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Abstract

The development of atomic force microscopy (AFM) has enabled a major breakthrough in
the study of individual biological objects, such as nucleic acids, proteins and protein com-
plexes. More recently the use of AFM to investigate eukaryotic cells has been explored. In
one approach, the AFM probe can be used as a needle that delivers material into a single
living cell while the AFM microscope controls precisely the interactions between the probe
and the biological sample. The work presented here was dedicated to the development of
a microinjection system for single cells based on atomic force microscopy. Demonstration
experiments of liquid delivery into cells were also performed in order to characterize the
system, its potential and its limits. As the injection of liquid into a cell requires the insertion of
the tip into a cell, a detailed study of AFM probe-cell interactions was carried out.

In the introduction microinjection into adherent cells, its applications and limitations are
described. The main limitation of this method is lack of control over the cell penetration.
Since atomic force microscope (AFM) offers this possibility, a novel microinjection tool for
liquid delivery into single adherent cells based on the AFM is proposed in this work.

A case study examines the specifications of an AFM-based microinjection system, such as
control of delivered volume and control of AFM-probe cell interactions. Given the specifica-
tions, a detail design of the system is proposed with an AFM probe with microfluidic channels
(NADIS) as a core component.

In next two chapters, the fabrication and characterization of the system is presented including
the flow of liquids through the NADIS probes. Some limitations of the system are discussed
together with possible approaches to improvement.

Further, an in depth analysis of cell indentation is undertaken. Aspects such as determination
of tip insertion and factors influencing the probability of cell membrane penetration by
an AFM tip are discussed. Cell membrane rupture with an AFM probe is described with a
simple mechanical model. Biophysical analysis of the tip insertion is presented followed by
development of a five parameter analysis of force-separation curves. In addition the effect of
tip penetration on cell viability is addressed.

Finally, the AFM-based microinjection system is used to deliver liquids into individual adher-
ent cells. Microinjection into the cytoplasm, but not into the nucleus is demonstrated. The
experiments study possible system leakage, clogging of the tip opening with cell residues and
injection parameters. Finally the probe-cell interactions during the injections are analysed.

Keywords: microinjection, atomic force microscopy, Nanoscale Dispensing Probes, adherent
cells






Résume

Le développement de la microscopie a force atomique (AFM pour atomic force microscope) a
permis une avancée majeure dans I’étude d’entités biologiques individuelles, telles que les
acides nucléiques ou les protéines et leurs complexes. Plus récemment, des études ont exploré
I'aptitude des techniques AFM a analyser des cellules eucaryotes. Dans une des approches, la
sonde de I’AFM est utilisée comme aiguille permettant de délivrer une substance a I'intérieur
d’une cellule individuelle vivante, I'interaction entre la sonde et la cellule étant contrdlée de
maniere précise par I’AFM.

Le travail présenté ici est consacré au développement d’un systéeme de micro-injection pour
des cellules individuelles, basé sur le principe de I’AFM. Des expériences démontrant la
libération de substances a I'intérieur de cellules ont été réalisées dans le but de caractériser
le systéme, ainsi que son potentiel et ses limites. L'injection intracellulaire nécessitant une
pénétration de la sonde AFM dans la cellule, une étude approfondie de I'interaction sonde-
cellule a été effectuée.

Lintroduction décrit la méthode de la microinjection dans des cellules, les applications et les
limites. La limitation principale de cette méthode est I'absence de contrdle sur la pénétration
de la cellule. Puisque la microscopie a force atomique (AFM) offre cette possibilité elle a été
proposée comme alternative. Pour cela un nouvel outil de microinjection pour la libération de
substances a I'intérieur de cellules individuelles basé sur I’AFM est développé dans le cadre de
cette these.

Une étude de cas examine les spécifications d’un systéeme de micro-injection basé sur un
AFM, telles que le contrdle du volume délivré et le contréle de I'interaction sonde-cellule.
Une conception détaillée d’un systéeme tenant compte des spécifications est présentée, dont
la composante principale est une sonde AFM pourvue de canaux microfluidiques (sonde
NADIS). Les deux chapitres suivants décrivent la fabrication et la caractérisation du systéme, y
compris du flux de liquide passant par la sonde NADIS. Quelques limitations du systéme sont
discutées conjointement avec les améliorations possibles.

Ensuite, une analyse approfondie de I'indentation cellulaire est entreprise. Des aspects tels
gue la détermination de I'insertion de la sonde et des facteurs influengant la probabilité d’une
pénétration de la membrane cellulaire sont discutés. La rupture de la membrane cellulaire par
la sonde AFM est décrite a I'aide d’'un modele mécanique simple. Une analyse biophysique
de I'insertion de la pointe est présentée, ainsi qu’une analyse des courbes force-séparation
a l'aide de cing parameétres. De plus, I'effet de la pénétration de la sonde sur la viabilité des
cellules est abordé.
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Finalement, le systeme de micro-injection basé sur un AFM est utilisé pour libérer des sub-
stances dans des cellules adhérentes individuelles. La micro-injection dans le cytoplasme,
mais non pas dans le noyau, est démontrée. Les expériences analysent les fuites possibles
dans le systéme, I’'obstruction de I'ouverture située a la pointe de la sonde par des résidus
cellulaires et les paramétres de micro-injection. Finalement, les interactions sonde-cellule
durant la micro-injection sont analysées.

Mots-clés : microinjection, microscopie a force atomique, Nanoscale Dispensing Probes, celles
adhérentes
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i} Introduction

1.1 Microinjection into single adherent cells

Microinjection is a method in which a fine tipped needle is inserted inside a cell to deliver a
clearly defined amount of a substance. The substance is injected into the desired sub-cellular,
cellular, or intercellular compartment upon a pressure pulse. Once the substance is injected
the needle is removed from the cell. The movement of the needle during the entire process is
controlled by micromanipulators and visually observed with a specialized microscope. The
substance can be delivered into suspended and adherent cells. The suspended cells grow
loosely in the medium. To inject liquid into a single suspended cell, the cell has to be held by a
capillary on one side so the needle can penetrate the cell and inject the substance into it from
the other side (Figure 1.1 a)). The adherent cells grow on the bottom of a culture dish. The
microinjection needle is penetrating a single adherent cell from above to deliver the substance
(Figure 1.1 b)).

a 5%"\:, % b ) !

