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Abstract

Nerve injury repair is a complex challenge in tissue engineering. Complete and correct nerve
regeneration is difficult to obtain due to loss of motor and sensory functions. Injured nerve
has a significant ability to re-grow but their repair tends to fail due to neurite outgrowth
complexity which involves the interaction through surface receptors with the extracellular
inhomogeneous environment for the detection of guidance cues towards the appropriate
location. Chemical and mechanical interaction plays a potential role in neurite outgrowth
guidance that can be provided by a chemically modified pattern surface. Various photo
patterning techniques have been employed to study the growth cone extension along with
neurite (axon and dendrite) extension on patterned surfaces and an AFM has been used for

cell mechanics measurements under physiological conditions.

In the present work, two maskless far-field photolithography setups have been developed.
These setups with a spatial light modulator and without the spatial light modulator, have been
used for the fabrication of patterned structure on BPRS-100 resist as proof of principal. Next,
the masksless setup without a spatial light modulator has been used for patterning structures
on NPPOC protected aminosiloxane monolayers and reactive patterned SAM surfaces which
were further chemically functionalized with a PMPC brush. The grafting density of PMPC
brushes were measured by analysis of the brush thickness data at different patterning speed
and different polymerization time in the dry state and under water. Maskless photolithography
with a spatial light modulator also fabricated patterned structures on NPPOC protected SAM
using UV light.

AFM has been employed to investigate the topography of primary Schwann cells, RN-22
cells and NG-108-15 neuronal cells. Mechanical properties of primary Schwann cells
neuronal cells and growth cones were measured with two different probes. However, sharp
tips were used to measure the nano-mechanic of long and thin neurites. Cell topographic
information have been obtained with the set-point and contact-point maps and it has been
shown that the contact-point is an effective and meaningful way to clearly resolve the cell
edge protrusions. Stiffness maps present the inherent stiffness of different regions of cells in

neurites and growth cones.
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Chapter 1 - Introduction

1.1 Overview

Damage to the peripheral nervous system is common and its repair and regeneration is a big
challenge in nerve tissue engineering. Although nerve function recovery occurs in many mild
injuries often outcomes are disappointing following severe trauma. Various nerve repair and
regeneration strategies have been employed to provide correct orientation to regenerating
nerve cells either in the form of nerve guidance channels or supporting cells or both. To
fabricate nerve guidance conduits on the micron to nanoscale, various techniques such as
photolithography, micromachining, electro-spinning and micro-contact-printing have been
employed. Advancement in technology has contributed to fabrication processes, nanoscale
science and engineering. Different mask based lithography systems combined with different
fabrication processes e.g., deposition and etching are used to create micro- and nanoscale
structures. Maskless far-field photolithography is a cost effective technique to replicate a
pattern rapidly with high throughput and can contribute significantly by opening new routes
for micron to nanoscale fabrication. These micro- and nanoscale patterned structures can be

further utilized in various applications such as biology, chemistry and nanomedicine.

Atomic force microscope (AFM) is a versatile and widespread tool for topographical and
mechanical investigation on a wide variety of samples including, semiconductors, polymers,
living cells and materials. In cell biology, AFM is considered as one of the promising and
effective techniques for the investigation of micro-and nano-mechanical properties of cells,
small filaments and neurites. Various micro mechanical techniques are available but AFM is

the only tool that provides nano-mechanical properties on various types of samples.

One of the main themes of this report is to build a maskless photolithography experimental
setup for the fabrication of micron to sub-micron structures on different substrate. A detailed
description of two different masksless photolithographic experimental setups is given and
further these setups are used to define patterns on resist and self-assembled monolayers. The
second main aim of this report is to use the atomic force microscope to identify the true
topography of neuronal cells and two different Schwann cells as well as to measure nano-
mechanical properties of the neuronal cells and the primary Schwann cells. The long term
aim of the project, beyond the scope of the current thesis, is to use maskless photolithographic
patterning to control the surface chemistry of complex 3-dimensional structures designed to

guide nerve regeneration, the chemical modification providing cues to direct growth that re-
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enforce the topographic guidance provided by the structures. By coupling this with the AFM
imaging methods developed in this thesis, it is hoped that improved understanding of the
mechanisms behind nerve cell guidance can be gained in the future, helping to improve future
methods of nerve regeneration. It is hoped that the maskless photolithography experimental
setup developed can be used for the fabrication of 2D and 3D micron length scale patterns
that can be utilized in cell biology to control and regulate cell growth as well as in chemistry
to study the stimuli-response of different polymer brushes of varying thickness on micro-

patterns.

1.2 Thesis outline

The thesis outline is as follows. Chapter 1 gives a brief introduction to the photolithography
technique used in far-field and near field patterning and different working modes of atomic
force microscope that have been used to investigate cell topography and mechanics. Other
techniques for the investigation of cell mechanical properties are also described.

Chapter 2 describes the maskless photolithography experimental setups development based
upon a spatial light modulator and without a spatial light modulator. The experimental setups
performance was evaluated on the commercially available resist material due to fast and easy

handling.

Chapter 3 describes two maskless photolithography techniques that are used for the
fabrication of patterned structures on NPPOC protected aminosiloxane monolayers through
UV (351 nm) irradiation. Further, poly(2-(methacryloyloxy)ethyl phosphorylcholine)
(PMPC) was grown on a UV deprotected surface and polymer thickness was characterized

with AFM in dry state and water.

Chapter 4 describes the AFM imaging of three different types of cells including live primary
Schwann cells, live and fixed RN-22 Schwann cells and the fixed NG-108-15 in tapping mode

to investigate the cells topography and its growth pathways.

Chapter 5 describes the investigation of mechanical properties of peripheral nervous system
with AFM. In this study, colloidal and sharp probes were used to measure the mechanical
properties of primary Schwann cells, the neuronal cells and growth cones and sharp probes

were used to describe the properties of neurites.

Chapter 6 presents the conclusions based on the experimental work conducted by author in

this thesis. This chapter also presents future work, first, maskless photolithography setups can
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be used to create 2D and 3D patterned to monitor the growth pathway of different cells.

Second, polymer brush thickness investigation under different liquid at different conditions.

1.3 Micro- and nanolithography techniques
1.3.1 Photolithography

Photolithography is used to define a pattern on a substrate by exposing a light sensitive resist
to visible or UV light. After development various structures can be formed on the substrate.
Photolithography is used extensively in the semiconductor and IC industry during the
production of microchips and MEMs [1-7]. Fig. 1.1 schematic representation shows the main

steps of photolithography.

Visible or UV light

L1

Photomask
BN BN BN B |

l | B B B
Substrate e—) Substrate

(a) Exposure (b) Development

Fig. 1.1. Schematic representation shows the main steps of photolithography. (a) Exposure,
where a photo-resist coated substrate is exposed to UV light through a mask (b) Development,

where the exposed photo-resist is removed and the patterned surface is formed.

Optical lithography can be divided into two types, mask-based and maskless lithography. In
mask-based lithography a photo-mask on the resist coated substrate is irradiated to form
features in the shape of the holes in the photo-mask after development. There are three types
of mask based photolithography: contact printing, proximity printing and projection printing
[7,8]. These are schematically illustrated in Fig. 1.2. In contact and proximity lithography the
photo-mask is directly in contact with the photo-resist. Contact and proximity lithography are

used to fabricate patterns in the micrometre range.
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In contrast, projection lithography is mainly used in the semiconductor industry for device
fabrication. In optical projection lithography a pattern is created on the mask four times larger
than the desired features to be patterned onto the silicon. Homogeneous laser beam is passed
through the photo-mask and the mask image is projected onto a silicon wafer using complex

reduction lenses.

UV light

111111

UV light Photomask

VTR e

Photomask
Photomask Photo-resist . . . . . Photo- resmt\“ l[ /
1 1 1 1 WZEN
B |

(a) Contact printing

(b) Proximity printing (c) Projection printing

Fig. 1.2. Schematic illustration of three types of photolithography (a) contact printing (b)
proximity printing and (c) projection printing [7].

Currently an advanced two step lithography system, called a scanner and stepper, is used to
image the photo-mask pattern many times onto the same Si wafer. In the scanning part, a
small area of a photo-mask is irradiated in a continuous scanning motion until the whole
pattern has been transferred onto one part of the silicon wafer. In the stepping part, the silicon
wafer is moved to the next area and scanning is repeated. The operative wavelength for
advanced lithography is 193 nm, throughput is 60 or more silicon wafers per hour, and the

minimum feature size is around 25 nm [3,9].

In photolithography the resolution of the optical exposure system is very important because
it defines the limit of feature size. One of the major factors that limit the resolution is the
numerical aperture (NA) of the physical objective lens and wavelength of light used. The

numerical aperture (NA) of lens is defined as

NA=n Sina (1.1)
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Where n is the refractive index of the air or fluid in which lens is immersed and o is half the
angular aperture. NA defines the ability of the lens to collect the diffracted light. The
resolution of an optical system is defined as

R =k MNA (1.2)
where, R is resolution, A is the wavelength of light and k has a value > 0.25 [10].

The resolution of an optical lithography system can be improved by using a shorter
wavelength and an objective lens with higher NA. Other techniques to improve resolution
include photo-mask modification, optical proximity correction, off-axis illumination, phase-

shift mask and optical proximity effect correction [10-12].

In conventional photolithography the diffraction limit is another constraint on the fabrication
of very small features. Extreme ultraviolet and X-ray radiation is used to fabricate nanoscale
features and this is both complicated and difficult to use. Recently, with a transition from 193
nm to 157 nm wavelengths, projection lithography required new resist material, photo-mask
and compatible optics. There are three major issues for projection lithography at 157 nm,
firstly the lens material needs to be crystalline calcium fluoride to avoid intrinsic
birefringence, secondly optical elements to be coated with thin dielectric material for anti-
reflective purpose and thirdly, the working area must be in an atmosphere of high purity
nitrogen. Due to trace contaminants in the N gas, scattered 157 nm radiation decompose
organic material more effectively and then liberate volatile contaminants which may form
photoinduce deposits on the surface of optics. The problems associated at 157 nm are more
complicated and difficult to resolve than those faced in the transition to 193 nm and many
strategies have been employed to deal with the challenges related to its practical
implementation [13]. If lithography at 157 nm becomes possible then it would enable the
projection lithography to provide timely solution for semiconductor devices shrinkage and
can help to sustain vigor of the semiconductor industry at least half decade [13].

1.3.2 Far-field photolithography (mask based) on self-assembled monolayers

Self-assembled monolayers (SAMs) are atomically organized and uniform layers of
photosensitive molecules with a thickness of 2-5 nm and are used as a resist because of their
well-understood chemistry. Exposing the SAM to UV light through a mask in the presence of
air leads to the formation of a micro-pattern. Fig. 1.3 shows the schematic procedures of UV
photo patterning in the far-field region where the sample-light source distance is larger than

the wavelength of light used. Micro patterning has been reported on different monolayers
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such as carboxylic acid terminated SAM, methyl terminated SAM and amine terminated SAM
[14-17]. Extensive work has been done on micro-pattering of SAMs of alkanethiols on gold
and silver. Exposure of alkanethiols on gold to UV light in air leads to the conversion of
alkanethiols into alkylsulfonates. These are soluble in water and when the sample is
subsequently rinsed with water the alkylsulfonates dissolve and leave the required unexposed
part of the pattern [18]. A similar method has been used to fabricate patterned SAMs on silver.
The photo-oxidation mechanism of alkanethiols on silver is different from that of alkanethiols
on gold. In this case, the oxidation of the exposed area converts the strongly adsorbed thiolates
into weak alkylsulfonates. Immersing the sample into a second thiol solution replaced the
weakly bonded sulfonate and formed a clear and well defined pattern of two chemically
distinct molecules [19,20]. Similarly, micro scale structures have also been formed of SAMs

of phosphonic acids on aluminium oxide [17].

The irradiation of SAMs through the mask results in a reactive surface that can be used for
further chemical reactions, such as functionalization and adhesion. The photo-reactive
mechanism of SAMs depends on the wavelength, the nature of the functional groups, and the
environment. An application of photo-patterning is the combination of photolithography with
the attachment of bio-molecules and polymers. One recently reported example are micro and
nano-patterns of NPPOC protected aminosiloxane monolayers on oxide surface [21]. Samples
of NPPOC protected monolayers were exposed at 325 nm through the mask in the presence
of air. This resulted in the formation of a free amine group on the surface of the exposed areas
which were further functionalized with trifluoroacetic anhydride (TFAA) and polymer
nanoparticles for higher contrast [21].

SAM preparation is relatively simple, the layers have high density, are thermodynamically
stable and produce relatively defect-free structures [22]. They are potentially useful in biology
where patterned structures can be functionalized with different proteins. On the other hand,
SAMs have limited choice of substrates and are easily contaminated. Other potential areas of

application include electrochemistry, protein binding and DNA assembly [23].
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Fig. 1.3. Schematic illustration of UV photo patterning in the far-field photolithography

1.3.3 Maskless far-field photolithography

Maskless photolithography is based on the conventional lithography except that the photo-
mask is replaced with a focused spot or an addressable array of light-modulating elements.
There are various forms of maskless lithography techniques, such as focused ion beam
lithography (FIBL) [24] and scanning electron beam lithography [25], spatial light modulator
for maskless optical projection lithography [26], zone-plate-array photo lithography [3,27]
and two photon lithography [28].

A spatial light modulator is one example that is used instead of a photo mask in maskless
lithography. There are various types of spatial light modulators, such as tilting mirrors,
pistons, amplitude modulation, combined phase and amplitude modulation. All the spatial
light modulators have different operating principles but their common function is to create an
image on the wafer via controlled diffraction limited spots or interference patterns. Maskless
optical projection lithography (MOPL) is one of the potential tools with a programmable

reflective spatial light modulator (SLM) which is a replacement for photo masks. In MPOL
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the spatial light modulator consist of arrays of micron sized electrostatically driven mirrors,
a high-power pulsed laser source (~ 1 kilo hertz) and has a large number of pixels, typically
over ten million. An image contrast is formed by interference of light with a wavelength 193
nm of excimer laser through phase modulation. The phase is controlled by actuation, either
by tilting the mirrors or piston-motion mirrors. There are two main drawbacks in MOPL, the
high power laser can limit the switching speed of the spatial light modulator, and the
demagnification of the micron-sized pixel through the reflective optics is another burden
[26].

Zone-plate-array photolithography (ZPAPL) is used for parallel writing and consists of
focused light spots which are created by a spatial light modulator after passing through high
numerical aperture diffractive lenses [3,27-28]. The light on each spot is supplied by a
continuous wave (CW) laser at a wavelength of 400 nm and is controlled by one pixel of the
spatial light modulator. The silicon wafer is coated with a resist material and scanned under
these modulated focused spots. In ZPAPL the periodic pattern resolution corresponds to ki=
0.287 and the line width obtained is 135 nm. For non-periodic patterns, the ki value increases
to 0.29 and the minimum reported feature size is 140 nm. This maskless photolithography

technique is a cost effective and a potentially useful method for parallel writing [3].

Two-photon lithography (TPP) is a masksless technique for the fabrication of micron to sub-
100 nm 3D structures. Sapphire lasers, which have an ultra-short pulse width of less than 100
fs, are used as a beam source for TPP nanofabrication. The laser beam is tightly focused
through the high numerical aperture onto the photo-polymerizable resin, resulting in the
photosensitization of the resin via a two photon absorption (TPA) in the chromophores.
Complex structures can be created by moving the laser spot with a piezoelectric stage [29-
30].

TPP is a powerful tool for well-controlled 3D fabrication for various applications. However,
TPP also has some drawbacks; firstly, it has a low throughput and is unsuitable for mass
production as compared to conventional processes in the micro-electronics industry [30].
Secondly, TPP has a lower resolution compared to e-beam lithography. TPP opens a new
route for small-scale production that can be used for research purposes including 3D scaffold
for cell biology, micro-optic components, photonic crystals, and highly complex 3D micro

structures [30].

Maskless lithography is cost effective and a rapid way for micron to sub-100 nm resolution

fabrication in the laboratory. Various masksless lithography techniques are used to fabricate
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micro-fluidic devices, 2D and 3D patterned channels, complex 2D and 3D micro, photonic
crystals and other nano structures that can be used in physics, chemistry, engineering and cell
biology. However, small throughput is the biggest challenge in maskless lithography.

1.3.4 Electron beam lithography (EBL)

Electron beam lithography (EBL) has the capability to offer high resolution features down to
2 nm [31]. It has been an attraction for the semiconductor industry owing to its short
wavelength, primarily to create a mask that is then used for photolithography or soft
lithography. A wide variety of commercial equipment is available for electron beam
lithography. Fig. 1.4 shows schematic illustration of electron beam lithography (EBL). In
direct writing EBL the lift-off process is commonly used, which involves transferring the
pattern onto the resist-coated substrate with a beam of electrons. The exposed resist is
developed and a metal (e.g. gold) is evaporated onto the substrate and the lithographed mask
is subsequently removed, leaving the patterned metal on the substrate [32]. There are two
main types of resists, positive and negative, both of which are high molecular weight
polymers [32,33]. Fig. 1.5 shows a schematic representation of electron beam lithography on

positive and negative resist.

Electron beam source
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Fig. 1.4. Schematic representation of electron beam lithography where the electron beam is

focused on a resist film to fabricate a pattern being exposed.
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Fig. 1.5. Schematic representation of electron beam lithography on positive and negative

resist.

Nanoscale patterned surface have been fabricated by combining electron beam lithography
with gas-phase silanation, which provides features down to 20 - 25 nm [33]. In this technique,
top-down and bottom-up approaches have been used to define the chemically nano-patterned
substrate. First, electron beam lithography is used to create nanoholes in the polymer mask
which has been spun cast over the substrate. Subsequently, high quality chemically functional
monolayers are formed by gas-phase silanisation. This method was successfully demonstrated
by Pallandre et al. who showed the importance of the choice of resist as this could affect the

silanisation conditions. Electron resist films such as poly(methyl methacrylate) (PMMA) [33]
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and polydimethylsiloxane (PDMS) are found to be physically and chemically stable under the
high vacuum silanisation conditions [33].

Electron beam lithography is widely used for fabrication of nanoscale structure and devices
and mask fabrication for nanoscale physics but it also has some limitation in many
applications due to its extremely low throughput, something that makes mass production
difficult. Furthermore, developing a practical source of electron beams is a problem that limits

the use of this technique in the manufacturing process.
1.4 Near-field photolithography

Optical lithography has been a mainstay of the semiconductor industry for the fabrication of
nanoscale structures. Typically lens-based optical systems have been used with improved
nanoscale resolution being obtained by reducing the wavelength. Reduction of the
wavelength, development of compatible optical systems and resist materials is a great
challenge that only increases the pressure to develop new lithographic techniques with better
resolution than those commercially available today. Another way to enhance resolution
without lowering the wavelength is near-field lithography [34,35]. When light propagates
through an aperture near field light is created in an extremely localized area at a sample
distance much smaller than the wavelength of light. Fig. 1.6 shows a schematic representation
of near field lithography. In the localized area, evanescent waves are generated whose electric

field fluctuation is not subjected to diffraction

Near-field

2\
Y il

d<<A

Fig. 1.6. Schematic representation of near field lithography wherein the sample is placed
close enough to a nanoscopic aperture such that light is not subjected to normal diffraction

limit.
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In 1928, Irish scientist E.H. Synge introduced the idea that the diffraction limit can be
overcome using near-field light and image resolution can be achieved significantly higher
than allowed by the Rayleigh criterion limit [36]. Synge’s idea was to form a sub-wavelength
sized light source, a nanoscopic aperture on a screen, and to translate the screen over the
sample by keeping the distance constant between the sample and the aperture. With such a
system, optical resolution of the aperture size can be achieved. Later on this technique was
applied to photolithography, such as contact printing and projection printing, wherein a mask
is placed at a distance of a few nanometres above the resist, resulting in high spatial resolution.
Both the approaches have some practical limitations, for example it is extremely difficult to
maintain the screen-sample distance constant, and a small dust particle between the sample,
mask or screen can create a gap causing diffraction effects and thus significantly reducing the

resolution.

In 1984, 56 years after the invention of near-field lithography, the groups of D.W. Pohl and
A. Lewis realized this idea would allow optical imaging with the resolution of A/20. The
technique they developed is called scanning near-field optical microscopy (SNOM)
[34,37,38]. Betzig et al first used SNOM for photolithography [39] and early SNOM
lithography studies reported that thick layers of resist gave poor resolution due to diffusion
or thermal agitation on such small length scales underneath the aperture. Various strategies
were employed to control the far-field excitations, such as aluminium coated fibres, uncoated
fibres, and amorphous GeSbhTe films, but it was found that resolution was only improved by
using SAMs of a few nanometre thick [34,40,41].

Near-field light is an advanced lithographic technique that allows resolution beyond the
diffraction limit but there are enormous practical limitations to its implementation, such as
the new infrastructure tools, processing technology, development and research cost.

Furthermore, SNOM cannot be used for 3D fabrication.

1.4.1 Dip-pen nanolithography

In dip-pen nanolithography (DPN) an AFM tip is inked with molecules to be deposited onto
a substrate. A schematic representation of DPN is shown in Fig. 1.7. Stable nanostructures
are formed by using suitable molecules which attach to the substrate via chemisorption or
electrostatic interactions [42—-45]. The feature sizes of structures can be written as small as 10
nm by transferring tiny collections of molecules (e.g. DNA or proteins) from the tip to the

surface through a water meniscus.
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DPN allows several different kinds of molecules to be attached in parallel on the substrate
without having any risk of cross-contamination. However, one of the problems of this
technique is that the approach completely depends on relative humidity and substrate wetting
properties. Thus, silane-based inks can rarely be used because of its incompatibility with
water meniscus and polymerization during ink deposition for this reason the majority of DPN

studies are limited to thiol molecules as the ink [45].

The patterning of bio-molecules and proteins in micro and nanoarrays by DPN has been
extensively studied. Recently studies have focused on using DPN to pattern SAMs followed
by their derivatization to form DNA arrays and other biomolecules to be used for the detection
and analysis of biomolecule entities. The properties of molecules which include size, shape
such as shape, size, electrical conductivity and hydrophilicity can be monitored in situ with
an AFM [41].

AFMTip
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Fig. 1.7. Schematic illustration of dip-pen lithography. Transport of molecules to the surface
occurs via the water meniscus. Figure was used by permission [45]. Copyright (1999)

Science.

