Chapter 3

Micropatterning of cell
attachment on pSi films by direct
laser writing
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Chapter outline

In the previous chapter, we demonstrate that functionalisation with PEG chains on pSi
surface produced excellent low-fouling surfaces that discourages cell attachment. Here, we
describe a selective removal of these PEG functionalised surface by direct laser writing in
order to designate and specify PEG exclusion areas on the surfaces. On a single pSi surface,
PEG exclusion patterns restrict cell attachment to the designated location while regions
untouched by the laser writing strongly discourage cell attachment. The laser writing
technique was found to be useful in controlling and directing cell attachment and adhesion
patterns on the surface. This in turn permits us to achieve 2-dimensional cell-surface guiding,
a key feature for bioimplant and bioreactor technology. We also found that if the duration of
the laser ablation is extended, deep trenches can be etched from the pSi layer. Cells seeded
into these trenches were observed to form multilayers. This stacking of cells is a step towards

mimicking tissue organisation in vivo.

In this chapter, direct laser writing will be performed for:

3.1  Directing neuronal cell adhesion on pSi by direct laser writing
3.2  Formation of narrow strips of cells on pSi micropatterns

3.3  Reconstruction of artificial 3-dimensional hepatocyte cords on
micropatterned pSi
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3.1 Directing neuronal cell adhesion on pSi films by
direct UV laser writing

The ability to control the growth of mammalian cells on semi-conducting materials promises
the construction of new biochips for neuron functional assays and is motivating the present
work. Recent advancements in microfabrication and micropatterning technologies for cell
culture have spurred the development of chip-based multiplexed biosensors and biochips' %
Microengineering has also enabled fundamental studies in cell biology and has contributed to
the understanding of critical issues such as modulation of cell-to-substrate adhesion and cell
migration’. The same technology is also aspiring to become an invaluable tool for

. . . . . 1, 3, 4
applications such as tissue engineering and cell culture analogs™” ™ .

A variety of
methodologies are available for the generation of patterned substrates for cell culture with the
purpose of mediating selective adhesion of cells. These methods include lithographical tools
such as photolithography’, soft lithography™ ’ and dip-pen nanolithography®. The popular
method of microcontact printing in particular, allows the definition of different surface
chemistries on a flat substrate featuring, for example, fouling and non-fouling regions or
displaying a variety of functionalities” * '°. An alternative approach consists of the
application of networks of microfluidic channels over a substrate for the delivery of bioactive
species which adsorb to the locations on the substrate exposed to the channel grid or for the
delivery of a curable fluid"!. In recent studies, excimer laser ablation has been used in a top-
down fashion to ablate a non-fouling graft polymer of polyethylene glycol (PEG) to reveal an

underlying cell growth conducive plasma polymer surface'* .

The properties of pSi make it a promising substrate for cell culture given its biocompatibility,

14-16 17, 18

biodegradability ", the tunability of pore size from the nano to the microscale and its

rich surface chemistrylg. Several recent reports focus on the in vitro testing of pSi
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biomaterials'* ***%, Over the last decade, the optical properties of this nanostructured material
have also attracted significant attention for applications covering a breadth of areas like

.23 . 17, 24-26
photonics™ and biosensors "

. The diversity of pSi architectures also holds considerable
promise for tissue engineering where a porous scaffold is required to accommodate and guide
the growth of mammalian cells in three dimensions™ *. Exciting new pathways to the
development of biologically enabled or enhanced sensors (e.g. neuronal biosensors or

biomaterials) could be explored through control of the interface of bacterial or mammalian

cells and pSi.

In this first section, we demonstrate that porous silicon films can be ablated by the pulsed
nitrogen laser of a commercial MALDI mass spectrometer. With MALDI, it was possible for
us to monitor the extent of the ablation at real-time by observation of the generated mass
spectra. The extent of laser-induced ablation was found to depend on the doping level and
surface chemistry of the porous silicon film. Using direct laser writing with or without a
mask, micropatterns were generated on the porous silicon surface. These micropatterns were
subsequently used to guide the growth of mammalian cells including neuroblastoma (Figure

3.1). Excellent selectivity of cell growth towards the laser-ablated regions was established.
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Figure 3.1 - Schematic summary of the experimental approach used in this work. Non-
fouling PEG chains (n = 4-7) were grafted onto the surface of oxidised porous silicon. A

nitrogen laser was used to ablate regions on the porous film. Neuroblastoma cells were
shown to selectively grow on the ablated regions.
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Coffer and coworkers utilised microcontact printing to spatially direct the formation of
mesoporous silicon and its subsequent calcification®™. However, post-etch lithographical
patterning of porous silicon is difficult to achieve without the destruction of the porous
layer29 due to mechanical stressed experienced by the pores. Laser ablation on the other hand
has been successfully employed not only to prepare porous silicon®™ !, but also to decorate
pSi post-etch with photoluminescent quantum dot arrays for the purpose of generating

L 1.32,33
waveguides ™ ™.

Inspired by these studies, this work illustrates a novel approach towards micropatterning for
cell culture, which is summarised in figure 3.1. The surface of porous silicon was first
functionalised with N-(triethoxysilylpropyl)-O-polyethylene oxide urethane to render the
surface non-fouling. This surface was subsequently ablated with the nitrogen laser of a
commercial MALDI mass spectrometer to form microscale patterns on the surface. The
surface topography of these ablated patterns was studied by AFM in conjunction with SEM.
The surface chemistry and composition was studied by diffuse reflectance infrared
spectroscopy. Finally, SK-N-SH human neuroblastoma cells were found to selectively

adhere on ablated areas of the micropatterns.
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3.1.1 Methods and materials

pSi samples were prepared from p-type (boron-doped) silicon wafers with (100) orientation
and resistivity of 0.0005-0.001Qcm (Virginia Semiconductors). Samples were etched in a
3:1 (v/v) solution of 49% aqueous HF/EtOH for 1 min at a constant current density of 133
mA/cm®. The resulting pSi layers were 1.5cm in diameter and approximately 2 pm thick
(determined by SEM). After etching, the samples were rinsed with methanol, acetone and
dichloromethane and were dried under a stream of N,. The freshly etched pSi surfaces were
oxidised by exposure to ozone at a flux of 8 g/hr for 20 mins and subsequently rinsed with

CH2C12 and EtOH.

3.1.1.1 pSi surface functionalisation

The oxidised samples were immersed in 50 mM of N-(triethoxysilylpropyl)-O-polyethylene
oxide urethane in toluene for 18 hours at 70°C. The PEG functionalised pSi surfaces were
then rinsed extensively with toluene, CH,Cl, and EtOH and subsequently dried under a

stream of N,.

3.1.1.2 Diffuse reflectance infrared fourier transform spectroscopy

Analysis of surface chemistry via IR spectroscopy was performed with using a Nicolet

Avatar 370MCT equipped with a Smart Diffuse Reflectance accessory at a resolution of 4cm™

1
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3.1.1.3 Nitrogen laser ablation

Laser ablation was carried out using the pulsed (4 nsec) nitrogen laser (337 nm, 90 uJ per
pulse) of a Micromass MALDI-LR mass spectrometer. Ablation was carried out at a pulse
rate of 10 Hz. The mass spectrometer was also used to monitor the intensity of the PEG
containing ions produced during the ablation. Upon attenuation of this peak, the motorized
stage of the instrument was used to move the sample underneath the laser beam in increments
of 20 um between each ablation cycle. The patterned pSi surfaces were rinsed with EtOH and

dried in a stream of N».