Figure 1.1: Microinjection a) into a suspended cell (source: cctrdev.uams.edu) and b) into an
adherent cell (source: www.visiualphotos.com)

1.2 Components of a microinjection system

Every microinjection system consists of a standard set of components [1, 2]: a micropipette
needle used to penetrate the cell and deliver the substances into it; a micromanipulator used
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for precise positioning of the micropipette needle; an inverted microscope equipped with
phase-contrast for visualization of target cells and coordination of positioning and a vibration
isolation tabletop to decrease vibrations of the fine tipped needle. The micropipette needles
are fabricated from glass capillary tubing with micropipette pullers. The most common
material of glass capillary tubing is borosilicate glass due its excellent strengthl. A fabricated
micropipette needle consists of four parts: the tip, the shank, the shoulder, and the shaft. The
shape of the needle and size of its opening depends on the pulling parameters. Standard inner
diameter of a needle opening varies from 0.2 &m to 0.5&m. It is more common for a standard
user to fabricate its own needles than to buy it. Therefore on the market numerous types of
micropipette pullers are available, for example David Kopf Instruments, MicroData Instrument
or Energy Beam Sciences. There are also direct producers of micropipette needles, for example
Eppendorf. Figure 1.2 shows examples of Eppendorf micropipette needles. Figure 1.2a) shows
the entire micropipette needle held by a microloader, Figure 1.2b) shows a SEM image of the
needle tip of the type Femtotip® and creffig:1-2c) shows a SEM image of the needle tip of the
type Femtotip® II.

Figure 1.2: a)image of an Eppendorf micropipette needle held by a microloader; SEM images
of needle tips: b) the Femtotip®, and c) the Femtotip® IlI.

The micromanipulator controls the movement of the micropipette needle in 3 ways: horizon-
tal (x- and y-axis), vertical (z-axis) and tilt angle (t). For microinjection of adherent cells the
micropipette needle is held at an angle of 30°-60° to the microscope stage for cell penetra-
tion. There are standard micromanipulators available on the market produced by Eppendorf,
Narishige, Leiz, etc., and there are also research groups which have developed their own mi-
cromanipulators, like the MANIPEN [3, 4] and “Steady Hand” micromanipulator [5]. Figure 1.3
shows the MANIPEN micromanipulator.

Another crucial element is the microinjector. The microinjector is used to apply a pressure
pulse to the micropipette needle for substance ejection from its tip. There is a wide range
of analog and digital pressure microinjectors, where the ejected substance volume depends
on pressure, time, fluid viscosity and size of the tip opening. The microinjectors can deliver
volumes smaller than 10 nanoliters. There exist also positive-displacement and syringe-type
injectors on the market. However, their precision allows only to deliver volumes larger than
tens of nanoliters due to the thermal expansion of their components.

The inverted microscope is required to visualize the cells and coordinate the cell-needle posi-
tioning. The inverted microscope arrangement provides enough space for the micromanipu-
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Figure 1.3: MANIPEN micromanipulator [3].

lator with the micropipette needle. Since the cells are optically transparent, the microscope
has to be equipped with phase contrast, or differential interface contrast (DIC). The micro-
scope can be additionally equipped with a mercury lamp to combine the microinjection with
fluorescent observations. Figure 1.4 shows an example of a microinjection system.

The vibration isolation tabletop is required to assure vibration-free conditions during the
microinjection. The tabletops are commercially available products.

1.3 Applications

Microinjection into single adherent cells plays an important role in research field like drug
discovery [6-9] toxicology [10-13] and biology [14-17]. In drug discovery microinjection is
used to study and produce recombinant human and animal cell lines. In toxicology injection
of foreign substances (nanoparticles [10] or molecules [11-13]) into cells is used to study
toxicity mechanisms. In biology the microinjection is used to study human cancer cells [18-
20], transport between nucleus and cytoplasm [21], to deliver RNA [22-25], proteins, peptides
and cDNAs [26]. Microinjection is also used for stem cell biology[17, 27, 28]. In most of these
research fields microinjection into adherent cells dominates comparing with the injection
into suspended cells.

1.4 Limitations of the microinjection systems for adherent cells

The microinjection technique allows to target specific cells in order to deliver any type of
material. However, this technique has two main disadvantages. It has been reported that the

3
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Figure 1.4: A microinjection system for injection into adherent cells: the Olympus micro-
scope with Eppendorf InjectMan NI 2 micromanipulator and FemtoJet microinjetor. (source:
www.biocompare.com)

success penetration rate of a cell with a micropipette needle can be as high as 100% [14, 29,
30], however the efficiency of successful substance delivery rate is not higher than 50%[4]. As
an explanation two main reasons were given: clogging of the needle tip and lack of control
of the needle-cell interactions. Since an atomic force microscope (AFM) allows to precisely
control the interactions between a cell and an AFM probe it has been proposed to develop
novel techniques for the delivery of substances into single adherent cells.

1.5 AFM-based delivery systems into single adherent cells

The development of atomic force microscopy (AFM) has been a major breakthrough in the
study of single biological objects, such as DNA [31, 32], bacteria [33, 34] and, in particular,
eukaryotic cells [35-37]. The main components of the AFM are a microfabricated probe with a
thin cantilever and a sharp tip on its end, a piezoelectric scanner and a system to measure the
interactions between the tip and the sample. The interactions are measured via deflection of
the cantilever due to attractive or repulsive forces acting on the tip. The cantilever deflection
is monitored by reflection of a laser beam from the cantilever to the photodiode. Figure 1.5
shows a basic schematic of an AFM microscope, placed on an inverted microscope with an
adherent cell as a sample.

