over the master (Figure 5.6).

Fluorosilane vapours

(CTTICT

Figure 5.5. Silicon master surface preparation. The surface of the silicon master
was treated under a fluorinated alkyl silane ambient to avoid sticking between the
PDMS stamp and the silicon master surface. Silicon master is located inside an Petry
dish next to a coverglass with some drops of fluorinated alkyl silane which evaporate
after introducing the whole system inside a vacuum desiccator.

Silicon master

To accomplish the silanization, the silicon mould is sonicated in ethanol
for 1 min to clean it and then activated in oxygen plasma (TEPLA 300-E, Tech-
nics Plasma) for 1 min at 500 W. Immediately thereafter, the chip is placed in-
side a Petri dish next to a coverglass with a few drops of the fluorinated alkyl
silane (Figure5.5). The whole setup is later introduced in a vacuum desicca-
tor and the vacuum is activated for 1 min. The silane evaporates and it is left
to deposit over the master during 1 h. Then, we introduced the chip in an
oven at 80°C for 30 min and finally we rinsed it with ethanol and dried with
Ny prior to the PDMS casting.

NN §i i

Silicon PDMS

Figure 5.6. PDMS stamp fabrication. a) PDMS prepolymer is cast on the silicon
master. b) PDMS is cured for 2 h in an oven at 80°C. c) After cooling, the PDMS
stamp is peeled-off (d) obtaining the replicated PDMS stamp.
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For the PDMS stamp fabrication, initially the base polymer and the curing
agent (Sylgard 184 PDMS elastomer, Dow Corning) are mixed by weight at
a ratio 10:1 in a plastic container. Next, the plastic container is placed in a
desiccator for 30 min to degas the mixture under vacuum. Once the bubbles
have been removed, the PDMS polymer mix is poured over the silicon master
(Figure 5.6a). Then, the sample is cured for 2 h inside an oven at 80°C (Figure
5.6b). After cooling it is peeled-off (Figure 5.6c) to obtain the final PDMS
stamp (Figure 5.6d).

i ’ j i d
QD solution

PDMS QD solution Cell substrate

Figure 5.7. PDMS stamp on cell substrate. a) PDMS stamp is inked with a QD
solution. b) The inked PDMS stamp is washed to remove extra ink. c) The pattern is
transferred to a cell substrate by stamping the PDMS pillars. d) Finally, the TEM is
achieved.

The top surface of the PDMS nanopillars is incubated with an 1:20 v/v
aqueous:QD solution (Qdot 585 or Qdot 655 ITK amino (PEG) Thermo Fisher
Scientific) (Figure 5.7a). The inked PDMS stamp is washed to remove ex-
cess ink (Figure 5.7b) and the adsorbed QDs are transferred by stamping the
PDMS into the substrate (Figure 5.7¢c) to get the final TFM where living cells
will grow (Figure 5.7d).

The silicon master can be reused in forthcoming stamps fabrication. Thus,
the chip has to be cleaned in a 0.2 M Tetra-n-butylammonium fluoride (TBAF,
Sigma) solution in Dimethyl Sulfoxide (DMSO, Sigma) overnight. Then, the
chip is sonicated (immersed in the solution TBAF:DMSO) in an ultrasonic
bath (Ultrasonicator - Selecta 3000683) to release possible stuck PDMS rests.
Finally, the silicon master is cleaned with DI water and dried with Nj.

5.2.3 Characterization of the TFM

The whole fabrication process was characterized in order to verify the perfect
completion of each fabrication stage.

As the silicon master dots features were fixed at 160 nm-diameter (¢), 500
nm-pith (p) and depth of 200 nm (h), the stability and the non-collapse to
the ground of the PDMS nanopillars is guaranteed, as the aspect ratio (ratio
between h and ¢) was lower than the critical one (between 2 and 4)[20]. It was
confirmed when a deeper (1 ~ 600 nm) silicon master was fabricated (Figure
5.8, left), leading us to a PDMS stamp with collapsed nanopillars (Figure 5.8,
right), since the aspect ratio was comprised between the critical values.
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Hence, the fabricated silicon master with the proper dimensions was anal-
ysed by SEM (LEO 1530) and it was milled by FIB (Zeiss 1560XB Cross Beam,
Carl Zeiss) to measure its depth (Figure 5.9), verifying its correct dimensions.

Figure 5.8. Characterization of high aspect ratio fabrication structures. SEM im-
ages of (left) 600 nm-deep silicon master nanomilled by FIB and (right) collapsed
PDMS high aspect ratio nanopillars. Scale bar: (black) 200 nm and (white) 2 ym.

Later, the PDMS stamp was examined by SEM (Figure 5.10, left) and
nanopillars height was measured by AFM (Bruker) showing a heigh of 126.93
nm (Figure 5.10, right). The height of the PDMS nanopillars resulted smaller
than the 160 nm deep of the holes on the silicon master, probably originated
by the incomplete filling of the grooves.

Figure 5.9. Silicon master characterization. SEM images of (left) a top view of
the silicon mater showing the periodically spaced holes and (right) the result of FIB
nanomilling of the master to measure the depth of the holes after the dry etching.
Scale bar: 1 ym. Scale bar: 200 nm.

The inked nanopillars were initially stamped in a clean piece of a sili-
con wafer in order to check the printing of the QD. Eclipse 80i microscope
(Nikon, Japan) was used to collect the fluorescence images with a Nikon
Camera DXM1200F.

Printed dots with emission at A=585 nm was observed to be correctly
transferred but only in a small rectangle area of the entire matrix (Figure
5.11), even with a measurable profile of the periodicity of the pattern. Con-
versely, the rest of the printed matrix showed a homogeneous distribution
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on the reflected intensity as seen in the margins around the rectangle of the
optical image on Figure 5.11.

Figure 5.10. PDMS stamp characterization. Top SEM image of the PDMS nanopil-
lars stamp and a zoom with an AFM measure to analyse the final vertical dimension
of the pillars. Scale bar: 2 ym.

This sample was later examined by SEM, in order to analyse the aspect
of the printed QD (Figure 5.12). Notably, the QD presented the periodicity
raised on the fabrication however their shape did not have the expected cir-
cular geometry. On the other hand, areas with a wrong transference of the
pattern presented a dirty-like stain under SEM inspection (Figure 5.13).
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Figure 5.11. Printed QD characterization by fluorescence microscopy. Fluores-
cence optical image of the transferred pattern to a piece of silicon wafer as a sub-
strate. Coloured marks represent the lines along the intensity profiles of the right
graphs have been measured. Scale bar: 2 ym.

A second PDMS stamp fabricated and inked with QD of A=655 nm was
examined under the fluorescence microscope. In the Figure 5.14 (left), there
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Figure 5.12. Printed QD characterization by SEM. SEM images of an area of the
silicon substrate with transferred QD showing the periodicity of the pattern but with
a non-circular shape on the spots. Scale bar: 2 ym. Scale bar: 200 nm.

are cues of a pattern but it is difficult to determine the position of the dots,
which does not make this stamp transference good either. Also, comparing
the optical image with a SEM image of the stamp (Figure 5.14), both pre-
sented the same defect coming from a defect on the fabrication when the
small matrix design is replicated.

Figure 5.13. Wrong printed QD zone characterization by SEM. SEM image of a
non-correct transference area of the periodically-spaced dots pattern. Scale bar: 2
pm.

Hence, this method results technologically complex on the transference of
the pattern to the substrate, since it was not possible to reproduce a large dot-
ted area which enable its use as a TFM. Current developed tools, even if time-
consuming in the fabrication of the TEM, present greater improvements as
reference-free acquisition and high-resolution quantification of force fields[22].
Our TEM could be instantaneously fabricated but the development of a cor-
rect printed pattern is more a drawback than the potential advantages on the
tinal tool compared with the state of the art. Thereby, we move to a more
sophisticated 3D tool in which the highest forces that a cellular type could
achieve can be quantified.
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Figure 5.14. Printed QD characterization with inked QD655. Fluorescence image
of the transferred pattern showing a non discernible profile of the dots. (Right) SEM
image showing the defect on the PDMS stamp originated in the matrix replication
during the EBL fabrication. Both images present this defect which is pointed with
whit arrows. Scale bar: 10 ym.

5.3 Design of the silicon-pillars platforms

With the aim of quantifying cellular forces, we devised a platform with struc-
tured mushroom-shaped silicon pillars whose stalks diameter, 6, range from
25 nm to 1.575 ym in order to stablish a correspondence between the stalks
and the applied force, F, to shatter them (Figure 5.15). Hence, we develop an
Ultimate Traction Force (UTF) as a direct method to determine ultimate forces
based on the fracture of these nanomechanical test specimens.
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Figure 5.15. Scheme of the designed silicon pillars relating the anchor diameter
and the applied force. Schematic of a mushroom-shaped silicon-based pillar speci-
men rooted on the substrate with a minimum diameter on the anchor, 6, a head with
a thickness 4,4, and the applied force needed to fracture the pillar, ;-

Compare to the previous 2D method, this new proposal is faster and sim-
pler allowing a direct in-situ measurement which avoids the obtaining of the
displacement field induced by the cell on a substrate and the subsequent ob-
taining of the force map.

The proposed test specimen consists of a two parts: a head and an anchor
(stalks) (Figure 5.15). The anchor has a non-uniform cross section to control
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the mechanical failure location. A transversal force, F, applied at the head of
the specimen will produce the lateral bending of the structure or its fracture,
when the exerted force exceeds the fracture force, Fq¢ (Figure 5.16).
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F< fract F ZF fract
Bending Fracture

Figure 5.16. Specimen behaviour with the magnitude of the applied force. A
lateral force, F, (left) below the force limit to fracture the specimen will bend the
device and (right) over the force limit will fracture it.

During bending, the narrowest part of the anchor concentrates the max-
imum deformation and, hence, the maximum stress. The localization of the
maximum stress defines the initial position of the fracture in the case that the
value exceeds the fracture strength of the material. The control of the fail-
ure position is an important point as it reduces the dispersion of the yield
strength of specimens with the same dimensions.
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Figure 5.17. Schematic of the pillar behaviour dependence between an applied
force and the anchor size. Specimens (top) with different 6 size (bottom) bend or
fracture if a given applied force, F, exceeds the fracture force limit, Fs,,;. The frac-
tured specimen with the larger diameter, 6,,, stipulates the ultimate traction force.
Specimens with larger diameter, § > n will not fracture, and those with smaller
diameter, 8 < n, will fracture.

For a given F, structures that differ on the size of the minimum diam-
eter of the anchor will show different level of the maximum concentrated
stresses, being larger the narrower is the diameter (Figure 5.17). In the case
that concentrated stresses are larger than the fracture strength, the specimen
mechanically fails. Thus, there will be a critical diameter, 6,, so that, for the
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same F, specimens with narrow diameter, < 6,,_1, fail and specimens with
larger diameter, & < 0,11, at most, will bend (Figure 5.17). The idea of this
work is to design a chip consisting of a library of specimen arrays with the
same 6 inside each one, but with different  among the different arrays (Fig-
ure 5.18).
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Figure 5.18. Cell culture interaction with nanopillar chips. Cells cultured on a
matrix of identical test specimens exerting forces on the substrate. Specimens in
arrays with 6 > n will remain standing, in those with 8 < n few specimens will
be fractured, and in arrays with thinner diameters, 6 < 7, many specimens will
fracture, more broken structures the thinner they are.

