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Chapter 2  

 

Evaluation of cell adhesion and 

growth on pSi surfaces 
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Chapter outline 

 

pSi has been used previously for in vitro cell culture studies where the influence of chemical 

and topographical properties and the biodegradability of the material were investigated
1-12

.  

PC12 and rat primary hepatocytes growing on pSi surface generally showed good viability 

over extended period of time and cell morphology and behaviour were found to be influenced 

by the surface topography and chemistry. Furthermore, the surfaces do not show any 

cytotoxic effects to the cell culture upon surface degradation.  Other attractive features of pSi 

include the large surface area of hundreds of m
2
 per gram material and tunable degradation 

rate from hours to months. These attributes have contributed to the selection of pSi as a 

degradable biomaterial for tissue engineering
13-15

.   

 

In this chapter, we will investigate:  

 

2.1 Mammalian cell adhesion and growth on surface modified pSi 

films in short term culture 

2.2 Long term culture and functional characterisation of primary 

hepatocyte cells on pSi films 
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2.1 Mammalian cell adhesion and growth on surface 

modified pSi films in short term culture 
 

 

Biomaterials for tissue engineering applications in vivo have to sustain the attachment, 

growth and function of primary cells for extended periods of time
16-18

. In order to design 

appropriate materials, one has to appreciate that different cells respond differently to 

biological/chemical
19-21

 and physical cues
22, 23

, even when under similar culture conditions. 

There is no biomaterial that fits all cells.  Instead biomaterial properties have to be fine-tuned 

for a particular cell type.  The identification and characterization of these surface parameters 

is therefore an important aspect of biomaterials research.  Materials with low toxicity yet 

tuneable surface chemistry and topography are very useful for such investigations. 

 

In recent years, pSi has gained increasing recognition as a biomaterial candidate that enables 

chemical and physical modifications to be easily performed upon.   Reports on using pSi in 

biomaterial applications have been very encouraging
3, 5, 9

.  pSi can be easily fabricated with 

the desired nanostructured architectures by modulating the anodisation conditions.  Pore size, 

porosity and film thickness is determined by the anodisation conditions during fabrication. 

Furthermore, the surface chemistry of pSi can be altered by simple methods such as thermal 

oxidation, ozonolysis and straightforward reactions such as silanisation and hydrosilylation
8, 

24, 25
.  The physical characteristics (pore size and porosity) and the surface chemistry then 

control the degradation behaviour of pSi in aqueous medium.  

 

It is well known that adhering cells receive both chemical and physical cues from the surfaces 

with which they are in contact
19, 21, 26, 27

.  When using nanostructured materials such as pSi, it 

is important to discern between surface chemistry and physical surface attributes and consider 

their influences on cellular traits separately.  This distinction between chemical and physical 
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cues from pSi films will be made in this thesis. In this chapter, we will investigate the effects 

of surface chemistry on cell behaviour in this section while the effects of physical cues will 

be addressed in later chapters.  
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2.1.1  Materials and methods 

 

All commerically available chemical reagents were used without purificiation.   3-

Aminopropyltrimethoxysilane (APTMS) were purchased from Sigma. Dulbecco’s modified 

Eagles’ medium (DMEM), fetal bovine serum (FBS) and penicillin/streptomycin solution 

were acquired from Sigma.  N-(triethoxysilylpropyl)-O-polyethylene oxide urethane (PEG) 

was purchased from Gelest Inc. while rat Type I Collagen and XTT toxicology assay kit was 

obtained from Sigma.  EtOH (100%) and dichloromethane (DCM) were purchased from 

ChemSupply while acetone and toluene were acquired from Ajax Fine Chemicals.  HF 

(49%) was acquired from Merck.  

 

2.1.1.1 Etching procedure 

 

Heavily doped p-type silicon wafers (B-doped, orientation (100)) from Silicon Quest (Santa 

Clara, CA, USA) with a resistivity of 3-6 Ω
.
cm were used to fabricate porous silicon via an 

anodic etch with a 1:1 EtOH:HF solution (reconstituted from 49% HF solution).  The back of 

the porous silicon wafer was contacted onto aluminium foil (British Drug Houses (BDH)) 

and mounted in a custom-made Teflon etching cell having an O-ring with an opening 

diameter of 1.5 cm.  Anodization was performed in the dark at a current density of 44 

mA/cm
2
 for 2 minutes.  After etching, the porous silicon substrates were washed with 

methanol, acetone and dichloromethane before being dried under a stream of nitrogen. 
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2.1.1.2 Surface preparation 

 

To investigate the effects of surface chemistry on the adhering cells, 6 different surface 

conditions was employed:  Freshly etched, ozone oxidized, APTMS functionalised, PEG 

functionalised, FBS coated and collagen coated. Freshly etched pSi surfaces of hydride 

terminus were expected to degrade relatively rapidly in aqueous condition while ozone 

oxidised surfaces have similar chemistry to those of glass.  APTMS functionalised surfaces 

will have amine terminated groups on the surface that can promote cell adhesion while PEG 

functionalisation has anti-biofouling properties.  Both FBS and collagen coated surfaces will 

be expected to improve cell adhesion on the surface.  The freshly etched pSi surfaces were 

used without further modification while the other surfaces were ozone oxidised using a 

Fischer OZON Ozon-Generator 500 for 20 minutes at ozone rate of 3.25 g h
-1

. After 

oxidation, the surfaces were rinsed extensively with EtOH and dried under a stream of N2.  

 

For the APTMS samples, the surfaces were functionalised with APTMS silane at 50 mM in 5 

mls of distilled toluene for 20 mins at room temperature.  The APTMS surfaces were 

subsequently rinsed with 95% EtOH and dried under N2.  For the PEG surfaces, the surfaces 

were incubated with 50 mM PEG silane in toluene for 18 hours under argon at 70ºC.  The 

PEG functionalised surfaces were subsequently rinsed with 95% EtOH and dried under N2. 

Collagen (10 mg) in 0.1M acetic acid was applied drop-wise on pSi wafers until the surface 

was completely covered and subsequently allowed to evaporate in the laminar flow hood 

(Nuaire 120).  The surfaces sterilised via exposure to ultraviolet light (253.7 nm) overnight 

in the laminar flow hood. For FBS treatment of pSi, 50 ml of a 10% (vol/vol) solution of FBS 

in filter sterilised 10 mM 1X PBS (0.014 mM NaCl,  0.27 mM KCl, 0.8 mM Na2HPO4 and 
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0.8 mM KH2PO4 and adjusted to pH 7.4) was also deposited drop wise onto 95% EtOH 

sterilised pieces of oxidised pSi and allowed to dry onto the surface
9
.   

 

2.1.1.3 Atomic Force Microscopy (AFM) 

 

Atomic force microscopy (AFM) was performed on all 6 surfaces using a Multimode 

Nanoscope IV (Veeco Instruments Ltd.) operating in tapping mode in air. Silicon tips (FESP, 

Digital Instruments) with a resonance frequency of 50–70 kHz were used at a free oscillation 

amplitude of 2V.  Nanoscope III v5.30r3 software was used to perform offline analysis of the 

images.   

 

2.1.1.4 Diffusion Reflectance Infrared Spectroscopy 

 

Spectra were acquired in diffuse reflectance (DRIFT) mode with a BioRad digital division 

FTS-40A, fitted with an ESC DRIFT compartment. The sample compartment was purged 

with nitrogen with flat unmodified silicon being used as the background before recording 

spectra of the modified surfaces (duplicates) in Kubelka-Munk units at a resolution of 4 cm
-1

. 