3.1.14 AFM measurements

AFM was performed to characterise the aftermath effects of the laser ablation on the porous
silicon. The images were acquired on a Nanoscope E microscope (Veeco Corp.) operating in

contact mode. Image processing was done using Nanoscope v5.12 software.

3.1.1.5 SEM analysis

For cell fixation, the pSi surfaces were carefully removed from the 6-well plate after the
incubation time. They were rinsed once with PBS and fixed in 3.7% formaldehyde in PBS
for 10 mins at room temperature. Subsequently, the surfaces were washed again twice in PBS
and incubated in turn in 50%, 75% and 100% EtOH for 10 mins. The surfaces were then

washed twice in PBS, incubated in hexane, dried in the laminar airflow, and subsequently

110



coated with platinum34. SEM was performed on a Phillips XL30 field emission scanning

electron microscope with an acceleration voltage of 10kV to visually observe the effects of

the laser ablation on the different modified pSi surfaces.

3.1.1.6 Cell culture on micropatterns

Prior to cell culture, pSi surfaces were extensively washed with EtOH and dried with N in a
laminar flow hood. The patterned pSi wafers were transferred onto sterile 6-well plates. 2 mls
of SK-N-SH neuroblastoma cells were grown to confluence and then immediately seeded
onto the pSi samples at a density of about 1.46 x 10’/ml. The pSi wafers were incubated at
37°C for 24h. At the end of the incubation time, 10 pl of 15 mg/ml of FDA in acetone and 2
ul of EtBr were added to the media and the wafers were incubated at room temperature for 10
mins. Cell cultures on the pSi surface exhibiting the ablated square patterns were stained by
adding 4 pl of 3,3’-dioctadecyloxacarbocyanine (DiO) and incubated on the surface
overnight. The media from the overnight culture was subsequently removed and 50 pl of
0.002% propidium iodide (PrI) in PBS was added. The surface was incubated at room
temperature for 5 mins. The pSi sample was subsequently removed from the wells and gently

rinsed with 1X PBS. Cell attachment was observed using a Leitz fluorescence microscope.
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3.1.2 Results and Discussion

3.1.2.1 Preparation and characterisation of pSi films

Mesoporous pSi films were prepared by electrochemical anodisation as described earlier®.
Freshly etched pSi displayed diffuse reflectance spectra consistent with a hydride terminated
surface (figure 3.2 (a)). It is an unstable surface in aqueous environment (undergoing rapid
oxidation and pore corrosion) and is therefore often stabilised by surface oxidation. Upon
exposure to ozone, the bands corresponding to bending and stretching modes of Si-H,
(~2100cm™) were replaced by a peak at 1080 cm™ and a shoulder at 1160 cm™ attributed to

an asymmetrical Si-O-Si and Si-OH stretching modes, respectively (Fig. 3.2 (b) and (c))”’ 33,

® Further stabilisation of the surface against hydrolytic attack in aqueous medium was
achieved by wet chemical silanisation using a PEG terminal silane. PEG chains were used to
impart non-fouling properties to the pSi matrix. Silanisation with N-(triethoxysilylpropyl)-O-
polyethylene oxide urethane led to the appearance of two peaks at 2940 and 2890 cm’
corresponding to aliphatic v(C-H) stretches. In addition, the silanised pSi surface exhibited a
peak at 1710 cm™ attributed to the urethane C=O vibration and a second one at 1540 cm’

assigned to the urethane C-N bond. The shoulder at 3350 cm™ to the right of the broad

interference peak centred at 3590 cm™' is indicative of hydrogen bonded O-H.
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Figure 3.2 - Diffuse reflectance IR spectra of pSi. (a) Freshly etch pSi, (b) Ozone
oxidised pSi and (c) PEG functionalised pSi. The bands under the asterisks correspond
to IR reflective interference effects with evenly sized broad peaks35.
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3.1.2.2 Nitrogen laser ablation of pSi films

Laser ablation was performed by exposure of pSi films to the nitrogen laser (337 nm) of a
commercial MALDI mass spectrometer with a beam width of 80 pm and a power density per
pulse of 1.79 J/em®. We observed that the nitrogen laser was able to ablate the pSi surface,
however ablation under the same conditions was not observed when applied to a single
crystalline silicon wafer. Furthermore, laser ablation was found to be dependent on the
doping level and the surface chemistry of pSi. For instance, on highly doped, low resistivity
p-type pSi (< 0.001 Q'cm) extensive ablation was observed whilst only minimal ablation was
found on pSi films made from higher resistivity p-type wafers (1-5 Q'cm), again under the
same experimental conditions. Figure 3.3 shows SEM and AFM images of low resistivity
pSi (freshly etched, ozone oxidised and PEG functionalised) after dragging a nitrogen laser
beam across its surface. Ablation was extensive on freshly etched pSi leading to a 40-50 um
wide ablated trench. Laser ablation is facilitated by the high absorption cross-section of pSi

in the UV range37’ 3

. However, the same laser power only introduced <10 pm in diameter
and roughly circular craters on oxidised pSi (compare figure 3.3 (a) and (b)). Interestingly,
ablation on the PEG functionalised surface again led to the formation of a continuous trench
which was shallower than the trench observed after ablation on the freshly etched pSi (50 nm
versus 400 nm as determined from AFM cross-sections), yet had about the same width (40
um). At this point, we can only speculate that the different ablation behaviour on these three
surfaces is due to slight changes in thermal conductivity”. The thermal conductivity of
highly doped p-type porous silicon is typically about half that of bulk silicon. However when
the porous silicon is oxidised the thermal conductivity decreases drastically since the formed

. . . . 40
oxide layer creates heat barriers which act as thermal resistors .
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Figure 3.3 - Nitrogen laser ablation on porous silicon of < 0.001 Q'cm resistivity. SEM of
laser ablated area on (a) freshly etched pSi, (b) ozone oxidised pSi and (¢) PEG
functionalised pSi (scale bar = 20 pm). Contact mode AFM analysis of the surfaces were
taken in regions marked by a white square in the SEM; (i) AFM image of freshly etched
pSi surface, (ii) within ablated region of freshly etched surface, (iii) within a pit formed
from ablation on ozone oxidised surface and (iv) within an ablated region on PEG
functionalised pSi. All AFM images are 1 um in lateral scale. Z scale for (i)-(iv) is (i) 5
nm, (ii) 150 nm, (iii) 100 nm and (iv) 8 nm.