Cells cultured on the chip exert traction forces that, if they exceed the
forces that induce stresses over the fracture strength, they are able to fracture
the specimen. Thus, the array with the larger 6 showing fractured specimens
informs about the maxim traction forces that exhibit the cultured cells (Figure
5.18).

The chip design was set up on a chessboard-like configuration (Figure
5.19a) with 8 x8 quadrants in which each quadrant (Q) has pillars with dif-
ferent sizes at its narrowest diameter, 6. Hence, each Q was defined in the
layout of the reticle as an array of squares, separated 5 ym side to side, with
equal dimensions, ranging from 2.425 ym in Q64 to 4.000 ym in Q1 (Figure
5.19b). Thereby, as it will be explained later in section 5.4, the squares will act
as a mask for the subsequent definition of the anchor size. A quasi-isotropic
dry etching will be applied to create the anchor of the mushroom-shaped
silicon pillar beneath a silicon head[23-25].
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Until now, we have only discussed the influence of the diameter of the an-
chor of the pillars in the value of the force required for their rupture. How-
ever, there is another dimension that we can control during the fabrication
that directly influences the mechanical behaviour of the specimen according
to the position (r) of the applied force (F): the thickness of the head, t},.;4.
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Figure 5.19. Design conception for the fabrication of an UTF with silicon chips
anchored to the substrate. a) Schematic of the chip design in an 8 x8 quadrant (Q)
configuration, where each Q is labelled with its number in the upper left corner and
has its own size for the head pillar and an anchor diameter. b) Schematic correspon-
dence between the designed square on the layout reticle and the dimension of the
specimens. Reticle squares sizes range from 2.425 ym to 4.000 pm, establishing a
relation with the width of the anchor.

Thus, through the use of the concept of torque or moment of force (7), it is
clear to see that larger values of t;,,4, for a given force value, always applied
in the highest part of the pillar head, will facilitate the breakage of the pillar



148 Chapter 5. Anchored silicon chips for cell traction forces determination

(Figure 5.20). Therefore, it will be possible to fabricate a chip with a force
catalogue where we can adjust f;,,7 and 0 in order to get the appropriate
system.
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Figure 5.20. Schematic of the pillar behaviour dependence between an applied
force and the size of the pillar head. For different fabricated chips, specimens (top)
with different thickness of the pillar head, 7, (bottom) bend or fracture if the applied
force, F, exceeds the fracture torque limit, T¢;4;-

5.4 Technological development of a narrow anchor
for the fabrication of high sensitive mechani-
cal silicon-based platforms

Chips were fabricated using silicon-based technologies, derived from the
microelectronics techniques, which offer unique capabilities in terms of the
batch fabrication of millions of identical structures with submicron dimen-
sions. Silicon presents important advantages being use as structural material,
due to its excellent mechanical properties for the fabrication of mechanical
sensors and actuators[26].

The first fabrication steps were designed as explained below. The initial
substrates are 100-mm-diameter p-type <100> 500 pm-thick silicon wafers
(Okmetic) (Figure 5.21a). Wafers are oxidized at 1100 °C in a wet oxygen
atmosphere to grow a 1 um-thick silicon dioxide (Figure 5.21b). A 1.2 ym-
thick positive photoresist is spun onto the wafers (ma-P 6512 Micro Resist
Technology) (Figure 5.21c). Then, exposure to UV light (Stepper NSR1505-
G7E, Nikon) is performed through a reticule and the resist is developed and
baked (30 min, 200 °C) (Figure 5.21d). Next, the 1 ym-thick silicon dioxide is
etched with CHF3 (AMI etch P-5000) (Figure 5.21e). The silicon wafer is ver-
tically etched (1-10 ym) by an anisotropic DRIE process with SFs and C4Fg
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gases (A-601E, Alcatel) (Figure 5.21f). After that, the photoresist is stripped
by oxygen plasma (TEPLA 300 SemiAuto). Subsequently, an ozone rinse is
performed (Sirius HydrOzone, Semitool), since the photoresist was previ-
ously hardened and some rests could remain on the wafer (Figure 5.21g). A
30 nm-thick silicon dioxide layer is grown (SM Furnaces LB45) to protect the
walls of the head of specimens for the next silicon etching (Figure 5.21h).
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Figure 5.21. Fabrication steps of the nanopillar chips. a) Silicon wafer as initial
substrate. b) 1 ym-thick SiO, wet oxidation. c) A 1.2 ym-thick photoresist is spun. d)
UV photolithographic exposure is done to define the structures, and later the resist
is developed and baked for 30 min at 200 °C. e) SiO, layer is etched by RIE. f) Silicon
is vertically etched (1-10 ym) by an anisotropic DRIE process. g) Resist is stripped.
h) Silicon vertical walls are protected with a 30 nm-thick SiO5. i) a 30 nm-thick SiO,
dry etching is performed. j) Silicon quasi-isotropic etching to define the underneath
silicon anchors.

A 30 nm-thick silicon dioxide layer is vertically etched with CHF3; (AMI
etch P-5000) (Figure 5.21i and Figure 5.22, left). Next, silicon is partially
etched with SF¢ and C4Fg gases (A-601E, Alcatel) using a quasi-isotropic
(anisotropy ~0.6) process to define the anchors with a non-uniform section
underneath each silicon chip (Figure 5.21j and Figure 5.22, right).

Figure 5.22. SEM images at some steps of the fabrication. Fabrication SEM im-
ages at wafer level of the pillars (left) after the f-step and (right) after the j-step
schematized in Figure 5.21. Scale bars: (black) 10 ym and (white) 1 ym.
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Now, starting from pillars as found in Figure 5.22, right, the diameter of
the narrowest part of the silicon anchors is measured, in order to proceed
with a sharpening of the anchors of the silicon pillars.
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Figure 5.23. Fabrication step options of the nanopillar sharpening. Starting from
the step Figure 5.21j, silicon pillars were sharpened by following to different fabrica-
tion options. From j), Silicon quasi-isotropic etching to define the underneath silicon
anchors, two options of the sharpen step are represented. Option 1: k;) dry oxida-
tion for a first sharpening of the pillar anchors, and 1;) SiO, etching by HF vapours.
Option 2: k;) an accurate fine controlled process consisting of the use the physical
component of a RIE process based in CHF; with a low silicon etching rate.

Initially, the sharpening process was addressed by two different options
(Figure 5.23). Option 1 consists in performing a dry oxidation of the silicon in
order to reduce the silicon thickness to reach a 25 nm-diameter in the thinner

one.

’/ Radical species ~ lonic species ~ Physical Etching‘

Figure 5.24. Detail of the nano-sharpening process of the nanopillars through
Option 2. Starting from the step Figure 5.21j, silicon pillars are nano-sharpened with
an accurate fine controlled process consisting of the use the physical component of a
RIE process based in CHF3;. Moreover, the chemical component reacts with the SiO,
layer to etch it.

Hence, considering that the 44% of the oxidation thickness is lying below
the initial silicon surface and the 56% above it[27, 28], if the measured diam-
eter of the anchored part of the smallest quadrant is 0s;, then, to achieve an
anchor diameter of 25 nm in this quadrant, the oxidation thickness can be es-
tablished as 0.44 - ts;0, = % — % nm. Accordingly, a non-chlorinated dry ox-
idation with a tg;p, thickness is done (Figure 5.23k;). Next, the wafer is diced
to get the individual chips and the silicon dioxide layer is completely wet
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etched by using a buffered HF-based solution (SiO-etch 6:1 SYgma Aldrich)
and chip are dried with critical point dryer of CO2 (Supercritical Automega-
samdri®-915B, Series C, Tousimis) to prevent the collapse of the pillars (Fig-
ure 5.2314).

The development of the sharpening in Option 2 is based on an accurate
mechanism of silicon etching from the physical contribution of a RIE process.
The selected approach for the nano-sharpening was initially designed to etch
silicon dioxide with a high selectivity versus silicon (CHF3 gas, AMI etch P-
5000), and has an extraordinary small etch-rate to silicon (40 nm/min). This
small etch-rate enables a high control of the nano-sharpening with diameters
of the narrow part of the anchor, 6, below 20 nm, by controlling the etching
time. The process uses the ability to etch from the ions striking (physical con-
tribution of the etching) the upper surface of the silicon wafer[29] combined
with the etching of the SiO, (from the chemical reactions) (Figure 5.24).

Figure 5.25. Wafer before cutting into chips. Image of a wafer with the squares
defining the chips. Chip dimensions are 1 cm x 1 cm.

Before this second option was implemented, the wafer was diced in chips,
on one side in order to have a better control of the etching in the resulting pil-
lar dimensions, but also to avoid cutting the wafer once pillars have already
been sharpened, which is when the chips are already more fragile to handle.
The appearance of the wafers before cutting them is as shown in the Figure
5.25.

5.5 Physical characterization of the silicon stand-
ing nanopillar chips

Along the fabrication process, some checkpoints were done in order to guar-

antee a correct fabrication of the pillars.

The fabricated devices have to be physically characterized in order to
measure and assort the mean narrowest diameter of pillar anchors within
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each Q. Hence, before the application of the chip to cellular forces experi-
ments, we need to know the pillar dimensions in order to establish a force
correspondence. A mean value for each Q was determined by SEM measure-
ment of five pillars distributed in each Q (Figure 5.26). Moreover, the t},,;
was measured in various Q without significant changes along the chip. It
should be noted that it is not necessary to measure the mean anchor value at
all quadrants, since they are designed to have a variation of 25 nm in diame-
ter each quadrant skip.
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Figure 5.26. Process to determine the mean value of the anchor diameter for every
Q and chip. a) Schematic of the complete area of the quadrant 64 and, in red, the five
dispersed points where the thickness of the anchors were measured. b) SEM image
of the left-upper corner of the quadrant 64 with a red circle of the zone 1 to select (c)
a pillar for measuring (d) its anchor size. Scale bars: (b) 20 ym, (c) 1 ym and (d) 100
nm.

Therefore, only quadrants from the last row (from Q64 to Q57) were mea-
sured, since the largest one will have a theoretical thickness of 200 nm at the
thinnest part of the anchor. Otherwise, it could happen that the narrowest
anchor does not match the last quadrant (Q64) due to the fabrication process
collapses this Q. Thus, the smallest diameter would be in the Q immediately
above the last collapsed. This is viable because the design, and also the fab-
rication process, allow to always obtain a 25 nm in anchor diameter (or less)
but shifted in the “chessboard”. Since the largest critical variations will oc-
cur in the largest quadrants (those having the narrowest thickness), once can
consider that smallest Q (larger anchor diameter) will allow us to extrapolate
in the dimensions of the successive ones adding jumps of 25 nm as designed.
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We are not interesting in the Q — number, but in the dimensions of the pillars.
Moreover, as we will see later experimentally, and supported by the simula-
tions, cellular forces are limited to anchor diameters not higher than 400 nm
(for the range of t,., of the tested pillars).
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Figure 5.27. Fabricated chip through the sharpening Option 1 method. SEM im-
ages of one fabricated chip, following the sharpening process through the silicon
oxidation, after the wet etching of the SiO,. (Left) Q63 pillars are mostly overthrown
after the wet etching (center, down) which causes the fallen pillars to form clumps.
Otherwise, (center, top) the area where pillars are still standing presents (right) an-
chor sizes with a mean value of 93.72 nm with a deviation of 3.44 nm. Scale bars:
(right) 100 ym, (center) 2 ym and (left) 200 nm.

