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Abstract 

During neural development, in synergy with widely studied biochemical signals, biophysical 

cues cooperate in the regulation of cell behaviour. In addition to gene and protein expression, 

recent studies have highlighted the significance of epigenetic modulation on cell fate. Although 

it is known that extracellular biophysical cues can affect important cellular events, only a few 

studies have systematically examined their effects on stage-specific developmental patterns 

and neuronal maturation, particularly in humans. Moreover, very few of them have further 

linked biophysical modulations to epigenetic mechanisms. 

This project aims to create a new bioengineered platform incorporating conductive materials 

with topographical cues, specifically microgrooves, to examine the combinatorial effects of 

surface topography and electrical stimulation on clinically relevant neuronal populations 

derived from human pluripotent stem cells (hPSCs). The microgrooved platform and its 

synergistic effects with electrical stimulation can promote neuronal differentiation. For the first 

time, an increase in epigenetic markers associated with stemness and differentiation, such as 

AcH3, AcH4, and H3K9me3, was reported on the microgrooves and after electrical stimulation. 

Using state-of-the-art focused ion beam scanning electron microscopy, the observed 

epigenetic changes and corresponding nuclear morphology were examined in high resolution. 

Moreover, in parallel with topography-dependent epigenetic modulations, a new mechanism 

was proposed – namely that microgrooves can modulate Notch signalling through geometric 

segregation. Finally, a new tissue-engineered scaffold based on electrospun serum albumin 

(SA) was developed with the incorporation of both biochemical and biophysical stimuli. This 

served as a functional growth factor release construct and positively influenced neuronal 

differentiation and maturation with electrical stimulation. The thesis presents a systematic 

examination of cellular behaviour in response to biophysical stimuli, including surface 

topography and electrical stimuli. Together, novel mechanisms associated with epigenetics 

and signalling pathways as well as the new SA-based scaffold, can advance fundamental 

research in neuroscience and future translational applications. 
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value approaches 0.0, it indicates an increasingly elongated shape (Flat represents the flat 

PDMS; 3 µm and 10 µm represent 3 µm-depth and 10 µm-depth grooves respectively; one-
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yellow; scale bars = 2 µm). (B) Quantification of the number of H3K9me3 foci in the cells 
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ANOVA with post hoc Tukey’s test was used; the results represent means ± s.e.m. * 
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derived NSCs were pre-differentiated in NSCR Base Medium for 3 days and seeded in 

different cell densities in NSCR Base Medium at day 0. After 24 h cell attachment (day 1), 

NSCR Base Medium was replaced with DAPT-containing NSCR Neuron Medium for neuronal 

differentiation and was replaced with NSCR Neuron Medium the next day to prevent excessive 

cell death. The cells were fixed on day 7 and stained for an NSC marker, nestin (red), a 

neuronal marker, βIII-tubulin (green), and DAPI (blue) for assessment of neuronal 

differentiation (scale bars = 500 μm). (B) Effects of DAPT on Notch signalling of hiPSC-derived 

NSCs at day 2, day7, and day 14 were examined by Western blotting for the cleaved Notch1 

(20 µg and 40 µg denote the amount of protein loaded; + and - represent with and without 

DAPT respectively). ............................................................................................................ 126 
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seeded in different cell densities in NSCR Base Medium at day 0. After 24 h cell attachment 

(day 1), NSCR Base Medium was replaced with VPA-containing NSCR Neuron Medium for 

neuronal differentiation and was replaced with NSCR Neuron Medium the next day to prevent 

excessive cell death. The cells were fixed on day 7 and stained for an NSC marker, nestin 

(red), a neuronal marker, βIII-tubulin (green), and DAPI (blue) for assessment of neuronal 
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epigenetics of hiPSC-derived NSCs at day 2 (Flat represents the flat PDMS; 3 µm and 10 µm 

represent 3 µm-depth and 10 µm-depth grooves respectively; one-way ANOVA with post hoc 

Tukey’s test was used; the results represent means ± s.e.m. * represents p < 0.05; ** 
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(circles: created ROIs based on the average rosette size of 120 µm; scale bars = 100 μm). (B) 

Percentage of the ZO-1 clusters in the rosette-like structures (images were acquired and 

analysed by Dr Andrea Serio; one-way ANOVA with post hoc Tukey’s test was used; the 

results represent median ± IQR. * represents p < 0.05; *** represents p ≤ 0.001; N=4, n=7-8). 

(C) Effects of microgrooves, DAPT, and VPA on Notch signalling were examined with the 

cleaved Notch 1 ELISA. The absorbance of the ELISA assay was normalised and compared 

to the flat PDMS (3 µm and 10 µm represent 3 µm-depth and 10 µm-depth grooves 
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respectively; p-values were compared to the flat PDMS; one-way ANOVA with post hoc 

Tukey’s test was used; the results represent means ± s.e.m. * represents p < 0.05; ** 

represents p ≤ 0.01; N=4, n=18-21). ................................................................................... 131 

Figure 43. The experimental scheme, device, and stimulation parameters of cell electrical 

stimulation. (A) The experimental scheme of the electrical stimulation using Cr-Au metallised 

microgrooved PDMS. (B) Schematics of the cell culture construct for electrical stimulation 
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20 nm Au. (A) FIB-SEM image of the 10 µm-depth Cr-Au metallised microgrooves (scale bar 
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were the software tool for milling. (B) SEM-EDX analysis of a Cr-Au metallised 10 µm-depth 
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Figure 48. Cell coverage after electrical stimulation with trains of 50 ms electrical pulses of 

100 mV/cm, 2 Hz for a period of 2 h applied for 1 day. (A) As LIVE/DEAD Viability assay is 

difficult to be applied due to the opacity of the Cr-Au metallised substrates, cell viability was 

evaluated with total cell coverage by immunostaining with an NSC marker, Nestin, a neuronal 

marker, βIII-Tubulin, and DAPI (all in white) (scale bars = 100 μm). (B) Quantification of total 

cell coverage after electrical stimulation (one-way ANOVA test was used; the results represent 

means ± s.e.m.; N=3, n=9). ................................................................................................ 159 
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(A) H3K9me3, (C) AcH4, (E) AcH3 (nestin, red; βIII-Tubulin, green; DAPI, blue; epigenetic 

markers, cyan; red arrows: direction of grooves; scale bars = 50 µm). Quantifications of effects 

of electrical stimulation on different epigenetic markers, including (B) H3K9me3, (D) AcH4, (F) 

AcH3. Fluorescence intensity of the epigenetic markers was normalised to DAPI and then 

normalised to the flat PDMS substrate (Flat, 3 µm, and 10 µm represent flat, 3 µm-depth, and 

10 µm-depth PDMS grooves respectively; M Flat represents Flat Cr-Au metallised PDMS 

without electrical stimulation; ES Flat, ES 3 µm, and ES 10 µm represent flat, 3 µm-depth, 

and 10 µm-depth Cr-Au metallised grooves with electrical stimulation respectively; one-way 

ANOVA with post hoc Tukey’s test was used; the results represent means ± s.e.m. * 

represents p < 0.05; ** represents p ≤ 0.01; *** represents p ≤ 0.001; N=3, n=9, ). ........... 162 

Figure 50. Effects of electrical stimulation on histone deacetylases (HDACs) gene regulation, 

including (A) HDAC1, (B) HDAC2, (C) HDAC3, in hiPSC-derived NSCs. Results are presented 

as relative mRNA expression normalised to GAPDH and then D0 gene expression (Flat, 3 
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electrical stimulation respectively; one-way ANOVA with post hoc Tukey’s test was used; the 

results represent means ± s.e.m. * represents p < 0.05; ** represents p ≤ 0.01; N=3, n=6-9).

 ............................................................................................................................................ 164 

Figure 51. Effects of electrical stimulation on cell proliferation, differentiation, and maturation 

of hiPSC-derived NSCs. (A) hiPSC-derived NSCs on different substrates with or without 

electrical stimulation (nestin, red; βIII-Tubulin, green; DAPI, blue; red arrows: direction of 

grooves; scale bars = 50 µm). (B) The applied electrical stimulation did not significantly affect 

the percentage of the Ki67+ cells. (C) Electrical stimulation with 10 µm-depth Cr-Au metallised 
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grooves promoted neuronal differentiation compared to the unstimulated groups and the 

stimulated flat PDMS. Effects of electrical stimulation on maturation evaluated with (D) Neurite 

outgrowth and (E) Neurite branching. Effects of electrical stimulation on neurite alignment was 

evaluated with (F) Angle between the direction of the microgrooves and the longest neurite 

and (G) Number of lanes the analysed neurites crossed (Flat, 3 µm, and 10 µm represent flat, 

3 µm-depth, and 10 µm-depth PDMS grooves respectively; M Flat represents Flat Cr-Au 

metallised PDMS without electrical stimulation; ES Flat, ES 3 µm, and ES 10 µm represent 

flat, 3 µm-depth, and 10 µm-depth Cr-Au metallised grooves with electrical stimulation 

respectively; one-way ANOVA with post hoc Tukey’s test was used; the results represent 

means ± s.e.m. * represents p < 0.05; ** represents p ≤ 0.01; *** represents p ≤ 0.001; N=3, 
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Figure 52. Raman characterisation of graphene-coated PDMS. (A) Typical Raman spectra 

attained with three clear peaks: the D-band (1300 cm-1) corresponding to sp3 hybridised 

carbon atoms, the G-band (1580 cm-1) corresponding to sp2 hybridised carbon atoms, and the 

2D-band (2670 cm-1) which is inversely proportional to the thickness of the 2D graphene 

platelets. (B) Optical image showing mapping region highlighted in red. (C) Histogram of the 

2D:G ratio across the mapping region shown in (B), where the average 2D:G ratio of 1 

corresponds to bi-layer graphene. (C) Spatially represented 2D:G map showing the relative 

homogeneity of the surface (the graphene-coated PDMS and the Raman analysis was done 
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Figure 53. Flat PDMS membrane and graphene-coated PDMS membrane were characterised 

with AFM. (A) The topography of flat PDMS, PDMS (Cu Etch), and graphene-coated PDMS 

were measured with AFM with the acquired root mean square roughness (Rrms) (scale bars 

= 5 µm). (B) The conductivity of the graphene-coated PDMS was measured and mapped with 

AFM. (C) Young’s modulus of different substrates was analysed with AFM (10:1 and 40:1 

represent the Sylgard 184 monomer to cross-linker ratio; G-PDMS represents graphene-

coated PDMS; M-PDMS represents Cr-Au metallised PDMS; graphene-coated PDMS was 

made by Dr Peter Sherrell, and the AFM measurements were acquired and analysed by Dr 
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Figure 54. Contact angle measurements for different substrates. (A) Pictures of contact angle 

measurements for PDMS, Cr-Au metallised PDMS, and graphene-coated PDMS with and 

without oxygen plasma treatments and two control groups, PDMS peeled off from the Cu 
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away, (PDMS (Cu Etch)). (B) The quantification of the contact angle measurements (Plasma 
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represents oxygen plasma-treated substrates; graphene-coated PDMS was made by Dr Peter 
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Figure 55. LIVE/DEADTM viability assay for biocompatibility of graphene-coated PDMS. (A) An 

illustration of cell culture experiments using graphene-coated PDMS. (B) LIVE/DEAD 

fluorescent images on PDMS, graphene-coated PDMS and the two control groups, PDMS (Cu 

Coat) and PDMS (Cu Etch) (calcein AM, green, live cell; ethidium homodimer-1, red, dead 

cell; scale bars = 200 µm). Cell viability was evaluated as the percentage of (C) Live cell 

coverage and (D) Number of dead cells per analysed field on different substrates (one-way 

ANOVA with post hoc Tukey’s test was used; the results represent means ± s.e.m.; N=3, n=6-
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Figure 56. The effect of graphene-coated PDMS on neuronal differentiation. (A) hiPSC-

derived NSCs were stained with βIII-tubulin, a neuronal marker, and nestin, a neural stem cell 

marker, after 7 days neuronal differentiation (nestin, red; βIII-Tubulin, green; DAPI, blue; scale 

bars = 400 µm). (B) Cell proliferation was analysed with the percentage of Ki67+ cells on glass, 

PDMS, and graphene-coated PDMS (G-PDMS). (C) Neuronal differentiation was analysed 

with the percentage of the βIII-tubulin+ cells on the glass, PDMS, and graphene-coated PDMS 

(G-PDMS) (one-way ANOVA with post hoc Tukey’s test was used; the results represent 
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Figure 57. Neuronal activities at Week 4 were examined with Ca2+ imaging on the glass, 

PDMS, and graphene-coated PDMS substrates. (A) Ca2+ imaging taken with a live cell imaging 

system. The images were captured every 100 ms and were imaged for a period of 100 s. (B) 

Fluorescence intensity of Ca2+ imaging of selected cells on different substrates. The 

background of the image at each time point was subtracted, and the changes of the MFI in 

each cell were normalised to the average MFI throughout the recorded period. A recorded 

Ca2+ transient (red arrows) indicated the selected cell was capable of transducing Ca2+-
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Figure 59. Schematic of SA-based fibrous scaffold sample preparation and photograph of non-
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for electrical stimulation (right). (B) The experimental time scheme for cell electrical stimulation 

(left) and the stimulation waveform (right). .......................................................................... 195 

Figure 61. Characterisation of SA fibrous scaffolds. (A) SEM image of (1) Non-doped SA 

fibrous scaffolds, (2) Non-doped SA fibrous scaffolds with laminin coating, (3) Hemin-doped 

SA fibrous scaffolds, and (4) Hemin-doped SA fibrous scaffolds with laminin coating (scale 
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laminin coating, (3) Hemin-doped SA fibrous scaffolds, and (4) Hemin-doped SA fibrous 

scaffolds with laminin coating. (D) Fibre diameter of non-doped and hemin-doped SA fibrous 

scaffolds with and without laminin coating (one-way ANOVA with post hoc Tukey’s test was 

used; the results represent means ± s.e.m. * represents p < 0.05 and ** represents p ≤ 0.01 
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Figure 62. Laminin adsorption on the SA scaffolds. (A) Remaining laminin in the coating 

solution measured by ELISA (one-way ANOVA with post hoc Tukey’s test was used; the 

results represent means ± s.e.m. ** represents p ≤ 0.01; N=5). (B) Time-lapse laminin 

adsorption to glass, non-doped, and hemin-doped SA fibrous scaffolds (one-way ANOVA with 

post hoc Tukey’s test was used to compare the results of the same substrate at different time 

points; the results represent means ± s.e.m. * represents p < 0.05 compared to D0 Non-doped 

SA; # represents p < 0.05 compared to D0 Glass; N=4, a total of 40 fields were analysed).
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Figure 63. Cell viability assay for biocompatibility of the SA-based fibrous scaffolds. (A) 

Schematic of cell culture on SA fibrous scaffolds. (B) LIVE/DEAD fluorescent images on glass, 

non-doped, and hemin-doped SA fibrous scaffolds (calcein AM, green, live cell; ethidium 

homodimer-1, red, dead cell; scale bars = 400 µm). Cell viability was evaluated as (C) 

Percentage of live cell coverage and (D) Number of dead cells per analysed field on glass, 

non-doped, and hemin-doped SA fibrous scaffolds (one-way ANOVA with post hoc Tukey’s 

test was used; the results represent means ± s.e.m. * represents p < 0.05; N=3, n=7, 5 fields 
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Figure 64. The effect of hemin-doped SA fibrous scaffolds on neuronal differentiation. (A) 

hiPSC-derived NSCs were stained with βIII-tubulin, a neuronal marker, and nestin, a neural 

stem cell marker, after 7 days neuronal differentiation (βIII-tubulin, green; nestin, red; scale 

bars = 100 µm). (B) Total cell coverage after 7 days neuronal differentiation on non-doped, 
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hemin-doped SA scaffolds, and the glass. (C) Percentage of βIII-tubulin+ cell and nestin+ cell 

coverage over the total cell coverage on different substrates (one-way ANOVA test was used; 

the results represent means ± s.e.m.; N=3, n=5, where 5 different batches of scaffolds were 

tested, 3-5 areas per batch of samples were examined). ................................................... 201 

Figure 65. Incorporation and release of FGF2 of hemin-doped SA fibrous scaffolds. (A) The 

remaining amount of FGF2 after incorporation was measured by ELISA (one-way ANOVA with 

post hoc Tukey’s test was used; the results represent means ± s.e.m. *** represents p ≤ 0.001; 

N=5, where 5 different batches of scaffolds were tested, 3 technical replicates per batch of 

samples were examined). (B) A release profile for non-doped and hemin-doped SA fibrous 

scaffolds was measured with the amount of FGF2 released in the solution using ELISA at Day 

2 and Day 5 (two sample t-test was used to compare hemin-doped SA and non-doped SA at 

Day 2 and Day 5 respectively; the results represent means ± s.e.m.; N=5, where 5 different 

batches of scaffolds were tested, 3 technical replicates per batch of samples were examined).

 ............................................................................................................................................ 203 
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Confocal fluorescence images of hiPSC-derived NSCs on non-doped and hemin-doped SA 

scaffolds with or without FGF2 incorporation (FGF2 Mats or X) in Basal Medium and FGF2-

containing Medium (FGF2 Medium) respectively (nestin, red; βIII-Tubulin, green; DAPI, blue; 

scale bars = 100 µm). (B) Cell proliferation was analysed with percentage of the Ki67+ cells 

(one-way ANOVA with post hoc Tukey’s test was used; the results represent means ± s.e.m. 

* represents p < 0.05; ** represents p ≤ 0.01; # represents p ≤ 0.001 compared to Non-doped 
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represents p ≤ 0.05 compared to Non-doped SA [FGF2 Mats + Basal Medium] and p ≤ 0.01 

compared to [FGF2 Mats + FGF2 Medium]; @ represents p ≤ 0.05 compared to Non-doped 

[FGF2 Mats + FGF2 Medium]; $ represents p ≤ 0.01 compared to Non-doped SA [X + FGF2 
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Medium]; N=3, n=9). (B) Neuronal differentiation was analysed with percentage of the βIII-

Tubulin+ cells (one-way ANOVA with post hoc Tukey’s test was used; the results represent 

means ± s.e.m. * represents p < 0.05; ** represents p ≤ 0.01; N=3, n=9). ......................... 204 

Figure 67. Conductivity of PBS, non-doped, and hemin-doped SA fibrous scaffolds measured 

with cyclic voltammetry at a scan rate of 40 mV/s. The measurements were conducted in PBS 

buffer using two electrodes as in Figure 60A. The application of DC bias induced ionic 

conduction across the aqueous solution with similar currents for the non-doped SA sample 

and for the PBS only control. Placing the hemin-doped SA scaffold resulted in elevated 
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currents and clear oxidation and reduction peaks. The elevated current implies the enhanced 

conduction across the doped SA scaffold, while the redox peaks suggest hemin-associated 
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Confocal fluorescence images of hiPSC-derived NSCs on glass and doped SA scaffolds with 

and without electrical stimulation respectively (nestin, red; DAPI, blue; left panels: βIII-Tubulin, 

green; right panels: Ki67, yellow; scale bars = 100 µm). (B) Cell proliferation was analysed 

with percentage of Ki67+ cells (one-way ANOVA with post hoc Tukey’s test was used; the 

results represent means ± s.e.m. ** represents p ≤ 0.01; N=3, n=9). (C) Neuronal 

differentiation was analysed with percentage of βIII-Tubulin+ cells (one-way ANOVA with post 

hoc Tukey’s test was used; the results represent means ± s.e.m. * represents p < 0.05; ** 
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without electrical stimulation (one-way ANOVA with post hoc Tukey’s test was used; the 
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1 Introduction 

In recent years, stem cell technologies that allow us to culture and utilise neural progenitors 

capable of cell renewal and differentiation towards different neural cell lineages have unlocked 

a great potential for applications in modelling human developmental biology, drug screening, 

tissue engineering, and regenerative medicine. However, there is still a considerable gap in 

our capacity to completely control the behaviour of neural stem cells. Further research is 

needed to understand these cell populations better and to devise feasible approaches to 

treating neural disorders or modelling neural networks in vitro. To generate a model or 

bioengineered tissue/organ closely mimicking its in vivo physiological functions, it is important 

to first answer the fundamental questions related to cell intrinsic developmental programs and 

environmental cues regulating cell differentiation and cell fate commitment. 

The intrinsic developmental programs in stem cells are temporally and spatially controlled to 

enable functional tissue formation. Previous research has shown that hallmarks of specific 

developmental stages are related to long-term repression of developmental genes. Such 

repression is caused by epigenetic modulation and can further contribute to cell fate restriction 

and cell fate commitment. Stem cell fate can also be regulated by environmental factors, 

including biological, chemical, and physical cues. While the biochemical factors involved in 

stem cell differentiation are widely studied, the role of biophysical factors has not yet been fully 

explored. 

In this thesis, a new bioengineered platform incorporating various biophysical stimuli (i.e. 

surface topography and electrical stimulation) was created to systematically study the 

interaction between neural cells and the biophysical factors in their microenvironment. The 

maturation and functional states of specific clinically relevant neuronal populations derived 

from human pluripotent stem cells (hPSCs) were presented, with a particular focus on cellular 

behaviour and epigenetic changes that represent specific hallmarks of neuronal differentiation 

in response to the stimuli provided by the platform. Finally, a novel tissue engineering 

construct composed of multiple cues, including topography, growth factor release, and 

electrical stimuli, tailored to neuroregeneration and nerve repair, was developed for potential 

clinical applications. 

1.1 Objectives 

(1) Chapter 4 firstly aims to characterise the neural differentiation scheme using an hPSC-

derived neural system. A poly(dimethylsiloxane) (PDMS)-based system delivering 
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topographical cues based on micro- and nano-grooved topography was developed. The 

chapter further presents the effects of surface topography on the hPSC-derived neural cell 

population and seeks to understand the regulatory mechanisms, particularly focusing on 

epigenetics and Notch signalling. 

(2) To further incorporate electrical stimulation and mechanical stimuli into the microgrooved 

platform, in Chapter 5, a novel cell culture platform incorporating various biophysical 

stimuli was developed and characterised. The chapter aims to examine the effect of each 

compartment as well as their synergistic effect on the hPSC-derived neural system and to 

determine the stimuli-induced epigenetic modulations. 

(3) In Chapter 6, after outlining how different biophysical stimuli affect neuronal differentiation, 

both biophysical and biochemical stimuli were incorporated for the development of a novel 

tissue engineering construct for nerve repair and neuroregeneration. A new serum albumin 

(SA)-based fibrous scaffold was designed to deliver a complex milieu, including 

topography, growth factor release, and electrical stimulation. Finally, the hPSC-derived 

neural cell population was used to evaluate its potential for functional enhancement of 

neuronal cell behaviour. 

1.2 Output of the Project and Contributions 

(1) A new bioengineered platform incorporating surface topography, electrical stimuli, and 

substrate modulus could be created to systematically study the combinatorial effects of 

biophysical cues. This platform could be applied to research on not only the neural system 

but also different cell types. 

(2) Using the developed platform, better control of neuronal differentiation and maturation with 

the desired morphology, biomolecular profiles, and functional properties with the clinically 

relevant human pluripotent stem cell-derived cell systems could be achieved. It could open 

the door to controlled differentiation of stem cells into ideal neuronal cell populations which 

closely mimic their in vivo compartments. The acquired cell populations could potentially 

be used as a suitable in vitro modelling system for drug screening and for various 

applications in tissue engineering and regenerative medicine. 

(3) The mechanisms behind the biophysical regulations on stem cell fate, particularly focusing 

on epigenetic controls, could be better understood. The mechanisms underlying epigenetic 

changes and signalling pathways related to neuronal development in response to 

biophysical stimuli may offer new insights into cell plasticity. Previously, some small 
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molecules have been found to affect epigenetics with therapeutic effects for various 

diseases. With further understanding of the mechanisms behind these cellular responses, 

the next steps could be designed for new pharmaceutical drugs or new physical therapies 

for treating specific diseases. 

1.3 List of Publications and Conference Presentations Related 

to this Thesis 

(1) Hsu CC, Serio A, Amdursky N, Besnard C, Stevens MM. “Fabrication of Hemin-Doped 

Serum Albumin-Based Fibrous Scaffolds for Neural Tissue Engineering Applications.” 

ACS Appl Mater Interfaces. 2018;10(6):5305-5317. 

(2) Hsu CC*, Serio A*, Gopal S, Chiappini C, Gelmi A, Stevens MM. “Biophysical Regulations 

of Epigenetic State and Notch Signalling in Neural Development using Microgroove 

Substrates.” (In preparation; co-first author) 

(3) Hsu CC, Serio A, Chiappini C, Stevens MM. “Biophysical Regulations of Epigenetic State 

in Neural Development using Electrical Stimulation and Microgroove Substrates.” 

Keystone Symposia- Transcriptional and Epigenetic Control in Stem Cells, CA, USA, Jan 

8th – 12th, 2017. (Poster) 

(4) Hsu CC, Serio A, Gopal S, Chiappini C, Stevens MM. “Microgrooves Regulate Epigenetic 

Landscape and Notch Signalling in Human Neural Stem Cells.” 2017 FEBS Workshop – 

Biological Surfaces and Interfaces: Interface Dynamics, Catalonia, Spain, July 2nd – 7th 

2017. (Poster) 
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2 Literature Review 

2.1 Introduction 

Studies on cellular responses to their extracellular environment are important for basic 

biological understanding as well as translational research for potential therapeutic benefit. It 

is now well-established that soluble biochemical factors (i.e. growth factors and cytokines), 

cell-cell interactions, and both the biochemical and biophysical stimuli of cells’ 

microenvironment can influence a variety of cellular events, such as cell migration, 

proliferation, and differentiation.1 However, a complete understanding of the mechanisms 

behind it is still not well characterised. In addition to gene and protein expression, another 

important program, epigenetic modulation, has recently been highlighted for its role in cell fate 

commitment. Nevertheless, so far, there are only a few studies that seek to understand the 

biophysical stimuli-modulated epigenetic mechanisms. 

In this literature review, the epigenetic control of cell fate during neural development will be 

reviewed, followed by review of cellular responses to biophysical stimuli, particularly focusing 

on the main topics in this project: topography and electrical stimuli. A few studies on the 

biophysical regulation of cells’ epigenetic state will be summarised to shed light on how 

different biophysical characteristics, including topography, electrical stimuli, and substrate 

stiffness can modulate the epigenetic landscape of different cell types. Additionally, the cell 

model systems utilised in this project will be discussed, including human embryonic stem cells 

(hESCs) and human induced pluripotent stem cells (hiPSCs). Finally, a summary of the 

progress and future scope in the field of biophysical stimuli-modulated cellular behaviour will 

be outlined. 

2.2 Epigenetic Control during Neural Development 

Epigenetic control refers to heritable changes in gene regulation without any change in the 

genome sequence.2 During embryonic development, the differentiation potential of neural 

stem cells (NSCs) is temporally and spatially confined to allow functional neuronal network 

formation. Previous research has shown that hallmarks of specific developmental stages are 

related to long-term repression of developmental genes, and such repression is often caused 

by epigenetic modulation.2 This can further contribute to cell fate restriction and cell fate 

commitment.2 So far, there are various mechanisms reported to be involved in these precise 

regulations, including deoxyribonucleic acid (DNA) methylation, histone modification, 
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chromatin remodelling, genomic imprinting, and regulatory non-coding ribonucleic acids 

(RNAs).3 Herein, a review of epigenetic regulations on terminal neuronal differentiation and 

maturation processes focusing on DNA methylation, histone modification, and chromatin 

remodelling mechanisms is presented (Figure 1). 

 

Figure 1. Schematic illustration of epigenetic modification in neural differentiation including 
deoxyribonucleic acid (DNA) methylation mediated by DNA methyltransferases (DNMTs), histone 
modifications associated with histone deacetylases (HDACs), histone acetyltransferases (HATs), and 
histone methyltransferases (HMTs), and chromatin remodelling. Figure adapted from Tang et al.4 

2.2.1 DNA Methylation 

A type of epigenetic mechanism is DNA methylation at CpG dinucleotides located in a gene 

promoter region. The methylation is mediated by DNA methyltransferase (DNMT) and it is 

involved in two major mechanisms: (1) the CpG methylation renders a DNA inaccessible to 

binding of transcription factors and results in down-regulated gene expression and (2) the 

methylated CpG sites bind to a family of methyl-CpG binding proteins (MBPs), such as methyl-

CpG binding protein 2 (MeCP2) and methyl-CpG-binding domain protein 1 (MBD1), and 

further recruit histone deacetylase (HDAC) repressor complexes, leading to chromatin 

remodelling and transcription repression.4 

During neural development, the timing of neuron and glial cell generation plays an important 

role in the formation of normal cytoarchitecture and this arrangement of cells are associated 

with particular functions in a tissue, especially in the cerebral cortex.5 While in early gestation, 

the NSCs primarily differentiate into neurons, and as gestation proceeds, the cells gradually 
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become multipotent and can differentiate into astrocytes and oligodendrocytes.5 It is known 

that cytokines in the interleukin-6 (IL-6) family, including leukaemia inhibitory factor (LIF) and 

ciliary neurotrophic factor (CNTF), can induce differentiation of NSCs into astrocytes, 

expressing the glial fibrillary acidic protein (GFAP), through activation of JAK–STAT3 

signalling.6 The onset of GFAP expression is an example of a DNA demethylation mechanism 

during neural development.6 It has been previously reported that during the early 

developmental stage, the STAT3-binding site is hypermethylated in mid-gestation 

neuroepithelial cells, which suppresses GFAP expression even with LIF stimulation; however, 

in late-gestation neuroepithelial cells, it becomes demethylated, enabling the NSCs to express 

GFAP in response to LIF stimulation. In addition, STAT3 does not bind to the methylated target 

sequence, which explains the lack of GFAP response to cytokine stimulation. Another example 

involved in DNA demethylation during astrocytic differentiation is an expression of S100 

calcium-binding protein B (S100b), an astrocytic marker expressed during astrocyte 

differentiation. The demethylation of a particular cytosine residue in the promoter of S100b 

was found to correlate with the onset of S100b expression in late gestation.7 

The second type of DNA methylation mechanism involved in chromatin remodelling is also 

linked to silencing of astrocyte-specific genes. Methyl-CpG binding domain (MBD) proteins, 

such as MeCP2, are predominantly expressed in neurons.8 At late gestation, ectopic MeCP2 

expression inhibited astrocytic differentiation of neuroepithelial cells through binding to the 

hypermethylated exon 1 region of the GFAP gene. This binding of MeCP2 can further recruit 

the HDAC repressor complex to give rise to neuronal differentiation and is not dependent on 

methylation of the STAT3-binding site within the GFAP promoter and do not respond to the 

STAT3-activating cytokine.8 

2.2.2 Histone Modification 

Histone modifications are also important in epigenetic control through histone acetylation, 

methylation, phosphorylation, adenosine diphosphate (ADP) ribosylation, ubiquitination, and 

sumoylation.4 Herein, the review will focus on two well-characterised mechanisms, including 

histone acetylation and histone methylation, during neural development. Histone acetylation 

occurs when an acetyl group is added to certain lysine residues within the N-terminal histone 

tails through histone acetyltransferases (HATs). The addition of an acetyl group decreases 

the interaction between the positively charged histone tails and the negatively charged 

phosphate backbone of DNA and induces relaxation of the nucleosomes, further activating 

the corresponding gene expressions. HDACs, on the other hand, remove the acetyl group 
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from the lysine residues and cause a condensed chromatin structure, resulting in 

transcriptional repression.9 

Previously, HDAC inhibitors, such as valproic acid (VPA), trichostatin A (TSA), and sodium 

butyrate (NaB), have been shown to induce neuronal differentiation and inhibit glial fate 

simultaneously in rat hippocampal neural progenitors through up-regulation of a neurogenic 

transcription factor, NeuroD.10 It was further showed that with treatment of HDAC inhibitors, 

an increase in expression of proneural transcription factors including Ngn1, Math1, and p15, 

were observed. Furthermore, the effect was found associated with acetylation of histone H4 

(AcH4) through chromatin immunoprecipitation (ChIP) analysis.11 

Another highly characterised histone modification is histone methylation. While histone H3 

methylation at lysine 4 (K4), K36, K79 generally results in transcriptional activation, histone 

H3 methylation at K9, K27 and histone H4 methylation at K59 are usually associated with 

transcriptional repression.12 For example, the fibroblast growth factor 2 (FGF2) could regulate 

the ability of CNTF to induce GFAP expression in rodent cortical progenitors. This process up-

regulated histone H3K4 methylation and down-regulated H3K9 methylation at the STAT 

binding site in the GFAP promoter and the histone methylation at this site was proposed to be 

specific to the cell’s differentiation state during development.13 A further example of histone 

methylation is global lysine methylation mapping in mid-gestation mouse embryos. It was 

found that trimethylated histone H3 lysine 9 (H3K9me3) and H4K20me were elevated in 

proliferating cells of the neural tube while H4K20me3 was enriched in differentiating neurons 

in the ventrolateral neural tube.14 

In addition to modification of DNA and histone independently, there is an intricate mechanism 

incorporating the two types of regulatory machinery. One example for this is a complex 

network of transcriptional repressors and co-repressors, which could negatively mediate many 

neuronal genes encoding ion channels, neurotransmitter receptors, synaptic vesicle proteins, 

and adhesion molecules for the extracellular matrix (ECM) in neuronal tissues.15 A zinc finger 

transcription factor, RE1 silencing transcription factor (REST)/neuron restrictive silencing 

factor (NRSF), is found to prevent premature expression of neuron-specific genes, such as 

βIII-tubulin, in undifferentiated ESCs through binding to the RE1 site of neuronal genes. This 

poised state of neuronal genes in ESCs is maintained via a REST/NRSF repressor complex, 

including corepressor for RE1 silencing transcription factor (CoREST), HDAC1, and MeCP2, 

enabling expression of neuronal genes at a very low level while in fibroblasts, the neuronal 

genes are completely silenced.16 During neuronal development, the down-regulation of 

REST/NRSF protein levels over time is suggested to induce neuronal gene expression by two 
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different mechanisms associated with two classes of neuronal genes.15 While class I genes 

were expressed by default, class II genes, including the calbindin and BDNF genes, were 

further regulated by CoREST and MeCP2 complex, which remained bound on the methylated 

CpGs adjacent to their promoters throughout differentiation. After a specific stimulus, such as 

neuronal depolarisation, MeCP2 becomes phosphorylated, and the repressor complex 

dissociates from the chromatin of class II genes resulting in class II gene expression. Since 

class II genes may be regulated by interference of HDAC activity and depolarisation, many 

genes in this class are considered to be associated with neuronal plasticity (Figure 2).15 
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Figure 2. Schematic models for the regulation of neuronal differentiation during embryonic development 
through RE1 silencing transcription factor (REST) complex in cortical neurons. (A) REST is down-
regulated dramatically in transit to neural progenitor stage by posttranslational degradation further 
inducing mature neural differentiation. Initially, the REST gene is actively transcribed in embryonic stem 
cell (ESCs) and neural progenitors; however, when the progenitors differentiate into neurons, the REST 
gene is down-regulated through binding of the unliganded retinoic acid receptor (RAR) repressor 
complex to the retinoic acid receptor element (RARE). (B) Two classes of RE1-containing genes in 
post-mitotic cortical neurons are regulated differentially. For class I genes, their expression levels are 
mostly increased by default due to the down-regulation of REST expression and dissociation of the 
whole repressor complex from the RE1 site during neural development. For class II genes, in neural 
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progenitors/ESCs, a REST repressor complex on the RE1 site presents with corepressor for RE1 
silencing transcription factor (CoREST) and methyl-CpG binding protein 2 (MeCP2) corepressor 
complexes on a site of mCpGs in their promoter region and the genes are expressed at lower levels 
compared to the class I genes in cortical neurons. When cells differentiate into mature neurons via the 
loss of REST and corepressors from the RE1 site, the CoREST and MeCP2 repressor complexes 
remain at the mCpG site. Under environmental stimuli, such as membrane depolarisation, CoREST 
remains bound to chromatin, while MeCP2, together with mammalian transcriptional repressor Sin3 
(mSin3) and histone deacetylase (HDAC), leaves the mCpG site allowing a maximal level of gene 
expression (yellow filled circles denoted m, mCpGs; a red filled circle denoted P, phosphorylated; N-
coR, nuclear receptor corepressor). Figure adapted from Ballas et al.15 

2.2.3 Chromatin Remodelling 

Chromatin remodelling refers to modulation of histone-DNA interactions in nucleosomes.4 

Depending on chromatin architecture, the chromatin can be modulated in an accessible or 

inaccessible state.2 In mammals, chromatin remodelling complexes are classified into several 

subgroups, including switching (SWI; or sucrose non-fermenting, SNF) complex, initiation 

switch (ISWI) complex, and other complexes based on different adenosine triphosphatase 

(ATPase) units and additional protein motifs involved.4 Previously it was shown that the 

proliferation and differentiation potential of oligodendrocyte precursor cells could be converted 

into neural stem-like cells through reactivation of sox2 gene by recruitment of Brca1 and Brm 

(catalytic subunits of the SWI/SNF complex) associated with H3K4 methylation and H3K9 

acetylation.17 Another example for chromatin remodelling is Brg1, a catalytic subunit of the 

SWI/SNF complex, which is required for both Xenopus primary neurogenesis and neuronal 

differentiation of mammalian P19 embryonic carcinoma cells. Although the loss of Brg1 

function did not affect neural cell fate determination, it could cause expansion of proliferating 

neural progenitors and diminish expression of a terminally differentiated neuronal marker. The 

suppressed neuronal differentiation was further found to be associated with down-regulation 

of the proneural bHLH proteins, including Ngnr1 and NeuroD.18  

2.2.4 Regulatory Machinery during Neural Development 

In vitro ESC culture systems have been widely used to investigate the differentiation potential 

at various neural developmental stages in the absence of environmental cues. Along with 

clonal analyses of neural progenitors isolated from embryonic brain, it becomes clear that 

besides extracellular signals, an intrinsic epigenetic program associated with long-term 

repression of developmental genes has a key role in cell fate commitment.2 Particularly, 

epigenetics takes part in regulation of the poised genes in pluripotent ESCs which are key 

developmental genes being silenced or expressed at low levels but could respond to 

appropriate developmental cues in later stages. This reversible state is different from the 

permanent silencing found in the differentiated cells, which suppresses genes associated with 
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other lineages. Figure 3 shows a summary of different classes of developmental genes in the 

various transcriptional states, including active, poised, or repressed, at each stage during 

neural development.2 In this project, the focus was on hESC- and hiPSC-derived NSCs 

(categorised as neural precursor cells, NPCs in the figure) and neurons. It is highlighted that 

in the progression of neuronal differentiation, genes associated with neural genes, astrocytic 

genes, and non-neuronal genes further gain the H3K9me3 mark, resulting in the long-term 

repression of these genes in terminally differentiated neurons. The active state of neuronal 

genes presented in neurons could be related to histone acetylation.10, 19 

 

Figure 3. Summary of different classes of developmental genes in the various transcriptional state, 
including active, poised, or repressed, at each stage of neural development (ESCs, embryonic stem 
cells; NPCs, neural precursor cells; Oct4, octamer-binding transcription factor 4; Gdf3, growth 
differentiation factor 3; Sox1, SRY-box containing 1; Pax6, paired box gene 6; Ngn1, neurogenin 1; 
REST, RE1-silencing transcription factor; PcG, polycomb group proteins; Syt1, synaptotagmin I; 
Sema4f, sema domain, immunoglobulin domain, TM domain and short cytoplasmic domain; Grid1, 
glutamate receptor, ionotropic, δ1; Gfap, glial fibrillary acidic protein; S100b, S100 calcium-binding 
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protein B; Pparg, peroxisome proliferator-activated receptor-γ; Sp7, Sp7 transcription factor). Figure 
adapted from Hirabayashi et al.2 

2.3 Effects of Substrate Topography on Neural Development 

The nervous system exhibits a complex three-dimensional (3D) environment with a wide 

variety of topographical features at the micro- to nanometer scales.20 Although there exists 

little quantitative detail on these topographical features, attempts to measure the topography 

of the neuronal structures and some reference in the size scale could give us some insight on 

how topography regulates cellular responses. For example, with the use of an atomic force 

microscope (AFM) to measure sub-membrane structures of rat hippocampal neurons, it was 

reported the thickness of their filopodia is in multiples of 60 nm.21 Another study also used 

AFM to measure dimensions of murine myelinated and demyelinated axons, where they found 

the axons typically exhibited a width of 5-15 μm and a height of 2-6 μm.22 Furthermore, the 

surface of the demyelinated axons appeared smoother than that of myelinated axons.22 A few 

other size scales for topographical features emanating from cell bodies, axons, and dendrites 

or the ECM were summarised in a review article by Moore et al.23 For instance, in the 

vertebrate nervous system, neurons typically have a cell body with 10 µm (10-50 µm) 

diameters whereas axons and dendrites have diameters in the micrometre range (0.2-3 µm). 

ECM proteins, on the other hand, acquire features at the level of 100 nm or less. For example, 

laminin, a ECM protein which can promote neurite outgrowth and neuronal survival, exhibits 

globular domains of ~4 nm in diameter, and fibronectin, another ECM protein which plays an 

important role in neuronal migration and outgrowth, acquires filaments in diameters of ~10 

nm.23 

The importance of these topographical features in cells and tissue organisation has been 

shown from the early developmental stage, where cells secret their only ECM, constructing a 

well-defined microenvironment for specific cellular behaviours.24 For example, ECM 

organisation and distribution have been found to regulate crest cell migration during 

development.25 Topographical cues could also act as migration guidance for brain tumours in 

which the individual tumour cell typically invades and tends to migrate along the periphery of 

blood vessels, the subpial glial space, and the white matter tracts.26 Axons have also been 

found to travel along the existing axon tracts and in injured peripheral and central nerves, 

neural cells re-orient and align with neuroglial cells for neuronal growth.27-28 

Although there is limited understanding of cell interactions with adjacent micro/nano-

topographies of their microenvironment in vivo, recently, with advances in fabrication 

techniques, synthetic topographic substrates have been developed to successfully 
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recapitulate the structure and length scale of these native topographies. Numerous techniques 

for surface engineering include photolithography, microcontact printing, microfluidic 

patterning, and electrospinning, enabling fabrication of the topographical features with well-

defined patterns and spatial scale resolution for all various purposes, such as stem cell 

differentiation.24 In general, cells cultured on these synthetic topographic substrates often 

respond differently depending on their cell type, cell culture protocols, pattern, size scale, and 

the properties of the bulk substrate material, such as surface chemistry and substrate 

stiffness.29 As there is abundant research on a wide range of patterns and scales on different 

cell types, this review will focus on two-dimensional (2D) surface functionality to understand 

the impact of length scale of micro-/nano-patterning on cellular responses, including cell 

adhesion, focal contact formation, and subsequent modulation on a wide spectrum of cellular 

responses, such as cell migration, survival, proliferation, differentiation, and apoptosis. The 

review will then demonstrate the use of 3D micro-/nano-patterning, which mimics the ECM 

environment in vivo, in modulating cellular functions. Herein, the focus is on micro-/nano-

grooved topography, the most relevant pattern in this project, in the targeted neural system. 