This makes it possible to attach specific molecules in a specific orientationto the desired
patterns. On the other hand, it was discovered that with unmodified silicon nitride cantilevers
it was difficult to control DNA patterns of different sizes and shapes. Mirkin and co-workers
solved this through surface modification of the silicon nitride AFM cantilever with 3-

aminopropyltrimethoxysilane which gave a better adhesion of the DNA to the tip [42]. In
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conclusion, a good combination of an ink, substrate and relative humidity is necessary to

utilize DPN to the maximum extent of its potential [42].
1.4.2 Soft lithography

Microcontact printing (LCP) is a common soft lithographic technique, and was introduced by
Whitesides and co-workers [46]. The process of stamp fabrication and micro contact printing
are shown schematically in Fig. 1.8. The resolution achieved depends on the conformal
contact between the surface and the stamp. Microcontact printing is widely used because it
only requires inexpensive materials and offers a rapid and useful mean of patterning
monolayers on the micron scale. In uCP a polydimethylsiloxane (PDMS) stamp is inked with
a thiol solution and placed on a gold substrate. Regions which are not coated with stamp

<— Relief feature (photoresist, etched features)
ﬂ‘_ Substrate (silicon wafer)
PDMS prepolymer poured over
- master and thermally cured

J

PDMS is inked with PDMS stamp peeled with relief
octadecyltrichlorosilane _4— features to be to be used for stamping
(OTS)

J

The stamp is brought in contact with the

M ODTS monolayer

Exposure to another ﬂ
solution ﬂ Etching process

I
C— C—

Fig. 1.8. Schematic illustration of the fabrication of a PDMS stamp and the procedure for

microcontact printing of octadecyltrichlorosilane (OTS) on silicon.
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molecules can be further functionalized with the second thiol in a solution-phase deposition
[47-49]. Micro patterning of alkanethiols on gold surfaces with a features size down to 1 pum
was initially developed by Whitesides et al. [46] and even today various research groups used
the same method due to the highly ordered monolayers of Au-thiol SAMs it creates [47,50].
The technique can also be used for silane SAMs, but then the stamp is inked under N
atmosphere in order to minimize the amount of polymerization of the silane before contacting
the surfaces [51]. Some of the advantages of this technique are the formation of structured

and stably patterned SAMs in solvent-free environment [46,52,53].

Microcontact printing (LCP) typically utilizes a stamp made of PDMS. PDMS is extensively
chosen due to its homogenous, optically transparent, elastic and isotropic characteristics.
Moreover, the non-degradability of PDMS makes it reusable for over 100s of times over a
period of several months. Despite this extensive use of PDMS, there are a few discussions
about issues. Graham et al. have explored silicon contamination during stamping and
suggested an exhaustive pre-cleaning process to be used on the stamp, and the use of high ink
concentration [54]. The cleaning procedure involved three steps: the extraction of the stamp
in hexane, followed by drying and sonication. Moreover, it required the elimination of low
molecular weight PDMS from the stamp to prevent them being transferred to the thiol during

the stamping procedure [54].

Nuzzo and co-workers performed detailed studies of self-assembled films of
octadecyltrichlorosilane (OTS) formed by contact printing. A number of factors that influence
the OTS film patterning were studied, e.g. adsorption time, substrates and concentration. The
surfaces were characterized with X-ray photoelectron spectroscopy (XPS), reflection-
absorption infrared spectroscopy (RAIRS), ellipsometry, scanning electron microscopy
(SEM) and atomic force microscopy (AFM) [50]. It was found that the quality and fidelity of
the OTS films directly depended upon the stamp contact time. With a very short contact time
(~ 10s) or long stamp contact time (~ 60s) adverse effect were observed, either by introducing
unacceptable defects or reducing the lateral dimensions of features. Highly stable and densely

packed monolayers were formed after 30s of contact printing time [52].
1.4.3 Nanoimprint lithography

Nanoimprint lithography is a nonconventional lithographic method proposed by Stephen et
al. [55] which has the ability to produce features down to 25 nm over large areas at low cost
and with high throughput. In nanoimprint lithography a hard mold with nanoscale relief

features on its surface is pressed into a thin resist material cast on a substrate. During this
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step, the resist material is heated above its glass transition temperature and changes into a
viscous liquid that deforms into the mold shape. This creates a pattern in the resist material,
followed by the removal of the mold. Thereafter the thin residual layer of resist in the
compressed area is removed through an etching process to get the contrast pattern over the
entire resist [55,56]. A schematic representation of nanoimprint lithography is shown in the
Fig. 1.9.

Press mold ¢ ¢
Resist
<«
<€— Substrate
Remove mold

Pattern transfer

-1H

Fig. 1.9. Schematic illustration of the nanoimprint lithographic procedure.

Nanoimprint lithography has been used successfully to fabricate nanoscale photodetectors,
silicon quantum dots and quantum wires. Unlike conventional lithography, in nanoimprint
lithography resolution is not limited by diffracted waves, back scattering or interference
[55,56].

1.5 Self-assembled monolayers

The term self-assembly is used to describe the formation of ordered monolayers or multilayers
of amphiphilic materials by physical adsorption or chemisorption. The monolayers are
commonly used as model templates in the study of surface modification for micro patterning.
Different substrates have been reported for the formation of self-assembled monolayer. In

recent years, the majority dealt with thiols on metal surfaces such as gold [14,15], silver
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[57,58] and silanes on hydroxylated surfaces [16,59-61]. Self-assembled monolayers (SAMs)
are formed on a particular substrate when the substrate is placed in a solution of precursor
molecules or in the gas phase. As schematically illustrated in Fig. 1.10, SAMs are a system
of three basic components; an active head group, a tail group and alkyl chain which links the
two. A strong specific interaction of the head group with the solid substrate results in the
chemisorption of molecules onto the surface. The formation of stable monolayers involves an
exothermic reaction between the head group and the substrate and as a result every available
binding site on the surface is likely to be occupied. The tail group may be virtually any organic
functional group and is positioned at the monolayers-air interface. In SAM formation,
adsorbates contain a long alkyl chain or an aromatic ring in order that strong interchange
interactions between chemisorbed molecules cause ordering of molecules within the film.
SAMs are more stable mechanically, thermodynamically and chemically in contrast to

monolayers formed through the Langmuir Blodgett technique [62,63].
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Fig. 1.10. Schematic diagram illustrates the main components of self-assembled monolayers

1. 6 Polymer brush synthesis techniques

Polymer brush synthesis has become a fascinating field for physicists and chemists due to its
importance in applied research. Polymer brushes refer to polymer chain assemblies which are
attached to a solid substrate either through covalent bonding or physical adsorption. Chemical
attachment is typically preferred in many studies to avoid adhesion problems. Polymer
attachment to a solid surface through chemical bonding can be accomplished by two methods,

either by “grafting to “or “grafting from” as shown in Fig. 1.11 and 1.12, respectively.
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Fig. 1.11. Schematic representation of the “grafting to” a polymer chain process
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Fig. 1.12. Schematic representation of the “grafting from” a polymer chain process

In the “grafting to” technique end functionalized polymer chains react with the surface group
and polymer chains will be grafted to the substrate surface. Grafting is usually performed
through polymer solution or melting. The “grafting to” technique usually produces low
density polymer brushes as the attachment of polymer chain may be hindered by the presence
of already attached chain The primary advantages of this technique are easy polymer brush

synthesis and simple characterization of polymer brush properties [64,65].

The “grafting from” technique (also called surface initiated polymerization) is a straight
forward way of polymer brush synthesis. This technique involves chain polymerization from
an initiated functionalized surface [64,65]. The “grafting from” technique introduces a
reliable and controllable method for the formation of high density polymer brushes and can

be applied to a number of available polymerization methods such as atom transfer radical
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polymerization (ATRP), single-electron transfer living radical polymerization (SET-LRP),
ring opening metathesis polymerization (ROMP) and nitroxide mediated polymerization
(NMP) [66-68].

1.7 Atomic force microscopy

AFM was proposed by Binning and Rohrer in 1986 and has been used to obtain topographic
information, mechanical properties, electrical conductance and magnetism. It has been
employed on a wide variety of samples including, semiconductors, polymers, biology and
materials to obtain nanometre imaging resolution. Atomic force spectroscopy has also been
used as a powerful, widespread and analytical tool to measure inter and intra molecular forces
of various materials and mechanical properties of biological and synthetic systems. The basic

operation of an AFM is shown in Fig. 1.13.

The AFM cantilever with a sharp pyramid tip at one end scans over the sample surface. To
form the image, the tip is brought into contact with the sample surface and force acting
between the tip and the sample results in a measurable cantilever deformation. The cantilever
bends downward or upwards, due to attractive or repulsive interactions. The force acting on
the tip depends upon the operating mode and the imaging conditions used. AFM is divided
into two operating modes. Static-mode (DC) where the probe does not oscillate during
imaging and the dynamic mode (AC) where the probe oscillates near to its resonance
frequency. Dynamic mode (AC) can either be frequency modulation AFM (FM-AFM) or
amplitude modulation AFM (AM-AFM).

Photodiode Laser

AFM cantilever

Sample

Fig. 1.13 Schematic diagram of the basic components of an AFM.
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Amplitude modulation AFM (AM-AFM) is usually referred to as semi-contact or intermittent
contact or tapping mode and frequency modulation AFM (FM-AFM) is sometimes referred
to as non-contact mode. Other dynamic modes such as phase modulation (PM-AFM) have
also been developed. DC mode is also referred to as contact mode and frictional force

microscopy is an alternative form of contact mode.

1.7.1 Contact mode

In this mode, images are acquired when the tip is in close repulsive contact with the sample
surface. This usually operates in constant height mode or constant force mode depending on
which feedback is used. In constant height mode, the spatial variation of the deflection of the
cantilever is used to produce the topographic image of the sample surface at constant piezo
scanner height. Constant height modes are more often used to acquire atomic scale images of
flat surfaces. In constant force mode, deflection of the cantilever is kept constant by extending
and retracting the piezo scanner. The topographic image is generated from the piezo scanner
motion. In this method, a feedback loop adjusts the sample height by changing the applied
voltage to the piezo scanner. This is the standard mode used in conventional AFM to acquire
high resolution images at atomic and molecular level [69]. Since AFM measures the
interaction force and generates an image, the force is measured by calculating the deflection

of the lever
F=kx

F is a force given by Hooke’s Law, k spring constant of the cantilever, and x is the cantilever

deflection.

Additionally, when imaging in air, most surfaces are covered by a layer of adsorbed water
and other contaminants, whose surface tension pulls the tip downwards. The changes between
the tip and sample due to electrostatic interactions can give rise additionally to long-range
forces and complicate imaging. Thus, a significant force must be applied to overcome the
surface contamination effects or capillary forces. Consequently, contact AFM imaging in air
is not appropriate for soft samples (e.g. polymeric materials and most biological systems)
[70]. Different research groups have used contact mode imaging in liquid to control these
effects which reduces the tip-sample interaction [71,72]. Contact mode is very attractive due
to high scan speed and can provide high resolution images at atomic and molecular level such

as crystal surfaces like mica, salt crystal, organic layers and polymer crystals.
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1.7.2 Amplitude modulation atomic force microscope (AM-AFM)

AM-AFM was first proposed by Zhong et al. in 1993 [73]. In AM-AFM, a stiff cantilever
with a sharp tip oscillates close to its resonance frequency and oscillation amplitude with its
maximum value damps to a lower value when it encounters a structural change on the surface.

The changing amplitude of the probe is used as a feedback [74].

Oscillating amplitude is the key parameter in AM-AFM. A change in oscillation amplitude
directly depends upon attractive and the repulsive tip-sample interactions [73]. Many studies
reported the step like transition in the amplitude curve (i.e., oscillation amplitude as a function
of the average tip-sample separation) on polystyrene, mica samples and GaAs [75]. These
transitions correspond to coexistence of two stable oscillation states. The coexistence of the
low and high amplitude state directly depends upon the sample properties such as elasticity,
adhesion and operating parameter like the free oscillation amplitude [75,76]. On the other
hand drastic variation in morphology was observed at low and high amplitude. Jagged
topography was reported at the high amplitude in contrast to the small amplitude that reported

clearly a visible and a clear morphology of the antibodies imaged [75].

AM-AFM offers another powerful method called phase contrast imaging. The cantilever
oscillation phase lag relative to the drive signal of the cantilever oscillation provides the
measure of energy dissipation during the tip-sample interaction. Phase lag sensitivity reflects
the variation in the mechanical properties of the sample. The feedback loop is applied to
obtain the surface topography. The phase contrast is observed while the topographic image is
being recorded so that both the topography and the material properties can be acquired

simultaneously [77].

Hansma et al. were first use AM-AFM in liquid. They imaged plasmid DNA on a mica surface
under liquid with contact and AM-mode with the same cantilever. AM-AFM experiments in
liquid are hard to perform because the dynamics of the cantilever in the liquid are far more
complex than in air. AM-mode under the liquid also significantly reduces the disruptive
influence of the lateral forces and typically gives less deformation on soft biological samples
[78,79]. AM-AFM is a robust method for imaging biological samples due to biological
materials delicacy and has also provided the platform to address important questions in
various areas of the cell biology such as cell signaling and adhesion, the cell morphology and

division, and embryonic and tissue development [80].
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1.7.3 Frequency modulation atomic force microscopy (FM-AFM)

Martin et al (1987) introduced the idea of FM-AFM and Albrecht et al first use the FM-AFM
to measure the interaction force between the probe and the surface [81,82]. In this mode, the
probe vibrates at its resonance frequency and the small change in the cantilever frequency
occurs as a result of the tip-sample interaction. This frequency shift is used for feedback and

hence to generate the surface topography [74,83].

FM-AFM is a very powerful tool for the precise determination of the tip-sample interaction.
It provides material properties including adhesive interactions, elastic constant and the tip
geometry by fitting standard mesoscopic models [75,83]. Quantitative force measurements
wit FM-mode revealed the unbinding force of a single molecule interaction including the
receptor—ligand interaction and the polymer un-folding [83]. Atomic defects on a crystal
surface can more easily be achieved in FM-AFM mode in contrast to contact mode where the
tip sample force gradient is monitored to contact the tip position rather than the tip-sample
force [69]. Generally, semiconductor surfaces require a non-contact mode in order to reduce
surface contamination and damage. Wang et al. [84] reported nanometre structure writing on
Si (100) surfaces by non-contact operation. In this technique, the tip was positioned far away
from the silicon surface to measure the long-range Van der Waals attractive forces between

the tip and the sample.
1.7.4 Friction force microscopy

Friction force microscopy (FFM) is an alternative form of contact mode operation. In contact
mode, a laser beam deflection is detected by photo detector in vertical direction to acquire the
surface topography. Meanwhile, in FFM the cantilever deflection is measured in the
horizontal direction. The tip scan across the surface causes a frictional interaction between
the tip and the sample while moving under constant force. FFM has been used extensively to
analyze the surface chemical composition and molecular organization of materials in the

nanoscale regime [85].

The frictional force can be used to distinguish chemically heterogeneous surfaces. Fig. 1.14
illustrates a chemically patterned surface functionalized with polar and non-polar adsorbates.
Frisbee et al. studied the tip-surface interaction to explore the intermolecular forces of
different functional groups [86]. The polar tip interacts strongly with polar regions giving rise
to high energy dissipation and high frictional force, thus resulting in bright contrast in polar

regions in contrast to non-polar areas. Friction images of the surface can be obtained which
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is potentially useful for monolayer patterned surface, as a strong frictional interaction occurs
that leads to bright contrast [85].

Fig. 1.14. FFM image of NPPOC protected monolayers.

Quantification of the surface friction can be achieved from a friction loop, in which lateral
deflection is measured with the photo detector. The friction data is obtained by subtracting
the retrace data from the trace data from a single line [87,88]. According to Amontons’ Law,

the friction force is directly proportional to the applied load normal to the surface,
F=nL

W is the friction coefficient and obtained from the gradient of the line. F and L are the friction
and applied load respectively. This equation is based on a macroscopic friction interaction
that involves contacts with multiple asperities on the sliding surfaces [85]. For a nanoscale
single asperity, the friction can vary with applied load. Johnson-Kendall Roberts (JKR) or
the Derjaguin-Miller-Toporov (DMT) models have been proposed for a single asperity by
assuming the frictional force is proportional to contact area between the asperity and the
surface and the friction force would vary nonlinearly with load [85]. There is abundant
evidence for monolayers that reported a linear relationship between the friction and the load
[89-91]. Recently, a negative coefficient of the friction was reported in the low-load region
due to adhesion between the tip and graphite surfaces, with friction increasing as the load
decreases during the retraction [92].

1.7.5 AFM force spectroscopy

In an AFM force spectroscopy experiment, the cantilever moves down towards the sample
surface until it makes a contact with it and then retracts. An interaction between the tip and
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the sample of interest is measured. Fig. 1.15 (a) is a schematic diagram that shows the
cantilever movement towards the sample during the approach and retraction in the force
spectroscopy experiment and Fig. 1.15 (b) shows a schematic representation of the approach

and retraction curves between the tip and sample in air.
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Fig. 1.15 (a). Schematic illustration of the tip movement during approach and retraction. (b)
Force-distance curves showing the approach and retraction curve.

As the cantilever comes closer to the surface, the cantilever experiences small forces where
the deflection of the cantilever cannot be measured, and the cantilever is considered to remain
in its undisturbed position. At the tip-sample distance, the attractive forces (Van der Waals
forces and capillary forces) overcome the spring constant of the cantilever and the tip jumps

into the sample surface. Once the tip makes contact with the sample surface, it remains in
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contact till the deflection of the cantilever reaches the defined trigger value and the cantilever
retracts from the surface. Sometimes the tip remains in contact with the surface because of
adhesion. This adhesion usually arises in air due to capillary forces between the tip and the
sample. Force indentation experiments can be used to determine the mechanical properties of
the surface. The elastic modulus determination is done by fitting the force-indentation curves

to the Hertz model [93]. Further detail on this model is given in chapter 5.

Force-volume mapping is a technique where force curves and the cell topography are acquired
simultaneously at a number of points on the sample surface. Usually data points are recorded
in a square matrix, e.g., 50 x 50, 150 x 150 or 512 x 512 pixels. First the force curve array is
collected over the surface and then subsequently assembled into the force volume [94].
Further force curves can be used to reconstruct the contact-point map and the stiffness map
describing the real topography and the elasticity variation throughout the cell surface
respectively. Force-volume map resolution depends upon how many points are recorded [94—
96].

In AFM force spectroscopy, mechanical properties of biological systems and materials can
be obtained with high spatial resolution. AFM measured interaction forces between
nanometre-sized objects and is used to create spatially-resolved force-volume maps of the
sample surface or to describe the material properties of the sample including adhesion,
stiffness and specific ligand—receptor bond-breaking force [94]. Force-volume maps provide
detail of biological structures and are becoming a significant tool for the characterization of
essential biological systems [94,96]. Force-volume maps allow the user to measure the
topographical and mechanical properties of the biological samples simultaneously under the
physiological conditions. In the field of cancer, mechanical properties of the cancer cells
acquired through force-volume maps provide important information for a better
understanding of metastasis and differentiation [97,98]. Force spectroscopy can be used to
identify the ligand-receptor interaction over the cell surface and fluorescent markers are
helpful to identify the ligand-receptor affinity for force curve measurements. AFM provides
the mechanical properties of different cellular behaviour including cell division, extension,
and ageing [98,99].

1.8 Atomic force microscope (AFM) and the peripheral nervous system

The function of the peripheral nervous system requires connection between neuronal cells
and Schwann cells. The neuronal cell is the most complex and intricate cell in the body and

its complexity makes it difficult to resolve its detailed structure, either in terms of the growth
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cone or neurite outgrowth. AFM is a powerful tool for the investigation of cell topography
and mechanics. The neural cells, neurite outgrowth and primary Schwann cell topography
and mechanical information are important to understand nerve regeneration process after
injury. A brief description of the nervous system, the neurons and growth cones, Schwann

cells and various elasticity measurement methods are given below.
1.9 The nervous system

The nervous system consists of two main parts, the central nervous system (CNS) and the
peripheral nervous system (PNS). The CNS consists of a brain and a spinal cord. In the
peripheral nervous system, the nervous tissue is composed of neurons and glial cells (also
containing Schwann cells). Glial cells have indirect contact with neurons and also surround
neurons for protection. Glial cells are also known as supporting cells for the nervous system.
The main functions of the glial cells are to provide nutrients and the oxygen to the neurons,
to insulate them from the other neurons and to clean up the dead and unnecessary neurons
[100,101].

1.9.1 Neurons

Neurons are the building block of the central nervous system. The number of neurons varies
from species to species. It is estimated approximately 100 billion neurons are present in the
human brain [102]. Neurons are specialized to carry information in the form of an electrical
signal and transmit it to other cells through the synaptic bulb which are terminal point of the

neurons.

Neurons consist of three main parts, the cell body or the soma, which contains the nucleus,
an axon and dendrite extensions. Dendrites are thread or spike like structures extending out
from the cell body several hundred microns and branching multiple times and increasing the
surface area of the cell. A large number of dendrite extensions help to create connections with
neighboring neurons to receive information in the form of chemical signals. The other
extension that is different from dendrites is called the axon, which is larger than dendrites and
can be as long as three feet. A long axon is usually enclosed by a myelin sheet containing a
series of Schwann cells wrapped around the axon. Fig. 1.16 shows the schematic diagram of
the neuron. These cells provide the protection from the surrounding environment and serve
as an insulating sheet around ‘the electrical wire’. At the long end of the axon there is synaptic
bulb which is also called terminal buttons. The main function of the axon is to pass on the

information in the form of an electro-chemical signal. First, signals are collected by dendrites,
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travel by the cell body and continued to move along the axon where it is transmitted to the
next neurons [100,101]. The synaptic bulb at the end of the axon establishes the connection
with the other neurons [103].

Axon terminal %

Cell body

/

Myelin sheet

Nucleus

Fig. 1.16. Schematic illustration of the neuron showing detail of the cell body and neurites.
1.9 .2 Growth cone

The growth cone is a sensory, highly dynamic and motile structure at the leading edge of the
developing axon that has established synaptic connection. The growth cone guides the axons
towards its target location by providing the mechanical and chemical guidance cues that
regulate the axon cytoskeleton structure and subsequently determine the path for the axon
outgrowth [104]. The growth cone was originally discovered by Santiago et al. during the
anatomical study of fixed embryo cell [44,105]. Keshishian studied the outgrowth of the live
growth cone of the nerve cell [106].

Growth cones with conical or round morphology have two kinds of protrusions. Fine and thin
finger like protrusion of growth cones are known as filopodia which contain bundles of actin
filaments (F-actin) running parallel to each other. Filopodia are the most prominent structures
in the growth cone which is several microns long. Other flat sheet extensions are named
lamellipodia which contain a dense mesh work of actin filaments and exist between two
filopodia [107,108].

The growth cone consisted of three main regions, the central domain (C), the transitional (T)

and the peripheral (P) domain. The central (C) domain contains a stable, long microtubule-
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based cytoskeleton which is located at the centre of the growth cone closer to the axon shaft.
The C domain is thicker containing other organelles and vesicles of various sizes. The
peripheral (P) domain is located at the outer edges of the growth cone and contains long actin
filaments running parallel to each other that form the filopodia and a mesh network of
branched actin filaments which form a lamellipodia. The transitional (T) region is located
between the central domain (C) and the peripheral (P) domain [107]. Fig. 1.17 shows a
fluorescence image of the NG-108-15 growth cone along with schematic representation of

the neuron and the growth cone structural detail [109,110].
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Fig. 1.17. (a) Schematic representation of the neuron with the growth cone, (b) marked dotted
square area shows the growth cone, Fig. was used by permission [111]. Copyright S Pawlizak,
(2009). (c) Fluorescence image of the NG-108-15 growth cone, an image was used by
permission [112]. Copyright D Koch, (2007).