When an AFM tip is brought into contact with a cell membrane, it can be scanned across the
cell surface to investigate the topography and structure of the cell [38, 39], or it can be pressed
into the cell, deforming it, and revealing the mechanical properties of the cell [40]. Pressing on
the cell with a high force can result in a cell penetration [41, 42].
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Photodiode mirror
detector
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piezo-electric
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Inverted Optical
Microscope

Figure 1.5: Schematic of a typical AFM set up for cell biology. (source: Roduit, C. "AFM figures"
2010, www.freesbi.ch, Creative Commons Attribution)

The possibility of controlled cell penetration being offered by the AFM has invited researchers
to explore this technique as a tool to delivery substances. The AFM also offers possibility of
more precise positioning of the tip in x-, y- and z-axis than the micromanipulator used in
standard microinjection systems. Also since the cell penetration with the AFM tip can be
better controlled less cell damage is expected to occur. Figure 1.6 shows comparison between
the micropipette needle and a standard AFM probe. Figure 1.6a) shows the penetration of a
primary neuronal cells using a micropipette needle [2], and Figure 1.6b) shows the penetration
of an HEK293 cell membrane using a standard AFM probe.

Figure 1.6: Optical images of a) a micropipette needle penetrating primary neuronal cells 2;
and b) a standard AFM probe penetrating HEK293 cell.

When in December 2003 the research group of professor Atsushi Ikai has shown than an AFM
tip can be inserted into a living cell to extract mMRNA [43] it became clear that the AFM tip can
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be used as a tool for operations on single living adherent cells. One year later the group of
professor Jun Miyake has demonstrated first molecular delivery system using an AFM [44].
From then, many research groups have shown successful delivery of molecules into single
living cell [38, 45-49].

1.6 Delivery of biomolecules with AFM probes

The molecular delivery system using AFM developed by the group of professor Miyake [44]
consisted of a standard AFM microscope and a nanoneedle fabricated by the group. The
nanoneedle was a standard AFM probe with a pyramidal tip etched to a shape of a fine
long column (Figure 1.7a)). The AFM probe was further chemically treated to immobilize
fluorescent biomolecules on the surface of the nanonnedle. The nanoneedle was used to
penetrate single human cells. Confocal analysis of the cells has shown fluorescent signals,
which proofed the successfully delivery of the biomolecules.

Figure 1.7: a) shows an SEM image of a nanonnedle; b) confocal image showing a nanoneedle
(emitting green fluorescence) inserted inside a cell nucleus (the cell is emitting red fluores-
cence).

Further the same group has shown that the nanoneedle can penetrate not only the cell but also
its nucleus50 (Figure 1.7b)) and demonstrated highly efficient DNA delivery in human cells
[45, 50]. Recently, the nanoneedle was used to monitor drug effects in a single breast cancer
cell [51]. The nanoneedle was covered with an adsorbed responsive vector and delivered into
the cell. The responsiveness of the cell was evaluated using lipofection.

Cuerrier et al. [49] have demonstrated delivery of molecules into single human cells using
AFM probes decorated with plasmid DNA encoding for the fluorescent protein EGFP. This
result is interesting as it is demonstrating cell transfection using standard AFM probes with
pyramidal tips. Later on delivery of biomolecules into cells with standard AFM probes was
demonstrated by Ikai [38].

Delivery into single cells using AFM microscope was also demonstrated using a carbon nan-
otube attached to an AFM tip. The carbon nanotube was functionalized with quantum dots
and inserted into a human cell line [52].
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Several groups began to work on AFM systems allowing to deliver not only molecules, but also
liquids inside the cells [46, 47, 53]. Delivery of liquids into single cells is technologically more
challenging than delivery of ‘dry’ molecules that are attached to the AFM tip chemically or by
adhesion forces. Liquids, however, cannot be attach to the tip and require more sophisticated
carriers. In order to deliver liquids into cells AFM probes with integrated microfluidic systems
are being developed.

1.7 AFM probes with microfluidic systems

To deliver liquids inside single living cells attached to a culture dish and filled with culture
cell medium AFM probes have to have embedded microfluidic system. Such a system has to
have a built in reservoir and channels connected to the tip. In the literature, probes have been
already demonstrated: NanoFountain Probe [48, 53], NADIS Probe [47, 54, 55], and Bioprobe
[46].

The NanoFountain Probe is a probe with microfluidic channels and a “high volcano-like
dispensing tip integrated at the free end of the cantilever, which has an annular aperture
around a core AFM tip” [56]. The tip aperture is connected to the microchannels. Figure 1.8a)
shows a schematic drawing of the NanoFountain Pen and Figure 1.8b) shows a SEM image of
the tip.
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Figure 1.8: a) shows a schematic of a NanoFountain Probe; b) shows a an SEM image of
the dispensing tip; ¢) shows schematic of nanodiamonds delivery into a single cell with the
NanoFountain Probe.

The NanoFountain Probe was used to demonstrate delivery of functionalized nanodiamonds
into single cells [53]. Figure 1.8c) shows a schematic drawing of the delivery. The sharp tip is
used to penetrate the cell membrane and to guide the nanoparticles into the cell.

The NADIS Probes, where NADIS stands for Nanoscale Dispensing, are AFM probes with
microfluidic channels connected to a tip. The tip has an aperture next to its apex for liquid
delivery. The sharp apex is used to penetrate the cell membrane and to insert the tip inside the
cell. Injection of liquid into single cells was demonstrated with these probes [47]. The injection
was obtained via hydrostatic pressure. Figure 1.9 shows SEM images of the NADIS probe.
Figure 1.9a) shows an image of the cantilever with a tip, Figure 1.9b) shows cross-section image
of the cantilever to shows the fluidic channels, Figure 1.9¢) shows an AFM tip with an opening
for liquid delivery (side view), and Figure 1.9d) shows a detailed top view of the tip apex and
the tip opening positioned next to the apex.
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Figure 1.9: SEM images of a) NADIS cantilever with a tip; b) cross-section of the cantilever
with the microfluidic channels; c) a NADIS tip with an opening positioned next to the tip apex;
d) top detailed view on the tip apex and the opening.