Contact mode AFM was employed to further investigate the surface morphology the laser
ablated regions. Figure 3.3 (i) shows an AFM image of the mesoporous structure of the
supported pSi film. After laser ablation, the porosity has changed significantly and the
oxidation of the pSi was likely to have occurred as well. As figures 3.3 (ii-iv), taken in the
centre of an ablated trench or crater, demonstrate laser ablation leads to the formation of 200-
500 nm sized globular silicon nanoparticles. These are presumably the products of laser
induced silicon melting and re-solidification and similar features have recently been

described for laser ablated pSi33 .
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3.1.2.3 Monitoring the ablation process by mass spectrometry

A major advantage of utilising the MALDI mass spectrometer in the current study is the
inherent ability to monitor the laser ablation process in real-time by observation of the
generated mass spectra. The mass spectral data, produced during the ablation process,
showed spectra characteristic of PEG functionality with well-defined, uniform peak
separations of 44 m/z (corresponding to ethylene glycol oligomers). Furthermore, by
monitoring the decline in intensity of these PEG spectral fingerprint regions, it is possible to
determine the required duration of laser exposure during the course of patterning (figure 3.4).
We found that 30 sec was generally sufficient to completely attenuate the PEG signal in the

mass spectrometer.
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Figure 3.4 - MALDI mass spectra obtained during the course of laser ablation on PEG
functionalised pSi. The red, blue and green spectras were taken at the 4 seconds, 12
seconds and 30 seconds intervals respectively.
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3.1.24 Micropattern formation by direct laser writing on pSi

Microscale patterns were generated on the PEG functionalised surface using two different
methods. Firstly, linear patterning was achieved by incremental movement of the motorised
stage holding the functionalised pSi sample (figure 3.5 (a)). The resulting ablated lines were
observed to be 40-80 pm in width. Secondly, grid patterns (figure 3.5 (b)) were generated in
an inverse fashion by guiding the laser beam over a mesh mask whilst the functionalised pSi

wafer was held stationary.
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Figure 3.5 - Scanning electron microscopy micrographs of PEG functionalised pSi films
after laser ablation using the nitrogen laser of a MALDI mass spectrometer. Laser
ablation was used to generate parallel lines (a) and grid patterns (b).

Nitrogen laser interrogation of pSi was used by Siuzdak et al for the purpose of mass
spectrometry and has led to a popular laser desorption mass spectrometry approach termed

desorption/ionisation on silicon (DIOS)37’ 38,

In DIOS, pSi is used instead of an organic
matrix to absorb the laser energy and enable controlled energy transfer to analytes adsorbed

within the porous layer. However, the concept of utilising a UV laser for surface

micropatterning of pSi is novel and to the best of our knowledge has not been attempted
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previously. The approach described here is particularly distinctive because the laser of a
commercial MALDI mass spectrometer was used for laser writing permitting the ablation
process to be monitored and controlled in situ via the time-of-flight mass spectrometer

function.

3.1.2.5 Cell culture experiments on laser-patterned pSi

SK-N-SH human neuroblastoma cells were chosen in this instance as a model cell culture for
the generation of patterns of primary neurons on laser-patterned pSi4l’ 2 The application of
the micropatterning method described here to neuronal cells can potentially be adapted for
the study of neural networks or developmental cues in neurons and can lead to an improved
comprehension of learning and memory. Neuroblastoma cells are known to be adhesive to a

41, 42

variety of substrate surfaces and are commonly used as an experimental model in

43,4 4547

neurobiology to study cell differentiation 4 signaling and ion channel function
After 24h incubation of neuroblastoma cells on PEG functionalised pSi, cells were stained
with either a combination of fluorescein diacetate (FDA) and ethidium bromide (EtBr) or
3,3’-dioctadecyloxacarbocyanine (DiO) and propidium iodide (PrI). Cell attachment was
completely absent, showing that the terminal PEG functionalisation did render the porous
silicon surface as non-fouling. Limited cell attachment was observed on oxidised pSi.
Meanwhile, extensive cell attachment was found on non-porous regions of the PEG
functionalised silicon wafers (figure 3.6 (a)). After pattern formation via the nitrogen laser,
cell attachment was restricted to the ablated areas on the sample (figure 3.6 (b)-(d)). In figure
3.6 (b), a confluent layer of stained cells was observed to attach, subsequently filling the

laser-written lines. Cells appeared healthy, with well spread processes and exhibited the
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characteristic teardrop shape of typical neuroblastoma morphology48’ 9 Notably, a few live
cells were observed outside of the ablated region, connected to the confluent cell layer, but
these cells had a distinguished rounded appearance with no notable processes. No dead cells
(indicated by red fluorescence) were observed on any of the investigated surfaces. In
addition, micropatterned grids (figure 3.6 (c)) were also defined by laser ablation. The cross-
line pattern consisted of ablated lines (figure 3.6(c)) or ablated squares (figure 3.6 (d)).
Neuroblastoma cell growth was again observed to occur exclusively within the ablated

regions.
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Figure 3.6 - Fluorescence microscopy images of FDA/EtBr stained SK-N-SH
neuroblastoma cells growth on patterned pSi samples after 24 hours incubation: (a)
confluent cell growth was observed on non-porous (plain) PEG functionalised silicon
surface. Cells were absent on PEG functionalised pSi. (b) Selective cell adhesion to
ablated lines and multiple parallel lines (inset). (¢) Selective cell growth to cross-line
pattern with ablated line and (d) selective cell growth to ablated squares of an inverse
cross-line pattern (cells, in this case, were stained with DiO/PrI).

This patterning approach was also successfully applied to other mammalian cell lines like rat
adrenal pheochromocytoma (PC12) and human embryonic kidney epithelial cells (HEK293)
(see figure 3.7 (a)). Furthermore, we found that intact cell layers could be lifted off the
ablated regions (figure 3.7 (b)-(c)) demonstrating that our approach of micropatterning

biodegradable materials also holds promise for tissue engineering, for example where viable
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cultured cell sheets need to be detached from their substrate surface on demand before
transplantation. The detachment of cell sheets from the substrate surface had already been
demonstrated in the past by thermoresponsive polymeric surfaces such as poly(N-

isopropylacrylamide) (Poly—NIPAM)SO'52

. These polymers will change its hydrophobicity at
different temperatures, i.e. the surfaces are hydrophobic at 37° that will promotes cellular
adhesion while at 32° the surfaces swells and becomes hydrophilic. This shift in
hydrophobicity and swelling will induce cells to be detached from the surface. Here, using

laser ablation on pSi, we had demonstrated another mechanically non-destructive alternative

for detaching cell sheets on micropatterned surface.

50 um 100 um
—

Figure 3.7 - Fluorescence microscopy images of FDA/EtBr stained PC12 cells grown for
24h on laser patterned pSi samples: (a) two parallel lines, (b) cell sheet partly twisted
upon gentle rinsing with PBS and (c¢) PC12 cell sheet peeled from the laser ablated line
after more extensive rinsing with PBS.
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3.1.3 Conclusions

The pulsed nitrogen laser of a commercial MALDI mass spectrometer was employed to
microengineer cellular adhesion on mesoporous silicon films. The laser writing process was
studied by AFM and SEM and could be monitored in-situ by mass spectrometry. The studies
discovered that direct laser writing on pSi can successfully generate cellular micropatterns
and the subsequent exploitation of this technique may be applied to cell-based biosensors,
biochips and tissue engineering, in particular cell harvest technology or cell sheet engineering.
Silanisation of the porous silicon surface with a terminal PEG functionality was effective in
suppressing the growth of mammalian cells. Cell growth closely followed the laser written
micropatterns. Given that our preliminary cell culture studies were successfully performed
on neuroblastoma cells, further investigations of neuronal processes including their

development and intercellular communication are now feasible.
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3.2 Engineering of 1-2 cell wide monolayer cell sheets in
pSi trenches

There are many studies focusing on the interfacing of a living tissue network with silicon-

. 53.59
based devices .