Considering the sharpening methods explained before, SEM characteri-
zation of the devices fabricated through the Option 1, showed a minimum
mean attainable value of 93.72 nm, with a standard deviation of 3.44 nm, for
Q63, where a large part of the pillars was down during the S5iO, wet etching
process (Figure 5.27). The cap thickness was measured to have a value of 1.7
pm at this chip.

Prior SiO, etching

After SiO, etching

Figure 5.28. Analysis of the chip condition prior and after the SiO, wet etching.
SEM images showing the status of the last three quadrants and a zoom of the pillars
(top) before and (bottom) after SiO, wet etching. Scale bars: (top-white) 20 ym,
(bottom-white) 100 ym and (black) 100 nm.



154 Chapter 5. Anchored silicon chips for cell traction forces determination

A comparison between the status of the chip prior and after the SiO, etch-
ing reflects how delicate the pillars are (Figure 5.28): Q64 resulted completely
shattered, Q63 was mostly and Q62 remained standing, where pillars have a
mean diameter of 122.62 nm with a deviation of 4.98 nm.

Chip | Chip Il

Figure 5.29. Analysis of the fabricated chips following the Option 2. SEM images
of two fabricated chips showing the remarkable narrow diameter achieved for pillar
anchors. Scale bars: (black) 2 ym and (white) 1 ym.

Moreover, even being able to reach nanometric dimensions, this sharpen-
ing method is hazardous, not only because it compromises the stability of the
pillars, but also because it is not a clean method and it makes all the pillars
that have fallen mess the whole chip. Otherwise, vertical walls of the pil-
lars, which showed typical scalloping profiles of a Bosch process, presented
smoother surfaces after the etching since the oxidation of the silicon soften
them.
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Figure 5.30. Fabricated chips with different t,,; values following Option 2. a,
SEM images of a chip with standing nanopillars up to 14 nm-size at the narrowest
diameter of their anchors, with a tj.,; of 2.43 ym. Scale bars (from left to right): 10
pm, 1 ym and 200 nm. b, Still SEM images showing a chip where the fabricated
pillars have reached a thickness value of 55.27 nm and the SiO, layer was not com-
pleted etched during the nano-sharpening process. The total thickness of the head
iS theas = tox +tsi = 0.59 pm + 2.43 ym = 3.02um. Scale bars (from left to right): 2
pm and 1 ym. ¢, Finally SEM images of the highest fabricated pillars with a ty,,4 of
7 um. Scale bars (from left to right): 2 ym and 300 nm
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On the other hand, the physical analysis of the structures fabricated fol-
lowing the Option 2 evidenced that extraordinary thin anchors could be ob-
tained by the nano-sharpening process (Figure 5.29).

Hence, different chips with various head thicknesses were fabricated by
this method, in order to produce an UTF capable to detect small fracture
forces by controlling two parameters, tj,,; and 6 (Figures 5.29 and 5.30). It
may occur that during the nano-sharpening process the SiO; layer is not
fully etched, as the desired diameter can be achieved before the oxide is com-
pletely consumed. This situation does not introduce a difficulty, but the SiO;
thickness must be considered in the total thickness of the head of the pillars
(Figure 5.30b). Additionally, when the nano-sharpening etching is needed to
be longer in time in order to achieve a narrow anchor, the lateral dimensions
of the pillar heads are also being reduced from the physical etching, as can
be clearly observed in Figure 5.30a.

Figure 5.31. Q64 with fallen pillars on the edges. SEM image of a chip where Q64
presents fallen pillars on its perimeter. These pillars act as a checkpoint of the limit
of the pillars stability during the nano-sharpening process. Scale bar: 100 ym.

As seen in Figure 5.31, pillars on the perimeter of the quadrants act as
checkpoints of their stability limit, where white dots represent positions where
a pillar broke. Thus, this method is more delicate allowing a better and more
accurate control on the size of the pillar anchors preventing whole quadrants
from falling.

5.6 Mechanical experimental characterization and
simulation analysis for the determination of the
fracture force of the nanopillars

Following, we are describing the mechanical performance through nanoin-
dentation equipments for the determination of the necessary forces to the
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breakage of the pillars. Then, we will balance these measurements with the
simulation results obtained by FEM analysis.

5.6.1 Preliminary nano-indentation analysis of pillars frac-
ture

The experimental mechanical characterization of the specimens was perform-
ed in the IMDEA Materials Institute by Dr. Miguel Monclas and Dr. Jon M.
Molina-Aldareguia, who lead the Micro and Nanomechanics group, special-
ized in the study of the mechanical behaviour of advanced structural ma-
terials from the nanoscale to the macroscale (see Collaborations and Stays in
Research Entities).

Figure 5.32. Set-up of the PI87 Picoindenter module inside the SEM chamber.
The sample will be placed in the holder and the indenter tip will be approached to
the pillar for the measurements.

In situ tests on the Si pillars were carried out inside the FEI Helios Nano-
Lab 600i FIB FEG-SEM dual beam microscope using a PI87 Picoindenter
(Hysitron Inc.). This nanoindentation system is a miniaturised test platform
designed to perform quantitative micromechanical testing while simultane-
ously imaging with the SEM (Figure 5.32). In this system, a force is applied
electrostatically, and the displacement is measured capacitively. The vacuum
compatible transducer has a maximum force of 10 mN with a force resolution
smaller than 1 nN and a displacement resolution below 0.05 nm. Tips with
different geometries can be fitted to the instruments depending on the type
of testing.

To carry out the measurements, we first cut the chip in order to have a di-
rect access to a line of pillars to be measured (Figure 5.33). In preparation for
the mechanical test, the sample with the nanopillars was placed on a holder
(using silver pain) facing the indenter tip, with the indenter axis normal to
the vertical wall of the pillars (Figure 5.34).
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Figure 5.33. Chip cut with a line of pillars accessible. SEM image of the edge of
a cut chip with pillars at this edge available for the mechanical study. Scale bar: 10
pm.

This initial alignment was done using the tilting and rotation movements
of the sample holder. The indenter tip used for the tests was a flat punch
diamond tip with a diameter of 5 ym. The tip was then manually aligned to
the side of the pillar head using the X, Y and Z motion of the sample holder.

......................... -Sample

Sample

motion

" Indenter tip [HSeIen

Indenter tip

Figure 5.34. Schematic representation of the experimental set-up using the PI-87
SEM Picolndenter. Representation of the set-up for the mechanics characterization
where the sample is placed in the holder to induce pillars displacement through an
indenter tip.

The micromechanical tests performed on the Si pillars consisted in the ap-
plication of a force to the side of the pillar head until its failure (Figure 5.35).
As the pillars are pushed, the load-displacement curves are acquired simul-
taneously with the SEM imaging recording throughout the performance un-
til the pillar fractures (Figure 5.36). The force-displacement curve measure-
ments were carried out by the displacement control test type. First, the tip
was brought into contact with the sample, and next, it was withdrawn to an
adequate distance ensuring the tip was free from contact with the specimen
(Figure 5.36). The transducer was then actuated under displacement control
with displacement rates of 15 nm/s.
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nanoindenter tip

-

Figure 5.35. Schematic and SEM images of the operational mode of the nanoin-
denter measurements. Initially the tip is brought to the pillars head, then the probe
promotes a displacement on the pillars as the force is applied, until the final break-
age of the specimen. Scale bar: 5 ym.

The curve represented in Figure 5.36 shows the characteristic shape of a
force-displacement curve of a pillar with § ~ 100 nm: the loading and the
unloading curves.
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Figure 5.36. Load-displacement curve of a tested pillar from Q62. (Top) Scheme of
a load-displacement curves and SEM images of the behaviour of the pillar at differ-
ent displacement positions during (bottom) the characteristic result of the nanoin-
dentation test where a load curve is first recorded until the breakage of the pillar
when the unload curve occurs. Scale bar: 1 ym.
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Initially, there is a flat lift segment which indicates the tip is out of contact
with the specimen, then, the force begins to increase its values as the probe
has made contact with the specimen until its failure. Finally, the tip moves
back through the unloading curve (Figure 5.36).

Specimens with anchors of different diameters were tested to acquire the
load-displacement curves with the aim of determining their fracture forces.
Mostly, recorded curves were very noisy making highly complicated to ob-
tain information from the measurements, mainly for thicknesses less than 100
nm, where we work on the force detection limit of the equipment (force noise
floor < 400nN). Exceptional deflections of the pillars have been observed dur-
ing the measurements prior to their failure, evidencing the high flexibility of
silicon high-aspect-ratio nanostructures.

A clear trend between the necessary force to promote the failure of the
specimens and their thicknesses is observed in Figure 5.37 where it is repre-
sented the Fy, 4. for some specimens with diameters from 50 nm to 210 nm.
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Figure 5.37. Fracture force versus the diameter of the nanopillars. Ff,,.; obtained
for different thickness of the anchor of the pillars from the load-displacement curve
of the nanoindentation test. Black horizontal lines represent mean values. Error bars
depict measurement standard deviation.

Despite working at the limit of the equipment for some of the test sam-
ples, fracture forces could be obtained without a large deviations. Thus, this
study confirms that the design of our structure is adequate to concentrate the
efforts in a specific area.

5.6.2 Theoretical analysis of the mechanical performance
through FEM simulations

The pillars comprising the UTF have a very particular shape, which makes
its theoretical mechanical study highly complicated, otherwise, they are de-
signed to concentrate the maximum deformations and stresses in a specific
position, the narrowest diameter of the anchors. Hence, we made use of FEM
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simulation analysis to determine their deformation and to ascertain the nec-
essary force that causes their breakage.

We addressed the mechanical analysis by simulating pillars whose anchor
diameters and cap lengths correspond to those tested with the nanoindenter
system. That mechanical experimental performance has revealed the extraor-
dinary bending of the pillars prior to their failure. The theoretical ultimate
silicon strength limit has been previously estimated in 21 GPa[30]. As this
value is theoretical, several studies have investigated about the experimental
ultimate strength of silicon specimens reporting a maximum strength from
12-18 GPa for silicon nanowires of 40-120 nm-thick[31] or 16.5 GPa for sili-
con nanowires of 40-140 nm-thick[32]. Thus, we will try to frame the fracture
force of each tested specimen obtained experimentally with the equivalent
stress (0eq0) results from the simulation.

Therefore, ANSYS Multiphysics software was used to model the speci-
men shapes using the 3D element, SOLID95. Physical constraints were fixed
on the bottom of the substrate and the enforcement of the load was applied
at the mid nodes of the lateral lines of the vertical length of the cap to mimic
the nanoindenter operation (Figure 5.38).
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Figure 5.38. Simulation results of the fracture force versus the diameter depend-
ing on the ultimate strength limit. (Left) FEM simulation results of the fracture
force, Ffyqct, versus the diameter of the pillar, 6, for 21 GPa and 16 GPa as equivalent
stress. The experimental mean values of each pillar diameter are also represented
for a better comparison. (Right) Scheme of the applied forces at the middle nodes of
the vertical edges of the pillar head, and the physical constrains at the bottom of the
substrate.

We carried out a simulation study of the F,,.;, depending on the anchor
size (6), necessary to achieve the ideal ultimate silicon strength limit, namely,
21 GPa. Moreover, as we know that this value is theoretical, the forces ob-
tained for each anchor size will represent an upper limit of the real exerted
forces. Hence, we included in the study the same analysis by looking for the
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forces to reach 16 GPa for the ultimate strength limit as a more realistic ex-
perimental limit. Figure 5.38 shows the simulation results of Fg,.; versus the
size of the anchor, for the two different values of ¢, established.