The adhesive interaction of cells with neighbouring cells or ECM is essential for tissue 

architecture and physiological functions of tissues and organs.30 Owing to the connection of 

cell adhesion molecules to the internal cytoskeletal system, cell adhesion can be translated 

into intracellular signalling cascades or mechanical forces, further modulating a wide range of 

cellular events.31 One of the most well-studied cell adhesion receptors are integrins, which are 

heterodimeric transmembrane receptors consisting of different α and β subunits.30 Different 

integrins can specifically recognise various ECM proteins, such as fibronectin, laminin, and 

vitronectin.32 Several experimental systems have been developed to better understand the 

interactions between integrins and ECM proteins and investigate the ligand-receptor 

interactions for cell adhesion and spreading.33-38  

One of the adhesive peptides, arginine-glycine-aspartic acid (RGD), located in many ECM 

proteins, was introduced in different ligand-receptor modelling systems. For example, a 

synthetic RGD-containing peptide was covalently immobilised on polyacrylamide gels to 

explore integrin-mediated cell adhesion and it was later demonstrated that the minimal peptide 

spacing for fibroblasts to spread on this system was 76 nm.33, 39 Although the system could 

obtain well-defined gradients of the ligands, as the peptides are permeable in polyacrylamide 

gel, the surface concentrations of the RGD peptides could only be estimated.39 Another 

modelling system was developed by absorbing RGD-grafted albumins on a plastic substrate, 

where it was shown that the cell adhesion increased with increasing amounts of conjugated 

RGD per albumin molecule.34 Although the number of RGD peptides conjugated to the 
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albumin could be calculated, it was difficult to quantify the exact number of RGD peptides 

involved in cell interaction as the RGD might not be accessible because of the masking of the 

albumin or its conjugated conformation might hinder the binding of cell receptors.39 In 1991, 

Massia and Hubbell developed a system with RGD-containing peptides covalently bound to a 

glass substrate, which presented a platform with the RGD peptides immobilised identically 

and available to the cells exclusively at the surface. This system enables an accurate 

determination of the ligand-receptor interactions in human foreskin fibroblasts. The minimal 

peptide spacing of 140 nm was required for integrin αvβ3-mediated focal contact formation and 

normal stress fibre organisation.39 With the increasing ligand-receptor interactions, the 

integrins clustered and formed focal complexes and further matured to form more stable, 

larger focal adhesions and stress fibres.40 It was reported that a minimum ligand spacing of 

440 nm could support the integrin αvβ3-mediated cell spreading.39 

During the assembly of integrin-mediated cell adhesion structure, different components, 

including catalytic proteins (e.g. protein tyrosine kinases and protein serine/threonine kinases) 

and adaptor proteins (e.g. talin, paxillin, and vinculin), are recruited to the cell-ECM adhesions, 

resulting in cell spreading and other cell responses, namely cell survival, apoptosis, 

proliferation, and differentiation.40 The two main mechanisms behind these cellular responses 

include both biochemical and mechanical pathways. Both the pathways require initial integrin-

receptor interactions followed by integrin-clustering events and the formation of the focal 

adhesions.41 The biochemical pathway proceeds by recruiting and activating the signalling 

components of the focal adhesion site, such as focal adhesion kinase (FAK), a cytoplasmic 

protein tyrosine kinase, and other protein tyrosine kinases (e.g. Src, PYK2, and Csk).42 In 

addition, it can also activate other intracellular signalling pathways associated with growth 

factor receptors (GFRs), including mitogen-activated protein kinase (MAPK), such as 

extracellular signal-regulated kinase-1 (ERK1) and ERK2, or serine/threonine kinases, such 

as protein kinase C.43-46 These events result in cell cycle progression, DNA synthesis, and cell 

division through modulations of cell cycle proteins.47-49 For example, it was reported that 

overexpression of FAK could accelerate G1 to S phase transition in both mouse and human 

fibroblasts. The formation of FAK/Src complex in the focal contacts, ERK activation, 

upregulation of cyclin D1, and decrease in the cyclin-dependent kinase inhibitor p21 were 

shown to be part of the downstream events in the integrin-mediated signalling pathway 

regulating the cell cycle progression.50 

The mechanical pathway, on the other hand, is based on the changes in the mechanical 

tension of a cell’s actin cytoskeleton.41 After an integrin binds to an ECM protein, the 

cytoplasmic domain of the β unit binds to the adaptor proteins, such as talin, α-actinin, or 
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tensin, and these structural components of the adhesion site further link the integrin to actin 

fibres.42 The actin fibres, on the other hand, are wired to the nuclear membrane and 

membranes of cellular organelles.51 The increasing mechanical tension of the actin fibres 

during cell spreading changes the nuclear size, increases DNA synthesis, and regulates 

nuclear export of cell cycle-regulating factors.52-54 The change in nuclear volume also leads to 

chromatin decondensation, which enhances the accessibility of DNA to the replication 

machinery, promoting DNA replication and G1 to S phase transition.55 

Through these two mechanisms, cell adhesion plays an important role in regulating cell 

migration, proliferation, and differentiation. In general, anchorage-dependent cells do not 

proceed to cell division or apoptosis without adhesion and extension on substrates.41 Cells 

possessing numerous and large focal adhesions as well as increased expressions of cell 

adhesion molecules are usually less active in cell migration and proliferation and more active 

in differentiation.41 Rat smooth muscle cells were found to adhere more strongly to cell 

adhesion peptides (RGDS, KQAGDV, and VAPG) than the substrates without any ligand or 

with non-adhesive control peptides, e.g. RGES.56 Both cell migration and cell proliferation 

achieved the maximum cell adhesion with optimised ligand binding. For example, cells showed 

higher migration on surfaces with 0.2 nmol/cm2 of adhesive ligand than on the control; 

however, cell migration was lower on surfaces with 2.0 nmol/cm2 of adhesive ligand. On the 

other hand, cell proliferation decreased on adhesive surfaces and it was significantly lower on 

the surface with 2.0 nmol/cm2 of adhesive ligand than on the surface with 0.2 nmol/cm2 of 

adhesive ligand.56 Another study showed that immobilisation of cell adhesion peptides (RGDS 

and YIGSRG) could significantly increase the random motility of endothelial cells.57 Previously, 

cell migration has been shown to correlate with cell-substrate adhesiveness, which is 

determined by the ligand concentration of the substrate, expression of cell integrin, and affinity 

of integrin-ligand binding.58 While high cell-substrate adhesiveness hinders cell migration by 

preventing the release of cell adhesion, low cell-substrate adhesiveness results in a decreased 

probability of the formation of stable cell adhesion sites and reduces cell migration.58 

Cell proliferation, apoptosis, and differentiation, as briefly mentioned above, are regulated by 

cell attachment through integrin activation and changes in intracellular tension. The well-

characterised signalling cascades include phosphoinositide 3-kinase/protein kinase B 

(PI3K/Akt), MAPK/ERK, and small GTPase (Rho and Rac) signalling pathways, which further 

regulate the cell cycle proteins, such as cyclin D1 and Cip/Kip family of cyclin-dependent 

kinases inhibitors (CKIs).54 For example, murine embryonic fibroblasts with mutant β1 integrin 

at the cytoplasmic domain impaired activation of the FAK-PI3K-Akt and Rac-c-Jun N-terminal 

kinase (JNK) signalling pathways and ERK nuclear translocation, resulting in impaired cell 
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proliferation and survival. Expression of the activated Rac could restore ERK nuclear 

translocation, promote MAPK activity, and correct the proliferation defect, indicating that the 

β1 integrin-induced Rac activation and the downstream signalling pathway are critical for cell 

growth.59 In addition to the above signalling cascades, integrin-mediated control of the cell 

cycle and cell fate is also associated with the regulation of GFRs by controlling their 

transcriptional expressions or through the formation of integrin-GFR complexes.60 For 

example, in epithelial cells, detachment-induced apoptosis is associated with a lack of integrin 

engagement, which downregulates the expression of the epidermal growth factor (EGF) 

receptor and results in ERK signalling inhibition, upregulation of Bim, a pro-apoptotic protein, 

and cell apoptosis. By overexpressing the EGF receptor in the suspended cells, ERK 

signalling could be activated, which then blocks the expression of Bim and apoptosis.61 

Cell differentiation is also associated with integrin-mediated cell cycle regulation. One example 

is that of epithelial cells in the skin. Epithelial stem cells, in contact with the basement 

membrane, ensure their survival and proliferation through the integrin-mediated MAPK 

signalling pathway. While the cells migrate to the cutaneous layers of the epidermis, they 

reduce the integrin adhesion and exit from the cell cycle, leading to spontaneous terminal 

differentiation.62 It was found that β1-null keratinocytes, characterised by poor adhesion to 

various extracellular substrates, exhibited reduced proliferation, increased terminal 

differentiation, and impaired cell migration.63 Another illustration is the control of 

oligodendrocyte development in the central nervous system (CNS). Platelet-derived growth 

factor (PDGF) participates in regulating oligodendrocyte proliferation and survival through the 

association of PDGFα receptor with different integrins, such as αvβ3 for proliferation and α6β1 

for survival.64 During development, the PDGFα receptor collaborates with αvβ3 integrin, 

activating the PI3K signalling pathway for cell proliferation, and only when the cells are in 

contact with the axons expressing laminin-α2, the PDGFα receptor further collaborates with 

α6β1 integrin and ensures cell survival.65-66 Differentiation of oligodendrocytes is also 

associated with α6β1 integrin. The effect of neuregulins (a family of EGF-related growth 

factors), which promote cell proliferation and survival and inhibit differentiation, is mediated by 

α6β1 integrin when the cells are in contact with laminin-α2. Ligation of α6β1 can switch the 

original neuregulin-mediated PI3K-dependent pathway into an MAPK-dependent pathway, 

thus promoting differentiation of oligodendrocytes.67 

While surface immobilisation of peptides or proteins has been widely used for modulating cell 

behaviours, physico-chemical properties of the material surface, such as chemical 

composition, polarity, and surface charge, were also examined for their effects on cellular 

responses. Previously, it has been shown that cells exhibited better cell adhesion on positively 
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charged surfaces than on negatively charged surfaces because the negatively charged cell 

membranes with negatively charged cell adhesion molecules preferentially attach to the 

positively charged surfaces.68 For instance, the modified polytetrafluoroethylene surfaces with 

positively charged amine groups significantly increased the number of adhering cells and cell 

proliferation in human umbilical vein endothelial cells and human embryonic kidney cells.69 

Another mechanism modulating cell behaviour on surfaces with different physico-chemical 

properties is the Vroman effect, which describes the series of adsorption and displacement 

steps of proteins with different binding affinities.70-71 By tuning the surface chemistry, protein 

adsorption and conformation of the adsorbed proteins can be modulated to influence cell 

attachment and other cellular responses.72 In general, hydrophobic surfaces increase protein 

adsorption; however, when the surfaces are extremely hydrophobic, the adsorbed proteins 

could reach a denatured and rigid state, which makes the specific protein ligand inaccessible 

to cell adhesion receptors, thus hindering cell attachment.73 Previously, the amount of 

adsorbed fibronectin was quantified on different functionalised surfaces in the following order: 

NH2 > CH3 > COOH > OH. While the cells tend to adhere to higher protein concentrations, cell 

adhesion in the experiment, however, exhibited a contrasting trend: CH3 < NH2 = COOH < 

OH. The phenomenon can be explained by the conformational changes in fibronectin due to 

the underlying substrates. These changes modulate α5β1 integrin binding and thus manipulate 

cell adhesion.74 Optimal cell adhesion is generally exhibited on moderately hydrophilic 

substrates since the adsorbed proteins are weakly bound to highly hydrophilic surfaces, which 

results in the detachment of the adsorbed proteins and subsequently affects the adhering 

cells. For example, the extremely hydrophilic ultra-smooth nanostructured diamond almost 

completely terminated MSC adhesion while the less hydrophilic surfaces supported cell 

attachment, dispersal, and growth.75 

While the 2D micropatterning strategies have allowed us to better understand the underlying 

mechanisms of cell adhesion, dispersal, and subsequent cellular events, including cell 

survival, apoptosis, migration, proliferation, and differentiation, 3D micropatterning 

demonstrates a more appropriate method to recapitulate a physiological microenvironment 

because the in vivo extracellular environment is 3D and cells behave differently on 2D and 3D 

substrates. So far, a wide range of topographical length scales and geometries have been 

developed.24, 29 Herein, the literature will focus on micro-/nano-grooved topography, the most 

relevant pattern in this project, and their effects on neural cell behaviours. Previously, use of 

surface-based micro-/nano-grooved cues has been reported in studies for neurite guidance 

and enhanced neuronal differentiation in different cell culture systems, including immortalised 

cell lines, such as Luhmes cells,76 human ESCs,77 human iPSCs,78 and human NSCs.79 For 
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example, previously it was observed that neuronal differentiation of human ESCs could be 

induced by nanogrooved topography in the absence of differentiation-inducing agents.77 

Another study used microgrooved poly(dimethylsiloxane) (PDMS) substrates (1 µm-depth) for 

neuronal differentiation of human umbilical cord blood-derived mesenchymal stem cells 

(MSCs). They found that with features of 1 µm in width, cell proliferation and neuronal 

differentiation were significantly increased compared to the planar surfaces and microgrooved 

surfaces with larger features (2 and 4 µm). Furthermore, it was found that the neurons on 

PDMS with 1 µm pattern increased the cytosolic calcium response to the highest level 

compared to those on 2 and 4 µm-patterned PDMS after use of potassium chloride (KCl) 

(Figure 4).80 

 

Figure 4. Differentiated umbilical cord blood-derived mesenchymal stem cell (MSCs) on different 
microgrooved patterns. (A) 1 µm-patterned poly(dimethylsiloxane) (PDMS) induced an increase in 
calcium when 133 mM KCl was added while those on (B) 2 µm-patterned PDMS showed an insignificant 
effect on calcium compared to the 1 µm-patterned PDMS (letters in the figure represent different cells 
analysed). Figure adapted from Kim et al.80 

In addition to topography, combinatorial effects of cell/topography and cell/cell interactions 

with different cell types and various cell densities were also examined.76, 81 For instance, the 

effects of microgrooved features (with groove width/spacing/depth: 16/13/4 µm) on neuronal 

differentiation of adult rat hippocampal progenitor cells (AHPCs) have been examined in co-

culture with astrocytes.81 The cells on the grooves exhibited over 75 % alignment in the groove 

direction and AHPCs co-cultured with the astrocytes on the microgrooved substrate 
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preferentially acquired neuronal morphology compared to AHPCs on the planar substrate and 

those growing in the absence of astrocytes (Figure 5). 

 

Figure 5. Cells were aligned in the groove direction and (g-i) The adult rat hippocampal progenitor cells 
(AHPCs) co-cultured with astrocytes on the micropatterned substrate were found with higher neuronal 
differentiation compared to (d-f, j-l) Those on the planar substrate and (a-f) Those growing in the 
absence of astrocytes (RIP, receptor interacting protein, a glial marker; TuJ1, βIII-tubulin, a neuronal 
marker). Figure adapted from Recknor et al.81 

As there were many other studies in the field focusing on neuronal cell behaviours in response 

to micro-/nano- grooved topographical cues, herein, instead of describing each finding in 

detail, the literature is summarised, but not exhaustively, in Table 1, where the various studies 

are presented with material of the platform, topographical feature size, cell type, and the 

corresponding cellular responses. Recently, studies have also started to elucidate the 

mechanisms behind topography-induced neuronal differentiation, for example, integrin-

mediated mechanotransduction and the intracellular signalling pathways involved.79, 82 These 
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concepts will be discussed in the introduction of Chapter 4. Microgroove-Based Topography 

Regulates Epigenetic Landscape and Notch Signalling in Human Neural Stem Cells, focusing 

on the topography-modulated mechanisms. 

Table 1. The effects of synthetic micro-/nano- grooved topography on neuronal cells. The table is 
detailed but not exhaustive (Ref. in the table denotes the corresponding reference. PDMS, 
poly(dimethylsiloxane); PS, polystyrene; PLGA, poly(lactic acid-co-glycolic acid); PMMA, 
polymethylmethacrylate; PUA, polyurethane acrylate). 
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PS-b-
PMMA               82 

 

2.4 Effects of Endogenous Electrical Fields and Electrical 

Stimulation on Neural Development 

During embryonic development, endogenous electrical fields (EFs) are generated during 

specific developmental stages and serve as a critical physiological cue affecting major cellular 

events, including cell proliferation, migration in certain directions, and finally differentiation and 

reorganisation in order to form specific tissues and organs.99 Generation of endogenous EFs 

originate from a monolayer of epithelial cells surrounding the organs and embryos. By up-

taking ions from the environment, the sum of membrane potentials between the outer and 

inner cell membranes across these epithelial layers, which is also known as transepithelial 

potential (TEP) difference, is first generated. The heterogeneity of TEP difference between 

various regions of an organ and an embryo then drives the generation of endogenous ionic 

currents and related EFs, which further affect various cell behaviours.100 

In 1990, with the use of a 2D vibrating probe and the developing chick embryo models, it was 

for the first time that endogenous voltage gradients were recorded in normally developing 

embryos. The TEP differences between various regions of the embryo were calculated as an 

intraembryonic voltage gradient of 21±5 mV/mm. Finally, the authors suggested the observed 

endogenous EF could act as a directional cue, guiding the neural crest cells towards the 

hindgut from the more electrically positive anterior and dorsal regions, playing a critical role in 

the developing chick embryo.101 Similarly, in developing axolotl embryos, endogenous ionic 

currents and voltage gradients have been recorded on the rostral/caudal and medial/lateral 

axis of the embryo with use of a non-invasive vibrating electrode, where at early neurulation, 

the caudal and mediolateral potential gradients were recorded but then found to disappear at 

its climax.102 They also found that if applying an external EF to these embryos on neurula 

stage, some developmental abnormalities could be observed; however, if the external EFs 

were applied on gastrula stage, the embryos would develop normally. These findings support 

that external EFs could polarise the early vertebrate embryo and affect morphogenesis and 

pattern formation during specific stages of embryonic development. To date, the complete 

records of endogenous EFs were mainly obtained in developing chick and amphibian 

embryos.101-102 Although studies of endogenous EFs in higher animals are limited, based on 
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these available studies, the endogenous EF pattern can be established and could be advisable 

for parameters applied in external electrical stimulation studies for different biological systems. 

Another example for in vivo endogenous EF is nerve sprouting in response to wounds in skin 

and cornea.100 Previously, with an in vivo rat corneal model, it was shown that by inducing a 

wound in the corneal epithelium, the wound-induced endogenous EF could affect nerve 

sprouting, orientation of nerve growth, and the rate of wound healing.103 Furthermore, with 

application of different drugs in the first 10 h, they reported some drugs, such as aminophylline 

and ascorbic acid, could enhance the wound-induced EF and almost doubled the early healing 

rates while other drugs, such as ouabain and furosemide, disrupted the wound-induced EF 

and resulted in significantly reduced healing rates (Figure 6). 

 

Figure 6. Wound-induced endogenous electrical field (EF) could affect nerve sprouting, the orientation 
of nerve growth, and the rate of wound healing. The transcorneal potential difference (TCPD) was 
manipulated pharmacologically and could be used to modulate the wound-induced endogenous EF 
(left). Wound healing in rat cornea was controlled by the wound-induced endogenous EF (right): wound 
healing of 4 mm circular lesions outlined by black dots and stained yellow with fluorescein in (A) 
Untreated corneas, (B) Ouabain-treated, where the wound-induced EF was inhibited, and (C) 
Aminophylline-treated corneas, where the wound-induced EF was enhanced, and the healing was 
faster (PGE2, prostaglandin E2). Figure adapted from the review by McCaig et al.100 

In addition to endogenous EFs generated during development and wound healing, various 

forms of other electrical activities can also influence neural development at later stages on 

synaptic maturation and refinement of the neural circuit.104 It was found that voltage-

dependent channels and transmitter-activated channels were often expressed at the early 

stage of neuronal development enabling Ca2+ influx before synaptogenesis. These 
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excitabilities were suggested to play an important role in regulating nerve growth and 

stimulating neuronal differentiation.105 For example, before a retina could respond to light, 

retinal ganglion cells generated spontaneous and highly correlated bursts of action potentials. 

These activities were later found correlated with formation of precise neural circuits in the 

visual system. When blocking or disrupting these endogenous electrical activities during a 

critical period, a severe disruption of the neural network connection was observed.106 

As endogenous EFs and electrical signals have been shown to affect cellular behaviours, the 

application of external electrical stimulation has also been used to direct cell migration, 

proliferation, and differentiation. Furthermore, it could also affect neuronal orientation, nerve 

growth rates, and branching in neural development.107 For instance, neurites of single 

dissociated Xenopus neural tube cells were found to grow preferentially towards the negative 

pole (cathode) with an EF application of 7 mV/mm. It was also observed that when the cells 

were exposed to an EF, there was a tenfold difference in the number of neurons which 

sprouted neurites compared to the control group.108 Another study also discovered that with 

extracellular EFs of 10 to 103 mV/mm on dissociated Xenopus neurons, the growth of neurites 

facing the cathode was accelerated while those facing the anode was reduced. More neurites 

were found to initiate from the cathode-facing side, and the growth of all neurites sprouting 

perpendicularly to the EFs was prompted to curve towards the cathode. The effect of the EF 

was also reversible as removing the EF led to the loss of neurite orientation, and if the polarity 

was reversed, the cells resulted in a rapid reversal in neurite orientation.109 Other published 

studies are focused on directing nerve growth rates using electrical stimulation. For example, 

a previous study reported that a dynamic growth of earliest spinal neurites from Xenopus 

laevis in vitro where the control and cathode-directed neurites grew at a rate of about 30 μm/h 

while the growth of anode-facing neurites was 8 times slower.110 Similarly, neurite growth rate 

could also be tuned according to polarity of the applied EF, where the neurites grew faster in 

the cathodic direction.111 EFs can also influence nerve branching that when the earliest spinal 

neurites from Xenopus laevis were exposed to an EF (30 to 233 mV/mm), they were shown 

to possess 30-50 % more filopodia than the control neurites.110 Moreover, nerve branching 

can be enhanced by combining electrical stimulation with some pharmacological treatments. 

For example, dimethyl sulfoxide (DMSO) or ganglioside along with EF application was found 

to promote nerve branching, while individually neither demonstrated any significant effect 

compared to the control.112 

Since external electrical stimulation has been shown to have a great potential to enhance 

neuronal behaviour, more recently, research has focused on the development of novel 

materials with electrically conductive properties, such as conducting polymers (CPs), 
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graphene-based materials, metal nanoparticles, carbon nanotubes, etc. for electrical 

stimulation.113 Methods generally used for electrical stimulation include: (1) metal conductive 

electrodes in solutions; (2) application of voltage to conductive materials as one of the 

electrodes and placing another electrode separately as anode or cathode; (3) application of 

voltage using two electrodes connected with the conductive scaffolds; and (4) use of salt 

bridges connected with the metal electrodes for electrical stimulation.113 General metal 

electrodes for electrical stimulation procedures are gold and platinum electrodes.114 Surface 

electrodes made of silver plates were also available in different sizes for clinical 

applications.113 Some of the most popular conducting polymers used for biomedical 

applications include polyaniline (PANI), polypyrrole (PPy), and Poly(3,4-ethylene 

dioxythiophene) (PEDOT) and their derivatives modified with other bioactive molecules and 

biopolymers.115 As there are plenty of materials and methods derived for electrical stimulation 

for neural tissue engineering (TE) applications, herein, only a few selected electrically 

conductive materials were reviewed in Table 2 for examples in the field. 

Table 2. Examples of electrically conductive materials for electrical stimulation for neural tissue 
engineering (TE) applications (Ref. in the table denotes the corresponding reference. CP, conductive 
polymer; PANI, polyaniline; PLLA, poly-L-lactide; NSC, neural stem cell; NGF, nerve growth factor; PPy, 
polypyrrole; PLGA, poly(lactic acid-co-glycolic acid); MSC, mesenchymal stem cell). 

Category Material Cell Type Electrical 
Stimulation Ref. 

CPs 

PANI/poly (epsilon-
caprolactone)/gelatin 

nanofibrous 
scaffolds 

PC12 100 mV/mm for 15, 
30, and 60 min 

116 

PLLA/PANI 
nanofibrous 

scaffolds 
Rat NSCs 100 mV/mm for 60 

min 
117 

NGF-PPy-PLGA 
nanofibrous 

scaffolds 
PC12 10 mV/cm for 2 h 118 

NGF-conjugated 
PPy–PLLA fibrous 

scaffolds 
PC12 10, 100, and 1000 

mV/cm for 2 h 
119 

Graphene-based 
materials 

Graphene/ 
polyethene 

terephthalate film 

SHSY5Y 

(a human 
neuroblastoma cell 

line) 

Pulse trains of ±4.5 
mV/mm to ±450 

mV/mm, duration of 
10 s (1 Hz) with an 
interval of 100 s for 

32 min 

120 
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Graphene film on 
glass Human NSCs 

Pulse trains of 1-10 
of 500 mV 

monophasic/cathodic 
voltage, duration of 

1-100 ms for 1 s 

121 

Graphene patterns 
on PDMS Human MSCs 300 mV, 1 Hz for 24 

or 72 h 
122 

Graphene film on 
polylactic acid/ 

PLGA 
PC12 

Biphasic current 
waveform at 250 Hz, 
consisting of 100 μs 

pulses of ±0.1 
mA/cm2 with a 20 μs 
interphase gap, and 

a 3.88 ms rest period 
in each cycle 

123 

Metals 

Gold nanoparticles 
on glass Human MSCs 

Steady potential of 
250 mV for 1000 s 
twice every day for 

1, 3, and 5 days 

124 

Gold nanoparticles 
on glass Human MSCs 

Constant or pulsed 
current of 250 mV for 
1000 s once every 3 

days for 1-3 
treatments 

125 

Gold nanoparticles 
on glass PC12 

Steady potential of 
250 mV for 1 h once 
every 3 days for 1-3 

treatments 

126 

Carbon nanotubes 

Double-wall carbon 
nanotubes on PDMS 

microgrooves 

Neuro2a  

(mouse 
neuroblastoma cell 

line) 

-  

Carbon nanotube 
rope 

HCN-A94-2 

(adult rat 
hippocampal NSC 

line) 

5 mV, 0.5 mA, 25 ms 
intermittent 

stimulation for 1-3 
weeks 

127 

Layer-by-layer 
assembled single-

wall carbon 
nanotubes and 

laminin 

NSC line 

a series (∼10-15) of 
1 ms, 1-10 µA/cm2 
pulses spaced in 1-

10 s intervals 

128 

In summary, although there are plenty of materials for electrical stimulation and the results 

have shown its potential in the enhancement of neuronal behaviour, the effects of electrical 

stimulation are highly variable depending on cell type, material, and the applied electrical 

stimulation,109, 129-131 and thus far, ideal systems with optimised parameters are still difficult to 
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achieve. While the effects of electrical stimulation have been widely studied, to decipher the 

mechanisms behind all various cellular effects will be critical and can be applied to design of 

novel electrical stimulation platforms for fundamental research and translational applications. 

2.5 Biophysical Regulation of Cells’ Epigenetic State 

2.5.1 Topography 

Micro-/nano-topography has been shown to induce stem cell differentiation;29, 76-77, 79-82 

however, the mechanisms behind these effects are still not completely understood. One 

potential mechanism is that cell spreading and osmotic stretching of cell nuclei can cause the 

release of Ca2+ into cell nuclei and further induce changes in gene expression via an 

intracellular Ca2+-mediated signalling cascade.132 Recently, there has been a shift in focus 

towards epigenetic regulations of topography, including cytoskeleton rearrangement and 

nuclei elongation of cells in response to different topographies and the correlated mechanisms 

of mechanotransduction. For example, reconstruction of the cytoskeleton and elongation of 

the cell nucleus have been correlated with changes in gene expression profile and cell 

differentiation with use of primary osteogenic cells cultured with controlled nuclear shape and 

projected area.133 Details in the cascade of mechanotransduction involved in cell morphology, 

cytoskeletal reorganisation, intracellular signalling, nuclear shape, nuclear matrix 

reorganisation, promoter geometry, gene expression, etc. were then further examined to 

elucidate the complete mechanisms of topography-induced cellular behaviour. It was 

previously demonstrated that the wired machinery of cell surface receptors, direct 

cytoskeleton linkage, and cell nuclei that when a mechanical force was applied, cytoskeletal 

filaments would reorient accordingly, nuclei then distorted, and finally nucleoli redistributed 

along the axis of the applied tension field (Figure 7).134 After the mechanical stimuli were 

transmitted into the nucleus, the biophysical cues could be sensed by chromatin remodelling 

complexes which regulate the epigenetic constitution and possibly affect lineage commitment 

and differentiation potential of stem cells.135 



 

58 | P a g e  

 

 

Figure 7. The wired machinery of cell mechanotransduction composed of integrins, cytoskeletal 
filaments, and nucleoplasm. While a force is applied to integrins through the extracellular matrix (ECM), 
it is concentrated at focal adhesions and connected to filamentous-actins (F-actins). The F-actins are 
bundled by alpha-actinin, and along with myosin II, the construct generates prestress. F-actins are also 
connected to microtubules (MTs) through actin-crosslinking factor 7 (ACF7), and to intermediate 
filaments (IFs) through plectin 1. Plectin 1 further connects IFs with nesprin 3 on the outer nuclear 
membrane. While nesprin 1 and nesprin 2 connect F-actins to the inner nuclear membrane protein 
SUN1, nesprin 3 wires plectin 1 to SUN1 and SUN2. The sun proteins connect to the lamins, which 
form the lamina and nuclear scaffold and attach to chromatin and DNA. Nuclear actin and myosin (and 
nuclear titin) then play a role in the formation of nuclear scaffold, control of gene positioning and 
regulating nuclear prestress, finally resulting in gene regulations (LINC, linker of nucleoskeleton and 
cytoskeleton; rRNA, ribosomal RNA). Figure adapted from Wang et al.135 

To date, a few studies have linked epigenetic modulations to materials’ topography and could 

provide insights on the design of biomaterials for tissue engineering and regenerative 

medicine purposes. In 2011, an increased histone acetylation and a decreased HDAC activity 

were firstly reported in human MSCs cultured on microgrooved substrates.136 Following this 

study, hESCs cultured on nanopits (120 nm diameter and 100 nm deep with an average centre 

spacing of 300 nm ± 50 nm) were found to significantly enhance expression of markers of 

mesenchymal, stromal, and early osteogenic progenitors. Furthermore, methylation levels of 

the differentiated cells on the nanotopography were not statistically different from the 

differentiated hESCs induced by withdrawing mouse embryonic fibroblast conditioned 

media.137 
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A few recent examples focusing on microgrooved topography further elucidate the 

topography-induced epigenetic mechanisms and use it for tissue engineering and 

regenerative medicine applications. For instance, it has been previously shown that 

microgrooved topography is attributed to mechanomodulation of adult fibroblasts’ epigenetic 

status such that after culturing cells on the microgrooved surfaces, HDAC activity was 

decreased and the expression of WD repeat domain 5 (WDR5), a subunit of H3 

methyltransferase, was up-regulated, resulting in an increase in histone H3 acetylation and 

methylation. Furthermore, these epigenetic changes could be applied to improve 

reprogramming efficiency of adult fibroblasts into iPSCs to a similar extent to small-molecule 

epigenetic modifiers (Figure 8).138 

 

Figure 8. Microtopography-induced epigenetic modulations. (A) The fluorescence intensity of confocal 
microscopy with different epigenetic markers showed that microgrooves induced histone modifications 
on 10 µm-depth grooves with 10 µm groove/ridge width (scale bar = 10 µm). (B) A schematic of 
microgrooved topography-induced epigenetic modulations in adult mouse fibroblasts (VPA, valproic 
acid; HDAC, histone deacetylase; WDR5, WD repeat domain 5; TCP, tranylcypromine hydrochloride; 
HDM, histone demethylase; MET, mesenchymal-to-epithelial transition; iPSC, induced pluripotent stem 
cell). Figure adapted from Downing et al.138 

Another example showed that parallel microgrooves (3 µm-depth grooves with 10 µm 

groove/ridge width) could increase histone H3 acetylation and enhanced the directed 

differentiation of cardiac progenitors into cardiomyocyte-like cells and the microgroove-

induced cellular alignment could mimic the native ventricular myocardium, further augmenting 

the organisation of sarcomere.139 Similarly, the nanogrooves with 400 nm-groove width and 

300 nm-ridge width have shown to increase H3K4me3 expressions and modulate 

transcriptional changes associated with mesenchymal-to-epithelial transition of the mouse 
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embryonic fibroblasts, and these changes could further promote the direct lineage 

reprogramming of the fibroblasts to induced dopaminergic neurons.140 

Although there are a number of studies presenting novel insights on epigenetic modifications 

affected by topographical cues, there is still limited knowledge on how different topographies 

modulate cells’ epigenetic status and cellular responses. Understanding the underlying 

mechanisms and linking these effects to native topographical features could be advantageous 

in the control of stem cell differentiation and other cell behaviours for clinical translation in 

future applications.  

2.5.2 Electrical Stimuli 

Electrical stimuli play an important role in neuronal development, synaptic plasticity, and 

memory formation, acting through a range of cellular mechanisms, including both intracellular 

effects and extracellular effects with modification of cells’ microenvironment.141 Some possible 

intracellular mechanisms include the signals through (1) voltage-gated gap junctions, (2) 

voltage-dependent conformational changes in integrin-associated proteins, (3) voltage-

sensitive phosphatase activity, (4) voltage-gated calcium channels, (5) voltage-powered and 

voltage-sensitive transporters for signalling molecules, such as serotonin and butyrate, and 

(6) changes in cytoplasmic contents of H+, K+, and other ions (Figure 9).142 These bioelectrical 

signals are then transduced into cells altering various transcriptional and epigenetic cascades 

and further trigger changes in cell proliferation, differentiation, migration, morphology, and 

apoptosis.141 
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Figure 9. Bioelectrical states of cells. (A) Schematic of potential mechanisms of electrical stimuli, where 
membrane potentials and intracellular pH and K+ concentration are transduced to transcriptional 
responses (VSP, voltage-sensitive phosphatase; 5-HT, serotonin; GJC, gap junctional paths; PI, 
phosphoinositides.) (B) Membrane voltage correlated to different proliferative potential and 
differentiation state, where tumour cells and proliferative cells tend to be highly depolarised while the 
terminally differentiated quiescent cells tend to be strongly polarised. Figure adapted from Levin et al.142 

One of the most studied bioelectrical signal-modulated cellular behaviours is neuronal activity-

dependent cellular events and their mechanisms. Activity-mediated transcription is firstly 
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initiated in response to environmental stimuli, synaptic activity, and neurotransmitters, where 

N-methyl-D-aspartate (NMDA) receptors open, allowing Ca2+ influx across the cell membrane. 

When a local elevation of calcium occurs, calmodulin (CaM) transduces the calcium signals 

into changes in neuronal gene expression patterns through cAMP response element binding 

(CREB) activation in the nucleus via Ras/mitogen-activated protein kinase (MAPK) and 

Ca2+/calmodulin-dependent protein kinase (CAMK) pathways. With the recruitment of the 

transcriptional coactivator CREB-binding protein (CBP) by phosphorylation of CREB at serine 

133, immediate early genes, such as c-fos, can be activated. Simultaneously, another pathway 

incorporating calcineurin (CaN) resulting in transducers of regulated CREB activity (TORC) 

and nuclear factor of activated T cells (NFAT) dephosphorylation allows nuclear translocation 

and regulation of their target genes (Figure 10). Together, these activity-dependent gene 

regulations affect neural development including dendritic morphogenesis, neuronal survival, 

synapse development, and learning and memory formation in the mature nervous system. 

While previous studies of activity-dependent gene regulation focus mainly on the 

transcriptional level, it has become clear that epigenetics also plays a role in the modulation 

of gene expression.143 Although there are relatively few studies focusing on electrical stimuli-

induced epigenetic changes during embryonic development, neuronal activity-mediated 

epigenetic regulation on generating and maintaining changes in synaptic plastic and memory 

formation has recently become disclosed. 
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Figure 10. Schematic of activity-mediated gene transcription. When a neuron is stimulated, N-methyl-
D-aspartate (NMDA) receptors open, Ca2+ floods cross the cell membrane, and calmodulin (CaM) and 
calcineurin (CaN) activate downstream signalling pathways regulating their target gene expressions 
(NMDAR, NMDA receptors; CaMKK, Ca2+/calmodulin-dependent protein kinase; MEK, Mitogen-
activated protein kinase; ERK, extracellular signal-regulated kinase; RSK, ribosomal S6 kinase; MSK, 
mitogen- and stress-activated kinase; CREB, cAMP response element binding; CBP, CREB-binding 
protein; TORC, transducers of regulated CREB activity; NFATc4, nuclear factor of activated T cells 
(NFAT) neuronal isoform c4). Figure adapted from Cortés-Mendoza et al.143 

A type of neuronal activity-mediated epigenetic regulation is DNA methylation and methyl-

CpG binding protein-mediated chromatin remodelling. For example, DNMT1 and DNMT3a, 

which are both expressed in post-mitotic neurons in the adult brain, were found to be altered 

by electrical stimuli. While mice were subjected to an enriched environment, their Dnmt1 

mRNA levels in the cortex were found up-regulated, and this increase could lead to enhanced 

gene expressions associated with neuronal growth and synaptogenesis.144 Another study also 

reported that DNMT1 deletion in forebrain neurons could result in defects in dendritic 

branching and action potential repolarisation, failure of somatosensory barrel cortex 

development, and disrupting thalamocortical long-term potentiation (LTP).145 Moreover, Feng 

et al. further correlated deletion of both DNMT3a and DNMT1 in mice forebrain excitatory 

neurons with global DNA methylation and showed that the deletion could cause impaired LTP, 

spatial learning, and memory consolidation.146 In addition, studies have shown that 

synchronous neuronal activation could regulate DNA methylation and demethylation at 
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specific active sites in the mouse hippocampus and further modulated gene expressions 

related to neuronal plasticity, such as bdnf and fgf1.147-148 Besides DNA methylation, methyl-

CpG binding protein-mediated chromatin remodelling complex also affects activity-dependent 

gene regulation as previously described in Figure 2, where the class II gene in mature neurons 

can be further activated by a specific stimulus, such as membrane depolarisation. Through 

dissociation of MeCP2 and its chromatin-remodelling complex, a maximal level of gene 

expression is activated.15 

Activity-dependent changes have also been linked with histone modification, including histone 

acetylation, methylation, and phosphorylation, and finally, results in transcriptional 

modulations. For example, electroconvulsive stimulation has been examined to activate 

immediate early genes, such as Arc and c-Fos. An increased Histone H4 acetylation at the c-

fos promoter is further correlated with a peak in c-fos mRNA levels 1 h after the electrical 

stimulation.149 Another example is that Histone H3 and H4 acetylation levels on the reelin and 

bdnf promoters were found elevated after induction of LTP in the rat medial prefrontal 

cortex.150 Similarly, depolarisation could enhance acetylation of histone H2B in the CA1 region 

of the hippocampus, and the mechanism is found dependent on CAMK and extracellular 

signal-regulated kinase (ERK) activity. However, inhibiting DNMT activity could abolish this 

depolarisation-induced H2B acetylation. Together, these results showed that H2B acetylation 

is activity-dependent and is critical for synaptic plasticity and memory formation.151 

Different types of HDACs also act differently in activity-dependent gene regulation. For 

instance, HDAC2 (from the class I HDACs) has been shown to be preferentially expressed in 

neurons interacting with co-repressors, Sin3a, CoREST, and nucleosome remodelling and 

deacetylase (NuRD), and binds to the promoter region of genes implicated in plasticity and 

neuronal activity, such as bdnf, egr1, creb1, and c-fos, repressing their transcription.152 A 

selective knockout of HDAC4 (a class IIa HDAC) in the brain was found to result in 

impairments in long-term synaptic plasticity and hippocampal-dependent learning and 

memory, while the loss of HDAC5, another class IIa HDACs, does not impact learning and 

memory.153 Both HDAC4 and HDAC5 were also reported to be able to shuttle between the 

nucleus and the cytoplasm in response to neuronal stimuli such as synaptic activity or Ca2+ 

influx.154 

In addition to histone acetylation, histone methylation and phosphorylation can also 

dynamically respond to neuronal activities.155 The global levels of H3K4me3, an active marker 

for transcription, and H3K9me2, a marker associated with transcription silencing, were 

increased 1 h after contextual fear conditioning, and after 24 h stimulation, H3K4me3 was 
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found to return to basal levels while H3K9me2 levels were decreased, suggesting that histone 

methylation is required for long-term consolidation of contextual fear memories.156 

Administration of pilocarpine (a muscarinic acetylcholine receptor agonist), on the other hand, 

could increase H3 phosphorylation at serine 10 and this event is depending on neuronal 

excitation in the mouse hippocampus. Furthermore, the increase was found to correlate 

temporally with induction of immediate early genes, such as c-fos.157 Altogether these results 

show a dynamic response of epigenetic modifications to electrical activity, pointing out the 

fine-tuned epigenetic regulations on activity-dependent gene expression, and could potentially 

cast light on other types of the bioelectrical signal-modulated epigenetic mechanism during 

neural development. 

2.6 Human Pluripotent Stem Cells and In Vitro Modelling 

Human ESCs are isolated from the inner cell mass of human embryos at the blastocyst stage 

and are characterised by properties including self-renewal capability and pluripotency to form 

trophoblast and differentiate into derivatives of all three embryonic germ layers (endoderm, 

mesoderm, and ectoderm).158 In recent years, numerous studies have successfully 

established ESC-based approaches to generate specific human cell types, including neuronal 

lineage cells, the main focus of this project.158-165 

Another cell type used in this study is hiPSCs. These cells are reprogramed from somatic 

cells, such as fibroblasts, into an undifferentiated stem cell state with self-renewal capacity 

and pluripotency.166 The generated cells, similar to ESCs, are capable of self-renewal, 

providing a stable source of pluripotent cells; however, unlike ESCs, they can bypass certain 

ethical issues and can be used to produce patient-specific cells, reducing the risk of immune 

rejection.167 Recently, there are also an abundance of studies on the generation of neuronal 

lineage cells from hiPSCs.168-174 

Advances in directed stem cell differentiation techniques have gradually established hESCs 

and hiPSCs as model systems for studies of human developmental biology, drug screening, 

and regenerative medicine. The advantages of utilising these cells as an in vitro model system 

include: (1) the abundance of cell sources ascribed to their innate property of prolonged 

undifferentiated proliferation and their capability to generate specific cell types even after 

prolonged culture, (2) the possibility to generate in vitro human cellular populations which 

closely represent their in vivo counterpart, and (3) the potential to establish an in vitro model 

closely mimicking early human development or disease pathologies. 
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To date, there are a limited number of studies that have used hESCs or hiPSCs as in vitro 

systems to simulate biophysical effects (topography, stiffness, and electrical stimuli) on 

neuronal development. Although human pluripotent stem cell in vitro modelling for biophysical 

effects on cells has been reported in several previous studies, so far, biophysically-induced 

epigenetic effects on differentiation and maturation of hESC- and hiPSC-derived NSCs during 

neuronal development has not yet been reported. 

2.7 Conclusions 

According to the review in previous sections, a considerable amount of valuable platforms for 

biophysical stimuli, including topography and electrical stimuli, have been developed and 

reported. There were also numerous reports on how these biophysical stimuli affect neural 

cell behaviour with a plethora of different topographical and electrical stimulation models, for 

example, different geometries, materials, electrical stimuli parameters, cell types, and 

biological assays. Although these studies could gather as a huge database for future 

references, so far, the translational applications of these platforms are limited, as there is still 

a lack of understanding of the effects of these biophysical stimuli on human clinically relevant 

cell populations. To conclude, a systematic, detailed analysis with a high-throughput screening 

of various parameters of biophysical stimuli separately or synergistically on human clinically 

relevant cell populations could advance our understanding in the field. A full understanding of 

the mechanisms behind these biophysical stimuli-induced cellular phenomena will open new 

scenarios in both fundamental research and future applications in tissue engineering and 

regenerative medicine. 
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3 General Experimental Methods 

This chapter describes the methods used throughout the thesis. Other methods for certain 

experiments are detailed in each result chapter. 

3.1 Generation of Human Embryonic Stem Cell (hESC)-Derived 

and Human Induced Pluripotent Stem Cell (hiPSC)-Derived 

Neural Systems 

The hESC line (H9) was obtained from WiCell and the human episomal iPSC line (Epi-hiPSC) 

was obtained from Thermo Fisher Scientific. The cells were maintained on Matrigel-coated 

culture plates in feeder-free culture conditions with the use of chemically defined mTeSR1 

medium (Stem Cell Technologies, Canada) for hESCs and Essential 8™ media (Thermo 

Fisher Scientific, UK) for hiPSCs respectively. Colonies of hESCs and hiPSCs were passaged 

by dissociation with collagenase IV (1 mg/mL; Sigma-Aldrich, UK) and 0.5 M EDTA (pH 8.0; 

Thermo Fisher Scientific) 1:1000 dilution in sterile PBS respectively when they reached to 

80-90 % confluence. 

Neural differentiation was based on a published protocol with some modifications.175 The 

hESC (H9) and Epi-hiPSC cultures were used for neural conversion when they reached high 

confluence. The cells were differentiated into neuroectoderm by dual-SMAD signalling 

inhibition,173 using Neural Induction Medium [Advanced DMEM/F-12 medium (Thermo Fisher 

Scientific), 1 % (v/v) N-2 supplement (Invitrogen, UK), 0.2 % (v/v) B27 Supplement 

(Invitrogen), 1 % (v/v) penicillin/streptomycin (Invitrogen), 1 % (v/v) GlutaMAX (Invitrogen) 

supplemented with SB431542 (10 μM; Tocris, UK), dorsomorphin (2 μM; Calbiochem, UK), 

and N-acetylcysteine (1 mM; Sigma-Aldrich)] for 6-7 d. After enzymatic dissociation, neural 

stem cells (NSCs) were then passaged and plated down on laminin-coated plates in NSCR 

Base Medium [Advanced DMEM/F-12 medium (Thermo Fisher Scientific), 1 % (v/v) N-2 

supplement (Invitrogen), 0.2 % (v/v) B27 Supplement (Invitrogen), 1 % (v/v) 

penicillin/streptomycin (Invitrogen), 1 % (v/v) GlutaMAX (Invitrogen)]. After 3-5 d culture, Epi-

hiPSC-derived NSCs proliferated and formed neural rosette structures. The NSCs were then 

maintained in F20 Medium [NSCR Base Medium supplemented with 20 ng/ml FGF2 

(PeproTech, UK)]. The NSCs were usually subcultured every 5-7 d on laminin-coated plates 

for the first several passages and on Matrigel-coated culture plates for later passages. 
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3.2 Cell Culture Media 

Table 3. List of cell culture media. 

Cell Culture 

Media 
Formula 

NSCR Base 

Medium 

Advanced DMEM/F-12 medium (Thermo Fisher Scientific), 1 % (v/v) N-

2 supplement (Invitrogen), 0.2 % (v/v) B27 Supplement (Invitrogen), 1 % 

(v/v) penicillin/streptomycin (Invitrogen), 1 % (v/v) GlutaMAX (Invitrogen) 

Neural Induction 

Medium 

NSCR Base Medium supplemented with SB431542 (10 μM; Tocris), 

dorsomorphin (2 μM; Calbiochem), and N-acetylcysteine (1 mM; Sigma-

Aldrich) 

F20 Medium NSCR Base Medium supplemented with 20 ng/ml FGF2 (PeproTech) 

NSCR Neuron 

Medium 

NSCR Base Medium supplemented with 10 ng/ml BDNF (R&D Systems, 

UK), 10 ng/ml GDNF (R&D Systems), and forskolin (10 µM; Sigma-

Aldrich) 

3.3 Coating Conditions for Cell Culture Substrates 

Table 4. List of coating conditions for cell culture substrates. 

Cell Culture Coating Condition 

hESC (H9) and 

Epi-hiPSC 

cultures 

Sterile 6-well plates were coated overnight at 4 °C using a 1:100 solution 

of Matrigel in Advanced DMEM/F12 (1 ml/well). Before plating the hESC 

(H9) and Epi-hiPSC colonies, the Matrigel solution was removed and 

replaced with 1 ml of mTeSR1 medium and 1 ml of Essential 8™ medium 

respectively. 

Passage of 

hESC (H9)- and 

Epi-hiPSC-

derived NSC 

cultures 

Sterile 6-well plates were coated overnight at 4 °C using a 1:100 solution 

of Matrigel in Advanced DMEM/F12 (1 ml/well). Before plating the NSCs, 

the Matrigel solution was removed and replaced with 1 ml of F20 medium 

(see 3.2 Cell Culture Media). 
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Differentiated 

hESC (H9)- and 

Epi-hiPSC-

derived neuron 

cultures 

Laminin from Engelbreth-Holm-Swarm murine sarcoma basement 

membrane (Sigma-Aldrich) was diluted in Advanced DMEM/F12 at a 

concentration of 10 µg/ml. Poly-D-lysine (PDL; 0.1 mg/ml) was pre-

coated on the surfaces of the substrates for 30 min incubation following 

with three washes in Dulbecco's phosphate buffered saline (dPBS). 

Laminin coating was then performed at 4 °C overnight or 37 °C for 2 h. 

Before plating NSCs or neurons, the laminin solution was removed and 

replaced with 1 ml of NSCR Neuron Medium (see 3.2 Cell Culture 

Media). 