 

 

2.1.1.5 Surface degradation studies 

 

Degradation studies of 6 different pSi surfaces were performed using interferometric 

reflectance spectroscopy (Ocean Optics S2000 with illumination by a tungsten halogen light 



53 

 

source) to determine changes to the effective optical thickness of pSi from hydrolytic 

degradation in 1X PBS at pH 7.4. The optical thickness was calculated using Fourier 

transformation of the fringe patterns of the reflectance spectrum of the pSi surface. Changes 

in effective optical thickness were monitored over a period of 60 mins.  

 

2.1.1.6 Cell culture 

 

Prior to cell culture, freshly etched, oxidised, APTMS and PEG functionalised pSi surfaces 

were extensively washed with EtOH and dried with N2 in a laminar flow hood. FBS and 

collagen coated surface were used directly after sterilisation under UV in the laminar flow 

hood.  The pSi surfaces were transferred onto sterile 6-well plates. Next, 2 mL of rat 

pheochromocytoma cells (PC12) at a density of about 1.46 x 10
6
/mL (determined from 

haemocytometer) was seeded on each of the surface and were incubated in Dulbecco’s Eagle 

Medium (DMEM) supplemented with 10 % FBS and 50 IU/ml penicillin/streptomycin and 

subsequently adjusted to pH of 7.2 at 37°C for 24 h.  At the end of the incubation time, 10 µL 

of 15 mg/mL of fluorescein diacetate (FDA) in acetone were added to the medium and 

incubated at room temperature for 10 min.  All surfaces were performed in duplicate in 12-

well plates.  The surfaces were subsequently washed with 1X PBS. Cell attachment was 

observed using a Leitz fluorescence microscope under an excitation wavelength of 495 nm. 

 

2.1.1.7 Cell viability studies 

 

XTT cytotoxicity tests were carried out on cell culture from the 6 different surfaces and also 

on a flat silicon wafer (control) to study the viability of the cells over 6, 12 and 24 hours.  1 
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ml of PC12 cell suspension in DMEM supplemented with 10% FBS at a density of about 

1.46 x 10
6
/ml was first seeded on each of the surfaces on 6 well plates and was incubated at 

37 °C.  After 6 hours, 0.2 mls of reconstituted XTT in DMEM were added to each of the 

wells and the culture plates were returned back to the incubator for another 2 hours.  After the 

incubation, 1 ml of the cell suspension was carefully removed from each well and 100 µl 

aliquot was dispensed onto a 96-well plate.  The absorbance of the solution was measured 

with a Vmax kinetic microplate reader (Molecular Devices) both at a wavelength of 450 nm 

and 650 nm.  This experiment was repeated for both 12 hour and 24 hour culture times. The 

normalised absorbance value was derived from the subtraction of the absorbance at 450 nm 

with the background absorbance at 650 nm. All sampling was performed in triplicate.    
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2.1.2 Results and Discussion 

 

2.1.2.1 Surface characterisation 

 

After modifications on the pSi surfaces, AFM was performed in order to determine how the 

surface modifications affect the topography of the pSi films.  AFM analysis of the freshly 

etched surface (figure 2.1 (a)) showed that the average pore size obtain from for the applied 

anodisation conditions was 25 nm.  Such mesoporous pSi films are mechanically stable and 

are suitable for this cell culture investigation.   AFM analysis also showed very little change 

in topographical characteristics between freshly etched, oxidised and PEG silanised surfaces 

(figure 2.1 (a), (b) and (d)). However, for the APTMS surfaces, we observed the formation of 

numerous small aggregates dispersed throughout the surface (figure 2.1 (c)).  It is important 

to note that the silanisation time employed for this experiment was much longer (20 mins) 

than the times reported in literature and this may contribute to the aggregation of the APTMS 

silane.  Coating pSi surface with FBS did not result in any notable protein aggregates on the 

surface (figure 2.1 (e) unlike those from the collagen surfaces (figure 2.1 (f)).  However it 

was not easy to discern the surface pores from the FBS coated surface. This may be due to 

the deposition of small proteins in the pores as previously reported in literature
9
. Finally, 

large and often elongated aggregates (400-700 nm) were seen on collagen coated pSi surfaces 

(figure 2.1 (f)).   
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Figure 2.1- AFM analysis of the modified pSi surfaces for (a) Freshly etched, (b) ozone 

oxidised, (c) APTMS silanised, (d) PEG silanised, (e) FBS coated and (f) collagen coated.  

All images are 2 µm in size.   
 

The area statistical root mean square roughness (rms roughness) values for all 6 samples were 

also measured from an image size of 500 nm in duplicate.  Both freshly etched and oxidised 

surfaces showed very similar rms roughness values of 0.16 and 0.20 nm, respectively. The 

rms roughness value found for the PEG silane was 0.19 nm and suggested the PEG 

silanisation did not change the roughness on the pSi surface.  However the rms roughness 
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value for APTMS sample was samples were found to be rougher, with rms values of 0.34 nm 

for APTMS.  Coating pSi with FBS resulted in a surface with a rms roughness value of 0.38 

nm. The collagen coated surfaces have the highest rms values, at 1.50 nm.  From this, we can 

conclude that while protein deposition such as FBS and collagen modification on the surfaces 

increase the roughness considerably, ozone oxidization and PEG silanisation did not change 

the surfaces roughness. We had also noticed a substantial increase of surface roughness from 

APTMS silanisation, from 0.16 nm (freshly etched) to 0.34 nm (APTMS) and this may be 

attributed to the fact that the silane may have polymerised and formed aggregates on the 

surface during the 20 min reaction time, thus contributing to the overall roughness. 

 

The modifications on the surfaces were further confirmed by DRIFT-IR spectroscopy.  As 

shown in figure 2.2 (a), freshly etched pSi surface exhibits bands at ~2100 cm
-1 

and these are 

the stretching modes of Si-Hx (x = 1,2,3)
8
.  These were replaced by a peak at 1083 cm

-1
 and a 

shoulder at 1170 cm
-1

 attributed to an asymmetrical Si-O-Si and Si-OH stretching modes, 

respectively upon ozone oxidation (Fig. 2.2 (b))
28-30

.  Silanisation with the APTMS silane led 

to the appearance of multiple peaks centered between 1540-1645 cm
-1 

which corresponds to 

N-H amide bending vibration (figure 2.2 (c)).  Silanisation with PEG led to the appearance of 

two prominent peaks, one at 1530 cm
-1

 corresponding to the urethane C-N stretching 

vibrational mode and another at 1705 cm
-1

 that corresponds to the urethane C=O stretching 

vibration (figure 2.2 (d)).  The FBS coated surfaces (figure 2.2 (e)) had a prominent N-H 

amide band at 1600 cm
-1

, confirming the presence of proteins absorbed onto the surface.  

However, this band was very weak on the collagen-coated surface, perhaps indicating a 

patchy surface coverage which is consistent with the AFM images (figure 2.2 (f)).  
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Figure 2.2 - Diffuse reflectance IR (DRIFT-IR) spectra of the 6 surfaces. (a) Freshly 

etched, (b) ozone oxidised, (c) APTMS silanised, (d) PEG silanised, (e) FBS coated and 

(f) collagen coated pSi surfaces.    
 