The results obtained by the simulation show that the experimental data
of the fracture force are slightly higher than the simulation predicts for an
ultimate strength of 21 GPa. The differences between the results of the mea-
surements and those of the simulations are justified from different aspects.
On the one hand, the complexity in the shape of the specimens makes dif-
ficult to replicate their experimental geometry strictly for simulation. More-
over, second order effects, as the surface defects or the dependence of the
size with the Young’s Modulus, have not been considered. Thereby, there
may exist differences between the experimental and the simulated specimen.
On the other hand, the experimental measurement of force by the nanoin-
denter system undergo some conditions that cannot be precisely controlled,
such as the positioning of the tip to apply the force in a specific position, and
that this position remains throughout the measurement until the breakage. In
this sense, we considered three different force application points (top, mid-
dle and bottom of the cap of the specimen), and we simulate the fracture of
the specimens to find the necessary force to reach the experimental ultimate
strength limit (16 GPa) (Figure 5.39).
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Figure 5.39. Simulation results of the fracture force versus the diameter for mul-
tiple force application positions. (Left) FEM simulation results of the fracture force,
Fract, versus the diameter of the pillar, 6, for o¢5, = 16 GPa and different force appli-
cation positions. The experimental mean values of each pillar diameter are also rep-
resented for a better comparison, and a confident area (in shadow). (Right) Scheme
of the position of applied forces (top, middle and bottom of the cap of the specimen)
and physical constrains at the bottom of the substrate.

It is remarkable the dependence between Fy,,; and the point of applica-
tion of this force. Thus, we have built a confidence area enclosing the ap-
plied force (shadow area in Figure 5.39), where higher differences occur for
thicker anchors. Despite the uncertainties in the mechanical characterization
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of the fracture forces through the nanoindentation test, the simulation results
showed that these measures are properly framed.

5.7 Biological application: preliminary results of
the cell force measurements
Here we show the applicability of the UTF as a tool for cell force measure-

ments, with the future purpose of discriminating different cell lines accord-
ing to the force they are able to exert.

Figure 5.40. Optical images conforming a quadrant after cells seeding. State of
the quadrant Q38 following cells seeding on a chip. Four images were taken to build
the whole quadrant at t = 0 to ensure comparison with later times. Bright circles
are standing pillars while the dark ones are the anchors after pillars breakage. Red
arrows point to two examples of round cells. Scale bar: 100 ym.

All the biological experiments were carried out in partnership with the
group headed by Dr. Teresa Suarez from 3D LAB Development, Differentia-
tion & Degeneration group at the Centro de Investigaciones Bioldgicas Margarita
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Salas (CIB, CSIC) (see Collaborations and Stays in Research Entities). As it has
been strongly tested along this thesis and in other reported works, silicon
is a biocompatible material. Hence, we directly started by exploring the be-
haviour of HeLa cells when they are seeded on our silicon chips.

For that, we first sterilized the chip inside a chamber with a flow hood
using flux by ultraviolet lamps for 30 minutes. Then, the chip was placed
in a 35 mm-Petri dish and cells were seeded over it very delicately, as this
process is critical for the stability of the structures. Immediately afterwards,
the chip was inspected under a Zeiss Axioplan microscope to establish the
reference at t = 0 of the state of the pillars, focusing the observation of the
state on the pillars in the quadrants with the narrowest anchors (since these
are the most fragile and could be damaged after cell seeding). Thus, several
images were taken, by sweeping the quadrants of interest, with a CCD Leica
DFC350 FX camera connected to the microscope using a x20 objective (Figure
5.40). It should be noted that large magnifications are not needed for the
experimental performance, facilitating its implementation in any laboratory
where ordinary simple microscopes are sufficient.

t [h] 0 24 48 72 96 120 144 168
Totaln®s | 120,000 | 240,000 | 480,000 | 960,000 | 1,920,000 | 3,840,000 | 7,680,000 | 15,360,000
n%ens/chip | 18,000 | 36,000 | 72,000 | 144,000 | 288,000 | 3,840,000 | 576,000 | 1,152,000

Table 5.1. Estimation of the number of cells in the experiment versus time.

To evaluate the interaction between cells and pillars, HeLa cells were cul-
tured for long periods (up to 168 h) and observed under the microscope every
24 h. For that reason, to avoid the cellular crowding in the last days, the ini-
tial number of cells was fitted for the experiment, and an amount of ~120,000
HelLa cells were seeded in the 35 mm-Petri dish. Hence, considering the di-
mensions of the chip at ~12 mm per side, we can estimate that there will
initially be about 18,000 cells on the chip (Table 5.1). HeLa cells population
have a characteristic doubling time (dt) of 18-20 h.

The following presented results were obtained from the examination of
some quadrants in the same chip, taken images every 24 h after cell seeding.
In this experiment, quadrant Q42, with most of its pillars standing at t =
0 h (Figure 5.41), was established as the one with the narrowest anchors,
since the adjacent quadrant, Q43, presented all its pillars collapsed at t = 0
h. The dimensions of the pillar anchors in Q42 were previously measured
having a mean value of 90.39 nm (Table 5.2). During the fabrication narrower
diameters were achieved in the anchors of the pillars. However, such small
dimensions in the anchors of the specimens are not necessary for the cell
type we analyse here, as HeLa cells exerts forces capable of fracture thicker
anchors. Instead, anchors whose fracture forces are lower, namely, narrower
diameters, may be required when other cell types will be tested.

In Figure 5.41 are presented some SEM images of the experimental results
of the HeLa cells interaction with the quadrant Q42. Initially, Q42 presented
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some broken pillars, originated in the manipulation of the chip for cell seed-
ing. After 24 h, there were no clear differences in the standing pillars. This
period of time seems to be the necessary for cells to adhere to the substrate
(here, the silicon pillars), thus, they can properly spread and interact with
pillars. After t = 48 h, Q42 exhibited more pillars breakage, and at t = 72 h
pillars are broken throughout the entire quadrant.

t=0h

e e D SR

Figure 5.41. Optical images of the quadrant Q42 over the time. The quadrant
status at t = 0 h with some broken pillars caused by cell seeding since the fragility
of their narrow anchors. During successive days (t =24 h,t =48 hand t = 72 h), it
is notorious how cells fracture the pillars, and more dark areas appeared. Scale bar:
100 pm.

These results show a strong time-dependent interaction between HeLa
cells and pillars with the consequence of an increase in the breakage of the
pillars with time evolution and, consequently, with the number of cells (Table
5.1).

Q42 | 041 | Q40 | Q39 | 038 | Q37 | Q36 | Q35
0[nm] | 90.39 | 115.39 | 140.39 | 16539 | 190.39 | 215.39 | 240.39 | 265.39
Fract [4N] | 044 | 0.85 | 1.60 | 260 | 3.86 | 536 | 7.40 | 10.00

Table 5.2. Anchor size and fracture force in quadrants Q42 to Q35.

For the determination of the Fy,,; we carried out a FEM simulation anal-
ysis as explained in the previous subsection 5.6.2. Due to the uncertainty in
determining the exact point of force application, the simulation of the Fy, 4
of the specimen was based on the assumption that cells will stretch from the
higher part of the cap of the pillars (Figure 5.42). In this way, we are not
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overestimating the exerted forces as these will be the ones with the higher
momentum.
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Figure 5.42. Simulated Fy,,; related to the anchor size of the pillar. (Left) FEM
simulation results of the fracture force, F,4, versus the diameter of the pillar, 0, for
Oeqo = 16 GPa, (right) considering cells over the pillars, and the force applied at the
upper part of the pillar head and physical constrains at the bottom of the substrate.

Moving on to following quadrants, we can see similar results. For in-
stance, Figure 5.43 shows images from Q35, where after 48 h, the interaction
begins to translate into the failure of the pillars, as time goes by, as we saw
earlier in Q42. In this case, pillars have a mean value of the anchor size of
115.39 nm (Table 5.2). Again, in this quadrant we found that cells need be-
tween 24 h and 48 h to attach properly to the substrate to attain a good contact
for the interaction.

Figure 5.43. Optical images of Q35 status from =0 h to t=168 h. Cell-pillar interac-
tions causing the rupture of the pillars begin after 48 h, becoming more remarkable

after 96 h with an evolution in the number of cells as estimated in Table 5.1. Scale
bar: 100 ym.

From Table 5.2 and the results showed in Figure 5.43, it can be deduced
that HeLa cells reached a maximum applied force of 10 uN, which is a higher
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value than those found in the literature of pillar bending experiments, where
it is reported that individual HeLa cells exert forces of up to ~ 4 uN[10, 33].

t=96 h t=168 h

Figure 5.44. Optical images of quadrants with thicker anchor sizes at £=96 h h
and #=168 h. Images shows the state of the quadrants Q32 and Q31 after at t = 96
h, with all pillar standing, and at the time ¢ = 168 h, where pillars are broken, after
HelLa cells interaction. Scale bar: 100 ym.

To explore if higher values of forces can be reached, quadrants with pillars
with thicker anchors were also examined. Quadrants Q32 and Q31 presented
broken pillars between 96 h and 168 h around its perimeter and within the
quadrant (Figure 5.44). The dimensions of the pillars from the quadrants Q32
and Q31 are tabulated in Table 5.3 together with the required fracture force

(Ffmct)-

Q34 | 033 | 032 | Q31
0 [nm] | 290.39 | 315.39 | 340.39 | 365.39
Ffraet [WN] | 12.30 | 16.00 | 20.00 | 25.20

Table 5.3. Anchor size and fracture force in quadrants Q34 to Q31.

Forces up to 25.20 uN are needed to fracture these pillars which is a really
high value compared with the reported one[10, 33]. This leads us to consider
that the forces generated after a certain time may not be originated by the
interaction of a single cell, but rather are somehow cooperative or coincident
forces, where several cells exert it. Thereby, these broken pillars might be the
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result of the activity of many cells grouped together exerting forces on the
pillars, as observed at t = 168 in Figure 5.43 and Figure 5.44.

Additionally, we performed a silicon stability test to prove that pillars
do not break as a consequence of the silicon decomposition when the chips
are immersed within the cell culture medium at 37°C. Thereby, a chip was
immersed in a saline buffer medium (Dulbecco’s phosphate buffered saline,
Sigma) and images of the initial status of the chip quadrants were acquired
by a Moticam 10+ camera connected to a Leica DM 2700M microscope with
a x20/0.40 objective (Leica) (Figure 5.45).

t =52 days

61

Figure 5.45. Silicon stability test. Optical images, at t = 0 h and t = 52 days, of
some quadrants of the chip immersed in a saline buffer medium (Dulbecco’s phos-
phate buffered saline, Sigma) for the silicon stability test concluding that there is not
effect caused by the cell culture medium on the breakage of the silicon nanopillars.
Scale bar: 50 ym.

The chip was re-inspected under the optical microscope after 52 days,
which is ~7-fold the time-length of a cellular experiment, being possible to
verify that there is no degradation of the silicon pillars causing their breakage
originated by the cell culture medium during this long period (Figure 5.45).