The main motivation for interfacing cell or tissue with silicon is that
silicon-based technology has already been well-established and readily accessible for
designing and patterning micron-scale topographical/chemistry features. These devices are

58, 59

often used on cell/tissue for viability and toxicology screening and also for producing

miniaturized neuronal based transistors that can activate or inactivate signals at will from the

. 53, 54, 60
interface }

One of the most important aspects during interfacing of cells and silicon surface is control of
the propagation and the general cellular orientation on the surface. This is important,
especially in the context of neuron transistors where the orientation, the extent of neuronal
growth cones and level of the interconnectivity between neurons are instrumental towards
achieving a high quality neuro-electronic interface. Controlling the propagation and
orientation of cells on surfaces was often achieved by chemical and topographical cues on the

surface®!"%

. However, some of the major weaknesses with chemical guidance is the inability
for cells to correctly follow bends and corners on the pattern and cellular projections often
bridge between the lanes of growth53. These bridging between cellular projections can be
undesirable where orderly cell patterns is required64. Topographical guiding had fared much

better for directing cell orientation than chemical®. However, the fabrication of these

surfaces can be time consuming and expensive.
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In section 3.1, we have demonstrated that by exposing the pSi surface to a pulsed nitrogen
laser, it is possible to direct cell growth on the laser-patterned surfaces. pSi is an attractive
material for tailoring neuron-silicon interface as its chemistry and fabrication methodologies
had already been well addressed. One added asset of pSi films is their porous
microarchitecture that can permit the flow of fluid or diffusion of viable biomolecules
throughout the system. In the previous section, lines were ablated using a MALDI laser with
an 80 um beam-width, and these lines were about 60-80 pm in width (see figure 3.7). These
lines gave rise to a 4-6 cell wide sheet upon incubation with an adherent cell suspension.
Interestingly, while the ablation by the MALDI laser had removed/displaced only 40 nm from
the pSi film, this was deemed sufficient to alter the surface chemistry at the ablated site.
Since the number of cells per column is dependent on the width of the line, it is, therefore,
technically possible to reduce the number of cells per column by decreasing the width of the
ablated lines. This narrowing of ablated lines on the surface can be applied to tailor 1-2 cell
wide cell sheets on pSi films. These narrow cell sheets on the silicon surface can contribute

. . . . .. . . 53, 54, 60
greatly towards the realization of micron-size neuro-electronic interfacing devices .

Here, we report the machining of 25 pm wide ablation lines by direct laser writing with a
microdissection microscope on pSi surface. As schematically shown in figure 3.8, lines
ablated from the MALDI laser were 40-80 pm and these lines formed 6-8 cell wide sheets but
if the lines were made narrower (25 pm), it is possible to engineer 1-2 cell wide cell sheets.
These narrower lines can be used for directing the growth of narrow neuron and liver sheets.
One major advantage of using the microdissection microscope is the capacity to fine-tune the
width of the laser beam by mere adjustment of the aperture. Furthermore, as the laser from
the microdissection microscope is more intense (300 pJ per pulse compared to the 90 pJ per

pulse of that of the MALDI), it was possible to produce deeper trenches (5 pm). The depth
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of these trenches and the PEG moieties on unablated regions prevented cells from growing

and propagating away off the micropatterns.
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Figure 3.8 - The width of laser ablation influences the amount of cell attachment on the
surface. By reducing the width of the laser beam, it is possible to tailor thin lines with
approximately 25 pm in width and these thinner lines in turn allows for the patterning
of single cell column on the pSi surface.
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3.2.1 Methods and Materials

3.2.1.1 Microdissection laser ablation

After the pSi surfaces were fabricated (see Section 3.1.1) and functionalised with PEG silane
(see section 3.1.2), the surfaces were extensively washed with EtOH and dried with N in a
laminar flow hood. The pSi surfaces were subsequently ablated with a 337 nm nitrogen laser
(30 Hz, 4 ns pulse width, 75 kW beam intensity) from a laser microdissection microscope
(Leica Microsystems) at Adelaide Microscopy. All settings for the ablation on the surface
were specified and controlled by the LMD software that was attached to the microscope. The
laser was first calibrated on the microscope to ensure that the lines drawn by the mouse on
the monitor was identical with the lines ablated by the laser on the surface. To ablate narrow
lines on the pSi surface, the software setting that controls power intensity were preset at
42and the speed of the ablation at 30-40 um per second. A 10x objective lens was used for
all surface ablation. Lines and circles of length ranging from were subsequently ablated by

the laser. All lines were ablated 3 times repeatedly under this laser setting.
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3.2.1.2 AFM measurements

AFM was perform to study the effects of the surface ablation and all images were acquired on
a Nanoscope E microscope (Veeco Corp.) operating in contact mode. Image processing was

done with Nanoscope v5.12 software.

3.2.1.3 SEM analysis

SEM analysis was performed on a Phillips X130 field emission scanning electron microscope
with an acceleration voltage of 10 kV and a capture angle of 80 degrees relative to the surface

to observe the cross-section of the ablated trench on the pSi film.

3.2.14 Cell culture

Micropatterned pSi surfaces were first were rinsed with 95% EtOH and subsequently dried at
room temperature in the laminar air flow. These surfaces were then aseptically transferred
into sterile 6-well plates. The two different cell lines were used: SK-N-SH neuroblastoma and
HAIIE hepatoma cells. For each cell line, a cell suspension at a density of 6.5 x 10° was
seeded onto the surface. The surfaces were incubated at 37°C for 24 hours in filter sterilised
Dulbecco’s modified Eagle Medium (DMEM) that contains 10% (vol/vol) Fetal Bovine
Serum (FBS), 50 IU/ml penicillin and 50 mg/ml streptomycin sulphate and the pH was

adjusted to 7.2 with 0.1 M HCl.
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3.2.1.5 Fluorescence microscopy

After 24h, 2 ng/ml of Hoechst 33342 dye was added to the culture wells in order to stain the
cell nucleus and the wells were incubated at 37°C for 30 mins. Subsequently, 10 ul of 15
mg/ml of FDA was added to the media and the wafers were incubated at room temperature
for another 10 mins. The surfaces were then washed with PBS to remove non-adhering cells
and fluorescence microscopy under the excitation wavelength of 270-380 nm and 495-552
nm were performed for both the Hoechst and the FDA stain, respectively, using a Leitz

fluorescence microscope.
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3.2.2 Results and discussion

3.2.2.1 Surface ablation via laser microdissection microscope

In contrast to the MALDI laser, the ablation patterns were accurately prescribed by the
software prior to the ablation event on the laser microdissection microscope. Thus, ablated
lines were more precise and the ablation time was much faster. Furthermore, it was also
possible to assign many lines and circles simultaneously on the software that controlled the

ablation while this was not possible from the MALDI setup.

However, while the MALDI laser ablation permits inherent monitoring of the ablation event
at real time, this could not be achieved with the microdissection microscope. Yet we were
able to visually observe plumes formed during the ablation of the silicon surface and these
ablation plumes acts as indicators to the extent of the ablation. It is well documented that the
colour of the plume during ablation of any given surface is dependent on a wide series of
factors such as surface moiety65 and certain atmospheric conditions®. During the ablation, the
colour of the plumes observed when the pSi layer was generally orange, while the ablation on
the bulk silicon surface would yield bluish white plumes. This visual observation of the
plume colour was subsequently used as an indication of how far the ablation had occurred

into the pSi layer.
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Figure 3.9 — (a) SEM of the ablated lines on the pSi surface. Note that the laser
completely ablates into the pSi film. Film thickness of the pSi layer was measured at 4
um. AFM analysis was also performed for (b) the ablated region and (c) region
unablated by the laser.