Primary hippocampal neurons, immature neurite outgrowth dynamics, and the axon
specification have been extensively studied during development. Developing hippocampal
neurons first extend a small veil like protrusion that develop into several immature neurites
and then after a few days, one of the neurites ultimately elongates into a single axon while the
remaining other neurites become the shorter dendrites [113-115]. Fig. 1.18 is a schematic
representation of the neuron differentiation that undergoes different morphological changes,
shows the neurite outgrowth and the growth cone formation that helps to explore the local

environment for further extension, targeting and synaptogenesis [110,114].
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Fig. 1.18. Schematic diagram shows the morphological changes of the neuron. Stage (1) the
neuronal cell body, stage (2) thin actin-rich peripheral protrusions around the cell body.
Subsequently, stage (3 and 4) shows the neurite outgrowth path finding, and targeting which
is driven by the motile and dynamic growth cone. At stage (5) the growth cone at the target
location forms synaptic connection with the other synaptic cell [110].

Fig. 1.19 shows optical images of the NG-108-15 neuronal cells (author’s data) that are in
agreement with a defined schematic representation in Fig. 1.18. These images show the
immature neurite extension, the growth cone formation and the single axon extension with

the growth cone at its leading edge.
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Fig. 1.19. Optical images of the NG-108-15 neuronal cells illustrates the different stages of

the neuronal growth.

1.9.3 Schwann cells

Schwann cells are peripheral nervous system structures that usually wrap neural axons to form
an insulating coating such as the myelin sheath. Schwann cells have the ability to regenerate
the axon. The Schwann cell cytoskeleton is a dynamic structure which is responsible for
defining the shape and organization of many components in their interior. The cytoskeleton
is built on a network of three types of filaments such as microtubules, intermediate filaments
and actin filaments. Intermediate filaments form a network all through the cytoplasm;
surround the nucleus and extend towards the cell periphery. Microtubules are important for
various cellular processes including cell division, intercellular structural organization and
intracellular transport. Actin filaments are also found throughout the cytoskeleton and are
concentrated just beneath the plasma membrane. Actin filaments are linked with each other
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by actin binding proteins and form a network that helps to support the outer surface of the
cell, called the cortex. It also provides mechanical strength to the cell [100]. Fig.1.20 shows

an optical image of a primary Schwann cell.

Fig. 1.20. Primary Schwann cell optical image captured before an experiment.

1.9.4 Nerve regeneration and outgrowth

Nerve regeneration after nerve injury and its controlling neurite outgrowth is one of the great
problems in nerve tissue engineering. Functional recovery after injury involves various steps
that delay the nerve regenerative process. In the peripheral and central nervous system,
Wallerian degeneration (i.e., degeneration of the distal end of the axon occurs when the axon
continuity from the neuronal cell body is interrupted) occurs after axon injury and the injured
axon regeneration begins within the first 24 hours after nerve injury, where a single axon
makes multiple axon sprouts. Initially, the regenerating axon unit contains only unmyelinated
sheath (i.e., without white fatty material that forms insulating sheath) in contrast to the parent
axon with myelinated sheath. Structural changes occur with time and the regenerating unit
tries to establish contact with the extra perineurial environment. If the regenerating axon
failed to make contact then a neuroma will be formed. In the leading edge of the axon sprout,
the growth cone explores the local environment to make a physical contact for further growth
processing. Subsequently, the Schwann cells proliferate and break down the myelin sheet and
phagocytosis the myelin debris. This process takes almost 1-3 months for complete removal
of myelin debris. The proliferated Schwann cells organize into columns and associate
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themselves with the axon sprouts and endoneurial tubes provide the potential pathway for the

axon sprout growth cone for successful growth [116-118].

Nerve regeneration is only possible when the injured axon sprout is intact and the neurite
growth cone detects and responds to guidance cues in a local external environment by
changing its direction through various stimuli. Schwann cells provide a supportive
surrounding for neurite outgrowth and release neurotrophic factors, cell surface ligands, and
also synthesize the extracellular matrix (ECM) [119-121]. Neurotrophic factors regulate the
neuronal growth and its differentiation and serve to promote the neuronal survival. The
directional orientation of Schwann cells on neurite outgrowth during the axonal regeneration
has not only been observed in injured peripheral nerve tissue but also in oriented collagen
gels and in oriented fibro-nectin mats [119,122,123].

1.9.5 Micro pattern and neurite outgrowth

Researchers have made extensive efforts to design various micro patterns for nerve guidance
cues. They have investigated chemically modified patterned surfaces and how they influence
the neuronal adhesion and the cell spreading in vitro. Micro-patterned surfaces have been
considered as a potential tool for investigating and controlling neurite outgrowth for the past
few decades. Various micro-patterning techniques have been employed to study the growth
cone extension along with neurite (axon and dendrites) extension in vitro [124]. Neural
adhesion and neurite outgrowth is observed on laminin modified micro patterned surfaces,
the pattern created on the resist through mask-based photolithography [124]. An artificial
neural network has successfully been studied on a micro pattern created through
photolithography on the photo resist, before or after protein immobilization [125].
Hippocampal neurons from embryonic mice and out-growth neurites were studied on
modified patterned geometries with a poly(l-lysine) coating and found a degree of cellular
compliance to the pattern surface [126]. All well-defined approaches describe the role of
directional growth for nerve repair but in fact the picture is more complicated because axon
growth on a 3D extracellular matrix is different from that on two dimensional surfaces [127—
129]. 3D surfaces provide a variety of cellular and extracellular factors which are important
for a successful recovery from nerve injury. Various fabrication methods have been used for
the fabrication of three dimensional guidance conduits and fibre structures [130,131]. Nerve
guidance conduits have been created as porous rods or as hollow tubes. These conduits have
been found to be good for nerve regeneration because the extracellular matrix helps to

promote the cell-substrate adhesion and provide guidance towards the axon regeneration. A
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variety of synthetic polymer materials such as poly(ethylene glycol) and poly(vinyl alcohol)
have been used as the hydrogel for 3D cell culture [129]. Recently, 3D hydrogel micro-
patterns were created using a digital micro mirror (DMD) for neural cell culture and studied

the embryonic dorsal root ganglia (DRG) neurite outgrowth was studied [132].

1.10 Elasticity interrogation of living cells

Today researchers have established connection between the cellular function and its structural
unit. The cell function and structural unit play an important role towards shape, motility,
stability and DNA synthesis that contribute to its mechanical properties. The cytoplasm
viscoelasticity is a crucial physical parameter for many cellular processes and the cell has the
ability to recover its shape after complete removal of external force. AFM force spectroscopy
allows the mechanical properties of a living cell to be probed. The elastic modulus can be
determined from the recorded data upon the application of a constant stress on the area of the
cell of interest. Relaxation modulus can be determined when stiffness of material reaches
equilibrium. The elastic modulus and relaxation modulus of the cells following indentation
can be successfully used as biomarkers for mechanical property characterization of many
kinds of cell [133]. Cell mechanics have been studied in vitro. E.chen et.al investigated the
stiffness change with respect to corresponding internal pressure of an isolated hair cell under
hyper and hypotonic media [134,135].

N. Wang et al. investigated the contribution of intermediate filaments to cell mechanics and
measured cells stiffness upon the application of stress. Significantly large stiffness was
measured in the long cell spreading due to intermediate filaments at its edges [136,137]. The
contribution of actin filaments to cell mechanics has been investigated by Haga et al. [138].
The already existing studies reported the cell nucleus stiffness with respect to the cytoskeleton
structure and the nucleus was found to be three to ten times softer and also has the twice
viscosity as that of the surrounding cytoskeleton structure [138]. Researchers have

investigated the elasticity of the cancerous cell lines, ageing and wound healing [139-141].

1.10.1 Methods for elasticity measurement

Various methods have been employed for cell mechanics measurements including micro-
pipette aspiration, magnetic bead microrheometry, optical tweezers and atomic force

microscope (AFM). Brief introductions of these methods are given below.
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1.10.2 Micropipette aspiration

In 1951, Mitchison and Swann introduced an instrument for the measurement of the cell
surface mechanics which consisted of a glass micropipette connected to a small moveable
water reservoir, the micropipette tip is brought up to the cell (eggs of various sea urchins) to
measure by an optical microscope the degree of bulging of the cell surface by lowering the
water reservoir [142]. This method was modified by Rand et al. in 1964 to measure the stress
required for red blood cell membrane rupture [143]. This method can equally be applied to
soft and stiff cells such as neutrophils [144] and outer hair cells for measurements of

mechanical properties [145].

The micropipette aspiration technique has been used in a similar manner as employed by
Mitchison et al. almost 60 years ago [142]. However, its use is limited due to advancement in
the technology which offers more modern methods. In this method, the small glass
micropipette with known diameter is filled with water connected to a moveable water
reservoir. The micropipette is placed carefully to make a contact with the cell membrane
through the use of an attached micromanipulator. A known negative hydrostatic pressure is
exerted inside the reservoir volume by using a micrometre screw, the small cell membrane
portion is sucked up into the glass micropipette lumen and movement of the cell edges can be
monitored with the video screen [146,147]. Robert M. Hochmuth obtained £ 25 nm
micropipette aspiration accuracy on living cells using the monochromatic light and also
plotted the cell membrane deformation graph against the negative hydrostatic pressure to

describe the cell membrane elasticity [146,147].
1.10.3 Optical tweezers

Optical tweezers were first reported by A. Ashkin in 1986. Micron-sized particles are
accelerated and trapped inside the optical potential well by the force of laser radiation pressure
[148]. Ashkin et al. observed the trapping and manipulation of a tobacco mosaic virus and an
E. coli bacterium with optical tweezers [149]. Optical tweezers were used for the colloidal
sphere traction by the creation of a computer generated intensity pattern over the sample area
[150,151]. Later this technology was used to characterize the biological systems including the
cytoskeleton probe, the cells motility and molecular motors for precise measurement of force

and its local viscoelastic effects [152].

Optical tweezers have the ability to manipulate a single molecule with nanometre precision

and also to measure the force with great accuracy on a single molecule that opens a new
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pathway for biophysics related research [153]. Single molecule manipulation studies have
allowed researchers to measure a single molecule force e.g., DNA with the optical trapping
interferometer [154]. It is possible to monitor the movement of a single enzyme acting on a
DNA molecule and observe the single molecular motors applying forces on biological
molecules [153,155,156].

In biological applications, optical tweezers have used an infrared laser which reduces the
specimen heating while manipulating and giving the high stiffness during the trapping without
damaging the biological samples. Most biological samples are transparent to an infrared light
wavelength that minimizes the absorption into the sample. Moreover, an ideal physiological
condition cannot be maintained due to transfer of the small amount of heat to the sample
surface [147,152].

1.10.4 Magnetic tweezers

The magnetic tweezers technique is often mentioned beside optical tweezers, as both the
techniques involve manipulation of beads to impose force on different biological systems,
bio-molecules or polymers of interest. In magnetic bead microrheometry, beads are normally
coated with bio adhesive proteins including fibro-nectin and functionalized ligands and
surface receptors e.g., epidermal growth factor (EGF). The diameter of beads used in this
technique is usually around 5 pm and made up of ferromagnetic materials. Once the protein
coated bead is bound to the cell surface then it can simply be twisted or displaced by applying
a magnetic field. A twisting motion can be obtained by imposing the magnetic field which is
known as ‘magnetic twisting cytometry’ and bead displacement is defined as ‘magnetic bead

rheometry’.

Magnetic tweezers are a potential tool which has been used to study the viscoelastic response
of the cells to externally applied force. Stepwise force is applied to bound magnetic beads to
the cytoskeleton to record cell deformation [157]. Local viscoelastic properties of an apical
(i.e., plasma membrane that faces the inner space of a tubular structure) membrane of human
umbilical vein endothelial cells were studied by magnetic tweezers microrheometry [158]. A
magnetic bead with a specific coating couples to different integrins that induce change in the
intracellular signaling via a short force. Quantitative linear viscoelasticity and the local
mechanical properties of the cell envelope was measured from the beads deflection [158].
The viscoelastic properties of the cell studied by using magnetic chains rotation containing 3-

4 nano-particles upon the application of rotating magnetic field. As the bead rotates,
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mechanical stress opposes the developed rotation within the cell, viscoelastic properties can

be extracted from beads angular displacement measurements [159].

1.10.5 Cell mechanics using atomic force microscopy

AFM has the ability to provide force from nN range to pN with great accuracy. Conical and
spherical tips can be used to acquire the cell mechanical data and the AFM tip can be modified
in different ways. For large AFM tip sample contact area, spheres can be attached to the tip-
less cantilevers or at the back of the tip on standard cantilevers. AFM colloidal probe provides
the average cell mechanical properties in contrast to the sharp tip cell mechanical studies.
AFM tips with attached spheres can also be modified chemically to carry out adhesion studies.
Radmacher et al. [160] first investigated mechanical properties of the platelets that were on
red blood cell fragments and the elastic modulus of platelets was found to be in the range of
1-50 kPa. Force indentation data was fitted with the Hertz model [160]. Various AFM studies
have investigated the role of the cytoskeleton in cell mechanics in different cells types. Rotsch
et al investigated the rat liver kupper cells mechanical properties using force-volume maps
and the modulus map of the cell was reconstructed from the Hertz model fitted data. They
also investigated the cell mechanics after drug i.e., cytochalasin D, treatment on the cell which
disassembles the actin filaments and measured a seven times smaller elastic modulus within
40 minutes [161]. Dvorak et al. studied the muscle cell and bovine embryo skin cells during
the mitosis phase and found the decrease in the stiffness due to cytoskeleton structure
reorganization [162]. Karl et al. studied the role of microtubule filaments in XTH-2 cells,
using a drug i.e., colcemid, on the cell to inhibit microtubule polymerization and an increase
in the elastic modulus was observed. He observed the increase in stiffness due to a 2-3 fold
increase in actin filaments that increases the tension in the cell [163]. Wu et al. investigated
the elastic modulus of mouse fibroblast cells in the range of 4kPa. When force is applied to
cells, deformation occurred as the result of slow cytoskeleton compression, this did not
recover back after the removal of force. They also measured the elastic modulus when
applying different drugs to cells and found an approximately 45% reductions in the elastic
modulus upon application of cytochalasin D to the cell and 100% increase in the elastic
modulus after application of cytochalasin D and colcemid [164]. Rotsch et al. studied the
microtubule disruption in two different cell lines of fibroblast using colcemid and found
similar elastic modulus on both fibroblast cell lines by using the same drug concentration.
Researchers also investigated the cellular elasticity during actin filaments disruption and

found less elasticity in contrast to cellular elasticity during the microtubule disruption [165].
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Haga et al. found elastic variation within the cell through force-volume maps and found that
the nucleus was much softer than the cell periphery and the elastic modulus was
approximately 4 kPa which was 10 times smaller than the cell periphery [138]. To investigate
the effect of applied force to the cytoskeleton using AFM, Han et al. studied the intra-cellular
structural changes in rat cerebral endothelial cells. In this study, force curves were acquired
in AC mode after applying nano-Newton (nN) force to the individual cytoskeleton bundles.
Before acquiring the force curve data, the cell was imaged first in tapping mode and then
force was applied to the cell. The cell was imaged again after the force curves and compared
with the first image and rebuilding of the cytoskeleton networks was found after tapping the
single point on cytoskeleton filaments bundles. They suggested that certain stress sensitivity
points present on cytoskeleton filaments networks and elaborate change in the cell shape and
structure can be obtained under the externally applied stress to the cell [166]. In this study,
forces (36.2 nN and 71.5 nN) applied on cytoskeleton fibres were high in contrast to the other
AFM studies and they did not clearly mention what cytoskeleton filaments are investigated.
It can be suggested that structural change may have resulted of cytoskeleton filaments
destruction and also because of the capture time difference between the first and second
images. It is difficult to rule out the possibility that structural changes might have happened
naturally. However, this study shows AFM potentially applied on the small area of interest
and observed in real time [167].

In another study, Goldman et al. investigated the cytoskeleton role on cell mechanics on
mouse embryonic carcinoma cells which had deficiency of the vinculin protein. Vinculin links
the actin filaments to other proteins in the focal adhesion plaques and is also present in the
cell-cell junction plaques in the epithelial cells. In force-volume maps, the vinculin deficient
area was found to be softer than the wild type cells having vinculin [168]. In 1999, Lakka et
al. studied the normal and cancerous cell lines to investigate the difference in mechanical
properties. They used two normal human epithelial cell lines and three cancerous cell lines.
The elastic modulus was found by fitting experimental data with the Hertz model and the
normal cell elasticity was found to be approximately ten times higher than the cancerous cells,
suggesting that the difference might occur due to a structural change in the cytoskeleton
organization. This is an acceptable reason in the case of cancer which is associated with
cytoskeleton alteration [169].

Berdyyeva et al. also investigated the variation in the elasticity of human epithelial cells with
AFM and studied the aging effect on individual cells by comparing the elastic modulus of
young and old cells. In this study, the author prepared colloidal probes to attach a 5 um silica

sphere to the cantilever end to increase the contact are to acquire the average measurements.
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Force-volume mode data was analyzed with the Hertz model and the elastic modulus was
measured two-to four-times higher in old cells in contrast to younger cells [170]. Age
determination of blood stains is an unsolved problem in forensic case work. Strasser et al.
used the AFM to examine blood stains for its age estimation. AFM has used to acquire force
curve data over the fresh dried blood spot and the old blood spot sample and the elastic
modulus was measured using the Hertz model. They observed a decrease in the elastic
modulus with time. AFM can be a potential tool for the estimation of blood spot age [171].
The above studies provide a small insight into the versatility and the growing importance of
AFM in the field of cell biology.
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Chapter 2 - Maskless Photolithography Experimental Setup Detail

2.1 Introduction

This chapter describes the experimental setup developed for the fabrication of micron to sub—
micron patterns using maskless far-field photolithography. Compared to mask-based
photolithography setups these maskless techniques are not reliant on multiple layers of masks
in order to fabricate different microstructures in the same patterned area. For this reason one
of the main purposes of this project was to create the patterns without using a mask. The setup
we have developed not only has the ability to fabricate two and three dimensional structures

on a flat surface but also to fabricate the micro patterns on non-planer surfaces.

One of our maskless experimental setups used a spatial light modulator (SLM) consisting of
programmed electrical addressable device with liquid crystal overlaid on microscale mirror
pixels. Another maskless photolithography setup simply consisted of optical components;
such setups can be used to create a pattern on any planar substrate. Different microstructures
were created in a single area by controlling the writing speed with LabVIEW software. This
type of maskless photolithography system can potentially be used for direct writing in a small
and large area, offering a higher degree of flexibility, speed and fabrication cost compared to
scanning near field optical lithography [172].

We describe here the details of our maskless far-field photolithography systems both with and
without a spatial light modulator. These experimental setups were then characterized to
investigate their ability to create micro patterns on photo resist. BPRS-100 resist material was
chosen due to its easy handling and quick sample preparation for this experimental

characterization.

2.2 Maskless setups with optical system

Two experimental maskless photolithography setups were built for patterning, one based
upon the spatial light modulator and other without the spatial light modulator. A continuous
argon-ion laser (351 nm, Innova 1328, Coherent, Santa Clara, USA) with maximum power
200 mW was used in both setups. Here details of optical components that were used in both

experimental setups are presented.

2.2.1 Periscope

The periscope is an instrument that has an ability to reflect an image that is not directly

observed in the line of sight. The simplest form of periscope consisted of two mirrors
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(PF05-03-F01, UV enhanced aluminum mirror 250 nm-450 nm, Thorlabs, UK) which were
mounted on the adjustable height (P = 12, @1.5, Thorslabs UK) post at an angle of 45° with
their faces to each other. The laser beam from the source with a diameter of 1.2 mm hit the
mirror at an angle of 45° and reflected the laser beam at the same angle. The light then hit
another mirror and then subsequently reflected off the mirror at an angle of 45° towards the

other optical component. The schematic representation of the periscope is shown in the Fig.

2.1.
Mirror 2
45‘?\

1
Mirror 1 \\ Laser

Fig. 2.1. Schematic representation of mirror periscope.

2.2 Spatial filter and beam expander

The spatial filter provides a potential way to eliminate arbitrary fluctuation from a laser
intensity profile and improves the resolution especially required for holography and data
processing. The laser beam usually acquires variation in the intensity profile from dust
particles and also from scatter by defective optics.

The spatial filter consisted of an objective (LMU-39X-NUV, Thorslabs, UK) and a pinhole
(P5S - @5 pm, Thorlabs, UK). The objective was assembled on a collimator adapter
(AD1109F-SMO05, Thorslabs, UK) that had an iris diaphragm (SM1D12SS-SM1, @0.9-@12
mm, Thorslabs, UK) and a pinhole (P5S-@5 um, Thorlabs, UK) which was positioned on xyz
kinematic mount (KC1-S, 30 mm-Cage for @1, Thorslabs, UK). Both objective and pinhole
along with xyz kinematic mount were mounted on xy translation stage (2480, CVI Melles
Griot, UK). A laser beam expander with a spatial filter is shown in Fig. 2.2.
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An input beam with an initial diameter of 1.2 mm was focused by an objective at focal length
of 4 mm where the pinhole aperture with the diameter of 5 um was positioned that spatially
filtered out the ring patterning, all random fluctuation in the intensity profile and scattered
light. The spatial filter allows 99% of the beam intensity to pass and produces a collimated
and clean Gaussian beam. The light beam was subsequently collimated by a collection
objective (5x, 0.15A, LJ plan fluor, Nikon, UK) that had a focal length of 40 mm. The
resulting laser beam had a 12 mm diameter, so the beam expander increased the beam

diameter by a factor of 10x.

Xy translation stage 5 um pinhole

: Iris diaphragm 39 X Objective

|

5x objective

Expended Beam 12mm

Spatial filter

Fig. 2.2. Schematic representation of the laser beam expander with the spatial filter.

2.3 Experimental setup for maskless photolithography with a spatial light modulator

An argon-ion laser (351 nm, Innova 1328, Coherent, Santa Clara, USA) was used to create
diffraction limited spots for far-field maskless photolithography. The experimental setup is

as shown in Fig. 2.3.

The argon-ion laser was horizontally polarized, then passed through a periscope which raised
the beam vertically to the level of a polarizer (GT10-Glan-Taylor Polarizer, Thorlabs, UK)
that turned the beam by 90°. Next, the light passed through another polarizer (GT10-Glan-
Taylor Polarizer, Thorlabs, UK) that was used to obtain the plane-polarized light before
sending it through a half-wave plate (WPHO5M-355-@1/2, Thorlabs, UK). The main function
of the half-wave plate was to control the polarization orientation of the light that was incident

on the principal axis of spatial light modulator (351 nm, Boulder nonlinear system, Inc, USA).
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After passing through the half-wave plate a mirror reflected by 90° to allow it to pass through
a spatial filter which collimated and expanded the beam from an initial diameter of 1.2 mm
to 1.2 cm by the use of an objective (LMU-39X-NUV, Thorslabs, UK) with focal length 4
mm and a pinhole aperture (P5S-@5 pum, Thorlabs, UK) with diameter of 5 um. The light was
subsequently collimated by a collection objective (5x, 0.15A, LJ plan fluor, Nikon, UK) that
had a focal length of 40 mm.