3.4 LIVE/DEADTM Cell Viability Assays 

To evaluate the biocompatibility of the cell culture system and to optimise the cell seeding 

density in the studies, LIVE/DEADTM Viability/Cytotoxicity Kit (Thermo Fisher Scientific) was 

used. The principle of the assay is calcein dye can be retained in live cells, producing an 

uniform green fluorescence in live cells, while ethidium homodimer-1 (EthD-1) enters dead 

cells through damaged membranes, producing a bright red fluorescence in dead cells. Before 

conducting the cell viability assay, Calcein AM and EthD-1 reagents were first diluted with cell 

culture media to a concentration of 2 μl/ml and 0.5 μl/ml respectively. The original medium 

was then replaced with the diluted reagent solution and was incubated at 37 °C in a humid, 5 

% CO2 incubator for 30 min. Following incubation, the labelled cells were viewed under an 

epifluorescence microscope (EVOS® FL Cell Imaging System; Life Technologies, UK). Cell 

viability was evaluated by the total coverage area of live cells and the number of dead cells 

while dynamics of cell confluence was evaluated by the total coverage live cells with ImageJ 

64 (Version 2) at different time point after cell seeding. 

3.5 Immunostaining and Fluorescence Microscopy 

Immunocytochemical studies were performed using the following protocol unless specified 

otherwise. Cells were fixed with 4 % (v/v) paraformaldehyde for 15 min, permeabilised with 

0.2 % (v/v) Triton X-100 (Sigma-Aldrich) for 10 min at room temperature, and then blocked in 

3 % (v/v) goat serum (Sigma-Aldrich) for at least 30 min. The primary antibodies (see 3.8 

Antibodies) were then incubated for 1 h, followed by secondary antibodies (Alexa Fluor dyes; 

Life Technologies) for 30 min. The nuclei were counterstained with 4',6-diamidino-2-

phenylindole (DAPI; Sigma-Aldrich) along with the secondary antibodies. The samples were 

mounted on slides with FluorSave™ Reagent (Millipore, UK) and the cells fixed on the culture 
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plates were preserved in PBS, and were both stored at 4 °C in the dark. Images were acquired 

with an epifluorescence microscope (EVOS® FL Cell Imaging System; Life Technologies) or a 

SP5 MP/FLIM inverted confocal microscope (Leica, Germany) and the detailed information for 

image acquisition is specified in each result chapter. 

3.6 Protein Extraction and Western Blotting 

Cells on different substrates were lysed on ice with radioimmunoprecipitation assay (RIPA) 

lysis buffer supplemented with phenylmethylsulfonyl fluoride (PMSF) in dimethyl sulfoxide 

(DMSO), a protease inhibitor cocktail in DMSO, and sodium orthovanadate in water (Santa 

Cruz Biotechnology, USA). The collected protein lysates were centrifuged to pellet cellular 

debris, and the protein in the supernatant was quantified with the DC Protein Assay (Bio-Rad, 

UK) and stored at -80 °C. To perform a Western blotting, the protein samples were run in 

SDS/PAGE with a Mini-PROTEAN® System (Bio-Rad) and transferred to PVDF membranes 

with Trans-Blot® Turbo™ Blotting System (Bio-Rad). Membranes were blocked with 5 % (w/v) 

bovine serum albumin (Sigma-Aldrich) in Tris-buffered saline (TBS) containing 20 mM Tris 

and 100 mM NaCl (pH 7.6), followed by incubation with the primary antibodies diluted in Tris-

Buffered Saline Tween-20 (TBST) buffer containing 20 mM Tris, 100 mM NaCl, and 0.1 % 

(v/v) Tween-20 at 4 °C overnight. Infrared secondary antibody (LI-COR, USA) was then 

incubated at room temperature for 1 h, and the imaging and data analysis were performed 

with an Odyssey Imaging system (LI-COR). 

3.7 Calcium Imaging 

To evaluate the neuronal activity of the differentiated neurons derived from the hESCs and 

hiPSCs, calcium imaging was used in the study. The cells were loaded with a calcium indicator 

dye (5 µM, Fluo-4, AM; Life Technologies) in pre-warmed NSCR Neuron Medium (see 3.2 Cell 

Culture Media) and incubated for 30 min at 37 °C, 5 % CO2. Cell medium was changed into 

pre-warmed Hank’s balanced salt solution (HBSS; Thermo Fisher Scientific) before imaging 

with an inverted microscope with a live cell imaging system (AxioObserver.Z1 Inverted 

Microscope with ApoTome Optical Sectioning and a Live Cell Imaging System; Zeiss). 

Perfusion with 100 mM KCl in sterile H2O was performed using a syringe system. Each frame 

was captured every 150 ms unless specified otherwise. Random cells picked within the 

selected field was traced and imaged for a period of time, and the neuronal activity was 

evaluated by changes in the mean fluorescence intensity (MFI) of the cell over the background 
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in each frame normalised to the average MFI throughout the recorded period. The data were 

processed and calculated with “Time Series Analyzer” plugin of ImageJ 64 (Version 2). 

3.8 Antibodies 

Table 5. List of antibodies used for immunostaining. 

Antibody Host 
Catalogue 

Number 
Company Dilution 

Oct-4 rabbit (poly) 2840 
New England 

Biolabs 
1:250 

E-cadherin mouse IgG-1 sc-21791 
Santa Cruz 

Biotechnology 
1:200 

N-cadherin mouse IgG-1 sc-271386 
Santa Cruz 

Biotechnology 
1:200 

Nestin mouse IgG-1 MAB5326 Millipore 1:500 

βIII-Tubulin mouse IgG-2b T5076 Sigma-Aldrich 1:1000 

Histone H3 

(acetyl K9 + K14) 
rabbit (poly) 9677 

Cell Signalling 

Technology 

(USA) 

1:1000 

Histone H4 

(acetyl K5 + K8 + 

K12 + K16) 

rabbit (poly) ab177790 Abcam (UK) 1:1000 

Histone H3 

(trimethyl K9) 
rabbit (poly) ab8898 Abcam 1:1000 

Ki67 rabbit (poly) ab15580 Abcam 1:1000 

HDAC1 goat (poly) sc-6298 
Santa Cruz 

Biotechnology 
1:1000 
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HDAC2 rabbit (poly) sc-7899 
Santa Cruz 

Biotechnology 
1:1000 

HDAC3 rabbit (poly) sc-11417 
Santa Cruz 

Biotechnology 
1:1000 

Laminin rabbit (poly) ab11575 Abcam 1:1000 

Cleaved Notch1 rabbit (poly) 4147 
Cell Signalling 

Technology 
1:500 
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4 Microgroove-Based Topography Regulates Epigenetic 

Landscape and Notch Signalling in Human Neural 

Stem Cells 

4.1 Introduction 

ECM topography with a wide range of structural features and spatial arrangements has been 

shown to influence various cellular responses, including cell attachment, migration, 

proliferation, and differentiation as well as characteristics and functions at the tissue level.20, 

24, 176-177 With recent advances in micro- and nanofabrication techniques, it is now achievable 

to construct engineered substrates which can recapitulate topographical structures and scales 

of the native extracellular environment. Furthermore, these studies have demonstrated that 

topographical effects of these synthetic surfaces can modulate a plethora of cellular responses 

similar to the native topography.24, 178 While there is an abundance of studies on how 

topography regulates cellular behaviours in the nervous system, which have been 

comprehensively reviewed in Section 2.3 Effects of Substrate Topography on Neural 

Development, the mechanisms behind these events have not yet been fully elucidated. 

A number of potential mechanisms responsible for the topography-mediated phenomena have 

emerged in the previous studies, including: (1) the topography may affect non-uniform protein 

adsorption or other protein interaction with the surface and further modulate the biochemical 

microenvironment around the cells, affecting the cellular behaviours;179-180 (2) the 

topographical cues might directly re-organise cytoskeleton to allow the cell to fit to the shape 

provided by the substrate as it is energetically favourable for the cells to have minimised 

distortion of their cytoskeletons;181-182 (3) the topography might affect localisation and 

activation of the anchored proteins, such as integrin and other cell adhesion molecules, 

resulting in activation of their downstream signalling cascades, further affecting cellular 

behaviours;180, 182-185 (4) the topography might affect cell morphology and cell shape and 

further link to nuclear distortion, resulting in topography dependent gene regulation;186-190 (5) 

the topography could also alter cell mechanosensing to the substrate stiffness or trigger 

mechanosensitive ion channels to further affect the cells.20, 24 

One of the generally accepted mechanisms behind the physical cue- and topography-induced 

cellular responses are integrin-based molecular complexes and their downstream signalling 

pathway.191 In neuronal cells, studies have also investigated the topographical effect with a 
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focus on integrin-mediated cellular mechanisms.192-194 Briefly, the neurons sense the 

topographical features directly or indirectly through the deposited proteins on the features and 

alter the localisation and activation of their integrin clusters.24 This activation then forms focal 

adhesions, consisting of proteins such as vinculin and talin, which further transduce the 

physical forces towards the actin-myosin cytoskeletal network.191 The changes in cytoskeletal 

structure will finally result in the change of cell shape. Furthermore, signalling proteins 

associated with focal adhesions can initiate the downstream signalling cascades, such as 

Rho/ROCK pathway and MEK/ERK pathway.79, 82 

While it is known that the cell nucleus is also physically linked to focal adhesions and 

cytoskeletal networks, recently, other molecular mechanisms have been explored to 

understand how external biophysical cues transduce in distance to alter gene activities.135 

Nuclear mechanotransduction first occurs through the connection of cytoskeleton and 

nucleoskeleton, which comprises of a variety of intra-nuclear scaffold proteins, including A-

type and B-type lamins, spectrin, titin, and nuclear actin, which couple the nuclear envelope 

to chromatin. The link between cytoskeleton and nucleoskeleton is the Linker of 

Nucleoskeleton and Cytoskeleton (LINC) complex proteins, including emerin, SUN, and 

nesprin,195 which help transduce the external physical forces into intra-nuclear changes and 

alter the expression of mechanosensitive genes.195 For example, nesprin, with four isoforms, 

binds to different partners- while nesprin-1 and nesprin-2 connect between nuclear envelope 

proteins and polymerised actin, nesprin-3 and nesprin-4 connect nuclear envelope to 

intermediate filaments via plectin and to the motor protein kinesin-1 respectively.196 As the 

cytoskeletal and nucleoskeletal components are interconnected as an entity, it is thought that 

the external physical forces can mechanically distort the nucleus and further affect chromatin 

reorganisation and DNA transcription.1 

Epigenetics refers to changes in gene expression without altering DNA sequence, which 

includes DNA methylation, histone modification, chromatin remodelling, and non-coding 

RNAs.155 The epigenetic mechanisms and epigenetic control during neural development are 

fully discussed in Section 2.2. Epigenetic Control During Neural Development. As previously 

reviewed, epigenetics plays an important role both in development, and for understanding how 

external stimuli interact with the genome. However, to date, there are only a limited number of 

studies which have investigated how topography can regulate cellular epigenetic patterns. As 

an example, while culturing human MSCs on microgrooved substrates, an increase in histone 

acetylation and a decrease in HDAC activity were reported.136 Another inspiration of this study 

is the research done by Downing et al., where they demonstrated that a microgrooved 

topography can improve adult fibroblasts reprogramming efficiency into iPSCs. This occurs 
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through mechanomodulation of the cells’ epigenetic status, as the microgrooved surfaces 

down-regulate the activity of HDAC and up-regulate WDR5 and a subunit of H3 

methyltransferase, resulting in increased histone H3 acetylation and methylation.138 A more 

detailed review of the few studies on topography-induced epigenetic modulation is in Section 

2.5. Biophysical Regulation of Cells’ Epigenetic State. Nevertheless, to date, the mechanisms 

underpinning how topography can affect cell epigenetic state in neural systems has not been 

reported. Here, in this study, a few epigenetic markers were chosen based on their previously 

reported regulatory roles during neural development. H3K9me3 has been shown to involve in 

regulating pluripotency of ESCs and multipotency of NSCs. When the pluripotent genes, such 

as Oct4 and Nanog, and non-neural lineage genes, such as GATA-binding factor 4 (GATA4), 

acquire H3K9me3, long-term repression of these genes occurs during differentiation of ESCs 

into NSCs.2 Repression of numerous nonneuronal and neuron progenitor genes is also related 

to H3K9me3 modifications in adult neurons. Furthermore, if altering its epigenetic machinery, 

behavioural abnormalities, including learning defects and mental retardation, can be 

observed.197 In addition to the repressive role of H3K9me3 on pluripotent, non-neural lineage, 

and neural progenitor genes, activation of neuronal genes through histone acetylation has 

implicated an important role during neuronal differentiation. For example, Hsieh et al. 

demonstrated that with VPA treatment, the proliferation of adult neural progenitors was 

decreased and neuronal differentiation was increased without increasing gliogenesis.10 

Deacetylation of histone could result in an increase in NeuroD mRNA, which correspondingly 

leads to increased neuronal differentiation. Another study using ChIP analysis further showed 

that VPA-induced neurogenesis was accompanied by the association of AcH4 with the 

promoter of Ngn1 (a proneural transcription factor).11 In addition to the adult neural system, 

developing animals also demonstrated a trend of increased histone acetylation. Early 

differentiating neurons in the rat cortex and chick spinal cord were found to acquire higher 

AcH3 and AcH4 levels compared to the proliferating neuroepithelial cells in the ventricular 

zone.198 It was suggested the transient enhancement of histone acetylation may be critical for 

neuronal differentiation. With these characterised epigenetic mechanisms during neural 

development and the previously reported topographical effects on histone methylation and 

acetylation,136, 138-139 H3K9me3, AcH3, and AcH4 were chosen as the main focus in this study. 

In addition to the intrinsic epigenetic mechanisms, Notch signalling pathway also plays an 

important role in controlling NSC proliferation and neural differentiation in embryonic and adult 

brains.199 The activation of Notch signalling occurs when the extracellular domain of single-

pass transmembrane ligands, either delta or serrate (jagged), of one cell interacts with the 

extracellular domain of a single-pass, transmembrane, heterodimeric Notch receptor on the 



 

76 | P a g e  

 

adjacent cell. The ligand binding will trigger a series of proteolytic events, where a presenilin-

γ-secretase complex cleaves the intracellular domain of the Notch receptor (NICD), releases 

it from the cell membrane, and eventually allows it to translocate to the nucleus through 

nuclear localisation signals.200-201 Once NICD is translocated into the nucleus, it will activate 

and recruit the DNA-binding effector suppressor of hairless (Su(H); CBF1/RBPjκ) and the 

nuclear protein mastermind (MAM) and further trigger the transcription of Notch target 

genes.202-203 Although it is known that there could be other Su(H)-independent events and the 

Notch transcriptional targets are still not fully discovered, it is well-accepted that an important 

Notch signalling event in vertebrates is the Su(H)-mediated up-regulation of basic helix-loop-

helix (bHLH) transcriptional repressors, such as the hairy and enhancer of split (HES) family 

genes and the HES-related (HESR, HEY/HERP) genes.204 For example, Hes1 and Hes5, 

which repress the proneural gene expression and therefore inhibit neuronal differentiation.199  

During neural development, Notch signals are involved in NSC maintenance,205 cell fate 

decision of the neuronal and glial lineages,206 behaviour of terminally differentiated 

neurons,207-208 and may affect brain morphogenesis and neuronal migration.204 While Notch 

signalling highly depends on cell-contact-dependent interactions, controlling the spatial 

geometric arrangement of these interactions could potentially alter Notch signalling and further 

modulate cellular behaviours. Although there was an abundance of research on cellular 

responses of neural lineages with the use of various spatial geometric arrangement, such as 

micro- or nano-topography (as detailed in Section 2.3. Effects of Substrate Topography on 

Neural Development), so far, there exists no study which directly link the topography-induced 

behavioural changes to Notch signalling. 

In this chapter, a platform with a variety of nano- and micro-topography was used to 

understand how topography affects neuronal populations derived from hESCs and hiPSCs. 

With a wide range of different patterns covering nano- to micro- scale topography and the use 

of in vitro modelling system based on human clinically relevant cells, the study established a 

platform which could not only eliminate the discordance between animal cell models and 

immortalised cell lines (both have been widely used in previous studies) and human, but also 

overcome the difficulty of comparing individual studies with a limited scope of few patterns to 

establish a general trend. The NSCs and specific neural lineage cells were examined using a 

range of biological tools to examine the effects of topography on proliferation of NSCs and 

neural differentiation. Particular attention was focused on deciphering the underlying 

epigenetic mechanisms and the modulated Notch signalling control, which have never been 

explored in the studies of topography-induced cellular responses and signalling pathways in 

neural system.  
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4.2 Materials and Methods 

4.2.1 Fabrication of Microgrooved Substrates 

Bioengineered poly(dimethylsiloxane) (PDMS) substrates were fabricated based on 

modifications of a previously published protocol.136 To create patterned membranes with flat, 

3 µm-depth, and 10 µm-depth parallel microgrooves and nanogrooves (Figure 11), silicone 

elastomer base (SYLGARD® 184 SILICONE ELASTOMER KIT; Dow Corning, USA) was first 

mixed with the silicone elastomer curing agent catalyst (SYLGARD® 184 SILICONE 

ELASTOMER KIT; Dow Corning) in a 10:1 weight ratio. The vacuum-degassed, clear mixture 

was spin-coated onto silicon wafers (kindly provided by Dr Ciro Chiappini; Departments of 

Materials and Bioengineering and the Institute of Biomedical Engineering, Imperial College 

London) for 1 min at 300 rpm to the desired thickness (~250 µm), and cured at 120 °C for at 

least 30 min. The micropatterned membranes were removed from the template, cut to 

appropriate dimensions, then cured at 60 °C for another 2 d, and thoroughly washed before 

use. 

For 20 µm-depth and 5 µm (width) parallel microgrooves (Figure 11), an additional layer of 

trichloro(1H,1H,2H,2H-perfluorooctyl)silane was coated to form an anti-adhesive layer for 

easy release of the cured PDMS. Briefly, the patterned silicon wafers were first treated an 

oxygen plasma (Plasma Prep 5, GaLa Instrumente, Germany) at a pressure of 0.5 mbar and 

a power of 45 Watts for 2 min. A glass container with 200 µl 97 % trichloro(1H,1H,2H,2H-

perfluorooctyl)silane (Sigma-Aldrich) was placed in a vacuum chamber along with the plasma-

treated silicon wafers. The chamber was vacuumed for 5 min to reduce the interior pressure 

for the chemical to evaporate followed with another 1 h or more for the evaporated chemical 

to homogeneously coat on the surface of the wafers. After the gas coating, the vacuum-

degassed, clear PDMS mixture was spin-coated onto the wafers with the same parameters 

described above. After removing the micropatterned membranes from the template wafers, 

the membrane was rinsed with 100 % isopropanol (Sigma-Aldrich) to prevent the highly 

hydrophobic surfaces resulted from the residual trichloro(1H,1H,2H,2H-perfluorooctyl)silane. 

The PDMS membranes were then cured at 60 °C for another 2 d and thoroughly washed 

before use. 
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4.2.2 Coating of Extracellular Matrix (ECM) Protein Laminin on the PDMS 
Membranes 

Due to the hydrophobic nature of PDMS, the membranes were first treated with the oxygen 

plasma (Plasma Prep 5, GaLa Instrumente) at a pressure of 0.5 mbar and a power of 35 Watts 

for 1 min. After the plasma treatment, the PDMS membranes were immediately pre-coated 

with PDL (0.1 mg/ml; Sigma-Aldrich) under UV-treatment at room temperature for 15 min 

followed by three washes in molecular biology grade water. Laminin coating from mouse 

sarcoma (10 µg/ml; Sigma-Aldrich) was then performed at 37 °C for 2 h. 
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Figure 11. Patterns of the micro- and nano-grooves used in the study. (A) Three-dimensional (3D) 
schematic of the grooves, where a is the width of the plateau, b is the width of the groove, and c is the 
depth of the groove. (B) Patterns of the micro- and nano-grooves used in the study with their notations, 
dimensions presented as a, b, c in (A), and their SEM images. 
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4.2.3 Cell Seeding on Micro- and Nano-grooved Substrates 

NSCs derived from hESCs and hiPSCs were detached with Accutase (Stemcell Technologies, 

UK) when the cells reached ~80 to 100 % confluence. The dissociated cells were suspended 

in dPBS, pelleted at 300 g for 5 min and were resuspended in NSCR Neuron medium into the 

single-cell level and counted. 6.25 * 104 cells were plated onto a well of a 48-well plate (6.6 * 

104 cells/cm2) for fluorescent immunostaining assays, and 2 * 106 cells were plated onto a 6 

cm dish (9.5 * 104 cells/cm2) for protein collection for Western blotting and ELISA. To optimise 

the concentration of a γ-secretase inhibitor, DAPT (N-[N-(3,5-difluorophenacetyl)-l-alanyl]-S-

phenylglycine t-butyl ester), and a histone deacetylase inhibitor (HDACi), valproic acid (VPA), 

hESC-derived NSCs were seeding with different cell seeding densities (1.6×104, 3.3×104, 

6.6×104, and 1.3×105 cells/cm2) in NSCR Neuron Medium with different concentrations of 

DAPT (Sigma-Aldrich) and VPA (Sigma-Aldrich) and the effects of cell seeding density and 

the concentration of DAPT and VPA were evaluated. 

4.2.4 Epigenetic Modulations of NSCs on Microgrooved PDMS Substrates 
Using Fluorescent Immunostaining Assays 

Epigenetic modulations of hESC-derived NSCs on microgrooves were examined with an 

expression of the selected epigenetic markers, histone H3 (acetyl K9 + K14), histone H4 

(acetyl K5 + K8 + K12 + K16), and histone H3 (trimethyl K9), using densitometric analysis 

(detailed in Table 5. List of antibodies used for immunostaining). The data were obtained from 

2 independent experiments (2 biological replicates in each experiment, with 2 technical 

replicates for each biological replicate, n=4) and a total of 12 images with 120 cells in each 

group were analysed with ImageJ 64 (Version 2). The mean fluorescence intensity (MFI) of 

the epigenetic markers were normalised to DPAI MFI per nuclei. The analysed data were 

represented as fold induction with respect to the flat PDMS control group. 

Following image analysis for the selected epigenetic markers, the nuclear circularity of the 

selected cells was calculated with ImageJ 64 (Version 2) using the following formula. 

 =  4  ×  
[ ]

[ ]
 

A value of 1.0 indicates a perfect circle, and as the value approaches 0.0, it indicates an 

increasingly elongated shape. 
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4.2.5 Immunogold Labelling and Focused Ion Beam - Scanning Electron 
Microscopy (FIB-SEM) Tomography 

hiPSC-derived NSCs were fixed with 4 % (v/v) paraformaldehyde for 15 min, permeabilised 

with 0.1 % (v/v) saponin (Sigma-Aldrich) for 5 min at room temperature, and then blocked in 

3 % (v/v) goat serum (Sigma-Aldrich) and 0.1 % (v/v) saponin in PBS for 30 min. The Histone 

H3 (trimethyl K9) primary antibody (detailed in Table 5. List of antibodies used for 

immunostaining) were then incubated for 1 h in 1.5 % (v/v) goat serum (Sigma-Aldrich) and 

0.1 % (v/v) saponin in PBS. 

The immunogold labelling, FIB-SEM tomography, and the analysis were performed by Miss 

Sahana Gopal (Departments of Materials and Bioengineering and the Institute of Biomedical 

Engineering, Imperial College London). Briefly, after incubation with the primary antibody and 

rinses in PBS, the cells were incubated in gold-labelled secondary antibody fluoronanogold 

(Nanoprobes, Inc., USA), diluted 1:100 in PBS and 0.1 % (v/v) saponin for 1.5 h and washed 

according to manufacturer's instructions. Fluoronanogold was then enhanced using Gold 

Enhance (Nanoprobes, Inc.) for 5 min according to manufacturer's instructions. After rinses in 

0.1 M sodium cacodylate buffer (Electron Microscopy Sciences, USA), the cells were treated 

with 1 % (v/v) Osmium tetroxide (Electron Microscopy Sciences) in 0.1 M sodium cacodylate 

buffer for 1 h followed by two washes in double-distilled water for 5 min. The cells were then 

treated with 1 % (w/v) tannic acid (Electron Microscopy Sciences) in water for 1 h, followed 

with 1 % (w/v) uranyl acetate (Electron Microscopy Sciences) in water for at least 2.5 h. The 

samples were finally dehydrated in a series of graded ethanol, 20 % (v/v), 30 % (v/v), 50 % 

(v/v), 70 % (v/v), 80 % (v/v), 90 % (v/v), 100 % (v/v), for 5 min twice with four additional washes 

with 100 % (v/v) ethanol for 5 min and flat embedded in resins (Epoxy Embedding Medium kit, 

Sigma-Aldrich). 

The resin embedded cells were mounted on stubs, sputter-coated with 10 nm of chromium, 

and imaged with an Auriga Cross Beam FIB-SEM (Zeiss, Germany). Briefly, the stage was 

tilted to 54 degrees and the samples were milled using a current of 600 pA upto 1 nA yielding 

a slice thickness of 30 nm imaged at a slice interval of 3. Cross-sections were imaged by a 

backscattering detector at an acceleration voltage of 1.6 keV. Images were segmented using 

Amira (FEI, USA). Segmented images were reconstructed and analysed using Fiji and Volocity 

software (PerkinElmer, USA). 
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4.2.6 Scanning Ion Conductance Microscopy (SICM) Measurements of Live 
NSCs’ Mechanical Stiffness on Microgrooved PDMS Substrates  

hiPSC-derived NSCs were plated onto a 35 mm dish (9.5 * 104 cells/cm2), and the stiffness of 

the live NSCs was measured 48 h after cell seeding using scanning ion conductance 

microscopy (SICM). The measurements and the analysis of SICM were performed by Miss 

Sahana Gopal (Departments of Materials and Bioengineering and the Institute of Biomedical 

Engineering, Imperial College London). 

Pipettes of inner diameters of approximately 100 nm were pulled from borosilicate glass (O.D. 

1 mm, I.D. 0.5, Intracel, Cambridge, UK) using a P-2000 laser puller (Sutter Instruments, USA). 

Axopatch 200B amplifiers (Molecular Devices, UK) were used for ion current measurements. 

Pipettes were filled with PBS for each experiment. A bias potential of 200 mV was used for 

imaging. Traces were analysed using pClamp 10 (Molecular Devices, USA). Samples, with 

cells plated onto the flat PDMS and the 10 µm-depth grooves, were mounted in a 35 mm dish 

and media was changed to warm L-15 for the duration of the experiment. 

Stiffness maps were generated by simultaneously recording three topographical images at 

progressively increased set points using approach speed of 30 nm/ms as reported 

previously.209 Briefly, at every image point first the standard topographical measurement (z 

height) was acquired at the set point of 0.3 % - 0.4 % of ion current drop compared to the 

reference (maximum) current.210 At this set point only minimal stress in the range of 0.1 to 10 

Pa is exerted by the nanopipette on the cell membrane. Then, the nanopipette was further 

lowered to two consecutive set points of 0.6 % and 3 % and corresponding heights stored as 

separate images' points before the pipette moved to the next horizontal location. Eventually, 

each image had recorded differential height maps effectively representing sample strain as 

the pipette deformed the sample at two higher, compressive stresses. Cell stiffness 

measurements were obtained for each height map on the basis of stress and strain using 

SICM image viewer software written by Dr Pavel Novak (Institute of Bioengineering, Queen 

Mary University of London). 

4.2.7 Atomic Force Microscopy (AFM) Measurements of Live NSCs’ Young’s 
Modulus on Microgrooved PDMS Substrates  

hiPSC-derived NSCs (2 * 106 cells) were plated onto a 6 cm dish (9.5 * 104 cells/cm2) by Dr 

Andrea Serio and Young’s Modulus of live hiPSC-derived NSCs was measured and analysed 

using an AFM 5500 Microscope (Agilent, USA) by Dr Amy Gelmi (Departments of Materials 
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and Bioengineering and the Institute of Biomedical Engineering, Imperial College London). 

Briefly, the measurements were performed using an HQ:CSC38 tipless cantilever 

(MikroMasch, USA) with a spring constant of 0.04 N/m, modified with a 20 µm diameter silica 

sphere. The force measurements were performed in cell culture media and were carried out 

by directly placing the cantilever over individual NSC and performing a force-indentation line 

scan across the cell. Force-indentation curves identified as indenting the NSC were then 

quantified for Young’s modulus; the force versus distance curves were converted to force 

versus indentation curves and further fitted by the Hertz model for a spherical indenter to 

quantify Young’s modulus using the free software PUNIAS (http://punias.free.fr/). 

)1(3
4

2

3

u
RE

F o





 

E is Young’s modulus, R is the radius of the spherical indenter (10 µm), u is the Poisson’s 

ratio, σo is the indentation of the sample, and F is the applied force. The fit was applied to a 

range of 1 µm indentation, to minimise the influence of the underlying PDMS substrate. 

4.2.8 Proliferation and Differentiation of NSCs on Microgrooved PDMS 
Substrates 

Proliferation and differentiation of NSCs were performed using “Cell Counter” plugin of ImageJ 

64 (Version 2). For cell proliferation, the proliferation marker, Ki67, was used and the 

percentage of the proliferating cell population was calculated using the formula below. The 

results were compared between different experimental groups for indication of cell 

proliferation. 

  =  
  .  67 (+)  ℎ  ℎ    

10 (      ℎ     )
 × 100 % 

For neuronal differentiation, βIII-tubulin, a neuronal marker was used as an indication and the 

percentage of the neuronal population was calculated using the formula below. The results 

were compared between different experimental groups for indication of neuronal 

differentiation. 

 

=  
 .  −  (+)  ℎ    

.    ℎ    
 × 100 % 
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4.2.9 Enzyme-linked Immunosorbent Assay (ELISA) for Human Cleaved Notch1 

Samples were analysed using a PathScan® Cleaved Notch1 (Val1744) Sandwich ELISA Kit 

(Cell Signalling Technology) according to manufacturer instructions. Briefly, 30 µg, 100 µl 

samples were diluted with the Sample Diluent (PathScan® Sandwich ELISA Kit) and added to 

the appropriate well. The microwells were sealed with tape firmly and incubated at 4 °C 

overnight. After incubation, the wells were washed with the wash buffer (PathScan® Sandwich 

ELISA Kit), followed by addition of 100 µl reconstituted Detection Antibody (PathScan® 

Sandwich ELISA Kit) into each well and incubated at 37 °C for 1 h. The wells were then 

washed, added 100 µl of reconstituted HRP-Linked secondary antibody (PathScan® Sandwich 

ELISA Kit) and incubated at 37 °C for 30 min. After repeating the wash procedure, 100 µl of 

TMB Substrate (PathScan® Sandwich ELISA Kit) was added and incubated at 37 °C for 10 

min. Finally, 100 µl of STOP Solution (PathScan® Sandwich ELISA Kit) was added, and the 

absorbance values were measured at 450 nm with a multi-mode microplate reader 

(SpectraMax M5; Molecular Devices, USA). The data was normalised and compared to the 

flat PDMS control in each experiment. 

4.3  Results 

4.3.1 Generation and Characterisation of Human Pluripotent Stem Cell (hPSC)-
derived Neural Systems 

 Immunostaining for Characterisation of the hPSC-derived Neural 
System 

The cellular material used for this study was derived from human pluripotent stem cells 

(hPSCs), including the hESC line (H9) and the hiPSC line (Epi). Neural differentiation was 

performed based on modifications of a previously published protocol.172 When hPSC cultures 

reached confluence, the cells were differentiated into neuroectoderm by dual-SMAD signalling 

inhibition.173 At this stage, the cells were first characterised and validated for their NSC identity 

with immunostaining. The transcription factor Oct-4 is a key regulator of pluripotency in the 

early mammalian embryo and is highly expressed in hPSCs when pluripotency is maintained. 

E-cadherin and N-cadherin belong to a class of membrane proteins named cadherin proteins, 

often associated with tissue morphogenesis during development. Previously, E-cadherin 

expression has been shown to be at the highest levels during the morula stage of 

embryogenesis, while N-cadherin is expressed in neural tissues.211 Nestin, an intermediate 

filament protein, another marker used for this characterisation, is widely expressed in NSCs 
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which can self-renew and further differentiate into one or more neural lineages. For the 

characterisation of hPSC-derived NSCs, cells that expressed Oct-4+, E-cadherin+, and N-

cadherin- were classified as hPSC colonies maintaining self-renewal and pluripotency while 

Oct-4-, E-cadherin-, nestin+ cells were regarded as cells which had differentiated into NSCs 

(Figure 12). 
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Figure 12. Neural differentiation of hPSC colonies. (A) hPSC colonies in the absence of neural 
differentiation factors maintained pluripotency, as indicated by the expression of Oct-4 and E-Cadherin 
(scale bars = 100 µm; with Dr Andrea Serio). (B) Cells differentiated into NSCs, as indicated by the 
absence of Oct-4 and the expression of nestin after changing ESC culture medium into Neural Induction 
Medium for 7 days (scale bars = 200 µm). 
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Throughout the study, hPSC-derived NSCs were used as the primary cellular material and 

were obtained using dual SMAD inhibition without any patterning factors. These cells acted 

as the precursors which can be subsequently differentiated into cortical neurons and were 

identified by their ability to self-proliferate and form neural rosette structures (detailed in 

Section 3.1. Generation of Human Embryonic Stem Cell (hESC)-Derived and Human Induced 

Pluripotent Stem Cell (hiPSC)-Derived Neural Systems). The differentiation of the NSCs into 

neurons was then performed by withdrawing the mitogen (FGF2), from the medium and 

providing differentiating factors (BDNF, GDNF, and forskolin). The populations of hPSC-

derived neurons were then examined with immunostaining of βIII-tubulin, which is a structural 

protein expressed in neurons contributing to microtubule stability in cell bodies and axons. 

While NSCs were distinguished by expression of nestin+, differentiated neurons were 

recognised by expression of βIII-tubulin+ (Figure 13). 

 

Figure 13. hPSC-derived neural lineage cell cultures. hPSC-derived NSCs maintained high levels of 
nestin expression while cultured in proliferative conditions with F20 Medium (left). After replacing F20 
Medium with NSCR Neuron Medium for 7 days, hPSC-derived NSCs differentiated into neurons (scale 
bars = 200 µm). 

 Calcium Imaging for Characterisation of the hPSC-derived Neural 
System 

Calcium ions can induce versatile signalling pathways that regulate key functions in neurons, 

including intrinsic genetic programs and extracellular signals contributing to the development 

of a functional nervous system.212-213 In addition to evaluating neuronal differentiation and 

maturation molecularly, the ability of a neuron to develop synaptic activities and further 

generate action potentials are critical during neural development as indications of network 

formation and functional maturity.214 Therefore, it is important to investigate the development 

of intrinsic neuronal activities in the hPSC-derived neural system. Herein, a live cell imaging 

system was used to examine the developed functionality of the generated neurons through 
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calcium imaging (Figure 14). Furthermore, the progression of neuron maturity was evaluated 

at different time points. 

 

Figure 14. Ca2+ imaging taken with a live cell imaging system. The images were captured every 150 ms 
and were imaged for a period of 200 s. The white arrows in the figure point out the neurons observed 
with Ca2+ fluxes generated spontaneously over time (scale bars = 500 µm). 
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The neuronal activity was evaluated at Week 4 and Week 6 after neuronal differentiation by 

changes of the mean fluorescence intensity (MFI) of the selected cells. At Week 4, it was 

observed that the neurons could already generate and transmit calcium transients by 

spontaneous activity (f = 0.007 ± 0.001 Hz) as shown in Figure 15. 

 

Figure 15. Ca2+ imaging of selected cells taken with a live cell imaging system at Week 4. The images 
were captured every 150 ms and a period of 200 s was recorded. The background of the image at each 
time point was subtracted from the MFI of the selected cells. The changes of the MFI in each cell were 
normalised to the average MFI throughout the recorded period. A recorded Ca2+ transient (red arrows) 
indicated the selected cell was capable of transducing Ca2+-mediated signals in the neuron. 

After further culturing the neurons in NSCR Neuron Medium for another 2 weeks, at Week 6, 

the neurons exhibited an increase in neuronal activity (f = 0.022 ± 0.005 Hz) (Figure 16). It is 

proposed that during neuronal network formation and neuronal maturation, spontaneously 

active cells which connect recurrently through excitatory synapses will have a steady increase 

of activity until a threshold is reached.215 The result of the increased neuronal activity at Week 

6 over Week 4 indicates the progression of functional maturity in our H9-derived neural system. 
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Figure 16. Ca2+ imaging of selected cells taken with a live cell imaging system at Week 6. The images 
were captured every 150 ms and a period of 200 s was recorded. The background of the image at each 
time point was subtracted from the MFI of the selected cells. The changes of the MFI in each cell were 
normalised to the average MFI throughout the recorded period. A recorded Ca2+ transient (red arrows) 
indicated the selected cell was capable of transducing Ca2+-mediated signals in the neuron. 

To investigate whether these differentiating or differentiated neurons can also respond to 

external stimuli, 100 mM KCl was added to induce membrane depolarisation, and the induced 

calcium transient was further compared with the observed spontaneous activity (Figure 17). 

After the KCl treatment, a corresponding Ca2+ transient was immediately observed correlating 

to the time point of which the stimuli were applied. The results confirmed that even the earlier 

populations of neurons at Week 4 (Figure 17A) which did not present significant spontaneous 

activity could respond readily to membrane depolarisation. The KCl induced depolarisation 

showed that the neuronal population derived in the study acquired functional activity and it 

could respond to external stimulation patterns, serving as a control for application of external 

electrical stimulation to the hPSC-derived neural system (Chapter 5. Effects of Electrical 

Stimulation on Human Induced Pluripotent Stem Cell (hiPSC)-Derived Neural System). 
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In this study, the functional characterisation of the hPSC-derived neural system is based on 

Ca2+ imaging, where random cells in the selected fields are analysed as an indication of 

neuronal maturation. Although the results indicated that the examined cell populations in this 

study acquired intrinsic Ca2+ activity and the cells could respond to the external stimuli (KCl), 

a more detailed characterisation can be achieved in future studies. For example, to specifically 

analyse the functional activity of the mature neuronal population, instead of selecting random 

cells at different developmental stages, can greatly improve the understanding of the derived 

neurons in this system. The future study can be achieved by using cells transfected with 

genetic constructs which incorporate a fluorescent indicator for mature neuron-specific 

expression. By recognising the fluorescent cells, analysis of Ca2+ imaging can be specified to 

mature neuron populations and thus provide us a better functional characterisation of the cell 

system. Although recording Ca2+ signals are widely used for monitoring neuronal activities, it 

does not provide detailed information about the development of ion channels, neuronal 

electrophysiology, and synaptogenesis, which are important indicators in neuronal 

development. Future work to characterise the development of ion channels and mature 

synapses can be achieved by co-immunostaining with both neuronal markers and markers 

specifically for neuronal maturation, such as synaptophysin, and makers targeting different ion 

channels.216 The electrophysiological activity of the derived neurons can be examined by 

patch-clamp techniques intracellularly, microelectrode arrays extracellularly, or with use of 

voltage-sensitive dyes in combination with live cell imaging. 
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Figure 17. Ca2+ imaging of selected cells taken with a live cell imaging system at (A) Week 4 and (B) 
Week 6. The changes of the MFI in each cell before (black line) and after 100 mM KCl was added to 
induce neuronal depolarisation (red line). The background of the image at each time point was 
subtracted from the MFI of the selected cells. The MFI of the selected cells were normalised to the 
average MFI throughout the recorded period. A recorded Ca2+ transient (blue arrows) after adding 100 
mM KCl indicated the selected cell was capable of responding to the extracellular stimuli and 
transducing Ca2+-mediated signals in the neuron. 

4.3.2 Topographical Regulation of Epigenetic State in hPSC-derived Neural 
Systems 

 Dynamics of Cell Density Using Time-Lapse LIVE/DEADTM Cell Viability 
Assays 

To optimise the cell seeding density in the experiments, LIVE/DEADTM Cell Viability Assays 

were used to monitor the dynamic changes in cell density. The cells were seeded in different 

initial densities, 1.6×104, 3.3×104, 6.6×104, and 1.3×105 cells/cm2 and the LIVE/DEADTM Cell 

Viability Assays were performed in the following two days. Cell confluence was evaluated by 

quantifying live cell coverage (%) in the five fields chosen randomly and images were taken 

and quantified after 24 h (Figure 18) and 48 h (Figure 19) cell seeding respectively. Finally, 

6.6×104 cells/cm2 was chosen as an optimal seeding density as it maximises the number of 

seeded cells still able to attach directly within the grooves without cell-cell interference from 

the effects of grooves. 
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Figure 18. Cell confluence evaluated with the LIVE/DEADTM Cell Viability Assays after 24 h cell seeding. 
(A) Images of LIVE/DEADTM Cell Viability Assays with different cell seeding density and PDMS 
substrates (red arrows: direction of grooves; scale bars = 200 µm). (B) Cell confluence after 24 h cell 
seeding (Flat represents the flat PDMS; 3 µm and 10 µm represent 3 µm-depth and 10 µm-depth 
grooves respectively; N = 2, n = 4-5). 
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Figure 19. Cell confluence evaluated with the LIVE/DEADTM Cell Viability Assays after 48 h cell seeding. 
(A) Images of LIVE/DEADTM Cell Viability Assays with different cell seeding density and PDMS 
substrates (red arrows: direction of grooves; scale bars = 200 µm). (B) Cell confluence after 48 h cell 
seeding (Flat represents the flat PDMS; 3 µm and 10 µm represent 3 µm-depth and 10 µm-depth 
grooves respectively; scale bars = 200 µm; N = 2, n = 4-5). 
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 Epigenetic Modulations of hESC-derived NSCs on Microgrooved PDMS 
Substrates 

The hESC-derived NSCs maintained on standard tissue culture plates exhibited high self-

renewal capabilities and were able to form typical neural rosette or rosette-like structures. 

When cells reached ~80 to 100 % confluence, they were seeded on the flat and microgrooved 

PDMS membranes (Young's modulus on the order of E = 1 MPa) fabricated using standard 

soft lithography techniques. After cell attachment, hESC-derived NSCs reorganised their 

cytoskeleton and fitted into the microgrooves and after 48 h cell seeding, an elongated 

morphology on the microgrooved substrates could clearly be observed (Figure 20), similarly 

to previously published results using other cell types.136, 138-139, 217  

 

Figure 20. hESC-derived NSCs were seeded on flat PDMS, 3 µm-depth, and 10 µm-depth PDMS 
grooves (nestin, red; βIII-tubulin, green; DAPI, blue; AcH4, magenta; white arrows: direction of grooves; 
scale bars = 50 µm). 

Previously, studies showed that microgrooved topography could affect cell epigenetic status 

and further improve reprogramming efficiency of adult fibroblasts into iPSCs and promote 

differentiation of cardiac progenitors.138-139 However, the potential epigenetic modulation in the 

neural system has never been investigated. Herein, the microgrooved substrates with flat, 

3 μm-depth, and 10 μm-depth grooves were used and Western blotting analysis was 

performed to test the effect of the microgrooves on the epigenetic status of hESC-derived 

NSCs. Expression of epigenetic markers of acetylation of histone H3 at K9 and K14 (AcH3) 

and histone H4 at K5, K8, K12, and K16 (AcH4), and histone H3 (trimethyl K9) (H3K9me3) 

were focused in this study as these markers represent key regulators during neuronal 

development.2 Previously, to examine cells’ epigenetic changes related to a microgrooved 

topography, Morez et al. used GAPDH as a normaliser while Downing et al. used both GAPDH 

and total H3, a histone marker which can serve as a more suitable reference for epigenetic 

changes in histones, for normalisation of cells’ epigenetic markers.138-139 To examine potential 

effects of topography on protein expressions of the candidate normalisers, GAPDH and total 

H3, in the hPSC-derived NSCs, Western Blotting was conducted. It was found that there was 
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no significant difference on the total H3/GAPDH expression across the flat PDMS (1.00 ± 

0.19), 3 μm-depth (1.03 ± 0.11), and 10 μm-depth microgrooves (0.96 ± 0.24) (Figure 21). In 

this study, in order to avoid the signal interference of total H3 and the target epigenetic markers 

with the same molecular weight during Western blot quantifications, GAPDH was finally 

chosen as the normaliser throughout this study. 

 

Figure 21. Comparison of protein expressions of total H3 and GAPDH in hNSCs on different PDMS 
substrates at day 2. (A) Western blotting of total H3 and GAPDH. (B) Quantification of protein 
expressions of total H3/GAPDH (Flat represents the flat PDMS; 3 µm and 10 µm represent 3 µm-depth 
and 10 µm-depth grooves respectively; one-way ANOVA was used; N = 3, n = 5). 

At Day 2, the microgrooves markedly increased global H3K9me3 marks in the hESC-derived 

NSCs (Figure 22A, B) compared to the flat PDMS. Interestingly, within different patterns of the 

microgrooves, it was found that the 10 μm-depth grooves had a significantly higher H3K9me3 

expression compared to the 3 μm-depth grooves with a fold change of 1.65 ± 0.07 and 1.33 ± 

0.05 normalised to the flat PDMS respectively. As for the expression of AcH4 (Figure 22C, D) 

and AcH3 (Figure 22E, F), although there seemed to be an increase in global AcH4 expression 

on the microgrooves, the differences between the grooved and the flat PDMS were not 

significant. 
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Figure 22. Expression of different epigenetic markers, including (A, B) H3K9me3, (C, D) AcH4, and (E, 
F) AcH3, of hESC-derived NSCs on different PDMS substrates at day 2 was determined by Western 
blotting using the respective antibodies (Flat represents the flat PDMS; 3 µm and 10 µm represent 3 
µm-depth and 10 µm-depth grooves respectively; one-way ANOVA with post hoc Tukey’s test was 
used; the results represent means ± s.e.m. ** represents p ≤ 0.01; *** represents p ≤ 0.001; N = 4, n = 4). 

As Western blotting with proteins collected from cells across the whole membranes (both the 

ridge and microgroove regions) could dilute the effects of microgrooves by including the cells 

attached on the ridges, further examination of topographical effects on cells epigenetic status 

were performed with immunofluorescence microscopy (Figure 23A). Expression of epigenetic 

markers, AcH3, AcH4, and H3K9me3, were normalised to DAPI and normalised to the flat 

PDMS for further comparison. 