The stability of the films that underwent these modifications was investigated by measuring 

the rate of hydrolytic degradation of the film in aqueous neutral medium. The change in the 

effective optical thickness of the film over a course of 60 mins in 1X PBS was measured by 

means of interferometric reflectance spectroscopy and the data is as shown in figure 2.3.  The 

optical thickness is proportional to the product of film thickness and refractive index. A 
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decrease in optical thickness in aqueous environment is caused by oxidation of silicon to 

silica or silicon dissolution (resulting in a refractive index decrease) of the porous medium or 

pore collapse (resulting in a decrease of film thickness).  Freshly etched surface was found be 

to very highly unstable in PBS and registered a loss of nearly 7% in optical thickness over the 

course of 60 mins. Ozone oxidization was found to increase the stability of the pSi film 

significantly, while this stability was further improved by the collagen coating.  PEG and 

APTMS functionalised surfaces were very stable and there were no notable changes in the 

optical thickness during the time.  Interestingly, FBS coating on the oxidised surface was 

found to also confer stability similar to those that had been functionalised with the alkyl 

silane, indicating that a dense protective protein layer has formed on the surface, consistent 

with the IR results.     

  
 

Figure 2.3 – The change in optical thickness of the modified pSi surfaces over 60 mins in 

1X PBS.  
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2.1.2.2 Cell culture 

 

PC12 is a neuronal-like cell line that has an elongated cell morphology when cultured on flat 

surfaces.  Due to its enlongated cell morphology, changes to its cellular morphology can be 

easily observed
31

, thus rendering it is an ideal cell candidate for studying the effects of 

surface chemistry on cell adhesion.  After 24 hours of incubation, the morphology of PC12 

cells stained with the viability stain FDA on the 6 different surfaces was examined under the 

fluorescence microscope.  A flat silicon surface was also used as the experimental control.  

The fluorescence images of the cell morphology are shown in figure 2.4.   

 

After 24 hours of incubation, PC12 cells were observed being oviod well-spread on the flat 

silicon surfaces and displaying its typical neuronal-like cell morphology with neuronal 

processes extending out from the cell body (figure 2.4 (a)).  There were only a few cells 

observable under the fluorescence microscope on the freshly etched pSi surfaces.  This was 

most likely to be due to the rapid degradation of pSi in the culture medium which prevented 

cell attachment.  The few cells detected on the surface generally exhibited an ovoid 

appearance.  On oxidised pSi surfaces, there were only a few cells that were observable under 

the fluorescence microscope.  This discouragement of cell adhesion on the surface was 

presumably due to the hydrophilic nature of the oxidised pSi, preventing protein adsorption, 

but pSi corrosion during cell culture could also be a contributing factor.  The morphology of 

these cells was generally rounded and cells were observed to form clusters (figure 2.4 (c)).  

APTMS silanisation encouraged cell attachments as a large number of cells were found 

attaching on the pSi surface (figure 2.4 (d)).  This observation was within expectation as 

amine functionalised surfaces had been known to promote cell attachment
9, 32

. However, it is 

important to note that despite the high number of cells detected on these surfaces, the cells 
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generally displayed a rather ovoid morphology unlike the elongated morphology observed 

from the flat silicon. PEG functionalisation is generally seen to create a non-biofouling 

surface that can strongly discourage cell attachment
7
.  This was confirmed for PEG 

functionalised pSi (see figure 2.4 (e)).  After 24 hours, there were very few cells observed on 

the PEG silanised surfaces and these cells were generally round in appearance and often 

clustered together.   

 

By coating the surface with FBS, fluorescence microscopy revealed that cell attachment was 

strongly encouraged (figure 2.4 (f)).  There were many cells attached on these surfaces but 

we noticed a different adhesion behavior. There was considerably less clustering of the cells 

as compared to the flat and the APTMS surfaces. This may suggest that while cell attachment 

was encouraged on these FBS coated surfaces, the presence of FBS proteins on both surface 

and solution may have a negating effect on the promotion of neuronal processes, as reported 

previously in the literature
33

. Lastly, the collagen coated surfaces were found to be highly 

favorable towards cell attachment and the morphology of the cells on these surfaces closely 

resembled that of cells cultured on the flat surface. 
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Figure 2.4 – Fluorescence microscopy images of FDA-stained PC12 cells on 6 different 

surfaces after 24 hours incubation time.  (a) Flat silicon surface, (b) Freshly etched, (c) 

Oxidised, (d) APTMS silanised, (e) PEG silanised, (f) FBS coated and (g) Collagen 

coated pSi surface.  The cell density estimated from these images were (a) 482 cell/mm
2
, 

(b) 50 cells/mm
2
, (c) 120 cells/mm

2
, (d) 315 cells/mm

2
, (e) 27 cells/mm

2
, (f) 342 cells/mm

2
 

and (g) 535 cells/mm
2
. 
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2.1.2.3 Cell viability assay 

 

XTT assays were performed to a gain a quantitative understanding on how the surface 

modifications affect cell attachment and viability. This assay measures the formation of 

orange formazan dye release through cleavage of yellow tetrazolium salt XTT by 

mitochondrial dehydrogenases in metabolically active cells
34

. Only viable cells can perform 

this metabolic cleavage and the resultant formazan dye absorbs strongly at 450 nm. 
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Figure 2.5 – XTT cell viability assays for all modified pSi surfaces after 6, 12 and 24 

hours incubation time. All XTT readings were taken in triplicates. 

 
 

Measurements were taken at the 6, 12 and the 24 hour incubation interval for each of the 

samples as shown in figure 2.5. At the 6 hour interval, absorbance values were fairly similar 

for control, APTMS silanised pSi, FBS and collagen coated surfaces.  Absorbance values for 

oxidised surface were slightly lower, while freshly etched and PEG silanised pSi surfaces 

registered the lowest absorbance values. At the 12 hour culture interval, the absorbance 

APTMS 
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values for all surfaces remained relatively stable as compared to the 6 hour interval except for 

the collagen coated surface which had shown a substantial absorbance increase.  After 24 

hour interval, the oxidised, APTMS silanised pSi and the FBS coated surfaces maintained its 

absorbance values, fairly similar to those measured at the 6 and 12 hour interval.  While PEG 

silanised pSi showed a reduction in absorbance at the 24 hour interval, both control and 

collagen coated surface exhibited an increased in their absorbance value.   

 

In summary, we recorded the highest absorbance values for control and collagen coated 

surfaces.  The absorbance values remained fairly constant for the oxidised pSi, APTMS 

silanised pSi and FBS throughout the 24 hours.  The freshly etched and the PEG 

functionalised surfaces had the lowest absorbance values.  While the low absorbance value 

from the oxidised surfaces was maintained, there was a marked reduction in absorbance by 

the 24 hour mark on the PEG silanised pSi.  This may suggest that while a small number of 

cells attaching on oxidised surface had managed to retain some vitality, they were 

compromised over time by the PEG silanised surfaces.  On the other hand, cell vitality was 

seemingly enhanced by the collagen-coated surfaces, as evident by the gradual increase in 

absorbance over time.  
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2.1.3 Conclusion 

 
Our experiments demonstrated that it is possible to perform a wide range of surface 

modifications on pSi with very simple chemistry.  By means of silanisation on oxidized pSi, 

we were able to convalently attached chemical moieties easily onto the surface, while 

proteins readily adsorbed onto the surface.  Furthermore, chemical based modifications had 

conferred greater stability of the film in the aqueous environment, an important consideration 

for biological applications of pSi.  Stability can also be improved by protein adsorption, as in 

the case of FBS and collagen coating. Moreover by adsorbing proteins onto the surface, it is 

possible for us to elucidate interesting cellular behavior on the surface.  For example, by 

functionalising with FBS, cell attachment was encouraged while the development of neuronal 

processes was observed to be impaired by the presence of both soluble and attached FBS 

molecules
34

.  Adsorption of collagen on the pSi surface encouraged both cell attachment and 

viability on the surface while PEG functionalisation onto the surface greatly reduced cell 

attachment.  Furthermore XTT assay performed on these PEG surfaces further suggested that 

the vitality of the cells on these surfaces may have been compromised over time. 
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2.2 Long term culture and functional characterisation of 

primary hepatocyte cells on pSi films 

 

 
The concept of organ replacement from laboratory tissue culture is one of the driving 

motivations for the numerous researches in the field of biomaterials.  Researchers strive to 

create cell containing scaffold materials that can either serve as replacements or alternatives 

to the damaged organs within the body
35-37

.  For this purpose, hepatocytes and neurons have 

already been extensively used in current literature with intention to ultimately produce 

workable artificial livers
17, 35, 38

 or neuronal networks
39, 40

 in vitro. 