Piezo (x and y) Stage

Tube Lens

Dichroic mirror iacti
Beam splitter Obijective

CCD White light

Spatial filter and Polariz

Mirror - peam expander — —

Telescope Laser

L L 351 nm
Half wave plate  Periscope

Computer |
SLM

Fig. 2.3. The experimental setup used for SLM maskless patterning.

The clean Gaussian beam reached the SLM through a mirror. The angle between the incident
and reflected light of the SLM was approximately 10°. After the SLM, the laser beam covered
200 mm distance to a telescope lens (LB1199-N-BK7 Bi-Convex Lens, @, Thorlabs, UK)
with focal length of 200 mm, followed by a second telescope lens (LB1889-N-BK7 Bi-
Convex Lens, @2", Thorlabs, UK) with a focal length of 250 mm placed at a distance of 450
mm from the first. A dichroic mirror (BBSQ2-E02-2" x 2", Thorlabs, UK) was placed after
the second lens to direct the beam at 90° to the level of the optical port of an objective. The
distance between the second telescopic lens and the objective was 250 mm. A telescope was
used in this setup to scale down the SLM modulator image to the back size of objective
aperture (20x/0.5, DIC plan fluor and 40x/0.60, ELWD Plan fluor, Nikon, UK). Further, the

telescope also provided the parallel light to the infinity corrected objectives (20x or 40x).
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To view the sample surface, a white light (PL-800, Dolan-Jenner Industries, USA) was passed
through the beam splitter (BS013-50:50, Thorlabs, UK), dichroic mirror and then the
objective that focused the light on the sample surface. The objective has the ability to collect
the reflected white light and UV light from sample surface and subsequently focused on the
image plane of CCD camera by using a tube lens (Stock No. 32-873, Edmund Optics Inc.
UK) which had a focal length of 125 mm. A piezo sample stage (Agilis™, AG-LS25 (x and
y), Newport, USA) was controlled with LabVIEW software to create the pattern.

Single and multiple diffraction limited spots were created by the SLM by using the 20x
objective (NA = 0.50) as shown in Fig. 2.4 and 2.5. A single diffraction limited spot was used
to create patterns and Image J software was used to obtain the Fourier transform, Gaussian
distribution profile and the point spread function of the spot. Fig. 2.5 shows the multiple,

single spot and its corresponding Fourier transform and point spread function.

Fig. 2.4. Multiple diffraction limited spots which were created by the SLM.
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Fig. 2.5. Single spot with its corresponding Fourier transform Gaussian distribution profile
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2.3.1 Spatial Light modulator (SLM)

A spatial light modulator (351 nm, Boulder nonlinear system, Inc, USA) is an electrically
programmable device that modulates the wave front of incident light according to a fixed
pixel pattern [173]. The XY phase flat series SLM transforms digital data into coherent optical
information for a wide variety of instrumentation such as optical tweezers, beam steering, and
diffractive optics. Phase based flat SLM produce phase variation in the incident beam by

changing the refractive index of the liquid crystal.

A cross section illustration of a ferroelectric liquid crystal SLM is shown in Fig. 2.6. Coherent
polarized light enters the device from the top cover glass, passes through a transparent
electrode and falls on the ferroelectric liquid crystal layer overlaid on the pixel surface based

on the silicon die circuitry.

UV light
XY 512 pixels
EEEEN l l l l l Transparent Electrode
- inEn Cover Glass
EEEER

Dielectric mirrot—

. . . . . and Pixels

Ferroelectric
Liquid Crystal

Silicon Circuitry

15 pm x15 pm

Fig. 2.6. A cross-section illustration of a SLM.

Drive signals pass through the pins on the base of the pin-grid array connected with the bond
wires and silicon die circuitry. The transparent electrode is common to all pixels and the
voltage applied to each pixel across to ferroelectric crystal is the difference between the
transparent electrode voltage and that applied to the each dielectric mirror and pixel voltage.
The voltage provided to each electrode (pixel) generates an electric field between the
electrode and the transparent electrode on the cover glass. This electric field creates a change
in the optical properties of ferroelectric liquid crystal by changing its orientation [173]. When
the incident light passes through the liquid crystal at different applied voltage, then the output
of the phase modulation reflected light beam directly depend upon the short and long axes
molecular orientation which correspond to different refractive indices [174,175] as shown in

Fig. 2.7. The refractive indices (ne extraordinary and n, ordinarily) difference generates a
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phase delay [175] as the light wave propagates through the medium of the ferroelectric liquid
crystal with the thickness dm at a given wavelength and the phase of emerging modulated
wave (¢om ) from the medium is

dm (ne —no)

(Pm:27t X (21)

where A is the wavelength of light.

The SLM pixels are controlled individually and the phase of the incident light can be
controlled by applying a different voltage to each pixel. The SLM used in our setup was 512
x 512 pixels and can produce 512 phase levels (8-bit) and each pixel size was 15x15 pum.

Reflected light
Incident light ) —

Glass face

Cover glass
electrodes

Ferroelectric
Liquid crystals

Dictectric |

Pixel electrodes 0 Volt 2.5Volts 5 Volts 0Volts

Fig. 2.7. Cross-section of the ferroelectric crystal based SLM. The refractive index of each
liquid crystal overlaid on dielectric mirror is modified with applied voltage and different

output phase modulated waves is obtained.
An incident laser beam is defined as complex field that falls on the SLM
v =aexp (ip) (2.2)

where ‘a’ is the amplitude and ¢ is phase of the wave. The SLM performs as a phase hologram
that modifies the phase of the incident beam of light which is given by Eq. 2. The SLM
transforms Eq. 2. 2 into v = a exp (ip +op) [174]. The Hotgui (holographic optical trapping
graphical user interface) software [173] was used to generate the phase patterns and the
modified beam was focused at the image plane of the lens. Considering fact of the Fourier

transform property of lens, we can describe the Fourier transform relationship between the
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complex field (v;) in the focal point of lens, which is an image plane of the SLM and the
complex field (vi) at the focal point of lens in the image plane as shown in Fig. 2.8. The

relationship between two complex fields is expressed as

Vi xi, yi) = F{vi( Xk, yi)} (2.3)

If one of the complex fields is known then the other field can be measured by Fourier
transform or inverse Fourier transform. The image plane created here is considered as a scale
version of Fraunhofer diffraction pattern that can be produced by reflected beam by the SLM
[174].

Image plane

SLM plane

Fig. 2.8. Fourier relationship between the SLM plane (plane of hologram) and image plane of
the lens. The image can easily move from one plane to other plane by Fourier transform (FT)

and inverse Fourier transform (FT™?).

2.4 Experimental setup for maskless photolithography without a spatial light

modulator

The main aim of building this experimental setup was to create a line pattern using a
diffraction limited spot as good as the theoretical limit of the instrument. For this purpose a
new maskless photolithography setup without spatial light modulator was developed, based
upon the laser beam with 1.2 mm diameter, two polarizers, a spatial filter, and an objective.

The experimental setup is as shown in Fig. 2.9.

An argon ion laser (351 nm, Coherent Innova 1328, Coherent, Santa Clara, USA) emitted a

beam that was horizontally polarized (GT10-Glan-Taylor Polarizer, Thorlabs, UK), then

60



passed through a periscope which was used to adjust the vertical height of the laser beam to
the optical axis of a polarizer that turned the polarization by 90°. Thereafter the light passed
through a polarizer where the transmission axis was adjusted to reduce the beam intensity.
The beam was then expanded and collimated from its initial diameter of 1.2 mm to 12 mm by
a spatial filter consisting of an objective (LMU-39X-NUV, Thorslabs, UK) with 4 mm focal
length and a pinhole (P5S-@5 um, Thorlabs, UK) with diameter of 5 um, and a collection
objective (5%, 0.15A, LJ plan flour, Nikon, UK) with 40 mm focal length.

Piezo (x and y) Stage

Dichroic mirror Obijective
Tube lens

Beam splitter

CCD camera Polarizer

White light
Spatial filter and Beam Expander

Polarizer

Laser 351 nm

Fig. 2.9. Schematic illustration of the maskless photolithography setup without the SLM.

Collimated and clean planar Gaussian profile reached a second polarizer (GT10-Glan-Taylor
Polarizer, Thorlabs, UK) that further reduced the intensity of the beam. Next, a neutral density
filter (NENIRO3A-@25 mm, Thorlabs, UK) was used to reduce the background scattered light
and a dichroic mirror (BBSQ2-E02-2" x 2", Thorlabs, UK) which directed the laser at 90°to
the level of the optical port of a 40x objective (NA = 0.60, ELWD Plan fluor, Nikon, UK)).
The objective was used to focus the light on the selected area of the sample mounted on a
piezo sample stage (Agilis™, AG-LS25 (x and y), Newport, USA) which was controlled with
LabVIEW software to create the pattern. To view the sample surface and diffraction limited
spot, a white light (PL-800, Dolan-Jenner Industries, USA) was focused by the objective on
the sample surface after passing through the beam splitter (BS013-50:50, Thorlabs, UK) and
dichroic mirror. The objective collected the reflected light and focused it on the image plane
of CCD camera by a tube lens (Stock No. 32-873, Edmund Optics Inc. UK).
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A clean and tightly focused optical spot depends on the numerical aperture used that defines
the resolution limit. Using a high numerical aperture, a sharp, clean and focused Airy disc
was used to create a lined pattern. Experimental diffraction limited spots created by the
maskless setup without the SLM were analyzed with Image J software to obtain the line
profile and point spread function of the spot. Fig. 2.10 shows the spot and the corresponding

Gaussian profile and point spread function.

(b)
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Gray Walue

50

0 2 4 i 8 10 12 14
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Fig. 2.10. A spot obtained with a 40x objective and its corresponding Gaussian distribution

profile in (a and b).
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2550

Fig. 2.11. The spot obtained with a 40x objective and its corresponding point spread function.

2.5 Sample preparation

Sample preparation was performed in three steps: First, a silicon substrate was washed with
isopropanol (IPA) solution to remove any contamination in the form of particulates, organic
or inorganic substances which might cause imperfections and poor adhesion of the resist.
Secondly, the substrate was spin coated at 4000 rpm for 30 seconds with a small quantity of
BPRS-100 photo-resist in liquid form applied with a pipette. Thirdly, the resist-coated
substrate was placed on a hot plate at 100° C to remove excessive solvent and to avoid the
risk of unbaked resist film evaporating over time. After the baking process most of the solvent
had evaporated and the resist film were stabilized at room temperature. BPRS-100 resist

material was used in this study due to simple sample preparation.

2.6 Results

2.6.1 Results of maskless photolithography with a spatial light modulator on BPRS-
100 resist

The diffraction limited spots created by the SLM [26,27,29,176] and a stationary focused spot
was used to fabricate patterns on selective area of the sample which was mounted on the piezo
motor and the speed of the piezo motor was controlled with LABVIEW software. Multiple
diffraction limited spots can be used to create the multiple parallel patterns but as proof of
principal this study exposed the resist to a single focused spot above the upper threshold that
experiences a photochemical reaction. Line width data on different resist thickness was

acquired with a 20x objective (NA = 0.30). The micro-pattern was created after immersion of

63



the exposed resist in a PLSI solution. The patterned features depend upon the spot size, resist
characteristics, and the post processing that was performed. Atomic force microscopy was
used to characterize the sample patterns. Fig. 2.12 (a-c) show topography images of micro
patterns in resist with a thickness of 1.2 um, created at a scan speed of 500 ums™ at exposure
powers of 35 uW, 50 uW and 65 pW, respectively. It was found that a different line width is
created at different exposure times with the same laser power and that the line width could be
reduced by increasing scan speed until the diffraction limit of the numerical aperture used
occurs (Fig. 2.13).

Increasing the laser intensity above the resist threshold value produced a constant and smooth
line and the line width increased with a further increase of power. Moreover, by increasing
the intensity continuously at the same the exposure time a linear behaviour of the resist

material was observed (Fig. 2.14).

(@)

Fig. 2.12. AFM topography images of micro patterns in resist with a thickness of 1.2 pm,
created at a scan speed of 500 um s but different exposure power. Line widths and exposure
powers are (a) 2.9 um and 35 pW (b) 3.99 um and 50 pW (c) 5.67 um and 65 pW. All images
are 30 um wide.
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Small scale features ware fabricated with a 40x objective (NA = 0.60) and spot size was also

adjusted by placing the neutral density filter to remove scattered light around the spot. A line

width of 512 + 6 nm obtained at a speed of 5 ums*and exposure power of 5 uW is presented
in Fig. 2.15.

Fig. 2.15. A 40 pm x 40 um AFM topography image and cross section profile of resist

patterned at a speed of 5 ums™ and an irradiation of 5 uW.

2.6.2 Results of maskless photolithography without a spatial light modulator on
PBRS-100 resist

The diffraction limited spot was created by maskless setup without an SLM (section 2.4) and
the diffraction limited spot was adjusted by using the neutral density filter to remove the
excessive scattered light in the surrounding area of focused spot. The focused stationary spot
was used to create patterns on BPRS-100 resist with a thickness of 1.2 um by controlling the
piezo motor speed with LABVIEW software. Line patterns were obtained at the power of 5
HUWand speed of 5 ums™ and 3 ums™ (Fig. 2.16), resulting in the line width of 621 + 6nm and
314 £ 8 nm respectively. Similarly pattern structures were obtained by maskless
photolithography without SLM on NPPOC protected siloxane monolayers at different speed,

of which a detailed discussion of experimental results will be given in the next chapter.
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Fig. 2.16. AFM tapping mode height images acquired at the speed of 5ums™and 3ums™ on
BPRS-100 resist. Image width 30 um and 20 pum respectively.

2.7 Conclusion

In this study, maskless far-field photolithography systems with and without a spatial light
modulator were developed. These masksless photolithography setups have a capability to
create micron and sub-micron structures with a large throughput. Such setups also have the
ability to create both 2D and 3D patterns on planar surfaces by controlling the scanning stage
in all three dimensions. To test our experimental setups, BPRS-100 resist-coated samples
were used to check the resolution limit. Smaller line widths were obtained with the maskless
setup based solely on optical components. These maskless experimental setups can potentially
be used in many applications of cell biology and chemistry which use micro patterned

structures.
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Chapter 3 - Maskless Photo-lithography on 2-Nitrophenylpropyl-oxycarbonyl (NPPOC)

Protected Aminosiloxane

3.1 Introduction

The objective of this chapter is to describe how the maskless photolithography experimental
setup was used to fabricate patterned structures on 2-nitrophenylpropyloxycarbonyl (NPPOC)
protected aminosiloxane through UV (351 nm) irradiation. Further, poly(2-
(methacryloyloxy)ethyl phosphorylcholine) (PMPC) was grown on a UV deprotected surface

and the polymer thickness characterized with AFM in both the dry state and in water.

The combination of photolithography and self-assembled monolayers (SAMs) is an area of
extensive research. SAMs have attracted significant interest because of their potential use in
a wide range of nano and micro patterning techniques. A wide variety of lithographic methods
have been wused, such as nanoimprint lithography, soft lithography, interference
photolithography, scanning probe photolithography, electron beam lithography, anodic
oxidation lithography, and atomic force microscopic nanolithography [7,46,177-181]

Self-assembled monolayers are atomically organized and uniform layers of molecules with a
thickness of 2-5 nm. The conventional photolithography process can be followed on the SAM,
using the SAM as the resist. Different SAM systems, such as alkylthiolates on gold,
alkylsilanes on silicon dioxide and alkylphosphonic acids on oxide surfaces [47] have been
employed using various lithography techniques. Whitesides and co-workers developed the
micro contact printing technique which is widely used for the patterning of alkylthiolate
SAMs [46]. In micro-contact printing a poly(dimethylesiloxane) (PDMS) stamp is inked with
a thiol solution and placed on a gold substrate to transfer the thiol [46]. Another method
whereby SAMs are patterned by UV exposure through a mask has been used for photo
patterning of alkylthiolates, alkylsilanes on silicon dioxide, and alkylphosphonic acids on
oxide surfaces [46,47].

Maskless photolithography is an interesting approach because it is a fast and simple method
for fabricating patterns on SAMs. At the nanometre scale, dip-pen nanolithography, Inkjet
printing, and scanning near-field photolithography have been used to fabricate nano-patterns
[47,50,177,178,182,183] but there is limited data available for maskless far-field
photopatterning on SAMs. A potential use of the maskless patterning of SAMs is the chemical
patterning of features on curved or highly topographic surfaces, as the SAM ‘resist’ is surface

specific and the laser focus is controllable in 3D.
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Stimuli-responsive polymer brushes offer promising perspectives in a wide variety of
applications, including sensors, micro-fluidic devices and drug delivery technology [184—
186]. Patterned structures can be fabricated on SAMs by a variety of lithography techniques,
and polymer brush growth on selective areas provides a platform for stimuli-responsive
phenomena. Most research studies are focused on the fabrication of polymer brushes through
‘grafting from’ and ‘grafting to’ techniques [184,187-189]. ‘Grafting to’ involves the
chemical reaction of preformed, functionalized polymers with a surface having functional
groups [64]. However, this technique does not produce sufficiently dense polymer brushes as
the chain attachment might be hindered by the existing attached polymer layer [64,189]. As
a result of these limitations, the ‘grafting from’ technique is considered to be the best option

for polymer brush synthesis.

In this chapter, two masksless photolithography setups are used for the fabrication of
patterned structures on NPPOC protected aminosiloxane monolayers. First, a simple and
robust maskless photolithography setup without a SLM produces patterned structures on
NPPOC protected SAMs by exposure to UV on selective areas after degradation of NPPOC.
Friction force microscopy (FFM) is used to reveal mask based and maskless photopatterns.
In order to observe the variation in line width as a function of writing speed the reactive
patterned SAM surface is further chemically functionalized with a PMPC brush with an
initiator using atom radical polymerization. Tapping mode AFM images show the line width
variation as well as polymer thickness variation as a function of speed and different exposure
doses. It is also seen that different polymerization times describe the thickness of polymer
brushes in both dry state and in water, and corresponding data show that grafting density
varies at different speed. Finally, we present how maskless photolithography with a spatial
light modulator can be used for the fabrication of patterned structures on NPPOC protected
SAMs by UV light, and the characterization of the polymer brushes thickness.

3.2 Method and material

3.2.2 Experimental method for mask based micro-patterning on NPPOC protected

aminosiloxane

An argon ion laser emerged as a small spot with diameter of 1.2 mm and passed through the
polarizer and enlarged the beam diameter to a 12 mm by beam expander and then fell on the
mirror at the position of 45° to focus the beam at the sample surface. The SAMs were cleaned
with ethanol and dried with nitrogen before being placed on a fixed stage directly underneath

the mirror. Electron microscope grids with a square pattern1500 mesh (Agar, Cambridge,
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UK) were used as a mask placed directly on the sample surface. A clean quartz bar was placed

on the mask and sample to ensure the mask remained in position during the experiment.
3.2.1 Sample preparation

The silicon oxide slide was placed in a Schlenk tube fitted with subaseal septa and the air in
the tube was evacuated by vacuum pumping and replaced with dry nitrogen. A 1 mM solution
of NPPOC-silane was prepared in toluene into a 100 ml flask and transferred it into the
Schlenk tube using a syringe and left for reaction. After the completion of reaction, the silicon
oxide slide was washed with toluene, ethanol, then dried under the stream of nitrogen and

placed in a vacuum oven for 45 min [190].

The height images of NPPOC-monolayer on silicon substrate before patterning were acquired

by AFM in tapping mode, as shown in Fig. 3.1.

10nm

Fig. 3.1. Tapping mode height image of un-patterned NPPOC protected aminosiloxane.

Height colour bar represents the height variation in image.

3.2.3 Experimental method for maskless photopatterning on NPPOC protected

aminosiloxane monolayers

An argon-ion laser (351 nm, Coherent Innova 1328, Santa Clara, USA) was used to create the
diffraction limited spot for maskless photolithgraaphy. The detailed experimental description
was given in the previous chapter. NPPOC protected aminosiloxane monolayers were
irradiated with a diffraction limited spot on selected areas by controlling the speed of the
piezo motor with LABVIEW software.
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Scheme 3.2. The proposed mechanism of NPPOC de-protection by UV light, Scheme was
used by permission [191]. Copyright (2009) American Chemical Society.

SAMs of NPPOC undergo a photochemical reaction to produce an amine reactive surface that
was used for further reactions after the removal of a NPPOC group. The reaction mechanism

is shown in scheme 3.2.

The anionic polyelectrolyte macro initiator was adsorbed on the NPPOC deprotected areas
then initiator functionalized (3-aminopropyl) triethoxysilane (APTES) was used to grow
brushes of poly(2-(methacryloyloxy)ethyl phosphorylcholine)) (PMPC) by atom transfer
radical polymerization (ATRP). The line width with polymer brush was characterized by

atomic force microscopy. The reaction mechanism is shown in scheme 3.3.
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Scheme 3.3. lllustration of the reaction mechanism for PMPC brushes. The first step couples
the initiator group with the NPPOC deprotected area, the second step initiates the surface that

was used to grow a graft the PMPC brush [192].

Fig. 3.4. Schematic diagram of fabricating a patterned polymer brush structure by maskless

photolithography, figure was used by permission [193]. Copyright (2012) Nanotechnology.
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In this study the PMPC brushes were grown on the deprotected areas in collaboration with
the Leggett Group in the department of Chemistry at the University of Sheffield. Brush
synthesis was carried out by Abdullah Alswieleh.

3.3 Results and Discussion
3.3.1 Mask-based micro patterning of NPPOC protected aminosiloxane monolayers

The sample was exposed to an argon ion laser through the mask as described in section 3.2.2.
A laser power of 12 mW was focused on an area of 0.24 cm?. Friction force microscopy
(FFM) was used to distinguish the effect of exposure on surface composition, and to
distinguish areas with different chemistries and hence different surface energies. Clear
friction contrast was obtained with a 2.4 J cm™ exposure, as seen in the Fig. 3.5. The square
exposed areas resulted in brighter contrast than the masked areas, corresponding to amine
groups and nitro groups respectively. The clarity of contrast depends upon the interaction of
the polar silicon nitride AFM tip with the polar amino group and non-polar nitro group [190].
Higher contrast in the exposed area indicates a higher friction force and energy dissipation
due to the interaction between the AFM tip and the amino group, in agreement with previous
studies [190]. The low friction contrast was observed in masked areas where the polar AFM

tip interacts weakly with non-polar nitro group, leading to low energy dissipation.

Fig. 3.5. FFM images of photopatterned NPPOC monolayers showing clear contrast between

exposed and unexposed areas
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3.3.2 Maskless photolithography without a spatial light modulator and friction force

microscopy

The diffraction limited spot was created by maskless setup without the spatial light modulator.
Patterns were created on selective areas of NPPOC protected aminosiloxane monolayers by
focused stationary spot and the speed of the piezo motor was controlled with LABVIEW
software. The patterned surfaces were characterized by friction force microscopy (FFM) but
no patterned structures were found. Different exposure doses were used at different speed but
due to poor contrast between UV deprotected and NPPOC protected regions no successfully
friction force data was acquired. However, the pattern structures were present on the surface
as was confirmed by polymer brush growth data on UV deprotected regions. This is further

discussed in section 3.3.3.