The immunostaining showed that in accordance with the results from Western blotting there 

was a significant increase of H3K9me3 on the microgrooves compared to the flat PDMS. 
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Additionally, the fold change of 10 μm-depth grooves (2.11 ± 0.17) was significantly higher 

than the 3 μm-depth grooves (1.41 ± 0.16) (Figure 23). On the other hand, after selectively 

examining the cells that fell within the microgrooves, a significant increase in expression of 

AcH3 and AcH4 was noted in the 10um-depth grooves compared to the flat PDMS, with a fold 

change of 1.53 ± 0.16 and 1.20 ± 0.05 for AcH4 and AcH3 compared to the flat PDMS 

respectively. The expression of AcH4 on the 3 μm-depth grooves was also found to 

significantly increase compared to the flat PDMS (fold change = 1.63 ± 0.11). While AcH3, 

AcH4, and H3K9me3 have been associated with neuronal differentiation,2-3, 10, 218 the 

demonstrated up-regulation of these epigenetic markers on the microgrooves at day 2 

suggests that the microgrooved system can modulate epigenetic status of the NSCs and may 

further push them towards neuronal commitment. 

Previously, it was shown that microgrooves could provide a precise control of cell alignment 

and a uniaxial mechanical strain, which could further induce changes in nuclear shape and 

nuclear volume.136, 138-139, 217 In this study, with the nuclear staining, DAPI, the circularity of the 

cell nuclei was also examined as an indication of nuclear elongation and re-shaping, where 

the value of circularity is 1.0 indicates a perfect circle, and as it approaches 0.0, it indicates 

an increasingly elongated shape. From the shape analysis of cell nuclei, it was observed that 

microgrooved topography significantly affected nucleus elongation in all different staining 

(Figure 23E, F, G). The nuclei of the selected cells on the 10 μm-depth grooves were the most 

elongated while the nuclei on the flat surface were found rounder in shape. 

In summary, at day 2, the effects of microgrooves on up-regulation of AcH3, AcH4, and 

H3K9me3 were the most significant on the 10 μm-depth grooves compared to the flat PDMS. 

Day 2 is generally an early time point in neuronal differentiation scheme. The observed results 

suggested that topographical effects on cells were fairly immediate and the NSCs in the 

system were quite responsive to the microgrooved substrates even in a short period of time. 
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Figure 23. Effects of microgrooves on epigenetic status of hESC-derived NSCs at day 2 by 
densitometric analysis. (A) hESC-derived NSCs on different PDMS substrates were stained with 
epigenetic markers, including H3K9me3, AcH4, AcH3 (red), and DAPI (green) at day 2 (white arrows: 
direction of grooves; scale bars = 50 µm). Epigenetic changes of (B) H3K9me3, (C) AcH4, and (D) 
AcH3 were normalised to DAPI and then normalised to the Flat PDMS. Nuclear circularity was 
measured with the DAPI staining of the analysed cells for (E) H3K9me3, (F) AcH4, and (G) AcH3, where 
a value of 1.0 indicating a perfect circle and as the value approaches 0.0, it indicates an increasingly 
elongated shape (Flat represents the flat PDMS; 3 µm and 10 µm represent 3 µm-depth and 10 µm-
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depth grooves respectively; one-way ANOVA with post hoc Tukey’s test was used; the results represent 
means ± s.e.m. * represents p < 0.05; ** represents p ≤ 0.01; *** represents p ≤ 0.001; N = 4, n = 12, a 
total of 120 cells in each group analysed). 

Previously, the topography dependent epigenetic regulations were investigated in a relatively 

short time point, at day 1 to day 3,136, 138-139 in this study the time scheme for examining cell 

epigenetic status was extended, and the epigenetic modulations were also investigated at the 

later time point, at day 7 and day 14. At day 7, Western blotting showed an increase of 

H3K9me3 and AcH4 on the 10 μm-depth grooves compared to the flat PDMS with a fold 

change of 1.26 ± 0.25 and 1.16 ± 0.10 respectively though without significance (p = 0.541 and 

p = 0.302) (Figure 24). 

 

Figure 24. Expression of different epigenetic markers, including (A, B) H3K9me3, (C, D) AcH4, and (E, 
F) AcH3, of hESC-derived NSCs on different PDMS substrates at day 7 was determined by Western 
blotting using the respective antibodies (Flat represents the flat PDMS; 3 µm and 10 µm represent 3 
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µm-depth and 10 µm-depth grooves respectively; one-way ANOVA test was used; the results represent 
means ± s.e.m.; N = 3, n = 6). 

Immunostaining of the cells in the microgrooves showed that at day 7, a significant increase 

of H3K9me3 with an average fold change of 3.23 ± 0.83 on 3 μm-depth grooves was observed, 

compared to the flat PDMS membranes. On the 10 μm-depth grooves, an insignificant 

increase with fold change of 1.13 ± 0.08 (p = 0.979) was noted (Figure 25A). Staining of AcH4 

on 10 μm-depth grooves showed the highest fold change (1.55 ± 0.25); however, the result 

was not significantly different from the flat PDMS (p = 0.097) (Figure 25B). The AcH3 

expression on the microgrooves also showed a trend towards an increased expression with a 

significant increase found on 3 μm-depth grooves (fold change = 1.74 ± 0.26 for 3 μm-depth 

grooves and fold change = 1.08 ± 0.10 for 10 μm-depth grooves, where p = 0.936 compared 

to the flat PDMS; Figure 25C). Although nuclear circularity of the selected cells on the flat 

surfaces was still the highest among the groups at day 7, the consistent trend that cell nuclei 

on the 10 μm-depth grooves were more elongated than those on the 3 μm-depth grooves at 

day 2 was no longer observed (Figure 25D, E, F). 

 

Figure 25. Microgrooves regulated epigenetic status of hESC-derived NSCs at day 7. Epigenetic 
changes of (A) H3K9me3, (B) AcH4, and (C) AcH3 were normalised to DAPI and then normalised to 
Flat PDMS at day 7. Nuclear circularity was measured with the DAPI staining of the analysed cells for 
(D) H3K9me3, (E) AcH4, and (F) AcH3, where a value of 1.0 indicating a perfect circle and as the value 
approaches 0.0, it indicates an increasingly elongated shape (Flat represents the flat PDMS; 3 µm and 
10 µm represent 3 µm-depth and 10 µm-depth grooves respectively; one-way ANOVA with post hoc 
Tukey’s test was used; the results represent means ± s.e.m. * represents p < 0.05; ** represents p ≤ 
0.01; *** represents p ≤ 0.001; N = 4, n = 12, a total of 120 cells in each group analysed). 
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Comparing the results from Western blotting and fluorescence microscopy for expression of 

the selected epigenetic markers at day 7, the effects of different microgrooves appear to have 

a less consistent trend for epigenetic modulations on 3 μm- and 10 μm-depth grooves. 

However, the combined results still showed increased epigenetic expressions on 

microgrooves compared to the flat PDMS. As for the analysis of the nuclei shape, the nuclei 

consistently appeared to have an elongated morphology on the microgrooves compared to 

the flat PDMS after 7 days cell seeding.  

Expression of the epigenetic markers was also examined at day 14 with Western blotting and 

immunofluorescent staining. Western blotting showed a significant increase of AcH4 on the 

10 μm-depth grooves (1.71 ± 0.29) compared to the flat PDMS and excluding H3K9me3 on 

the 3 μm-depth grooves, there was a trend of increased AcH3 and H3K9me3 on the 

microgrooves compared to the flat PDMS although without significances (Figure 26). 
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Figure 26. Expression of different epigenetic markers, including (A, B) H3K9me3, (C, D) AcH4, and (E, 
F) AcH3, of hESC-derived NSCs on different PDMS substrates at day 14 was determined by Western 
blotting using the respective antibodies (Flat represents the flat PDMS; 3 µm and 10 µm represent 3 
µm-depth and 10 µm-depth grooves respectively; one-way ANOVA test was used; the results represent 
means ± s.e.m.; for H3K9me3, N=5, n=6; for AcH4, N=5, n=7; for AcH3, N=4, n=5). 

Immunofluorescent staining at day 14 also showed a similar result to Western blotting- 

although there was no significant difference between the microgrooves and the flat PDMS, an 

increased trend of AcH3, AcH4, and H3K9me3 on the microgrooves was observed (Figure 

27). At day 14, in general, nuclear circularity on the flat PDMS was still the highest among the 

groups; however, the difference between the values of nuclear circularity was minimal 

compared to the results at day 2 and day 7. The observed phenomenon might be due to the 

proliferating cells stacked on top of each other, or the cells might have generated a certain 

amount of their own matrix after 14 days of cell culture, hindering the cell’s ability to sense and 

actively respond to the surface topography. 

 

Figure 27. Effects of microgrooves on epigenetic status of hESC-derived NSCs at day 14. Epigenetic 
changes of (A) H3K9me3, (B) AcH4, and (C) AcH3 were normalised to DAPI and then normalised to 
Flat PDMS at day 14. Nuclear circularity was measured with the DAPI staining of the analysed cells for 
(D) H3K9me3, (E) AcH4, and (F) AcH3, where a value of 1.0 indicating a perfect circle and as the value 
approaches 0.0, it indicates an increasingly elongated shape (Flat represents the flat PDMS; 3 µm and 
10 µm represent 3 µm-depth and 10 µm-depth grooves respectively; one-way ANOVA with post hoc 
Tukey’s test was used; the results represent means ± s.e.m. * represents p < 0.05; ** represents p ≤ 
0.01; *** represents p ≤ 0.001; N = 4, n = 12, a total of 120 cells in each group analysed). 
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In summary, at day 14, while all hESC-derived NSCs had progressed to neuronal 

differentiation, the effects of grooves on proneural epigenetic changes were less prominent 

than at earlier time points. However, as epigenetic effects are upstream regulators for the 

gene and protein regulations, it would also be important to understand the topographical 

effects on stem cell proliferation and neuronal differentiation, which will be further discussed 

later in this chapter. 

In this study, different time points across an extended time scheme at day 2, day 7, and day 

14 were investigated for expression of epigenetic markers and nuclear shape changes. While 

there were significant changes in epigenetic expression as well as a consistent decrease in 

nuclear circularity on the microgrooves, it is interesting to understand the correlation between 

these results and their topography. Figure 28 shows different epigenetic levels of AcH3, AcH4, 

and H3K9me3 (immunostaining) as a function of the nuclear circularity for cells on flat surface 

versus 3 μm- and 10 μm-depth grooves at day 2, day 7, and day 14. It was observed that 

generally as cells' nuclei became more elongated (nuclear circularity decreased), the 

epigenetic expression increased (Figure 28). It was also found that at day 2 and day 7, the 

cells on the 3 μm- and 10 μm-depth grooves (blue circles, Figure 28) seemed to be clustered 

with smaller nuclear circularity and higher epigenetic expression and could be distinguished 

from the cells on the flat PDMS (red circles, Figure 28). However, at day 14, the cell clusters 

from the flat PDMS (red circles, Figure 28) and the microgrooves (blue circles, Figure 28) 

became more overlapped compared to the earlier time points at day 2 and day 7, where the 

cells from both the flat and grooved substrates exhibited similar nuclear circularity and an 

increase in epigenetic levels. 
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Figure 28. Correlation between the epigenetic markers, including H3K9me3, AcH4, AcH3, and the 
nuclear circularity on the microgrooved PDMS membranes at (A) Day 2, (B) Day 7, and (C) Day 14. 
Epigenetic changes on the microgrooves were normalised to the Flat PDMS (Flat represents the flat 
PDMS; 3 µm and 10 µm represent 3 µm-depth and 10 µm-depth grooves respectively; N = 4, n = 12, a 
total of 120 cells in each group analysed). 

As the epigenetic markers, AcH3 and AcH4, were highly related to HDAC inhibition during 

neuronal lineage progression,219 here, the expression of HDACs, particularly focusing on 

HDAC1, HDAC2, and HDAC3 in the Class I HDACs were examined after cell seeding on the 

flat and grooved substrates for 2, 7, and 14 days. The Western blotting showed that there was 

no significant difference in protein expression of HDAC1, HDAC2, and HDAC3 on the 

microgrooves compared to the flat PDMS substrates at different time points (Figure 29). It was 
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suggested that the increase of AcH3 and AcH4 expression on the microgrooves were 

independent of the protein expression of HDAC1, HDAC2, and HDAC3. 

 

Figure 29. Effects of microgrooves on histone deacetylases (HDACs), including HDAC1, HDAC2, and 
HDAC3, in hESC-derived NSCs at (A, D) Day 2, (B, E) Day 7, and (C, F) Day 14. HDACs were 
normalised to GAPDH and normalised to the flat PDMS at different time points (Flat represents the flat 
PDMS; 3 µm and 10 µm represent 3 µm-depth and 10 µm-depth grooves respectively; one-way ANOVA 
test was used; the results represent means ± s.e.m.; for Day 2, N=4, n=4; for Day 7, N=3, n=6; for Day 
14: N=4, n=5). 

 Epigenetic Modulations of hiPSC-derived NSCs on Microgrooved PDMS 
Substrates 

Previously, Morez et al. reported cell-type dependent responses to microgrooved topography, 

where the topography-induced hyper-acetylation of histone 3 on the microgrooved substrates 

is not ubiquitous even within a cell type.139 The previous results in this chapter have shown 

that the 3 μm- and 10 μm-depth microgrooves could elongate cell nuclei and increase their 

epigenetic expressions of AcH3, AcH4, and H3K9me3 in the hESC-derived NSCs. While 

hESCs are a precious biological source of pluripotent cells, hiPSCs offer a less controversial 

strategy to generate patient- or disease-specific pluripotent human cells, combined with their 

ability to self-renew, proliferate and differentiate.166 Although ESCs and iPSCs outwardly 

showed similar capability on self-renewal and multipotency, several studies have 

demonstrated significant differences in their epigenetic signatures, gene regulations, 

proteomic and phosphoproteomic profiles, and potentially other characteristics.220-224 Herein, 

the topographical effects on epigenetics were further tested with hiPSC-derived NSCs to 
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investigate whether there is a difference between the NSCs generated from two different 

human pluripotent cell lines. 

In this section, more topographical patterns were designed and used to further investigate a 

plethora of topography-induced cellular responses and to understand the underlying 

biomolecular mechanisms. Different depth and width of the grooved patterns were primarily 

considered in the study (Figure 11). Previously, cells on 3 μm-depth and 10 μm-depth grooves 

(with 10 μm ridge/groove width) exhibited better cell alignment compared to the flat PDMS. It 

was also observed that when most of the cells could fall within the 10 μm-depth grooves 

making themselves geometrically isolated in the microgrooves, cells on the 3 μm-depth 

grooves remained a certain degree of cell-cell interactions with adjacent cells as the 

microgrooves were not deep enough to cause complete physical segregation. To further 

examine the topographical effects on cell segregation (cell-cell interaction), 20 μm-depth 

microgrooves with 10 μm ridge/groove width were designed, as deeper grooves are reported 

to cause a more significant effect on physical segregation of the seeded cells. Ridge/groove 

width of the microgrooved patterns is another important feature discussed in the studies of 

topography.81, 83, 98, 225 The original 10 μm ridge/groove width was designed for single cell 

confinement in the grooves in accordance with the soma diameter of the NSCs in this study 

(usually, ~10 μm). In this section, an even smaller ridge/groove width, 5 μm, was applied to 

test whether a more confined groove feature, which possibly linked to more cellular 

mechanical distortions resulting in increased mechanical stress, will post effects on how cells 

respond to the topography.225 In addition to microtopography, nanotopography has also been 

shown to positively affect neuronal differentiation.84, 88, 90, 226-227 To compare different effects of 

micro- and nanotopography on cells’ epigenetic status, two nanotopography with ~100 nm 

depth nanogrooves (1NANO and 10NANO in Figure 11) were also tested in this study. 

After cell seeding for 2 days, the hiPSC-derived NSCs showed different cell alignment on the 

substrates tested in the study. The cells on the nanogrooves appeared to have different 

alignment patterns, where on 1 NANO grooves, hiPSC-derived NSCs showed a little degree 

of directional alignment, and on 10 NANO grooves, there was no alignment observed from the 

direction tuning curve (Figure 30A). To compare the cell alignment on the nanogrooves and 

the microgrooves, the coefficient of alignment defined by Dr Andrea Serio (Departments of 

Materials and Bioengineering and the Institute of Biomedical Engineering, Imperial College 

London) was used. The derivative of the coefficient of alignment was based on dividing the 

standard deviation of the direction tuning curve on different substrates (σgrooves) by the standard 

deviation of the direction tuning curve which follows a normal distribution (σc), 
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Coefficient of Alignment =  
σ

σ
 

While the cells exhibit a higher degree of alignment, the σgrooves is smaller, and the value of the 

coefficient of alignment is higher compared to the cells which are less aligned. After comparing 

the 1NANO grooves with the 10 μm ridge/groove width microgrooves with different depth, it 

was found that cells on the microgrooves were more aligned compared to the 1NANO grooves 

and the deeper the microgrooves were, the cells exhibited a trend with a higher degree of 

alignment. The difference between the 10 μm-depth and 20 μm-depth grooves was minimal 

and could be due to the fact that once the cells were geometrically well-confined, deeper 

microgrooves did not exert a further effect on cell alignment. 
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Figure 30. Effects of micro- and nanogrooves on cell alignment. (A) Cell alignment on 1NANO (left) and 
10 NANO (right) nanogrooves (MAP2, red; βIII-tubulin, green; scale bars: 50 µm). (B) Cell alignment on 
3 µm-depth, 10 µm-depth, and 20 µm-depth grooves. (C) Comparison of cell alignment on 1NANO, 3 
µm-depth, 10 µm-depth, and 20 µm-depth grooves (MAP2, red; βIII-tubulin, green; scale bars = 50 µm; 
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3 µm, 10 µm and 20 µm represent 3 µm-depth, 10 µm-depth, and 20 µm-depth grooves respectively; 
images were acquired and analysed by Dr Andrea Serio; the results represent means ± s.e.m.; n=3). 

To examine the topographical effects on hiPSC-derived NSCs, Western blotting was used to 

evaluate the epigenetic modulations of AcH3, AcH4, and H3K9me3 (Figure 31). At day 2, all 

the microgrooves showed a trend of increased H3K9me3 compared to the flat PDMS (fold 

changes of 3 µm-depth: 1.22 ± 0.08; 5 µm (width): 1.73 ± 0.21; 10 µm-depth: 1.61 ± 0.27; 20 

µm-depth: 1.64 ± 0.29). Whilst the 1NANO grooves showed a trend of higher H3K9me3 

expression compared to the flat PDMS (fold change: 1.47 ± 0.64), 10NANO grooves did not 

show the same trend (fold change: 0.80 ± 0.14) (Figure 31C). For AcH4, cells on the 10 µm-

depth grooves (fold change: 1.87 ± 0.30) exhibited a significant increase in AcH4 expression 

compared to the flat PDMS and the nanogrooves (fold changes of 1NANO: 0.98 ± 0.16; 

10NANO: 0.84 ± 0.10). Other microgrooves, similar to what had been observed for H3K9me3, 

also showed a trend of increased AcH4 compared to the flat PDMS (fold changes of 3 µm-

depth: 1.24 ± 0.05; 5 µm (width): 1.46 ± 0.16; 20 µm-depth: 1.66 ± 0.25). Western blotting at 

day 2 also showed an enhanced trend of AcH3 expression on the microgrooves and a 

decreased trend on the nanogrooves though without any significance (fold changes of 3 µm-

depth: 1.42 ± 0.46; 5 µm (width): 1.59 ± 0.51; 10 µm-depth: 1.13 ± 0.45; 20 µm-depth: 1.52 ± 

0.55; 1NANO: 0.67 ± 0.27; 10NANO: 0.60 ± 0.23) (Figure 31E). 
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Figure 31. Effects of microgrooved and nanogrooved topography on epigenetic status of hiPSC-derived 
NSCs, including H3K9me3, AcH4, and AcH3 at day 2 were determined by Western blotting using the 
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respective antibodies. (A, B) Western blotting with H3K9me3, AcH4, AcH3, and GAPDH (3 µm, 10 µm, 
20 µm represent grooves with 10 µm (width) * 10 µm (width) * 3 µm/10 µm/20 µm (depth) respectively; 
5 µm (width) represents grooves with 5 µm (width) * 5 µm (width) * 10 µm (depth); 1Nano denotes 
nanogrooves with 1 µm (width) * 1 µm (width) * ~100 nm (depth); 10Nano denotes nanogrooves with 1 
µm (width) * 10 µm (width) * ~100 nm (depth)). Quantification of (C) H3K9me3, (D) AcH4, and (E) AcH3 
normalised to GAPDH and then normalised to the flat PDMS (one-way ANOVA with post hoc Tukey’s 
test was used; the results represent means ± s.e.m. * represents p < 0.05; ** represents p ≤ 0.01; N=3, 
n=9). 

In summary, at day 2, hiPSC-derived NSCs followed the same trend as observed in the hESC-

derived NSCs, as epigenetic expressions of AcH3, AcH4 and H3K9me3 increased on the 

microgrooves compared to the flat substrate (Figure 32). The 10 µm-depth grooves generally 

have more obvious effects compared to the 3 µm-depth grooves; however, the deeper grooves 

of 20 µm-depth seemed not to exert more effect on the epigenetic up-regulations of AcH4 and 

H3K9me3 compared to the 10 µm-depth grooves. At day 2, the nanogrooves showed a trend 

to down-regulate the epigenetic effects, and was particularly noted in the 10NANO grooves, 

which always exhibited a decreased epigenetic expression. However, the decrease observed 

was not statistically significant. 

 

Figure 32. Effects of microgrooves on epigenetic status of hiPSC-derived NSCs at day 2. Epigenetic 
changes of (A) H3K9me3, (B) AcH4, and (C) AcH3 were normalised to GAPDH and then normalised to 
Flat PDMS at day 2 (one-way ANOVA with post hoc Tukey’s test was used; the results represent means 
± s.e.m. * represents p < 0.05; ** represents p ≤ 0.01; N=3, n=9). 

In the previous section (4.3.2.2 Epigenetic Modulations of hESC-derived NSCs on 

Microgrooved PDMS Substrates), the topographical effects were studied at later time points, 

namely day 7 and day 14. At day 14, the cells on the microgrooves over-proliferated and 

stacked on top of each other or their own matrix hindering the topographical effects. Thus, in 

this section, only the day 7 time point was examined (Figure 33). Western blotting for 

H3K9me3 at day 7 showed that all the microgrooves showed a trend with enhanced H3K9me3 

(fold changes of 3 µm-depth: 1.13 ± 0.22; 5 µm (width): 2.60 ± 0.81; 10 µm-depth: 1.97 ± 0.66; 

20 µm-depth: 1.65 ± 0.43) while the nanogrooves showed an opposite trend (fold changes of 
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1NANO: 0.58 ± 0.13; 10NANO: 0.47 ± 0.10) (Figure 33C). While no significance was observed 

compared to the flat surface, 5 µm-width microgrooves had a significantly higher H3K9me3 

compared to the nanogrooves. As for AcH4 expression, the Western blotting showed a similar 

trend to the H3K9me3 expression, where the microgrooves enhanced AcH4, and the 

nanogrooves had a trend of decreased AcH4 (Figure 33D). The 10 µm-depth grooves showed 

a significant increase compared to the flat PDMS with a fold change of 2.03 ± 0.35. Together 

with the 10 µm-depth grooves, the 20 µm-depth and the 5 µm-width grooves with a fold change 

of 1.78 ± 0.21 and 1.87 ± 0.27 respectively showed a significant increase in AcH4 compared 

to the nanogrooves (fold changes of 1NANO: 0.72 ± 0.08; 10NANO: 0.67 ± 0.08). The 

expression of AcH3 at day 7 in hiPSC-derived NSCs exhibited a large standard error and 

showed an increased trend of AcH3 on all different microgrooved patterns (Figure 33E). 
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Figure 33. Effects of microgrooved and nanogrooved topography on epigenetic status of hiPSC-derived 
NSCs, including H3K9me3, AcH4, and AcH3 at day 7 were determined by Western blotting using the 
respective antibodies. (A, B) Western blotting with H3K9me3, AcH4, AcH3, and GAPDH (3 µm, 10 µm, 
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20 µm represent grooves with 10 µm (width) * 10 µm (width) * 3 µm/10 µm/20 µm (depth) respectively; 
5 µm (width) represents grooves with 5 µm (width) * 5 µm (width) * 10 µm (depth); 1Nano denotes 
nanogrooves with 1 µm (width) * 1 µm (width) * ~100 nm (depth); 10Nano denotes nanogrooves with 1 
µm (width) * 10 µm (width) * ~100 nm (depth)). Quantification of (C) H3K9me3, (D) AcH4, and (E) AcH3 
normalised to GAPDH and then normalised to the flat PDMS (one-way ANOVA with post hoc Tukey’s 
test was used; the results represent means ± s.e.m. * represents p < 0.05; ** represents p ≤ 0.01; N=3, 
n=9). 

To summarise the topographical effects on hiPSC-derived NSCs at day 2 and day 7, it was 

concluded that the topography could exert similar effects on epigenetic status of hESC-derived 

and hiPSC-derived NSCs, where the microgrooves consistently showed a trend to increase 

the expressions of AcH3, AcH4, and H3K9me3 compared to the flat PDMS (Figure 22 - Figure 

25, Figure 32, and Figure 34). Usually, the 10 µm-depth had the most significant effects on 

modulating cells’ epigenetic expressions; however, the deepest grooves with 20 µm-depth and 

the 5 µm-width grooves could sometimes achieve an even higher increase compared to the 

10 µm-depth grooves. Although there was no conclusion on whether the effects of 20 µm-

depth and 5 µm-width grooves were significantly different from the 10 µm-depth grooves, it is 

worth noting that the inconsistent effects of 20 µm-depth and 5 µm-width grooves could be 

due to the difficulty of complete protein extraction as the deeper or narrower microgrooves 

could hinder extracting proteins from cells attached to the bottom of the microgrooves. 

 

Figure 34. Effects of microgrooves on epigenetic status of hiPSC-derived NSCs at day 7. Epigenetic 
changes of (A) H3K9me3, (B) AcH4, and (C) AcH3 were normalised to GAPDH and then normalised to 
Flat PDMS at day 7 (one-way ANOVA with post hoc Tukey’s test was used; the results represent means 
± s.e.m. * represents p < 0.05; N=3, n=9). 

4.3.3 Topographical Modulations on Nuclear Morphology and Epigenetic 
Control 

Nuclear morphology is one of the features used to recognise different cell types, cells in 

different stages as well as disease states of cells.228 For example, neutrophils have multilobed 
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nuclei while lymphocytes retain large round nuclei; mature skin fibroblasts usually have 

elongated and condensed nuclei, but they start to exhibit enlarged and ‘‘pale’’ nuclei when 

responding to injury.229 While the functions and the mechanisms behind nuclear sizing and 

shaping are still unclear, such features were related to changes in gene expression profiles 

and recently to the epigenetic regulation.228 

So far, the results in this chapter have demonstrated microgroove-induced epigenetic 

modulations in the hPSC-derived NSCs as well as the correlated elongated cell nuclei. 

Although previous studies have shown a similar correlation between the elongated cell shape 

and epigenetic expressions in different cell types,136, 138-139 to date, there is no study focused 

on understanding how nuclei change in response to the topography at the nanoscale. Herein, 

focused ion beam - scanning electron microscopy (FIB-SEM) tomography was applied to 

examine the nuclear changes on the microgrooves at an ultra-high resolution and in 3D. 10 

µm-depth grooved substrate was selected as a model platform, as it consistently showed 

enhanced nuclear elongation and increased epigenetic levels. Furthermore, by combining 

immunogold labelling with FIB-SEM, the technique provided new insight into topography 

dependent epigenetic regulations, demonstrating the 3D re-distribution of one of the selected 

epigenetic marks, H3K9me3, in the nucleus. The immunogold labelling, FIB-SEM tomography, 

and the analysis in this chapter were performed by Miss Sahana Gopal (Departments of 

Materials and Bioengineering and the Institute of Biomedical Engineering, Imperial College 

London). 

The size and shape of nuclei on the flat and 10 µm-depth grooved substrates were first 

examined with the 3D reconstruction of FIB-SEM imaging (Figure 35A). The cell nuclei were 

milled with a slice thickness of 30 nm, imaged at a slice interval of 3, and further reconstructed 

and analysed using Fiji and Volocity software. The results showed that there was no significant 

difference in nuclear volume of cells on the flat surface and the 10 µm-depth grooves (Figure 

35B). However, it was found that the microgrooves could significantly increase the nuclear 

surface area to volume ratio and nuclear tortuosity compared to the flat PDMS (Figure 35B). 

Furthermore, the cells formed significantly more nuclear invaginations on the microgrooves 

compared to the cells on the flat PDMS (Figure 35B). 

To validate the results for FIB-SEM imaging with potential artefacts after pre-processing the 

raw FIB-SEM data, confocal images of Lamin A/C were acquired by Dr Andrea Serio. Although 

the confocal imaging was limited in resolution to about 200 nm and was unable to achieve the 

same high resolution as the FIB-SEM imaging (resolution of ~20-40 nm), 230-231 nuclear folding 
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on the microgrooves was still clearly observed, while no nuclear folding appeared in the cells 

on the flat PDMS (Figure 35A). 

After examining the changes in nuclear shape and size, the cells were further labelled with 

immunogold for H3K9me3 marker to investigate the epigenetic changes at an ultra-high-

resolution (Figure 36). After cell seeding for 2 days on the microgrooved substrate, the number 

of H3K9me3 foci (normalised to the nuclear volume of the cell) in the cells on the 10 µm-depth 

grooves were found to be significantly higher than the cells on the flat surface. This is 

consistent with the results that there was an increased H3K9me3 expression on the 

microgrooves using Western blotting and immunofluorescent staining (Figure 36B). Taking 

advantage of the 3D super-resolution localisation using FIB-SEM imaging, the distribution of 

the H3K9me3 foci was analysed. The peripheral region was first defined by applying the 

eroded mask to generate a 150 nm thick peripheral ring based on the thickness of the nuclear 

membrane, and nuclear lamina is generally about 50-100 nm. The number of the H3K9me3 

foci in the peripheral and the central nuclear region was further examined. While there was no 

significant increase of the H3K9me3 foci in the central region of the nuclei on the 10 µm-depth 

grooves compared to the flat PDMS, the number of the H3K9me3 foci in the peripheral region 

was significantly increased on the 10 µm-depth grooves compared to the flat PDMS (Figure 

36C). As changes in nuclear shape and features of nuclear architecture are often linked to 

changes in gene expression profiles in the nuclei,232 it is conceivable to postulate that 

observed morphological changes and redistribution of H3K9me3 foci in the nuclei contribute 

to the regulation of gene expression. 
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Figure 35. Effects of microgrooved topography on nuclear morphology in hiPSC-derived NSCs at day 
2. (A) Nuclear morphology of cells on the flat PDMS and the 10 µm-depth grooves (top: 3D 
reconstruction of FIB-SEM imaging of cell nuclei; bottom: confocal imaging of nuclear envelope Lamin 
A/C; scale bars = 2 µm). (B) Quantification of nuclear volume and nuclear morphology by nuclear 
surface area to volume ratio, nuclear tortuosity, and number of nuclear invaginations of cells on the flat 
PDMS (Flat) and 10 µm-depth grooves (Grooves) (FIB-SEM images were acquired and analysed by 
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Miss Sahana Gopal; confocal images of nuclear envelope Lamin A/C were acquired by Dr Andrea Serio; 
Mann-Whitney U-test was used; the results represent median ± IQR. * represents p < 0.05; ** represents 
p ≤ 0.01; *** represents p ≤ 0.001; N=3, n=9). 

 

Figure 36. Microgrooved topography affects the number of H3K9me3 foci in hiPSC-derived NSCs and 
the distribution of the H3K9me3 foci in the nucleus. (A) FIB-SEM imaging of the cells on the flat PDMS 
and the 10 µm-depth grooves after immunogold labelling for H3K9me3 (top: a section of the FIB-SEM 
imaging of the cell nuclei, where the bright dots were the gold particles labelling for H3K9me3; bottom: 
3D reconstruction of the FIB-SEM imaging of the cell nuclei and the H3K9me3 foci labelled with gold 
particles were reconstructed and coloured in yellow; scale bars = 2 µm). (B) Quantification of the number 
of H3K9me3 foci in the cells normalised to the nuclear volume on the flat PDMS (Flat) and 10 µm-depth 
grooves (Grooves). (C) Quantification of the distribution of the H3K9me3 foci in the peripheral (P) and 
the central (C) region of the cell nucleus normalised to the nuclear volume on the flat PDMS (Flat) and 
10 µm-depth grooves (Grooves) (FIB-SEM images and the image analysis were acquired and done by 
Miss Sahana Gopal; Wilcoxon matched-pairs signed rank test was used; the results represent median 
± IQR. ** represents p ≤ 0.01; N=3, n=9). 
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4.3.4 Changes in Cell Stiffness in Response to Topographical Cues 

Mechanotransduction represents one of the key mechanisms by which cells detect and 

respond to the physical properties of their environment, such as rigidity and topography of the 

underlying substrate. Cells have been shown to respond to these environmental cues by 

regulating their cell shape, internal cytoskeletal tension, stiffness, as well as their genetic and 

epigenetic expressions.187, 233 Whilst it has been shown that the microgrooves could affect 

hPSC-derived NSCs’ cell shape and epigenetic status in this chapter, the cell stiffness in 

response to the microgrooves were further examined in this section with scanning ion 

conductance microscopy (SICM) and atomic force microscopy (AFM). SICM is an emerging 

imaging technique with a high potential for live cell imaging coupling with the capability to 

measure cells’ mechanical properties as well as their topography.234 One of the key 

advantages to SICM imaging is that it applies no force compared to the conventional AFM, 

which usually acquires mechanical mapping of cells through tapping-mode. This could 

potentially contaminate the probe and influence or even damage the cell. Thus, SICM 

represents an attractive alternative noncontact strategy, with a comparable resolution to 

AFM.235 

Here, the cell stiffness of hiPSC-derived NSCs was measured after cell seeding on the flat 

PDMS and the 10 µm-depth grooves for 2 days with both SICM and AFM imaging (Figure 37). 

It was found that cell stiffness on the 10 µm-depth grooves (median 3.55 N/µm) was 

significantly higher than the flat PDMS (median 2.82 N/µm). The Young’s modulus measured 

with AFM is consistent with the SICM results that Young’s modulus of cells on the 

microgrooves (1.59 ± 0.10 kPa) was significantly higher than of cells on the flat PDMS (0.77 

± 0.07 kPa). 

Previously, it was suggested that the cells could actively monitor cell shape and substrate 

rigidity, and modulate their focal adhesion, cytoskeletal structure, and contractile force to 

dynamically alter their own stiffness.236 The finding of enhanced cell stiffness on the 

microgrooves could be the output of topography dependent cell shape changes and further 

induce cellular mechanotransduction. 
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Figure 37. Effects of microgrooved topography on stiffness and Young’s modulus of hiPSC-derived 
NSCs. (A) The topography and deformation maps of cells on the flat PDMS (Flat) and the 10 µm-depth 
grooves (Grooves) measured by SICM with a scan area of 50 µm * 50 µm. (B) Quantification of 
force/displacement (i.e. stiffness) of cells on the flat PDMS (Flat) and 10 µm-depth grooves (Grooves). 
(C) Young’s modulus of cells on the flat PDMS (Flat) and 10 µm-depth grooves (Grooves) measured 
by AFM (SICM maps were acquired and analysed by Miss Sahana Gopal; AFM were acquired and 
analysed by Dr Amy Gelmi. In (B), Mann-Whitney U-test was used; the results represent median ± IQR. 



 

122 | P a g e  

 

** represents p ≤ 0.01; N=3, n=19. In (C), two sample t-test was used; the results represent median ± 
IQR. *** represents p ≤ 0.001; N=3, n=47 (flat) and n=28 (grooves)). 

4.3.5 Signalling Pathway Associated with Geometric Segregation Focusing on 
Notch Signalling Pathway 

 Effects of Microgrooves on Cell Proliferation, Neuronal Differentiation, 
and Neural Rosette Formation 

Although epigenetic mechanisms could regulate gene expressions associated with stem cell 

proliferation and differentiation, it is important to understand the functional output of this 

information in hPSC-derived NSCs on the microgrooved substrates. Herein, stem cell 

proliferation and neuronal differentiation of the hESC-derived NSCs were evaluated with a 

proliferation marker, Ki67, and a neuronal marker, βIII-tubulin, at day 2, day 7, and day 14. 

The results focused on the flat PDMS, 3 µm-depth, and 10 µm-depth microgrooves as these 

microgrooves had a consistent significant trend in epigenetic modulations in previous sections. 

At day 2 and day 7, the proliferation marker, Ki67, was significantly down-regulated in the 

group of 3 μm-depth grooves (day 2: 0.50 ± 0.05; day 7: 0.40 ± 0.04) and 10 μm-depth grooves 

(day 2: 0.45 ± 0.05; day 7: 0.41 ± 0.05) compared to the flat PDMS (day 2: 0.83 ± 0.03; day 7: 

0.75 ± 0.02), demonstrating that the microgrooves might affect cell cycle progression and 

further accelerate neuronal differentiation. At day 14, on the other hand, percentage of the 

proliferative cells on all different substrates was decreased to a low level of 0.10 or even lower 

(Flat: 0.07 ± 0.03; 3 μm-depth: 0.05 ± 0.02; 10 μm-depth: 0.10 ± 0.03) and there was no 

significant difference between the groups (Figure 38A). 

For neuronal differentiation, the percentage of neuronal cells (βIII-tubulin+ cells) showed an 

opposite trend to the proliferative cells. At day 2 and day 7, the 10 μm-depth grooves exhibited 

the most neuronal differentiation (day 2: 0.33 ± 0.02; day 7: 0.24 ± 0.02) and were significantly 

higher than the flat PDMS and the 3 μm-depth grooves. However, at day 14, all the substrates 

exhibited similar neuronal differentiation and there was no significant difference on the 

percentage of neuronal cells (Flat: 0.16 ± 0.02; 3 μm-depth: 0.18 ± 0.01; 10 μm-depth: 0.19 ± 

0.02) (Figure 38B). 

To summarise, at earlier time points (day 2 and day 7), the microgrooves showed a significant 

decrease in cell proliferation and could significantly increase neuronal differentiation. The loss 

of initial differences after 14 days cell culture is likely due to the progression of the 

differentiation process determined by the absence of mitogens (FGF2) in the culture, where 
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most of the NSCs had lost their self-renewing capability and had progressed their 

differentiation towards postmitotic neurons. 

A characteristic feature during the neural development of hESCs and hiPSCs is the formation 

of neural rosettes.173 Neural rosette, resembling in vivo neural tube structure, is composed of 

radially organised columnar neuroepithelial cells. It expresses a wide range of NSC markers 

and exhibits high proliferative capacity and a broad differentiation potential covering both 

neuronal and glial lineages.237 It is known that the cytoarchitecture of neural rosettes is 

associated with Notch signalling pathway, where neighbouring NSCs in the rosette structure 

signal to each other through Delta/Jagged ligands and Notch receptors to further control stem 

cell proliferation and neural differentiation.238 During the experiments, cells on the 

microgrooves repeatedly exhibited abortive neural rosette structures. It was therefore 

hypothesised that in addition to epigenetic modulations, microgrooved topography could also 

regulate neural rosette formation, affect Notch signalling, and finally contribute to an increased 

neuronal differentiation on the microgrooves (Figure 38). 

The effect of microgrooves on neural rosette formation was analysed by the number of neural 

rosette-like structure per analysed image at day 2, day 7, and day 14. At day 2, while the flat 

surface clearly retained the neural rosette-like structures (Figure 38C), 3 μm-depth grooves 

seemed to slightly affect the rosette formation by rearranging cell alignment along concave 

microgrooves (Figure 38D). A complete disruption of rosette formation was found on the 10 

μm-depth grooves, where cells were highly aligned to the microgrooved pattern, fitted within 

the microgrooves, and the radially distributed rosette-like organisations disappeared (Figure 

38E). After quantification, it was found that at day 2, both the 3 μm-depth and 10 μm-depth 

microgrooves significantly decreased the number of neural rosette-like structure compared to 

the flat PDMS (1.50 ± 0.26). The 10 μm-depth microgrooves could even completely disrupt 

the formation while there were still some rosette-like structures could be found on the 3 μm-

depth grooves (0.75 ± 0.22). At later time point at day 7 and day 14, although the 10 μm-depth 

microgrooves (day 7: 0.75 ± 0.18; day 14: 1.25 ± 0.22) had a trend to decrease neural rosette 

formation compared to the flat PDMS (day 7: 1.08 ± 0.23; day 14: 1.33 ± 0.26), the results 

were no longer significant (Figure 38F). 

In summary, the 10 μm-depth microgrooves had the most significant results on down-

regulating the number of rosette-like structures through complete geometric segregation, while 

the 3 μm-depth microgrooves with shallow concave grooves were only found to impart a slight 

effect on rosette formation. At later time points, the decreased neural rosette formation was 

no longer significant on the microgrooved substrates, which could be due to the NSCs over-
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proliferating and overlapping on top of each other, thus hindering effects of the underlying 

topography. The neural rosette formation is closely related to Notch signalling pathway. As 

such, our results demonstrate that Notch signalling could also be modulated through 

topography, and further affect NSC proliferation and neurogenesis. 

 

Figure 38. Effects of microgrooved topography on cell proliferation, differentiation, and neural rosette 
formation in hESC-derived NSCs. (A) The flat PDMS maintained more Ki67+ cells compared to the 
microgrooved topography at day 2 and day 7. (B) Microgrooved topography promoted neuronal 
differentiation compared to the flat PDMS (Flat represents the flat PDMS; 3 µm and 10 µm represent 3 
µm-depth and 10 µm-depth grooves respectively; one-way ANOVA with post hoc Tukey’s test was 
used; the results represent means ± s.e.m. * represents p < 0.05; ** represents p ≤ 0.01; *** represents 
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p ≤ 0.001; N=4, n=11-12). The rosette structure on (C) Flat PDMS, (D) 3 µm-depth, and (E) 10 µm-
depth grooves at Day 2 (nestin, red; βIII-tubulin, green; Ki67, magenta; scale bars = 50 µm). (F) More 
neural rosette-like structures were observed on the flat surface compared to the microgrooved 
substrates at Day 2 (Flat represents the flat PDMS; 3 µm and 10 µm represent 3 µm-depth and 10 µm-
depth grooves respectively; one-way ANOVA with post hoc Tukey’s test was used; the results represent 
means ± s.e.m. * represents p < 0.05; ** represents p ≤ 0.01; *** represents p ≤ 0.001; N=4, n=12). 

 Topographical Modulations on Notch Signalling 

To elucidate the effects of topography on epigenetic modulations and Notch signalling 

pathway, a γ-secretase inhibitor, DAPT, and a histone deacetylase inhibitor (HDACi), valproic 

acid (VPA), were used to compare the effects of these small molecules to the microgrooved 

substrates. The concentrations of DAPT and VPA were first optimised for the hPSC-derived 

NSC system in this study. Building on previously published studies239-240, the different cell 

seeding densities (1.6×104, 3.3×104, 6.6×104, and 1.3×105 cells/cm2) and different DAPT 

concentrations (control, 1 µM, and 2 µM) were tested for cytotoxicity in the hESC-derived 

NSCs. The results showed that temporary treatment of 1 µM and 2 µM DAPT for 1 day did not 

affect cell viability and with the treatment of 2 µM DAPT, there seemed to be a higher coverage 

of neuronal cells (βIII-tubulin+ cells) compared to the control (Figure 39). 

The exposure time of the DAPT treatment was also tested for its effectiveness on down-

regulating the Notch signalling pathway. For extension of the exposure time, a lower 

concentration of 1.5 µM DAPT was used. With Western blotting for the cleaved Notch1 peptide 

(NICD), it was found that 1.5 µM DAPT treatment was sufficient to down-regulate the Notch 

signalling at different time points (Figure 39). A final treatment with 1.5 µM DAPT for 2-day 

exposure was finally used after optimisation to compare its effects with other topographical 

cues. 
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Figure 39. Effects of DAPT on cytotoxicity and Notch signalling in hiPSC-derived NSCs. (A) Effects of 
DAPT with different concentrations (control, 1 µM, and 2 µM) and cell seeding densities (1.6*104 

cells/cm2, 3.3*104 cells/cm2, 6.6*104 cells/cm2, and 1.3*105 cells/cm2). hESC-derived NSCs were pre-
differentiated in NSCR Base Medium for 3 days and seeded in different cell densities in NSCR Base 
Medium at day 0. After 24 h cell attachment (day 1), NSCR Base Medium was replaced with DAPT-
containing NSCR Neuron Medium for neuronal differentiation and was replaced with NSCR Neuron 
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Medium the next day to prevent excessive cell death. The cells were fixed on day 7 and stained for an 
NSC marker, nestin (red), a neuronal marker, βIII-tubulin (green), and DAPI (blue) for assessment of 
neuronal differentiation (scale bars = 500 μm). (B) Effects of DAPT on Notch signalling of hiPSC-derived 
NSCs at day 2, day7, and day 14 were examined by Western blotting for the cleaved Notch1 (20 µg 
and 40 µg denote the amount of protein loaded; + and - represent with and without DAPT respectively). 

VPA, an HDACi mainly targeting class I (HDAC1, 2, 3 and 8) and class IIa (HDAC4, 5, 7 and 

9) HDACs, has been shown to inhibit astrocyte and oligodendrocyte differentiation and to 

promote neuronal differentiation.10-11 In this study, at day 2, microgrooves were found to up-

regulate AcH3 and AcH4 epigenetic markers in hPSC-derived NSCs. To compare these 

results with the potent small-molecule epigenetic modifier, VPA, the concentration of VPA 

treatment and the cell seeding density was first optimised. 

The temporary treatment with 1 mM and 2 mM VPA for 1 day did not affect cell viability, and 

2 mM VPA seemed to increase neuronal differentiation with higher coverage of βIII-tubulin+ 

cells compared to the control (Figure 40). Finally, 2 mM VPA for 2-day exposure was used to 

compare its effects with the microgrooved topography and the DAPT. 



 

128 | P a g e  

 

 

Figure 40. Effects of VPA with different concentrations (control, 1 mM, and 2 mM) and cell seeding 
densities (1.6*104 cells/cm2, 3.3*104 cells/cm2, 6.6*104 cells/cm2, and 1.3*105 cells/cm2). hESC-derived 
NSCs were pre-differentiated in NSCR Base Medium for 3 days and seeded in different cell densities 
in NSCR Base Medium at day 0. After 24 h cell attachment (day 1), NSCR Base Medium was replaced 
with VPA-containing NSCR Neuron Medium for neuronal differentiation and was replaced with NSCR 
Neuron Medium the next day to prevent excessive cell death. The cells were fixed on day 7 and stained 
for an NSC marker, nestin (red), a neuronal marker, βIII-tubulin (green), and DAPI (blue) for assessment 
of neuronal differentiation (scale bars = 500 μm). 