The Bioprobe is an AFM probe with microfluidic channels connected to a pyramidal tip
with embedded hollow needle. It was reported in 2011 as a tool for operations on single
living cells, however up to now only penetrations of a cell membrane with the probe were
demonstrated [46]. Figure 1.10 a)-c) show schematics of the probe design and its fabrication
process. Figure 1.10 d) shows a SEM image of the fabricated tip with a sharp needle.

(a) (©)  sio, nanoneedle

Sl Si microstructure
Bonding Microchannel
—= = —

(b)

Figure 1.10: a)-c) show schematic of the probe design and its fabrication process, d) shows an
SEM image of the fabricated tip with embedded needle with a detail view on the tip [46].

Although liquid delivery into cells with most of these probes has been demonstrated, none of
these technologies are ready yet to challenge the position of standard microinjection using
micropipette needles. The AFM probes with integrated microfluidics are the core component
for liquid delivery into single cells. However, in order to control not only the cell penetration,
but also liquid delivery into cells, further development is required.
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1.8 Thesis objectives

The main objective of this thesis is to develop an AFM-based microinjection system for liquid
delivery into single adherent cells. The development will be based on the NADIS probe with
integrated microfluidic channels and a hollow tip.

In order to deliver liquid into a cell via the AFM tip, it is crucial to understand the complex
tip—cell interactions. These interactions will be studied via ‘force spectroscopy’.

Also the invasiveness of the tip insertion will be studied to verify possible cell damage. Finally,
the AFM-based microinjection system will be used to demonstrate intracellular injection.






pd Materials and methods

In this chapter materials and experimental methods are detailed.

2.1 Fabrication of the apertures

Fabrication of the tip apertures in NADIS probes was performed using focused ion beam
milling (FIB).

FIB was used in a wide range of applications such as imaging [57] and deposition [58] but
its main application is localized milling of material with high precision [59, 60]. To create
apertures in the AFM tips, precise control of the volume of the material being removed at
precise location was required; hence the FIB milling was the method of choice.

The FIB milling was carried out with an FEI Nova 600 NanoLab - DualBeam system. The
DualBeam system consists of electron and gallium ion beams. The electron beam plays the
role of the SEM and allows image sampling with ultra-high resolution. The DualBeam system
allows one to operate the two beams at the same time. When the sample is being milled with
the ion beam, the process can be observed in real time with the SEM. The process takes place
in a high-vacuum environment. The critical point of making the system work correctly is to
set the sample to the eucentric point. The eucentric point is where the coincidence of the
beams with the stage tilt axis occurs. At this point, the place of interest on the sample remains
in focus and very little image displacement occurs, independently of how the sample is tilted
or rotated. To position the place of interest at the eucentric point, the working distance of
the electron beam (the eucentric height) has to be found. The milling process is the most
efficient when the ion beam is perpendicular to the place of interest-the angle of the incidence
~ OF (the angle of the incidence is the angle between the surface normal of the AFM chip and
the ion beam). In this configuration the system with the sample is ready to work. Figure 2.1
illustrates the configuration for the NADIS chip inside the FIB system. The tip apex was placed
in the eucentric point. Figure 2.1 b) shows a micrograph of the tip seen with the ion beam and
Figure 2.1 c) shows a micrograph of the tip seen at the same time with the electron beam.

11



Chapter 2. Materials and methods

eucentric point

Figure 2.1: Configuration of the system and the sample, the tip apex was placed in eucentric
point and the sample was tilted to 52° where the ion beam is perpendicular to the AFM tip a).
Micrographs on the right show how the tip in this configuration is seen by b) the ion beam
and c) the electron beam.

2.1.1 Interaction of the ion beam with the matter (specifications)

When the Ga ion beam hits the sample surface the interaction of the ions with the matter
can be chemical and physical in nature. The physical interactions are the result of a kinetic
momentum transfer of incident ions to a target substrate leading to a sputtering deposition. A
large momentum transfer triggers a collision cascade resulting in a removal of atoms situated
close to the surface. The kinetic energy transfer causes photon emission, which is responsible
for heating effects, and releases electrons. These secondary electrons are the ones used for
imaging. In addition to material removal side effects such as implantation, swelling and
re-deposition of sputtered material also occurs.

Important process parameters are ion energy, current and voltage, beam diameter, angle
of incidence and dwell time. In general the ion energy lies in the range from 10 to 100 keV
where sputtering takes place. A large removal rate can be obtained using a large current with,
consequently, a large beam diameter. Smaller beam diameters are used for imaging and larger
apertures are used for faster milling. Recommended current values for milling submicron
holes are 30 or 50 pA [61] and the acceleration voltage is 30 kV [61]. During the milling of the
sample the beam moves from one beam pixel to another. The distance between the beam
pixels is called the beam overlap. In order to ensure a uniform exposure of the milled area to
the ions, the beam overlap is usually set to 50 %. The dwell time is the time the beam spends
on a single pixel of the milled pattern. In the context of re-deposition the dwell time is a
crucial parameter for advanced structure quality. Longer dwell times lead to a deeper milling

12
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but at the same time cause larger re-deposition, thus its value depends on the compromise
between these two effects. A dwell time of 500 ns has been chosen to mill the tip apertures,
since shorter dwell time does not improve the quality and the FIB system becomes unstable at
dwell times shorter than approximately 200 ns. The angle of the incidence ( ) has an influence
on a sputtering yield of the ion beam and roughly increases with 1/cos( ) [62]. Milling of the
tip apertures occurred always at 0°.

2.2 Development of parylene C mask for KOH etching

2.2.1 Substrates

To study adhesion properties of parylene C, the following substrates were used: 4 inch silicon
wafers (Silitronix France), silicon wafers with 250 nm thermally grown silicon dioxide and
silicon wafers coated with silicon dioxide and additional LPCVD deposited 100 nm nitride.
After the cleaning process 1 wafer per substrate type was diced to 1 cm £ 1 cm samples.

For testing parylene C mask on 3D structures Pyrex wafers with microfluidic channels were an-
odically bonded to structured silicon wafers with inlets. The microfluidic channels were 10 &m
and 20 &m wide and 1.2 &m high. The length of the channels varied from 1.1 &m to 1.6 &m. The
inlets were etched through the entire thickness of the silicon wafer by KOH etching.