As described in the experimental, all lines designated on the software were repeatedly ablated
3 times. After the third ablation, SEM was employed to investigate the morphology of the
ablated lines on pSi surface. As shown in figure 3.9 (a), the SEM image of the ablated line
revealed a trench of approximately 25 um on the surface in width and the depth of the laser
ablation was 5 um. During ablation, the plume was observed to be orange in colour during
the first 2 ablation runs and by the third ablation run, the plume colour had changed to a
bluish white. Thus, by the observing the plume formed, we found that the ablating 3 times on
a single line was sufficient enough to remove the entire pSi layer (4 um thick). This SEM

finding also coincides with our observation of the colour of the ablation plume during the

laser ablation. From this, we conclude that the intensity of the laser ablation from the
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microdissection microscope was much higher compared to the MALDI laser, which could

only remove about 40 nm of the pSi layer.

AccV SpotMagn Det WD 1 2um
100kv 30 6782x SE 225

Figure 3.10 — SEM of the morphology of the ablated region on the PEG functionalised
pSi surface by laser microdissection microscope

AFM and SEM analysis was also performed on the ablated region. As shown in figure 3.9
(b) and figure 3.10, the ablated surface had a rather rough and lumpy topography and this was
presumably the result of laser induced melting and resolidification of the laser plume67. This
extent of ablation was not observed for PEG functionalised pSi surface ablated by the

MALDI. These observations strongly suggest that during ablation of surfaces at lower laser
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intensity, it is possible to influence the outcome of the ablation by modifying surface

chemistry while the effects from surface chemistry is less felt at higher laser intensity .

3.2.2.2 Cell culture on narrow ablation lines

To evaluate cell response to these narrow lines, we decided to employ two different cell lines
that have contrasting morphologies. Neuroblastoma cells typically exhibit a teardrop shape
while H4IIE cells have a rounder cell morphology. Both cell types were seeded at equal
density for a period of 24 hours. After the incubation time, nucleus (Hoechst) and cytoplasm

(FDA) staining were performed to visualize the cells under the fluorescence microscope.

Figure 3.11 shows SK-N-SH neuroblastoma cells residing in lines ablated on PEG alkyl-
silanised pSi that were 25 um wide. As shown in figures 3.11 (a) and (b), it was possible for
us to ablate either straight lines or circular patterns onto the surface by using the laser
microdissection microscope. This further demonstrates the versatility of the microdissection
microscope setup for surface patterning. Neuroblastoma cells generally formed a 1-2 cell
wide cell sheets attaching on these lines and its cellular morphology were generally round
due to densely packed nature within these cell sheets. Thus only a few cells were observed
exhibiting the typical teardrop shape. The 1-2 cell wide cell sheets formed were within
expectation as the width of these lines was around 25 um while the typical width of an
adherent neuroblastoma cell undergoing full neurogenesis on the surface was 10-15 pm*® 68,
Very few cells were observed growing on the PEG functionalised pSi region that was

untouched by the laser and those that were found on the unablated regions were often

connected closely to the patterned cell column. These cells had a distinguished rounded
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appearance and tend to cluster together, thus confirming that PEG functionalised surface

greatly discourages proper cell adhesion.

Figure 3.11 - Fluorescence microscopy of Hoechst/FDA stained SK-N-SH
neuroblastoma cells growth on patterned pSi samples after 24 hours incubation: (a)
FDA staining revealing cells attaching nearly exclusively on parallel lines and (b)
circles. Cells were generally absent on PEG functionalised pSi surface untouched by the
laser. (c¢) FDA and (d) Hoechst staining of cells growing on lines ablated on the pSi
surface. The luminescence of the pSi region (in the blue channel) allows for the
visualization of these ablated lines on the surface since the ablated region does not show
luminescence Only columns of 1-2 cells were found residing on these narrow lines as
shown by the FDA (e) and the Hoechst (f) stains.
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Figure 3.11 (a) showed that neuroblastoma cell attachment was mostly confined along
parallel straight lines within a 4-line rectangle. Interestingly, some of the attaching cells were
observed overlapping between the 2 internal lanes within this rectangle. This overlapping of
cell growth was not observed forming between the outer and the inner lanes and the
segregation between the growing lanes was maintained. The distance apart measured
between the 2 inner lanes was 40 um (see figure 3.11 (a, 1)) while the distance measured
between the outer lane and one of the inner lines was 50 um (see figure 3.11 (b, ii)). This
suggests that overlapping growth between neuroblastoma attaching on parallel lanes with
interspatial distance of 40 pum is high while this problem can be avoided by slightly
increasing the distance between the growing lanes. It is also important to note that the depth
of the trenches was only 5 um and neuroblastoma cells sitting inside on these micropatterns
may still be sufficiently elevated to extend their processes out of the trench to seek contact to

other cells.

The ease and speed conferred by the microdissection microscope has allowed for faster
patterning on the surface as compared to the MALDI laser. As shown in figure 3.11 (c),
fluorescence images taken with a 4x objective revealed linear cell sheet attaching along
numerous ablated lines on the pSi. Furthermore, when the pSi surface was imaged for
Hoechst staining of the cell nucleus, the luminescence of the pSi region allowed for a clear
visualization of these ablated lines on the surface (see figure 3.11 (d)). This is a useful
optical property that permitted us to define cellular adhesion patterns. Higher magnification
onto these ablated lines had indeed confirmed that the cell body and nucleus were mostly

confined within the ablated lines (see figure 3.11 (e) and (f)).
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Figure 3.12 — Fluorescence microscopy of H41IE cells preferentially adhering on the pSi
micropatterns after 24 hours incubation: (a) cells attachment following the
micropatterns to form an outline of a house and (b) outline of 2 circles.

H4IIE hepatoma cells seeded on these lines were also observed to adhere preferentially on the
same 25 pm wide by 5 um deep trenches (figure 3.12). The versatility of the microdissection
microscope could be exploited to draw diverse shapes and patterns on the surface and cells
were still observed attaching almost exclusively on the lines of these shapes. This was well
illustrated in figure 3.12 (a) where the cells seeded over an ablated outline of a house closely
follow the surface pattern. Interestingly, we noticed that H4IIE cells were much better at
forming single cell column than neuroblastoma. We also observed more clustering over the
lines and cells growing on these lines could be easily removed during PBS rinsing of the
surface. Furthermore, we found that the number of cells attaching on non-ablated areas were
observed to be much lower as compared to the neuroblastoma. These observations suggested
that the H4IIE cells were more sensitive to the surface chemistry while the cellular

attachments to the trenches were much weaker when compared to the neuroblastoma.
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3.2.3 Conclusions

Micropatterning the pSi surface with the laser microdissection microscope is an excellent
alternative to the MALDI setup described in the previous part. By ablating the surface with a
finely focused laser, we were able to narrow lines 25 um in width and depth. Using the
software controlling the microdissection microscope, it was possible to accurately manipulate
the shapes and length of the lines on the surface. Furthermore, by visually monitoring of the

plume during the ablation, we were able to monitor the extent of the ablation.

Two different cells types were used on the trenches and both demonstrated to selectively
grow on the ablated regions. The ablated lines were around 100 times deeper than those
produced by the MALDI laser and this depth had contributed in confining the cells. As such,
cell attachment was observed exclusively on these ablated lines. Possessing a good cell
confinement was deemed crucial in this experiment as it was our intentions to engineer 1-2
cell wide cell sheet. As a result, the widths of these lines were only wide enough to
accommodate for a 1-2 cell column. Furthermore, we also identified the interspatial distance
between grow lanes required to avoid cell overlapping (> 40 um) for neuroblastoma. This
interspatial distance can be further narrowed theoretically by deeper ablated trenches that
would effectively confine/conceal the cell column within the film. Finally, we have also
noticed that neuroblastoma cells can adhere much better on the surface than H4IIE while the

latter was more sensitivity to surface chemistry.