3.3.3 Maskless photolithography without a spatial light modulator and PMPC

brushes

Maskless photopatterns were created with the diffraction limited focused spot on selective
areas of the sample which was mounted on the piezo motor and the speed of the piezo motor
was controlled with the LABVIEW software.

In this study, we first look at the width of structures created through maskless setup without
the spatial light modulator at a fixed polymerization time, and then discuss how speed and
laser power can be used to increase the polymer brush thickness on the underlying patterned
surface. Thereafter we investigate how the polymerization time controls the brush thickness

on the surface patterned at multiple speed.

3.3.3.1 Line structures variation with a speed and exposure power

Line structures were written on selective areas of SAM by a stationary focused laser spot with
a Gaussian energy distribution. Polymer brushes were grown on NPPOC deprotected
patterned surfaces and the width and height of the resultant PMPC brush structure was
characterized with AFM. A series of patterned structures acquired through far-field pattering
show line width variation at different writing speed. Fig. 3.6 (a-c) show the full width half
maximum (FWHM) of the line written at a speed of 25 pms™, 30 ums™ and 32 pms™*and an
exposure power of 140 uW. The line width is that of the polymer brushes on the underlying

patterned surface, which is significantly larger than the UV defined pattern [184]. It is seen
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that the polymer brush height and line width of the patterned structures vary significantly with

speed.

15 7
10 5
IS

0

1
-5

0 10 20 30 -1 0
-3
pm Hm
pm
10 20

Fig. 3.6. (a-c) Tapping mode height images of the patterned structures with PMPC brushes at
speed of 25 ums™, 30 ums ™ and 32 ums * having a line width of 925 + 4 nm, 832 + 6 nm and
732 £ 5 nm, respectively. Scale bar for all image size (a-c) is 4 pum.
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The smaller line width was obtained by adjusting the spot size with a neutral density filter
which was used to remove the excessive scattered light in the surrounding area of the
diffraction limited spot. A line patterned was obtained at speed of 5ums™ and 9 pms?, the
height of which is 4 and 5 nm and FWHM is 530 + 5 and 420 + 10 nm.
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Fig. 3.7. (a-b) Tapping mode height images of the patterned structures obtained at the speed
of 5 ums * and 9 ums * with the line width of 530 + 5 nm and 420 + 10 nm. Scale bar for all
image size (d-e) is 4 um.

Fig. 3.8 (a-h) also presents a series of the pattern structures clearly showing the significant
decreased of polymer brushes height with speed. Polymer height variation provides the
information about PMPC morphology at different speed (1 pms?, 6 pms?, 13 ums?, 20ums°
128 ums?, 32 ums?, 36 pms?, 40 ums™). Fig. 3.8 (a) shows a height image of the pattern
structure obtained at a laser power of 140 pW with a speed of 1 ums™. The line cross-sections
show the maximum polymer brush height acquired in a dry state in this study. The brush

thickness reduces with higher speed and minimum thickness was found at 40 ums™.
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Fig. 3.8. (a-f (previous page) and g-h) Tapping mode images of patterned PMPC brush
structures obtained at speed of 1 ums?, 6 pms®, 13 pms?, 20pums®, 28 pms?, 32 ums?,36
ums™, 40 ums™ and cross sections of their height profiles, showing how the polymer brush
thickness decreased with increased speed. Scale bar for all images is 5 um. The colour bar

represents the height variation of polymer brush.

Fig. 3.9 shows the structure width variation of NPPOC protected aminosiloxane monolayers
as a function of speed obtained at different exposure doses. An exposure power of 140 pW
fabricated the broadest lines at low speed of the piezo motor. A decrease in width was
observed with a linear increase of speed until it almost reached the diffraction limit of the

numerical aperture used. Similar behaviour was observed at different laser power.
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Fig. 3.9. Graph showing pattern width variation as a function of speed of the piezo motor at
the same laser power for different laser powers, in all cases showing a reduction in line width

towards higher speed.

Fig. 3.10 shows how the pattern width varies with exposure power at constant speed of the
piezo motor. The graph shows a roughly linear increase in line width as a function of the laser

power at each speed.
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Fig. 3.10. Graph showing pattern width variations as a function of exposure dose at different

speed.
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As can be seen in Fig. 3.11, intensity is inversely proportional to speed of the piezo motor.
As has been shown in Fig. 3.9, the line width was reduced at higher speed, corresponding to
a decrease in intensity. At smaller speed, a large portion of the Gaussian profile of the laser
spot was use to fabricate a wide line width in contrast to high speed that used only the central
area of the profile. It is clear that line width increases both at greater intensity and slower
writing speeds. From this we suggest that the using SAMs as resist material shows a linear

decrease of line width as a function of speed.
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Fig. 3.11. Laser intensity as a function of speed of the piezo motor.

The height of the polymer brushes was measured with AFM on the patterned surfaces and
plotted as a function of the line width as shown in Fig. 3.12. These results were obtained at a
laser power of 140 uW with continuous decrease of speed from 40 to 1 pums™. The maximum
brush thickness of 32.7 + 1.3 nm was found at 1ums™ speed and 60 min polymerization time.
Increasing speed reduced the light energy per unit area incident on the sample surface.
Increasing speed causes a reduction in photo deprotection and hence a reduction in the
grafting density in the subsequently grown brush. This reduction in grafting density causes a
reduction in brush thickness. The line width and brush thickness reduces with higher speed
of the piezo motor and minimum line width and brush thickness was found 0.45 + 12 nm and

1.6 nm, at speed of 45 ums™, respectively.
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Fig. 3.12. Graph showing the maximum thickness of polymer brushes as a function of the line
width. The line width with minimum thickness was obtained until the diffraction limit of the
numerical aperture used was reached. All of the plotted data were acquired at 60 min

polymerization time in the dry state.

Arbitrary pattern were fabricated after controlling the piezo motor x and y axis speed with
LABVIEW software. All patterns were acquired at exposure power of 140 pW at

polymerization time of 60 min.
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Fig. 3.13. Tapping mode images of arbitrary patterns obtained with the direct writing
lithography setup.

3.3.3.2 Polymer bush thickness variation with speed in a dry state and good solvent

A diffraction limited spot was created with the maskless setup without the SLM and a
Stationary spot was focused on selective areas of the sample to fabricate the line width.
Multiple line widths were created on the same patterned area by controlling the piezo motor
speed with LABVIEW software for each line. In this study, we investigated the PMPC bush
thickness variation and grafting density at different speed, in a dry state and in a solvent, and

at different polymerization times.
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Polymer brush height on the underlying patterned structure depends upon the polymerization
time. All patterned structures were obtained under the same experimental condition but with
different polymerization time. Individual patterned structures were acquired at speed of (5,
25, 50, 71, 100, 125, 167, 250, and 500) ums™ at laser power of 160 uW. Polymer brush
height was characterized in the dry state by AFM as shown in Fig. 3.14 (a-d). To calculate
the swollen grafted polymer brush thickness, polymer brushes were immersed in water for 24
hours. AFM height images were acquired under water and a series of topographic images at

different polymerization time are shown in Fig 3.14 (e-h).

All tapping modes images show the polymer brush thickness at different polymerization time
and thickness varies with the increase of speed (5, 25, 50, 71, 100, 125, 167, 250, and 500)
ums™in each patterned structure. Fig. 3.14 (a-h) shows the decrease in polymer brush height
with increase of speed in any individual pattern as well as patterns acquired at different
polymerization times. This result clearly shows that height of the polymer brush can directly
be controlled with exposure power. Height profiles shows that polymer brush conformation
was strongly influenced by water solvent, approximately doubling its thickness compared to
the dry condition. Similarly, a significant difference in the polymer brush thickness in the dry
state as well as under a good solvent was obtained at polymerization times of 60 min at a
speed of 1 pms? i.e., 32 and 73 nm in contrast to 15 min polymerization time with brush
thickness of 8 nm and 16 nm, respectively.
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Fig. 3.14. (a-f (previous page), g-h) A series of AFM height images acquired in a dry state
ald under water and corresponding cross-section profiles showing the decrease of polymer
thickness with polymerization time. Scale bar for all images are 5 um. The colour bar

represents the height variation.
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Topography images show that polymer brush thickness varies with speed of the piezo motor
in the dry state as well as in water. Reduction in thickness as a function of speed of the piezo
motor indicates that grafting density directly depends upon the degree of amine reactive group
after deprotection. These images (Fig. 3.14) show that as brush thickness decreases, polymer
chains stand slightly farther apart from each other, thus getting more free volume per molecule

which can then collapse the brush and fall laterally over the pattern surface [192].

Fig. 3.15 (a) shows a schematic representation of a polymer brush in the dry state, showing
the decrease in brush height with decreasing density and further form a mushroom
conformation [192,193]. The corresponding images of PMPC brushes under water are shown
in Fig 3.15 (b). Water molecules solvate the brush, inducing a local solvent structure in which
water molecules interact with individual MPC monomers and create a hydration sheet around
the polymer chain that leads to a more extended polymer which is consistent with already

reported studies [64].

(@) 3

j
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Fig. 3.15. Schematic representation of conformational changes of Poly MPC chains in dry

state (a) and under water (b).
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Fig. 3.16 graph data shows polymer brush thickness in the dry state and water at different
polymerization time. These graphs describe the polymer thickness variation as a function of
speed; thicker polymer brushes were observed at small speed and became thinner with an
increase of speed. The almost double thickness was found at each speed under water in
contrast to the dry state on the same pattern at one polymerization time. This behaviour was

observed at all polymerization times.
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Fig. 3.16. Graphs showing brushes thickness as measured by AFM as a function of speed in
the dry state and under water at polymerization times of (a) 60 min, (b) 45min, (c) 30 min,
(d) 15 min.

The grafting density ¢ can be obtained from the following equation [64]
6 = (hary Nap)/Mn (3.1)
where hary is the dry polymer brush thickness, p is the bulk density of the brush, M, is the

number average molecular weight which is equal to (N.Mo), N is the degree of polymerization
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and Mo is the molecular weight of the polymer unit. Na is Avogadro’s number. The product

(Nap) was kept constant in this experiment which makes the grafting density a function of

hdry /Mn [64]
The thickness of polymer brushes in good solvent can be described as
h(good) = k N a2/5 01/3 (32)

where, hoody IS height of the polymer brush in solvent, N is the degree of polymerization, k
is constant of proportionality and ‘a’ is the size of the monomer. The grafting density along

with constant (o/k) can be calculated by combining equation 3.1 and 3.2.

a2/5 NAP

— = (7 3.3
k ( Moh(good)/hdry ) ( )

o/k was calculated by plotting the hood) as a function of hqry at different polymerization time
at constant speed (Fig. 3.17). Brush thickness increased almost linearly from 15 min to 45
min for all speed but then increased less rapidly from 45 to 60 min polymerization times. This
change was greatest at higher speed.

Data acquired at the largest polymerization time on the sample area that had been exposed it
at highest speed deviated from the trend shown by the rest of the data (Fig. 3.17). Specifically,
linearity in the plots of hgeod V'S hary Was lost, we tentatively put this down to a change in
‘brush’ morphology possibly a transition from brushes to mushroom resulting in an increased
probability in the more diffuse thickness or slow growth as the growing chain end is able to
become entangled in the brush below. o/k was acquired at polymerization times between 15
and 45 min by measuring the gradient of hood) as a function of hary for nine different speed.
o/k of the PMPC polymer brushes could then be calculated by inserting the gradient
(h(goody/hary ) into equation 3 and then normalized grafting density (6/cmax) Was plotted as a
function of the speed of the piezo motor as shown in Fig. 3.18. omax /k was acquired at

maximum height of polymer brush.
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Fig. 3.17. (5-250 ums™ (previous page) and 500 ums™) Polymer brush thickness in water
plotted as a function of thickness in the dry state at different speed, different polymerization

times are given on the right hand side.
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Fig. 3.18. Normalized grafting density (c/omax) plotted as a function of speed of the piezo

motor.
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A continuous decrease in the normalized grafting density (c/cmax) was observed below
a speed of 71 ums™ speed followed by a region of constant derived grafting density at higher
speed. Experimental results suggested that polymer brushes are found in the higher grafting
regime, found (o/k > 0.3 nm™) at 5 ums™ and previous study also reported the dense brush
with grafting density greater than 0.3 nm [187,194]. However, normalized grafting density
data at speed > 100 pms* does not show the consistent data. It is thought that at higher speed
the polymer chains experience strong collapse and the collapse becomes less as the grafting
density increase with lower speed of the piezo motor [194,195]. In this study, the mushroom
plateau is not well understood due to inconsistent polymer thickness behaviour, we cannot
draw exact conclusions about the brush-to-mushroom transition. However, the value obtained
for grafting density (o/k) at lower speed and the trend of decreasing density with increasing
speed of the piezo motor and hence reduced exposure time are in good agreement with
expectation. We suggest this process provides a simple approach for estimating relative

grafting densities.

3.4 Maskless photolithography with a spatial light modulator and friction force

microscopy

The diffraction limited spot was created by the spatial light modulator and focused stationary
spot was used to fabricate the patterns on selective areas of NPPOC protected aminosiloxane
monolayers by controlling the piezo motor speed with LABVIEW software. The patterned
surfaces were characterized by friction force microscopy (FFM) but no patterned structures
were found. Different exposure doses were used to acquire friction force data but due to poor
contrast between UV deprotected and NPPOC protected regions, no successfully friction
force data was acquired. However, the patterns were present on the surface as was confirmed
by polymer brush growth data on UV deprotected regions. This is further discussed in next

section.
3.4.1 Maskless photolithography with a spatial light modulator and polymer brush

Maskless photopatterns were fabricated with the stationary focused spot created by spatial
light modulator on the selective areas of sample which was mounted on the piezo motor and
the speed of the piezo motor was controlled with the LABVIEW software. Friction force
microscopy (FFM) did not reveal any contrast between deprotected and NPPOC protected
areas. In order to visualize the quality of the pattern, polymer brushes were grown on the

deprotected areas and characterized by AFM in tapping mode in the dry state.
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Fig. 3.19. AFM topography image of polymer brush.
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Fig. 3.20. Tapping mode height image and cross section profile of polymer brush on patterned

deprotected areas.

It was found that patterns obtained with maskless far field photopatterning with the SLM had
a broader structure at smaller speed, as shown in Fig 3.19 and 3.20. The line profile in Fig.

3.20 shows the non-uniform thickness of the polymer brush.

These micro structures were obtained successfully on different resist thicknesses but no clear
and well defined patterned structures were obtained on the NPPOC protected siloxane

monolayers. Laser power of 120 mW was used to create the diffraction limited spot by the
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SLM and then used to create patterned structures on SAMS at a speed of 1 ums™. Moreover,
it was not possible to obtain patterns at high speed due to less exposure energy per unit area
because the SLM has a limitation of incident laser power, higher power may damage the
SLM. The optical setup with the spatial light modulator requires further improvements, such
as lower light wastage in the optical path after the SLM, or greater resistance to damage at

high light intensities, if it is to be used in many applications.

3.5 Conclusion

In this study, two maskless photolithography experimental setups were characterized on
NPPOC protected siloxane monolayers. Due to poor friction contrast it was not possible to
acquire friction force microscopy data from samples prepared with maskless
photolithography setups. However, we were able to fabricate patterned structures using a
focused spot created with the maskless photo lithography setup without the SLM, and data
obtained at different speed and different laser powers has been presented. A variation in line
width was observed at different speed and exposure at polymerization time of 60 min in the
dry state. The brush thickness was also vary with speed of the piezo motor and polymerization
time. A significant difference was also observed in polymer brush thickness in the dry state
compared to brushes that were measured in water. The case of patterning features with
different exposure time using this methods allowed for the development of a simple approach
for estimating grafting density and hence degree of polymerization. Maskless
photolithography with SLM was also used to fabricate patterns on SAMs but it was found
that the line width obtained was much broader compared to that achieved by maskless
photolithography setup without the SLM. Using this simple optical setups, a robust methods
for arbitrary chemically patterning a surface has been developed. Proof of principal has also
been obtained for extending this to parallel writing though the use of a spatial light modulator.
Further work to improve the optical setup with the spatial light modulator is required, however

if it is to be used in many applications.
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Chapter 4 - Atomic Force Microscope and the Peripheral Nervous System

4.1 Introduction

This chapter describes the topography and growth processing of two cell lines NG-108-15
neuronal cells and RN-22 Schwann cells as well as primary Schwann cells with AFM under

live and fixed conditions.

The functioning of the peripheral nervous system requires connection between the neurons
and the primary Schwann cells. The neurons extend into neurites (axon and dendrites) that
contains sensory motile structures at their tips called growth cones which explore extracellular
guidance cues through surface receptors for further development [196,197]. To study the
topography and mechanical properties of neuronal cells and neurite outgrowth is important
for understanding but also important for nerve re-generation after injury because nerve re-
generation and controlling neurite outgrowth is one of greatest challenges in nerve
engineering. Schwann cells are important players after nerve injury and they promote axonal
regeneration and provide a favorable condition for neurite outgrowth towards a target
location, moreover, much remains unclear about the interaction between the primary

Schwann cells and neurites during growth.

The AFM has been used on many types of cells to determine the cell morphology precisely
under fixed and physiological conditions, showing intracellular structure such as the
cytoskeleton [198-201]. In the field of neuroscience, researchers have used AFM to study the
peripheral nervous system which includes the neuron cell body, myelinated and demyelinated
nerve fibres and synaptic vesicle [199,202—-205]. But less consideration has been made to the
Schwann cell and neurites (axons and dendrites) and the growth cone. Limited attempts have

been made to explore them.

In this study, we have employed AFM imaging in tapping mode of three different types of
cells, live primary Schwann cells, live and fixed RN-22 Schwann cells and fixed NG-108-15
neuronal cells to determine the topography of the cells and its growth pathways. We provide
the first comprehensive topography of primary Schwann cells with AFM under physiological
conditions. In addition, AFM images also provide the detailed filamentous structural
organization of live RN-22 Schwann cell. We compare the topography of primary Schwann
cells and RN-22 Schwann cells. We find that it is not possible to image live NG-108-15
neuronal cells due to poor substrate adhesion. AFM provides images of the fixed neuronal

cells. The topography of small live neurites is also difficult to obtain as they are constantly
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extending and retracting when probing or moving across a surface. AFM also provides the
topography of the growth cone. The detailed study of all these cells may lead to a better
understanding of peripheral nerve regeneration.

4.2 Material and Methods
4.2.1 Cell culture

Three different types of cells were cultivated. A mouse neuroblastoma and rat glioma hybrid
NG-108-15 cell line was chosen because it has been well characterized previously [206]. RN-
22 Schwann cells were purchased from the European Collection of the cell cultures. Primary

Schwann cell harvest and culture was performed as elsewhere [207].

4.2.1.1 NG-108-15 and RN-22

Neuronal cells (NG-108-15) and RN-22 cells were cultivated in a T75 flask containing
Dulbecco's ‘modified Eagle’s medium (DMEM, Biosera)) with 10% fetal calf serum (FCS),
100 ug ml? penicillin, 100 pg ml™? streptomycin and 2 mM glutamine (Sigma) in a
humidified incubator at 37° C. After 3-4 days incubation, cells were grown to approximately
70-80 % confluence. Then cells were centrifuged at 20000 rpm for 5 min and sub cultured in
a T75 flask.

4.2.1.2 Substrate and sample preparation

The preparation of the substrate was important for supporting the function and survival of
cells in vitro. The cover glass was sterilized with industrial methylated spirits (IMS) and
phosphate-buffered saline (PBS). The NG-108-15 cells and RN-22 suspension was plated on
35 mm petri dish in serum free medium. Plated cells were placed in an incubator at 37°C in

5% CO; for 24 hours so that cells can attach and begin to process.

4.2.2 Cell fixation

NG-108-15 cells were fixed before imaging with atomic force microscopy (AFM). Cells were
fixed by adding 4% para-formaldehyde (PFA) with PBS for 20 min. After fixation, plated
cells were washed 3 x with PBS then imaged with AFM.

4.2.2.1 Primary Schwann cell

Primary Schwann cells were cultured on poly(l-lysine) coated T75 flasks containing growth
medium of Dulbecco's modified Eagle’s medium DMEM (PAA, UK), with 10% fetal calf
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serum (FCS), 2 mM glutamine, 1% N supplement (Gibco BRL, UK), 5 uM forskolin (Sigma,
UK), 20 pg/mL bovine pituitary extract, penicillin/100pg/mL streptomycin at 37°Cina5 %
CO2 humidified atmosphere.

4.2.2.2 Substrate and Sample preparation

The preparation of the substrate was important to facilitate cell attachment, growth, cell
spreading and cell motility in vitro. 0.5 pg/ml poly(l-lysine) (PLL; Sigma-Aldrich) was coated
on 35 mm petri dish to enhance the electrostatic interaction between the positively charged
surface ions and the plasma membrane’s negatively charged ions. The primary Schwann cells
suspension was seeded on the poly(l-lysine) coated petri dish in culture medium. Plated
primary Schwann cells were placed in the incubator at 37° C in 5% CO for 24 hours prior to
AFM imaging.

4.3 Atomic force microscopy

Cell imaging was carried out with an MFP-3D (Asylum Research), integrated with an inverted
optical microscope. Tapping mode AFM in a culture medium was performed with commercial
silicon nitride probes. The cantilever was V-shaped, 0.8 pum thick, 200 um long and had a
spring constant 0.06-0.32 Nm™. The tip was triangular in shape with nominal radius of
curvature of 20-60 nm. For AFM imaging, fixed NG-108-15 neuronal cells and fixed Rn-22
Schwann cells on the cover glass slip were mounted on a 10 cm plastic cover slip with super
glue. The small glass cover slip was filled with PBS and the cantilever tip was lowered
manually until the tip approaches the cell surface in liquid. Similarly petri dishes with live
primary Schwann cells or live RN-22 Schwann cells were directly placed under the AFM
head and the cells were directly seen with an inverted optical microscope with 40x or 10x
objectives. Laser alignment was again adjusted and the cantilever resonance frequency was
determined from the thermal power spectral density. The drive voltage was adjusted to attain
free amplitude of 0.5-0.65 Vms. The scan rate was adjusted between 0.1-0.5 Hz to obtain good
quality images. The set-point was also adjusted to maintain the minimum force on the sample
surface. Images were captured at speed of 7-12 ums™ at 256 x 256 pixels. Control parameters

were further optimized to image live nerve cells and Schwann cells.

4.4 Results

Primary Schwann cells were imaged in tapping mode after 24 hours of culture on a poly(l-
lysine) coated polystyrene petri dish. Fig. 4.1 shows the spindle shape morphology of a
primary Schwann cell. The spindle shape cell body has 2.5-12 micron height with a long
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thread like extension on the order of several hundred micrometres in length. Optical images

of a primary Schwann cell (Fig. 4.1 (c-d)) shows the same morphology as acquired by AFM.
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Fig. 4.1. (a & b) AFM tapping mode images of live primary Schwann cells obtained in culture

medium at room temperature. (c-d) Optical images of primary Schwann cells.

Fig. 4.2 (a) shows a rod-like structure extending from the cell body with diameter of ~ 10 um
and height of ~ 350 nm. This thin rod like structure further spreads as a thin sheet. The length
of the thin sheet is around 10 um in the lateral direction. Later on, the thin, uniform flat
membrane moves towards the leading edge of the cell. The black square region also shows
non-uniform thickness that becomes thinner towards the cell leading edge. The line profile
(4.2 (a)) shows the height of the rod like structure.