 

There are many factors to consider in this endeavour.  One of the most important challenges 

is the long term maintenance of tissue viability in vitro and is often deemed as one of the 

most crucial issues in biomaterial application
18, 38, 41

.  To achieve long term maintenance of 

tissue culture, researchers have often tried to mimic conditions similar to those found in vivo.  

The choice of biomaterial used for the scaffold or support for the long term culture is 

therefore the critical factor. 

  

In the previous section, the versatile nature of pSi as a biomaterial was highlighted by 

introducing a variety of changes to the surface chemistry and the effects on cell attachments 

arising from these changes were investigated.  We showed that by means of surface 

modifications, it is possible to control the cellular morphology and vitality on pSi surfaces.  

The tunable nature of chemistry on pSi surface is an important feature when designing 

biomaterials.  This is because for long term maintenance of cell culture, surface modification 

of the support material is often deemed necessary
16, 17, 38

. 
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To gain a better understanding of the suitability of pSi as a biomaterial, we decided to 

perform a long term cell culture study. Apart from chemical modifications as discussed 

earlier, it is also important to understand how physical cues may influence cellular behavior.  

Thus, in order to address these issues, pSi surfaces of different pore sizes were fabricated and 

a variety of surface modifications was performed on these surfaces.  Primary hepatocytes 

were seeded on these surfaces and incubated over a course of 2 weeks.  Cell morphology of 

the primary hepatocyte on the different surfaces was subsequently studied by confocal 

microscopy while the production of urea and lactate dehydrogenase enzyme were also 

measured to quantify the metabolic activity and viability of the hepatocyte over the course of 

the 2 weeks.   
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2.2.1  Materials and methods 

 

2.2.1.1 Etching procedure 

 

pSi samples were prepared from p-type (boron-doped) silicon wafers with (100) orientation 

and resistivity of 0.0005-0.001Ω
.
cm (Virginia Semiconductors).  Samples were etched in a 

3:1 (v/v) solution of 49% aqueous HF/EtOH at 4 constant current densities of 28.3 mA/cm
2
, 

56.6 mA/cm
2
, 113.18 mA/cm

2
 and 226.37 mA/cm

2
 at 120s, 60s, 30s and 15s, respectively. 

The freshly etched pSi surfaces were then rinsed with methanol, acetone and 

dichloromethane and were dried under a stream of N2.  The surfaces were subsequently 

oxidised thermally at 600º for 1 hour in the furnace (Labec HTF50/12 1200°C Tube Furnace).  

After the thermal oxidisation, the pSi surface was cut to 10 mm
2
 pieces with a diamond scribe.  

 

2.2.1.2 Atomic force microscopy  

 

Atomic force microscopy (AFM) images of pSi were acquired on a Nanoscope IV Multimode 

microscope (Veeco Corp.) operating in tapping mode using silicon tips (FESP, Digital 

instruments) with a resonance frequency of 50-70 kHz.  Nanoscope III v5.30r3 software was 

used to perform offline analysis of the images 
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2.2.1.3 Surface modifications 

 

Three different surface modifications were used on the pSi surfaces of four different pore 

sizes: Oxidised, APTMS silanised, collagen coated.  Round tissue culture polystyrene disk 

(TCPS) with a surface area of 13 mm
2
 were also used as controls.    

 

The functionalisation of APTMS was as described in section 2.1.1.2.  For the collagen coated 

surfaces, 10 µg in 10 ml 0.1M acetic acid of Type I rat collagen was prepared and applied 

dropwise onto thermally oxidised pSi surface and was incubated for 1 hour.  After the 

incubation, the surface was gently rinsed twice with filter-sterilised 1X PBS. 

 

 

2.2.1.4 Collagen sandwich system 

 

For the collagen sandwich system, the surfaces were first coated with collagen as described 

above.  A collagen gel was prepared by adding 10 µl of 10X DMEM to 90 µl of collagen (10 

µg in 10 mls 0.1 M acetic acid) and was placed on ice to avoid solidification at room 

temperature
42

.  The primary hepatocytes were seeded firstly onto the surface and incubated 

for 4 hours.  The culture media was then removed from the wells and the cold gel was gently 

added dropwise with a sterilised Pasteur pipette onto the pSi surface.  10 mins of incubation 

at room temperature was allowed for the gel to set on the surface before fresh media was 

added into the culture wells.  The collagen sandwich gel was applied on all collagen coated 

surfaces (TCPS and pSi).  
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2.2.1.5 Isolation of the primary hepatocytes 

 

Approval for all animal studies was obtained by the institutional animal ethics committee.  

Hooded Wistar rats were first sedated in the fume hood with Fluothane (Parnell 

Laboratories (AUST) Pty.Ltd) and anaesthetised immediately via intraperitoneal injecting 

with a cocktail combination of ketamine (Parnell Laboratories (AUST) Pty.Ltd) and 

xylazine (Troy Laboratories Pty.Ltd).  The liver (approximately 9 grams) was subsequently 

removed and processed into a soupy mixture using scissors on ice.  The tissue was then 

washed with serum free balanced silane solution (BSS) buffer containing 0.225 g/l of glucose, 

0.6 g/l of bovine serum albumin (Cohn fraction V, Cat#1328A, Research Organics), 

0.00125 g/l of MgSO4.7H2O, 1% vol/vol CaCl2 and 50 µg/ml of 1:1 penicillin (Sigma, Cat 

#P-3032) and streptomycin (GibcoBRL) and adjusted to a pH of 7.2.  100ml of this wash 

buffer was added to the mixture and was subsequently gauze filtered.  The filtered solution 

was then centrifuged at 500 rpm for 75 seconds and the supernatant was carefully decanted.  

The pellet was resuspended with ice-cold wash buffer and centrifuged again.  The supernatant 

was then removed and the pellet was weighted out. The pellet was finally resuspended with 

50 mls of DMEM and was kept on ice before use. 

  

2.2.1.6 Primary hepatocyte culture on pSi 

 

The 1 cm
2
 pSi surfaces were placed aseptically in 12-well plates in the laminar flowhood and 

200µl of the primary hepatocyte with a density of 3.7 x 10
5 

cells/ml were seeded on each of 

these surfaces.  980 µl of filter sterilised 1:1 HAM F12:DMEM (Invitrogen) attachment 

media with 50 IU/ml penicillin/streptomycin and supplemented with both 10 µl of 
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dexamethasone (1 mg/ml in 5% EtOH) and 10 µl of insulin (5 mg/ml) was added to the cells 

and was incubated for 4 hours.  After the 4 hours incubation time, the surfaces were carefully 

removed from the wells and rinsed with sterilised 1X PBS to remove unattached cells.  The 

surfaces were then transferred to new 12 well plate and 2 mls of 1:1 HAM F12:DMEM 

supplemented with 5 % FBS, 10 µl of insulin (5 mg/ml) and 50 IU/ml penicillin/streptomycin 

was added to the cells.  The wells were incubated at 37°C for 2 weeks.  The media from the 

wells were collected and replaced with fresh media every 2 days while the collected media 

were stored in a -80ºC freezer. All cell culture on the surfaces was performed in triplicates. 