In summary, we have demonstrated that micropatterning of PEG functionalised pSi with the
microdissection laser is a rapid surface patterning technique suitable for the generation of cell

patterns that can produce 1-2 cell wide monolayer cell sheets. This technique can be used to
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precisely tailor cell growth on the surface. Our results have also confirmed the excellent

flexibility in tuning pSi surface chemistry to control cell adhesion.
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3.3 Reconstruction of artificial 3-dimensional hepatocyte cords
on micropatterned pSi

The liver is the largest and one of the most important organs serving multiple essential
functions in the human body. It comprises of a variety of epithelial and nonparenchymal
cells and collectively, these cells form a 3-dimensional functional unit as illustrated in the
schematic in figure 3.13. Epithelial cells, such as hepatocytes, make up the major cellular
component of the liver. From the main blood veins, these cells extend out to assemble into
cords with adjacent hepatocytes interconnected by lateral membranes. The regions within
these cords are known as the sinusoids and these vascular spaces are responsible for the flow
of nutrients and metabolite from the common vein. The intake of nutrients and metabolites
from blood is in turn mediated by the fenestrated endothelium, a porous endothelium cell
lining on the hepatocytes cord. In between the fenestrated endothelium and the hepatocytes
lays a region comprising of random collagen fibers and fibroblast and this region is known as

 cen69, 70
the space of Disse .

Thin tubes known as Bile canaliculi formed between adjacent
hepatocytes within the cord and function as a site for bile removal from the cells. These tubes
will eventually converge to form the common hepatic duct that drains bile from the liver.
Overall, the intrinsic cell-cell and cell-extra cellular matrix (ECM) interactions allow the
hepatocyes in vivo to organise themselves 3-dimensionally and maintain the specific

phenotypes and functions’ .

3-dimensional culture of hepatocytes has long been recognised as essential for the
reconstruction of functional hepatic tissues in vitro. Hepatocyte aggregates known as

69, 74-78

hepatocyte spheroids are one of the more common 3-dimensional cell aggregates

maintained in in vitro culture environment. These hepatocyte aggregates in vitro help
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maintain and extend the function of primary hepatocytes for prolong periods of time.

80, 81 . .
> °", 3-dimensional

Methods such as paper scaffolds’’, highly porous polymeric scaffolds
perfused microarray bioreactors®” and collagen sponges83 have been proposed for supporting
these 3-dimensional aggregates. However, the major weakness is that while these aggregates

are useful as bioartificial liver (BAL)77’ 78, 84, 85

, their structures do differ significantly from
those of the liver in vivo. In their natural environment, hepatocytes tend to organise
themselves into 3-dimensional hepatic cords and this organisation of the cells is the product
of joint interaction between mature hepatocytes, nonparenchymal cells and the extra-cellular

9

matrix®. On the other hand, the hepatocyte aggregates are simply constructed from mature

hepatocytes alone and it is not possible to derive a true liver construct using these aggregates.

69:83 have also been cultured in within 3-

Progenitor cells such as small hepatocytes (SH) cells
dimensional scaffolds to promote the formation of hepatic organoids. However, the sizes of
the these aggregates confined within the pits of these 3-dimensional scaffold are limited by
pits dimension®. As such, it had been rather difficult to reconstruct a well-assembled tissue
in the scaffold as the assembly of cells into tissues is a highly complex process directed

spontaneously by several types of cell. Yet, the precise organisation of the hepatocytes is

essential in developing a viable bioartificial liver.
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Figure 3.13 — Schematic view of the organisation of cells within the liver tissue. The
organisation and formation of hepatocyte cords is a product of the joint interaction
between many cell types.

In the previous section, we have demonstrated the cell culture on PEG functionalised pSi
patterned with the laser microdissection microscope. pSi has already been demonstrated as a

viable platform for maintaining long term hepatic functions in vitro'™ *. We hypothesised

that by using the same ablation setup, it is possible to confine hepatocytes inside deep
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ablation trenches and to force them to stack on top of each other. Stacking of hepatocytes
has been shown in the past as the precursors towards formation of liver organoidsg7.
Furthermore, with the stacking of hepatocytes on deep trench, it is possible to realise an
artificial hepatocyte cord without the usual need for the association with other cell types. In
this section, we intend to artificially construct a hepatocyte cord on laser ablated
micropatterned pSi and perform a preliminary study on the stacking formation within the
trench. The schematic for the proposed experiment is as shown in figure 3.14. One
advantage of using pSi is that its porous architecture can permit nutrients and biomolecules to
diffuse throughout the layer. This might aid in maintaining the viability of the hepatocytes
residing within the trench. Another excellent feature conferred by this laser ablation is the
ability to designate the direction and the depth of these cords prior to cell seeding on the
surface. This simple organisation of hepatocytes into cords by topographical confinement on

the surface can contribute greatly towards the development of a bioartificial liver.

Hepatocytes pSi film

.-
S
S5

i /
]

Figure 3.14 — 3D view of the hepatocyte cord within the ablated trench. The flow of
bioactive molecules and nutrient is permitted by the porous architecture of the pSi film,
thus further enhancing cell viability.
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3.3.1 Methods and materials

pSi samples were prepared from p-type (boron-doped) silicon wafers with (100) orientation
and resistivity of 0.0005-0.001 Q' cm (Virginia Semiconductors). Samples were etched in a
3:1 (v/v) solution of 49% aqueous HF/EtOH for 300 and 600 seconds respectively at a
constant current density of 133 mA/cm®.  After etching, the samples were rinsed with
methanol, acetone and dichloromethane and were dried under a stream of N,. The freshly
etched pSi surfaces were oxidised by exposure to ozone at a flux of 8g/hr for 20 mins and

subsequently rinsed with CH,Cl, and EtOH.

3.3.1.1 Microdissection laser ablation

After the pSi surfaces were functionalised with PEG silane (See section 3.1.2), the surfaces
were extensively washed with EtOH and dried with N, in a laminar flow hood. The pSi
surfaces were subsequently ablated with a laser microdissection microscope (the power
intensity for the laser was set at 40 and the transverse speed for the ablation was estimated to
be at 30-40 um per second). A 10x objective lens was used for all surface ablation. All lines
were ablated from these two surfaces to only remove the pSi film while leaving the base
silicon intact by the observation of the colour of the plume generated during ablation. For the
pSi film etched for 300s, ablation was usually complete after 7-8 ablation repetitions were

usually required while the film etched for 600s would generally require 14-15 repetitions.
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3.2.1.2 Cell culture

Micropatterned pSi surfaces were first were rinsed with 95% EtOH and subsequently dried at
room temperature in the laminar air flow. These surfaces were then aseptically transferred
into sterile 6-well plates. A cell suspension H4IIE hepatoma cells at a density of 6.5 x 10°
was seeded onto the surface. The surfaces were incubated at 37°C for 24 hours in filter
sterilised Dulbecco’s modified Eagle Medium (DMEM) that contains 10% (vol/vol) fetal
bovine serum (FBS), 50 IU/ml penicillin and 50 mg/ml Streptomycin Sulphate and the pH

was adjusted to 7.2 with 0.1M HCI.