Fig. 4.2 (b) shows the thin membrane protrusion at one end and thick structure at the other
end and also shows two threadlike filaments running parallel to each other providing
information about the cell extension. The cross-section along the scan line in Fig. 4.2 (b)
shows a height difference of 30-100 nm between the thin membrane protrusion and thick
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edge. Fig. 4.2 (b) also shows two threads like filaments about 100 nm wide and 2-5 pum long.
Both the thin filaments run parallel to each other and provide the pathway for further
membrane protrusion. Fig. 4.2 (e & f) shows rod like structures extending from the cell body

up to 10s of microns.
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Fig. 4.2. (a-b) Tapping mode images of a live primary Schwann cell, (c-d) the cross section
along the scan line shows a rod like structure and the height difference between the thick and
thin membrane protrusion, respectively. (e & f) Show the 3D and 2D topography of a thin rod
like structure extending from a primary Schwann cell body.
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Fig. 4.3 (a) is an example of a primary Schwann cell extension from the cell body showing
the filamentous structures with a big bump at one side and thin membrane at the other edge.
This thin membrane protrusion growth appears in an arc shaped path with the same thickness
as a leading edge. The cross section along the scan line shows a height difference between
the thick and thin arc structure (Fig. 4.3 (b)) which is pointed by black arrowhead. Fig. 4.3

(c) is a software zoom of the area marked by a white square showing the membrane protrusion

as a thin thread like structure with diameter 100-200 nm.

Fig. 4.3. (a) Tapping mode images of a live primary Schwann cell, (b) the cross section along
the scan line shows a height difference between the big bump and thin structure. Arrowhead
indicates the thin membrane protrusion. (c) A zoomed area of (a) indicated by the white
square, and the height profile (d) of leading edge is consistent with the profile (b) at the point
indicated by the arrowhead.

To make a comparison with primary Schwann cells topography, RN-22 Schwann cells were
also imaged with AFM under fixed and live conditions. Fig. 4.4 (a) shows the live RN-22
Schwann cell body with extended thin filamentous structure up to 30-40 um wide and 15-35

pm long. Numerous thin filaments of approximately the same length scale are also visible
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along with thick filaments in Fig. 4.4 (b). The height and diameter of the thin filaments are
on the order of hundreds of nm. Fig. 4.4 (c and d) show a cell extension path way that is
somewhat different form Fig. 4.4 (a and b). The cell spreads like a single thick filamentous
structure rather than thin parallel and randomly oriented filaments. Optical images of RN-22
Schwann cells are shown in Fig. 4.4 (e-f). AFM images provide the detailed filaments

structures in contrast to optical images.
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Fig. 4.4. (a, c-d) Tapping mode height images of live RN-22 Schwann cells, (b) shows
a phase image of a live RN-22 Schwann cell. (e-f) Optical images of RN-22 Schwann

cells.
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Tapping mode height images of fixed RN-22 Schwann cells were recorded under phosphate-
buffered saline (PBS). Fig. 4.5 (a) shows a tapping mode height image of a fixed RN-22
Schwann cell. The area marked by an arrowhead is further zoomed by hardware to resolve
the cytoskeletal structures enclosed in the plasma membrane (Fig. 4.5 (b)). The cell edges
have a diameter of 1.3 um and height of 160 nm. The thickness and spacing between first the
two filaments are 1 um and 1.5 um respectively. Fig. 4.5 (c) show a phase images of a fixed

Rn-22 Schwann cell clearly resolving the nucleus and cytoskeletal structures and Fig. 4.5 (d)

shows the cell body and some hint of the cytoskeletal structure.

Fig. 4.5. (a & b) illustrates fixed RN-22 Schwann cell topographic images,(b) is a zoom area
of (a) in the cell indicated by the arrowhead, (c) phase image of a fixed RN-22 Schwann cell

and (d) an amplitude image of a fixed RN-22 Schwann cell.

It was not possible to image live NG-108-15 neuronal cells due to poor substrate adhesion.
The tip drags the cells and the cells lose their contact-point during each scan and finally the
tip pulls it from the substrate. Fig. 4.6 (a) shows the live neuronal cell tapping mode height
image. No stable image is visible. Fig. 4.6 (b) is the AFM amplitude image of a fixed NG-

101


http://www.biocompare.com/ProductDetails/1644244/Phosphate-Buffered-Saline-PBS.html?
http://www.biocompare.com/ProductDetails/1644244/Phosphate-Buffered-Saline-PBS.html?

108-15 neuronal cell revealing the dome shape of the cell body with a height range of 8-15
pum. In addition, the neuronal cells display a highly complex organized filamentous neurite
structure at the edges [124,203,208,209]. A software zoom of Fig 4.6 (b) provides the
topography information of cell spreading in Fig. 4.6 (c & d) showing the bump and brush like
structures at its edges. In Fig. 4.6 (c), the bumpy structure is 6 um wide with a height of 800
nm and the height of the brush like filamentous structure (Fig 4.6 (d)) is 400 nm with a width
of 4 um at edges.

nm

pm

20 pm 20 pm

Fig. 4.6. (a) Tapping mode height image of a live NG-108-15 neuronal cell, (b) an amplitude
image of fixed neuronal cell shows the membrane protrusion at the cell edges, (¢ & d) height
images (zoomed area of white squares in (b) reveal the brush like branched filaments and

bumpy structures of the cell membrane protrusion.

102



An example of the NG-108-15 neuronal cells (Fig. 4.7 (a)) that shows cell extension in the
form of a thin sheet at its edges which is 13 pm wide and 325 nm high. A software zoomed
area of Fig 4.7 (a) pointed out by the arrowhead provides the cell spreading information in
Fig. 4.7 (b). Fig. 4.7 (c) presents an AFM image of the neuronal cell along with detailed
structural organization of the neurites and the growth cone. At one end of the cell (marked
with a white square), a single neurite splits into two branches. At the other end of the cell
edge, thick neurites further extend on a small neurite at one side and form a growth cone
(marked with a red square). At its leading edge the growth cone is composed of the
filamentous structures, with a thick central region. Three filaments have different length, one
on the order of 3 um, the other on the order of 1 um and the third one a few hundred
nanometres. The central region of the growth cone is of non-uniform in appearance and has a

maximum height of 360 nm.
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Fig. 4.7. (a) Tapping mode height image of the NG-108-15 neuronal cells edges. (b) Zoom
region marked by white arrowhead shows the cell spreading. (c) Illustrates the formation of
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multiple neurites at the cell edges and the growth cone at one end of the neurite that leads to

the cell spreading and (d) shows the branch structure of wiggly neurite

4.5 Discussion

In this study, topography and the growth pathway of three different cells were imaged with
AFM. This AFM study provides the first detailed topography and cell membrane protrusion
pathway for primary Schwann cells. Tapping mode images show live primary Schwann cell
growth development at the nanometre-scale. These data provide additional detail beyond
confocal and optical microscopy [119,210]. Tapping mode images indicate that the AFM tip
does not affect the cell and its growth as shown in Fig. 2 (b) and 4.3 (c). Knowing the time
frame of the cell viability at room temperature, the experiment is performed within 5-6 hours
before the cell loses its contact with the poly(l-lysine) substrate. AFM images of live RN-22
Schwann cells reveal the variation in the cell morphology. Some of them were round shape
with thin and long filaments, a few having a thick filaments structure. AFM images reveal the
cytoskeletal internal structure enclosed in the plasma membrane as shown in Fig. 4.4 (a-b).
Significant difference was observed in morphology and cell extension between live primary
Schwann cells and RN-22 Schwann cell. All the primary Schwann cell images show a spindle
shaped cell body but RN-22 Schwann cells show variation in cell body topography. The
primary Schwann cell usually spread like a spindle shape cell body with bipolar or tri-polar
neurite in contrast to RN-22 Schwann cells. Thin membrane protrusion at leading edges of
the primary Schwann cell suggested lamellipodia formation which is actin rich filaments are
in a good agreement with fish keratocyte lamellipodium [211]. Similarly, comparison was
also made between live and fixed RN-22 Schwann cells; chemically fixed Rn-22 Schwann
cells have clear analogy with the live cells except for the cell membrane. In live cells, the
membrane is very thin and tip can interact with the structure below the membrane and reveals
the filament structure underneath the membrane but in chemically fixed cells the membrane
became stiff and it was difficult to resolve detailed information of the cytoskeleton except at

the edges of cells.

AFM images of NG-108-15 neuronal cells comprised of two main regions, the cell body and
neurites (dendrites and axon) that is consistent with that seen with optical microscopy and
previously existing AFM data [127,203,205,212]. Tapping mode images were acquired from
fixed NG-108-15 neuronal cells because live images of NG-108-15 neuronal cells were not
possible to obtain due to poor cell substrate attachment. Fixed NG-108-15 neuronal cells

provide information about the cells topography along with neurites (axons and dendrites).
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Fig. 4.6 (d)) show the cell extension in the form of a ‘brush’ in contrast to neurite extension
(Fig. 4.7 (c)) where the growth cone of extending the neurite explorer the local environment
[127].

4.6 Conclusion

In this chapter, AFM tapping mode images revealed the topography of live primary Schwann
cells and RN-22 Schwann cells and its cell path ways. To our knowledge, these were first
AFM images of primary Schwann cells and RN-22 Schwann cells, both had different
morphology. Comparison was made between of live primary Schwann cells and live RN-22
cells as well as live and fixed RN-22 cells. Similarly, NG-108-15 neuronal cells were also
imaged with AFM. It was not possible to image the live NG-108-15 neuronal cells with AFM
due to poor substrate adhesion and fixed neuronal cells provided the information about
topography, neurites and the growth cone. The topography of NG-108-15 neuronal cell is the
same as described earlier [213] but the cell extension, neurite and growth cones path ways
was imaged for the first time with AFM showing the different morphological changes in the
cell topography during different stages. The neuronal cells change morphology in different
stages as described in chapter 1 (section 1.9.2) which are consistent with experimental data
obtained with AFM and already existing findings observed with optical and confocal

microscopy [208,214].
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Chapter 5 — Nano- and Micromechanical Properties of primary Schwann cells and

Neuronal Cells with Atomic Force Microscopy

5.1 Introduction

This chapter describes the investigation of the mechanical properties of the peripheral nervous
system with AFM. In this study, two different probes, colloidal and sharp probes, were used
to measure the mechanical properties of primary Schwann cells, neuronal cells and growth

cones, and sharp probes were used to describe the properties of neurites.

Neuronal cells are the most complex and intricate cells in the body. This cell complexity
makes it difficult to obtain a detailed structural understanding, either in terms of the growth
cone or neurite outgrowth. Neurite outgrowth is a complex process because it involves
interaction through surface receptors with the extracellular inhomogeneous environment for
the detection of guidance cues towards the appropriate location [196,197]. Chemical and
mechanical interaction plays a potential role for neurite outgrowth. Researchers have also
made extensive efforts to design various micro patterns for nerve guidance cues. They have
investigated the chemically modified patterned surface and how that influences neuronal
adhesion in vitro. Various micro-patterning techniques have been employed to study the
growth cone extension along with neurite (axon and dendrite) extension in vitro [124].

When nerve injury has occurred, the distal end of the injured axon sprouts into regenerating
units. The distal end of the axon sprout unit has a growth cone that consists of actin rich
filopodia. The tip of these filopodia explores the environment and retracts back into the
growth cone body if they make no contact with primary Schwann cells. By contrast, if the
filopodia tip makes contact with primary Schwann cells then the entire growth cone advances
into a column pathway provided by Schwann cell organization. The number of Schwann cells
and their state is strictly controlled by the axon both during development and following repair
[210].

The AFM is a potential tool for nano- and micro-mechanical measurement. AFM has been
applied to different cells to determine the elastic modulus of fixed and live cells under
different conditions. In the area of the nervous system, the majority of AFM researchers have
focused on the topography of the cell body of dorsal root ganglion (DRG) neurons,chicken
embryo spinal cord neurons and hippocampal neurons under fixed and live condition
[199,203,205,208]. Moreover, some researchers have paid attention to the topography of sub

cellular features of the growth cone and have described the detailed topography of fixed
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growth cones at various stage during axon extension [215]. AFM studies have also revealed
the mechanical properties of growth cones [108,204,216,217] and myelinated and de-
myelinated axons [218]. Recently, the elasticity of NG-108-15 neuronal cell growth cones
have been investigated with a modified the Hertz model [219]. But limited attention has been
focused on the mechanical properties of the peripheral nervous system such as primary

Schwann cells, neuronal cells and its corresponding growth cones and neurites.

In this chapter, we describe details of the experimental method and the Hertz model that is
used to analyze the force curve data acquired through two different probes i.e., sharp and
colloidal probes over neuronal cells, neurites and growth cones to investigate the local and

average elasticity, respectively.

5. 2 Method and Material
5.2.1 AFM indentation measurements

AFM experiments were performed with an MFP-3D (Asylum Research), integrated with an
inverted optical microscope that was used to visually position the AFM cantilever with respect
to the cell. Two different type of force measurement were made: micrometre-scale and
nanometre-scale measurement were employed on live primary Schwann cells, live NG-108-
15 neuronal cells and growth cones and nanometre-scale measurements were carried out on
neurites. For nanometre-scale measurements, triangular tips with a nominal tip radius of 20-
60 nm on a V shape 200 um long silicon nitride cantilever with a nominal spring constant of
0.02 Nm™ was used. For micrometre-scale measurement, colloidal probes were made by
gluing polystyrene beads onto the back of triangular tips on V shaped silicon nitride
cantilevers. Bead fixation was carried out with the help of an inverted optical microscope.
The cantilever was mounted into the cantilever holder of the MFP-3D. A small amount of
glue (UV curable Norland optical adhesive) was placed on a glass slide and placed under the
microscope stage. The cantilever was carefully lowered onto the UV curable glue until a slight
cantilever deflection was observed in the S & D meter. Next, the glue slide was replaced with
a slide onto which spheres had been deposited. Using the bottom view optic (40x objective)
the cantilever was positioned carefully on top of a single bead and the head lowered to make
contact. Once the cantilever made contact with the bead, the cantilever was withdrawn.
Following this, the cantilever was exposed to UV light (A = 365 nm) for 5 min to cure the

glue and secure the bead.
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AFM measurements were based on recording the elastic response of the cell by using AFM
tips as either a colloidal or nano probes. Force-displacement curves were recorded on the cell
body of live primary Schwann cells and live NG-108-15 cells, the growth cone and at different
regions of the neurites. To obtain a constant and precise maximum applied force, a maximum
tip deflection value (trigger value) was set. The detectors provided deflection values in volts.
However, to obtain the cantilever tip deflection in the length unit, i.e., nanometre, the optical
lever system had to be calibrated for a given cantilever tip. For such calibration, force-
displacement curves were acquired with the same cantilever on hard poly(l-ysine) coated petri
dish surfaces, which are considered as an infinitely stiff sample surface. The resulting contact
region slope provides the inverse optical lever sensitivity of the cantilever (INVOLS). The
INVOLS converts the cantilever deflection from the photodiode voltage to nanometres of
displacement. The InVOLS value was further used to correct the force curve experimental
data to acquire the force-indentation data. The force-displacement curves were recorded at
the same the trigger deflection (20 nm) which corresponds to approximately 220-290 pN force
for the nanometre indentation and micrometre indentation experiments. The cells topography
and the elastic modulus were determined from force-volume maps acquired by collecting

force-indentation curves in a grid pattern over the sample surface.

5.2.2 Data acquisition and analysis

To determine the cell elasticity, the AFM was operated in force-volume mode allowing force-
distance curves to be collected on a grid pattern. All force curve data was recorded at the same

force curve frequency of 1 Hz.

Force displacement curves were changed into force indentation curves by subtracting the
cantilever deflection from the piezo displacement. All force-indentation curves were analyzed
using the ARgyle™ software [220]. The force-versus-indentation curves describe the cell
mechanical response to the applied load, Fig. 5.1 shows a schematic representation of

indentation experiments for sharp and colloidal probes.
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Fig. 5.1. (a) Schematic representation of indentation experiments for sharp and colloidal
probes. (b-c) Cantilevers start moving towards the sample surface by a distance z until it
touches the surface. The sample indented and cantilever tip bends and its deflection reaches
the trigger value (20 nm deflections equal to 220-290 pN). After that the cantilever reverses
back and covers the ramp size distance.

All the force curves were taken at room temperature; primary Schwann cells have good
substrate adhesion and remain alive for 7-8 hours but NG-108-15 cells started showing
negative effects on growth after 4 hours of force curve data. The cells began to retract and
acquired a round shape and lost their adhesion point with the poly(I-lysine) coated substrate.

Therefore, force curve data was recorded within three hours.
5.2.3 Elastic modulus measurement

The Hertz model has been used in the majority of articles on cell mechanics for the evaluation
of elastic modulus. The Hertz model and Sneddon’s modification to the Hertz model was used
to describe the behaviour of an elastic half space under indentation force by an infinitely stiff
indenter. The model assumes that the sample is homogenous, isotropic, incompressible and
frictionless at small deformation, which is not completely true for biological cells [221]. Most
of the biological samples are neither homogeneous nor completely elastic, however, elastic
modulus measurement on biological samples using the Hertz model have been used by many
researchers for cell stiffness characterization [108,222-227]. AFM indentation depth for
elastic modulus calculation is limited. In general, it is assumed that the Hertz model is valid

for 10% of the cell thickness and other studies also reported that the Hertz model was also
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reasonably valid for all indentation range from 4 % to 30% [228-232]. The indentation depth
range in the Hertz model has been widely discussed among researchers in this field. In this
study, two different probes were used to investigate the cell mechanics at relatively large
indentation depth. The measured modulus is denoted by En as it is not strictly the Young’s

modulus considering the viscoelastic and heterogeneous nature of the cells.

Force as a function of indentation for AFM sphere probes can be described by [93].

F= 4 pRego (5.1)

3 (19

Here, R is radius of the spherical probe, E is the elastic modulus and v is the Poisson ratio.
Poisson ratio is generally assumed to be the 0.5 for biological samples [233] i.e.,

compressible.

For a conical tip, we employed the Sneddon’s modification of the Hertz model to measure the
elastic modulus from force indentation data [234]. The force on a conical indenter is given by

this relation

2E
F = — §tana (5.2)

7 (1-v?)

Where a is the half angle of the AFM conical indenter.

Force-volume maps of primary Schwann and NG-108-15 neuronal cells and growth cones
were recorded with sharp probes and colloidal probes and sharp probes were also used to
acquire force-volume maps on thin neurites around the cell and single long neuritis. Colloidal
probes could not be used on the thin neuritis due to poor lateral resolution and larger contact
area. Force-indentation data were analyzed to measure the elasticity of the cell membrane and
internal cytoskeletal structure. Contact-point height maps were reconstructed from the raw
force curve data after detecting the initial contact-point which is based upon a local gradient-
based algorithm. The ARgyle™ software can easily compute the algorithm and detect the
initial contact-point of approach force curves at the pixels that constitutes the topography

image. Therefore topography obtained from the contact points force-volume maps further
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compare with the set-points maps. The stiffness maps were reconstructed from the set-point
force curve data using the INVOLS measurements. In\VOLS was measured from the slope of
contact region of each force curve and InVOLS measurements directly correspond to the
stiffness variation over the sample surface. Fig. 5.2 shows the Hertz fit at large indentation

range on force-indentation curves acquired with sharp and colloidal probes.
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Fig. 5.2. Force curves recorded with the colloidal probe on the primary Schwann cell and with
the sharp tip on the neurite showing the Hertz fit at large indentation range in (a and b).
5.3 Results
5.3.1 Nano- and micromechanical properties of primary Schwann cells

Figs. 5.3-5.5 (a-c) present force-volume maps of primary Schwann cells acquired on arrays

of 50 x 50 curves with the sharp tips nominal (radius 20 nm) showing the set-point height and
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contact-point height maps. Contact-point height maps display the real cell topography derived
by estimating the contact-point in force curves automatically using the ARgyle™ software.
Stiffness maps of each individual cell are reconstructed from the automated force curve
analysis of the set-point force curve data which displays stiffness by colour at each of the
force curve points collected on the cell and substrate. Each of Figs.5 3-5.5 shows different

examples of primary Schwann cells.

Force-volume maps also acquired on arrays of 50 x 50 points with colloidal probes (radius 10

pm) on primary Schwann cells are shown in Figs. (5.6-5.8). Figs. 5.6-5.8 (b-c) shows contact-

point maps and stiffness maps reveal cells stiffness variability across its surface.

pm

Fig. 5.3. AFM force-volume maps of a primary Schwann cell. (a) Set-point topography map
(i.e., height plotted is height at the trigger point), (b) contact-point topography map (i.e.,
height at the point of initial contact), (c) stiffness map, the colour bar represents the height
and the stiffness variation of the cell and in the stiffness map the top of the colour bar

corresponds to a softer area of the cell.

112



S — TR XU S -}
HmM

» b

Fig. 5.4. AFM force-volume maps of a primary Schwann cell. (a) Set-point topography map,
(b) contact-point topography map, (c) stiffness map, the colour bar represents the height and
the stiffness variation of the cell and the top of the colour bar in the stiffness map corresponds

to a softer area of the cell.
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Fig. 5.5. AFM force-volume maps of a primary Schwann cell. (a) Set-point map, (b) contact-
point map, (c) stiffness map, the colour bar represents the height and the stiffness variation of

the cell. In the stiffness map, the top of the colour bar corresponds to a softer area of the cell.

114



Fig. 5.6. AFM force-volume maps of a primary Schwann cell with a colloidal probe. (a) Set-
point topography map, (b) contact-point topography map, (c) stiffness map, the colour bar
represents the height and stiffness variation and the top of the colour bar in the stiffness map

corresponds to a softer area of the cell.
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Fig. 5.7. AFM force-volume maps of primary Schwann cell. (a) Set-point topography map,
(b) contact-point topography map, (c) stiffness map, the colour bar represents the height and
the stiffness variation of the cell and in the stiffness map the top of the colour bar corresponds

to a softer area of the cell.
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Fig. 5.8. AFM force-volume maps of a primary Schwann cell. (a) Set-point map (b) contact-
point map (c) stiffness map and the colour bar represent the height and the stiffness variation
of the cell. In the stiffness map, the top of the colour bar corresponds to a softer area of the

cell.
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Fig. 5.9. An optical image of a primary Schwann cell.