Finally, cell-pillar interaction was examined by fixing HeLa cells with 4%
PFA (Paraformaldehyde, Sigma-Aldrich). Cells were stained with anti-beta
tubulin (Sigma-Aldrich), phalloidine (Thermofisher), DAPI (Sigma-Aldrich)
and CD98 (Abcam) for microtubules filaments, actin filaments, nuclei and
cell membrane dying, respectively, to observe under a Confocal Laser Micro-
scope (CLSM, LEICA TCS SP8 STED 3X) (Figure 5.46).

Figure 5.46 shows how HelLa cells nuclei (dark blue) mould their shape
according to the surrounding pillars, microtubules (green) and F-actin fila-
ments (red) organize the cytoskeleton, and togheter with the cell membrane
(clear blue) present larger accumulations around and over pillars in a clear
sign of cell-pillar interaction.

Later, this chip was examined under a SEM. Figure 5.47 exhibits the in-
teraction between HeLa cells and the surrounding pillars. The images show
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Figure 5.46. CLSM images of HeLa cells adhered to the pillars of a silicon chip.
Pillars image in reflection mode and HeLa cells images in different channels show-
ing nuclei (blue) stained with DAPI, cell membrane (clear blue) with CD98, micro-
tubules (green) with anti-beta tubulin, and F-actin (red) with phalloidine. Finally,
merged images. Scale bar: 20 ym.

Cell membrane

how the cells envelop the pillars from below, as we already saw in the im-
munofluorescence images, but also how the filopodia extend to the nearest
pillars gripping them from the top.
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Figure 5.47. SEM images of HeLa cells adhered to the pillars of a silicon chip.
Fixed HeLa cells interact with the pillars enveloping them completely during their
migration and also by spreading the filopodia to the nearest pillars. Scale bars: (top)
10 ym and (bottom) 2 pm.
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5.8 Discussion

The investigation on the development of new methods to sense cellular forces
has been the main key on this chapter. Here, we initially reported the design
and fabrication of a TFM consisting of a periodically-distributed QD pattern
on a soft substrate. This new system was fabricated integrating multiple lab-
oratories techniques in order to increase the spatial resolution by decreasing
the QD spot pitch. EBL was used for the fabrication of the silicon master,
and stamping methods were employed to obtain the final pattern on the sub-
strate. The operational mode of the TFM was based on the methodology of
the conventional systems, where the forces exerted by living cells were cal-
culated after measuring displacement fields[4-6]. This TEM was thought in
order to represent an improvement over the fabrication process of the exist-
ing ones. However, we were technologically limited and the final QD pattern
could not be obtained satisfactorily with the developed technology, since,
during the printing step, the pattern could not be transferred. Then, we de-
cided to develop a new cell force sensing system.

From the motivation to develop systems enabling cellular interaction for
cell mechanics study, we developed the UTF chip. This highly sophisticated
device was designed to sense the ultimate force exerted by living cells, en-
abling the elaboration of a force catalogue for different cell lines. The fabri-
cation was a carried out through top-down microelectronic techniques. The
system consists in a silicon device with chips anchored to the substrate by
nanosharpened stalk that will break to detect cellular traction forces. To
achieve a very thin anchor, two different processes were addressed, where
the nano-sharpening method, combining chemical and physical dry etch-
ing, promotes the desired dimensions through an accurate controlled pro-
cess. Very delicate structures were obtained; nanometric dimensions were
achieved, down to 15 nm, in the anchor size while the head of the nanopil-
lars, and its total length, were in the range of the microns. The chessboard-
like configuration can be optimized by adjusting in the design the number of
the quadrants and the initial size of the squares to reach the size of the pillars
to be in the range of the exerted forces of the cells to be tested.

Furthermore, a preliminary mechanical characterization of the system
was performed by in situ nanoindentation tests. This analysis was highly
sensitive to the position of application of the force, with a non-accurate con-
trol of this feature during the mechanical performance. Despite the system
worked at the limit of its operational mode for the fracture force of pillars
with the smallest anchors, a suitable relation between the experimental mea-
surements and the simulations analysis have could be done, assuming that
the ultimate strength of the pillars is close to 16 GPa.

In the study of their applicability to the force cell measurements, HeLa
cells were found to be able to interact for long periods with the pillars. The
HelLa cell seeding protocol was fine-tuned to achieve the appropriate condi-
tions for cell growth during the experiments. Immunostaining after HeLa
cells fixation revealed that they were firmly attached to the pillars as we
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could also observed by SEM inspection. Cells, including their nucleus, mould
their shape by mimicking to the devices by surrounding completely the pil-
lars. The formability of HeLa cells complicates the analysis and, consequently,
the choice of the load point for the simulation study of the failure of the pil-
lars. Nonetheless, during FEM analysis we assumed that the forces were
applied at the top of the pillars head, since at this point we are not overesti-
mating the forces. The simulations results suggested that HeLa cells are able
to achieve forces up to 10.00 N after 48 h, and up to 25.20 uN between 96
h and 168 h after they were seeded on the chip. Partially, our results are in
the range of those reported previously[10, 33]. However, the range of forces
obtained at the end of the experiments, when cell crowding is high, are ex-
tremely higher, reaching 25 uIN, which could demonstrate that we are detect-
ing ultimate forces. Thus, we stand that a deeper investigation on the origin
of such high forces is required. Hence, whether they were forces exerted by
individual cells or, conversely, they were the result from cellular collabora-
tion must be evaluated. Besides, we have demonstrated the reliability of the
chip as a tool for cell forces detection.

To evaluate the exerted forces in order to try to discriminate between the
different cellular lines, other cells will be tested as MCF7, NIH-3T3 or Dic-
tyostelium discoideum (Dicty). Cellular seeding conditions must be adjusted
for each cellular line, and the chips to be tested will be those with pillars
whose dimensions correspond to Fy, similar to the forces exerted by the
cell line to be examined reported in the literature.

Micro- and nanofabrication technology represents an important tool for
the development of new systems that allow us to study and understand the
cellular response to the environment that surrounds them. Thus, topograph-
ical surfaces capable of better mimicking the natural extracellular matrix and
their impact on cell behaviour are the focus of scientific research[34]. We en-
vision that the development of ultimate force test devices will have a range
of applications in fundamental cell mechanic studies, even we the potential
applicability to diagnosis. Further investigation in the ultimate force of other
cellular types have to be done with the target to identify different cell types
and even differentiate among normal-like and cancer cells by their generated
ultimate force.
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This thesis reports on the development of different extra- or intracellular
tools that act as mechanical sensors. Along this thesis, the conclusions of
the developed work have been addressed at the end of each chapter. Fol-
lowing, I summarize the main conclusions and discuss the relevance of the
obtained results within the field of the mechanical manipulation of cells and
cell mechanics.

In Chapter 2, we have presented the technological development to in-
tegrate magnetic manipulation capabilities into intracellular barcode chips.
CoNi barcodes were co-cultured with HeLa cells, showing that they are not
compatible with cell viability. Two different technological processes for en-
capsulating the CoNi barcodes by a gold layer were tested. Nonetheless,
these coatings were not a barrier to prevent the toxicity of the devices to
HelLa cells. The continuous search for tools capable of integrating magnetic
capabilities, with the quality of being biocompatible in their application in
living cells, led us to look for a new material. Ni devices were success-
fully fabricated with electroplating techniques and later were demonstrated
not to affect HeLa cells viability. Beyond the viability test, it was possible
to demonstrate the performance of Ni magnetic barcodes in HeLa cell cul-
tures for the separation of those cells that had internalized the Ni barcodes
from those that had not. This proof of concept is a further step in the de-
velopment of multifunctional chips which integrate multiple capabilities as
a key element in field of intracellular devices. These Ni magnetic barcodes
contribute to the technology development of tools that enables the mechani-
cal manipulation of living cells, which is a requirement to better understood
mechanobiology[1].

To improve the detection limit of intracellular pressure sensors previously
developed by the MNTL group[2], in Chapter 3, the proposal of a new design
with the challenge of the technological development of the sealing process
was shown. The dare posed was to achieve a device of less than 0.5 ym-thick
with an air gap in the sensing cavity and a reference cavity to correct the tilt
of the device. The mechanical behaviour of the polysilicon membranes was
performed with FEM simulations and compared with the analytical defor-
mation results of the membranes. Since the cavity behaves as a Fabry-Perot
resonator, the optical analysis of the reflectivity was also performed. During
the fabrication processes, a great effort has been done in order to achieve the
correct execution of several critical fabrication step. First, non-grainy polysil-
icon layers were manufactured by fitting the deposit condition of a LPCVD
process. Secondly, the fabrication technology of the critical process to open
the pinhole was successfully addressed by a dry etching without passivation,
which cannot be removed initially and hindered the subsequent silicon ox-
ide etching. Finally, an in-depth investigation was conducted on a hermetic
sealing cap by using polymers of different viscosities. This step is crucial for
the integrity of the devices, since the entry of the resist into the cavities jeop-
ardizes the correct functioning of the sensors. In fact, the fabrication yield
must be improved; a small amount of devices within a wafer were fabri-
cated and characterized, so large batch productions remain as a future task.
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Notwithstanding, the operation mode of the device was proved and some
devices could be tested with a portable pressure calibration kit, by sweeping
the external applied pressure, under a bright-field optical microscope. It was
demonstrated that a high-sensitive cavity was obtained and measurements
of pressure changes down to 25 mbar could be registered. Their application
to living cells pressure change measures will be the next step, when the fab-
rication of the devices is reproducible and solely one sensor calibration has
to be performed.

In Chapter 4, we have contributed to the characterization of the mouse
embryo mechanical behaviour by the development of an intracellular nan-
otool capable of measure a program of mechanical changes and forces within
the cytoplasm of a mouse embryo. The H-comb shape design, unlike a sim-
ple cantilever, prevents ambiguity when the device is projected in 2D, and
it can be distinguished between its bending and tilt or rotation. Large batch
production was successfully achieved through the fabrication techniques of
the microelectronic systems. The nanodevices, after being carefully microin-
jected into mouse one-cell embryo, enable the study of the cytoplasm me-
chanical properties by tracking and measuring the changes in its deflection.
H-com nanodevices measured an active program of intracellular forces and
changes in cytoplasmic mechanical properties during the different stages of
mouse one-cell embryo early development, suggesting that these intracel-
lular forces and changes in cytoplasmic mechanical properties are required
to complete the sequential stages of early development. This premise was
proved when embryos were treated by an actomyosin inhibitor, blebbistatin,
and the mechanical program of embryos was altered since nanodevices re-
ported a reduction of the cytoplasm basal force level. Additionally, two me-
chanical theoretical parameters could be derived to explain the stiffness of
the cytoplasm: ¢, to inform about the resistance to cytoplasm reorganization,
and ¢;act, which reports transitions in time-averaged mechanical activity.

On the other hand, the GES model, based on a gradient of effective stiff-
ness of the embryo cytoplasm, demonstrated that universal physical laws
are entirely sufficient to explain what drives some parts of one-cell develop-
ment. For instance, GES model explained the pronuclear convergence dur-
ing the migration phase, and for the first time it was able to predict pronuclei
centering and expansion during this phase, and also the relation between
intracellular particle velocity and its size.