Comparing the effects of DAPT and VPA with the microgrooves on epigenetic modulations at 

day 2, the VPA significantly increased AcH3 and AcH4 expressions (AcH3: 33.20 ± 15.24; 

AcH4: 5.22 ± 1.52) compared to the flat PDMS as well as had a more significant enhancement 

than the microgrooved topography (Figure 41B, C). It also demonstrated the highest trend to 

up-regulate H3K9me3 expression (2.33 ± 0.66) although with no significance (Figure 41A). 
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DAPT, on the other hand, did not cause any significant effect on expressions of H3K9me3 

(1.40 ± 0.22), AcH3 (1.60 ± 0.57), and AcH4 (1.39 ± 0.34) (Figure 41). 

In summary, VPA, the positive control for epigenetic modulations, significantly increased the 

epigenetic markers, AcH3 and AcH4, as expected and the microgrooved topography (3 μm-

depth and 10 μm-depth microgrooves) could up-regulate the epigenetic expressions in the 

NSCs (4.3.2.2 Epigenetic Modulations of hESC-derived NSCs on Microgrooved PDMS 

Substrates and 4.3.2.3 Epigenetic Modulations of hiPSC-derived NSCs on Microgrooved 

PDMS Substrates); however, they did not exert comparable effects to the small molecule 

HDAC inhibitor. On the other hand, DAPT, the negative control for Notch signalling, did not 

exert significant epigenetic regulations compared to the flat PDMS (fold changes of H3K9me3, 

AcH3, and AcH4 on the 3 µm-depth grooves are 1.22 ± 0.08, 1.42 ± 0.46, and 1.24 ± 0.05, 

respectively and fold changes of H3K9me3, AcH3, and AcH4 on the 10 µm-depth grooves are 

1.61 ± 0.27, 1.13 ± 0.45, and 1.87 ± 0.30, respectively). Thus, it was suggested that although 

the effects were mild, the microgrooves could exert similar effects to the small molecule, VPA, 

up-regulating cells’ epigenetic status. The treatment of DAPT, in contrast to VPA treatment, 

did not significantly alter cells’ epigenetic status. 

 

Figure 41. Effects of microgrooves, the Notch inhibitor, DAPT, and the HDACi, VPA, on epigenetics of 
hiPSC-derived NSCs at day 2 (Flat represents the flat PDMS; 3 µm and 10 µm represent 3 µm-depth 
and 10 µm-depth grooves respectively; one-way ANOVA with post hoc Tukey’s test was used; the 
results represent means ± s.e.m. * represents p < 0.05; ** represents p ≤ 0.01; N=3, n=9). 

So far, it has been shown that the microgrooves could affect the formation of the rosette-like 

structures (Figure 38) and potentially affect the Notch signalling pathway, which is closely 

associated with neural rosette formation. Herein, a neural rosette-specific marker, ZO-1, was 

further stained to evaluate how topography affects neural rosette formation and a cleaved 

Notch1 ELISA was used to examine the effects of microgrooves on Notch signalling. Firstly, 

the percentage of ZO-1 clusters in the rosette-like structures was examined. It was found that 
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the microgrooves could significantly down-regulate the presence of the rosette-specific 

marker, ZO-1, compared to the flat surface (means ± s.e.m.; Flat: 87.34 ± 0.89 %; 3 μm-depth: 

79.69 ± 1.92 %; 10 μm-depth: 54.96 ± 1.33 %). Furthermore, with the cleaved Notch1 ELISA, 

it was found that the deeper 10 μm-depth microgrooves (-0.13 ± 0.02) could exert similar 

effects as the Notch inhibitor, DAPT (-0.17 ± 0.04), significantly down-regulating the Notch 

signalling compared to the flat surface and the 3 μm-depth microgrooves (-0.01 ± 0.02) (Figure 

42). However, VPA (-0.05 ± 0.04), as a control for epigenetic modulations, did not show any 

significant effect on down-regulating the Notch signalling. Together with the previous results 

of topography-dependent epigenetic modulations, it was suggested that the 10 μm-depth 

microgrooved substrate could up-regulate cells’ epigenetic status similar to the effects of the 

HDAC inhibitor (VPA). Furthermore, it could down-regulate the Notch signalling in hPSC-

derived NSCs similar to the effects of the Notch signalling inhibitor (DAPT). Although the 

mechanisms behind these topography-induced cellular responses are still not fully 

understood, it was proposed that microtopographic features with ideal parameters could 

modulate both cell epigenetics and Notch signalling. While the observed epigenetic 

modulations did not seem to correlate with the down-regulation of the Notch signalling, the 

two independent mechanisms could all act in concert to promote neuronal differentiation in 

the hPSC-derived NSC systems. 
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Figure 42. Effects of microgrooves on neural rosette formation and Notch signalling of the hiPSC-
derived NSCs at day 2. (A) Immunostaining of DAPI (blue), nestin (green), and a neural rosette-specific 
marker, ZO-1 (LUT pseudocolor map applied), of the rosette-like structures (circles: created ROIs based 
on the average rosette size of 120 µm; scale bars = 100 μm). (B) Percentage of the ZO-1 clusters in 
the rosette-like structures (images were acquired and analysed by Dr Andrea Serio; one-way ANOVA 
with post hoc Tukey’s test was used; the results represent median ± IQR. * represents p < 0.05; *** 
represents p ≤ 0.001; N=4, n=7-8). (C) Effects of microgrooves, DAPT, and VPA on Notch signalling 
were examined with the cleaved Notch 1 ELISA. The absorbance of the ELISA assay was normalised 
and compared to the flat PDMS (3 µm and 10 µm represent 3 µm-depth and 10 µm-depth grooves 
respectively; p-values were compared to the flat PDMS; one-way ANOVA with post hoc Tukey’s test 
was used; the results represent means ± s.e.m. * represents p < 0.05; ** represents p ≤ 0.01; N=4, 
n=18-21). 

4.4 Discussion 

While topography of the extracellular environment serves as an important cue for neural cells 

and tissues at both physiological and pathological states, understanding cellular responses 

(i.e. neuronal differentiation, neurite outgrowth, and patterning) of neural cells on surface 

topography is very important for the field of neuroscience from basic research to clinical 

applications.24 To date, neuronal behaviours with different cell types, including immortalised 

neuronal cell lines, primary neurons isolated from both CNS and PNS in animals, and neurons 

derived from PSCs, have been examined with various topographical models, comprising 

patterned features ranging from the nano to micron scale. However, the cellular mechanisms 

which detect and respond to these environmental cues have not yet been fully elucidated.181 
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In this study, a PDMS grooved platform in submicron to micron scale was reported for its 

effects on human clinically relevant cells derived from two different cell types, hESCs and 

hiPSCs. The topographical control of stem cell fate was demonstrated, and its mechanisms 

were elucidated with particular focuses on epigenetic modulations and a novel mechanism 

linked to Notch signalling via effective geometric segregation by the microgrooves. 

The nano-/micro- grooved system used in this chapter was based on PDMS, which has been 

widely used to examine cellular responses to topography due to its optical transparency within 

a thickness of ~200 µm, biocompatibility, and easiness to fabricate different nano-/micro- 

features.83 In this study, the PDMS substrates were plasma-treated and coated with PDL and 

laminin, making a homogenous coating to promote cell adhesion of the hESC- and hiPSC-

derived NSCs. Previous reports have shown that application of oxygen plasma on surfaces of 

PDMS can increase hydrophilicity and thus improve protein coating as well as cell attachment 

on the substrates.77, 241-242 X-ray photoelectron spectroscopy (XPS), a technique used for 

measuring the elemental composition and chemical or electronic state of the elements by 

applying X-rays to interact with the surface of the material,243 as well as secondary ion mass 

spectrometry (SIMS), which uses primary ions to ionise the surface of the sample and 

analyses secondary ions with a mass spectrometer to acquire elemental and molecular 

compositions,244 were used to examine oxygen plasma-treated PDMS surfaces.242, 245-247 

Static SIMS indicated that there were SiOH groups and XPS showed increases in silicon and 

oxygen with a loss of carbon at the surface of the plasma-treated PDMS.242, 245, 247 Although 

surface analysis of the plasma-treated PDMS was not covered in this study, according to the 

previous reports, it was suggested that upon oxygen treatment, an oxidised layer containing 

silicon bonded to oxygen atoms were formed and the oxidised PDMS acquired a more 

hydrophilic surface which can improve protein coating and thus cell attachment. The detailed 

surface characterisation of the plasma-treated PDMS can be performed by XPS, SIMS, as 

well as water contact angle measurement in the future.   

After cell seeding on the substrates with 10 μm groove/ridge width, it was found that hPSC-

derived NSCs exhibited increased alignment on the microgrooves (3 μm-, 10 μm-, and 20 μm-

depth grooves) as well as the 1NANO nanogrooves. These results were similar to what has 

been reported in an abundance of studies where various nano-/micro- grooved patterns could 

serve as neurite guidance surfaces, improving cell alignment in different neuronal cell types.85-

87, 91, 93, 95-96, 185, 192, 248-250 Although cells exhibited alignment patterns on the grooved substrates, 

it was worth noting that different cell types could respond differently to a given topography.20 

For example, on microgrooves with 14 nm to ~1 μm depth and different groove widths (1, 2, 

and 4 μm), Xenopus neurites grew parallel to all of the various grooves, while rat hippocampal 
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neurons grew parallel to deep wide grooves, but perpendicular to shallow narrow ones.192 The 

alignment of hippocampal neurites was also shown to be related to the age of the embryos 

from which the neurons were isolated.192 Herein, both hESC- and hiPSC-derived NSCs 

showed similar alignment patterns, where cells could both align on the 3 μm- and 10 μm-depth 

grooves (Figure 20 and Figure 30). An explanation for the cells exhibiting similar 

characteristics and responses to their environmental cues could be due to the fact that NSCs 

derived from hESCs and hiPSCs using a similar protocol were from the same species and 

developmental stage. While previous studies showed that neural cells could sense the depth 

of the nano-/micro-gratings, here the hPSC-derived NSCs also exhibited similar responses, 

where cells on the 10 μm- and 20 μm-depth grooves exhibited a higher degree of alignment 

compared to the 3 μm-depth grooves (Figure 20 and Figure 30). Although the different 

dimensions made it difficult to compare the results and the mechanisms between the 

previously studies and the presented results,84, 92-93, 248 it was suggested that the results 

observed in this study were due to the fact that deeper grooves act as physical barriers for 

neurite extension as the cytoskeletons were too stiff to bend across the ridges with higher 

steps. The different alignment found on the nanogrooves was similar to what had been 

reported in the previous literature, where these nanoscale modulations were linked to the 

development of cell focal adhesions.91, 93, 180 Although there was an effect on cell alignment on 

the 1NANO grooves, these results were less significant compared to the microgrooves and 

could suggest that the spatial confinement provided by the microgrooved patterns was more 

effective than the nanogrooved patterns for neurite guidance. 

Along with cell alignment, it was also found that the biophysical cues provided by the 

substrates, either through topographic patterning or anisotropic mechanical strain, could 

modulate cells’ epigenetic status. Despite several recent studies on topographical epigenetic 

modulations,136-140, 251 this is the first finding in a neuronal system so far in the literature. 

Furthermore, with the use of human clinically relevant cells in this study, the results could shed 

light on biophysical mechanisms during human neural development. The most significant 

results at day 2 showed that the microgrooved topography could enhance epigenetic markers 

of AcH3, AcH4, and H3K9me3 in both hESC- and hiPSC-derived NSCs, and groove depth 

was concurrent with higher expression. Up-regulation of the cells’ epigenetic states was also 

correlated with the elongation of cell nuclear shape found on the microgrooves. Previously, 

similar to the results of this study, several papers focused on microgroove-induced epigenetic 

regulations all reported a significant increase of AcH3 on the microgrooves.136, 138-139 For 

example, Downing et al. showed that microgrooves led to increased AcH3 and H3K4 

methylation, promoting a mesenchymal-to-epithelial transition in adult fibroblasts and further 
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increasing their reprogramming efficiency into iPSCs.138 Li et al. also reported an increase in 

AcH3 on the 3 μm-depth grooves (with 10 μm ridge/groove width) in MSCs. While AcH3 is 

partially increased in hESC- and hiPSC-derived NSCs (shown to be significant by 

immunostaining results specifically analysed with cells fell into the grooves), the other two 

epigenetic markers, AcH4 and H3K9me3, showed more significant effects on overall 

epigenetic modulations (shown by both Western blots with proteins collected from the whole 

cell population on the PDMS membranes and the immunostaining results) (Figure 22, Figure 

23, and Figure 32). AcH3 and AcH4 were usually associated with multiple neuronal growth 

genes, such as NeuroD and Bdnf, and were up-regulated in neuronal extracts compared to 

undifferentiated extracts.10, 252 On the other hand, H3K9me3 was related to long-term 

repression of pluripotency-related genes, such as those encoding NANOG, and non-neural 

lineage genes, such as those encoding GATA4.2 While all these epigenetic markers highly 

contribute to neuronal development, the up-regulations of these markers could point to the 

promotion of neuronal differentiation. However, their subtle difference in response to the 

microgrooves could result from their innate properties, including the functionality and their 

regulatory machinery. It is also worth noting that unlike the cell-type dependent topographical 

effects reported in Morez et al.’s work,139 hESC- and hiPSC-derived NSCs did not respond 

remarkably differently to the applied topographical cues. The results suggested that the 

potential inherited epigenetic difference in hiPSCs,253 after differentiation into NSCs, might not 

show a significant difference compared to the hESC-derived NSCs. Thus, they exhibited 

similar epigenetic modulations in response to the applied topography. 

In this study, GAPDH is chosen as a reference for the targeted epigenetic markers referenced 

from the previously published studies on topography-dependent epigenetic modulations.138-139 

Although it was shown that there was no significant difference on total H3/GAPDH expression 

across the flat PDMS, 3 μm-depth, and 10 μm-depth microgrooves (Figure 21), using GAPDH 

as a normaliser can potentially bias the acquired results as GAPDH is a metabolic enzyme 

and might vary depending on the cellular context. In particular, while examining cells’ 

epigenetic changes, it is recommended to use a loading control which locates in the same 

cellular compartment as the targeted proteins, for example, nuclear proteins, such as total H3 

and lamin B1. Although using total H3, visualisation might be impaired and data interpretation 

can be compromised as the target proteins (i.e. AcH3 and H3K9me3) and the loading control 

are the same size, future work will focus on the examination of multiple controls along with the 

results for each experiment. For analysis of epigenetic changes using immunostaining, the 

results presented here were analysed by randomly selected cells which are located within the 

grooves to examine the cells specifically affected by the grooved topography. Although 
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random selection can result in a trend reflecting epigenetic changes of the cells on different 

topographies, as cells’ epigenetic status can change dependently to their different 

developmental stages, it is critical to understand what developmental stages the analysed 

cells are in. In the future, densitometric analysis of the target epigenetic markers will be 

combined with analysis of the NSC marker, nestin, and the neuronal marker, βIII-Tubulin, to 

analyse epigenetic changes in a cell type-specific manner, excluding variances of cells’ 

epigenetic status at different developmental stages.   

Previously, topography-dependent epigenetic effects have been focused on histone 

acetylation and HDAC activity in response to topographical stimuli.136 HDACs in mammals can 

be categorised into four classes. Class I HDACs (HDAC1, HDAC2, HDAC3, and HDAC8) are 

ubiquitously predominantly expressed in the nuclear region. Class II HDACs (including class 

IIa members, i.e. HDAC4, HDAC5, HDAC7, and HDAC9 and Class IIb members, i.e. HDAC6 

and HDAC10) and class IV HDACs (HDAC11), on the other hand, are more selectively 

expressed and can shuttle between nucleus and cytoplasm in response to stimuli. These 

HDACs are also known as zinc-dependent histone deacetylases. Class III HDACs (the sirtuins 

family of deacetylases) are functionally different from other HDACs that their deacetylase 

activity depends on the co-factor NAD+.254 Among them, it is known that HDAC1, HDAC3, 

HDAC5, and HDAC7 are predominately expressed in NSCs and are reduced during neuronal 

differentiation while HDAC2 is more expressed in post-mitotic immature neurons and is 

upregulated as neurons differentiate and down-regulated when they become functionally 

mature in the brain.255-256 It is also known that HDAC inhibitors can induce neuronal 

differentiation of neuronal progenitor cells to neurons, which suggests a significant role for the 

HDACs in neuronal development.10-11 As a previous study of topography-modulated epigenetic 

changes has specifically compared the changes in HDAC1, HDAC2, and HDAC3,138 and 

HDAC1, HDAC2, and HDAC3 are known to acquire stage-specific expressions in NSCs and 

differentiated neurons,255-256 to elucidate the upstream regulation of histone acetylations in this 

study (AcH3 and AcH4), Western blotting was performed to examine the expression of 

HDAC1, HDAC2, and HDAC3. Unlike the previous study published by Downing et al. that the 

microgrooves could decrease HDAC2 expression but not HDAC1 and HDAC3 expressions,138 

the results here showed there was no significant difference on these HDACs protein 

expressions on the microgrooves compared to the flat PDMS (Figure 29). However, as 

different HDACs are preferentially expressed in different cell types, and Li et al. reported the 

effects of microgrooves on HDAC activity,136, 257 future works will focus on examining the 

effects of microgrooved substrates on nuclear HDAC activity and comparing the expression 

of other HDACs and HATs on different topographies. 
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Histone methylation is another crucial mechanism for long-term regulation of gene expression 

during neural development. For example, in ESCs, it is known that a bivalent marker, which 

acquires both the activating H3K4me3 and the repressive H3K27me3 at the same time, 

represses and poises key developmental genes for later activation during neural 

differentiation.258 Upon neural differentiation, up-regulation of histone demethylases and 

down-regulation of histone methyltransferases lead to a decrease in H3K27me3 at the 

promoters of neural genes while H3K4me3 are maintained and result in gene activation of 

these neural genes.259 However, at this stage, some neuron-specific genes still acquire the 

H3K27me3 and H3K4me2 bivalent marks for later terminal neuronal differentiation.260 Unlike 

the bivalent markers, methylation of H3K9, another repressive marker associated with gene 

silencing and heterochromatin formation, has also been recognised as a crucial regulator 

during neurogenesis. While H3K9me and H3K9me2 are related to reversible gene 

repressions, here, the H3K9me3 maker responsible for long-term gene repression is 

examined in this study.261 The results showed that the microgrooved topography could 

enhance H3K9me3 in both hESC- and hiPSC-derived NSCs. Previously, microgrooved 

topography has been shown to enhance the expression of a subunit of H3 methyltransferase 

(WDR5) and result in an increase in H3K4me3 in fibroblasts.138, 140 Although an upstream 

mechanism for H3K9me3 is not included in this study, H3K9me3 can be catalysed by various 

methyltransferases, such as euchromatic histone-lysine N-methyltransferase 1 (EHMT1), 

EHMT2, dimeric EHMT1-EHMT2, SET domain bifurcated 1 (SETDB1), SUV39H1, SUV39H2, 

and the PR domain-containing protein (PRDM) family, and can be removed by lysine 

demethylases, including lysine-specific demethylase 1 (KDM1), KDM3, KDM4, PHD finger 

protein 2 (PHF2), and PHF8.262 For examples, SETDB1 is highly expressed at early 

developing stages of mouse brain. A deletion of SETDB1 in the forebrain could result in 

decreased H3K9me3 and upregulated non-neuronal genes, leading to severe brain defects.218 

Future study can be focused on deciphering upstream mechanisms of the increased 

H3K9me3 observed in this study, including examination of protein expressions and activities 

of the related methyltransferases and demethylases on different topographies. 

Another potential regulator worth studying in the future is heterochromatin protein 1 (HP1), a 

transcriptional repressor that directly binds to the H3K9 methylation marks and represents a 

hallmark for transcriptionally silenced heterochromatin.263 There are three different isoforms 

of HP1 in mammalian cells (α, β and γ) and each of the HP1 proteins contain a chromodomain 

(an amino-terminal region that binds to the H3K9 methylation markers), a variable hinge 

region, and a chromoshadow domain (a carboxy-terminal region which is related to protein-

protein interactions).264 The multipartite structures of HP1 allow multiple proteins binding to 
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the HP1 at the same time.265 At a constitutive heterochromatin site, methylation of H3K9 is 

primarily maintained by SUV39H1 and SUV39H2 and when an HP1 protein binds to 

H3K9me3, differences in the HP1 isoforms result in differential protein interactions and further 

modulate gene expressions differently.263 As HP1 predominantly targets methylated H3K9, 

studying the regulation of HP1 might provide insight into how topography modulates epigenetic 

machinery, the formation of heterochromatin, and thus the downstream gene expressions. 

Another significant change of nuclear shape in response to microgrooved substrates was also 

reported in previous studies as well as their correlation with the up-regulated epigenetic 

expressions on the microgrooves.136, 138-139, 190, 266 Possible mechanisms related to these 

interesting findings have been proposed: (1) the mechanical compression-induced elongated 

nuclear shape on the microgrooves could affect nuclear pores and spatial distribution of 

epigenetic regulators through nucleocytoplasmic transport,135-136 and (2) the mechanical stress 

applied to the cell could affect nuclear membrane and nuclear matrix, further regulating cell 

responses through mechanotransduction.1 In this study, with the state-of-the-art FIB-SEM 

tomography, nine random cells from three independent experiments were sliced, 

reconstructed, and analysed for their nuclear changes on the microgrooves in 3D at an ultra-

high resolution. Consistent with confocal imaging of Lamin A/C, the cells on the microgrooves 

exhibited significantly more nuclear invaginations, which have been suggested to facilitate 

nucleocytoplasmic transport and signalling, chromatin remodelling, and potentially calcium 

signalling.228 Furthermore, immunogold labelling for H3K9me3 marker demonstrated, for the 

first time, a spatial redistribution of the enhanced epigenetic marker on the microgrooved 

topography, where more H3K9me3 foci were located in the nuclear peripheral region on the 

microgrooves compared to the flat PDMS. Previously, it has been shown that cells acquire 

dynamic nuclear morphology as well as chromatin organisation during cell cycle 

progression.267 The changes in nuclear shape and size correspond to chromosome 

decondensation, chromosome duplication, as well as interaction of the cytoskeletal network 

and the nuclear components.228, 268-270 The most dramatic change occurs during mitosis, where 

the nuclear envelop disassembles and the mitotic microtubules polymerise to contact the 

chromosomes to guide their segregation.267 Although cell mitosis was not observed in the 

analysed cells in this study, it is possible that cell cycle progression might still attribute to 

changes in nuclear deformation. Similarly, cell epigenetics is also dynamically modulated 

across the cell cycle, where along with cellular transcriptional machinery, it regulates cell cycle 

progression by controlling individual gene expression or the chromatin structure.271 For 

example, phosphorylation of H3S10 and H3S28 are highly enriched during mitosis while 

AcH3K9 has maximal levels during late S phase and decreases significantly during mitosis.272-
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273 Here, it is found that the 10 µm microgrooved topography can enhance epigenetic marker, 

H3K9me3, in a spatial-specific manner as well as to increase nuclear tortuosity; however, 

future work should be focused on examining these changes in a synchronised cell culture 

system. Cell cycle synchronisation can be performed by double thymidine block, where the 

excessive thymidine can effectively inhibit DNA synthesis and arrest the cells in G1 or in S 

phase.43 Inhibition of specific cyclins and cyclin-dependent kinases (CDKs) can also efficiently 

control each phase of the cell cycle; for example, CDK4/6 inhibitors are capable of arresting 

the cells in G1 phase while CDK1 inhibition can arrest cells in G2 phase.274-275 

In addition to examination of changes in epigenetic status, cell stiffness on the microgrooves 

was measured with SICM and AFM. Previously, human corneal epithelial cells seeded on 

grooved topographies (pitch as 400, 800, 1200, 1600, and 2000 nm, where pitch equals to 

ridge width plus groove width in 1:1 ratio and depth as 300 nm) exhibited increased nuclear 

volume as the pitch increased from 400 nm to 2000 nm as well as an increase in cells’ elastic 

modulus.276 It is interesting that although an increased nuclear volume was not observed in 

this study as shown by FIB-SEM reconstruction, cells on the microgrooved substrates still 

acquired an increased elastic modulus and stiffness compared to the flat surface. The 

enhanced cell stiffness on the microgrooves could provide new insight into the role of 

mechanotransduction in epigenetic control: the microgrooved topography could modulate cell 

shape and cortical stiffness through spatial patterning of cells’ microenvironment.236 These 

mechanical cues could then be mediated through cytoskeletal tension, transmitted to the 

nucleus, and further cause nuclear membrane and matrix distortion. Finally, the distorted 

nuclear topology as well as the possibly accompanying rather than resulting epigenetic 

regulations manifest changes in chromatin architecture and further influence global gene 

expression. 

Although it is well-known that substrate topography can influence cell or neurite guidance, only 

recently have studies revealed the effects of topography on cell differentiation.20, 78-79, 83-84, 88, 

90, 98 While up-regulated epigenetic expressions in AcH3, AcH4, and H3K9me3 were often 

attributed to enhanced neuronal differentiation, it is important to examine their gene 

expression and immunochemical profiles during NSC differentiation. While there were only a 

few studies that reported topography-induced neuronal differentiation using human clinically 

relevant cells, such as hiPSCs or hiPSC-derived NSCs, the results in this study showed a 

similar trend that NSCs on the microgrooves had a lower percentage of proliferative cells and 

an increased neuronal differentiation at day 2 and day 7. Interestingly, the appearance of 

neural rosettes, which are a characteristic feature during the neural development of hPSCs, 

were significantly lower on the microgrooves, and decreased further as the groove depth 
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increased. One explanation is that as the rosette structures were highly dependent on cell 

density as well as their spatial and structural organisation, the microgrooves could serve as 

geometric barriers aborting endogenous neural rosette formation. The topographical effect 

was further tested on one of the most relevant signalling pathways in rosette structures, the 

Notch signalling. The Notch signalling was first examined for its correlation with the observed 

epigenetic changes. The results showed the Notch inhibitor (DAPT) did not exhibit significant 

up-regulation on AcH3, AcH4, and H3K9me3 compared to the flat surface. On the other hand, 

while the VPA control did not affect Notch signalling when examined with Cleaved Notch 1 

ELISA, the microgrooves did pose similar effects as DAPT, down-regulating the Notch 

signalling pathway through disrupting neural rosette formation. 

In this study, topographical regulation on Notch signalling was examined by quantification of 

rosette formation and Cleaved Notch 1 ELISA. Although the results suggest that microgrooves 

can potentially modulate Notch signalling through geometric segregation, more detailed 

examination of the downstream signalling pathway is required. Notch signalling is firstly 

initiated via interactions between Notch receptors and Jagged/Delta ligands on neighbour 

cells. Upon ligand-receptor binding, the Notch receptor proceeds to release NICD through 

proteolytic cleavages.277 NICD then translocates to the cell nucleus, binds to the DNA-binding 

effector, Su(H) (in Drosophila) and CBF1/RBPjκ (in mammals), and converts it into a 

transcriptional activator, which further upregulates immediate Notch downstream target 

genes.278 Although Notch signalling results in diverse outcomes, a few of Notch target genes 

have been identified in cellular contexts. For example, Hes genes, such as Hes1 and Hes5, 

belong to the Notch downstream genes.278 They encode bHLH factors which can repress the 

neuronal bHLH genes such as Mash1 and further maintain proliferation of NSCs and prevent 

neuronal differentiation.278 Future work will be focused on examining expressions of Notch 

target genes, including Hes1, Hes5, Hes7 as well as Hey1 and Hey2 (a subfamily of Hes),279 

in response to microgrooved topography. Notch signalling pathway microarray can further 

profile expressions of a large number of genes involved in Notch signalling to demonstrate 

how topography modulates Notch signalling.  

Interestingly, the modulation of Notch signalling in this study did not seem to correlate with the 

topography-induced epigenetic regulations at Day 2 as the Notch inhibitor (DAPT) and the 

HDACi (VPA) did not significantly upregulate the epigenetic markers and downregulate the 

Notch signalling, respectively (Figure 41 and Figure 42). However, it has been reviewed that 

Notch signalling can crosstalk to epigenetic machinery during the activation of its target 

genes.280 In a previous study, researchers identified interaction partners of the NICD in human 

T cell acute lymphoblastic leukaemia cells using tandem affinity chromatography with 



 

140 | P a g e  

 

subsequent mass spectrometric analysis.281 By grouping the interaction partners into various 

main categories, it was reported that chromatin regulators, such as polycomb repressing 

complex, ATP-dependent chromatin remodelling complexes (e.g. NuRD and SWI/SNF), and 

histone demethylases (e.g. PHF8 and LSD1), were a part of the NICD binding partners.281 In 

addition, it is known that Notch signalling gene regulations are related to histone modifications 

by HATs.279 For example, p300/CBP and P300/CBP-associated factor (PCAF) act together 

with NICD, mastermind-like transcriptional coactivator 1 (MAML1) and CBF1/RBPjκ to 

enhance histone acetylation (e.g., acetylation of H3K9), leading to transcriptional activation.282 

On the other hand, epigenetics can also regulate Notch signalling by affecting key genes in 

Notch signalling.283 For example, polycomb repressing complex can regulate gene 

expressions of the Notch receptors and ligands to further modulate the entire Notch signalling 

pathway.284 As mentioned above, it was also shown that epigenetic machinery can bind to 

NICD or CBF1/RBPjκ to regulate Notch signalling. For instance, in the absence of Notch 

signalling, SIRT1 (H4 deacetylase) interacts with LSD1/KDM1A (histone demethylase) and a 

repressor adaptor protein to form a co-repressor complex for the Notch target genes, resulting 

in gene silencing.285 Upon Notch activation, acetylation of H4K16 and methylation of H3K4 is 

induced, leading to a permissive chromatin state for gene transcription. As the crosstalk 

between epigenetics and Notch signalling has been previously reported, it is suggested that 

the topographical modulations on epigenetics and Notch signalling could potentially act 

separately or intertwine to affect different signalling cascades for gene expressions and further 

enhance neuronal differentiation. 

As previously stated, the microgrooved topography can modulate both cells’ epigenetic status 

and the Notch signalling. Moreover, the epigenetic effects were not associated with the 

observed topography-induced Notch signalling modulation. This demonstrates in the literature 

for the first time that microtopography with ideal parameters could affect Notch signalling, 

simply with geometrical constraints provided by the platform. Previously, to modulate Notch 

signalling, studies often refer to ligands immobilisation on tissue-culture polystyrene (TCPS) 

plates,286 co-culture of Notch receptor-expressing cells with Notch ligand-presenting cells,287 

or cell transfection of the active Notch intracellular domain (NICD).288 Some recent studies 

have further aimed to mimic cell-cell interactions by immobilising cell-surface ligands, such as 

Notch and Jagged1 ligands, to different biomaterial surfaces.288-291 For example, Taqvi et al. 

have functionalised magnetic microbeads with the Notch ligand DLL4 using streptavidin-biotin 

binding and antibody-antigen coupling to enhance hematopoietic stem cells’ differentiation into 

T cells.291 Dishowitz et al. also developed a clinically translatable construct by immobilising 

Jagged1 on to an osteoconductive scaffold comprised of poly(b-amino ester) and 
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characterised the ability of osteoblast differentiation in human MSCs.290 Although these 

studies could successfully modulate Notch signalling and cellular behaviours, cell co-culture 

and NICD transfection could be limited to heterogeneous and diverse signalling pathway within 

different cell types and the low transfection efficiencies, respectively. In the previously 

described material-based systems, it is difficult to control ligands orientation and their 

accessibility. Furthermore, these systems generally require complex surface modification 

schemes. In this study, the microgrooved substrates were found to be able to prevent 

arrangement of cells into neural rosettes, which in turn down-regulated the Notch signalling 

and directly promoted neuronal differentiation. The topography-induced Notch signalling 

modulation thus presents a facile and powerful method to control cell signalling and can further 

facilitate stem cell differentiation. To conclude, the new mechanism of the biophysical 

regulation of Notch signalling and the previously discussed epigenetic effects could have 

important implications for rational design of new biomaterials and methodologies to mimic cell 

niches for various biological and translational applications. 

4.5 Conclusions 

In this study, a PDMS-based bioengineered platform incorporating topographical cues based 

on parallel grooved patterns ranging from nano-scale to micron-scale was developed. 

Clinically relevant neural populations derived from human ESCs and human iPSCs were used 

to examine the effects of surface topography on neural development. The results showed that 

the microgrooves could promote neuronal differentiation as well as a significant change in the 

cell’s epigenetic landscape. Epigenetic markers associated with stemness and differentiation, 

such as AcH3, AcH4, and H3K9me3, were increased on the microgrooves while the 

proliferation marker, Ki67, was decreased. The observed epigenetic modulations were 

correlated to the changes in nuclear shape and the nuclear morphology examined with lamin 

A/C-stained confocal images and 3D ultra-high resolution FIB-SEM imaging as well as cell 

stiffness. Finally, a novel mechanism is proposed where microgrooves can further modulate 

Notch signalling through geometric segregation of the microgrooves, in addition to the 

observed topography-dependent epigenetic modulations. The two different cellular 

mechanisms could further enhance neuronal differentiation and the results presented in this 

chapter could be exploited for introducing new approaches to accommodate both fundamental 

research and translational applications. 
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5 Effects of Electrical Stimulation on Human Induced 

Pluripotent Stem Cell (hiPSC)-Derived Neural System  

5.1 Introduction 

Topography, which was a focal point of the last chapter, is one of the key biophysical cues 

regulating cell behaviours and cell fates. Endogenous bioelectrical signals, another type of 

biophysical cue, can also affect a broad range of cellular behaviours, including cell migration, 

proliferation, and differentiation, through voltage gradients, ion fluxes, and intracellular pH 

level generated by ion transporters.142 Although recently there have been increasingly more 

studies utilising the combinatorial effects of topography and electrical stimulation for various 

tissue engineering (TE) applications, the combination of these biophysical signals remains 

largely unknown in terms of effects and mechanisms in different cells and tissues. While the 

literature review has detailed the effects and potential mechanisms of topography, 

endogenous and external electrical stimuli in neural development (2.3 Effects of Substrate 

Topography on Neural Development and 2.4 Effects of Endogenous Electrical Fields and 

Electrical Stimulation on Neural Development), this introduction will focus on different cell-

material interfaces integrating these two biophysical stimuli and their effects on the cellular 

and tissue level. 

Conductive fibrous electrospun scaffolds are one of the most common constructs delivering 

the combinatorial stimuli of topography and electrical stimulation, as will be further discussed 

in Chapter 6. Development of Serum Albumin-Based Scaffold for Neural Tissue Engineering. 

Another intriguing system for simultaneous application of topographical and electrical cues is 

that of conductive microgrooved platforms, as the specific nano- or micro-grooved 

topographies can induce morphological changes, cellular alignment and further affect cellular 

behaviours and functions.292 The previous studies which incorporate electrical stimulation with 

grooved platforms (mostly microgrooves) can be divided into two strategies: (1) cells were 

seeded on the non-conductive microgrooved substrates and were electrically stimulated 

through cell culture media or directly on cells and tissues; (2) Cells were seeded and 

potentially electrically stimulated on the conductive microgrooved substrates. 

The first strategy was reported in several studies for skeletal muscle and cardiac TE 

applications.293-296 For example, Hosseini et al. used microgrooved methacrylated gelatin 

hydrogels with two different ridge sizes (50 and 100 µm) to grow muscle-like fibrous structures 

using C2C12 myoblasts. By applying electrical stimulation, they demonstrated improved 
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myoblast alignment and an increase in the myotube diameters.295 Other research by Heidi Au 

et al. reported a microfabricated chip, incorporating different groove/ridge widths at the 

microscale with two gold electrodes deposited on the opposite sides of the microgrooves 

oriented either parallel or perpendicular to the electrodes. Neonatal rat cardiomyocytes 

cultivated on the microgrooved substrates were found elongated and aligned to the 

microgrooves, forming a contractile apparatus. Furthermore, with the application of biphasic 

electrical pulses, the cells were able to develop the well-organised cell gap junctions, and 

while the microgrooves were oriented parallel to the electric field, the stimulation could further 

enhance cardiomyocyte elongation.293 Although these studies have shown positive results 

with combinatorial application of topographical and electrical cues, the nonconductive 

substrates used in these studies could mitigate the effects of electrical stimulation and an even 

higher intensity needed for effective induction of cellular responses could pose negative 

effects on cells or tissues and their extracellular microenvironment during long-term electrical 

stimulation. 

With advances in microfabrication and conductive materials, recently there have been a few 

studies reporting conductive material-based hierarchical patterns (the second strategy) for 

biological research and TE applications. For example, the development of double wall carbon 

nanotube-coated PDMS microgrooves,297 graphene oxide-based microgrooved substrates,292 

and microgrooves on electrically-stimulating platinum.298 Recently, Hardy et al. also developed 

an electrically conductive silk film-based PDMS substrates with micrometre-scale grooves.299 

The conductivity of the silk films was generated by the network of polypyrrole and 

polystyrenesulfonate in the silk matrix. Mice dorsal root ganglion cells cultured on top of the 

substrates were observed to align and extend their neurites along the microgrooved patterns. 

While these studies presented potential platforms for synergetic biophysical stimuli, there was 

no electrical stimulation applied in these systems to examine the combinatorial effects of 

topography and electrical signals on cellular behaviours. 

Previously, studies have developed different methods for patterning metal layers on the PDMS 

substrates for flexible and implantable microelectrodes; however, so far, the effects of these 

interfaces on cell behaviours are not yet fully understood.300-303 As the PDMS microgrooved 

substrate has previously been examined for its effects on the hESC- and hiPSC-derived neural 

systems (Chapter 4. Microgroove-Based Topography Regulates Epigenetic Landscape and 

Notch Signalling in Human Neural Stem Cells), herein, the most robust microgrooved patterns 

(3 µm-depth and 10 µm-depth grooves) were metallised with Cr-Au for synergetic application 

of topography and electrical stimulation. In this chapter, a cell electrical stimulation device 

based on Cr-Au metallised PDMS microgrooved substrates was developed and optimised for 
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examining the combinatorial effects of topography and electrical stimulation on human 

clinically relevant neuronal populations (i.e. hiPSC-derived NSCs). The cellular behaviours, 

including cell proliferation, neuronal differentiation, and neurite outgrowth, as well as the 

epigenetic modulations through this platform were examined. 

After the development of the Cr-Au metallised PDMS microgrooved platform, it was sought to 

incorporate another important biophysical cue, substrate stiffness, to achieve a cell culture 

device for delivering multiple biophysical stimuli. Previously, Engler et al. showed that 

differentiation properties of mesenchymal stem cells (MSCs) were related to the underlying 

substrate stiffness.304 The soft, collagen-coated substrates mimicking brain elasticity (E ~ 0.1-

1 kPa) were found to be neurogenic while substrates of intermediate stiffness mimicking 

striated muscle elasticity (E ~ 8-17 kPa) were myogenic, and stiffer matrices (E ~ 25–40 kPa) 

mimicking the crosslinked collagen of osteoids were found to be osteogenic. Other studies 

also demonstrated that substrate stiffness could regulate NSC differentiation into neuronal or 

glial lineages,305 promote neuronal maturation,306 and affect neuronal subtype specification.307 

For example, rat NSCs were found to proliferate on hydrogel with moduli of ≥ 0.1 kPa and 

favourably differentiated into neurons on a substrate of 0.5 kPa, near physiological stiffness 

of the brain tissue. Furthermore, under mixed differentiation conditions, softer gels (~ 0.1-0.5 

kPa) could greatly promote neuronal differentiation while stiffer gels (~ 1-10 kPa) favoured 

glial cultures.305 

Although the Cr-Au metallised PDMS microgrooves applying combinatorial stimuli of 

topography and electrical stimulation could serve as a facile and standard platform for cell-

interface characterisations, due to high stiffness of the metal layers, it is difficult to modulate 

the mechanical properties to the range of stiffnesses ideal for neural cultures. Graphene-

based materials, capable of enhancing cellular adhesion and neuronal differentiation due to 

their inherent electrical and physicochemical properties,292 on the other hand, have been 

recently reported as a unique electrode structure with conductivity and tunable mechanical 

and surface properties.123 Sherrell et al. developed a graphene-based electrode by chemical 

vapour depositing the graphene on copper (Cu) substrates and subsequently transferring the 

graphene onto a biopolymer support made of polylactic acid (PLA) or polylactic-co-glycolic 

acid (PLGA) copolymers.123 This unique structure was found to retain the flexibility and surface 

properties of the underlying materials with a conductive graphene layer for cellular electrical 

stimulation. With PC12 cells, the material was proven to be biocompatible, and after electrical 

stimulation, an enhanced neuronal differentiation was found on the graphene-biopolymer 

electrodes. As this method could be transferable to the PDMS system, with tuneable elasticity 

by varying the ratio of the crosslinker and the monomers, a collaborative project with Dr Peter 



 

145 | P a g e  

 

Sherrell (Departments of Materials, Imperial College London) was further carried out for 

developing graphene-coated PDMS microgrooved substrates for application of multiple stimuli. 

To summarise, this chapter presents two different conductive platforms to understand how 

different biophysical stimuli synergistically affect cellular behaviours. The Cr-Au metallised 

microgrooved platform was first developed to examine the effects of microgrooved topography 

and electrical stimulation on hiPSC-derived NSCs focusing on changes in cellular responses 

and, for the first time, epigenetic modulations of the external electrical stimulation were 

reported. To mimic the cell niche during neural development, the graphene-coated PDMS 

microgrooved platform was further tested with an attempt to simultaneously apply multiple 

biophysical stimuli, including topography, electrical stimulation, and substrate stiffness. 

Although the graphene-coated PDMS microgrooved substrate was too challenging to 

accomplish in this project, a flat graphene-coated PDMS system with variable compliance was 

achieved. The conductivity, mechanical and surface properties of the graphene-coated PDMS 

were characterised and compared with the Cr-Au metallised PDMS platform. Finally, hiPSC-

derived NSCs were used to examine the biocompatibility of the graphene-coated PDMS and 

its ability to promote neuronal differentiation. Furthermore, unlike the opaque Cr-Au metallised 

PDMS platform, with the transparency of the graphene-coated PDMS, live cell calcium 

imaging was applied to record neuronal activity for functional evaluation of the hiPSC-derived 

neurons. 

5.2 Materials and Methods 

5.2.1 Metallisation of PDMS Substrates and Measurements of the Electrical 
Property of the Cr-Au Metallised PDMS 

Metallisation of flat and microgrooved PDMS substrates was performed with sputter-coating 

systems. The cured PDMS substrates were washed with 100 % ethanol and oxygen plasma-

treated at a pressure of 0.5 mbar and a power of 50 Watts for 1 min (Plasma Prep 5, GaLa. 

Instrumente). Chromium (Cr) adhesion layer was first sputter-coated on the PDMS substrates 

using Quorum Sputter Coater (model Q150T S) with a current of 100 mA for 30 sec depositing 

a thickness of approximately 10 nm. The Cr-coated substrates were then sputter-coated with 

gold (Au) using a K550 Emitech Sputter Coater with a current of 20 mA for 2 min depositing a 

thickness of approximately 20 nm. The electrical property of these Cr-Au metallised PDMS 

substrates was evaluated using their resistance (R) measured by a multimeter (FLUKE 115 

MULTIMETER, DIGITAL, HAND HELD, 6000). 



 

146 | P a g e  

 

5.2.2 Fabrication of Graphene-coated PDMS and Raman Characterisation 

Fabrication of graphene-coated PDMS and the Raman characterisation were performed by Dr 

Peter Sherrell (Departments of Materials, Imperial College London). Fabrication of graphene-

coated PDMS was adopted from the previously published method.123 Continuous bi/few 

layered graphene was produced through the decomposition of methane over 99.99 % pure 

Cu foil (Sigma-Aldrich), using a method adapted from Wassei et al.308 The graphene was 

grown at a maximum growth temperature of 985 °C and a partial pressure of 1.1 mTorr. 

Silicone elastomer base was then mixed with the silicone elastomer curing agent catalyst 

(SYLGARD® 184 SILICONE ELASTOMER KIT; Dow Corning) in a 10:1 or 40:1 weight ratio, 

vacuum-degassed, spin-coated on top of the produced Cu:graphene sheets for 1 min at 300 

rpm, and cured at 120 °C for at least 30 min. The Cu side of the Cu:graphene:PDMS sheet 

was first partially etched using a cotton swab soaked in 70 % HNO3 (Sigma-Aldrich) to remove 

any contaminants. The Cu film was then etched by placing the Cu side down floating in a 

concentrated bath of FeCl3 (Sigma-Aldrich) and HCl (Sigma-Aldrich) for 30 min, followed by a 

DI water bath for 10 min. After wash, the graphene-coated PDMS was floated with graphene 

side down on a 12 M H2SO4 (Sigma-Aldrich) bath for 15 min to remove any residual iron 

particles from the etchant solution, followed by a DI water bath for 15 min. Finally, the 

graphene-coated PDMS was dried via air jet and placed graphene side up on a glass slide for 

further experiments. 

Raman characterisation of graphene-coated PDMS was conducted with the support of a 

silicon substrate. The sample was analysed using a WITec Raman spectrometer (WITec; 

Germany) equipped with a 532 nm laser driven by WITec Control FOUR software (WITec). 

Spectra and maps were acquired using the 100X objective and the 1800 lines∙mm-1 spectral 

grating. 

5.2.3 Characterisation of Cr-Au metallised PDMS Microgrooved Substrates 
with FIB-SEM 

FIB-SEM imaging of cross-sections of the 10 µm-depth Cr-Au metallised PDMS substrates 

was performed by Miss Sahana Gopal (Departments of Materials and Bioengineering and the 

Institute of Biomedical Engineering, Imperial College London). The Cr-Au metallised 10 µm-

depth grooved PDMS was imaged with an Auriga Cross Beam FIB-SEM (Zeiss, Germany) 

without further sputtered metal coatings. Briefly, the stage was tilted to 70 degrees, and the 

samples were milled using a current of 600 pA up to 1 nA allowing visualisation of the interface 
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of the metal layers (i.e. Cr and Au) and the underlying PDMS. Cross-sections were imaged by 

a backscattering detector at an acceleration voltage of 1.6 keV. 