Contact-point images were reconstructed through with the sharp tip and colloidal probe force
curve data. The cells in contact-point images with sharp tips appear relatively broad with
clearly resolved cell edge protrusions. Presentation of the 50 x 50 array of force curve data as
a contact-point image is a meaningful way to represent the true topography of the cell. Set-
point height maps do not resolve the cell edges with as much detail as the contact-point
images. It is apparent that set-point ‘images’ lose significant information in the periphery of
the cell, presumably as the tip has pushed through to the level of the substrate. Contact-point
images also appear to show the cell surfaces as being rougher and more ‘knobbly’ than the
set-point images, probably a better reflection of the complex and structural membrane surface.
Contact-point images were also reconstructed from the colloidal probes force curve data
which does not clearly determine the cell edge features in all the contact maps in contrast to
the set-point force-volume maps. It is suggested that contact-point maps reconstructed
through the sharp tip data clearly resolves the cell edge protrusions in contrast to data obtained
with colloidal probes. Moreover, the set-point force curve data was used to reconstruct the
stiffness maps that show the inherent stiffness of the cells as shown in Figs. 5.3-5.5 (c) and
Figs. 5.6-5.8 (c). Fig. 5.3 (c) shows the stiffness variation within the cell, where the central
region was found to be softer than the cell edges. With sharp tips, both contact-point and
stiffness maps reveal the cell morphology right up to the edges. We suggest that ‘contact
point” force-volume maps is an effective method for obtaining images of soft cells that are
hard to image conventionally with AFM.
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An elastic modulus was determined after analyzing the force displacement curves from
individual cells with the Hertz model at indention greater than 500 nm with sharp triangular
tips (nominal radius 20 nm). The sets of data are given as histograms along with the log
normal distribution curves in Fig. 5.10 (a-d). The histograms in Fig. 5.10 (a-c) correspond to
the analyzed force curve data from the displayed force-volume maps in Figs. 5.3-5.5 (a). Fig.
5.10 (d) is a histogram overlaid with a Log normal distribution curve showing the En variation
of primary Schwann cells for five cells. The average elastic modulus, Enx, (median values
median absolute deviation) was found to be 3.1 + 1.9 kPa for five cells. For the sake of
completeness, Fig 5.10 (e) shows the raw stiffness histograms of two of the primary Schwann
cells. Fig. 5.10 (g) shows some examples force-indentation curves which clearly show the

wide variation across the cells in agreement with the histograms.
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Fig. 5.10. Histograms of analyzed force curve data with sharp probes, Ex for the individual
cells and multiple cells in (a-d (previous page)). (e-f) Stiffness histograms of two cells
acquired from the slope of the approach force curve data. (g) Examples of force curves
recorded with a sharp tip at different locations correspond to different indentation at the same

force.

Next, colloidal probe force curves of each individual cell were analyzed and histograms with
log normal distribution curve for individual cells and multiple cells are shown in Fig 5.11 (a-
d). The average measured elastic modulus (median values £ median absolute deviation) value
was found to be 93 + 49 Pa for cells (n = 5). Fig. 5.11(e-f) shows the stiffness histograms of
the primary Schwann cell acquired from the slope of the approach force curve data and the
cell stiffness of both the cells was found to be in the range of 0.1-0.8 Nm™. Fig. 5.12 shows

force-indentation curves acquired from the different cell regions.
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Fig. 5.11. (a-d) Histograms of analyzed force curve data with colloidal En for the individual
and multiple primary Schwann cells. (e-f) Stiffness histograms acquired from the slope of

the approach force curve data.
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Fig. 5.12. Set of force-indentation curves at different regions of the primary Schwann cell
showing different indentation at the same force.

The topography of primary Schwann cells acquired through the force-volume maps and
contact maps show the same spindle shape morphology as shown in optical images (Fig.5.9
(d) and previously obtained AFM tapping mode images (chapter 4) [236]. Primary Schwann
cells are 3-14 um high and the mechanical properties of the primary Schwann cells were
measured with two types of the probes, the sharp probes and the colloidal probes. We believe
this AFM study is the first detailed topographic and mechanical analysis of live primary
Schwann cells. The elastic modulus, En after computing the nano-mechanical measurement
at large indentation depth on primary Schwann cells was found to be in the range of 3.1 £ 1.9
kPa (n = 5 cells) [203,236,237] and the elastic modulus E4 was found to be 93 + 50 from
micro-mechanical measurements [222,238]. Therefore, significantly larger elastic modulus
was found using the sharp probe force-indentation data in contrast to that obtained with a
colloidal probe [160,221,239]. The width of the log normal distribution curve is wider for
colloidal probes in comparison to the sharp tip data. The cell stiffness histograms obtained
from the slope of full force displacement curve data gave a stiffness value in the range of 0.1-
0.6 mNm™ for the sharp tip and 0.1-0.8 mNm™ for colloidal probes and the width of the
distribution is slightly wider for sharp tips in contrast to colloidal probes [240].
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5.3.2 Nano- and micromechanical properties of neuronal cells

The set-point force-volume maps and the contact maps of NG-108-15 neuronal cells provide
the topography information and the stiffness maps provide the stiffness variation of the cells.
Force-volume maps were derived from 60 x 60 (i.e., 3600), 34 x 34 and 40 X 40 force curves
respectively. Figs. 5.13-14 (a-b) displayed as the set-point and contact-point force-volume
map and 5.15 (a) presents the set-point topographic map of NG-108-15 neuronal cell. Figs.
5.13-5.14 (c) and 5.15 (b) shows the corresponding stiffness maps. The colour of the bars
represents the stiffness variation of the cell and the stiffness decreases from the bottom to the

top of the colour bar. Fig.5.15 (c-d) show optical images of the neuronal cells.

Fig. 5.13. AFM force-volume maps of the NG-108-15 neuronal cell (a) Set-point map, (b)
contact-point map, (c) stiffness map, the colour bar represents height and the stiffness
variation of the cell. In the stiffness map, the top of the colour bar corresponds to a softer area

of the cell.
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Fig. 5.14. 3D AFM force-volume maps of the NG-108-15 neuronal cell. (a) Set-point map,
(b) contact-point map, (c) stiffness map, the colour bar represents height and the stiffness
variation of the cell. In the stiffness colour bar, the stiffness decreases from the bottom to the

top which corresponds to a softer area of the cell.
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Fig. 5.15. AFM force-volume maps of the NG-108-15 neuronal cell. (a) Set-point map, (b)
stiffness map, the colour bar represents height and the stiffness variation of the cell. In the
stiffness colour bar, the stiffness decrease from the bottom to the top which corresponds to a
softer area of the cell. (c-d) Optical images of NG-108-15 cells with the cell body (red
arrowhead), the growth cone (black arrowhead) and the small neurite (green arrow head) and

the long neurite (blue arrowhead).

Micrometre-indentations were performed with a colloidal probe (radius 10 pm) on Ng-108-
15 neuronal cells. Set-point maps, contact-point maps and stiffness maps showing the cell
topography and the cell stiffness are given in Figs. 5.16-5.18 (a-c).
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Fig. 5.16. AFM force-volume maps of the neuronal cell. (a) Set-point topography, (b) contact-
point map, (c) stiffness map, the colour bar represents the height and the stiffness variation of
the cell where the top of the colour bar corresponds to a softer cell area.
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Fig. 5.17. AFM force-volume maps of the neuronal cell. (a) Set-point topography map, (b)
contact-point topography map, (c) stiffness map, the colour bar represents the height and the

stiffness variation of the cell and the top of the colour bar in the stiffness map corresponds to

a softer area of the cell.
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Fig. 5.18. AFM force-volume maps of the neuronal cell. (a) Set-point map, (b) contact-point
map (c) stiffness map, the colour bar represents the height and the stiffness variation of the
cell and the top of the colour bar in the stiffness map corresponds to a softer area of the cell.

Contact-point maps reconstructed through sharp and colloidal probes force curve data show
the same cell edge morphology as obtained in the set-point maps. Little difference was
observed even in contact-point maps acquired by sharp tips and colloidal probes. It is
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suggested that it was not possible to resolve the cell edges features due to 11-14 pum due to
height of the neuronal cells. The stiffness maps show the inherent stiffness of the cells as
shown in Figs. 5.13-5.14 (c), 5 15 (b) and Figs. 5.16-5.18 (c). Fig. 5.17 (c) shows the stiffness
variation obtained with colloidal probes where the cell edge was found to be stiffer than the
cell body. In Fig. 5.17 (c) the stiffness map resolves the cell edge filamentous structures in
much detail in contrast to contact-point force-volume maps. It is apparent that the cell edge
filamentous structures are present in contact-point images but cannot be clearly resolved due

to the 13-15 pum neuronal cell height.

An elastic modulus was determined from the nano-mechanical measurements on NG-108-15
neuronal cells, growth cones, and neurites with sharp triangular tips (hominal radius 20 nm).
Forces curves for all of the cells were analyzed and the resultant histograms are shown in Fig.
5.19 (a-c). The average elastic modulus (median values £ median absolute deviation) was
found to be in the range of 0.97 + 0.4 kPa for the cells (n = 5) and the histogram by fitting the
log normal distribution curve for the cells (n = 5) is shown in Fig. 5.19 (d). Each cell stiffness
histogram was also obtained from the gradient of the full force curve data (Fig. 5.19 (e-Q)).
Force-indentation curves acquired from the different cell regions corresponding different

indentation at the same force (Fig. 5.19 (h)).
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Fig. 5.19. (a-d (previous page) and e-h) Histograms of analyzed force indentation
measurements with sharp tips, Ex for individual neuronal cells and multiple cells (a-d
(previous page)). (e-g) Three cells stiffness histograms acquired from the slope of the
approach force curve data. (h) Some examples of force curves recorded at different regions

of the cell correspond to different indentation at the same force.

An elastic modulus was also determined from the micro-mechanical measurements on NG-
108-15 neuronal cells and growth cones with colloidal probes. Individual cells and multiple

cells elastic modulus En data was plotted as histograms with log normal distribution curve is
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shown in Fig. 5.20 (a-d). The elastic modulus Ex value (median values £ median absolute
deviation),was found to be 86.2 + 41.8 Pa for neuronal cells (n = 5) [222,238]. Fig. 5.20 (e-
g) shows the stiffness histograms of the NG-108-15 neuronal cells acquired from the slope of
the approach force curve data and the cell stiffness of the three cells was found to be in the
range of 0.1-0.8 mNm™. Fig. 20 (h) shows force-indentation curves acquired from the

different cell regions correspond different indentation at the same force.
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Fig. 5.20. (a-f (previous page) and g-h) Histogram showing the elasticity variation (En) of the
individual and multiple NG-108-15 neuronal cells in (a-d). (e-g) Stiffness histograms of three
cells acquired from the slope of the approach force curve data. (h) Example force curves
recorded with sharps tip at different locations which correspond to different indentation at the

same force.

This is the first AFM study to investigate the mechanical properties of NG-108-15 neuronal
cells with sharp and colloidal probes. The average modulus of the neuronal cells (n = 5) was
found to be 86.2 + 42 Pa and 0.97 * 0.4 kPa which are in agreements with the previous studies
made by various researchers by colloidal probes [222,238] and the sharp tips [217,228,231]
on various cells. The width of the log normal distribution histograms is wider for sharp probes
as compared to colloidal probes and the stiffness histograms with the sharp tips also show
more stiffness the variation in contrast to colloidal probes. The stiffness was found in the
range of 0.1-0.4 mNm™ for the sharp tips cells data which is slightly lower than the stiffness

measured with colloidal probes measured cells stiffness (0.1-0.8 mNm™) [135,241].
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5.3.3 Nanomechanical mechanical properties of neurites

An attempt was made to measure the elastic properties of neurites and to compare this with
the elasticity of the cells and growth cones. We believe this is the first detailed mechanical
analysis of the NG-108-15 neuronal cell neurites. Sharp tips were used to explore the stiffness
variation between nerurites. Force-volume maps were recorded at different regions of long

neurites as well as from thin neurites.

Fig. 5.21 (a and b) shows the set-point force-volume maps of long neurites and arrowhead
regions were further zoomed to acquire the force-volume maps. Set-point maps, contact-point
maps, stiffness maps and elastic modulus maps are shown in Figs. 5.22-24 (a-d). Set-point
maps are derived from 40 x 40 (i.e., 1600) force curves with the sharp tip. Contact-point maps
(Figs. 5.22-5.24 (b)) reveal the true neurite topography. The colour bar represents the height
variation of the neurite. Stiffness maps (Figs. 5.22-5.24 (c)) show the stiffness variation within
each neurite region and the top of the colour bar corresponds to a softer area of the neurite.
The central region of Fig. 5.24 (c) in the stiffness map shows different stiffness with respect
to the edges and the stiffness map in Fig. 5.23 (c) shows the left side of the thin neurite edge
is significantly stiffer than the right side.
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Fig. 5.21 (a-b). AFM force-volume maps of the long neurites. The region indicated by
arrowhead was further zoomed and a force map of the smaller region was recorded with a
sharp tip and the colour bar represents the height variation.
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Figs. 5.23-5.24 (d)) show the elastic modulus (Ew) variation within the neurite, in region Il
and Il1, significantly different modulus was observed within every single scan line that
presumably corresponds to microtubule structure running parallel between actin and other
cytoskeleton filaments. A cross section of the line (red arrowhead) shows different modulus
value in Fig. 5.24 (e).
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Fig. 5.22. AFM force-volume maps of the region I (a) Set-point force map, (b) contact-point
map, (c) stiffness map, (d) elastic modulus map, the colour bar represents the height, the
stiffness and the elastic modulus variation. In the stiffness map, the top of the colour bar
corresponds to a softer areas of the neurite. In the elastic modulus, the top of the colour bar

corresponds to a stiffer region of the neurite.
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Fig. 5.23. AFM force-volume maps of the region 11. (a) Set-point map, (b) contact-point map,
(c) stiffness map, (d) elastic modulus map, the colours bars represents the height variation in
set-point and contact-point maps. The top of the colour bar in the stiffness map corresponds
to a softer area of the neurite and in the elastic modulus the top of the colour bar corresponds

to a stiffer region of the neurite.
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Fig. 5.24. AFM force-volume maps of the region Il1. (a) Set-point map, (b) contact-point map,
(c) stiffness map, (d) elastic modulus map, (e) shows the elastic modulus variation across the
line cross-section pointed out by red line in Fig. 5.24 (d).The colour bars represent the height,
the stiffness and the elasticity variation. In stiffness map the top of the colour bar corresponds
to a softer area of the neurite and the top of the colour bar in the elastic modulus map
corresponds to a stifferer region of the neurite.
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In Fig. 5.25 (a) an optical image shows the NG-108-15 neuronal cell with multiple immature
neurites around the cell as well as a long neurite. Force-volume maps also acquired on arrays
of 40 x 40 force curves on small neurites. The contact-point maps and the stiffness maps that
were reconstructed from force curve raw data are shown in Figs. 5.25 to 5.26 (b-d). The
contact-point map in Fig. 5.25 (c) shows the smaller neurite edge protrusions in detail that is
not possible to see in the set-point map. The stiffness map in Fig. 5.26 (c) shows the stiffness

variation from the distal end to the leading edges of the small neurite and the leading edges

apparently seem softer.
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Fig. 5.25. (a) An optical image of NG-108-15 neuronal cell. AFM force-volume maps of the
smaller neurite around the cell. (b) Set-point topographic map, (c) contact-point maps, (d)
stiffness map and the colour bar represents the height and the stiffness variation. In stiffness

map, the top of the colour bar corresponds to a softer area of the neurite.
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Fig. 5.26. Force-volume maps of the smaller neurite around the cell. (a) Set-point map, (b)
contact-point map, (c) stiffness map and the colour bar represents the height and the stiffness
variation and the top of the colour bar in the stiffness map corresponds to a softer area of the

neurite.

The contact-point maps also show the broad and clearly resolved neurite edges in contrast to
set-point force-volume maps. The contact-point map representation is an effective way to get
the true topography of the neurite with clearly resolved neurite edge protrusions. As it is not
possible to image the delicate live neurites, set-point and contact-point maps provide a
meaningful way to compare neurite topography while the stiffness maps provide significant
information about the stiffness of the different regions of the neurites.

An elastic modulus Ex was measured and is shown in Fig. 5.27 (a-d)) for individual neurites
and as well as multiple neurites. The width of the log normal distribution curve from the
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histograms was different for the three regions of the neurite. An increase in the elastic
modulus was observed from region Il to region Il that shows an increase in the stiffness
toward the leading edge [217,242]. The average elastic modulus of seven regions of long
neurites was found to be 14.9 + 8.8 kPa i.e., median values + median absolute deviation and
the average elastic modulus found to be 55.4 + 30.8 kPa for smaller neurite around the cell.
Fig. 5.27 (e-h) shows the stiffness histograms of different regions of the long neurites. The
variation in the stiffness was found between different regions of the neurite and the stiffness
was found to be in the range of 0.1-0.3 mNm™ for all neurites. Fig. 5.27 (i) shows force-

indentation curves acquired from the different cell regions correspond in different indentation

at the same force
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Fig. 5.27. (a-d (previous page) and e-i). Histograms of analyzed force curve data with sharp
tips, En for different regions of the long neurite in (a-c). (d) Histogram of multiple neurites (n
= 7). (e-h) Stiffness histograms of different neurites. (i) Some example of force curves

acquired from different locations of the neurite correspond to different indentation at the same

force.
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An elastic modulus Ex was measured and is shown in Figs. 5.28 (a-b)) for individual neurites.

The width of the log normal distribution curve from the histograms was different for the two

regions of the neurite.
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Fig. 5.28. Histograms of analyzed force curve data, En for individual neurites around the cell
in (a-b).

This is the first detailed AFM topography and mechanical information of NG-108-15
neuronal cell neurites. Set-point and contact-point maps provide detailed topographic
information and stiffness and modulus maps provide the point to point stiffness variation
between different regions of the smaller neurites. The long neurites were found to be stiffer
than the neuronal cell and the smaller neurite was even stiffer than the long neurite. In the
long neurite, the stiffness increased from the distal to the leading edge. A previous study
reported the stable and steady motion of fish epidermal cells where the highest rigidity was
found at the leading protruding edge of vertical lamellipodia and the stiffness decreased with
the distance from the edge [242]. The leading edge of lamellipodium exhibited highest
modulus that reduced towards the distal end [242]. Elise Spedden also studied the effect of
neurite extension on the neuronal cell body (cortical neuron) and measured the cell body
elasticity during active neurite extension under controlled environment [217] but neurite
topography and mechanical properties has not been studied yet. We find that the long neurite
becomes stiffer towards the leading end and variation in the stiffness was found at the distal
and leading edge for small neurites, some small neurite becomes stiffer towards the leading

edge and a few of neurites growing tip is less stiff than the distal end.
5.3.4 Nano- and micromechanical properties of growth cones

To obtain the complete characterization of the mechanical properties of growth cones sharp
and colloidal probes were used to acquire force-volume maps. 40 x 40 (i.e., 1600) force curves

were recorded with sharp tips and displayed as set-point maps, contact-point maps and
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stiffness maps were also reconstructed from the force curve data as shown in Figs. 5.29-5.31
(a-c). Contact-point maps (Figs. 5.29-5.31 (b)) reveal the detailed topographic information in
contrast to set-point maps (Figs. 5.29-5.31 (a)). Stiffness maps (Figs. 5.29-5.31 (c)) show the
growth cone stiffness variation where the thin filamentous structure was found to be stiffer
than the central region. These finding are consistent with previous growth cone studies
[108,109], we can assume that the long thin filaments comprise of actin bundles and the

central region consisted of microtubules. The stiffness map of the growth cone in Figs. 5.29

- 5.31 (c) were reconstructed form the set-point force curve data.

Fig. 5.29. AFM force-volume maps of the NG-108-15 growth cone acquired with a sharp tip.
(a) Set-point map, (b) contact-point map, (c) stiffness map, the colour bar represents the height
and the stiffness variation and the top of the colour bar in the stiffness map corresponds to a
softer area of the growth cone.
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Fig. 5.30. AFM force-volume maps of the NG-108-15 growth cone obtained with sharp tip.
(a) Set-point map, (b) contact-point map, (c) stiffness map, the colour bar represents the height
and the stiffness variation and the top of the colour bar in the stiffness map corresponds to a

softer area of the growth cone.
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Fig. 5.31. AFM force-volume maps of the NG-108-15 growth cone acquired with sharp tip.
(a) Set-point map, (b) contact-point map, (c) stiffness map, the colour bar represents the height
and the stiffness variation and the top of the colour bar in the stiffness map corresponds to a

softer area of the growth cone.

Next, force-volume maps were obtained from the growth cone with colloidal probes, 50 x 50
force-displacements were recorded and displayed as set-point maps, contact-point maps and
stiffness maps as shown in Figs. 5.32-5.34 (a-c).
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Fig. 5.32. AFM force map of growth cone acquired with a colloidal probe. (a) Set-point map,
(b) contact-point map, (c) stiffness map, the colour bar represents the height and the stiffness
variation and the top of the colour bar in the stiffness map corresponds to a softer area of the
growth cone.
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Fig. 5.33. AFM force-volume maps of the NG-108-15 growth cone acquired a colloidal probe.
(a) Set-point map, (b) contact-point map, (c) stiffness map, the colour bar represents the height
and the stiffness variation and the top of the colour bar in the stiffness map corresponds to a

softer area of the growth cone.
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Fig. 5.34. AFM force-volume maps of the growth cone acquired with a colloidal probe. (a)
Set-point map, (b) contact-point map, (c) stiffness map, the colour bar represents the height
and the stiffness variation and the top of the colour bar in the stiffness map corresponds to a
softer area of the growth cone.

Contact-point maps acquired with the colloidal probes do not provide accurate information
about the thin filaments and growth cone edges. The use of colloidal probes (R =10 um) is
not a good approach to acquire the detailed topography of small filaments on account of the
large contact area. These images failed to provide the important filaments growth information.
Moreover, the sharp tips provide significant information about the growth cone filaments in
contrast to colloidal probes and clearly resolve the edge protrusion and filaments. Using the
sharp tip, 50 x 50 arrays of recorded force curves on the growth cone were computed and the
data plotted in a histogram. Individual cells and multiple cells elastic modulus En data was
plotted as histograms with log normal distribution curve is shown in Fig. 5.35 (a-d). The
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average modulus (median values £ median absolute deviation) was found to be 4.1 + 2.4 kPa

for n = 5 growth cones [108,223]. Each growth cone stiffness histograms was also acquired

from the gradient of the approach force curve data.as shown in Fig. 5.35 (e-g). Fig.5.35 (h)

shows some examples of force curves recorded at different regions of the growth cone at the

same force corresponds different indentation.

(a)

Frequency

40 (c)
z
- 30 §
g g
5 - width=1.10.06kPa £
b
" 10-
0 I T T
10 20 30
kPa
80- (e)
=
z widt =0.75 £ 0.03N/m 3
§ 40- g
L r
20
ol

] (b)
3 150+ /{1
&
% 100 - width=1.13 + 0.009kPa
L
50—%
0 |
0 10 20 30
kPa
300 j
b (d) for n = 5 growth cones
2001l
width=1.44 £ 0.01kPa
100
0
50 = Py
40 N ®
- width =0.56582 + 0.034N/m
20 -
10
oL

0.5 1.0 1.5 2.0 2.5X10-3
N/im

148



200 A
(9)

150 -
ry
§ 100 width=0.51 £ 0.008 N/im
o
[1]
&L 50

0 T T = i
0.5 1.0 15 20 5500°
N/m

Indentation pum

Fig. 5.35. (a-f (previous page) and g-h) Histograms of analyzed force curve data with sharp
tips, En for individual and multiple growth cones as shown in (a-d). (e-f) Stiffness histograms
acquired from the slope of the approach force curve data. (h) Set of force-indentation curves

at different regions of the growth cone correspond to different indentation at the same force.