2.2.2 Substrate cleaning !

The wafers were immersed 10 minutes in a solution of H2SO4 (96 %, 120 ~C) followed by 1
minute in a BHF solution (1:7, 237C) and 10 minutes in a HN O3 solution 70 %, 116 “C). Finally
the samples were rinsed in DI water and dried in spin rinse dryer (SRD).

2.2.3 Chemical adhesion promotion

To promote adhesion of parylene C to the substrates -methacryl-oxy-propyl-trimethoxy-silane,
also known as the Silquest A-174® silane (ABCR GmbH&Co, Germany) was used. Silane
deposition was studied in liquid and gas phase. The samples silanized in the liquid phase
were left for 5 min in a solution of silane A-174 and water (ratio 1:10 ml). For the gas phase
silanization, the samples were placed in a custom made parallel plate vacuum chamber and
pumped down to a base pressure of 8 £10i3 mbar . The surface activation was done using air
plasma (0.3 mbar, 50 watts during 15 minutes). The chamber was then returned to the base
pressure before closing the pump valve and introducing the silane A-174 up to a pressure of
2£10i2 mbar. Finally, the silane was left to condense on the samples for 60 minutes. Static
and dynamic contact angle measurements were used to optimize the deposition parameters.
The contact angle of water was measured at (100 8§ 8)° for the gas silanization and (115§ 6)°

1The substrate cleaning was done by group of Dr Philippe Niedermann at CSEM SA (Switzerland)

13



Chapter 2. Materials and methods

for the liquid phase silanization on all substrates. The cleaning procedure consisting of a
sonication for 10 min in hexane and rinsing with Milli®-Q water had no effect on the contact
angle.

2.2.4 Parylene deposition ?

The Parylene deposition took place in a COMELEC model 1010 deposition chamber using
the conventional LPCVD process. 10 grams of dichloro[2.2]-paracyclophane dimer (Galxyl
C purchased from Galentis Srl, Italy) yielded layers of 5 microns (£10%) of Parylene C on the
samples. It was verified and confirmed on dummy samples using a Dektak profilometer.

2.3 Thermal treatment

Samples dedicated to test influence of thermal treatment on parylene adhesion were placed
in an oven, under a nitrogen atmosphere at atmospheric pressure. The oven was heated
10"Cmini! from room temperature up to 350 "C. This temperature was kept for 2h before
cooling down the oven at a rate of 5"C mini! down to room temperature.

2.3.1 Potassium Hydroxide (KOH) Exposure 3

The samples were immersed in a 40 % solution of KOH (Potassium hydroxide) at 60 ~C for 5 or
25 hours. The etching rate was approximately 16 &m hi' on a 110 orientated Si wafer.

2.3.2 Scratch test

The adhesion of the Parylene layers was assessed using a scratch test equipment REVETEST®
from CSM Instruments S.A (Switzerland), controlled by the proprietary Scratch software. The
measurement principle consists in a stylus with a diamond tip of spherical shape and diameter
of 200 &m that is put in contact with a surface. An increasing load is applied on the stylus as
it is dragged across the sample. The instrument measures the acoustic signal made by the
stylus scratching the layer. A layer breaking is characterized by a large noise that indicates
the rupture load. A visual inspection kit enables to check the accuracy of the information
recorded by the acoustic signal and it enables to visualize the shape of the imprint left by the
stylus. Even though this kind of instrument is normally used to characterize the adhesion of
hard thin films on a softer substrate, it enabled to compare the adhesion of the treated and
non-treated Parylene layer on our samples. Prior to the measurements, the samples were fixed
with in a substrate holder with acrylate glue. The measurement length was set to 5 mm with
aload of 30N cmil. The measurements were recorded using the proprietary software and 3

2The parylene deposition, thermal treatment and scratch test were done by group of Prof. Herber Keppner at
HE-ARC (Switzerland)
3The KOH exposure was done by Dr Fabio Jutzi and Dr Dara Bayat from EPFL (Switzerland)
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pictures (start of the imprint, rapture point and end point) were taken for each sample.

2.3.3 XRD measurements 4

The XRD measurements were used to understand the influence of carried different treatment
conditions on crystalline properties of the parylene. The X-Ray Diffraction data were measured
in reflection mode on a X’pert pro PAN’alytical diffractometer (MRD) using CuK fi radiation.
The data was collected first in the /2 mode and secondly in therange 2 (¥ ™ 1° range of 5°
to 40° (step size 0.02°, 1s/step). The crystallite size were calculated using the Scherrer equation
and the contribution of the peak width from the instrument was taken into account (Si sample
was used).

2.3.4 The AFM imaging

The AFM measurements were performed in tapping mode on a 3100 Dimension microscope
(Digital Instruments, Santa Barbara, CA). Silicon tips (Tap 150-AL-G from Budget Sensors, USA)
with a radius less than 10 nm, spring constant of 5N m i and resonance frequency of 150 kHz
were used. The samples were cleaned with N nitrogen gun directly before the measurements.

2.4 Instrumentation

2.4.1 Atomic force microscope (AFM)

The AFM based microinjection system was built based on a Nanowizard® Il BioAFM (JPK
Instruments, Germany) mounted on an Axiovert 200 inverted optical microscope (Carl Zeiss,
Germany). Figure 2.2 shows pictures of the setup. Additionally a CellHesion® module (JPK
Instruments, Germany) was used to expend the travel range of the AFM microscope in the z-
axis to 100 &m. The module has a precise sample lift mechanism integrated into the AFM stage.
To the setup a fully compatible Petri dish heater was used (PetriDish Heater, JPK Instruments,
Germany) to maintain the cells at the temperature of 37 C.

2.4.2 Pressure generator

To apply pressure pulses into the NADIS probes PM 8000 Programable 8-Channel Pressure
Injector (MicroData Instrument, Inc., USA) was used. It is a standard device used in microin-
jection.