 

2.2.1.7 Laser scanning confocal microscopy 

 

Confocal microscopy was performed using a Leica TCS SP5 laser scanning confocal 

microscope after an incubation time of 2 and 14 days.  At the end of the incubation time, the 

cells were incubated with 2 �g/ml of Hoechst 33342 dye for 30 mins before gently rinsing the 

wells twice with 1X PBS (0.014 mM NaCl,  0.27 mM KCl, 0.8 mM Na2HPO4 and 0.8 mM 

KH2PO4 and adjusted to pH 7.4).  The cells were subsequently fixed with 3.7% formaldehyde 

in 1X PBS for 10 mins at room temperature and washed with PBS.  After fixation, 5mls 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 µl of 6.6 µM of Alexa Fluor® 594 phalloidin (Invitrogen) was added to 200 µl 

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 and adjusted to pH 8.0 

(buffered glycerol) in the dark. Confocal microscopy was then performed. 
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2.2.1.8 Urea and lactate dehydrogenase assay 

 

Urea produced by the cells was analysed every 2 days using a Wako Urea N B diagnostic kit.  

In brief, the urease was first dissolved with glycerin and this solution was diluted 20 fold with 

phosphate buffer containing sodium silicylate and sodium pentacyanonitrosyl ferrate (III) 

dehydrate as provided by the supplier.  400 µl of this diluted urease solution was then added 

with 400 µl of a solution of sodium hypochlorite and sodium chloride provided by the 

supplier.  4 µl of the culture media that were collected every 2 days was added to this mixture 

and thoroughly mixed before incubating at 37º for 15 mins.  After the incubation, the 

absorbance value was determined on a Hewlett Packard 8452A diode  

array spectrophotometer and analysed using Agilent 8452 UV-Visible 

Chemstation Software at the absorbance wavelength of 570 nm. 

 

Lactate dehydrogenase (LDH) assays were performed by first adding 30 µl of the collected 

culture media to 100 µl of 1 mM NADH and 10 µl of 20 mM pyruvate and thoroughly 

vortexing.  Subsequently, the mixture was then transferred to sample cups purchased from 

Roche and was analysed with the COBAS FARA Centrifugal Analyser at an absorbance 

wavelength of 340 nm. 
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2.2.2  Results and Discussion 

 

2.2.2.1 AFM analysis of the pSi surfaces 

 

The size of pores attainable for electrochemical anodisation of silicon is dependent on many 

factors and one of them is resistivity. The wafers used in this section were highly doped p++ 

silicon with lower resisitivity (0.0005-0.001Ω
.
cm) as compared to the wafers used in the 

previous section (3-6 Ω
.
cm).  This change in wafer resistivity was motivated primarily by the 

fact that the variation in pore range attainable from wafers with lower resistivity is much 

larger
7, 43

 than those attainable from higher resistivity silicon
9
. In order to gain a better 

understanding of how pore size can influence cell attachment and morphology, it was 

necessary to produce a wider variation of pore sizes on the surface.   

 

Highly doped pSi surfaces were prepared under 4 different anodisation currents, 28.3 

mA/cm
2
, 56.6 mA/cm

2
, 113.18 mA/cm

2
 and 226.37 mA/cm

2
.  These different anodisation 

currents produced surfaces with different pore sizes and the anodisation time for all the 4 pSi 

surfaces were also adjusted to keep a constant charge at appromixately 3396 coulombs/cm
2
 in 

order to maintain a consistent film thickness.  After the anodisation, AFM was performed on 

these surfaces to determine the average pore sizes. Representative AFM images are shown in 

figure 2.6. 

 

The average pore size for 28.3 mA/cm
2
 current density was found to be 8 nm (figure 2.6 (a)) 

while doubling the current density to 56.6 mA/cm
2
 produced an average pore size of 14 nm 

(figure 2.6 (b)).  When the current density was doubled again to 113.18 mA/cm
2
, pore sizes 
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on the pSi surface were found to be approximately 23 nm (figure 2.6 (c)).  The highest 

current density applied in our surface was 226.37 mA/cm
2
 and this yield pores of 

approximately 38 nm wide (figure 2.6 (d)).  These findings demonstrates that the size of the 

surface pores on pSi is controlled by the amount of anodisation current applied, i.e. the larger 

the anodisation current, the larger the pores
44, 45

.  AFM performed on TCPS surfaces also 

revealed uneven surface features, as shown in figure 2.6 (e). 

 

At lower current density, surface pores were observed to be rounder in shape while the pores 

were replaced by larger disorganised elongated and canal-like pores found on surfaces 

anodised at higher current densities (figure 2.6 (d)). This kind of change in pore morphology 

is not uncommon for highly doped porous silicon
46

.   
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Figure 2.6 – AFM images of pSi surface anodised under the current density of (a) 28.3 

mA/cm
2
, (b) 56.6 mA/cm

2
, (c) 113.18 mA/cm

2
 and (d) 226.37 mA/cm

2
. (e) Shows the 

AFM image of the TCPS surface.  All images are of a 200 nm size.  The z-scale of (a), (b), 

(c) and (e) are 5 nm while (d) is 10 nm.   
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2.2.2.2 Laser confocal scanning microscopy 

 

In the previous section, we demonstrated that APTMS silanisation can promote PC12 

attachment on the surface and the results were comparable to unmodified flat silicon.  To 

further investigate the effects of surface modification on long term cell culture, we isolated 

primary hepatocytes from rats and incubate them on different modified surfaces of different 

pore sizes.  As mentioned in the introduction chapter, collagen is an extra cellular matrix 

(ECM) protein that can promotes cell adhesion on the surface
47

.  Furthermore, by 

sandwiching hepatocytes between two collagen layers, it has been shown to greatly enhance 

and maintain cellular viability in long term culture
41, 48, 49

.  Thus, in order to perform a study 

on long term cell viability, we introduced 4 surface modifications on thermally oxidized pSi: 

APTMS silanised, collagen coating and collagen sandwich.  These surface modifications 

were applied to samples with 4 different average pore sizes. These surfaces were then 

incubated for 14 days.  Media renewal was performed every 2 days in order of the maintain 

the viability of the cells and collected media was used for further LDH and Urea assaying
50, 

51
.  Cell morphology on these surfaces was studied at the beginning and the end of the 

experiment time frame, on day 2 and day 14, by means of confocal microscopy after the 

primary hepatocytes had been stained with hoechst and Alexa Fluor® 594 phalloidin. 

 

On surfaces with an average pore size of 8 nm (anodised at 28.3 mA/cm
2
), the overall cell 

morphology on oxidised surfaces and APTMS pSi surfaces after 2 days were typically round 

and the cytoskeleton of these cells were not readily detected from confocal microscopy as 

shown in figure 2.7 (a) and (b) respectively.  Both collagen coated and the collagen sandwich 

showed high confluency displaying well-spread cytoskeleton maintaining good intracellular 

contact, as shown 2.7 (c) and (d) respectively.  By day 14, we noticed that while there were 
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still some cells adhering on the oxidised surfaces (figure 2.7 (e), disruption of the 

cytoskeleton was frequently observed as reflected by the appearance of actin fiber clusters 

observed on the cell and this is a feature commonly found in cells undergoing apoptosis
52, 53

.  