5.2.4 Characterisation of Cr-Au metallised PDMS Microgrooved Substrates 
with SEM-Energy-dispersive X-ray (EDX) 

SEM-EDX characterisation of Cr-Au metallised microgrooved PDMS was performed by Dr 

Cyril Besnard (Departments of Materials, Imperial College London). 10 µm-depth Cr-Au 

metallised PDMS substrate was analysed by SEM Quanta 650 (FEI, USA) and EDX XFlash 

6I60 (Bruker Nano GmbH, Germany) combined with Esprit software (Bruker, USA). The SEM 

imaging was taken at 5 keV, and for the EDX analysis, a beam current of 5 keV was chosen 

for elemental mapping and line scanning. Both elemental map and line scan analysis were 

carried out with scans of one minute and WD ~15 mm, which is suggested to be optimal for 

the EDX detector in the manual. 

5.2.5 Surface Roughness of Cr-Au Metallised and Graphene-coated PDMS 
Substrates with AFM 

The AFM characterisation and analysis of Cr-Au metallised and graphene-coated PDMS 

substrates were performed by Dr Nadav Amdursky (Departments of Materials and 

Bioengineering and the Institute of Biomedical Engineering, Imperial College London) and Dr 

Amy Gelmi (Departments of Materials and Bioengineering and the Institute of Biomedical 

Engineering, Imperial College London). 

AFM imaging was performed on an AFM 5500 Microscope (Agilent) in tapping mode in air. An 

HQ:NSC15/Al BS tip (MikroMasch) was used for the topography imaging (tip radius of 8 nm, 

resonance frequency of 325 kHz, force constant of 40 N/m). For the Cr-Au metallised PDMS 

substrates, a collection of both topographic and phase data was acquired across areas of 10 

μm * 10 μm and 0.5 μm * 0.5 μm. The images were then processed and analysed using Pico 

Image Basic 6.2.6676. For graphene-coated PDMS substrates, three topographical scans 

across a 40 μm * 40 µm area were acquired, and the root mean square (RMS) roughness was 

quantified using Gwyddion (gwyddion.net) as an average from these three scans. 

5.2.6 Young’s Modulus of Cr-Au Metallised and Graphene-coated PDMS 
Substrates Measured with AFM 

The Young’s modulus measurements were performed by Dr Amy Gelmi (Departments of 

Materials and Bioengineering and the Institute of Biomedical Engineering, Imperial College 
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London) using indentation force spectroscopy with an AFM 5500 Microscope (Agilent). The 

measurements were performed with an HQ:CSC38 tipless cantilever (Mikromasch) with a 

spring constant of 0.04 N/m, modified with a 20 µm diameter silica sphere. The force 

measurements were performed in ambient conditions and were carried out across three 20 * 

20 µm areas per sample, with 32 force curves in each area. The force versus distance curves 

were converted to force versus indentation curves, which were then fitted by the Hertz model 

for a spherical indenter to quantify Young’s modulus using PUNIAS (http://punias.free.fr/). 
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E is Young’s modulus, R is the radius of the spherical indenter (10 µm), u is the Poisson’s 

ratio, σo is the indentation of the sample, and F is the applied force. The fit was applied to a 

range of 2.5 µm indentation on the substrates. 

5.2.7 AFM Conductivity Measurements of Graphene-coated PDMS Substrates 

AFM measurements and analysis for the conductivity of the graphene-coated PDMS 

substrates were performed by Dr Amy Gelmi (Departments of Materials and Bioengineering 

and the Institute of Biomedical Engineering, Imperial College London). For the conductive 

AFM (C-AFM) measurements, an AFM 5500 Microscope (Agilent) was operated in contact 

mode with a conductive 0.12 N/m silicon cantilever (Mikromasch) coated with an Au(70 

nm)/Cr(30 nm) overlayer. C-AFM acquires simultaneous topography and current scans of the 

surface, by scanning in contact mode while applying a DC bias to the AFM tip. 20 * 20 µm 

scans were acquired of the graphene-coated PDMS. Areas of higher conductivity are indicated 

by higher current feedback. 

5.2.8 Water Contact Angle Measurements of Cr-Au Metallised and Graphene-
coated PDMS Substrates 

The water contact angle measurement was conducted with an EasyDrop Contact Angle 

Measuring Instrument (KRÜSS GmbH, Germany) at room temperature. Each water droplet 

had a volume of ∼5 µl and was carefully touched to the sample surface. A CCD (charge-

coupled device) camera was used to take images of water droplets, which was followed by an 

automatic calculation of the static contact angle by the Drop Shape Analysis software (KRÜSS 

GmbH). Each static contact angle measurement was repeated five times, and the mean value 

was reported. 
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5.2.9 Cell Seeding on Cr-Au Metallised and Graphene-coated PDMS Substrates 

Before cell seeding, the ECM protein, laminin, was coated on both Cr-Au metallised and 

graphene-coated PDMS substrates as previously described (4.2.2 Coating of Extracellular 

Matrix (ECM) Protein, Laminin, on the PDMS Membranes). NSCs derived from hiPSCs were 

detached with Accutase (Stemcell Technologies) when the cells reached ~80 to 100 % 

confluence. The dissociated cells were suspended in dPBS, pelleted at 300 g for 5 min and 

were resuspended in NSCR Neuron medium into the single-cell level and counted. For Cr-Au 

metallised PDMS substrates, 5 * 105 cells were plated onto a 30 mm diameter well (7 * 104 

cells/cm2) of the assembled device (Figure 45D) for cell electrical stimulation while 2 * 106 

cells were plated onto a 6 cm dish (9.5 * 104 cells/cm2) for the non-stimulated controls. For cell 

culture on graphene-coated PDMS substrates, 6.25 * 104 cells were plated onto a well of a 

48-well plate with the samples mounted inside (6.6 * 104 cells/cm2). 

5.2.10 Experimental Scheme, Device, and Patterns for Cell Electrical Stimulation 

The hiPSC-derived NSCs were seeded on PDL and laminin-coated Cr-Au metallised 

microgrooved PDMS (5.2.9 Cell Seeding on Metallised and Graphene-coated PDMS 

Substrates) and further incubated for cell attachment and spreading. After 2 d cell culture, the 

hiPSC-derived NSCs were exposed to continuous 50 ms electrical pulses of 100 mV, 2 Hz for 

a period of 2 h for 2 d and were fixed or collected for RNA extraction at Day 4 (Figure 43). 

The electrical stimulation device used in the experiments was assembled as in Figure 45D. 

Briefly, the Cr-Au metallised PDMS microgrooved substrate was placed at the centre of a 6 

cm dish. A cable was attached to the Cr-Au metallised membrane using adhesive carbon tape 

(Agar Scientific Ltd, UK) and the whole membrane was covered with parafilm and then 

uncured PDMS (monomer:catalyst in a 10:1 weight ratio; SYLGARD® 184 SILICONE 

ELASTOMER KIT; Dow Corning) followed by incubation at 60 °C for 2 d to fully cure the PDMS. 

A 30 mm diameter well was then made with a biopsy punch by carefully removing a circular 

region (30 mm diameter) of PDMS and the underlying parafilm layer while maintaining the 

electrical property of the Cr-Au metallised membranes. Another electrode made with a gold 

mylar sheet (Vaculayer Inc., Canada) was fastened on the side of the well plate and connected 

to the power supply. A schematic illustration of the device for electrical stimulation is shown in 

Figure 43B. The power source, 33500 Series Trueform waveform generator (Agilent, USA), 

was connected to the cable attached to the Cr-Au metallised PDMS substrates and the gold 

mylar electrode on the side of the well. During the experiments, both the Cr-Au metallised 

PDMS and the gold mylar electrode were in contact with the cell culture media. An electric 
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circuit was thus completed through the movement of electrically charged particles in media 

and further contributed to cell electrical stimulation. 

 

Figure 43. The experimental scheme, device, and stimulation parameters of cell electrical stimulation. 
(A) The experimental scheme of the electrical stimulation using Cr-Au metallised microgrooved PDMS. 
(B) Schematics of the cell culture construct for electrical stimulation studies (top) and the stimulation 
waveform (bottom). 

5.2.11 Epigenetic Modulations of NSCs on Cr-Au Metallised Microgrooved PDMS 
Substrates after Electrical Stimulation 

Epigenetic modulations of hiPSC-derived NSCs on Cr-Au metallised microgrooves were 

examined with an expression of the selected epigenetic markers, histone H3 (acetyl K9 + 

K14), histone H4 (acetyl K5 + K8 + K12 + K16), and histone H3 (trimethyl K9), using 

densitometric analysis. The data were obtained from 2 independent experiments with 2 

biological replicates (n=4), and a total of 10 images with ~100 cells in each group were 

analysed with ImageJ 64 (Version 2). The MFI of the epigenetic markers were normalised to 

DPAI MFI per nuclei. The analysed data were represented as fold induction with respect to 

the unstimulated PDMS patterns. 

5.2.12 RNA Isolation and qRT-PCR 

RNA Isolation and qRT-PCR were completed with the help of Mr Vincent Leonardo 

(Departments of Materials and Bioengineering and the Institute of Biomedical Engineering, 

Imperial College London). Cells were lysed using TRIzol® (Thermo Fisher Scientific), and the 

RNA was subsequently extracted and purified using the Direct-zol™ RNA MiniPrep Kits (Zymo 

Research, USA) according to the manufacturer’s instructions. RNA concentration and purity 

were determined with a Nanodrop spectrophotometer (Thermo Fisher Scientific). cDNA was 
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then reverse transcribed from the RNA using a QuantiTect® Reverse Transcription Kit 

(Qiagen, UK). cDNA samples with low concentrations resulted from the low efficiency during 

RNA extraction presumably due to the interference of the underlying substrates, were pre-

amplified without introducing bias with a TaqMan™ PreAmp Master Mix Kit (Thermo Fisher 

Scientific).  

TaqMan qRT-PCR assays were performed and analysed using a QuantStudioTM 6 Flex Real-

Time PCR System (Applied Biosystems, USA) with annealing and extension at 60 °C and 

denaturing at 90 °C. The following table is a list of the PCR primers used, and these primers 

were synthesised by Life Technologies (Table 6). 

Table 6. Primers used in this study. 

Target Gene Assay ID 

GAPDH Hs02758991_g1 

HDAC1 Hs02621185_s1 

HDAC2 Hs00231032_m1 

HDAC3 Hs00187320_m1 

5.2.13 Viability, Proliferation, Differentiation, and Neurite Outgrowth of NSCs 

Cell viability of hiPSC-derived NSCs was evaluated with LIVE/DEADTM Cell Viability Assays. 

The experimental method was detailed in Section 3.4. LIVE/DEADTM Cell Viability Assays. 

NSC proliferation was analysed with the proliferation marker, Ki67, and neuronal 

differentiation, neurite branching, and the number of lanes neurites crossed were analysed 

with the neuron-specific marker, βIII-Tubulin, using the “Cell Counter” plugin of ImageJ 64 

(Version 2). Cell proliferation and differentiation were evaluated by the percentage of the Ki67+ 

cells and βIII-Tubulin+ cells out of the total number of cells as previously described in Section 

4.2.8. Proliferation and Differentiation of NSCs on Microgrooved PDMS Substrates. Neurite 

outgrowth was evaluated using the “Neurite Tracings” plugin in ImageJ 64 (Version 2) based 

on immunostaining for βIII-Tubulin. 
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5.3 Results 

5.3.1 Characterisations of Cr-Au Metallised PDMS Microgrooved Substrates 

To conduct cell electrical stimulation using the existing PDMS microgrooved cell culture 

system, the PDMS membranes were first metallised with sputter-coating systems to achieve 

a basic and facile platform for cell electrical stimulation study. Typically, the most commonly 

used biomedical electrodes are made of platinum, gold, and platinum-iridium due to their 

electrochemical stability and corrosion resistance.114 Herein, an electrical-stimulating Au-

based microgrooved system was developed in this study. Initially, an Au layer was directly 

deposited on the PDMS membrane. Although the samples exhibited a homogenous layer of 

Au coating, this method resulted in an unstable Au-coated system where the deposited Au 

was peeled off after 1 day incubation in dPBS at room temperature. Hence a modified protocol 

with pre-treatment of oxygen plasma and an extra Cr adhesion layer was used. In addition, 

different parameters of the Cr and Au deposition were tested for the optimal electrical property 

and stability of the metallisation. Measurements of electrical properties can be achieved by 

either direct current (DC) or alternating current (AC) method which corresponds to a value of 

resistance and impedance, respectively. While DC is a unidirectional charge flow, AC is a 

charge flow which changes the direction periodically. As a pulsed DC (continuous 50 ms 

electrical pulses of 100 mV, 2 Hz for a period of 2 h for 2 d) was applied for cell stimulation in 

this study, the electrical property of the metallised platforms was evaluated by resistance 

measured with a multimeter (Figure 44). 
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Figure 44. Stability and resistance of the metallised PDMS membranes. The stability test was examined 
with films incubated in dPBS at room temperature for 16 days, and the resistance was measured with 
a multimeter. 

After 16 day incubation in dPBS at room temperature, the Au film without Cr deposition was 

mostly peeled off while the other metallised PDMS with a Cr adhesion layer remained stable. 

The resistance of the metallised PDMS membranes was then measured by contacting the 

probes manually on the metallised surfaces. Some of the high values obtained could be due 

to the direct contact between the probes and films by hand, and they may not be consistent 

and accurate; however, with complete electrical stimulation chamber assembly (Figure 45D), 

the resistance was decreased while connecting the measuring probe to the attached cables 

and the membrane. This is attributed to the tighter and more consistent contact with the whole 

metallised membranes. The film was found optimal with a resistance of approximately 5-9 Ω, 

which is close to the resistance of a commercialised gold mylar sheet. Finally, a 10 nm Cr 

adhesion layer and a 20 nm Au layer deposited with a current of 20 mA for 2 min were chosen 

to metallise the PDMS membranes due to the stable metallisation, optimal electrical property, 

and theoretically smoother surface topography. In addition to the flat PDMS membrane, 

metallisation of the 3 μm-depth and 10 μm-depth grooved PDMS was also achieved (Figure 

45). The metallisation of the microgrooved system could be further combined with different 

patterning techniques, for example, the Cr-Au metallised strip-patterns fabricated by masking 

(Figure 45C), for more complex applications and experimental designs. 
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Figure 45. Cr-Au metallised PDMS grooved cell culture system. (A) Illustrations of the Cr-Au metallised 
PDMS membranes with a flat surface, 3 μm- and 10 μm-depth microgrooves (grey: PDMS; orange: Cr 
deposits; yellow: gold deposits). (B) An image of the Cr-Au metallised PDMS membrane with 10 μm-
depth microgrooves. (C) A strip-patterned Cr-Au metallised PDMS membrane showed the capability of 
making different patterns for different experimental designs. (D) The cell culture chambers fabricated 
for the electrical stimulation study. 

The resistance of the Cr-Au metallised PDMS microgrooves was also measured in two 

different directions to observe if the geometry of the microgrooves had a significant effect on 

electrical property (Figure 46). A higher resistance was observed on 10 μm-depth grooved 

PDMS in the transverse direction, which could be attributed to the steric hindrance of the 

metallisation process. Although the 10 μm-depth grooved PDMS showed a higher resistance 

compared to the other Cr-Au metallised PDMS membranes, the Cr-Au metallised PDMS 

platform overall exhibited satisfactory electrical property, enabling a more variable and 

complex electrical stimulation system for future cell studies. 
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Figure 46. The electrical property of the Cr-Au metallised PDMS membranes measured in both 
longitudinal and transverse directions (grey: PDMS; orange: Cr deposits; yellow: gold deposits). 

After establishing the Cr-Au metallised PDMS system and characterising its electrical 

property, it was important to have a clear understanding of the cell-material interface before 

conducting cell experiments. Firstly, homogeneity of the Cr-Au metallised PDMS platform was 

investigated by FIB-SEM imaging to examine the interface of the metal layers and the 

underlying PDMS with a higher resolution. It is hypothesised that the microgrooved geometry 

could interfere with the sputter coating process, resulting in the uneven coating on the ridges 

and the grooves of the platform and thus posing different effects on cellular behaviours. 

Herein, a 10 μm-depth Cr-Au metallised PDMS groove was chosen as an example as it 

retained the maximum depth which was expected to cause the most steric hindrance in the 

system. From the FIB-SEM images (Figure 47), it was difficult to quantify the exact thickness 

of each metal coating layer as the deposited Cr and Au layers were within the 10 to 20 nm 

range, approaching the resolution limit of the acquiring instrument.309 However, it was visible 

that the interfaces of the ridge and the groove regions showed similar characteristics while the 

sides of the grooves exhibited thinner metal coating layers, presumably due to the steric effect 

during sputter coating. 

Another technique, SEM-EDX, was also applied to examine homogeneity of the Cr-Au 

metallised 10 µm-depth grooves focusing on the ridge and the groove regions (Figure 47). 

The microgrooved pattern of the Au elemental map was well-matched to those on the SEM 

image, and there was no significant difference in the Au coating between the ridge and the 

groove regions. An EDX line scan profile of Au of the 10 µm-depth Cr-Au metallised 
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microgrooves also showed that although there was a reduced count of Au on the corners/sides 

of the microgrooves, which could be due to steric hindrance, there was no significant change 

in the Au count at the ridge and the groove regions. Previously, it has been known that 

chromium could diffuse to the gold surface, oxidise, and further change the morphology and 

electrical properties of the top gold layer.310 Furthermore, the diffused Cr could pose cytotoxic 

effects to cells by inducing damage to DNA and proteins, interfering with nucleotide 

metabolism, and modifying the membrane-linked enzyme activity.311 Here, the line scan profile 

of Cr on the Cr-Au metallised PDMS microgrooves showed that the sputter coated Cr did not 

diffuse through the gold layer during the period for cell experiments. Thus, the developed 

platform should not cause unwanted side reactions nor any Cr-related cell toxicity that could 

interfere with the applied topographical and electrical stimuli. 

Previously, it has been reported that human neuroblastoma cells (SH-SY5Y) can sense 

nanoscale roughness and respond accordingly.312 To examine whether the metal layer 

coatings changed the topography of the PDMS platform, the surface roughness of the Cr-Au 

metallised microgrooved system was evaluated with AFM imaging. The topography of the 

centre of a flat Cr-Au metallised PDMS membrane (10 μm * 10 μm) was first imaged and the 

highest acquired roughness was ~19 nm (Figure 47D). A zoom-in image (0.5 μm * 0.5 μm) 

within the same area was shown in Figure 47E with the highest surface roughness of ~2 nm. 

Brunetti et al. reported that with a surface roughness of 35.8 nm, the SH-SY5Y cells exhibited 

nearly 10 % decrease in the percentage of adherent cells and a ~40 % increase of percentage 

of necrotic cells.312 The surface roughness of the developed Cr-Au metallised PDMS system, 

on the other hand, fell within the range reported to support cell adhesion but not to disturb 

cellular behaviours. The smooth surface of the Cr-Au metallised PDMS membranes can, 

therefore, serve as an ideal platform to study the effects of microgrooves and electrical 

stimulation on cells excluding other non-targeted environmental stimuli. 
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Figure 47. Characterisation of the 10 µm-depth grooves after metallisation with 10 nm Cr and 20 nm 
Au. (A) FIB-SEM image of the 10 µm-depth Cr-Au metallised microgrooves (scale bar = 10 µm). FIB-
SEM images were acquired with Miss Sahana Gopal. The rectangular bars were the software tool for 
milling. (B) SEM-EDX analysis of a Cr-Au metallised 10 µm-depth microgrooved substrate. The 10 µm-
depth Cr-Au metallised microgrooves was imaged with a secondary electron (SE) detector (left) and 
the EDX Au elemental map of the SEM image was acquired (right) (scale bar = 20 µm). (C) An EDX 
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line scan profile of Cr and Au of the Cr-Au metallised 10 µm-depth microgrooves. SEM-EDX mappings 
were acquired and analysed by Dr Cyril Besnard. (D) The surface roughness of the Cr-Au metallised 
PDMS membranes evaluated with AFM imaging. The surface roughness of a flat Cr-Au metallised 
PDMS membrane (10 μm * 10 μm) is ~19 nm (left) and the surface roughness of a higher resolution 
image (0.5 μm * 0.5 μm) within the same area is ~2 nm. AFM images were acquired with Dr Nadav 
Amdursky. 

5.3.2 Combinatorial Effects of Microgrooved Topography and Electrical 
Stimulation on hiPSC-derived NSCs 

 Biocompatibility of the Applied Electrical Stimuli to hiPSC-derived NSCs 
Using Cr-Au Metallised Microgrooved PDMS Substrates 

As previously reported, the effects of electrical stimulation on cells may vary between different 

cell types, electrical stimulation systems, and the applied electrical stimuli.109, 129-131 To 

optimise the electrical stimulation protocol in the experiments, biocompatibility of the applied 

electrical stimuli was first examined with its effects on cell viability using immunostaining. The 

hiPSC-derived NSCs were first seeded onto a PDL-Laminin coated cell chamber (Figure 45D) 

and further incubated for 2 d for cell attachment and spreading. After 2 d cell culture, the NSCs 

were exposed to continuous 50 ms electrical pulses of 100 mV, 2 Hz for a period of 2 h. Due 

to the opacity of the Cr-Au metallised substrates and the design of the fabricated electrical 

chamber, LIVE/DEAD Viability assay is difficult to be applied with the available instruments in 

this study. Cell viability was thus evaluated with total cell coverage by immunostaining with an 

NSC marker, Nestin, a neuronal marker, βIII-Tubulin, and DAPI. The results showed that after 

electrical stimulation for one day, there was no significant difference in total cell coverage of 

the electrically stimulated cells on different Cr-Au metallised substrates and the flat PDMS 

control (Figure 48). Although it is worth noting that 10 µm-depth Cr-Au metallised 

microgrooves exhibited a lower cell coverage after electrical stimulation for one day, the 

applied electrical stimuli were overall biocompatible with the hiPSC-derived NSCs used in the 

study. Using the total cell coverage by immunostaining to evaluate cell viability might not be 

appropriate in some cases, as the dead cells will not be quantified and the result can only 

show the behaviours of the targeted cell types. Future work will focus on fabrication of other 

electrical stimuli devices or using an upright fluorescence microscope in combination with 

LIVE/DEAD Viability assay to examine the biocompatibility of the electrical stimuli. 
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Figure 48. Cell coverage after electrical stimulation with trains of 50 ms electrical pulses of 100 mV/cm, 
2 Hz for a period of 2 h applied for 1 day. (A) As LIVE/DEAD Viability assay is difficult to be applied due 
to the opacity of the Cr-Au metallised substrates, cell viability was evaluated with total cell coverage by 
immunostaining with an NSC marker, Nestin, a neuronal marker, βIII-Tubulin, and DAPI (all in white) 
(scale bars = 100 μm). (B) Quantification of total cell coverage after electrical stimulation (one-way 
ANOVA test was used; the results represent means ± s.e.m.; N=3, n=9). 
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 Epigenetic Modulations of hiPSC-derived NSCs on Cr-Au Metallised 
Microgrooved PDMS Substrates after Electrical Stimulation 

Previously, the epigenetic modulations of hESC- and hiPSC-derived NSCs on PDMS 

microgrooved substrates have been demonstrated in Chapter 4. Microgroove-Based 

Topography Regulates Epigenetic Landscape and Notch Signalling in Human Neural Stem 

Cells. Herein, the effects of the synergetic application of topography and electrical stimulation 

on cells’ epigenetic status were demonstrated with flat, 3 μm-depth, and 10 μm-depth Cr-Au 

metallised PDMS grooves. Expression of epigenetic markers of AcH3, AcH4, and H3K9me3 

was examined using immunostaining with densitometric analysis. 

After applying the complete electrical stimulation protocol (continuous 50 ms electrical pulses 

of 100 mV, 2 Hz for a period of 2 h for 2 d), the electrically stimulated hiPSC-derived NSCs 

exhibited a trend to increase of H3K9me3 in all different Cr-Au metallised PDMS substrates 

compared to the unstimulated PDMS membranes (Figure 49B; fold changes: unstimulated flat 

PDMS: 1.00 ± 0.11; unstimulated 3 μm-depth PDMS grooves: 1.56 ± 0.36; unstimulated 10 

μm-depth PDMS grooves: 1.23 ± 0.21; unstimulated flat Cr-Au metallised PDMS: 2.48 ± 0.38; 

stimulated flat Cr-Au metallised PDMS: 7.19 ± 0.98; stimulated 3 μm-depth Cr-Au metallised 

grooves: 3.49 ± 0.65; stimulated 10 μm-depth Cr-Au metallised grooves: 3.22 ± 0.96). 

Interestingly, it was found that the electrically stimulated flat Cr-Au metallised PDMS showed 

a more significant increase compared to the microgrooved Cr-Au metallised PDMS. For AcH4, 

the electrically stimulated hiPSC-derived NSCs on the Cr-Au metallised 3 μm-depth grooves 

were found to have a significant increase compared to all the unstimulated and stimulated 

PDMS membranes (Figure 49D; fold changes: unstimulated flat PDMS: 1.00 ± 0.06; 

unstimulated 3 μm-depth PDMS grooves: 1.15 ± 0.12; unstimulated 10 μm-depth PDMS 

grooves: 2.32 ± 0.46; unstimulated flat Cr-Au metallised PDMS: 4.24 ± 0.65; stimulated flat 

Cr-Au metallised PDMS: 12.0 ± 3.52; stimulated 3 μm-depth Cr-Au metallised grooves: 26.3 

± 6.97; stimulated 10 μm-depth Cr-Au metallised grooves: 8.53 ± 1.71). Finally, the electrically 

stimulated hiPSC-derived NSCs exhibited an increase trend of AcH3 on 3 μm-depth Cr-Au 

metallised grooves and 10 μm-depth Cr-Au metallised grooves compared to the unstimulated 

PDMS membranes (Figure 49F; fold changes: unstimulated flat PDMS: 1.00 ± 0.14; 

unstimulated 3 μm-depth PDMS grooves: 0.89 ± 0.08; unstimulated 10 μm-depth PDMS 

grooves: 1.30 ± 0.29; unstimulated flat Cr-Au metallised PDMS: 2.69 ± 0.39; stimulated flat 

Cr-Au metallised PDMS: 2.38 ± 0.46; stimulated 3 μm-depth Cr-Au metallised grooves: 3.62 

± 0.71; stimulated 10 μm-depth Cr-Au metallised grooves: 3.24 ± 0.78). 
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Overall, the results of the unstimulated controls (except for the expression of AcH3 on the 

unstimulated 3 μm-depth PDMS grooves) were consistent with previously reported that the 

microgrooves could up-regulate AcH3, AcH4, and H3K9me3 expressions, and the effects 

were generally the most significant on the deeper microgrooves (Figure 49 and Chapter 4. 

Microgroove-Based Topography Regulates Epigenetic Landscape and Notch Signalling in 

Human Neural Stem Cells). The applied electrical stimuli (continuous 50 ms electrical pulses 

of 100 mV, 2 Hz for a period of 2 h for 2 d) could exert a more pronounced trend of epigenetic 

enhancement compared to the unstimulated controls with the same pattern. It is interesting to 

found that the synergetic effects of the microgrooved topography and the electrical stimuli did 

not follow the same trend as the microgrooved topography alone that there was no consistent 

trend of fold change normalised to their unstimulated PDMS patterns. 
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Figure 49. Effects of electrical stimulation on epigenetic expressions, including (A, B) H3K9me3, (C, D) 
AcH4, and (E, F) AcH3, in hiPSC-derived NSCs. Examples of unstimulated and stimulated cells on the 
3 µm-depth grooves examined with different epigenetic markers, (A) H3K9me3, (C) AcH4, (E) AcH3 
(nestin, red; βIII-Tubulin, green; DAPI, blue; epigenetic markers, cyan; red arrows: direction of grooves; 
scale bars = 50 µm). Quantifications of effects of electrical stimulation on different epigenetic markers, 
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including (B) H3K9me3, (D) AcH4, (F) AcH3. Fluorescence intensity of the epigenetic markers was 
normalised to DAPI and then normalised to the flat PDMS substrate (Flat, 3 µm, and 10 µm represent 
flat, 3 µm-depth, and 10 µm-depth PDMS grooves respectively; M Flat represents Flat Cr-Au metallised 
PDMS without electrical stimulation; ES Flat, ES 3 µm, and ES 10 µm represent flat, 3 µm-depth, and 
10 µm-depth Cr-Au metallised grooves with electrical stimulation respectively; one-way ANOVA with 
post hoc Tukey’s test was used; the results represent means ± s.e.m. * represents p < 0.05; ** 
represents p ≤ 0.01; *** represents p ≤ 0.001; N=3, n=9, ). 

As previously mentioned, AcH3 and AcH4 were highly related to HDAC inhibition during 

neuronal lineage progression.219 Here, to compare the expression of HDACs to what have 

observed in Chapter 3, HDAC1, HDAC2, and HDAC3 in Class I HDACs, were particularly 

focused and examined using qRT-PCR analysis (Figure 50). The results showed a significant 

decrease in HDAC1 and HDAC2 RNA expression on the electrically stimulated 10 μm-depth 

Cr-Au metallised grooves (HDAC1: 0.68 ± 0.08; HDAC2: 0.74 ± 0.11) compared to the 

unstimulated 10 μm-depth PDMS grooves (HDAC1: 1.26 ± 0.11; HDAC2: 1.44 ± 0.20) while 

the other patterns showed no significant difference. For HDAC3, the results showed no 

significant difference between all the stimulated and unstimulated patterns. Generally, as the 

NSCs cultured on the 10 μm-depth PDMS grooves exhibited an increase in AcH3 and AcH4, 

it was supposed that the NSCs would exhibit a decreasing trend in HDAC expressions. An 

insignificant increase found on the unstimulated 10 μm-depth grooves compared to the 

unstimulated flat and 3 μm-depth grooves could be due to a transient auto-regulatory feedback 

loop to the expression levels of HDACs after inhibition of their biochemical activity.313 However, 

after further application of electrical stimulation, the combinatorial effects could eventually 

diminish this transient feedback loop and resulted in the significant decrease observed. 

Collectively, the data demonstrated that applying electrical stimulation through 10 μm-depth 

Cr-Au metallised grooves could pose a significant decrease in RNA expression of HDAC1 and 

HDAC2 compared to the unstimulated control. However, whether their protein expression and 

the HDAC activity were also modulated remains to be explored in the future. 
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Figure 50. Effects of electrical stimulation on histone deacetylases (HDACs) gene regulation, including 
(A) HDAC1, (B) HDAC2, (C) HDAC3, in hiPSC-derived NSCs. Results are presented as relative mRNA 
expression normalised to GAPDH and then D0 gene expression (Flat, 3 µm, and 10 µm represent flat, 
3 µm-depth, and 10 µm-depth PDMS grooves respectively; M Flat represents Flat Cr-Au metallised 
PDMS without electrical stimulation; ES Flat, ES 3 µm, and ES 10 µm represent flat, 3 µm-depth, and 
10 µm-depth Cr-Au metallised grooves with electrical stimulation respectively; one-way ANOVA with 
post hoc Tukey’s test was used; the results represent means ± s.e.m. * represents p < 0.05; ** 
represents p ≤ 0.01; N=3, n=6-9). 

 Cell Proliferation, Neuronal Differentiation, and Neurite Outgrowth on Cr-
Au Metallised Microgrooves after Electrical Stimulation 

After examining the effects of electrical stimulation on epigenetic modulations, its effects on 

stem cell proliferation and differentiation, the final output of the epigenetic and genetic 

regulatory networks, were examined using a proliferation marker, Ki67, and a neuronal 

marker, βIII-tubulin (Figure 51B, C). The results showed a decreasing trend of proliferative 

cells as the microgrooved patterns were deeper and the trend was independent of application 

of the electrical stimulation (flat PDMS: 22.2 ± 3.6 %; 3 μm-depth PDMS microgrooves: 17.8 

± 3.2 %; 10 μm-depth PDMS microgrooves: 17.8 ± 6.2 %; flat Cr-Au metallised PDMS: 23.3 ± 

6.2 %; stimulated flat Cr-Au metallised PDMS: 18.8 ± 5.2 %; stimulated 3 μm-depth Cr-Au 
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metallised microgrooves: 15.6 ± 5.6 %; stimulated 10 μm-depth Cr-Au metallised 

microgrooves: 10.0 ± 3.3 %). On the other hand, both the microgrooves and electrical 

stimulation seemed to increase the percentage of the neuronal population, and the highest 

neuronal differentiation was observed in the stimulated 10 μm-depth Cr-Au metallised 

grooves, which was significantly higher than the unstimulated groups and the stimulated flat 

metalliesd PDMS (flat PDMS: 40.4 ± 2.5 %; 3 μm-depth PDMS microgrooves: 43.6 ± 2.7 %; 

10 μm-depth PDMS microgrooves: 44.6 ± 2.6 %; flat Cr-Au metallised PDMS: 41.9 ± 2.7 %; 

stimulated flat Cr-Au metallised PDMS: 44.1 ± 3.0 %; stimulated 3 μm-depth Cr-Au metallised 

microgrooves: 54.5 ± 4.4 %; stimulated 10 μm-depth Cr-Au metallised microgrooves: 61.3 ± 

6.2). 

Electrical signals in vivo act as an important role not only in neuronal differentiation, but also 

in later events of neuronal development, including neuronal maturation and neuronal network 

formation.141, 143 To evaluate whether the microgrooved platform coupled with the applied 

electrical stimuli can recapitulate these events during neuronal development, the neurite 

outgrowth and neurite branching of the hiPSC-derived neurons were further analysed (Figure 

51D, E). The results showed that there was a significant increase in neurite outgrowth on the 

stimulated 10 µm-depth Cr-Au metallised grooved substrates (53.3 ± 4.1 µm) compared to the 

unstimulated 10 µm-depth PDMS grooves (35.7 ± 2.0 µm). However, there was no significant 

difference in all the other stimulated groups compared to their unstimulated control (flat PDMS: 

56.0 ± 1.9 µm; 3 μm-depth PDMS grooves: 54.2 ± 2.4 µm; stimulated Cr-Au metallised flat 

PDMS: 61.2 ± 4.7 µm; stimulated 3 μm-depth Cr-Au metallised grooves: 47.3 ± 6.9 µm). The 

neurite branching was also analysed for the effects of microgrooves and electrical stimuli on 

neuronal morphogenesis. The results showed that on the 10 μm-depth PDMS grooves (2.2 ± 

0.04), the neurons exhibited a significant increase in neurite branching after electrical 

stimulation (2.8 ± 0.2). In contrast to the original trend that neurons on the unstimulated 3 µm-

depth PDMS grooves (2.7 ± 0.2) exhibited more branching compared to the unstimulated 10 

µm-depth grooves though without a significance, the opposite trend was seen after applying 

electrical stimuli (stimulated 3 μm-depth Cr-Au metallised grooves: 2.6 ± 0.2). Moreover, after 

electrical stimulation, the aligned neurites observed on the microgrooves exhibited significant 

changes in that they were no longer constrained by the microgrooved topography and 

exhibited significant increases in angle between the direction of the microgroove and the 

longest neurite as well as number of lanes the neurite crossed on both the 3 μm-depth and 10 

μm-depth Cr-Au metallised grooves (Figure 51F, G; 3 μm-depth PDMS grooves: 13.4 ± 1.7 

degree, 1.0 ± 0.1 grooves; 10 μm-depth PDMS grooves: 13.2 ± 2.7 degree, 0.5 ± 0.1 grooves; 
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stimulated 3 μm-depth Cr-Au metallised grooves: 38.2 ± 4.8 degree, 2.5 ± 0.4 grooves; 

stimulated 10 μm-depth Cr-Au metallised grooves: 35.9 ± 5.9 degree, 2.1 ± 0.2 grooves). 
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Figure 51. Effects of electrical stimulation on cell proliferation, differentiation, and maturation of hiPSC-
derived NSCs. (A) hiPSC-derived NSCs on different substrates with or without electrical stimulation 
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(nestin, red; βIII-Tubulin, green; DAPI, blue; red arrows: direction of grooves; scale bars = 50 µm). 
(B) The applied electrical stimulation did not significantly affect the percentage of the Ki67+ cells. 
(C) Electrical stimulation with 10 µm-depth Cr-Au metallised grooves promoted neuronal differentiation 
compared to the unstimulated groups and the stimulated flat PDMS. Effects of electrical stimulation on 
maturation evaluated with (D) Neurite outgrowth and (E) Neurite branching. Effects of electrical 
stimulation on neurite alignment was evaluated with (F) Angle between the direction of the microgrooves 
and the longest neurite and (G) Number of lanes the analysed neurites crossed (Flat, 3 µm, and 10 µm 
represent flat, 3 µm-depth, and 10 µm-depth PDMS grooves respectively; M Flat represents Flat Cr-Au 
metallised PDMS without electrical stimulation; ES Flat, ES 3 µm, and ES 10 µm represent flat, 3 µm-
depth, and 10 µm-depth Cr-Au metallised grooves with electrical stimulation respectively; one-way 
ANOVA with post hoc Tukey’s test was used; the results represent means ± s.e.m. * represents p < 
0.05; ** represents p ≤ 0.01; *** represents p ≤ 0.001; N=3, n=9). 

5.3.3 Characterisations of Graphene-Coated PDMS Substrates 

After the development of the Cr-Au metallised PDMS microgrooved platform and examination 

of cellular behaviours in response to the synergetic effects of microgrooves and electrical 

stimuli, a new material was sought to improve the mechanical property of the stiff Cr-Au 

metallised platform while retaining its electrical property and microgrooved topography. 

Graphene, with a great potential for biomedical applications due to its electrical conductivity, 

mechanical strength, flexibility, and biocompatibility,292 has been tested for its ability to replace 

the metal layers in the previous Cr-Au metallised microgrooved system. In this part of the 

project, in collaboration with Dr Peter Sherrell (Departments of Materials, Imperial College 

London), a graphene-based PDMS platform with variable compliance was developed. The 

properties of the graphene-based PDMS platform and the cell-material interface of hiPSC-

derived NSCs and the graphene-coated PDMS were characterised in the following sections 

for future studies on synergetic applications of multiple stimuli, including topography, electrical 

stimuli, and substrate stiffness. 

Fabrication of the graphene-based PDMS platform was based on chemical vapour deposition 

of graphene followed with a subsequent transfer to the PDMS with different mechanical 

properties (as described in Section 5.2.2. Fabrication of Graphene-coated PDMS and Raman 

Characterisation). The substrate stiffness of the PDMS was tuned by mixing different ratios of 

silicone elastomer base with its curing agent catalyst. Herein, the 10:1 and 40:1 

(monomer:curing agent) weight ratios of graphene-coated PDMS were first tested for a 

conductive PDMS platform with variable stiffness. The graphene-coated PDMS was first 

characterised by Raman spectroscopy by Dr Peter Sherrell (Departments of Materials, 

Imperial College London). Raman spectral analysis of the graphene-coated PDMS showed 

both the graphitic G band at ~1580 cm−1 and the 2D band at ~2670 cm−1, confirming the 

successful transfer of graphene to the PDMS substrate (Figure 52). Through analysis of the 

2D:G ratio, it was suggested that a continuous bi/few layered graphene was transferred onto 

the polymer structures. 
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Figure 52. Raman characterisation of graphene-coated PDMS. (A) Typical Raman spectra attained with 
three clear peaks: the D-band (1300 cm-1) corresponding to sp3 hybridised carbon atoms, the G-band 
(1580 cm-1) corresponding to sp2 hybridised carbon atoms, and the 2D-band (2670 cm-1) which is 
inversely proportional to the thickness of the 2D graphene platelets. (B) Optical image showing mapping 
region highlighted in red. (C) Histogram of the 2D:G ratio across the mapping region shown in (B), 
where the average 2D:G ratio of 1 corresponds to bi-layer graphene. (C) Spatially represented 2D:G 
map showing the relative homogeneity of the surface (the graphene-coated PDMS and the Raman 
analysis was done by Dr Peter Sherrell). 

After the successful transfer of graphene onto the PDMS substrates, the surface roughness, 

electrical property, and mechanical properties of the graphene-coated PDMS were further 

analysed with AFM by Dr Amy Gelmi (Departments of Materials and Bioengineering and the 

Institute of Biomedical Engineering, Imperial College London). It was found that after graphene 

transfer, the original flat PDMS became rougher, which could be attributed to the graphene 

transferred onto the PDMS being conformal to the copper (Cu) surface rather than the flat 

PDMS. The control group, PDMS (Cu Etch) with PDMS coating on the Cu and then Cu etched 

away, also exhibited similar surface roughness (Figure 53A; Rrms of PDMS: 15.6 ± 2.7 nm; 
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Rrms of PDMS (Cu Etch): 159.8 ± 7.7 nm; Rrms of graphene-coated PDMS: 143.3 ± 8.5 nm). 

With conductive AFM measurements, current scans of an area of 20 * 20 µm were acquired, 

and the results showed that the graphene-coated PDMS exhibited homogenous conductivity 

within a nA range throughout the scanned area, confirming a continuous conductivity could be 

achieved in this graphene-coated PDMS platform. To further test the initial goal of making a 

conductive PDMS platform with lower substrate stiffness for neural development, AFM was 

used to measure the Young’s modulus of different substrates. The results showed that the 

magnitude of the stiffness of the graphene-coated PDMS did not significantly change 

compared to the uncoated PDMS with the same monomer to curing agent ratio (PDMS 10:1 

(monomer:curing agent): 2.9 ± 0.4 MPa; graphene-coated PDMS 10:1: 6.7 ± 0.3 MPa; PDMS 

40:1: 1.3 ± 0.2 MPa; graphene-coated PDMS 40:1: 1.3 ± 0.5 MPa). Most importantly, 

compared to the previous Cr-Au metallised PDMS system, there was a significant 

improvement in the mechanical properties, where the stiffness dropped by 2 orders of 

magnitude (Cr-Au metallised PDMS 10:1: 165.0 ± 4.5 MPa). To summarise, with the 

graphene-coated PDMS system, a continuous conductive platform with softer stiffness could 

be achieved. It is worth noting that the surface of the graphene-coated PDMS appeared to be 

rougher than the previous Cr-Au metallised PDMS platform and its effects on cellular 

behaviours will be further examined and discussed in the following sections. 
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Figure 53. Flat PDMS membrane and graphene-coated PDMS membrane were characterised with 
AFM. (A) The topography of flat PDMS, PDMS (Cu Etch), and graphene-coated PDMS were measured 
with AFM with the acquired root mean square roughness (Rrms) (scale bars = 5 µm). (B) The 
conductivity of the graphene-coated PDMS was measured and mapped with AFM. (C) Young’s modulus 
of different substrates was analysed with AFM (10:1 and 40:1 represent the Sylgard 184 monomer to 
cross-linker ratio; G-PDMS represents graphene-coated PDMS; M-PDMS represents Cr-Au metallised 
PDMS; graphene-coated PDMS was made by Dr Peter Sherrell, and the AFM measurements were 
acquired and analysed by Dr Amy Gelmi; n = 64-192). 

As wettability, one of the most important surface properties, can affect protein adsorption and 

further influence cells cultured on the substrates, here, water contact angles of different 

substrates were measured for indication of their protein adsorption ability (Figure 54). In this 

experiment, in addition to PDMS, Cr-Au metallised PDMS, and graphene-coated PDMS, two 

other substrates were also included as additional controls for the graphene-coated PDMS: (1) 

PDMS peeled off from the coating substrate, Cu, (PDMS (Cu Coat)), which served as a control 

for surface roughness after peeling off the PDMS from the Cu; (2) PDMS coating on Cu with 

subsequent etching away of the Cu, (PDMS (Cu Etch)), which served as a control for effects 

caused during the etching process. 
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The results showed that before plasma treatment, PDMS, Cr-Au metallised PDMS, and 

graphene-coated PDMS as well as the two control groups, (PDMS (Cu Coat)) and (PDMS (Cu 

Etch)) exhibited similar degree of water contact angles (Figure 54B; water contact angle 

presented as mean ± SD, PDMS: 118.5 ± 2.0°; Cr-Au metallised PDMS: 102.5 ± 5.1°; 

graphene-coated PDMS: 112.3 ± 0.6°; PDMS (Cu Coat): 112.5 ± 4.0°; PDMS (Cu Etch): 117.9 

± 0.7°). After treating with plasma, all the water contact angles decreased and the plasma-

treated PDMS resulted in an even lower contact angle compared to the plasma-treated Cr-Au 

metallised and graphene-coated PDMS (water contact angle presented as mean ± SD, 

plasma-treated PDMS: 6.8 ± 2.2°; plasma-treated Cr-Au metallised PDMS: 31.4 ± 9.5°; 

plasma-treated graphene-coated PDMS: 36.0 ± 6.9°). 