Globally, this work presents highly relevant results for the objectives of
mechanobiology[3], which are related to how physical forces and mechani-
cal properties affect cell behaviour, development and disease. The novelty of
the device in the direct measurement of the mechanical properties reveals the
importance of the findings in the field compared to traditional indirect tech-
niques. Therefore, H-comb devices motivate us in the development of tools
smaller than a cell to measure intracellular forces. Thus, star-shaped devices
arose as a new tool to be tested within living eukaryotic cells. These new de-
vices were fabricated and a preliminary study on their mechanical behaviour
was also conducted by FEM simulations. Star-shaped devices will explore
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the idea of a silicon chip, as small as a typical eukaryotic cell, which enables
the sensing of intracellular forces and mechanical changes. Hence, based on
silicon micro- or nanoelectronic technologies, these devices will contribute as
a new approach, within mechanobiology, from a mechanical action instead
of a chemical one, and on a single cell.

In addition to the intracellular tools previously presented, we comple-
mented cell mechanics study with the development of an extracellular tool
based on intracellular anchored silicon chips. In Chapter 5, a system to deter-
mine the ultimate traction forces exerted by living cells was developed. The
initial exploration was addressed by the fabrication of a system consisting
of a periodically-distributed QD pattern on a soft substrate which enables to
calculate the forces applied by living cells on their extracellular environment
by measuring the changes on the dot positions. However, the final obtaining
of the QD pattern could not be achievable as the technology limit the correct
fabrication of this device. Thereby, high-aspect-ratio nanostructured silicon
pillars were designed and the technological development for their fabrication
was reached by investigating two different methods to sharpen the anchor
of the pillars. These methods endure the fabrication of pillar anchors with
nanometric dimensions, which facilitates the obtaining of structures whose
fracture forces ranged from nN to uIN. The mechanical characterization of the
pillars was carried out by in situ nanoindentation tests. This mechanical per-
formance was a preliminary study where to control the position of the probe
was a critical feature during the test. In order to ascertain the forces needed
for the pillars breakage, the nanoindentation tests were complemented with
FEM simulations. The device operation mode was validated in its applica-
tion to force cell measurement. 48 h after the seeding of HeLa cells on the
device, forces of up to 10 uIN were revealed due to the breaking of the pillars
whose diameters correspond to these loads, assuming the traction is exerted
in the highest part of the pillar head. Moreover, between 96 h and 168 h,
forces up to 25.20 uN were registered. These unprecedented results evidence
extremely high forces, which is a great contribution to the field for the charac-
terization of cell mechanical behaviour. The main uncertainties that have to
be analysed is whether the forces are exerted individually or collectively by
the cells. Nevertheless, we have demonstrated the application of this original
device for the measurement of cellular forces. The application of the device
to test other cell lines, and even to differentiate between normal-like cells and
cancer cells, is a remaining task.

Broadly, the main contribution of this thesis, from silicon micro- and nan-
otechnologies, has been the development of the fabrication technology to ob-
tain new tools to face the cell mechanics study with easier or more innovative
approaches. Since biology is not just chemistry, the physic of a cellular life is
crucial due to, for instance, the mechanical forces has been shown to be deci-
sive in the fate of disseminated metastatic cell[4]. Hence, the importance of
determining the mechanical properties of the cell nucleus, the cytoskeleton or
the cell membrane, but also to elucidate which are the mechanical cues that
regulate, mediate or affect to cellular behaviour, requires the development of
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biocompatible tools[5]. In this way, this work contributes to the enrichment
of knowledge in the field of mechanobiology, always from a physical and
technological framework, and continues opening a new application field for
chips.
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7.1 Introducciéon

Una célula se define como la unidad estructural y funcional de vida y es-
tablece la base para la formacion de tejidos, 6rganos y organismos. Dado que
los procesos mds relevantes ocurren en su interior, existe una alta demanda
en la innovacién de herramientas intracelulares para aplicaciones biomédi-
cas, bioeléctricas y/o biomecanicas.

Tipicamente, el analisis celular se ha llevado a cabo a través de técnicas
basadas en el andlisis de poblaciones celulares, de modo que, las medidas
asociadas a una célula individual se corresponden con valores promedio del
conjunto de la poblacién. Sin embargo, a lo largo de las dltimas décadas
se ha demostrado que las células son elementos heterogéneos dentro una
misma poblacién, es decir, células con fenotipos similares pueden reaccionar
y comportarse de manera diferente ante un mismo estimulo. Por tanto, el de-
sarrollo de nuevas herramientas para monitorizar, analizar y estudiar células
individuales ha generado un gran esfuerzo en la mejora de la tecnologia[1].

Dentro del campo de la microelectrénica, cientificos e investigadores a-
puntaron que las herramientas necesarias para resolver algunos de estos in-
terrogantes pertenecen a aplicaciones tipicas del campo de los microchips.
Asi pues, los MEMS y NEMS (del inglés, Microelectromechanical Systems y
Nanoelectromechanical Systems) abrieron un abanico de nuevas oportunicades
para el control espacial y temporal del comportamiento celular, y revelaron
nuevas rutas con las que afrontar la investigaciéon biomédica y farmacettica.
Por ejemplo, la microscopia por sonda de barrido emergié como una he-
rramienta muy interesante para la biologia que permitia el escaneo de células
a muy alta resoluciéon[2—4].

A pesar de su potencial, estas herramientas presentan dimensiones ma-
yores que el tamafo de las células y, por tanto, solo pueden estudiar el com-
portamiento celular desde fuera o, algunas herramientas, pueden llevar a
cabo medidas intracelulares a través de métodos de puncién de la membrana
celular, lo que puede comprometer la viabilidad de las células. En este sen-
tido, el grupo Micro- and NanoTooLs (MNTL) del IMB-CNM, CSIC, fue pio-
nero a nivel mundial en el desarrollo de chips mas pequefios que la escala
celular. El disefio y la fabricacién de nuevos dispositivos para aplicaciones
relacionadas con el estudio de células individuales ha centrado el foco de tra-
bajo del grupo permitiéndoles cimentar una base sélida, incluso acufiando
dos nuevos términos en el campo:chip-in-a-cell[5] y chip-on-a-cell[6, 7].

Por consiguiente, se demostré el uso de microchips como elementos pa-
sivos intracelulares. En particular, se han fabricado c6digos de barras de sili-
cio que han sido internalizados por macréfagos|[8] , de tal modo que permiten
su etiquetado y rastreo. Ademads, se ha probado que los dispositivos basados
en materiales como el silicio pueden ser internalizados por células eucario-
tas vivas sin interferir en su viabilidad[9]. Estas ideas exploratorias fueron la
semilla de una importante linea de investigacién cuyo foco es el desarrollo de
MEMS y NEMS con la potencial contribucion de su aplicacién en el campo
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de la biologia, la nanobiotecnologia y la nanomedicina. Asi pues, desarrollar
chips que combinen multiples propiedades como tamafios inferiores al de las
células, que permitan su internalizacién, posibilitando el estudio de pobla-
ciones celulares y de células individuales a través de actuaciones mecénicas,
bioquimicas, térmicas y/o magnéticas, presenta un alto interés cientifico.

Histéricamente, la investigacion acerca del comportamiento celular se ha
abordado desde el punto de vista de la quimica, lo cual ha generado im-
portantes resultados en la investigacion para el desarrollo de farmacos y el
progreso de la medicina[10]. Sin embargo, en las tltimas décadas se esta re-
alizando un gran esfuerzo para estudiar el comportamiento mecénico de las
células[11-16]. La mecanica celular es una de las lineas de investigacién ac-
tuales mas prometedora dentro de la biologia celular[17]. Las propiedades
mecénicas y el comportamiento mecénico de las células tienen un impacto
relevante en las malformaciones celulares y estan involucrados en multiples
enfermedades humanas como los desérdenes vasculares[18], el cancer[19] y
las afectaciones neuronales[20]. De este modo, la mecanobiologia, como nexo
entre la biologia y la ingenieria, se ha convertido en una de las dreas de inves-
tigacion emergentes que despierta mayor interés cientifico. Con dispositivos
del campo de las micro- y nanotecnologias se contribuye al estudio de la in-
terrelacion de las fuerzas y las propiedades mecdanicas de las células vivas y
su funcion[11, 12, 21].

En este sentido, el progreso en la investigacién de nuevas herramientas
permiti6 el desarrollo (dentro del grupo MNTL) de un chip formado por
dos membranas paralelas de polisilicio de 50 nm de espesor (como sensor
mecénico) y un resonador 6ptico Fabry-Perot (como transductor). Este dis-
positivo, cuyas dimensiones son 6 ymx 4 ymx 0.4 ym, fue capaz de medir
cambios en la presion en el interior de una célula viva[22], y fue el origen de
una nueva perspectiva en la cual el grupo MNTL avanz6 hacia el disefio y la
fabricacién de nuevos sensores intracelulares para el estudio de la mecénica
celular.

Por un lado, para cuantificar las fuerzas que producen las células du-
rante su migracién, contraccién o desarrollo, las técnicas actuales estan prin-
cipalmente basadas en la medida de la deformacién de materiales cuyas
propiedades son inicialmente conocidas, como los Microscopios de Fuerza
de Traccion (TEM, del inglés Traction Force Microscopes) o las Matrices de
micropostes[23-26]. Estos sistemas consisten en un substrato polimérico con
esferas incrustadas o matrices de micropostes, normalmente fabricadas con
polydimethylsiloxano (PDMS). Las células de interés se siembran sobre el
dispositivo y las fuerzas ejercidas se pueden medir indirectamente a través
de la medida del desplazamiento de las esferas y los micropostes en su posi-
cién. Sin embargo, estas técnicas, a pesar de ser cominmente utilizadas,
solo permiten el estudio de las células desde el exterior, proveyendo infor-
macién de la interaccion entre las células y el entorno que las rodea. Por otro
lado, las técnicas intracelulares puede ayudar a explicar el comportamiento
mecénico celular con métodos de deteccién directos desde el interior de las
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mismas. De este modo, se han empleado herramientas basadas en técni-
cas Opticas y magnéticas para medir directamente las fuerzas que acttan
en el interior celular[27]. Por ejemplo, herramientas como las pinzas 6pti-
cas se han utilizado en distintas investigaciones como en el estudio de la
respuesta mecdnica del citoesqueleto de F-actina[28] o en el andlisis de las
diferencias reolégicas entre células sanas y células cancerosas[29], atrapando
microesferas internalizadas por las células. Ademas, se ha estudiado el com-
portamiento viscoeldstico del nicleo y el citoplasma con el empleo de es-
feras magnéticas intracelulares[30] o con nanovarillas magnéticas[31]. Otros
métodos basados en la flexiéon de nanohilos comienzan a surgir como her-
ramientas que permiten monitorizar fuerzas dindmicas inter- o intracelulares
de manera sencilla[32]. No obstante, estos métodos normalmente ofrecen in-
formacién intracelular local que tiene que ser extrapolada para alcanzar la
caracterizacion global, y también, algunos de ellos, presentan limitaciones
como el uso de laseres de alta potencia que pueden alterar la normal funcién
celular.

Esta tesis surge del desafio que supone el desarrollo de nuevas herramien-
tas que contribuyan al conocimiento del comportamiento mecénico celular.
Los principales objetivos son el disefio, la fabricacién, la caracterizacion y
la validacién intra- o extracelular de los chips para el andlisis la mecénica
celular. Nuestros micro- y nanochips se presentan como herramientas alter-
nativas con las que explorar las propiedades mecanicas de las células tanto
desde dentro como desde fuera de ellas.