4The XRD measurements were done by group of Dr Antonia Neels, CSEM SA (Switzerland)
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Figure 2.2: Picture of a) the setup: the Nanowizard® Il BioAFM and Cell Hesion® module
mounted on the Axiovert 200 inverted optical microscope; b) the stand alone Nanowizard® Il
BioAFM and Cell Hesion® module; c¢) the PetriDish heater.

2.4.3 Flow measurements system

To experimentally determine the hydraulic resistance of the AFM-based microinjection system
a measurement system was designed, where for a given applied pressure ¢P the flow of liquid
Q through the NADIS probe was assessed. The system consisted of an optically transparent
glass tube connected at one end to the pressure generator and on the other hand to the NADIS
probe. Knowing that the flow of liquid being ejected through the opening in the NADIS probe
is the same as the liquid flow in the glass tube, the flow through the tube was measured.

Knowing that for a given applied pressure ¢P, the liquid in the tube of a known radius a has
been displaced for a length ¢L in the time ¢t, the liquid flow through the opening in the
NADIS probe was calculated as:

_ .aseL
¢t

Q (2.1)

where, ..a%¢L is a volume of liquid ejected through the opening in the NADIS probe.
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Figure 2.3: Optical images of a tube filled with liquid (marked as black) taken at a) time t1
and b) time t2 for a given applied pressure. The liquid displacement ¢L over time ¢t was
measured with a reference grid.

2.5 Substrates for biological experiments

For biological experiments three types of substrates were used: Petri Dish made of polystyrene
(35mm), glass coated with fibronectin and glass patterned with PLL-g-PEG/fibronectin. The
last two types were commercially available CYTOOchip™samples (CYTOO SA, France). The
CYTOOchip™isa2&m£2&m 170 &m thick gridded coverslip with micropattern arrays and
a large area homogeneously covered with fibronectin. The micropattern of the fibronectin
had a disc shape of a diameter of 45 &m; the pitch between the discs was 130 &m. The entire
surrounding surface was PLL-g-PEG, a surface chemistry which discourages cell spreading.

A single CYTOOchipTM was divided into 4 samples. Samples containing homogeneously cov-
ered with fibronectin area were used as glass coated with fibronectin substrates and samples
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containing the micropattern arrays were used as glass patterned with PLL-g-PEG/fibronectin
substrates.

2.6 Cellculture®

The human osteosarcoma cell line (SaOs-2) was obtained from American Type Culture Collec-
tion (Manassas, VA, USA) and maintained in culture in McCoy’s 5A medium supplemented
with 10% heat-inactivated standardized foetal bovine serum (Biochrom AG, Germany)), 1%
L-glutamine and 50 mLi? of penicillin, 50 &g mLi* of streptomycin at 37 ~C in humidified 5%
CO; atmosphere.

2.6.1 Cell seeding on Petri dish substrates

A cell suspension of 105 SaOs-2 cells was seeded on Petri dishes and cultured for 24 hours
on complete medium. Experiments with the samples were performed in regular medium
supplemented with 25 mmol HEPES.

2.6.2 Cellseedingon CYTOOchip™

The CYTOOchip™was attached the to the bottom of the petri dish. 120,000 cells were added
to the top of the CYTOOchip™and left to settle under the laminar flow hood for 10 minutes
before transferring to a 37 ~C incubator for 40 minutes. The CYTOOchip™was then rinsed
with PBS three times to remove any unattached cells and then left in the incubator for 3 hours
before using.

A 25mM EDTA in cell culture media solution was used for experiments with EDTA.

2.6.3 Cell staining

Cells have been fixed with 4% formaldehyde after 3 hours of culture. Then incubated in PBS-
glycine 0.1 M to permeabilize the cell membrane, and in blocking buffer to block nonspecific
sites. Alexa Fluor 488 Phalloidin (Molecular probes) was used to label F-actin while DAPI
(4’,6-diamidino-2-phenylindole) was used to label the cell nuclei.

2.6.4 Confocal analysis

All confocal measurements were done with Leica Confocal Microscope (Leica Microsystems,
Germany). Measurements of cell height, nucleus height and nucleus—-membrane distances
were done as follows: from the top of the cell we take a stack of images in z—direction, step

5The cell culture was prepared by Ms. Marta Giazzon, Ms. Nadéege Matthey and Mr. Sher Ahmed from CSEM
SA (Switzerland)
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500 nm. The entire cell thickness has been calculated on the basis of the number of sections
necessary to image completely the cell. The distance sub-membrane nucleus has been calcu-
lated by analysing the number of sections with actin before to have the nucleus appearing.
The nucleus height was calculated making the sum of the sections where DAPI signal was
present.

2.6.5 Cell death analysis

To measure cell survival rate a LIVE/DEAD kit (Sigma Alrdrich) was used. The LIVE/DEAD kit
contained two components. The first component is Calcein-AM. This is a highly lipophilic and
cell membrane permeable. Although CAM is not a fluorescent molecule, when it enters viable
cells it emits a strong green fluorescent signal. The second component is propidium iodide.
This is a nuclear stain which cannot pass through viable cell membranes. It passed through
the dead cell’s membranes and intercalates with the DNA in the nucleus to emit a strong red
fluorescence. After applying the kit to the cells, the cells were viewed by confocal microscopy.

2.6.6 Cell fixation

Cell fixation was used to investigate cells spread on substrates coated with Parylene. Samples
were rinsed with PBS. The cell fixation was done in a solution of 2.5% glutaraldehyde in 0.2
M cacodylate buffer, pH 7.4, overnight. Afterwards, the cells were dehydrated in a series of
ethanol/water mixtures: 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 100%, ethanol (5 min
each), followed by air drying. Once the samples were ready, the substrates were coated with
20 nm Au layer and investigated with a XL-30 ESEM (Royal Philips, Netherlands) scanning
electron microscope.