3.2.1.3 SEM analysis

SEM was performed to observe the visual appearances of the ablated trenchs on the pSi
surface. After incubation, the pSi surfaces were carefully removed from the 6-well plate,
rinsed once with PBS and fixed in 3.7% formaldehyde in PBS for 10 mins at room
temperature. Subsequently, the surfaces were washed again twice in PBS and incubated in
turn in 50%, 75% and 100% EtOH for 10 mins. The surfaces were then washed twice in PBS,
incubated in hexane, dried in the laminar airflow, and subsequently coated with platinum.
Scanning electron microscopy (SEM) was performed on a Phillips XL30 field emission

scanning electron microscope with an acceleration voltage of 10 kV.
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3.2.14 Laser scanning confocal microscopy (LSCM)

At the end of the incubation time, the cells were incubated with 2 pg/ml of Hoechst 33342
dye for 30 mins before gently rinsing the wells twice with PBS. The cells were subsequently
fixed with 3.7% formaldehyde in PBS for 10 mins at room temperature and washed with PBS.
After fixation, Smls of 0.1% Triton X-100 in PBS was added to each well for 5 mins and each
well was rinsed again with PBS. 5 pul of 6.6 uM of Alexa Fluor® 594 phalloidin (Invitrogen)
was added to 200 ul of PBS and the solution was added into each well and incubated in the
dark for 30 mins. The cells were finally rinsed with PBS and stored in 10 % glycerol in PBS
adjusted to pH 8.0 (buffered glycerol) in the dark. Confocal microscopy was performed on a

Leica TCS SP5 laser scanning confocal microscope.
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3.3.2 Results and discussion

3.3.2.1 Deep trench ablation with microdissection laser

To determine the influence of the depth of the trench on the formation of the hepatocytes cord,
we had decided to produce two pSi films with different thickness. As ablation was performed
to solely remove the porous layer while leaving the bulk silicon intact, the depth of the trench
is therefore equivalent to the thickness of the film. This difference in film thickness was
attained by changing the anodisation time for each of the films. The different anodisation
times employed for these two separate films were 300 and 600 seconds, respectively. Since
the film thickness is dependent on the time of anodisation, the thickness of the film doubles

between 300 to 600 seconds.

To further narrow the width of the lines, the aperture setting was reduced. Ablation was
performed on these thick films to only remove the porous layer while avoiding further
ablation into the silicon substrate. This process was monitored by visually observing the
colour of the plume formed on the microscope. As mentioned in the previous section, we
noticed that when the ablation was performed solely on pSi film, the colour of the plume
formed was orange while the ablation on bare silicon would yield a bluish white plume. Due
to the difference in anodisation time for the 2 films the ablation cycles to completely ablate
the porous layers were different. To completely ablate a line on a pSi film etched for 300s, 7-
8 ablation runs on the same line were usually required for the film while films etched for

600s would generally require 14-15 cycles.
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After the ablation and functionalisation, H4IIE hepatoma cells were seeded on the surface for
24 hours incubation. Following that, we cells were fixed 3488 for SEM imaging in an attempt
to observe the hepatocyte cords growing inside the ablated trenches. Unfortunately, the
hepatocyte cords were unable to withstand the harsh fixation procedure and these cords had
mostly dislodged from the trench during the procedure. Still, we were able to observe a few

cells residing within some of the ablated trenches by SEM as shown in figure 3.15.

Figure 3.15 — SEM micrograph of hepatocyte cells residing in deeply ablated trench
(aperture setting 40) on the thickest pSi film (etched for 600s). (a) Deeply ablated
trench on the pSi surface. Note some cells attaching at the bottom of the trench. (b)
Cellular projections protruding out from the trench and attaching to the pSi surface.
(c) The shriveled appearance of a cellular cluster within the trench (anodized for 300s)
is attributed to the fixation procedure.
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SEM imaging on trenches ablated on the thickest pSi film revealed that the deep trenches had
an average width of 20 um. The trenches were slightly narrower compared to those produced
in the previous section since the aperture was reduced in order to further reduce the width of
the laser beam. Due to the brittleness of the thick pSi film, it tended to shatter and break into
smaller fragments upon scoring with a diamond cutter on the surface. Therefore, we were
unable to accurately measure the actual depth of these trenches. Interestingly, for some of the
trenches with cells that remained after the fixation process, we observed cellular attachments
along the side walls of these trenches (figure 3.15 (c)). This strongly suggested that apart
from the intercellular support conferred from the underlying multilayered cell stacks, cells
was able to rely on attachment to the side walls in the trenches to strengthen their attachment
on the surface. In general, SEM images showed that these trenches were sufficiently deep for

the formation of 2-4 cells multilayered stack to form the hepatocyte cords.
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3.3.2.2 Confocal microscopy analysis

Laser scanning confocal microscopy was employed to investigate the formation of cell
stacking inside the lines ablated on the two different pSi films. Since ablation was performed
only to exclusively remove the porous film, the ablation depth was thus dependent on the film
thickness. After 24 hours incubation of the H4IIE hepatoma cells on the two different films,
the cell nuclei were stained with Hoechst dye, while the cytoskeletal F-actin network was

stained with phalloidin tagged with an Alexa Fluor® fluorophore.

Figure 3.16 shows confocal microscopy images of the hepatocytes growing on one ablated
line for the pSi film etched for 300s. When imaging the trench along the x-z axis, we noticed
that due to effects of luminescence displayed by the pSi film between 12-18 um into the z
plane, it was possible to visually resolve the outline of the trench. The luminescence effect
of the pSi film is as shown in figure 3.16 (a) and the hepatocyte cells were found to be well-
confined within the trench. By tilting the confocal images taken along the x-z axis, we
noticed that cells on these trenches did not form a layer on the same plane and the position of
the individual nuclei had confirmed that the hepatocytes had indeed formed a multilayered
stack (figure 3.16 (b)). This indicates that cells inside deeper trenches were able to form

multilayer cell stacks that closely resembles the morphology of typical hepatocyte cords® *.
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Figure 3.16 — (a) Laser scanning confocal image of hepatocytes stained with Hoechst
33342 and Alexa Fluor® phalloidin conjugate after 24 hours of growth on ablated lines
on films etched for 300s. Cells were well confined within the trench and (b) 3-
dimensional volume image derived from a series of tilting had confirm the presence of
two cell layers

To further characterise and confirm the multilayered stacking for the trench ablated on the
pSi film etched for 300s, the confocal microscopy images were 3-dimensionally
reconstructed for cells residing on these trenches. This 3-dimensional reconstruction of the
trench was achieved by calculating 35 planes at 0.7 um intervals (figure 3.17). The Ist and
the 35th plane were taken at the both extreme ends from the top and the bottom of the trench
and the distance was measured at 24.6 pm. Since ablation was performed to completely

remove the porous layer from the silicon substrate, the depth of trench is approximately the

thickness of the porous layer and thus the depth is approximately 24.6 pm.
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Figure 3.17 - Laser scanning confocal images taken at different z planes (z stack)
showing a trench ablated on pSi film etched for 300s in 0.7 pm intervals; (a) 2.1 um, (b)
4.2 uym, (c¢) 5.6 pym (d) 8.4 pm, (e) 9.8 pm, (f) 13.3 pm, (g) 14.7 pm, (h) 16.1 pm, (i) 18.9
pm, (j) 20.3 pm, (k) 21 pm and (1) 23.1 pm from the top of the pSi surface into the
bottom of the trench. Numbers as denoted represents the cell layer, (1) top layer and (2)
bottom layer. Note that the luminescence effect of pSi was only observable between 12-
18 pm into the z planes.