7.2 Objetivos generales

Esta tesis presenta un cardcter altamente multidisciplinar, ya que ha sido de-
sarrollada con el principal objetivo de obtener micro- y nanoherramientas
que actiien como sensores en la caracterizaciéon mecdanica de células vivas.
Por tanto, las tecnologias de micro- y nanofabricacion, la fisica, la ciencia de
materiales y la biologia son las principales disciplinas cubiertas.

Para obtener los dispositivos presentados a lo largo de esta tesis, se ha
ideado la tecnologia de fabricaciéon adecuada basada en técnicas microelec-
trénicas de silicio. Previamente, se ha realizado el disefio de los micro- y nan-
odispositivos para después fabricarlos mediante técnicas de fotolitografia y
litografia por haz de electrones (EBL, del inglés Electron Beam Lithography).
Por otro lado, se ha realizado la caracterizacién fisica de los dispositivos
fabricados, tanto tras su fabricaciéon, para validar su correcto modo de fun-
cionamiento, como también en su aplicacién en células vivas. Ademads, para
poder realizar su funcién, la viabilidad celular ha sido uno de los requisitos
necesarios que deben cumplir los dispositivos. Asimismo, las simulaciones
basadas en el Método de Elementos Finitos (FEM, del inglés Finite Element
Method) ha sido una tarea central en casi todos los dispositivos desarrollados,
tanto en su concepcién como en su aplicacién experimental. Asi, las micro-
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y nanoherramientas fueron simuladas para verificar que los resultados ex-
perimentales se correspondian con el comportamiento esperado, siendo un
método adicional para optimizar su disefio y fabricacién de modo que cum-
plan con los requisitos tecnolégicos y biol6gicos.

7.3 Descripcion general de los capitulos

Los dispositivos presentados en esta tesis han sido concebidos con un obje-
tivo comtn: su operacion en el campo de la biologia celular para actuar como
sensores mecanicos. Cada capitulo se centra de manera independiente en la
presentacion de cada uno los dispositivos desarrollados.

En el Capitulo 2 se muestra el progreso en la integracién de funciona-
lidades magnéticas en chips intracelulares para la manipulacién mecénica
de células. Proponemos chips con capacidades magnéticas para la mani-
pulacién celular, combinando etiquetado y capacidades magnéticas, gracias
al desarrollo de la tecnologia basada en procesos fotolitograficos en combi-
nacién con métodos de galvanizado (electroplating) para el crecimiento de ca-
pas de cobalto/niquel (CoNi) y niquel (Ni). Se han obtenido un gran ntimero
de microcédigos de barras en suspension tras la su liberacién de la oblea me-
diante un proceso ad hoc que combina un choque térmico y un su posterior
pelado. Asimismo, se ha comprobado la viabilidad celular, demostrando que
los dispositivos de Ni son internalizados por las células sin interferir en su
viabilidad. Finalmente, se realiz6 una prueba de concepto con cédigos de Ni
para la manipulacién de células de un cultivo.

En el Capitulo 3, hemos mejorado la tecnologia de un sensor de presiéon
intracelular, anteriormente desarrollado por el grupo[22], para aumentar su
limite de deteccién a través de procesos basados en la tecnologia microelec-
trénica de silicio. El sensor consta de dos membranas de polisilicio paralelas
separadas por un espacio de aire. Para conseguirlo, el sellado de la cavidad
del sensor se tuvo que realizar a temperatura ambiente y condiciones de pre-
siéon atmosférica, con un tapén de poliimida recocido tras un proceso fotoli-
tografico. El riesgo ante la posibilidad de que la poliimida fluya al interior de
la cavidad del sensor hace que el sellado sea uno de los pasos més delicados.
Ademads de la fabricacién del sensor, se ha trabajado en el andlisis mecanico
del comportamiento de la cavidad gracias al uso de simulaciones FEM con las
que se ha calculado la desviacién de las membranas para diferentes valores
de una presién externa aplicada. El funcionamiento de sensores correcta-
mente fabricados podido ser demostrado, aunque la produccién de grandes
cantidades de chips es una tarea pendiente.

En el Capitulo 4 se presenta una nueva herramienta intracelular de polisi-
licio para la determinacién de las propiedades mecénicas y el seguimiento
de la fuerza en un embrién de ratén durante la primeras etapas de la fer-
tilizacion. Este dispositivo tiene 22 ym de largo y 10.5 ym de ancho, y es
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extremadamente delgado, tan solo 25 nm de grosor, lo que permite su fle-
xién dentro del embrién minimizando su impacto en el citoplasma. Las car-
gas citoplasmadticas se han estimado midiendo la curvatura del dispositivo
dentro del embrién y mediante el andlisis FEM. Esta herramienta nos ha per-
mitido llevar a cabo la caracterizacién mecénica del citoplasma embrionario
a lo largo de las etapas iniciales de la fertilizacién hasta la primera divisién
celular. Ademas, se ha podido concluir que el programa de fuerzas intracelu-
lares y cambios en las propiedades mecanicas se ve alterado en embriones
tratados con un inhibidor de actomiosina. Asimismo, se ha establecido un
modelo mecanico del comportamiento del citoplasma durante la fase de mi-
gracion de los prontcleos.

Finalmente, el Capitulo 5 explora el desarrollo de un nuevo chip extracelu-
lar que operard como detector de la Fuerza de Traccion Maxima (UTE, del
inglés Ultimate Traction Force) ejercida por las células vivas en su entorno ex-
tracelular. Este trabajo se inici6 con la fabricacién de un TFM (basado en los
métodos convencionales) estampando un patrén de puntos cudnticos (QD,
del inglés Quantum Dot) en un sustrato. Este método fue ideado para opti-
mizar los tiempos de fabricacién, de modo que en un tnico paso de estam-
pado se obtuviera todo el sistema TFM. Sin embargo, este objetivo no se pudo
alcanzar con la tecnologia de la que disponiamos y no fue posible obtener un
método mejorado en comparacion con los sistemas ya existentes. De este
modo, basandonos en los chips intracelulares, disefiamos y fabricamos un
UTF altamente sofisticado que consta de pilares de silicio en forma de seta
con diferentes valores en sus didmetros de anclaje. La tecnologia de micro-
y nanofabricacion fue la clave para el afilado de los anclajes mediante el uso
de procesos de grabado seco de capas. Estos nanodispositivos fueron carac-
terizados mecdnicamente en una prueba preliminar de nanoindentacion, y
se simularon mediante FEM. Asi, se elabor6 un catdlogo con la correspon-
dencia entre el tamafio y la fuerza de fractura de los pilares. Finalmente, se
demostro la interaccién entre células HeLa y los pilares de silicio, validando
su funcionamiento con la medida de las fuerzas de traccién ejercidas al arran-
car los chips de los anclajes al substrato.

7.4 Conclusiones y perspectivas

Esta tesis investiga el desarrollo de diferentes herramientas extra- o intracelu-
lares que acttian como sensores mecanicos. A lo largo de la tesis, se discute
sobre el trabajo desarrollado y los resultados obtenidos en cada capitulo. A
continuacién, resumo las principales conclusiones, discutiendo la relevancia
de los resultados obtenidos dentro del campo de la manipulaciéon mecénica
de células y la mecéanica celular.

En el Capitulo 2, presentamos el desarrollo tecnolégico para integrar ca-
pacidades de manipulacién magnética en microcédigos de barras intracelu-
lares. Codigos de barras de CoNi se co-cultivaron con células Hela, de-
mostrando que no son compatibles con la viabilidad celular. Se probaron
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dos procesos tecnolégicos diferentes para encapsular estos c6digos de barras
de CoNi mediante una capa de oro. No obstante, estos recubrimientos no
llegaron a ser una barrera para prevenir la toxicidad de los dispositivos para
las células HeLa. La basqueda continua de herramientas capaces de integrar
capacidades magnéticas, con la cualidad de ser biocompatibles en su apli-
cacién en células vivas, nos llevd a buscar un nuevo material. Se fabricaron
con éxito dispositivos de Ni mediante técnicas de galvanizado (electroplating)
y se demostré que no afectaban la viabilidad de las células HelLa. Més alla
de esta prueba de viabilidad, fue posible demostrar el uso de los cédigos de
barras magnéticos de Ni en cultivos de células HeLa para la separacién de
aquellas células que habian internalizado los c6digos de las que no lo habian
hecho. Esta prueba de concepto es un paso més en el desarrollo de chips mul-
tifuncionales que integren multiples capacidades como elemento clave en el
campo de los dispositivos intracelulares. Los cddigos de barras magnéticos
de Ni contribuyen al desarrollo tecnolégico de herramientas que permiten
la manipulacién mecénica de células vivas, un requisito fundamental en el
estudio de la mecanobiologia[33].

Con la intencién de mejorar el limite de deteccion de los sensores de pre-
sion intracelular desarrollados previamente por el grupo MNTL[22], en el
Capitulo 3, se propone un nuevo disefio con el desafio del desarrollo tec-
nolégico del proceso de sellado. Este reto supuso alcanzar la fabricacién de
un dispositivo cuyo espesor fuera menor de 0.5 ym, formado por dos cavi-
dades, una de deteccién, para la realizacion de las medidas, y otra de refe-
rencia, para corregir la inclinacién del dispositivo, ambas selladas para que
su interior contenga aire. El comportamiento mecédnico de las membranas de
polisilicio se realiz6 con simulaciones FEM y se comparé con los resultados
analiticos de deformacién de las membranas. Dado que la cavidad se com-
porta como un resonador Fabry-Perot, también se realiz6 el andlisis 6ptico
de la reflectividad. Durante los procesos de fabricacién, se realizé un gran
esfuerzo para lograr la correcta ejecucion de varios pasos criticos en el de-
sarrollo tecnolégico. En primer lugar, las capas de polisilicio se fabricaron
para conseguir membranas no granuladas, ajustando las condiciones de de-
posito en un proceso LPCVD. En segundo lugar, la tecnologia de fabricacién
del proceso para abrir el orificio por el que se atacard el 6xido del interior de
las cavidades, se abord6 con éxito mediante un grabado en seco sin produc-
tos poliméricos, que son complicados de eliminar y obstaculizan el posterior
grabado de 6xido de silicio. Finalmente, se llevé a cabo una investigaciéon
en profundidad sobre el uso de polimeros de diferentes viscosidades para la
fabricacién de un tapén hermético con el que sellar las cavidades. Este paso
es crucial para la integridad de los dispositivos, ya que la entrada de la resina
en las cavidades compromete el correcto funcionamiento de los sensores. A
pesar de la baja productividad en la fabricacion, se consiguieron obtener sen-
sores correctamente fabricados que se caracterizaron sometidos a cambios de
presién en un microscopio 6ptico. A través de los dispositivos se pudieron
detectar cambios aplicados en la presién externa de hasta 25 mbar, alcan-
zando sensibilidades de 1.59 mbar/u.a. con desviaciones de +2.52 mbar. El
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siguiente paso en esta investigacion serd la fabricacién de dispositivos repro-
ducibles, de modo que solo sea necesaria la calibracién de un tnico disposi-
tivo, y se puedan usar en la medida de los cambios de presion en el interior
células vivas.