Generally, for positively charged proteins, the surface adsorbed over the entire wettability 

gradient, while for negatively charged proteins, the amount of adsorbed protein increased 

rapidly with the increasing water contact angle.314 As the PDL-laminin coating was coated after 

pre-treatment of plasma in the experiment for increasing hydrophilicity, the difference in water 

contact angle between PDMS, Cr-Au metallised PDMS, and graphene-coated PDMS after 

plasma treatment should be kept in mind as it might affect the protein coating and further 

influence the cellular behaviours observed in the study. 
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Figure 54. Contact angle measurements for different substrates. (A) Pictures of contact angle 
measurements for PDMS, Cr-Au metallised PDMS, and graphene-coated PDMS with and without 
oxygen plasma treatments and two control groups, PDMS peeled off from the Cu coating substrate, 
(PDMS (Cu Coat)) and PDMS coating on Cu with Cu subsequently etched away, (PDMS (Cu Etch)). 
(B) The quantification of the contact angle measurements (Plasma represents oxygen plasma-treated 
substrates; graphene-coated PDMS was made by Dr Peter Sherrell; n=5). 
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5.3.4 Cellular Behaviours of hiPSC-derived NSCs on Graphene-Coated PDMS 
Substrates 

After characterisation of the developed graphene-coated PDMS system, the biocompatibility 

of the platform was examined with the hiPSC-derived NSCs and the substrates which were 

made by mixing the silicone elastomer and curing agent catalyst in a 10:1 weight ratio. The 

substrates were plasma-treated, coated with PDL-laminin, and finally seeded with the NSCs 

with a cell density of 6.6 * 104 cells/cm2. The LIVE/DEADTM cell viability assays were applied 

24 h after cell seeding to evaluate the effects of graphene-coated PDMS on cell viability. The 

results showed that there was no significant difference in the live cell coverage and the number 

of dead cells within all the groups (Figure 55), indicating the graphene, the surface roughness 

resulting from the processing steps, and the potential toxicity generated during the etching 

process did not cause adverse effects on cell viability. 
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Figure 55. LIVE/DEADTM viability assay for biocompatibility of graphene-coated PDMS. (A) An 
illustration of cell culture experiments using graphene-coated PDMS. (B) LIVE/DEAD fluorescent 
images on PDMS, graphene-coated PDMS and the two control groups, PDMS (Cu Coat) and PDMS 
(Cu Etch) (calcein AM, green, live cell; ethidium homodimer-1, red, dead cell; scale bars = 200 µm). 
Cell viability was evaluated as the percentage of (C) Live cell coverage and (D) Number of dead cells 
per analysed field on different substrates (one-way ANOVA with post hoc Tukey’s test was used; the 
results represent means ± s.e.m.; N=3, n=6-10). 
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To examine how the graphene-coated PDMS substrates affect cell proliferation and 

differentiation, the hiPSC-derived NSCs were seeded on the substrates and were examined 

after 7 days neuronal differentiation (Figure 56). The immunostaining showed that there was 

no significant difference in the percentage of the proliferative cell population (Ki67+ cells) on 

the glass, PDMS, and graphene-coated PDMS (Figure 56B; glass: 13.7 ± 1.7 %; PDMS: 17.7 

± 2.3 %; graphene-coated PDMS: 11.4 ± 1.3 %). For neuronal differentiation, the glass (63.6 

± 4.0 %) exhibited a significantly higher neuronal differentiation compared to the PDMS (49.1 

± 2.3 %). The graphene-coated PDMS (58.7 ± 2.5 %) could also support neuronal 

differentiation, showing no significant difference compared to the PDMS control. 

 

Figure 56. The effect of graphene-coated PDMS on neuronal differentiation. (A) hiPSC-derived NSCs 
were stained with βIII-tubulin, a neuronal marker, and nestin, a neural stem cell marker, after 7 days 
neuronal differentiation (nestin, red; βIII-Tubulin, green; DAPI, blue; scale bars = 400 µm). (B) Cell 
proliferation was analysed with the percentage of Ki67+ cells on glass, PDMS, and graphene-coated 
PDMS (G-PDMS). (C) Neuronal differentiation was analysed with the percentage of the βIII-tubulin+ 
cells on the glass, PDMS, and graphene-coated PDMS (G-PDMS) (one-way ANOVA with post hoc 
Tukey’s test was used; the results represent means ± s.e.m. * represents p < 0.05; N=2, n=6). 

With the transparency of the graphene-coated PDMS, the system could be applied with a live 

cell imaging system to further examine the functionality of the derived neurons using calcium 

imaging (Figure 57). The results showed that there was no significant change in neuronal 

activity, evaluated by the frequency of calcium transients, within all the groups after neuronal 
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differentiation at Week 4 (glass: 49 ± 6.40 mHz; PDMS: 49 ± 9.36 mHz; G-PDMS: 40 ± 4.71 

mHz). Although it remians unknown whether different substrates will affect neuron activity at 

a later time point, and what the effects are in combination with electrical stimulation, the 

graphene-coated PDMS could serve as a useful system compatible with the live cell imaging 

technique. This could enable the real-time monitoring of cells undergoing electrical stimulation 

and future functional assays on the stimulated cells using calcium imaging. 
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Figure 57. Neuronal activities at Week 4 were examined with Ca2+ imaging on the glass, PDMS, and 
graphene-coated PDMS substrates. (A) Ca2+ imaging taken with a live cell imaging system. The images 
were captured every 100 ms and were imaged for a period of 100 s. (B) Fluorescence intensity of Ca2+ 
imaging of selected cells on different substrates. The background of the image at each time point was 
subtracted, and the changes of the MFI in each cell were normalised to the average MFI throughout the 
recorded period. A recorded Ca2+ transient (red arrows) indicated the selected cell was capable of 
transducing Ca2+-mediated signals in the neuron. 
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5.4 Discussion 

To synergistically apply microgrooved topography and electrical stimuli on cells, a Cr-Au 

metallised microgrooved PDMS platform was first developed and optimised. In general, due 

to the low surface energy of PDMS, it is difficult to directly deposit metals on the PDMS 

substrates, and the deposited metal layers can also be easily damaged or de-bonded.300 

Previously, chemically active metals, such as Cr or Ti, have been frequently used as adhesion 

layers between the PDMS and the metal to increase their adhesion.300 Based on the use of 

the adhesion layers and further optimisation, the metallisation of the PDMS microgrooves in 

this chapter was fabricated with coatings of a 10 nm Cr adhesion layer following with a 20 nm 

Au layer on the surface. A pre-treatment of oxygen plasma was also included before 

metallisation as it could remove impurities and contaminants from the surfaces and potentially 

produce more homogenous metal coatings. A recent study has also reported that an additional 

application of plasma treatment on PDMS surfaces could increase the adhesion-strength of 

PDMS to the Ti (200 Å)-Au (1000 Å) metal layers by increasing the surface roughness and 

further increasing the contacting surface area of the metal layer to the PDMS.303 With the 

optimised process, the Cr-Au metallised microgrooved platform was successfully achieved by 

a facile approach with optimal electrical property and stability. With SEM-EDX analysis and 

AFM, the results showed the interface exhibited a homogeneous metal coating and a small 

surface roughness, which prove it as an ideal platform for cell electrical stimulation since it 

could avoid other non-targeted environmental stimuli (i.e. inhomogeneous charge distribution 

and surface roughness) and guide the cultured cells in a more well-defined environment. 

After confirming the biocompatibility of the applied electrical stimulation patterns, the 

epigenetic modulations of these combinatorial effects were examined. To compare the effects 

of electrical stimuli in combination with topographical stimuli on cell epigenetic status, the 

epigenetic markers were chosen based on the targets in Chapter 4. Microgroove-Based 

Topography Regulates Epigenetic Landscape and Notch Signalling in Human Neural Stem 

Cells, focusing on the epigenetic markers which represent specific hallmarks of neuronal 

differentiation, including H3K9me3, AcH3, and AcH4. Previously, the regulation of these 

epigenetic markers has been reported in various neural lineage cells in response to alteration 

of neuronal activity. In mice oligodendrocyte progenitor cells, it was reported that the 

H3K9me3 level was increased and the AcH3 level was decreased after optogenetic 

stimulation, suggesting that the neuronal activity could modulate chromatin architecture of the 

oligodendrocyte progenitor cells into a repressive state which could further contribute towards 

oligodendrocyte differentiation.315 In neurons, various forms of neuronal activity have been 
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shown to modulate histone acetylation.316 For example, KCl-mediated neuronal depolarisation 

could increase acetylation of H2B in rat hippocampus.151 Stimuli with use of 5-HT was also 

found to increase AcH3 and AcH4 at the promoter of CAAT box enhancer binding protein, 

which is a protein needed for synaptogenesis and enhancement in synaptic strength.317 It was 

suggested that the changes in histone acetylation were induced by neuronal activity via the 

MAPK/ERK pathway potentially through a crosstalk with phosphorylation of histones, which 

could subsequently enhance histone acetylation.316, 318-319 While the activity-dependent 

regulation of acetylation of histones has been examined,151, 316-318, 320 activity stimuli through a 

chronic dose of cocaine were also found to not only increase AcH3 at several genes, such as 

Cdk5 and Bdnf, but also increase methylation of H3K9 at the c-fos gene in neurons.321 

The results showed an overall trend that the applied electrical stimulation could up-regulate 

AcH3, AcH4, and H3K9me3 expression compared to the unstimulated controls with the same 

patterns. However, there was no consistent trend on how different patterns with electrical 

stimulation modulate the examined epigenetic markers. It is interesting to find that the flat Cr-

Au metallised PDMS without electrical stimulation somehow also increased the epigenetic 

expression (Figure 49), though not as significantly as the electrically stimulated group. 

Possible explanations could be that the deposited metal layers could enhance protein 

adsorption, and the nano roughness of the modified surface might lead to clustering of the 

integrins, both further affecting cellular behaviours.322-323 In the future, more extensive control 

groups with different Cr-Au metallised patterns with and without electrical stimulation will be 

included to completely resolve the combinatorial effects of topography and electrical 

stimulation. 

To our understanding, so far, epigenetic modulations by neurons in vitro in response to 

external electrical stimulation has not yet been reported. Although it is important to keep in 

mind that cells’ epigenetic landscape and regulatory machinery have a stage-dependent 

expression during neural development, some recently disclosed epigenetic mechanisms in 

response to neuronal activity for synaptic plasticity and memory formation can provide insights 

into stimuli-induced dynamic epigenetic regulations.143, 155 For example, Levenson et al. 

reported that AcH3 in area CA1 of the hippocampus was regulated by contextual fear 

conditioning in rats and it was dependent on activation of NMDA receptors and the ERK 

signalling.318 These findings were also consistent with the in vitro study that the isolated area 

CA1 showed an increased AcH3 with activation of NMDA receptors. Studies in rats following 

Morris water maze training also showed an increase in acetylation of histones H2B, H3, and 

H4, but increases in H2B and H4 acetylation were only found when the spatial memory was 

consolidated.324 In addition to the accumulated evidence of increased AcH3 and AcH4 during 
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long-term memory formation and synaptic plasticity,325 very recently, Ding et al. found that 

neuronal activity could trigger the accumulation of H3K9me3 to modulate the splicing process 

of a presynaptic protein, Nrxn1.326 The result could further reduce the binding affinity of Nrxn1 

to the neuroligin-expressing postsynaptic cells and stabilise the established memories.326 

Although the results presented in this study can provide information on how external electrical 

stimulation modulates cell epigenetics in vitro, it is worth noting that immunostaining analysis 

of epigenetic changes by randomly selected cells in the field is not optimal as the epigenetic 

status of a cell can vary depending on their developmental stages. Despite that random 

selection can reflect a trend of the epigenetic changes in different experimental groups, it is 

critical to take into account the developmental stages of the analysed cells. In the future, 

densitometric analysis of the epigenetic markers shall be analysed along with other cell type-

specific markers to eliminate the effects of cells at different developmental stages. 

Previously, electrical activity-dependent regulations of HDACs or HATs have been described 

in neuronal systems. For example, Class II HDACs, which bind to and repress myocyte 

enhancer factor 2 (MEF2) targeting many neuronal activity-regulated genes, such as bdnf, are 

phosphorylated by CaMKs and shuttling out of the nucleus after membrane depolarisation.327 

The export of these HDACs then downregulates the suppression of MEF2 and enhances the 

MEF2-dependent transcription. Synaptic activity and depolarisation also lead to an increase 

in intracellular Ca2+ ions, subsequently phosphorylating CBP/p300, which acquire intrinsic 

HAT activity, and influencing activity-dependent transcription through phosphorylation of 

H3S10 as well as histone acetylation.328 In Chapter 4. Microgroove-Based Topography 

Regulates Epigenetic Landscape and Notch Signalling in Human Neural Stem Cells, an 

upstream regulation of histone acetylation was focused on the expression of HDAC1, HDAC2, 

and HDAC3 as these HDACs have stage-specific expressions in NSCs and neurons and they 

have been examined for topography-induced epigenetic regulations.138, 255-256 In this chapter, 

the modulations of these HDAC expressions were also screened by qRT-PCR analysis. A 

significant decrease in HDAC1 and HDAC2 RNA expressions on the electrically stimulated 10 

μm-depth grooves compared to the unstimulated 10 μm-depth grooves was found while the 

other patterns and the HDAC3 expression in all the groups showed no significant difference. 

While the observed decrease could be related to the increased acetylation of histones, more 

results of their protein expressions and the HDAC activity need to be included in the future 

study to better understand effects of electrical stimulation in HDAC modulations. In addition to 

studies focusing on the Class I HDACs in response to environmental stimuli,329-332 Chawla et 

al. found that in cultured hippocampal neurons, electrical activity was able to induce 

nucleocytoplasmic shuttling of the Class II HDACs, HDAC4 and HDAC5.154 Moreover, different 
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activation thresholds for nuclear export of the HDAC4 and HDAC5 could further control the 

specific gene expression involved in neuronal survival and neuronal plasticity. In the future, 

more classes of HDACs and HATs and their translocations in the nucleus and cytoplasm could 

be of interest for a more comprehensive study. 

Although mechanisms of histone methylation in response to external electrical stimuli were 

not covered in this study, recent studies focusing on activity-dependent neuronal 

differentiation as well as previous research on epigenetic regulation during neuron 

development might shed light on these epigenetic mechanisms. It has been shown that neural 

progenitors in the adult hippocampus could be activated to form larger neurospheres and to 

acquire enhanced neurogenesis in response to KCl depolarisation.333-334 It was also reported 

that prolonged depolarisation induced by KCl could enhance differentiation of midbrain 

dopamine neuron from neural progenitors derived from rat embryonic ventral midbrain.335 The 

enhanced differentiation was not diminished by blocking the L-type calcium channel and there 

was no significant difference in intracellular calcium level in the neural progenitors, which 

suggested that the depolarisation-dependent dopamine neuron differentiation is independent 

of calcium-regulated signalling pathways. Furthermore, it was found that there were increases 

in AcH3 and H3K4me3 and decreases in H3K9me4 and H3K27me3 at the tyrosine 

hydroxylase promoter. However, the global histone acetylation and methylation were not 

disclosed in this study. During neural development, it was shown that pluripotency-related 

genes were associated with permissive histone marks in hESCs, followed by H3K9me2, which 

initiates silencing of the poised genes, and gained H3K27me3 and H3K9me3 during terminal 

neuronal differentiation.336 The increase in methylation of H3K9 can be regulated by histone 

methyltransferase, G9a (also known as EHMT2), or by histone methylase complex of G9a and 

GLP (also known as EHMT2), and can further bind to HP1 to form heterochromatin and 

subsequently recruit Dnmt3a/3b for de novo DNA methylation at the promoter.337 It was also 

shown that G9a/GLP histone methylase complex could control cognition and adaptive 

behaviours in mice through maintenance of neuron-specific transcriptional homeostasis and 

repression of nonneuronal and neuronal progenitor genes.197 Another study further 

demonstrated the importance of G9a in neuronal differentiation in a mouse neuronal cell line. 

It was reported that the alternatively spliced isoforms of G9a, which acquire similar catalytic 

activity as G9a but with higher nuclear localisation, were increased during differentiation, 

leading to upregulation of H3K9me2 and promoting neuronal differentiation.338 While G9a 

have been disclosed to modulate histone methylation during neuronal differentiation, other 

catalysts, such as SETDB1, SUV39H1, SUV39H2, and the PRDM family, as well as histone 

demethylases, might also participate in H3K9me3 regulations.262 Future study can be focused 
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on examining upstream regulatory machinery of H3K9me3 in this study, such as their 

expression levels and the localisation in cell nucleus and cytoplasm. 

As for cell proliferation and neuronal differentiation, it is interesting to observe that the 

electrical stimulation did not significantly affect cell proliferation on different patterns but that 

applying electrical stimulation through the 10 μm-depth grooved topography could significantly 

increase neuronal differentiation compared to all the unstimulated patterns and the stimulated 

flat PDMS. Previously, Xiang et al. reported that by applying functional electrical stimulation 

treatment through implanted electrodes in the rat brain, the endogenous neural precursor cells 

showed an enhanced proliferation along with increased protein and gene expressions of FGF2 

and EGF.339 In vitro, Chang et al. used a biphasic current stimulator chip made of ITO 

electrodes for cell electrical stimulation and found that biphasic electrical currents could 

significantly increase both the proliferation and differentiation of mice fetal NSCs.340 While the 

results were consistent with an abundance of research that electrical stimulation could 

enhance neuronal differentiation,125, 127, 340-342 the difference in the promotion of proliferation 

could be due to the difference in in vivo and in vitro systems, different cell types, culture 

conditions, and different electrical stimulation set-up and parameters. It is worth noting that 

the trend of the unstimulated patterns followed the trend that the deeper the microgrooves 

were, the more the neuronal differentiation was enhanced. The insignificant difference 

compared to Chapter 4. Microgroove-Based Topography Regulates Epigenetic Landscape 

and Notch Signalling in Human Neural Stem Cells could be due to the different time point 

examined. In general, the electrically stimulated patterns had higher neuronal differentiation 

compared to the unstimulated control although without significance. The most significant result 

observed on the electrically stimulated 10 μm-depth grooved topography could result from the 

synergistic effects of microtopography and electrical stimulation. It is also possible that a 

deeper microgrooved pattern could affect the spatial charge distribution or the ion current flow 

during the electrical stimulation and thus the cultured cells could sense stronger stimuli 

compared to the other electrically stimulated patterns.  

The significant increase in neurite outgrowth on the stimulated 10 µm-depth grooved 

substrates compared to the unstimulated control and the significant increase in neurite 

branching in stimulated substrates compared to their unstimulated control was consistent with 

previous findings that electrical stimulation could increase neurite outgrowth and neurite 

branching.175, 343-346 Furthermore, with electrical stimulation, the aligned neurites on the 

microgrooves could surpass the constraint of the microgrooved topography, grow in a more 

perpendicular fashion to the microgrooves, and exhibited a significant increase in a number of 

lanes neurites crossed. Previously, it was reported that extracellularly applied electric fields 
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could affect neurite turning and polarity of the single dissociated Xenopus neurons in culture 

and these field effects were reversible.109 Moreover, by treating the neurons with concanavalin 

A, the effects could be abolished through prevention of the field-induced accumulation of the 

concanavalin A receptors towards the cathodal side of these neurons. Recently, Titushkin et 

al. published a study focusing on electrical stimuli-induced mechanical changes in the cell 

membrane and cytoskeleton.347 By applying a 2 V/cm DC electric field to human MSCs and 

osteoblasts, they observed that both cell types exhibited actin reorganisation with a decreased 

amount of polymerised actin after electric field exposure. This change was also accompanied 

with a decrease in cell elasticity, depletion of intracellular ATP, and membrane-cytoskeleton 

dissociation, and finally resulted in cell morphological changes. Although the stimulation 

system in this project was different from the previous studies, the significant results on neurites 

surpassing the geometric constraint could be related to electrical stimulation-induced 

redistribution of membrane receptor and its effects on actin filaments and microtubules 

reorganisation. Since an increased neurite branching associated with neuronal maturation 

was also found after electrical stimulation, it was proposed that the electrical stimuli applied 

through the system could recapitulate neuronal activity and induce neurite branching. 

Furthermore, it could dominate the depth-sensing ability of the neurites,84 stimulating them to 

cross the grooves/ridges to connect with other neurons by modulating cells’ membrane and 

cytoskeleton, further affecting filopodia adhesion and neurite bending. 

To resemble the soft brain tissue for neuronal differentiation, the graphene-coated PDMS 

microgrooved platform was tested with simultaneously applied topographical, electrical, and 

mechanical stimuli. Although the graphene-coated PDMS microgrooved platform was not 

achieved, a graphene-coated flat PDMS with variable compliance and conductivity was 

established. The results showed that the graphene-coated PDMS exhibited a lower stiffness 

compared to the Cr-Au metallised platform and was biocompatible with the hiPSC-derived 

NSCs and did not hinder cell proliferation, neuronal differentiation, and neural activity. It is 

worth noting that although there was no significant difference in biocompatibility examined by 

LIVE/DEAD assays using live cell coverage and number of dead cells, it is important to keep 

in mind that the number of the dead cells might not be reliable as the dead cells tend to detach 

from the substrate and might be washed away by the time that the images were acquired. In 

addition to image analysis of LIVE/DEAD cell viability assay, other assays can be used to 

measure cell viability and proliferation as an extra piece of supplementary information; for 

example, fluorescent dye proliferation assays in combination with cell sorting techniques, DNA 

synthesis proliferation assays (i.e. BrdU assays), and metabolic proliferation assays (e.g. MTT 
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and AlamarBlue assays). However, the metabolic proliferation assays might not be suitable 

when the cell culture is in an environment involved in redox reactions. 

Previously, a few studies have used graphene-based materials for electrical stimulation on 

neuronal cells.120-123 For example, Park et al. reported an enhanced neuronal differentiation of 

human NSCs on the graphene substrate and the differentiated cells could respond to the 

electrical stimuli applied through the underlying graphene.121 Recently, a graphene platform 

has been further combined with various 2D patterns to examine how electrical stimuli and 

physical patterns influence human MSC differentiation. They found the cells exhibited an 

enhanced expression of the neurogenic markers after electrical stimulation and the effects 

were less responsive to the presence of patterns.122 Although there was no significant 

difference found in cell proliferation, neuronal differentiation, and neural activity on the 

unstimulated graphene-coated PDMS compared to the control PDMS, it will be interesting to 

investigate whether the application of electrical stimuli could exert further effects on hiPSC-

derived NSCs and to compare these effects to what had been observed on the Cr-Au 

metallised PDMS system developed in this study. 

5.5 Conclusions 

In this study, a Cr-Au metallised microgrooved PDMS platform and a flat graphene-coated 

PDMS platform with various compliance were developed to examine combinatorial effects of 

topography, electrical stimuli, and substrate stiffness. Considerable evidence indicated that 

the applied electrical stimuli could up-regulate the epigenetic expressions, including AcH3, 

AcH4, and H3K9me3 and could enhance neuronal differentiation with the synergetic 

application of microgrooves and electrical stimulation. Neurite branching was increased after 

electrical stimulation, and the extended neurites could further overcome the geometric 

constraint of the microgrooves. The graphene-coated PDMS system was demonstrated to be 

biocompatible and did not affect cell proliferation, differentiation, and neuronal activity. Future 

studies will focus on cell electrical stimulation using the developed graphene-coated platform. 

In summary, new conductive platforms with the combinatorial application of different 

biophysical stimuli (i.e. microgrooved topography and substrate stiffness) were developed in 

this chapter. Although more research will help fully elucidate their effects and the cellular 

mechanisms, the first reported observation of these biophysical stimuli-regulated cellular 

responses and the developed multiple stimuli platforms could be useful for both fundamental 

research and tissue engineering applications in the future. 
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6 Development of Serum Albumin-Based Scaffold for 

Neural Tissue Engineering 

The work described in this chapter has been pubulished in a peer-reviewed journal. Readers 

can be referred to the paper, “Fabrication of Hemin-Doped Serum Albumin-Based Fibrous 
Scaffolds for Neural Tissue Engineering Applications. Hsu CC, Serio A, Amdursky N, 
Besnard C, Stevens MM”.348  

6.1 Introduction 

Nerve injuries in either the CNS or peripheral nervous system (PNS) can cause severe 

neurological deficits, resulting in the diminished physical and psychological well-being of 

patients.349-350 As the regenerative ability of the human nervous system is limited, these injuries 

can be permanent due also to the relative shortage of therapeutic options.350 Although nerve 

repair in the PNS can be achieved by autologous transfer of a normal nerve from an uninjured 

site, its application is restricted by limited tissue supply and the potential undesirable effects 

at the donor site.351 Given these considerations, tissue engineering strategies incorporating 

both biomaterials and cellular therapies represent a promising new avenue for therapeutic 

nerve repair and neuroregeneration. 

In previous chapters, a novel bioengineered platform incorporating conductive materials with 

topographical alignment cues based on microgrooves was developed to deliver combinatorial 

stimuli of electrical stimulation and surface topography. It is observed that these biophysical 

stimuli could increase neuronal differentiation and maturation and the mechanisms behind 

these phenomena have been further explored with a focus on Notch signalling and epigenetic 

mechanisms. While understanding cellular and molecular responses and mechanisms will 

allow us to gain therapeutic insights on disease treatments, here in this chapter, a novel 

biomaterial is developed and its properties, functionalities, and performances were particularly 

tailored and exploited for neural tissue engineering (TE) applications. 

In order to successfully recreate intricate and functional neural tissue in vitro, several different 

components and properties are necessary. First, building a bioengineered construct that 

mimics neural tissue requires the presence of a scaffold that can provide housing for a 

supportive extracellular environment along with the physical guidance necessary for nerve 

repair and neural regeneration.352 A widely-used method to construct scaffolds for neural TE 

is electrospinning: this is a simple, potentially large-scale fabrication process capable of 
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generating nano-/micro-scale fibres for 3D scaffold architecture.353 Electrospinning refers to a 

fabrication method of polymer fibres using an electrostatic force. In 1600, the electrostatic 

attraction of a liquid was firstly reported by William Gilbert and in 1900, John Francis Cooley 

filed the first patent for electrospinning.354 In the early development of electrospinning, the 

technique was mainly applied to the development of filter materials. In 1964 to 1969, Geoffrey 

Ingram Taylor produced theoretical models for electrospinning, mathematically modelling the 

shape of the cone formed when an electric field is subjected to a liquid droplet (Taylor cone).355 

In the early 1990s, a few research groups popularised the term electrospinning, which 

originated from electrostatic spinning, demonstrating electrospun fibres, and ever since, 

electrospinning has become a popular technique widely used in a wide range of applications, 

including electromagnetic shielding, liquid crystal devices, protective clothing and sensors, as 

well as biomedical devices and other industrial applications.356 

During electrospinning, the charged polymer solution is first introduced into an electric field 

between two electrodes with an opposite polarity charge. One of the electrodes is placed at 

the ejection site, the metal syringe needle (which is connected to the syringe containing the 

polymer solution), and the other electrode is connected to a collector. While the polymer 

solution is ejected out of the needle, the charged jets evaporate or solidify and become fibres 

which are then collected to the collector.356 In general, the collector is grounded and the 

electrical field is subjected to the metal syringe needle. At the end of the needle, the polymer 

solution is held by its surface tension. While the electrical field is subjected, a charge is induced 

on the surface of the solution and a force, which is caused by mutual charge repulsion and 

the contraction of the surface charges towards the counter electrode, is generated in the 

opposite direction of the surface tension.357 By increasing the intensity of the electrical field, 

the solution at the tip of the needle elongates and form a Taylor cone.358 When the electrical 

field is increased to a critical value, where the electrostatic force overcomes the surface 

tension, the charged polymer solution jet is ejected from the tip of the Taylor cone, elongates, 

and becomes polymer fibres after the solvent evaporates.356  

The property of the resulting fibrous material depends on many parameters, including: (1) the 

properties of the original polymer solution, such as molecular weight of the polymer, elasticity, 

viscosity, conductivity, and surface tension of the polymer solution, and solvent volatility; (2) 

parameters of the set-up, such as the distance between the ejection site and the collector, the 

applied electrical field, and the hydrostatic pressure in the ejecting needle; (3) ambient 

variables, such as temperature, humidity, and air velocity in the environment.356, 359 Here, a 

few of the critical parameters for electrospinning are discussed as follows. 
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The properties of the polymer solution mainly affect one of the key factors of electrospinning, 

polymer chain entanglements, which stabilise the solution jet and lead to fibre formation as 

the solvent evaporates.360 For example, a minimum polymer concentration is required to form 

electrospun fibres. When the concentration is below this critical value, electrospraying or bead 

formation is observed due to a capillary wave breakup (Rayleigh instability), where an 

insufficiently deformable entangled polymer network is obtained.359 As the polymer 

concentration is increased, a mixture of beads and fibres is observed and finally, continuous 

fibres are formed. In addition to polymer concentration, the viscosity of a solution also affects 

electrospinning that only when the viscosity of the solution is in an optimal range, electrospun 

fibres can be formed. Too low or too high viscosity results in formation of droplets and flow 

instability, respectively.361 The molecular weight of a polymer, which contributes to the intrinsic 

viscosity of a polymer solution, also affects fibre formation, where an increase in molecular 

weight, and consequently an increase in the viscosity, decreases the formation of beads and 

droplets and results in fibre formation.362 

It has also been shown that the applied electrical field is critical for the formation of fibres 

during electrospinning. A too small electric field is not sufficient to overcome the surface 

tension of the polymer solution and thus the fibre cannot be formed.363 As the electric field is 

increased, an optimal electrical field can sufficiently complete the fibre transformation of the 

polymer solution and result in a homogenous fibre mat. Splitting, a process called splaying or 

branching, caused by increased undulations and increased electrical interactions between the 

jet and the electric field, has also been recognised during the travelling of a solution jet, where 

the single jet split into multiple jets, resulting in electrospun fibres with various diameters.364-

366 Another factor affecting electrospinning is the distance between the ejection site and the 

collector; when the distance is short, the fibres might tend to stick to the collector or to each 

other because of the incomplete evaporation of the solvent.356 Ambient variables, such as 

temperature, can also affect the uniformity of the fibre diameters, where at a higher 

temperature (70 °C), the fibre diameters were more uniform.367 

While artificial polymeric scaffolds are widely used, the generation and use of self-derived 

biomaterials from adults remains to be explored.368 Serum albumin (SA), which is abundant 

and can be rapidly replenished in humans or animals, has been widely used in biomedical 

research for cell culture and storage, in vitro fertilisation, and transplantation.369 As a natural 

carrier protein with multiple ligand binding sites and cellular receptor engagement, SA has 

also been exploited as a potential delivery platform for drugs and biomolecules.370 With its 

ease of isolation from clinical samples and lowest cost compared to other commercially-
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available proteins, SA has become an attractive autogenic biomaterial for TE with optimal cell 

compatibility.368, 371-373 

Besides the scaffold supporting cellular growth and differentiation, it is also desirable to 

integrate multiple different cues into any tissue-engineered construct to recapitulate the 

tissue’s natural microenvironment. A variety of different factors have already been used in 

tissue engineering scaffolds to promote nerve regeneration. For example, nerve growth factor 

(NGF),374 brain-derived neurotrophic factor (BDNF),375-376 and glial-derived neurotrophic factor 

(GDNF)377 were successfully encapsulated into different electrospun scaffolds to show that 

the synergistic effects of nanofibre topography and sustained growth factor delivery could 

promote cellular proliferation and differentiation in targeted cells. As a well-characterised 

neurogenic factor affecting neural stem cell (NSC) proliferation and differentiation, fibroblast 

growth factor-2 (FGF2) (basic FGF)378 has also been encapsulated into fibrous biomaterials 

for TE purposes.374, 379 

An ideal construct for neural TE also needs to take into account the inherent electroresponsive 

properties of neurons and the effect of electrical stimulation on developing neuronal networks. 

Several studies have suggested an important role of external electrical stimulation on 

enhancing neuronal differentiation, neurite sprouting, neurite outgrowth, and neurite 

orientation.99, 107, 380-381 In recent years, fibrous scaffolds with electrically conductive properties 

have been used in neural TE to actively modulate cell responses like differentiation and neurite 

guidance following application of external electric stimuli.382 For example, various conducting 

polymers, such as polypyrrole (PPy)383-384 and polyaniline (PANI),116, 385 graphene,386 and gold 

nanoparticles,387 have individually been blended with other polymers and successfully 

electrospun into fibrous materials. Other studies also achieved conductive fibrous scaffolds by 

depositing a layer of conducting polymers or metallic nanoparticles onto the template fibres.130, 

388-391 

In this chapter, a combination of these complex stimuli – topography, growth factor release, 

and electrical stimulation – was integrated into a single construct designed specifically for 

neural TE applications. The scaffold construct is based on the recent study of a new type of 

conductive freestanding hybrid material based on the bovine SA protein.392 After 

electrospinning, the SA mat was doped with a hemin dopant, which resulted in a very high 

macroscopic conductance. Hemin, the oxidised form of iron protoporphyrin IX (Fe3+), is critical 

to cellular homeostasis and gene regulation, and is also one of the main electron mediators in 

nature.393 This facile approach using electrospinning and doping in hemin solution eliminates 

the need for a complicated fabrication process. The large affinity of hemin to the SA mat also 
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avoids the potential for dopants to leach out of the polymers in an aqueous environment.392 

The 3D electrospun fibrous structure, the biocompatibility of the raw materials, and the 

strength of electrical conductivity make hemin-doped SA mats a promising material for 

bioelectronic devices and tissue engineered constructs. 

To test the potential application of the SA constructs for neural TE, human induced pluripotent 

stem cell (hiPSC)-derived NSCs, which represent an attractive cell source for TE and 

regenerative medicine, were chosen as the model system.167 These cells are generated by 

reprogramming somatic cells such as fibroblasts into an undifferentiated state.166 The 

generated cells are capable of self-renewal, providing a stable source of pluripotent cells; 

unlike embryonic stem cells (ESCs), hiPSCs can bypass certain ethical issues and can also 

be used for the production of patient-specific cells, reducing the risk of immune rejection.167 

While many studies done within the field of neural TE often use immortalised cell lines such 

as SH-SY5Y and PC12 cells, or primary cultures from animal models,130, 394-395 the hiPSC-

derived neural populations provide a more clinically- and biologically-relevant platform by 

which to test the function of designed biomaterials. With the use of a protein-based material 

that can be readily produced from an autologous origin, its potential as a source for growth 

factor signalling by incorporating a human recombinant protein, FGF2, into the SA fibrous 

scaffolds was demonstrated. Finally, the conductive nature of the construct enabled the 

exploration of effects of electrical stimulation on clinically relevant human NSCs. The feasibility 

of using a hemin-doped SA fibrous scaffold for neural TE is demonstrated with the functional 

enhancement of neuronal cell behaviours. 

6.2 Materials and Methods 

6.2.1 Fabrication of Electrospun SA Fibrous Scaffolds 

SA scaffolds used in this chapter were fabricated as previously described in Amdursky et al.392 

Briefly, bovine SA lyophilized powder (Sigma-Aldrich, UK) was dissolved in a 90% 2,2,2-

Trifluoroethanol (Sigma-Aldrich) solution. The polymer solution (14 w/v% bovine SA) was 

premixed on a tube roller overnight and 5 v/v% of 2-Mercaptoethanol (Sigma-Aldrich) was 

added 30 min before electrospinning. The polymer solution was electrospun using a syringe 

equipped with an 18 gauge steel needle, a 10 kV potential, a throw distance of 10 cm, and a 

syringe flow rate of 0.8 mL/h. Electrospun SA mats were obtained on an Al foil-wrapped 

rotating drum with 10 cm diameter at an average speed of approximately 1000 rpm (Figure 

58). 
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Figure 58. Photo of the electrospinning setup used for fabrication of the SA-based fibrous scaffolds. 

6.2.2 Preparation of Hemin-Doped SA Fibrous Scaffolds 

The hemin dopant (Porcine; Sigma-Aldrich) was first dissolved in dimethyl sulfoxide (DMSO; 

Sigma-Aldrich) to make an 11 mM stock hemin solution. The final doping solution of 130 µM 

hemin was then made by diluting the stock solution with phosphate buffer solution (PBS). 

Electrospun SA mats were cut into smaller samples (10 mm wide, 30 mm long) and doped in 

the solution with shaking at room temperature overnight (Figure 59). Prior to use, the doped 

SA samples were immersed in PBS at least overnight to wash away the residual 

unincorporated dopants. 

 

Figure 59. Schematic of SA-based fibrous scaffold sample preparation and photograph of non-doped 
SA (white, left) and hemin-doped SA (black, right) fibrous scaffolds. 
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6.2.3 Scanning Electron Microscopy (SEM)  

SA mats were dehydrated by incubation for at least 30 min in progressively higher 

concentrations of ethanol (Sigma-Aldrich) in water (30%, 50%, 70%, 80%, 90%, and 100%) 

under gentle shaking. SA mats were then incubated in 100% EtOH for 1 h, with refreshing of 

the solution 3 times, followed by one wash in hexamethyldisilazane (Sigma-Aldrich) for 5 min, 

and finally air drying overnight under a chemical hood. A 10 nm thin film of Cr was deposited 

on the sample by sputter coating to prevent charging. The sample was analysed at 5 keV with 

Sigma 300 SEM (ZEISS, Germany). 

6.2.4 Design of Cell Culture Device 

The electrical stimulation device for Epi-hiPSC-derived NSCs on glass and hemin-doped 

fibrous scaffold was assembled based on a conventional 6-well tissue culture plate (Figure 

60). Each scaffold was placed on a glass coverslip in a well. Two Au mylar (Vaculayer, 

Canada) electrodes were placed on top of the two ends of the scaffold with the conductive 

side (10 mm * 10 mm) facing down and the rest of the electrodes tightly folded alongside the 

culture well. A ~50 mm thick poly(dimethylsiloxane) (PDMS, Dow Corning, UK) ring fitted to 

the well with 10 mm inner diameter was placed and pressed on the stack of cover glass, SA 

fibrous scaffold, and mylar electrodes. The seam between the scaffold and the mylar 

electrodes was sealed by pressing the PDMS ring tightly to the attached cover glass. The 

culture devices of electrical stimulation were sterilised by one wash with 70% ethanol, 3 

washes of sterile PBS, and exposure to UV light for an hour. 

6.2.5 Laminin Coating of Hemin-Doped SA Fibrous Scaffolds 

The scaffolds were assembled into a well device as described in 6.2.4 without placing Au 

mylar electrodes. The mats were incubated overnight in 500 μL of 0.1 mg/mL poly-D-lysine 

(PDL; Sigma-Aldrich) solution, followed by 3 washes with PBS and then 500 μL of 10 μg/mL 

laminin (Sigma-Aldrich) overnight. The coating of laminin was evaluated with the amount of 

the remaining laminin in the coating solution after incorporation. Samples were analysed using 

Mouse Laminin ELISA Kit (Abcam, UK) according to manufacturer instructions. Absorbance 

values from ELISA plates were measured at 450 nm with a multi-mode microplate reader 

(SpectraMax M5; Molecular Devices, USA) and were normalised to the glass control. 

For the time-lapse laminin adsorption assay, 20 PDL-coated and 20 PDL-laminin-coated non-

doped, hemin-doped, and glass substrates were prepared as mentioned above. 4 PDL-coated 

and 4 PDL-laminin-coated substrates were stained at different time points (D0, D2, Week1, 
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Week2, and Week3) as described in 6.2.11. The time-lapse laminin adsorption was 

determined by subtracting the background mean fluorescence intensity of PDL-coated 

substrates from the mean fluorescence intensity of the PDL-laminin-coated substrates to 

eliminate the effect of autofluorescence of SA and the fluorescence quenching caused by the 

hemin dopant (10 fields were analysed per batch of sample and a total of 40 fields were 

analysed). Stability of the laminin coating was evaluated by comparing the background-

subtracted mean fluorescence intensity at different time points to D0 within the substrate. 

6.2.6 Viability and Neuronal Differentiation of hiPSC-derived NSCs on Hemin-
Doped SA Fibrous Scaffolds 

The cell culture constructs were assembled as described in 6.2.4 without placing Au mylar 

electrodes. Before cells were seeded, the culture device was incubated overnight in 500 μL of 

0.1 mg/mL PDL (Sigma-Aldrich) solution followed by 3 washes with PBS and then 500 μL of 

10 μg/mL laminin (Sigma-Aldrich) overnight. hiPSC-derived NSCs were dissociated from 

culture plates and seeded at a concentration of 200,000 cells in 300 μL NSCR Base Medium 

in the inner well of the PDMS ring (d = 10 mm). After 30 min cell seeding, the constructs were 

topped up with an extra 3 mL of medium, and cultured at 37 °C in a humid, 5% CO2 incubator. 

After 24 h, the viability of NSCs on the scaffolds was evaluated using a LIVE/DEADTM 

Viability/Cytotoxicity Kit for mammalian cells (Thermo Fisher Scientific), which determines cell 

viability based on the membrane integrity of cells. Viable cells were stained with green 

fluorescence through the reaction of calcein AM with intracellular esterase, while dead cells 

were stained with red fluorescence indicating lost or damaged cell membranes. To test if the 

scaffolds were biocompatible for neuronal differentiation of hiPSC-derived NSCs, the cells 

were seeded at a concentration of 200,000 cells in NSCR Neuron Medium [NSCR Base 

Medium supplemented with 10 ng/ml BDNF (R&D Systems) and 10 ng/ml GDNF (R&D 

Systems)] for 7 d, with medium exchanged every 2-3 d. The cells were fixed after 7 d neuronal 

differentiation and stained for cell observation. 

6.2.7 Incorporation and Release of FGF2 of Hemin-Doped SA Fibrous Scaffolds 

The scaffolds were assembled into a well device as described in 6.2.4 without placing Au 

mylar electrodes. For the incorporation assay, the device was incubated overnight in 500 μL 

of 0.1 mg/mL PDL (Sigma-Aldrich) solution followed by 3 washes with PBS and then 500 μL 

of 10 μg/mL laminin (Sigma-Aldrich) with 0.1 μg/mL FGF2 (PeproTech, UK) overnight. The 

incorporation of FGF2 was evaluated by the amount of the remaining FGF2 in the coating 

solution after incorporation (Day 0). The release of FGF2 was examined by replacing the 
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previous solution into fresh PBS at Day 0 and Day 2 and collecting the solution at Day 2 and 

Day 5, respectively. The time points were chosen in accordance with the frequency of the 

media exchange. FGF2 was examined by measuring the FGF2 released in the collected 

solution. Samples were analysed using FGF2 Human ELISA Kit (Thermo Fisher Scientific) 

according to manufacturer instructions with 5 different batches of scaffolds analysed. 

Absorbance values from ELISA plates were measured at 450 nm with a multi-mode microplate 

reader (SpectraMax M5; Molecular Devices) and were normalised to the initial FGF2 solution. 

6.2.8 Electrochemical properties of Hemin-Doped SA Fibrous Scaffolds 

Non-doped and hemin-doped SA fibrous scaffolds were immersed in PBS in the cell culture 

constructs (described in 6.2.4). Cyclic voltammetry (CV) was performed using an eDAQ 410 

System (eDAQ Pty Ltd, Australia) by applying cyclic potential in the ± 0.75 V bias range at a 

scan rate of 40 mV/s. 

6.2.9 hiPSC-derived NSCs on FGF2-incorporated Hemin-Doped SA Fibrous 
Scaffolds and for Electrical Stimulation Studies 

The cell culture constructs were assembled as described in 6.2.4. Before cells were seeded, 

the culture device was incubated overnight in 500 μL of 0.1 mg/mL PDL (Sigma-Aldrich) 

solution, followed by 3 washes with PBS and then 500 μL of 10 μg/mL laminin (Sigma-Aldrich) 

with or without 0.1 μg/mL FGF2 (PeproTech) incorporation in Advanced DMEM/F-12 medium 

overnight. NSCR Base Medium was used for electrical stimulation group and blank controls 

for FGF2 incorporation experiments, while F20 Medium was used for positive controls for 

FGF2 incorporation experiments. Confluent Epi-hiPSC-derived NSCs were dissociated with 

Accutase (Sigma-Aldrich) and seeded on SA fibrous scaffolds in the inner well of the PDMS 

ring (d = 10 mm) with 62,500 cells in 300 μL medium. After 30 min cell adhesion, the constructs 

were topped up with an extra 3 mL of medium, and cultured at 37 °C in a humid, 5% CO2 

incubator. 

6.2.10 Electrical Stimulation of hiPSC-derived NSCs on Hemin-Doped SA 
Fibrous Scaffolds 

Previous studies have shown that the effects of electrical stimulation on cell behaviour vary 

depending on parameters such as electrical stimuli, cell types, material interfaces, and 

experimental set-ups.109, 129-131 In this experiment, after 48 h cell seeding for cell attachment 

and spreading, trains of 50 ms electrical pulses of 50 mV/cm, 2 Hz for a period of 2 h were 

continuously applied for 2 d via a 33500 Series Trueform waveform generator (Agilent, USA). 
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The constructs were replaced with fresh media immediately after the electrical stimulation to 

avoid undesirable effect of electrical stimulation on the media. After the final stimulation, Epi-

hiPSC-derived NSCs were further cultured on the scaffolds for 48 h and then fixed and stained 

for cell observation. The schematic of the experimental scheme and the stimulation 

parameters are shown in Figure 60B. 

 

Figure 60. The experimental set-up for cell electrical stimulation. (A) Schematic of a cell culture 
construct for electrical stimulation studies (left) and photograph of the cell culture constructs for 
electrical stimulation (right). (B) The experimental time scheme for cell electrical stimulation (left) and 
the stimulation waveform (right). 

6.2.11 Immunostaining, Fluorescence Microscopy, and Confocal Fluorescence 
Microscopy Scanning Electron Microscopy 

For laminin immunofluorescent staining, SA fibrous scaffolds were blocked with 3 v/v% goat 

serum (Sigma-Aldrich) for 30 min, followed with primary antibody, laminin (1:1000; Abcam) for 

1 h, and secondary antibodies (Alexa Fluor dyes; Thermo Fisher Scientific) for 30 min. For cell 

culture experiments, cells with scaffolds were fixed in 4 v/v% paraformaldehyde (Sigma-

Aldrich) for 20 min, permeabilised with 0.2 v/v% Triton X-100 (Sigma-Aldrich) for 15 min, and 

blocked with 3 v/v% goat serum for 45 min. Cells were then incubated for 1.5 h with primary 

antibodies, Nestin (1:500; Millipore, UK), βIII-Tubulin (1:1000; Sigma-Aldrich), and Ki67 

(1:1000; Abcam), followed with DAPI (Sigma-Aldrich) and secondary antibodies for 45 min. 

The stained samples were mounted on slides with FluorSave™ Reagent (Millipore) and stored 

at 4 °C. Images of laminin immunofluorescent staining were acquired with an epifluorescence 

microscope (EVOS® FL Cell Imaging System; Life Technologies, UK) whereas images of the 

cell experiments were acquired with a SP5 MP/FLIM inverted confocal microscope (Leica, 

Germany) by sequential scanning. The thickness of the acquired sample sections was about 

40 μm, and z stacks of typically 20 2-μm slices were imaged. 
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6.2.12 Imaging Analysis and Statistical Analysis 

Image analysis was performed with ImageJ 64 (Version 2). To quantify fibre diameter, 

measurements were made from 300 fibres taken randomly in the SEM images. The cell 

viability on the scaffolds was evaluated by the total coverage area of live cells (green) and the 

number of dead cells (red) after 24 h cell seeding, where a total of 35 images in each group 

were analysed. NSC proliferation and differentiation for biocompatibility were analysed on 5 

different batches of scaffolds with cell coverage using βIII-tubulin, a neuron-specific marker, 

and nestin, a neural stem cell marker. NSC proliferation, differentiation, and neurite branching 

were analysed with the proliferation marker, Ki67, and βIII-Tubulin, using the “Cell Counter” 

plugin. Cell proliferation and differentiation were evaluated with the percentage of the Ki67+ 

cells and βIII-Tubulin+ cells over the total number of cells within a field of 40X, respectively. 