This suggested that cells were dying on the oxidised surface after 14 days.    Interestingly, 

cells growing on APTMS, collagen coated and the collagen sandwich surfaces all shared a 

rather similar morphology at day 14, i.e. showing rounded cells as indicated by a ring of 

cytoskeletal protein around the cell nucleus (see figure 2.7 (f)-(h)) 

 

 

Figure 2.7 – Confocal microscopy images of primary hepatocytes growing on surface 

modified pSi (pore size = 8 nm) at day 2 and day 14. The surface modifications are as 

follows: (a) and (e) oxidised, (b) and (f) APTMS silanised, (c) and (g) collagen coated, (d) 

and (h) collagen sandwiching. White bar represents 50 µm. Cells were stained with 

hoescht and Alexa Fluor® 594 phalloidin.  

 

 
After 2 days, the primary hepatocytes growing on oxidised and APTMS pSi surfaces with 

pore sizes of 14 nm (anodised at 28.3 mA/cm
2
) showed similar morphology (figure 2.8 (a) 

and (b)) when compared to those cultured on the same modified surfaces with pore sizes of 8 
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nm (figure 2.7 (a) and (b)).  However, an observable difference between the two different 

pore sizes for both oxidised and APTMS surfaces was that cells tended to cluster on the 8 nm 

pore size samples while this clustering was less obvious on the 14 nm pore size samples.  

Cells cultured on the surfaces that were collagen coated and the collagen sandwich appeared 

well-spread and healthy (figure 2.8 (c) and (d)).  By day 14, there were very few cells left on 

the oxidised and the APTMS surfaces and disruption of actin fibers around the periphery of 

the cell could be observed from the confocal images and this was an indication that the cells 

may have undergone apoptosis. The cell density was significantly decreased, suggesting that 

a fraction of the cells have died and detached from the surface.  There were more cells found 

on the collagen coated and the collagen sandwiched surfaces and the general morphology of 

these cells were rounded (figure 2.8 (g) and (h)).  However, the periphery of the cells did not 

display the similar apoptotic characteristic of those on oxidised and APTMS surface.  

 
Figure 2.8 – Confocal microscopy images of primary hepatocytes growing on surface 

modified pSi (pore size = 14 nm) at day 2 and day 14. The surface modifications are as 

follows: (a) and (e) oxidised, (b) and (f) APTMS silanised, (c) and (g) collagen coated, (d) 

and (h) collagen sandwiching. White bar represents 50 µm. Cells were stained with 

hoescht and Alexa Fluor® 594 phalloidin.  
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On the 23 nm pore surfaces, while there were fewer primary hepatocytes detected on oxidised 

and APTMS pSi after 2 days compared to the 8 nm and the 14 nm surfaces (figure 2.9 (a) and 

(b)), cell morphology was also very similar to those 8 nm and 14 nm surfaces.  Hepatocytes 

growing on collagen coated and collagen sandwich surfaces (figure 2.9 (c) and (d)) also 

shared similar morphological characteristics to those cultured on 8 nm and 14 nm pore 

surfaces with the same surface modifications at day 2.  By day 14, we were only able to 

detect some cell debris, not intact cells on oxidised surfaces (figure 2.9 (e) while the very few 

cells detected on APTMS surfaces also shown signs of apoptosis from the cytoskeleton 

disruption observed in the confocal images along the periphery of the hepatocytes (figure 2.9 

(f)).  On the collagen coated and the collagen sandwich surfaces, there were many 

hepatocytes still found attaching to the surface (figure 2.9 (g) and (h)).  However, there was 

one interesting observation made from the collagen sandwich surface.  Confocal images had 

revealed that there was some variation in intensity of the cell nucleus, which could only 

suggest that the hepatocyte were stacked over one another (figure 2.9 (h)).   
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Figure 2.9 – Confocal microscopy images of primary hepatocytes growing on surface 

modified pSi (pore size = 23 nm) at day 2 and day 14. The surface modifications are as 

follows: (a) and (e) oxidised, (b) and (f) APTMS silanised, (c) and (g) collagen coated, (d) 

and (h) collagen sandwiching. White bar represents 50 µm. Cells were stained with 

hoescht and Alexa Fluor® 594 phalloidin.  
 

For the samples with the largest average pore size (38 nm), hepatocytes on the oxidised and 

the APTMS surfaces were round in appearance after 2 days of culture (see figure 2.10 (a) and 

(b)).  Yet, early signs of cytoskeletal disruption were evidenced from the disorganised actin 

fiber observed from those cells attaching on the oxidised surface.  Signs of cell stacking were 

also clearly evident by the different planes displayed from the cytoskeleton and the nucleus of 

hepatocytes growing on the collagen coated and the collagen sandwich surfaces (figure 2.10 

(c) and (d)).  On collagen sandwich surfaces, the location of cytoskeleton and nucleus 

staining strongly suggested that presence of the different planes of attachment.    After 14 

days of incubation, few hepatocytes could be observed on both oxidised and APTMS surface 

(figure 2.10 (e) and (f)), while the hepatocytes attaching on the collagen coated and the 

collagen sandwich had once again shown obvious signs of cell stacking (figure 2.10 (g) and 

(h)). 
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Figure 2.10 – Confocal images of primary hepatocytes growing on surface modified pSi 

(pore size = 38 nm) at day 2 and day 14. The surface modifications are as follows: (a) 

and (e) oxidised, (b) and (f) APTMS silanised, (c) and (g) collagen coated, (d) and (h) 

collagen sandwiching. White bar represents 50 µm. Cells were stained with hoescht and 

Alexa Fluor® 594 phalloidin. 

 

 
Cells culture on surface-modified flat silicon surfaces (figure 2.11(a)-(d)) showed good cell 

spreading and extensive actin fibers at day 2 for all the surface modifications.  We also 

noticed that the hepatocytes found within the collagen sandwich on the flat were higher in 

number and more densely packed as compared to those cultured within the collagen sandwich 

on pSi surfaces.  Images after day 14 showed the cell apoptosis signs also observed on pSi, 

on the oxidised and the APTMS flat silicon surfaces (figure 2.11 (d) and (e)).  Cells found on 

both collagen coated and collagen sandwich surface (figure 2.11 (f) and (g)) also displayed 

the same rounded morphology also observed on all pSi surfaces having the same surface 

modification by day 14 with a ring of actin fibers surrounding the nucleus. 
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Figure 2.11 – Confocal microscopy images of primary hepatocytes growing on surface 

modified flat silicon at day 2 and day 14. The surface modifications are as follows: (a) 

and (e) oxidised, (b) and (f) APTMS silanised, (c) and (g) collagen coated, (d) and (h) 

collagen sandwiching. White bar represents 50 µm. Cells were stained with hoescht and 

Alexa Fluor® 594 phalloidin. 

 

 
Confocal microscopy was also carried out on cells attaching on TCPS surfaces.  As shown in 

figure 2.12, cells were well spread after 2 days and their actin fibers could be easily resolved 

on unmodified (figure 2.12 (a)), collagen coated (figure 2.12(b)) and the collagen sandwich 

(figure 2.12 (c)) TCPS.  However, by day 14, cytoskeleton extensions from the hepatocytes 

on the surface were absent and the morphology were generally rounded (figure 2.12 (d)-(f)).  

After 14 days of culture, there were more hepatocytes observed on all TCPS surfaces when 

compared to those cultured on pSi surfaces and this may be due to the fact that TCPS 

surfaces were much flatter and the effects of surface topography has a lesser effect on the 

residing cells.  
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Figure 2.12 – Confocal microscopy images of primary hepatocytes growing on TCPS at 

day 2 and day 14. The surface modifications are as follows: (a) and (d) unmodified, (b) 

and (e) collagen coated, (c) and (f) collagen sandwich. White bar represents 50 µm. Cells 

were stained with hoescht and Alexa Fluor® 594 phalloidin. 