En el Capitulo 4, hemos contribuido a la caracterizacién del comporta-
miento mecanico del embrién de ratén mediante el desarrollo de una nanohe-
rramienta intracelular capaz de medir un programa de cambios mecénicos y
fuerzas dentro del citoplasma de un embrién de ratén. El disefio en forma
de peine (H-comb), a diferencia de un voladizo simple, evita la ambigtiedad
cuando el dispositivo se proyecta en 2D de modo que se puede distinguir en-
tre su flexion e inclinacién o rotacién. La produccion de millones de disposi-
tivos se logré de manera exitosa a través de las técnicas de fabricacion de los
sistemas microelectrénicos. Los nanodispositivos, después de ser cuidadosa-
mente microinyectados en un embrién unicelular de ratén, han permitido el
estudio de las propiedades mecanicas del citoplasma mediante el rastreo y
la medida de los cambios en su curvatura. Los H-comb midieron un pro-
grama activo de fuerzas intracelulares y cambios en las propiedades mecani-
cas citoplasmaticas durante las diferentes etapas del desarrollo temprano del
embrién de ratén, lo que sugiere que estas fuerzas intracelulares y cambios
en las propiedades mecénicas citoplasmadticas son necesarias para comple-
tar las etapas secuenciales de la fase inicial del desarrollo. Esta premisa fue
probada cuando, tras el tratamiento de los embriones con un inhibidor de
actomiosina, la blebbistatina, el programa mecanico de los embriones se vio
alterado ya que los nanodispositivos reportaron una reduccién del nivel de
fuerza basal del citoplasma. Ademads, se pudieron deducir dos pardmetros
mecanicos tedricos para explicar la rigidez del citoplasma: g, para informar
sobre la resistencia a la reorganizacion del citoplasma, y &yact, que da infor-
macion sobre las transiciones en la actividad mecénica en promedio tempo-
ral.

Por otro lado, el modelo GES, basado en un gradiente de rigidez efectiva
del citoplasma embrionario, demostré que las leyes fisicas universales son
totalmente adecuadas para explicar qué impulsa algunos procesos y etapas
del desarrollo embrionario unicelular. Por ejemplo, el modelo GES explicé
la convergencia pronuclear durante la fase de migracién de los prontcleos y,
por primera vez, se pudo predecir el centrado y la expansién de los pront-
cleos durante esta fase, asi como la relacién entre la velocidad de las particu-
las intracelulares y su tamafio.

Globalmente, este trabajo presenta resultados de gran relevancia para los
objetivos de la mecanobiologia[34], que se relacionan con cémo las fuerzas
fisicas y las propiedades mecdanicas afectan al comportamiento celular, su
desarrollo y a la apariciéon de algunas enfermedades. Este dispositivo se
presenta como un método muy novedoso para la medicién directa de las
propiedades mecénicas, revelando la importancia de los hallazgos en el cam-
po en comparacioén con las técnicas indirectas tradicionales. Por tanto, los
H-comb suponen un estimulo para el desarrollo de nuevas herramientas,
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mads pequefias que una célula, con el objetivo de medir las fuerzas intracelu-
lares. De este modo, los dispositivos en forma de estrella surgieron como
una nueva herramienta para ser probada en el interior de células vivas. Estas
nuevas herramientas han sido fabricadas con éxito y, ademas, se han estudia-
do mecanicamente mediante simulaciones FEM. Los dispositivos en forma
de estrella exploraran la idea de un chip de silicio, tan pequefio como una
célula eucariota, que permita su el sensado de fuerzas y cambios mecanicos
intracelulares. De ahi que, basdndonos en las tecnologias micro- y nanoelec-
tronicas del silicio, el desarrollo de estos chips contribuird con un nuevo en-
foque a la mecanobiologia desde una accién mecdnica, en lugar de quimica,
y actuando sobre una sola célula.

Ademds de las herramientas intracelulares presentadas anteriormente,
hemos complementado el estudio de la mecénica celular con el desarrollo
de una herramienta extracelular basada en chips intracelulares anclados al
substrato. En el Capitulo 5, se ha desarrollado un sistema para determinar
las fuerzas de tracciéon maximas ejercidas por células vivas. La exploracién
inicial se abord6 mediante la fabricaciéon de un sistema formado por un pa-
tron de QD distribuido periédicamente sobre un sustrato blando que permite
calcular las fuerzas aplicadas por las células en su entorno extracelular mi-
diendo los cambios en las posiciones de los puntos impresos. Sin embargo,
la obtencién final del patrén de QD no se pudo lograr ya que la tecnologia
disponible limita la fabricacién correcta de este dispositivo. De este modo,
se disefiaron pilares de silicio nanoestructurados con una alta relacién de
aspecto, y se alcanz6 el desarrollo tecnolégico para su fabricacién investi-
gando dos métodos diferentes para afilar el pie de anclaje de los pilares.
Estos métodos permitieron la fabricaciéon de pilares cuyos anclajes alcanzan
dimensiones nanométricas, lo que facilita la obtencién de estructuras cuyas
fuerzas de fractura van desde nN a uN. La caracterizacién mecdanica de los
pilares se realizé6 mediante ensayos de nanoindentacién in situ. Estas prue-
bas mecdnicas se presentaron como un estudio preliminar donde el control
de la posicién de la sonda es un proceso critico complicado de controlar.

Para conocer las fuerzas necesarias para la fractura de los pilares, las prue-
bas de nanoindentacién se complementaron con simulaciones FEM. Los dis-
positivos fueron probados en su aplicacién en la medida de las fuerzas ejer-
cidas por células vivas, validando el modo de funcionamiento para el que
fueron disefiados. Fuerzas de hasta 10 uN fueron registradas 48 h después
de inicio del experimento. Estos valores de fuerza se calcularon con simu-
laciones FEM asumiendo que la traccion se ejerce en la parte més alta de la
cabeza del pilar. Ademas, entre 96 h y 168 h, se registraron fuerzas de hasta
25.20 uN. Estos resultados sin precedentes evidencian fuerzas extremada-
mente altas, lo que representa una gran contribucién al campo sobre la carac-
terizacion del comportamiento mecéanico celular. La principal incertidumbre
que hay que analizar es si las fuerzas son ejercidas de manera individual o
colectiva por las células. No obstante, hemos demostrado la aplicacién de
este original dispositivo para la medicién de fuerzas celulares. Para comple-
tar el estudio, y con el objetivo de diferenciar entre células normales y células
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cancerosas, una parte del trabajo futuro se basara en probar otras lineas celu-
lares.

La principal contribucién de la investigacion desarrollada durante esta
tesis estd enmarcada en las micro- y nanotecnologias del silicio, a través
del desarrollo de la tecnologia de fabricacién para la obtencién de nuevos
dispositivos con los que afrontar el estudio de la mecénica celular con méto-
dos mas sencillos e innovadores. Dado que la biologia no se puede analizar
solo desde un punto de vista quimico, la fisica debe considerarse una herra-
mienta fundamental con la que analizar el comportamiento celular. Se ha
demostrado que las fuerzas mecdnicas son decisivas en el destino de célu-
las metastdsicas diseminadas[35]. De ahi la importancia de determinar las
propiedades mecdanicas del ntcleo celular, del citoesqueleto o de la mem-
brana celular, pero también la necesidad de dilucidar cudles son las sefiales
mecdanicas que regulan, median o afectan el comportamiento celular, requiere
el desarrollo de herramientas biocompatibles[21]. De esta manera, este tra-
bajo contribuye al enriquecimiento del conocimiento en el campo de la meca-
nobiologia, siempre desde un marco fisico y tecnolégico, abriendo un nuevo
campo de aplicacion para los chips.
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Due to the multi- and interdisciplinary nature of this thesis, we have collab-
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complete my education, but also to complete the research projects.

Collaborations

¢ The 3D: Desarrollo, Diferenciacion y Degeneracion Laboratory of Dr. Teresa
Sudrez, from the Centro de Investigaciones Bioldgicas Margarita Salas (CIB,
CSIC), Madrid, Spain.

¢ The Laboratory of Mammalian Molecular Embryology led by Dr. Prof.
Tony Perry from the Department of Biology and Biochemistry, Univer-
sity of Bath, Bath, England.

* The group of Lliiisa Pérez from the Departament de Farmacologia, Toxi-
cologia i Quimica Terapeutica from the Universitat de Barcelona, Barcelona,
Spain and from School of Pharmacy, University of Nottingham, Not-
tingham, UK.

* Dr. Rafael Pérez del Real, from the group of Nanomagnetism and Mag-
netization processes at the Instituto de Ciencia de Materiales de Madrid
(ICMM, CSIC), Madrid, Spain.

* Dr. Roberto Castilla Lopez, from the group of Department of Fluid
Mechanics at the ESEIAAT-Universitat Politecnica de Catalunya, Terrassa,
Spain.

¢ The Micro and Nanomechanics group led by Dr. Jon M. Molina Al-
dareguia at the IMDEA Materials Institute, Madrid, Spain.

Stays in Research Institutions

¢ In the framework of my education as a doctoral research, I was a re-
search stay student in the group 3D from the CIB Margarita Salas (CSIC)
with Dr. Teresa Sudrez. For two months, I could expand my knowledge
in operation of a cellular biology laboratory in the basis of the appropri-
ate manipulation of cellular cultures in their interaction with the micro-
and nanotools developed during my thesis. I performed several exper-
iments related to the field of cell mechanics behaviour related with the
devices presented in Chapters 2 and 5.
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* I was visiting for two days with Dr. Miguel Monclts and Dr. Jon M.
Molina-Aldareguia, who lead the Micro and Nanomechanics group at
the IMDEA Materials Institute. They are specialists in the mechanical
behaviour of advanced structural materials from the nanoscale to the
macroscale. There, several experiments, to mechanically characterized
the specimens introduced in Chapter 5, were carried out by an in situ
nanoindentation equipment.
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From the results obtained within the investigation to improve the detec-
tion limit of an intracellular pressure sensor presented along Chapter 3,
we except to submit an article to a high impact journal in the following
months about High sensitive suspended intracellular pressure sensors with
a reference cavity.

From the results obtained with the star-shaped device presented at the
end of Chapter 4, we except to submit an article to a high impact journal
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to a high impact journal in the following months about Anchored silicon
chips for cell traction force determination.
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Scientific Dissemination

Transferring the results obtained in scientific research to the general public
is a responsibility that researchers have with the society. Hence, during the
development of this thesis, I have participated to this commitment with the
following activities or contributions in the media:

Event: Participation with a video of scientific dissemination in the con-

test: Yo investigo. Yo soy CSIC. II Edition, 2020
link: https://www.youtube.com/watch?v=REXbWX112aM.

Event: Interview for media news about a scientific publication

link: https://canal.ugr.es/noticia/cientificos-espanoles-fab
rican-chips-que-son-inyectados-en-ovulos-para-medir-las-pr
imeras-fases-del-desarrollo-embrionario/

Event: Talk in the frame of Jornada de la Mujer y la Nifia en la Ciencia.
Audience: High School students (Institut Lluis Vives, Barcelona, Es-
pafia).

Title: Mi carrera cientifica.

Date: 11/02/2020

Duration: 1 h

Event: Imparted seminar.

Audience: 4" course students of the bachelor’s degree in Nanoscience
and Nanotechnology (Universitat Autonoma de Barcelona).

Title: Aplicacion de las micro- y nanotecnologias al campo de la bi-
ologfa.

Date: 17/12/2018

Duration: 1 h

Event: Imparted seminar.

Audience: 4" course students of the bachelor’s degree in Nanoscience
and Nanotechnology (Universitat Autonoma de Barcelona).

Title: Aplicacion de las micro- y nanotecnologias al campo de la bi-
ologfia.

Date: 16/12/2016

Duration: 1 h