Force curve data obtained using colloidal probes is plotted as histograms with the
corresponding distribution profile for the individual growth cone and multiple growth cones
as shown in (Fig. 5.36 (a-d)). The average modulus value was found to be in the range of 99
+ 60 Pa (median values + median absolute deviation) for growth cones (n = 5) [219]. Each
growth cone stiffness histogram was also acquired from the slope of the full force curve data
and these histograms fitted with the log normal distribution curves are shown in Fig. 5.36 (e-
g). Some of example force curves acquired from different locations of the growth cone are
shown in Fig. 5.36 (h).
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Fig. 5.33. (a-f (previous page) and g-h) Histogram of analyzed force curve data with colloidal
probes, En for the individual (a-c) multiple growth cones (d). (e-h) growth cones stiffness
histograms acquired from the slope of the approach curve data. (h) A number of forces curves
acquired at different regions of a growth cone correspond different indentation at the same

force.
5.4 Discussion

In this study, sharp tips and colloidal probes provide the elastic properties of the cells (primary
Schwann cell and NG-108-15 neuronal cells), neurites and growth cones. Primary Schwann
cells were found to be significantly stiffer than NG-108-15 neuronal cells with sharp tips (3.1
* 1.9 kPa for primary Schwann cell and 0.97 + 0.4 kPa for NG-108-15 cells) but almost same
modulus was found in colloidal probes measurements for both the cell types (92.8 £+ 49.6 Pa)
for primary Schwann cells (86.2 £ 41.8 Pa) for NG-108-15 neuronal cells. Growth cones were
found to be stiffer than the neuronal cells for the mechanical measurements made with both

the probe types and the neurites were found to be much stiffer than neuronal cells and growth
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cones. Therefore their modulus values were found to be 0.97 £ 0.4 kPa (NG-108-15 neuronal
cells), 4.1 + 2.4 kPa (growth cones), 14.9 + 8.8 kPa (long neurite), and 55.4 + 30.8 kPa (small
neurite). Higher elastic modulus have been reported previously in various AFM sharp tips
studies in contrast to spherical probes [160,221,239] and similar results were also reported in
this study. Previously, two times higher elastic modulus En was reported with a sharp tip for
the alveolar epithet cell and the living Chinese hamster cell and four times higher elastic
modulus was found for macrophages as compare to colloidal probes [221,243]. The sharp tip
with smaller contact area provides the local elastic information in the vicinity of probe and
the colloidal probe is used to measure the average elastic properties of the cells. The
significant difference in the stiffness was found in the sharp probe analyzed force curve data
of primary Schwann cells and NG-108-15 neuronal cells. Primary Schwann cell cells were
found to be stiffer than neuronal cells but the stiffness was found to be almost similar in the
colloidal probe data of primary Schwann cell and NG-108-15 neuronal cells. Growth cones
were observed to be stiffer than primary Schwann cells and NG-108-15 neuronal cells but in
neuritis the stiffness was found twice higher than the cells and growth cones. The neurites

stiffness increased towards the leading direction.

At the same lever stiffness and approximately the same force, colloidal probes apply a lower
stress as its contact area is larger while it makes contact with the surface. As a result the peak
stress reached with colloidal probes is lower than the minimum detectable stress with the
sharp tips. The sharp tip with the small area indented further and measured mechanical
properties of probably different regions of the cytoskeleton in contrast to colloidal probes and
hence a yields higher modulus value. Force-indentation curves acquired on the cell surface
with the sharp tip are rather linear and the Hertz model analysis may not be robust or ideal

model for cell mechanics but currently there is no good alternative available in the literature.

Mechanical properties of different cells have been determined not only with nano and micro
indentation experiments but the elastic modulus has also been measured with magnetic and
optical tweezers [221]. These technique experiences less force in contrast to AFM cantilevers
due to lower spring constant and higher sensitivity. In magnetic and optical tweezers
experiments, the elastic modulus of 350 Pa and 450 Pa was reported for macrophages,
respectively [221,244,245]. Colloidal probes data can be compared with already existing
AFM data as well as optical and magnetic tweezers data. Therefore, the elastic modulus
obtained from colloidal probe cells data produced the same order of magnitude as reported
by optical and magnetic tweezers. Results obtained from nano-indentation cannot be over- or

under-estimated because no parallel technique was available to compare nano-mechanical
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properties except from already published AFM data. The nano-indenter provides the local
elastic variation information in the vicinity of the probe but the colloidal probe provides the
average dynamic change of the whole cell elasticity. For the sharp probe data the elastic
information was obtained using the conventional Sneddon equation. In a recent study, the
finite tip radius effect was quantified in the conventional Sneddon equation and the associated
error was calculated for the deformation of a solid [246]. The elastic properties of the skeletal
muscle and cardiac muscle was calculated by assuming the blunt cone geometry with the
spherical cap and slightly lower elastic modulus was obtained as compared to the sharp tips
[228]. Next, the tip deformation was characterized by the tip radius fluctuation under
indentation and found that the tip deformation depends upon the material property [247]. All
of these results put light on many concepts related to nano-indentation experiments but many
open questions still remain. Therefore, considering the finite radius effect and the blunt cone
geometry with a spherical cap may be a good approach for the elastic modulus measurement
in nano-indentation experiments but the radius of the indenter is not provided by the
manufacture with great accuracy which can be an issue for the actual elastic modulus

determination.

The growth cone analysis with the sharp and colloidal probes provides the local and average
elastic properties, respectively. In this study, all micro and nano-indentation experimental
measurement were performed in serum free medium. Significant difference in the measured
elastic modulus was found between those measurements made with the sharp tips and
colloidal probes. The sharp tip resulted the modulus of 4.1 + 2.4 kPa for n = 5 growth cones
and colloidal probes gave the modulus of 99 + 60 Pa for n=5 growth cones. The Log normal
distribution width is wider for the sharp tip compared to the colloidal probes. Mechanical
properties of the NG-108-15 growth cone were previously reported by using the modified
Hertz model with frequency-dependent viscoelastic behaviour and the elastic modulus was
found to be different compared to that we measured in our study with sharp tips. The central
region was found much stiffer than edges in the reported study this higher stiffness might be

due to the presence of 2.5% of serum medium and the viscous effect [219].

Previous studies reported the elastic modulus of different regions of the Aplysia and dorsal
root ganglion (DRG) growth cones with sharp probe, in this study sharp probes recorded force
map of the full growth cones and the elastic modulus of different regions of the growth cone

are in consistent with the Aplysia and DRG growth cones [108,204].

In this study, we measured the elastic modulus of three different regions of the NG-108-15

neuronal cell; the cell body, neurites and the growth cone. The elastic modulus for the cells,
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growth cones and neurites are 0.97 + 0.4 kPa, 4.1 + 2.4 kPa, 14.9 + 8.8 kPa and 55.4 + 31 kPa
respectively as measured with the sharp tips and moduli of 86.2 + 42 Pa and 99 + 60 Pa were
measured with the colloidal probes for neuronal cells and growth cones. These results are
consistent with the previous chicken dorsal root ganglion (DRG) neurons study, where the
largest increase in stiffness was found in neurite outgrowth extensions due to microtubule
disruption of the cell [217]. Another recent AFM study suggested an increase in the elasticity
of the DRG neuronal growth cone due to modification in the inner framework of structural
protein [204].

Previous neuronal cells, growth cones and the nervous tissue supporting cells (glial cells
including primary Schwann cells) studies reported that one should take into account the
viscoelastic material and heterogeneity of these cells because their mechanical response
directly depends on the loading rate, control environment and applied force. Elise Spedden et
al. reported three different neuronal cells including DRG, cortical and PC-19 with elastic
moduli in the range of 0.1-2 kPa, 0.4 kPa and 0.2 kPa respectively [203,217]. McNally et al.
reported the chicken DRG elastic modulus of 60 kPa at 35° C and a reduction in the elasticity
was observed with time [216].

The Mann-Whitney test is a non-parametric test that is used to compare the difference
between two independent groups [248]. The Mann-Whitney test is used to test the null
hypothesis (i.e., generally describe, there is no relationship exist between two measured group
observations) and used when data is not normally distributed. One cannot interpret the
probability value (p value) unless the null hypothesis is being tested. If the probability value
is less than a significant level (p < 0.05) then the null hypothesis is rejected and outcome is
said to be statistically significant (i.e., groups observations are distant). If the probability value
is greater than significant level (p > 0.05) then the null hypothesis is approved and outcome
is said to be not statistically significant (i.e., groups observations are similar). IBM SPSS
Statistics software was used to perform the Mann-Whitney test on primary Schwann cells and
the Ng-108-15 neuronal cells.

A Mann-Whitney test was applied to two different cells as well as similar cells data acquired
with two different probes. The entire conclusion was drawn on the basis of P < 0.05 or P >
0.05 after applying the Mann-Whitney test. Significant level (P < 0.05) was found between
all the sharp tip data of individual and multiple cells of primary Schwann cells, neuronal cells,
growth cone and neurite which correspond to cells are statistically significant. Similarly
Mann-Whitney test was also applied to the colloidal probe data and a significant level was

found between the individual primary Schwann cells, neuronal cells and growth cone data
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with P < 0.05 value that conclude cells are statistically significant. On the other hand
significance level as determined for multiple primary Schwann cells and multiple neuronal
cells as well as multiple primary Schwann cells and multiple growth cone data was found
greater than 0.05 (P > 0.05) that conclude cells are not statistically different.

5.5 Conclusion

In this study, the AFM revealed the difference in the elastic properties of primary Schwann
cells, neuronal cells, growth cones and neurites. We analyzed the mechanical properties of
neuronal cells, and growth cones with sharp and colloidal probes and neurites were analyzed
with sharp probes only. The average elastic modulus was obtained in the range of 3+ 1.9 kPa
and 0.97 £ 0.4 kPa [217,249-251] with the sharp tips and93 + 50Pa and 86 + 42 Pa [219,233]
with colloidal probes for the primary Schwann cells and the NG-108-15 neuronal cells,

respectively.

Nano mechanical measurement was also performed on neurites of NG-108-15 neuronal cells.
We believe this is the first detailed mechanical study of the small and long neurites which
provides new insight into cytoskeleton variation in a very small region that was not possible
to study with other conventional means. Nano-mechanical properties were analyzed at
different regions of the long neurites and the average elastic modulus of the long neurites (15
+ 9 kPa) was found to be higher than for growth cones (4 + 2.4 kPa) and the cells (0.97 £ 0.4
kPa) and in long neurite, elastic modulus and stiffness increased towards the neurite leading
edge [252]. Similarly the average elastic modulus of smaller neurites with multiple branches
ending around the cell was also measured at smaller indentation and the average elastic
modulus of 55.4 + 31 kPa was found, higher than the cell body, long neurite, and growth
cones. All of these observations about higher stiffness were supported by previous AFM study
of Aplysia and DRG growth cones where the leading edge of the growth come was found
stiffer than central region [108,204].

The average elastic modulus acquired on the growth cone with both probes provides a larger
elastic modulus in contrast to the neuronal cells. Sharp tips resolved the complete filamentous
structure that was not possible with colloidal probes. The average elastic modulus was found
in the range of 15 = 9 kPa and 99 + 60 Pa for nano and micro mechanical measurements,
respectively. These results are consistent with previous studies of different neuronal cells and
growth cones (chicken, DRG, Aplysia) [108,204,215,216,219]. The stiffness maps show the
stiffness variation between different regions of growth cones indicating the different

cytoskeleton structure at the edges and centre as reported earlier [214].
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The contact-point force-volume maps are an effective and meaningful way to present force
curve data to acquire the true topography of the cells edges especially the small neurites. The
contact-point images clearly resolve the cell edge protrusions and provide significant
information that is probably lost in the set-point force-volume maps. Detailed mechanical
study of the primary Schwann cells, the neuronal cells, the neurites and growth cones provide
information to certain limits because the formation and guidance of actin filaments and

microtubules are still unclear.

In conclusion, the AFM study provides detailed mechanical properties of live primary
Schwann cells, live NG-108-15 neuronal cells, growth cones and neurites with two different
probes. In primary Schwann cells, variation in stiffness was found between different regions
of the cell. The cell periphery was found stiffer than the cell central region. Similarly
significant variation in the stiffness was observed between NG-108-15 neuronal cells, growth
cones and neurites. The neuronal cells stiffness was found smaller than growth cones and
neurites. The growth cone stiffness was found higher than neuronal cells and the primary
Schwann cells. Moreover, variation in the stiffness between different regions of the neurites
as well as within the small region of the neurite was found. Cell mechanical properties provide
information in two forms in regards to nerve regeneration. First, to produce a nerve guide
with similar mechanical properties as that of the nerve tissue (i.e., made up of different
neuronal cells) itself. Second, to provide the suitable patterned substrate that is optimal for
the neuronal and Schwann cell growth [253]. Finally, it gives new information about the
mechanics of the cell structure and how this varies within the particularly complex structures

of nerve cells, providing improved understanding of cell biophysics.
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Chapter 6 - Conclusion

6.1 Maskless photolithography on BPRS-100 resist and on NPPOC protected

aminosiloxane monolayers

Maskless far-field photolithography is an attractive, low cost, simple method offering a high
degree of flexibility in contrast to mask based photolithography setups where photo-mask
design is getting more complex and costly. Maskless photolithography is a potential
alternative route for micron to sub-micron fabrication on different substrate.

The present study has shown the ability of maskless far-field photolithography setups to
fabricate patterned structures on two different substrates. Maskless photolithography with
spatial light modulator and without spatial light modulator was used to fabricate the patterns
on BPRS-100 resist by UV light. Next, maskless setups without SLM was used for the
fabrication of patterned structures on NPPOC protected aminosiloxane monolayers on
selective areas by UV exposure. The reactive patterned SAM surface was further chemically
functionalized with poly(2-(methacryloyloxy)ethyl phosphoryl choline) (PMPC) brush. The
patterned line width was obtained as a function of speed of piezo motor at different exposure
doses and the minimum line width was acquired close to be diffraction limit of the objective
(NA = 0.60) used. The polymer brush thickness on patterned structures at different
polymerization times was obtained at different patterning speed in the dry state and under
water a good solvent. The grafting density of PMPC brushes were measured by analysis of
the brush thickness data in water and in the dry state. Finally, maskless photolithography with
a spatial light modulator fabricated patterned structures on NPPOC protected SAM by UV
light. The use of high resolution maskless patterning of SAMs has not been carried out with
this approach before. It provides a good alternative to near field patterning and offer more

flexibility and higher speeds for certain approach.

6.2 Live and fixed cells imaging and mechanical properties of the neuronal and

primary Schwann cells using atomic force microscopy

Over the past three decade the AFM has been considered as a potential tool from the life
science. In the cell biology field, AFM has been extensively used to study live cells under
physiological conditions. However, unlike conventional optical microscopy imaging
techniques, AFM live cell imaging is very challenging. A number of factors are involved in
successful AFM imaging including sample preparation, the right choice of cantilever, a stable
physiological conditions, imaging parameters and stable measurement system. In this work it

was found live primary Schwann cells and RN-22 Schwann cells tapping mode imaging
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requires different parameter settings to acquire good quality images. Generally a small set-
point amplitude was required for live cell imaging. Tapping mode revealed live primary
Schwann cell and RN-22 Schwann cell topography and the cells pathway. Live and fixed RN-
22 Schwann cell image comparison showed that the cell membrane of fixed cells is visible
and clearly resolved the cytoskeleton structures but live cells only show the cytoskeleton
structure. Different scan parameter were used for fixed RN-22 Schwann cells and fixed NG-
108-15 neuronal cells because fixed cells are stiffer then live cells. The live NG-108-15
neuronal cells were not possible to image due to poor substrate attachments and unable to

provide the topography information of the cell body, neuritis and the growth cone.

The AFM has been used for mechanical measurements of various biological cells under
physiology condition. In cell mechanics pico-Newton forces were applied and the cell
response measured at relatively large indention depths. The Hertz model was used to analyze
the force indentation data to derive an elastic modulus. In this study, the Hertz model was
used independently on each force curves at the entire force indentation curve length. A linear
fit was observed in the whole range of force curves and found that measured elastic modulus
was decreasing as a function of indentation. The Hertz model may not be a robust or reliable
model for determining quantitative cell mechanical properties but there is no other well
established method for measuring cell mechanics with AFM. Force-volume maps in contact
mode were recorded on primary Schwann cell and neuronal cells with two different probes
sizes namely the colloidal probes and sharp tips. The colloidal probes were prepared by
attaching 10 um polystyrene beads at the back end of the cantilever tip. Primary Schwann
cells contact-point maps clearly resolve the cell morphology up to the edges in contrast to set-
point force-volume maps. The average elastic modulus was found to be in the range of 3.1 £
1.9 kPa with the sharp probe. Similarly the elastic modulus of the neuronal cells was measured
to be in the range of 0.97 + 0.4 kPa. Primary Schwann cells were found stiffer than the
neuronal cells. Colloidal probes were used to acquire the force curves on primary Schwann
cell and neuronal cells and the elastic modulus was found to be in the range of 93 + 50 Pa
and 86.2 * 42 Pa, respectively. The colloidal probe measures the small modulus value due to
large contact area and provides the average elastic properties of the cells. The sharp tip with
the small contact area provides the local elastic information in the vicinity of probe and

measured higher modulus value.

Similarly the elastic modulus was obtained from force curve data acquired with colloidal and
sharp probes over the neuronal cell growth cones. The average elastic modulus was found to

be in the range of 4.1 + 2.4 kPa and 99 + 60 Pa for nano and micro mechanical measurements,
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respectively. Growth cones were found to be stiffer than the cells with both probes. The
growth cone filamentous structures were found to be stiffer than the central region. Sharp tip

force-volume maps and contact-point maps reveal more detail of the growth cone filaments.

In this study, NG-108-15 neurite mechanics was also investigated. We believe this is the first
detailed mechanical study of smaller and long neurite which provide information about
cytoskeleton variation in a very small region that was not possible to study with other
conventional means, such as optical microscope and confocal microscope The elastic
modulus was measured at different regions of long neurite and a high elastic modulus was
found towards its leading edge. The average elastic modulus of long neurites was found to be
higher than growth cones and cells. The stiffness maps show the stiffness variation within

small neurites as well as different regions of the long neurite.

In conclusion, this thesis provides the successfully developed maskless photolithography
setups and its characterization on two different substrates for the fabrication of micron to sub-
micron structures. Second this thesis describes interesting results about cell mechanics of
primary Schwann cells, neuronal cells and growth cones with two different probes and neurite
mechanics with sharp tips. Significant variation in the stiffness was observed between primary
Schwann cells and neuronal cells as well as within cells. Similarly, stiffness variation was
also observed between neuronal cell body, growth cone and neurite. The stiffness of the
growth cone was found higher than the neuronal cell and the primary Schwann cell.
Furthermore, the stiffness variation was found between different regions of neurite as well as
within the small neurite region. AFM study provides new information about the cell structure
mechanics and how it varies within the complex structure of the peripheral nervous system.
Cell mechanical properties also give information to observe the nerve regeneration in two
ways. First, to make a nerve guide with similar mechanical properties as that of the neuronal
cell itself. Second, to provide the appropriate patterned substrate that is optimal for the

neuronal and Schwann cell growth.

The long term project into which this thesis will contribute is to use the maskless patterning
technology developed to pattern topographic surfaces that can then be used to guide the

growth and hence regeneration of nerve cells.

Neuronal cell are known to responds to mechanical and chemical cues and different synthetic
material has been used to provide the guidance cues. But the use of synthetic material for
peripheral nerve regeneration is usually confined to a few biodegradable material including

polylactic acid (PLA), polyglycolic acid (PGA), polycaprolactone (PCL). The mechanical
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properties of these materials, when used as nerve guides, have a Young’s modulus of
approximately 1000 MPa which is remarkably high in contrast to neuronal and Schwann cells
measured in this study. Peptide and alkine amine substrates can be potentially used as cell
adhesion promotion for the neuronal and Schwann cells growth. In this study, NPPOC
protected aminosiloxane monolayers were exposed to UV light to create patterned amine

reactive surface which was further functionalized with PMPC brush.

Future work

6.3 Investigation the mechanical properties of the neuronal cell and primary

Schwann cells under different condition

Here a few suggestions are made for possible future work on the NG-108-15 neuronal cell
mechanics that are being proposed on the basis of data acquired by the author in this study
which may lead to a better understanding in the field of the peripheral nervous system. In
AFM studies of NG-108-15 neuronal cells, growth cones and neurites, maintenance of
temperature is really important for acquiring data, different conflicting results were obtained
with no temperature control. Physiological conditions directly affect the mechanical
properties resulting variation in elastic modulus. Here are a few suggestions for the
investigation of mechanical properties of the neuronal cells, growth cones and neurites and

primary Schwann cells.

e Study how the temperature affects the mechanical properties of growth cones and
neurites. Acquire data at different temperature in serum free medium.

e Investigate mechanical properties of growth cones under different concentration of
FCS and also investigate the effect of neurotrophins on neuritie mechanics.

e Investigate how the different substrates e.g., laminin and poly(I-lysine) affect the
mechanical properties of the growth cone and neuritis.

e Investigate the mechanical properties of primary Schwann cells on laminin and
compare it with the author is acquired mechanical properties on poly(l-lysine).

e Develop better method for the sharp tip indentation for cell mechanics study.
6.4 Maskless photolithography and primary Schwann cells

Micro pattern can be created on NPEOC by UV light 351 nm or 225 nm. A deprotected
surface can be further functionalized with laminin and then primary Schwann cells may

seeded on the patterned surface and can observed the Schwann cell cytoplasm out growth due
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to available chemical cues. We can also observe the role of functionalized surface for cell-

surface adhesion promotion and migration.

Maskless far-field photopatterning technique can be used to fabricate 3D objects as SAMs
are surface specific resist and maskless patterning does not require a flat surface. The 3D
patterned surfaces would be plated with neural cells in culture medium, allowed to process
and the capacity of the 3D patterned surface for controlled neurite out growth will be
characterized. All the investigations made by the author in this study that provide information
about the cell height, size, volume and length will help to fabricate the 3D pattern surface to
control the neurite outgrowth. This information would provide an opportunity to define the

length scale of 3D pattering toward the control of neurite outgrowth.

6.5 Maskless photolithography and polymer brushes under different solvent

Maskless far-field photolithography direct write setup can be used to create the micro
patterned on NPPOC protected SAMs by UV (A = 351 nm) light and deprotected reactive
surface would be further functionalized with PMPC or Poly (OEGMA) brushes. Here a few
suggestions are made for the investigation of polymer brush thickness for the calculation of
grafting density and degree of polymerization on patterned surfaces obtained at different

speed.

Investigate the polymer brush thickness on patterned surface in the dry state and under
different solvent e.g., alcohol, acetone and water and compare their grafting density.
Investigate the variation in brush thickness with temperature under different solvent and
compare their grafting densities.

This work was to develop a method for chemically patterning 3D structures with guidance
cues for neurites growth and then to follow the growth process in situ with AFM, determining
how cell mechanical properties were affected by guided growth. A maskless chemical
patterning system has been developed and characterized. The cell mechanics of stationary
neurites and primary Schwann cells have been characterized. In the future, it is hoped that

these methods can be combined to make progress towards nerve regeneration.
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