2.7 AFM probes

For the force spectroscopy experiments two types of AFM probes were used. The first type was
commercially available silicon probes (Tap150-G, Budget Sensors, Bulgaria) with a pyramidal
tip shape and tip radius of approximately 10 nm. The probes were 125 &m long with a nominal
spring constant of 5N mil. Before every experiment each cantilever was calibrated using
cantilever-on—cantilever method. The final working spring constant of cantilevers was in the
range of SN milto 7Nmi?,

The second type of probe was fabricated and developed at CSEM SA, Switzerland Nanoscale
Dispensing (NADIS) probes. The NADIS probes contain a microfluidic system and are a core
component of the AFM-based microinjection system. Chapter 4 is dedicated to its design and
microfabrication process and Chapter 5 describes its characterization.
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2.8 Data processing and statistical analysis

2.8.1 Analysis of force-distance curves

Data analysis was carried out using Image Processing software (JPK Instruments, Germany).
For every single cell 1 force distance—curve was obtained. The force-distance curves were
first transformed into force vs. tip—sample separation curves and analysed in terms of the
indentation depth (D), the penetration depth (D1), the penetration force (F 1), the force drop
(Fd) and the membrane slip (d). The mean of these values together with the sample standard
deviation was then taken to be characteristic of each condition.

2.8.2 Statistical analysis

The obtained data was analysed with the Microsoft Excel with Data Analysis Tool. Two types of
statistical analysis were used: ANOVA and T-test. The ANOVA (Single Factor) test was used to
compare four population means (populations of cells spread on glass coated with fibronectin
and cells spread on glass patterned with PLL-g-PEG/fibronectin, with and without EDTA). The
Sheffé test was further used to find which of the samples means are different. For any other
statistical analysis two-sample T-test was used.

For all statistical tests, a p ~ 0.05 was considered significant.
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3.1 Introduction: Delivery of liquids into a living body

In order to inject a liquid into a living organism, the outer membrane must have an opening
through which the liquid can enter the organism. For this reason, it is necessary to puncture
a hole in the membrane while minimizing the damage inflicted on the organism such that
the desired amount of liquid which can be tolerated by the organism can be transferred.
Liquid delivery by this manner requires a specific tool in which several parameters must be
considered (Figure 3.1):

1. The size of the tool must be appropriate for the Tool- body

. R Volume control
. . interaction control
size of the organism.

2. Interactions between the tool and the organism
must be controlled during formation of the open-
ing, delivery of liquid and post-delivery to mini-

mize invasiveness. Volume of
delivered liquid

3. The tool must control the amount of delivered lig-
uid within the range determined by the organism

Size of the body

Figure 3.1: Schematic of liquid delivery into a living organism.

Our ecosystem consists of trillions of soft living organisms. The most common are cells.
Manipulation and understanding of their functionality requires the development of a wide
variety of experimental methods. Delivery of liquids is one such method; however, developing
a tool for the delivery of liquids into all types of cells is very challenging. There is a large variety
of different cell types (Figure 3.2) which can be divided into two subdomains: prokaryotic
and eukaryotic cells. Each of these is further divided into subcategories and those are again
divided into smaller and smaller groups. This case study investigates a tool to deliver liquids
into animal cells, in particular mammalian cells, a group that belongs to a category of animal
cells in the eukaryotic domain.
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Figure 3.2: Diversity of cell types.

3.2 Design of a liquid delivery system into single mammalian cells

Most mammalian cells are adherent cells, cultured typically at a temperature of 37°C in a gas
mixture of 5% carbon dioxide (CO;) and 95% air. The size of a single cell depends on several
parameters and varies from tens to hundreds of micrometers [63]. The height does not usually
exceed 10 micrometers [64]. Delivery of liquids into adherent cells demands a tool that is
smaller than a single cell, can be accurately positioned above it and precisely controlled in
order to insert the tool into the cell [65]. A tool that matches these criteria already exists and
is well known. It is a probe attached to a chip mounted on an AFM microscope. The probe
consists of a cantilever with a sharp tip. This tool has been already used to investigate cell
properties and to deliver molecules to cells (outlined previously in Chapter 1). However, a
standard AFM cantilever with a tip cannot accommodate liquid in order to inject it inside the
cell. For this reason, a new type of AFM probe must be considered; the type that has a fluidic
system enclosed inside the cantilever and the tip, all connected to the body of the chip —a
Nanoscale Dispensing (NADIS) probe. Figure 3.3 presents a schematic of the NADIS concept.
Inside the AFM cantilever, there is a channel connected to a hollow tip. The tip has an opening
next to the tip apex through which the liquid can be transferred to the cell. Control of the
interaction between the tip and the cell are measured by the AFM microscope by means of
attractive and repulsive forces between the tip and the cell [42].
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[ Control of interaction forces ]
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[ Control of liquid volume AFM probe with fluidic channels
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| Substrate |

Figure 3.3: Schematic of an AFM based system for liquid delivery into adherent cell. The
system consists of an AFM probe with integrated fluidic channel. The probe uses its sharp tip
to penetrate the cell membrane. An external system is precisely monitoring the interaction
forces between the tip and the cell to assure low invasiveness of the penetration step. Once
the tip is inserted into the cell the liquid is delivered through the opening located next to the
tip apex. The amount of delivered liquid is controlled by external controller.

The NADIS concept fulfils the first two criteria introduced at the beginning of this chapter: the
size of the tool and the interaction control between the tool and the cell. However, the last
criterion, precise control of the delivered quantity of liquid, must still be considered.

3.2.1 Amount of liquid delivered into a single cell

To solve the problem of the precise quantity control it is first necessary to ask the question:
what quantity of liquid can be delivered to a single cell?

In theory it is possible to calculate the amount if the size of the cell is known. However, the cell
is an elastic [35] living body that will respond to the delivered volume of liquid. Thus, there are
two main parameters that need to be taken into consideration: variation in the cell volume,
and variation in viscoelastic properties of the cell. Within the same cell type it is impossible to
find two identical single cells in terms of volume and morphology. The volume of adherent
cells is calculated as follows. The cells are detached from the surface causing them to take
on a spherical form. By measuring the diameters of the cells in this state, the volume can be
calculated based on the formula for the volume of a sphere. The diameter of mammalian cells
varies from 10 to 20 &m [2], resulting in a volume variation between 500 to 4000 femtoliters.
This shows that the amount of volume supported by the cell can vary up to 8 times.