 

 
In order to visualise hepatocyte stacking on 38 nm pore surfaces that were collagen coated, a 

3-dimensional reconstruction on a collagen sandwich surface was calculated from 40 planes 

at 1.3 µm intervals and is as shown in figure 2.13.   The white arrow in the figure shows a 

specific position whereby 2 different hepatocyte nuclei were observed stacking over each 

other as the images move down into the z plane.  This in turn, confirmed that cell stacking 

was present on pSi surfaces with pore size of 38 nm and modified with both collagen and 

collagen sandwich. 
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Figure 2.13 – Laser scanning confocal microscopy images taken at different z planes (z 

stack) of collagen coated pSi film with pore size of 38 nm in 1.3 µm intervals; (a) 0 µm, 

(b) 2.6 µm, (c) 5.2 µm (d) 9.1 µm, (e) 15.6 µm, (f) 18.2 µm, (g) 22.1 µm and (h) 27.3 µm, 

from the top from the pSi surface. The arrow as denoted shows a specific position 

whereby 2 different hepatocyte nucleus were stacked over each other as the images 

move through the different z planes. The white bar represents 50 µm. Cells were stained 

with hoechst and Alexa Fluor® 594 phalloidin. 
 

 

A few conclusions could be drawn from this series of confocal images.  Firstly, oxidised 

surfaces were found not suitable for long term hepatocyte cultures.  APTMS fared slightly 

better than the oxidised surfaces over 2 days, but were also unable to maintain cell attachment 

after 2 weeks.  Cells cultured on oxidised and APTMS surfaces with the smallest pore sizes 
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(8 nm) tended to form clusters, while cells did not cluster on samples with pore sizes 14 nm 

and above. We also noticed that on collagen coated and collagen sandwich surfaces, there 

was a lack of cytoskeleton extension after 14 days of culture.  We also observed cell stacking 

on surfaces with pore size of 23 nm and 38 nm that were coated with collagen or collagen 

sandwich while the 8 nm and the 14 nm either with collagen coating and collagen sandwich 

did not show any sign of cell stacking.  This suggested that collagen coated surfaces in 

conjunction with the specific pore region (23-38 nm) may aid in the formation of cell stacks 

and such cell stacks can have a positive effect on the overall long-term well-being of the 

primary hepatocytes.   
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2.2.2.3 Urea and LDH assay 

 

Urea secretion is one of the main indicators for healthy and metabolically active hepatocytes 

and the quantification of urea production can be used as a measure of viability for the 

hepatocytes attaching on the different pSi surface
54, 55

.  In order to follow hepatocyte viability 

on our surfaces over the course of 14 days, the amount of urea released from the cells into the 

media was measured every second day throughout the incubation period.   

 

Figure 2.14 shows the amount of urea released after 2 and 4 days of incubation on the 

surfaces.  At day 2, the concentration of urea detected for hepatocytes growing on the flat 

silicon surface was found to be the highest (22.33 ± 14.97 µg/ml) for all surfaces. The 

amount of urea released by the collagen coated surfaces and APTMS silanised surfaces were 

relatively similar for all the surface modifications (4-8 µg/ml).  We also noticed that 

hepatocytes growing in the collagen sandwich for the 8 nm and 14 nm surfaces had released 

lower concentration of urea (4.3 ± 0.2 µg/ml and 8.54 ± 2.32 µg/ml respectively) than 

compared to the collagen sandwich on the flat surface (23 ± 16 µg/ml).  However, the 

concentration of urea released from the collagen sandwich on the 23 nm (16.75 ± 11.09 

µg/ml) and 38 nm (8.71 ± 1.59 µg/ml) surfaces were much higher compared to those on the 8 

nm and 14 nm samples.  This trend in urea concentration for the sandwich surfaces on 23 nm 

and 38 nm when compared to the 8 nm and 14 nm surfaces was also detected on Day 4.  

Interestingly, hepatocytes growing in 38 nm surfaces that were collagen coated had 

dramatically increased its urea concentration (45.29 ± 17.9 µg/ml) while the urea released 

from hepatocyte growing on the 8 nm and 14 nm collagen coated surfaces remain low (5.29 ± 

1.03 µg/ml and 4.35 ± 1.38 µg/ml respectively). Similarly, there was also an increase in the 

concentration of urea from the collagen sandwich on these larger pores (23-38 nm) when 
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compared to those in day 2.  By comparing between day 2 and day 4, the data might suggest 

that the effects of collagen deposition (coating and collagen sandwich) on surfaces with pore 

sizes of 23-38 nm were more readily felt by the cells and resulted in enhanced metabolical 

activity.  On the contrary, collagen deposition on smaller pores (8-14 nm) surfaces did not 

appear to have a significant effect on urea production.  Urea production from hepatocytes 

growing from collagen sandwich on flat silicon was significantly lower by day 4 than 

compared to the day 2, and this may indicate that collagen sandwich may have lost its 

effectiveness on plain flat silicon after a few days of cell culture.   

 

 

 
Figure 2.14 – The production of urea from hepatocytes attaching on modified pSi 

surfaces for day 2, 4, 6 and 8.  Urea assays were performed on the supernatant collected 

at day 2, 4, 6 and 8 with the Wako Urea N B diagnostic kit and samplings were 

performed in duplicates.  The error bars are the standard deviation of the average for 

the duplicates.   
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By day 6, we observed that the amount of urea released by the hepatocytes on all different 

modified surfaces were fairly similar, averaging in the order of approximately 4.5 µg/ml.  

The concentration of urea produced from cells on the oxidised and the APTMS functionalised 

surfaces was reduced further by day 8 (see figure 2.14), but we did notice a marked increase 

in urea production for collagen sandwich on both flat and 8 nm surfaces (8.94 ± 1.12 µg/ml 

and 9.45 ± 1.25 µg/ml, respectively).   

 

From day 10-14, urea production for surfaces remained low but there was trend of increased 

urea concentration for all collagen sandwiched surfaces (figure 2.15).  From confocal 

microscopy images taken after 14 days of culture, the presence of cell stacks was earlier 

shown in section 2.2.2.2 on the collagen coated and collagen sandwich surface. This led us to 

suspect that the unique stacking behavior of hepatocytes may also be responsible for this 

maintenance of urea production after 14 days as it has been shown in literature that primary 

hepatocyte stacking in vitro can aid its viability
36, 49

. 
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Figure 2.15 – The production of urea from hepatocytes attaching on modified pSi 

surfaces for day 10,12 and 14.  Urea assays were performed on the supernatant collected 

at day 10, 12 and 14 with the Wako Urea N B diagnostic kit and samplings were 

performed in duplicates.  The error bars are the standard deviation of the average for 

the duplicates. 
 

 

The production of urea was also recorded for the TCPS control surfaces.  As shown in figure 

2.16, on TCPS surfaces, we noticed that day 4 registered a marked increased in urea 

concentration (38.94 ± 5.84 µg/ml) followed by a rapid reduction in urea production from 

day 6 to day 14.  On the contrary, both collagen coated and collagen sandwich TCPS had 

maximum urea concentration recorded for day 6 and followed also by a rapid reduction.  This 

reduction in urea production may be caused by massive cell death on the surface and from the 

data, we hypothesised that collagen coating on TCPS had somewhat delayed the onset of cell 

apoptosis on the surface when compared to the concentration of urea released on day 6 data 

from the pSi surface (figure 2.14). 
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Figure 2.16 – The production of urea from hepatocytes attaching on modified TCPS 

over 14 days. Urea assay was performed on the supernatant collected that were 

collected every 2 days with the Wako Urea N B diagnostic kit and all samplings were 

performed in duplicates.  The error bars are the standard deviation of the average for 

the duplicates. 