As the plane of view proceeds deeper into the trench (figure 3.17 (a)-(f)), cell nuclei from the

top layer (denoted as number 1) gradually disappear while cell nuclei from the second
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bottom layer (denoted as number 2) appear. Image analysis gave a thickness of 11.2 um for
the top cell layer. As this was measured on a stacked cell that were not fully spread, this
value do compared favorably to the average diameter (14 pm) reported in literature for a fully
spreaded H4IIE cell on a flat surface®. Subsequently, as the plane of view proceeds further
(figure 3.17 (g)-(1)), it was no longer possible to observe cell nuclei from the top layer. The
thickness of the second cell layer was measured at 9.8 um, once again matching the diameter
of the hepatocyte. One important observation was that while the top layer had an average
width of 2 cells, the bottom layer was made of a single file of cells. This was attributed to the
fact that the ablation on the surface did not produce a trench with straight walls and a square
profile, but rather a conical one, narrowing towards the bottom of the trench. Whilst we were
unable to image the cross-section of the trench by SEM, images taken from top view of the
trench (figure 3.15) appeared to narrow towards the base. So the sterics of the trench appear

to only allow the attachment of a single cell column at the base of the trench.
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50um

Figure 3.18 — 3-dimensional deconvolution of a trench ablated on a pSi film etched for
600s, reconstructing from 20 planes at 2.5 um intervals; (a) 5 pm, (b) 10 pm, (¢) 12.5
pm, (d) 15 pm, (e) 17.5 pm, (f) 20 pm, (g) 25 pm, (h) 30 pm, (i) 3.5 pm, (j) 40 pm, (k) 45
pum and (1) 50 pm from the top of the pSi surface into the bottom of the trench.
Numbers as denoted represents the cell layer, (1) first layer, (2) second layer (3) third
layer and (4) fourth layer.
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Based on the above observation, we could expected a higher level of cell stacking for
trenches ablated on the thicker pSi film that was etched for 600s. 3-dimensional
reconstruction of the cell stack in one of these deeper trenches was calculated from 20 planes
at 2.5 pm intervals (figure 3.18). Results had indeed shown a higher cell stacking within
these deeper trenches. As the plane of view proceeds into the trench (figure 3.18 (a)-(e)),
resolution of cell nucleus from the first layer (denoted as number 1) gradually disappeared
while cell nucleus from the second layer (denoted as number 2) gained contrast.
Subsequently, cell nuclei from second cell layer also disappeared as the plane of view moved
deeper, as shown in figure 3.18 (e)-(f). The third layer of cell nucleus can be observed
appearing between the 10th and the 14th interval (figure 3.18 (g)-(1)). Subsequently, as the
plane of view proceeds deeper into the trench (figure 3.18 (i)-(1)), the fourth layer of cells
nuclei was finally revealed. Once again, the attachment of a single cell column at the base of

the trench had confirmed the narrowing of the trench towards the base.
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Figure 3.19 - An x-z image reconstruction of the cell multilayer in the stack. The
horizontal axis is the direction of the trench, whilst the vertical axis is the surface
normal. Asterisks indicate the positions of the cell nuclei that correspond to the each of
individual layers. The white horizontal lines are as a guide to the eye only.

The formation of a 4 cell layer stack was further confirmed by 3-dimensional reconstruction
along the x-z axis of the trench. From figure 3.19, a 4 cell layer stack could be determined in
the x-z image with positions of the cell nuclei corresponding to the layer as denoted by the
asterisks. The layers were found to be rather disordered. A few interesting conclusions can
be drawn from the deeper trench ablated on the films etched for 600s. Firstly, from the image
in Figure 3.19, the distance from the top of the cell stack to the bottom was measured at
approximately 50 um. This distance was double of that measured for the pSi film etched for
300s and this was expected as the anodisation time was exactly doubled. Secondly, with the
doubling of the film thickness, the cell layers had also increased from a 2 cell stack to a 4 cell
stack. The narrowing at the base of the trench was also evidenced by appearance of single
cell column at the bottom of the trench while cells closer to the top were able to form 2 cell

columns.
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From a series of different x-z scans, we had determined that the average number of
hepatocyte cells that can be confined within a 1 mm long ablated trench is approximately 69
for the film etched for 300s and 181 cells for the films etched for 600s. More importantly, we
have also confirmed that H4IIE hepatoma cells stacked inside the ablated trench had
displayed cell morphology compatible to the hepatocyte cord found in vivo by a comparison
to previous research in literature. For the long term maintenance of hepatocytes in vitro, co-
cultures sandwiches were often used® " "%, Previously, Sudo et.al® had reported using the
sandwich setup to produce viable hepatocyte cords. In this setup, hepatocytes were
sandwiched between layers of porous membrane that mimic the fenestrated endothelium.
This closely resembles the environment found in the natural liver and an extended
maintenance of bile function for more than 20 days was achieved. Confocal imaging of the
stacked hepatocytes (figure 3.20 (a)) had revealed the hepatocyte stack was growing

confluently on the cultured surface.
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Figure 3.20— A comparison for the formation hepatocyte cords reported in literature.
(a) The assembly of hepatocyte cord in vitro reported Sudo et.al® that uses an unique
cell stacking arrangement that closely mimic the cellular setup in vivo. (b) Hepatocyte
cords isolated from rat liver and stained from actin and microtubules as reported by
Novikoff et.al”. (c) An example from confocal imaging of our existing work using
ablated pSi trench.
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Although the sandwich stacking of the hepatocytes on such a system does closely mimic
actual conditions in the liver, these systems do not fully represent actual hepatocyte cord due
to the lack of the sinusoid spacing that is normally found between hepatocyte cords in vivo.
An isolate from fresh liver tissue had shown that hepatocyte cords are generally a couple of
cells wide and normally divided by a sinusoidal space, as reported in the work by Novikoff*’
and 1s as shown in figure 3.20 (b). It is also interesting to note that individual hepatocyte in
the cords have a rounder cell morphology due to presence of radiating actin fiber diverging
from the loci of the cell as observed by Novikoff et.al®. Cells cultured on surfaces in vitro
had a more ovalish morphology due to being more densely packed layer, as shown in figure
3.20 (a). Confocal images of hepatocyte in our work, as shown in figure 3.20 (c), also
displayed such ovalish morphology when residing inside these trenches. However, it is
obvious from the visual comparison that our strategy of using trenches to confine hepatocyte
cells bears closer structural resemblance to that of the actual cord. Thus, by means of spatial
confinement, we have demonstrated that it is possible to assembly a structurally resembling

hepatocyte cord without sandwich systems and walls
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3.3.3 Conclusions

Deep laser ablation of a pSi film has been utilized for the reconstruction of artificial
hepatocyte cords. Hepatocytes multilayers after 24 hours cell culture and cell attachment was
restricted to the ablated regions. The observation of the colour of the plume generated by

laser ablation is a good indicator to the extent of the ablation on the surface.

Although the depth of the trench could not be determined by SEM, confocal imaging enabled
us to reveal the depth in which the cells were residing inside these trenches. As such, we
found that by ablating away the porous layer of a pSi film to produce a trench approximately
25 um depth, we can produce a 2-layer hepatocyte stack. By doubling the depth of the trench
to 50 um, we can produce a 4-layer hepatocyte stack. The hepatocyte stacks imaged under
the confocal microscopy showed good structural symmetry to natural cords as reported in

literature®

In brief, we have shown that laser ablation of pSi films allows the formation of hepatocyte
multilayers. This is the first step in reconstructing complex 3-dimensional liver structures.
This approach is an alternative to conventional spheroid-based liver cell culture. The
viability and metabolism of these structures were not investigated in this work and will

certainly be a focus for future studies.
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