Cells viscoelastic properties vary as much as their volume. Their viscoelastic properties allow
the cell to deform and change shape. Delivery of liquid in to a cell can cause cell deformation.
This deformation will depend on the quantity of injected liquid. It is very difficult to predict
how much the cell can be deformed without causing damage or even death. In addition, the
viscosity of the cell cytoplasm and organelles can impede the delivery of the liquid [66]. This
impediment will vary from one cell to another and will influence the quantity of liquid that
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can be delivered to each cell.

Taking into account these parameters, it is correct to assume that the delivered volume should
be in the range of femtoliters. However, it is very difficult to theoretically determine this
quantitative range. For this reason, it would be preferable if the amount of delivered volume
could be determined experimentally.

There is very little information in the literature concerning the measurement of liquid volume
delivered to a single cell. Minashek et al. [66] investigated the volume range used during
standard microinjection, by injecting a fluorescent TRITC-labeled bovine serum albumin
(TRITC-BSA) into adherent 3T3 mammalian cells (obtained from Swiss mouse embryo tissue).
After the injections, the fluorescent intensities of the cells were measured with scanning fluo-
rometry. Reported results showed extremely high variations in the delivered liquid quantities
to single cells. The liquid amount varied from 1 to 10% of the cell volume.

For the purpose of this thesis, this result was assumed to be true for all types of adherent
mammalian cell. This assumption combined with theoretical calculations of the cell volume
allows one to calculate the amount of liquid that can be delivered into a cell (Table 3.1). The
amount varies from 5 to 400 femto liters.

Table 3.1: Calculations of liquid amount that can be delivered into a single cell. Calculations
are based on the results presented by Minashek et al.

Cell diameter [&m] Cellvolume [fL] Maximal volume of liquid that can be delivered
1% of cell volume [fL]  10% of cell volume [fL]

10 500 5 50
20 4000 40 400

Knowing what range of volumes is required and permits an investigation of how to deliver said
amounts.

3.2.2 Control of liquid delivery

Delivery of a defined volume into a cell can be performed by controlling the flow of the liquid
through the fluidic channel enclosed inside the AFM probe. There are two main methods that
can be used to generate a flow inside the channel: application of a pressure differential and
application of an external electric field. In the first case, an external pressure is applied to the
channel creating a pressure gradient. This pressure gradient causes movement of the liquid
through pressure driven flow. In the second case, an electric field is applied to the channel
causing movement of the ionized liquid through electroosmotic flow.

However, the electroosmotic flow is limited to polar liquids and is sensitive to contamination
of channel surface [67], ionic strength and pH [68]. In addition, fabrication of the AFM probes
with fluidic channels and integrated electrodes is technologically more challenging than
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simply fabricating probes with channels and connecting them to a pressure generator. Based
on these factors, pressure driven flow was chosen.

The final concept of the cell injection system is based on an AFM probe with a microfluidic
channel connected to a pressure generator, where interaction forces between the tip and the
cell are controlled by the AFM microscope. When the tip is inserted into the cell, the generator
applies a pressure and the liquid is injected. The injected volume is controlled by the value of
the applied pressure and the time of the injection (the time of the pressure pulse). Based on
this concept, a detailed design of the system and its specifications can be established.

3.3 Detailed design of the AFM — based microinjection system

A detailed design must take all experimental aspects of the AFM-based liquid delivery system
into consideration:

1. the AFM tip must access the cell from the top;

2. the AFM tip must be mounted on an AFM holder that will be placed inside the AFM
microscope;

3. the fluidic channel inside the AFM probe must be connected to the pressure pulse
generator via the AFM holder;

4. the cell must be kept in a cell medium in a controlled atmosphere (temperature and
pH); and

5. finding the cell and placing the AFM probe above it can be done only with a phase
contrast optical microscope.

Based on these aspects, a detailed design of the system is presented. Figure 3.4 illustrates a
schematic of the system.

The AFM probe with the AFM holder is mounted on the AFM microscope. The inlet of the
probe channel is connected to an outlet of the holder channel. The holder channel is further
connected to the pressure generator via elastic tubing. The probe with its holder is placed
inside the Petri dish. The Petri dish is a standard dish made of optically transparent material.
The adherent cells are located inside on the bottom surface. The cells are kept in a liquid
medium in a controlled temperature. This is done by placing the Petri dish inside a heated
support. The cells and the probe are visualized with the inverted phase contrast microscope
through the opening in the Petri dish heater.

With this system, delivery of the liquid into the cell can be performed as follows. The probe is
placed above the target cell and the AFM microscope is used to insert the tip (with precision)
inside the cell in force spectroscopy mode. When penetration of the cell is detected via the
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Figure 3.4: Schematic of an AFM-based microinjection system. The system consists of an
AFM probe with closed fluidic channel. The fluidic channel is connected via the AFM holder
to a pressure pulse generator. The AFM holder with the probe is mounted inside the AFM
microscope. The microscope is placed on top of the Petri Dish holder. The Petri Dish contains
cell medium and adherent cells. The AFM probe and part of the holder are immersed in
the medium. The Petri Dish holder contains a heater that keeps the Petri Dish at required
temperature. The cells are observed from the bottom with optical phase contrast microscope
through an opening in the Petri Dish heater.

force distance curve, the pressure generator applies a pulse and the liquid is ejected through
the aperture in the tip and into the cell. After the liquid is injected, the probe is retracted from
the cell to its initial position.

Once the detailed design of the system is completed, it is necessary to investigate fabrication
of specific elements. The main elements of the system are:

1. the AFM microscope;

2. the AFM holder with fluidic channels;

3. the AFM probe with fluidic channels — NADIS probe;
4. the pressure pulse generator;

5. the Petri dish heater; and

6. the inverted phase contrast microscope.

Fabrication of an AFM holder with fluidic channels as well as the NADIS probe with an
embedded fluidic system require technological development whereas the rest of the elements
are commercially available products. An AFM microscope for cell biology with integrated
inverted optical microscope and Petri dish heater has existed on the market for more than 10
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