 

 
To correlate the release of urea to the number of viable hepatocytes on the surface, we 

performed an LDH assay on the media collected every 2 days during the culture period.  This 

assay measures the absorbance of NADH at 340 nm.  Upon cell apoptosis, lactate 

dehydrogenase is released from the dying cells.  This enzyme catalyses to the production of 

lactate from pyruvate and this process converts NADH that is introduced into the media to 

NAD
+
.  NADH absorbs strongly at 340 nm, while NAD

+
 does not absorb at this wavelength.  

As such, this NADH absorbance can be used to determine the viability and the extent of 

apoptosis in the culture.   
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Figure 2.17 – The LDH analysis of hepatocytes attaching on modified pSi surfaces for 

day 2, 4, 6 and 8. The level of LDH was determined from the media supernatant 

collected at day 2, 4, 6 and 8 via spectrophotometer measurements at 340 nm.  All 

samples were performed in duplicates.  The error bars are the standard deviation of the 

average for the duplicates. 

 

 
Figure 2.17 shows the LDH analysis of the hepatocyte from day 2 to day 8 on all modified 

surfaces.  At day 2, media from collagen coated and collagen sandwich generally displayed 

higher absorbance values as compared to those on the oxidised and APTMS surfaces with the 

exception of those cultured on plain surfaces.  By day 4, collagen coated and collagen 

sandwich on plain silicon surface also displayed a higher absorbance value (0.613 ± 0.09 and 

0.311 ± 0.015) compared to the modified porous surfaces.  By day 6 and day 8, absorbance of 

NADH was found to be low for all surfaces and this suggested extensive hepatocyte 

apoptosis had already occurred by this stage.   

 



92 

 

Day 10-14 showed a total reversal in the trend by registering an increase in NADH 

absorbance for oxidised and APTMS silanised surfaces (figure 2.18).  There were also 

incremental increases observed for the collagen coated and the collagen sandwich surfaces 

but they were substantially lower than those displayed by the oxidised and the APTMS 

surfaces.  The reason for this reversal in the trend could be explained by our handling 

protocol.  The removal and replenishing of the culture media is deemed necessary for the 

maintenance of the primary hepatocyte in vitro, as demonstrated in the literature
50, 51

.  

However, every second day, as the media was being replaced, LDH enzyme was removed 

from the culture.  It is also important to note that by day 14, the absorbance of NADH were 

still lower than those from the oxidised and the APTMS surfaces and this may suggest that 

there were still some LDH presence in the media.  This could well imply that there may be 

still cell undergoing apoptosis and we can also conclude that cell viability was maintained for 

a longer duration by collagen coating and the collagen sandwich setup.  
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Figure 2.18 – The LDH analysis of hepatocytes attaching on modified pSi surfaces for 

day 10, 12 and 14. The level of LDH was determined from the media supernatant 

collected at day 10, 12 and 14 via spectrophotometer measurements at 340 nm.  All 

samples were performed in duplicates.  The error bars are the standard deviation of the 

average for the duplicates. 

 

 
The maintenance of cells by collagen coating and the collagen sandwich was confirmed by 

LDH analysis on TCPS surfaces (figure 2.19).  Day 2 and Day 4 showed good NADH 

absorbance which is indicative of good cell viability.  The reduction in absorbance was 

detected from day 6 to day 14 and this suggested that cells had started to die in large numbers 

by day 6.  But more importantly, we notice that by day 14, the absorbance was still fairly low 

for all the TCPS surfaces and this lead us to conclude that there were still be some cells 

undergoing apoptosis at this stage.  
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Figure 2.18 – The LDH analysis of hepatocytes attaching on modified TCPS surfaces 

over the 14 day incubation period. The level of LDH was determined from the media 

supernatant collected every 2 days via spectrophotometer measurements at 340 nm.  All 

samples were performed in duplicates. 

 

 
Previous work on the long term culture of primary hepatocytes on polyurethane/polyester 

matrix and polystyrene surfaces had also shown loss of viability after 3-5 days in culture 

without supplementation of growth factors such as epidermal growth factor (EGF)
36, 55-57

.  

This is consistent with our observations on our collagen deposited surfaces as urea and LDH 

results indicated that extensive cell apoptosis had occurred by day 6. Our maximum urea 

produced at day 4 from our collagen surfaces records at 20 µg/ml (see figure 2.14, day 2 and 

4).  This value is relatively close to some reported values in literature of between 12-18 µg 

per day on collagen based surface
55

 while other group that use a similar seeding density 

reported the urea production at 44-66 µg/ml per day for each of the first 5 days
38

.  A similar 

study was conducted by Bhatia et.al. on oxidised pSi film and had reported viability for over 

2 weeks
5
.  While our studies had only shown viability for only up to 5 days, it is important to 

highlight the fact that our starting cell density was much lower (and growth factor (EGF) 
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were also excluded in the study.  Furthermore, the pore sizes on our surfaces were higher than 

those reported in Bhatia’s account (2-5 nm).    
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2.2.3 Conclusions 

 

To evaluate the suitability of pSi as a biomaterial, we have conducted a long term culture 

study of hepatocyte growing on pSi surfaces on 4 different pore sizes.  Different surface 

modifications were also performed on the different pore sizes to investigate how both 

physical and chemical cues may collectively influence hepatocyte growth.  

 

Actin fiber staining had revealed that by day 14, cells cultured on the oxidised and the 

APTMS surfaces had already undergone apotosis judging from the extent of cytoskeleton 

disorganisation.  This cytoskeleton disorganisation, however, was not observed on cells 

cultured on collagen coated and collagen sandwich surfaces.  One important finding arising 

from this study is the appearance of hepatocyte stacking on surfaces deposition with collagen 

and this was observed forming only occur on 23-38 nm surface.   This stacking has also been 

shown convincingly for the 38 nm pSi surface by performing a Z stacking on the confocal.  

Stacking did not occur for smaller pore size samples or surfaces not presenting collagen. The 

combination of mesoporous silicon and collagen coating appears to be conducive to such cell 

stacking. It is well established in literature that on favorable surfaces for cellular adhesion, 

hepatocyte aggregation and stacking can occur
58, 59

. This behaviour is often regarded as a 

precursor towards the formation of hepatic cords
49

 and our study may be highly useful in 

producing bioartificial liver constructs. 

 

There are also several conclusions that can be drawn from the urea and LDH results.  Firstly, 

we have demonstrated that while collagen deposition can enhance cellular longevity, both 

oxidised and APTMS silanised surfaces were found to be unfavorable in long term culture.   

Furthermore, we have also identified day 6 as the onset for the extensive cell apoptosis (by 

the presence of cytoskeleton disorganisation) on our pSi surface regardless of surface 
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modification. Finally we noticed that hepatocyte growing on surfaces with pore sizes of 23-

38 nm with Rat tail type I collagen deposition were more metabolically active than cells 

growing on surfaces with pore sizes of 7-14 nm (see figure 2.14, day 2 and day 4).  This 

improvement in metabolism could be related to the hepatocyte stacking as identified earlier 

on these pore regime.    

 

In brief, by performing a long term culture on different porous silicon films with different 

pore sizes and using different approaches to present different surface chemistry and the cell 

adhesion mediator collagen, we have shown that chemical, biological and physical cues can 

collectively influence the outcome of cell culture.   
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