Neurite outgrowth was evaluated using the “Neurite Tracings” plugin. For statistical analysis, 

all experiments were conducted 3 times (with 2 biological replicates and 3 technical replicates 

in each experiment). One-way ANOVA with post hoc Tukey’s test was used throughout the 

study unless specified otherwise. A p-value < 0.05 was considered statistically significant and 

all results represent means ± s.e.m. (in the diagrams, * represents p < 0.05, ** represents p ≤ 

0.01, and *** represents p ≤ 0.001). 

6.3 Results 

6.3.1 Morphology and Characterisation of Hemin-Doped SA Fibrous Scaffolds 

The morphology and topography of the SA mats were first characterised with SEM imaging 

(Figure 61). The electrospinning of the SA solution produced fibrous mats with an average 

fibre diameter of 0.95 ± 0.13 µm. After doping the SA mats with hemin, the smooth and uniform 

surface of the non-doped SA mats resulted in a comparatively rough surface (Figure 61B); 

however, there was no significant difference in the average fibre diameters (1.04 ± 0.08 µm). 

To enhance cell attachment and promote neuronal differentiation, a layer of PDL and laminin 

were further coated by physical adsorption. After coating, the hemin-doped mats exhibited an 

increase in their fibre diameters (1.71 ± 0.23 µm) and their average fibre diameters were 

significantly larger than the non-doped SA mats coated with PDL and laminin (0.68 ± 0.06 µm; 

Figure 61D). Both the laminin-coated SA mats exhibited some aggregates resulting from the 

adsorption of the laminin proteins (Figure 61A, Panel 2 and 4). The distribution of the fibre 

diameter and the mean fibre diameter of different SA mats were also analysed and plotted in 

Figure 61. Compared to other mats, it was found that the laminin-coated hemin-doped SA 
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mats exhibited a broad distribution of the fibre diameter and had a maximum fibre diameter of 

~3.51 µm. 

 

Figure 61. Characterisation of SA fibrous scaffolds. (A) SEM image of (1) Non-doped SA fibrous 
scaffolds, (2) Non-doped SA fibrous scaffolds with laminin coating, (3) Hemin-doped SA fibrous 
scaffolds, and (4) Hemin-doped SA fibrous scaffolds with laminin coating (scale bars = 4 µm). (B) SEM 
imaging for surface roughness of the non-doped SA mats (top) and the hemin-doped SA mats (bottom) 
(scale bars = 1 µm). (C) Fibre diameters: distribution of the fibre diameters of (1) Non-doped SA fibrous 
scaffolds, (2) Non-doped SA fibrous scaffolds with laminin coating, (3) Hemin-doped SA fibrous 
scaffolds, and (4) Hemin-doped SA fibrous scaffolds with laminin coating. (D) Fibre diameter of non-
doped and hemin-doped SA fibrous scaffolds with and without laminin coating (one-way ANOVA with 
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post hoc Tukey’s test was used; the results represent means ± s.e.m. * represents p < 0.05 and ** 
represents p ≤ 0.01 compared to hemin-doped SA+LN; N=3, totally 300 fibres were analysed). 

After characterising the morphology and topography of the mats, the laminin adsorption on 

the scaffolds was investigated with ELISA after 24 h laminin coating (Figure 62A). The results 

showed a significantly higher amount of remaining laminin in the non-doped SA scaffolds, 

indicating there were more laminin adsorption on the hemin-doped SA scaffolds and the PDL-

coated glass compared to the non-doped SA scaffolds. While initial laminin adsorption is 

critical for cell attachment, the maintenance of the adsorbed laminin during the culture period 

can further support cell adhesion, proliferation, and differentiation. To understand if different 

substrates exhibited different capabilities for laminin maintenance, the non-doped, hemin-

doped SA scaffolds, and the PDL-coated glass were coated with laminin and stained and 

examined the immunofluorescent intensity of the laminin coating at different time point (Figure 

62B). The results showed a significant decrease in fluorescent intensity of the laminin protein 

on both the non-doped SA scaffolds and the glass controls after 3 weeks immersed in cell 

culture medium with medium exchange every 2-3 d. However, the hemin-doped SA scaffolds 

were able to maintain the laminin coating over the time period which was tested. 

 

Figure 62. Laminin adsorption on the SA scaffolds. (A) Remaining laminin in the coating solution 
measured by ELISA (one-way ANOVA with post hoc Tukey’s test was used; the results represent 
means ± s.e.m. ** represents p ≤ 0.01; N=5). (B) Time-lapse laminin adsorption to glass, non-doped, 
and hemin-doped SA fibrous scaffolds (one-way ANOVA with post hoc Tukey’s test was used to 
compare the results of the same substrate at different time points; the results represent means ± s.e.m. 
* represents p < 0.05 compared to D0 Non-doped SA; # represents p < 0.05 compared to D0 Glass; 
N=4, a total of 40 fields were analysed). 
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6.3.2 Cell Viability, Proliferation, and Neuronal Differentiation on Hemin-Doped 
SA Fibrous Scaffolds 

To test the potential of hemin-doped SA mats for neural TE applications, hiPSC-derived NSCs 

were cultured on the assembled cell constructs (Figure 63A), and the capabilities of stem cell 

attachment, proliferation, and induction of neuronal differentiation were further investigated. 

Firstly, the LIVE/DEADTM Viability assay was used after 24 h cell seeding to evaluate the 

biocompatibility of the SA fibrous scaffolds (Figure 63B). The staining showed no significant 

difference in the percentage of live cell coverage between the non-doped SA, hemin-doped 

SA mats, and the glass control (Figure 63C; non-doped SA: 9.50 ± 5.69%; hemin-doped SA: 

23.56 ± 8.43%; glass control: 31.63 ± 9.35%). However, there was less live cell coverage on 

the non-doped SA mats, and there were significantly more dead cells per analysed image on 

the non-doped SA mats compared to the hemin-doped SA mats (Figure 63D; non-doped 

SA: 2385 ± 419; hemin-doped SA: 1194 ± 311; glass control: 1330 ± 201). This observation 

indicated that the electrospun SA mats with the hemin dopant do not cause significant adverse 

effects on cell biocompatibility. In addition, hemin in the system could further improve cell 

attachment and viability of hiPSC-derived NSCs on the electrospun SA mats. 
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Figure 63. Cell viability assay for biocompatibility of the SA-based fibrous scaffolds. (A) Schematic of 
cell culture on SA fibrous scaffolds. (B) LIVE/DEAD fluorescent images on glass, non-doped, and 
hemin-doped SA fibrous scaffolds (calcein AM, green, live cell; ethidium homodimer-1, red, dead cell; 
scale bars = 400 µm). Cell viability was evaluated as (C) Percentage of live cell coverage and (D) 
Number of dead cells per analysed field on glass, non-doped, and hemin-doped SA fibrous scaffolds 
(one-way ANOVA with post hoc Tukey’s test was used; the results represent means ± s.e.m. 
* represents p < 0.05; N=3, n=7, 5 fields per sample were analysed). 

To examine the effect of the non-doped and hemin-doped SA fibrous scaffolds on the 

proliferation and differentiation of hiPSC-derived NSCs, the cells were seeded with a high cell 
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density of 2 * 105 cells/well (d = 10 mm) and fixed and stained with βIII-tubulin, a neuronal 

marker, and nestin, a neural stem cell marker, after 7 days neuronal differentiation (Figure 

64). The immunostaining revealed that hiPSC-derived NSCs on the non-doped SA scaffolds 

clumped together and formed sphere-like structures while the cells on the hemin-doped SA 

scaffolds and the glass control were widely spread on the substrates. The total cell coverage 

on the non-doped SA scaffolds (13.81 ± 4.05%) was significantly lower than the hemin-doped 

SA scaffolds (30.90 ± 3.18%) and the glass control (32.09 ± 4.30%) (Figure 64B). The 

percentage of cells expressing βIII-tubulin and nestin over the total cell coverage were further 

analysed. While there were many immature neurons co-expressing both βIII-tubulin and nestin 

markers at Day 7, there was no significant difference in the percentage of βIII-tubulin+ cells 

and nestin+ cells over the total cell coverage between the substrates (Figure 64C). Overall, 

even though the cellular coverage of the non-doped mats was lower compared to other 

groups, the SA scaffolds were biocompatible to the cell system and did not hinder cell 

proliferation and neuronal differentiation of the hiPSC-derived NSCs. 

 

Figure 64. The effect of hemin-doped SA fibrous scaffolds on neuronal differentiation. (A) hiPSC-derived 
NSCs were stained with βIII-tubulin, a neuronal marker, and nestin, a neural stem cell marker, after 7 
days neuronal differentiation (βIII-tubulin, green; nestin, red; scale bars = 100 µm). (B) Total cell 
coverage after 7 days neuronal differentiation on non-doped, hemin-doped SA scaffolds, and the glass. 
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(C) Percentage of βIII-tubulin+ cell and nestin+ cell coverage over the total cell coverage on different 
substrates (one-way ANOVA test was used; the results represent means ± s.e.m.; N=3, n=5, where 5 
different batches of scaffolds were tested, 3-5 areas per batch of samples were examined). 

6.3.3 Effect of Growth Factor Release with Hemin-Doped SA Fibrous Scaffolds 

Next, to evaluate the ability of the SA scaffolds to incorporate and release signalling factors: 

FGF2 was chosen as an example of a recombinant protein with a clear effect on neural stem 

cell populations. With the ability of SA to non-covalently bind a variety of small molecules and 

peptides, incorporation of FGF2 was also achieved similarly to the hemin doping procedure, 

where the SA scaffold was placed in an FGF2 solution following overnight incubation. To 

measure the quantity of a recombinant protein bound to the material, an ELISA was used to 

evaluate the amount of remaining FGF2 in the coating solution (Figure 65). It was observed 

that a significant binding of FGF2 onto the SA scaffold, while 94.80 ± 2.27% and 99.57 ± 

0.12% of the initial FGF2 in the solution went inside the non-doped and hemin-doped SA 

scaffolds, respectively (Figure 65A).  

After ensuring that FGF2 could be incorporated into the scaffolds, its release characteristics 

were further examined by measuring the FGF2 released to the solution after 2 and 5 days 

using ELISA (Figure 65B). The results indicated that the incorporation of FGF2 to the SA 

scaffolds induced a slow release profile (timescale of a few days), where the release of FGF2 

from the non-doped SA scaffolds was 0.12 ± 0.05% and 0.18 ± 0.02% of the initial FGF2 in 

the solution (corresponding to a release of 0.13% and 0.19%, respectively, of the initial loaded 

FGF2 in the non-doped SA scaffold) for day 2 and 5, respectively. From the hemin-doped SA 

scaffolds, the release of FGF2 was 0.34 ± 0.12% and 0.65 ± 0.50% of the initial FGF2 in the 

solution (corresponding to a release of 0.34% and 0.65%, respectively, of the initial loaded 

FGF2 in the hemin-doped SA scaffold) for day 2 and 5, respectively. 
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Figure 65. Incorporation and release of FGF2 of hemin-doped SA fibrous scaffolds. (A) The remaining 
amount of FGF2 after incorporation was measured by ELISA (one-way ANOVA with post hoc Tukey’s 
test was used; the results represent means ± s.e.m. *** represents p ≤ 0.001; N=5, where 5 different 
batches of scaffolds were tested, 3 technical replicates per batch of samples were examined). (B) A 
release profile for non-doped and hemin-doped SA fibrous scaffolds was measured with the amount of 
FGF2 released in the solution using ELISA at Day 2 and Day 5 (two sample t-test was used to compare 
hemin-doped SA and non-doped SA at Day 2 and Day 5 respectively; the results represent means ± 
s.e.m.; N=5, where 5 different batches of scaffolds were tested, 3 technical replicates per batch of 
samples were examined). 

Following the successful incorporation of FGF2 into the scaffolds, the cellular responses of 

hiPSC-derived NSCs were then examined for cell proliferation and neurogenesis with a focus 

on the effects of FGF2 incorporated non-doped and hemin-doped SA mats on the cells (Figure 

66). The results showed that the FGF2-incorporated non-doped SA mats were sufficient to 

maintain a proliferative (Ki67+) cell population of 33.75 ± 2.52% over 5 days cultured in basal 

medium, similar to the degree of regular exchange of FGF2-containing medium with non-

incorporated non-doped SA mats (31.48 ± 3.79%). The mats supplied with soluble FGF2, 

FGF2-incoporated mats, and the combination of both had a significantly higher proliferative 

cell population compared to the control non-doped mats without FGF2 (17.86 ± 3.22%). The 

maximum cell proliferation was observed on the non-doped SA mats with both soluble FGF2 

and FGF2-incorporated non-doped SA mats (36.36 ± 3.49%). For hemin-doped SA mats, the 

results also demonstrated a higher percentage of proliferative cells with soluble FGF2 (19.48 

± 4.10%), FGF2-incorporated mats (21.12 ± 1.20%), and the combination of both (14.82 ± 

2.81%) compared to the control hemin-doped mats (10.86 ± 2.87%) without significance 

(Figure 66B). 

Neuronal differentiation of the hiPSC-derived NSCs was also examined with the percentage 

of βIII-tubulin+ cells. On both non-doped and hemin-doped SA mats, the NSCs in the control 

condition without any FGF2 exhibited higher neuronal differentiation compared to other groups 

with FGF2 (Figure 66C). This result was consistent with the predicted effect of FGF2 for 
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maintaining the proliferating stem state of the NSCs. These results also demonstrated that the 

hemin-doped SA mats overall had a higher percentage of differentiated cells compared to the 

non-doped SA mats, which hinted at a preference towards neuronal differentiation on the 

hemin-doped mats. The highest neuronal differentiation occurred on the hemin-doped SA 

mats without soluble FGF2 and FGF2 incorporation (38.88 ± 7.34%) compared to the other 

groups (Table 7). 

 

Figure 66. The effects of FGF2 incorporated SA fibrous scaffolds on cell behaviours. (A) Confocal 
fluorescence images of hiPSC-derived NSCs on non-doped and hemin-doped SA scaffolds with or 
without FGF2 incorporation (FGF2 Mats or X) in Basal Medium and FGF2-containing Medium (FGF2 
Medium) respectively (nestin, red; βIII-Tubulin, green; DAPI, blue; scale bars = 100 µm). (B) Cell 
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proliferation was analysed with percentage of the Ki67+ cells (one-way ANOVA with post hoc Tukey’s 
test was used; the results represent means ± s.e.m. * represents p < 0.05; ** represents p ≤ 0.01; # 
represents p ≤ 0.001 compared to Non-doped SA [X + FGF2 Medium], [FGF2 Mats + Basal Medium], 
and [FGF2 Mats + FGF2 Medium]; & represents p ≤ 0.05 compared to Non-doped SA [FGF2 Mats + 
Basal Medium] and p ≤ 0.01 compared to [FGF2 Mats + FGF2 Medium]; @ represents p ≤ 0.05 
compared to Non-doped [FGF2 Mats + FGF2 Medium]; $ represents p ≤ 0.01 compared to Non-doped 
SA [X + FGF2 Medium] and [FGF2 Mats + Basal Medium] and p ≤ 0.001 compared to [FGF2 Mats + 
FGF2 Medium]; N=3, n=9). (B) Neuronal differentiation was analysed with percentage of the βIII-
Tubulin+ cells (one-way ANOVA with post hoc Tukey’s test was used; the results represent means ± 
s.e.m. * represents p < 0.05; ** represents p ≤ 0.01; N=3, n=9). 

Table 7. Neuronal differentiation of the hiPSC-derived NSCs examined with the percentage of βIII-
tubulin+ cells (X represents the non-incorporated mats). 

 

6.3.4 Effect of Electrical Stimulation on Hemin-Doped SA Fibrous Scaffolds 

Previously, the conductive properties of hemin-doped SA mats have been detailed by 

Amdursky et al.392 To use the hemin-doped SA scaffolds for in vitro electrical stimulation, a 

cell culture construct and a stimulation protocol were developed and optimised in this study. 

The electrical characterisation (current-voltage behaviour) of the scaffolds assembled in the 

electrical stimulation constructs showed that when a voltage was applied, there was a higher 

current passing through the hemin-doped SA scaffolds compared to the non-doped SA 

scaffolds and the PBS control (Figure 67). 
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Figure 67. Conductivity of PBS, non-doped, and hemin-doped SA fibrous scaffolds measured with cyclic 
voltammetry at a scan rate of 40 mV/s. The measurements were conducted in PBS buffer using two 
electrodes as in Figure 60A. The application of DC bias induced ionic conduction across the aqueous 
solution with similar currents for the non-doped SA sample and for the PBS only control. Placing the 
hemin-doped SA scaffold resulted in elevated currents and clear oxidation and reduction peaks. The 
elevated current implies the enhanced conduction across the doped SA scaffold, while the redox peaks 
suggest hemin-associated redox next to the electrode surface. 

Due to the cells exhibiting different attachment patterns on the non-doped and hemin-doped 

SA mats, the glass was chosen as a non-conductive control in the electrical stimulation 

experiments to decouple the effect of electrical stimulation through the conductive material 

and the effect of material properties on the cells. The effects of electrical stimulation on cell 

proliferation and differentiation were first examined in Figure 68. The results showed that there 

was significantly more Ki67+ cells on the glass control (38.57 ± 5.25%) compared to the hemin-

doped SA scaffolds with and without electrical stimulation (11.05 ± 3.04% and 15.10 ± 4.08% 

respectively). Although the number of Ki67+ cells decreased following the application of 

electrical stimulation to the glass control (23.90 ± 6.06%; p = 0.149), the cell percentage 

remained similar on the hemin-doped SA mats with and without electrical stimulation (Figure 

68B). For neuronal differentiation (Figure 68C), the glass with electrical stimulation (28.27 ± 

4.26%) exhibited higher neuronal differentiation compared to the unstimulated control (p = 

0.309), suggesting the effectiveness of the applied stimuli. Both hemin-doped SA scaffolds 

with and without electrical stimulation exhibited enhanced neuronal differentiation with a 

significantly higher percentage of βIII-Tubulin+ cells (40.73 ± 7.64% and 38.91 ± 5.63%) 

compared to the glass control (14.93 ± 2.51%). 
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Figure 68. The effects of electrical stimulation with hemin-doped SA fibrous scaffolds. (A) Confocal 
fluorescence images of hiPSC-derived NSCs on glass and doped SA scaffolds with and without 
electrical stimulation respectively (nestin, red; DAPI, blue; left panels: βIII-Tubulin, green; right panels: 
Ki67, yellow; scale bars = 100 µm). (B) Cell proliferation was analysed with percentage of Ki67+ cells 
(one-way ANOVA with post hoc Tukey’s test was used; the results represent means ± s.e.m. ** 
represents p ≤ 0.01; N=3, n=9). (C) Neuronal differentiation was analysed with percentage of βIII-
Tubulin+ cells (one-way ANOVA with post hoc Tukey’s test was used; the results represent means ± 
s.e.m. * represents p < 0.05; ** represents p ≤ 0.01; N=3, n=9). 

To examine the effects of electrical stimulation on neuronal maturation and network formation 

applied through the hemin-doped SA scaffolds, the neurite outgrowth and branching in the 

hiPSC-derived neurons were further analysed (Figure 69). With electrical stimulation, there 

was a non-significant increase in neurite outgrowth on both the glass and the hemin-doped 

SA scaffolds compared to the unstimulated groups (Table 8). However, the neurons exhibited 

the longest neurite outgrowth on the stimulated hemin-doped SA scaffolds (78.14 ± 6.40 µm) 

among all the groups. As for neurite branching, the cells on the hemin-doped SA mats with 
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stimulation demonstrated significantly more neurite branching compared to all other groups 

(3.76 ± 0.12 branches). The amount of neurite branching of cells was as follows: on the 

unstimulated hemin-doped SA mats, 2.92 ± 0.15; on the glass with electrical stimulation, 2.60 

± 0.30; and on the glass without electrical stimulation, 2.43 ± 0.17 (Figure 69C). 

 

Figure 69. The effects of electrical stimulation with hemin-doped SA fibrous scaffolds. (A) Confocal 
fluorescence images of hiPSC-derived NSCs with and without electrical stimulation on glass and hemin-
doped SA fibrous scaffolds (nestin, red; DAPI, blue; βIII-Tubulin, green; scale bars = 100 µm). (B) 
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Average neurite length with and without electrical stimulation (one-way ANOVA with post hoc Tukey’s 
test was used; N=3, n=9). (B) Neurite branching with and without electrical stimulation (one-way ANOVA 
with post hoc Tukey’s test was used; the results represent means ± s.e.m. * represents p < 0.05; ** 
represents p ≤ 0.01; *** represents p ≤ 0.001; N=3, n=9). 

Table 8. The effects of electrical stimulation on neurite outgrowth and neurite branching (X represents 
the unstimulated groups). 

 

6.4 Discussion 

To restore functional nerve tissue after injury is an intricate process requiring multiple stimuli 

and several properties of the microenvironment. As a result, tissue engineering studies aimed 

at nerve repair have tried to combine different stimuli to better mimic the complex milieu of 

cues in human body.352 In this study, the use of a hemin-doped SA scaffold in neural TE is 

reported for the first time and its ability to synergistically provide topographical, biochemical, 

and electrical stimuli to actively enhance cellular responses was further demonstrated. 

Initial characterisation of the bio-interface with SEM imaging revealed that while the non-doped 

and hemin-doped SA scaffolds exhibited similar fibre diameter, the fibre diameter increased 

significantly on the hemin-doped scaffolds compared to the non-doped SA scaffolds after 

coating with PDL-laminin. This also correlated with the presence of putative protein 

aggregates and a general increase of surface roughness along the fibres. There was also 

significantly more laminin adsorption on the hemin-doped SA mats compared to the non-

doped SA mats, and a more stable laminin coating on the hemin-doped SA mats. Together, 

these results would suggest that the difference of the morphology and the diameter between 

the non-doped and hemin-doped mats after laminin coating could possibly be related to the 

difference in their ability to adsorb extracellular matrix protein such as laminin. The hemin 

dopant could be a key regulator in this process, where the electrostatic interactions between 

hemin and SA affect substrate-dependent differences in peptide and protein adsorption, which 

offers additional TE advantages. Previously, to improve cell-material interactions, studies have 
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shown that an increased surface roughness in an optimum range and a large surface area 

can increase cell attachment and cell-material integration advancing bioelectronic 

interfaces.396-397 In addition, extracellular matrix proteins can also dynamically regulate cell 

behaviours, with laminin being especially shown to guide and promote neuronal differentiation 

and neurite outgrowth.398 By examining cell viability, proliferation, and differentiation, it was 

found that on the non-doped SA mats, hiPSC-derived NSCs tended to group in clusters 

whereas on the hemin-doped SA mats, the cells exhibited better cell attachment and 

performances across the whole mat. In summary, the properties of the laminin-coated hemin-

doped SA scaffolds could provide surface roughness, high surface area, interconnected 

porosity, higher protein adsorption propensity, as well as the ability to support cellular 

attachment, growth, and differentiation. Together, these findings demonstrate the potential 

use of hemin-doped SA scaffolds as an attractive biomaterial for neural interfaces. 

Herein, random fibres with fibre diameter in micrometre (0.68~1.71 μm) were used to examine 

how hiPSC-derived NSCs interact with the SA-based platform. Although the control of fibre 

diameter and alignment of the substrate were not covered in this study, it has been known that 

the aligned nanotopographies are able to modulate cell morphology and thus cell behaviours 

in various neural lineage systems. Lim et al. reported that mouse NSCs exhibited a higher 

percentage of neuronal cells on aligned polycaprolactone (PCL) electrospun fibres with 

various fibre diameters (260 nm, 480 nm, and 930 nm) compared to the cells on random 

fibrous substrates or planar unpatterned substrates.399 However, another study using PLLA 

fibrous substrates with fibre diameter in micrometre (~1.5 μm) and nanometre scale (~300 

nm) showed that the differentiation rate of mouse NSCs seemed to be more dependent on the 

fibre dimension than the topographical alignment.400 It was reported that more cells were 

differentiated on both random and aligned nanofibers compared to those on microfibers. 

Nevertheless, the aligned nanofibers could significantly enhance neurite outgrowth compared 

to the random nanofibers while there was no significant difference on the neurite outgrowth 

when the cells were on microfibers.400 Another study used aligned PCL fibrous scaffolds with 

controlled diameters of 1 μm, 5 μm, and 8 μm to examine their effects on a neuronal-glial co-

culture for an in vitro peripheral nerve model.401 It was reported that the increased fibre 

diameters correlated with the increased neurite outgrowth, increased neuronal cell viability, 

and less elongated Schwann cell morphology. However, there was no significant differences 

in the number of neurites per neuron and the percentage of neurite bearing cells between the 

three scaffolds with different fibre diameter. With rat dorsal root ganglion cells, it was shown 

that smaller fibre diameters (1 μm) could support not only longer neurite outgrowth but also 

migration of the Schwann cells.401 For the effects of fibre alignment in an hESC-derived 
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system, a slightly higher percentage of neurons (Tuj1+) and oligodendrocytes (O4+) markers 

was reported on the aligned PCL nanofibers compared to random nanofibers and the aligned 

topography could further direct neurite outgrowth.402 Similarly, with use of poly(ethersulfone) 

(PES) fibre matrices, it was shown that aligned fibres could enhance hESC-derived neural 

crest stem cells’ differentiation into Schwann cell lineage compared to the random fibres.403 

As it was shown that aligned substrates were able to enhance neuronal differentiation, neurite 

alignment, as well as neurite outgrowth, it was suggested that the aligned topography could 

alter the cell-substrate interactions, resulting in cytoskeletal rearrangements and further 

activating intracellular signalling pathways.399-400 

So far, there are a few methods developed for the fabrication of aligned electrospun fibres. 

One of the most common methods to increase fibre alignment is by rotating a cylinder collector 

with a high speed.356, 404-406 In general, when a linear speed of a collector surface matches or 

exceeds the rate that fibres are deposited, the fibres can tightly surround the collector and 

result in fibre alignment.356 For example, with a cylinder collector at higher rotating speeds, 

1000 rpm and 4500 rpm for poly(glycolic acid) and collagen respectively, fibres exhibited more 

aligned topographies compared to lower speeds, 100 rpm and 500 rpm for poly(glycolic acid) 

and collagen respectively.404, 406 However, too high collection speeds might also result in less 

aligned fibres because the rotation of the collector can create air turbulence.405 Another 

method to enhance alignment is to collect the electrospun fibres on a rotating disc collector 

with a sharpened edge, where the sharp edge could pose the largest effect on the electrostatic 

field to pull and collect the electrospun fibres with a high order of alignment.407 Patterned 

collectors with various shape and area of the insulating region were also used to create aligned 

fibrous substrates.408-409 For example, with a grounded collector which is composed of two 

separate conductive silicon strips with a void gap in the middle, Li et al. were able to fabricate 

uniaxially aligned fibres across the gap compared to the fibres deposited on a continuous 

piece of conductive strip.409 Controlling the electrical field with the use of auxiliary electrodes 

was also found to decrease the instability and whipping of the polymer jet and could result in 

a more aligned fibrous substrate.410 Previously, it was shown that by applying multiple auxiliary 

electrodes, the electrical force could be more focused and the polymer jets could be further 

aligned on the collector.411 Furthermore, while supplementing the electrospun setup with two 

auxiliary electrodes behind the collector, the electrospun substrates could not only be aligned 

but also focused in a certain region. For instance, when the distance of the two auxiliary 

electrodes was decreased from 5.0 cm to 2.5 cm, the electrospun mats were narrowed from 

4.6 cm to 2.2 cm.411 
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While aligned electrospun fibres can be achieved, the fibre diameter of the electrospun 

scaffolds can also be controlled. As the electrospun fibres are fabricated through evaporation 

or solidification of the ejected polymer jets, their diameters are mainly depending on the jet 

sizes and the polymers in the jets.356 While there is no splitting, a higher viscosity, which 

usually results from a higher molecular weight of a polymer or a higher concentration of the 

polymer solution, can result in a larger fibre diameter.361 It was further found that the diameter 

of the electrospun fibres was proportional to the cube of the concentration of the polymer.367 

In addition to the polymer solution used for electrospinning, the applied electrical voltage can 

also affect fibre diameter, where a higher applied voltage usually leads to a larger fibre 

diameter as there is more polymer fluid ejected in the jet.356, 367 

Since the addition of bioactive factors into TE constructs has been known to improve cell-

tissue interactions, the potential of hemin-doped SA scaffolds for bioactive molecule release 

was further examined. Previous studies have successfully delivered bioactive factors, such as 

growth factors and neurotrophic factors, through TE substrates by physical incorporation, 

chemical conjugation, and polymeric microsphere delivery.412-414 Several studies have 

demonstrated the incorporation of nerve growth factor into 2D conductive substrates, and 

recently also into 3D conductive scaffolds.344, 382, 415-417 For example, Lee et al. fabricated PPy-

coated electrospun poly(lactic acid-co-glycolic acid) (PLGA) nanofibres and chemically 

immobilised nerve growth factor (NGF) onto their surface.118 Zeng et al. also synthesised 

conductive NGF-conjugated PPy-poly(l-lactic acid) (PLLA) fibres through oxidation 

polymerisation and EDC chemistry.119 Because the stability and functionality of growth factors 

is critical but difficult to maintain during chemical incorporation,414 the SA system with its innate 

property as a natural transport protein could be an advantageous platform for delivering 

biomolecule stimuli. In the chapter, it was shown that the SA-based hybrid system was able 

to physically incorporate the model growth factor, FGF2, and eliminate relatively complex 

chemical reactions and polymeric microsphere preparation. Furthermore, the results also 

showed a functional outcome of increased proliferative cells on the FGF2-incorporated SA 

scaffolds compared to the non-incorporated mats, demonstrating for the first time that an 

electrospun SA scaffold could be used for the incorporation and release of bioactive 

molecules. It was also interesting to find a trend of higher incorporation and higher release of 

FGF2 in the hemin-doped SA scaffolds similarly to what was observed with the laminin 

incorporation. Although the specific means by which hemin regulates protein incorporation 

remains unclear, these effects could be due to a combination of: (1) the electrostatic effects 

of hemin to the SA substrate; (2) hemin’s effects on SA’s FGF2 binding sites; and (3) the 

effects of the increased laminin adsorption on both electrostatic incorporation and the binding 
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affinity of FGF2. This would suggest that hemin-doping of the SA scaffold, besides conferring 

electroactive properties to the constructs, can also enhance its bioactive applications. 

In this chapter, the potential of hemin-doped SA scaffolds for in vitro electrical stimulation 

application was also tested. Previously, Patel et al. reported that extracellular electrical fields 

of 102 to 104 mV/cm applied with a gold substrate on dissociated Xenopus neurons could 

accelerate neurite outgrowth and manipulate neurite orientation.109 Zou et al. applied electrical 

fields of 100, 200, 400, and 800 mV/cm with a conductive PPy-doped PLLA fibres on PC12 

cells and found an enhanced neurite extension and neurite alignment.131 Here, an even lower 

electrical field of 50 mV/cm at trains of 50 ms, 2 Hz electrical pulses was applied since this 

electric stimulation protocol did not adversely affect cell viability in the cell system. In general, 

it is recommended to work with the lowest electric fields possible to avoid undesirable electrical 

phenomenon next to the electrode, such as water spitting or the reduction/oxidation of ions.129 

Moreover, it was found that increasing the electric field to 100 mV/cm resulted in unwanted 

cell death (data not shown), which might have been related to the tolerance of the human 

clinically relevant cells to high electric fields. Following electrical stimulation, the glass control 

exhibited an increase in neuronal differentiation compared to the unstimulated glass control, 

in accordance with previous studies which showed that electrical stimulation increased 

neuronal differentiation in human stem cells.125, 127, 342 The effects of electrical stimulation have 

been known to vary according to cell type, substrate condition, and the exerted intensity in 

different electrical stimulation system.109, 129-131 Particularly, comparing the effect of electrical 

stimulation on the differentiation potential between immortalised cell lines and iPSC-derived 

neural progenitors has proven especially difficult since iPSC-derived cultures are inherently 

more sensitive to change in culture conditions. However, the overall cell viability and a trend 

to increase neuronal differentiation after electrical stimulation suggested the applied stimuli in 

this study are biocompatible and sufficient to modulate cellular behaviour. On the other hand, 

cells on the hemin-doped SA scaffolds exhibited a significantly higher neuronal differentiation, 

and there was no significant difference between the unstimulated and electrically stimulated 

groups. This observation could have been the result of the intrinsic properties of the hemin-

doped SA scaffolds inducing NSCs differentiation under basal conditions so that the electrical 

stimulation could thereby not exert additive effects since the population was uniformly 

differentiated. Hemin has previously been reported to have neurotrophic effects that promote 

survival and induce neurite outgrowth in both neuroblastoma cell lines and neurons derived 

from neural crests.418-419 Other studies have shown that hemin is potentially neurotoxic via 

various oxidative and nonoxidative mechanisms.420-421 In this chapter, the precise biochemical 
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mechanism of the effect of hemin in the SA scaffold to preferentially give neuronal 

differentiation will require further elucidation in future studies. 

Beyond its effects on neuronal differentiation, electrical stimulation on the conductive SA 

constructs proved to be a very effective means by which to modulate neuronal maturation 

responses. In this study, significant morphological changes of the hiPSC-derived neurons 

were observed, and especially when it came to neurite branching. Previous studies have 

reported that electrical stimulation enhances neurite outgrowth and neurite branching in 

human neuroblastoma cell lines and animal cells.175, 343-346 While the effects of electrical 

stimulation have been widely studied, the mechanisms behind all various cellular effects are 

not yet fully understood.380-381 Some important mechanisms have been proposed for the 

mediation of electric signals including: (1) membrane proteins, which undergo conformational 

change and induce integrin-dependent signalling pathway; (2) the modulation of voltage-

sensitive Ca2+ channel and voltage-sensitive small-molecule transporters (i.e. serotonin) 

inducing ion and small molecule influx, and further triggering their downstream signalling; (3) 

voltage-sensitive phosphatase activity, which affects the phosphoinositide (PI)-sensitive 

signalling; (4) changes in the cytoplasmic content of H+, K+, and other ions; (5) electrical 

stimulation reorganisation of membrane receptor distribution, which affects actin filaments and 

microtubules and further amplifies the gradient of intracellular Ca2+, and (6) electrophoresis of 

morphogens through the cytoplasm.99, 142, 381 It has also been shown that electrical stimulation 

induces gradients of ions and molecules within tissue fluid, culture medium, and cell culture 

substrates, and affect both protein adsorption and the macroscopic protein structure in the 

extracellular environment.345-346, 422-423 The use of a conductive scaffold added an additional 

dimension of complexity since it introduced an electronic/ionic current within the scaffold itself 

in addition to the ionic current in the solution.392 Using a very low electric field in this study can 

potentially pinpoint the effect of electrical stimulation on the scaffold by avoiding additional 

effects on electrophoresis and conformational changes of proteins, along with the redox 

effects in the cell culture media and extracellular environment. As shown above, the main 

difference found for the hiPSC-derived neurons on the hemin-doped SA scaffold with or 

without electrical stimulation was in the neuronal structures associated with maturation, such 

as neurite branching (Figure 6C). It was suggested that the electrical stimuli applied through 

the hemin-doped fibrous mats simulate physiological neuronal activity and subsequently 

induce large neurite branching and likely also network complexity. 
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6.5 Conclusions 

In this chapter, a novel neural TE platform based on the hemin-doped SA scaffold is 

presented. This scaffold can actively provide a supportive microenvironment and 

simultaneously present topographical guidance, bioactive molecule incorporation, and 

electrical stimulation to promote cell engraftment, proliferation, and differentiation. This SA-

based scaffold is biocompatible and supports the culture and differentiation of clinically 

relevant iPSC-derived populations, and is capable of incorporating and releasing growth 

factors to modulate cell behaviour over long periods of time. With optimised electrical 

stimulation parameters, structural maturation with more neurite branching was successfully 

achieved. The hemin-doped SA-based constructs represent a valuable platform to satisfy the 

essential needs in neural TE: the combination of autogenic cells and a feasible artificial 

fabricated autogenic tissue engineered constructs with multiple biochemical and biophysical 

cues; it is a promising approach which can further facilitate translational research and 

innovation in clinical therapy. 
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7 Conclusions and Future Outlook 

7.1 Conclusions 

Cells in the human body are surrounded by a diverse range of environmental factors, such as 

biochemical and biophysical cues and cell-cell interactions. Together these contribute to the 

overall control of cell behaviours. While the biochemical cues have been widely studied, it is 

only recently that studies have revealed how biophysical factors affect cell responses. Despite 

the increasing evidence that biophysical cues, such as topography, electrical stimuli, and 

substrate stiffness, can exert drastic changes of cells in morphology, gene and protein 

expressions, as well as cellular functions depending on the microenvironment in which they 

are embedded,141, 176 little was known regarding the mechanisms by which these biophysical 

factors affect cell behaviours and particularly in stem cells, the determination of cell fate 

commitment. 

To investigate the possible cellular effects and regulatory mechanisms behind these 

biophysical stimuli, the advancement of microfabrication techniques, the novel synthesis of 

conductive materials, and the development of material platforms with various compliance have 

enabled exquisite control over cells by individual physical factors. However, the combinatorial 

impact of multiple physical cues on cells is not well explored. Furthermore, although there is 

an abundance of studies on biophysical modulations on cell behaviours, the in vitro modelling 

systems used in these studies are usually immortalised cell lines or primary cultures from 

animal models, which are less biologically- and clinically-relevant and, thereby, make it difficult 

to translate into clinical applicability. 

In this thesis, a novel bioengineered platform incorporating various biophysical stimuli, 

including topography, electrical stimuli, and substrate stiffness, was developed to examine 

their combinatorial effects on neural development in human clinically relevant neuronal 

populations (i.e. hESC- and hiPSC-derived NSCs). The thesis was particularly focused on 

cellular behaviours in response to the biophysical stimuli applied through a specifically 

designed platform and understanding the mechanisms behind these biophysical stimuli-

induced cellular responses. 

To date, research has been focused on utilising micro-/nano-grooved topographies for the 

study of neurite guidance and neuronal differentiation of various immortalised cell lines and 

mammalian stem cells.76-79 There have also been emerging studies aiming to decipher the 

regulatory machinery behind these topography-induced cellular responses based on the 
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generally accepted integrin-mediated cellular mechanisms, including Rho/ROCK and 

MEK/ERK pathway.79, 82 More recently, a few studies have further investigated the exciting 

possibilities of these topographical cues on regulation of cells’ epigenetic status.136-140, 251 

Despite the fact that a few studies have investigated how synthetic topographical cues can 

influence epigenetic landscape of cells, so far in the widely studied field of neuron-surface 

topography interfaces, there is no evidence on how different surface topography regulate cell 

epigenetics in a neuronal system. 

In Chapter 4, the developed PDMS platform with a wide range of nano- and micro-grooved 

topography was first shown to affect cellular alignment in relation to the groove parameters. 

The microgrooves of 10 µm groove/ridge width and 10 µm depth, with ease of examination 

using Western blotting and immunostaining, were the most effective at eliciting cellular 

responses in this study. For the first time, the topography has been demonstrated to exert a 

significant effect on the enhancement of epigenetic expressions, including AcH3, AcH4, and 

H3K9me3, both in hESC- and hiPSC-derived NSCs. To examine the epigenetic changes in 

super high resolution, the cutting edge FIB-SEM technique was used for the first time to 

examine changes in H3K9me3 markers in the cell nuclei. With the 3D reconstruction of the 

FIB-SEM imaging, cell nuclei on the microgrooves were found to have a tortuous morphology 

which could be linked to changes in cell mechanics. Additionally, cells on the microgrooves 

were significantly stiffer and had a higher Young’s modulus compared to those on the flat 

surface. Finally, a novel mechanism was proposed that the microgrooves could interfere with 

neural rosette formation through geometric segregation and further down-regulation of the 

Notch signalling. Together, the microgrooves were shown to modulate cells’ epigenetic status 

and could regulate Notch signalling through physical interactions resulting in enhanced 

neuronal differentiation. 

Previously, application of external electrical stimulation through a wide range of electrically 

conductive materials, such as conductive polymers, graphene-based materials, and metals, 

has been widely used to enhance cell differentiation and neurite outgrowth in neurons.107, 116-

117, 120-121, 124-125, 128 Although there were a few possible intracellular and extracellular 

mechanisms proposed in the literature,141-142 the understanding of these mechanisms is still 

limited. As studies in fundamental biology have disclosed epigenetic mechanisms in response 

to neuronal activities during neural development and synaptic formation,15, 143, 155 investigation 

of how external electrical stimulation resembles in vivo electrical field and neuronal activities 

and its ability to regulate cells’ epigenetic status and subsequent stem cell differentiation can 

suggest unexplored intracellular processes associated with the applied extracellular cues. 
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In Chapter 5, based on the PDMS microgrooves, an optimised metallisation process was used 

to develop a Cr-Au metallised PDMS microgrooved platform to synergistically apply 

topographical and electrical stimuli. It was reported for the first in an in vitro system that 

electrical stimuli could significantly modulate epigenetic markers compared to the 

unstimulated controls. Furthermore, the Cr-Au metallised 10 µm groove/ridge width and 10 

µm depth microgrooves with electrical stimulation could further promote neuronal 

differentiation compared to other unstimulated and stimulated groups. It was interesting to find 

that the electrical stimulation could significantly increase neurite branching and further direct 

cell alignment to overcome geometric constraint. To improve the mechanical properties of the 

stiff Cr-Au metallised substrate for neuronal differentiation, a softer graphene-based PDMS 

platform was developed. Although the graphene-based microgrooved PDMS platform was too 

complex to achieve in the time frame of this project, the biocompatibility of the flat graphene-

coated PDMS with hiPSC-derived NSCs proved that it is a potential platform for synergistic 

application of electrical stimulation and provides an ideal substrate stiffness for neuronal 

differentiation. 

To recreate the complex environment in which neurons can develop and mature, the ideal 

biomaterials for neural TE require a number of properties and capabilities including the 

appropriate physical and biochemical cues to adsorb and release specific growth factors.352 In 

Chapter 6, with use of the examined biophysical stimuli (i.e. topography and electrical 

stimulation) and biochemical cues (i.e. ECM protein coating and growth factor release), a 

novel tissue engineered construct based on SA protein was developed for nerve repair and 

neuroregeneration. The SA-based scaffolds were biocompatible to the human clinically 

relevant hiPSC-derived neural system, supporting cell engraftment, proliferation, and 

differentiation. It could also be used as growth factor release system and actively modulate 

cell behaviours over the cell culture period. Furthermore, the conductive hemin-doped SA was 

shown to be ideal for neuronal differentiation and by applying the optimised electrical 

stimulation protocol, the scaffold could further enhance neuronal maturation with a significant 

increase in neurite branching. With the autogenic cell modelling system and the potential 

tissue engineered constructs composed of autogenic SA protein combined with multiple cues, 

including topography, electrical stimuli, and bioactive factor release, the hemin-doped SA 

scaffolds present a promising tissue engineered strategy for treatment of nerve trauma and 

neurodegenerative diseases. 

To summarise, the project has enabled the development of novel bioengineered platforms 

incorporating various biophysical stimuli, particularly focusing on topography and electrical 

stimuli. Their effects on neural development in human clinically relevant neuronal populations 
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and mechanisms associated with epigenetic modulations and Notch signalling pathway were 

for the first time revealed. A new type of conductive hybrid material based on hemin-doped 

SA was developed with ideal biochemical and biophysical properties suitable for neuronal 

differentiation and maturation. These results could have an impact on both fundamental 

research into neural development and advance the design of tissue engineering and 

regenerative medicine strategies for therapeutic applications. 

7.2 Future Outlook 

Based on the results described in this thesis, a broad range of additional cellular responses, 

associated signalling pathways, and diseases are potentially regulated by different biophysical 

cues in the extracellular environment. In this section, some potential fields for further 

investigation are described in more detail: 

7.2.1 Further Studies of Substrate Topography on Neural Development 

Insights from Natural ECM Topography in Nervous Systems 

Although a wide variety of topographical features have been developed with different 

patterning techniques covering the patterns ranging from micro- to nano-meter scales and 

various geometries, there are limited studies on how these geometric parameters compare to 

the complex ECM environment in vivo.20 Previously, AFM has been used to measure the sub-

membrane structures of rat hippocampal neurons and dimensions of mice myelinated and 

demyelinated axons.21-22 Some other size scales for topographical features of cell bodies, 

axons, and dendrites or the ECM have also been reported.23 More detailed information on 

natural ECM topography of a biologically- or clinically-relevant system could shed light on the 

design of different topographical features to better mimic the cell niche and further modulate 

cell behaviours. 

Further Studies of Topography-Regulated Cell Signalling 

Although the observed topographical modulations on cell epigenetic status and Notch 

signalling in Chapter 4 have revealed some novel mechanisms on microgroove-induced NSC 

responses, future research could focus on a complete and detailed mechanism of their 

regulatory machinery. For example, while there was no significant change in protein 

expression of HDAC 1, 2, and 3 on the microgrooves, the expression of other HDACs and 

HATs, and HDAC activity could be further examined. It will also be interesting to utilise 

chromatin immunoprecipitation sequencing (ChIP-Seq) to identify downstream DNA effects of 
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the observed up-regulated epigenetic expressions. Further examination of the topographical 

effects on DNA methylation using bisulphite sequencing can reveal more detailed information 

on how topography modulates cells’ epigenetics. The use of a Notch signalling pathway PCR 

Array could also provide a genetic link of the topography-induced modulation of Notch 

signalling, helping to decipher mechanisms related to apoptosis, cell cycle, and neurogenesis. 

7.2.2 Investigation of Effects of Electrical Stimulation on Neural Development 

Novel Platform Incorporating Multiple Biophysical Cues 

In Chapter 5, a Cr-Au metallised PDMS microgrooved platform has been developed to 

synergistically apply topographical and electrical stimuli on cells. Although the material 

interface was characterised with FIB-SEM and SEM-EDX, presenting an ideal platform for cell 

experiments with homogenous coating and little surface roughness, more detailed 

examination of how geometry affects ECM protein coating and electrical signal transmission 

will be informative to decipher mechanisms behind the electrical stimuli-modulated cell 

responses. Incorporating computational modelling into how electrical signals spread 

differentially among different substrates and how the electrical simulation affects ECM protein 

configurations could also shed light on the effects of in vitro electrical stimulation on cells. 

In this project, another conductive platform based on graphene-coated PDMS with various 

compliances was also developed. More techniques to fabricate graphene-coated PDMS 

microgrooved patterns will be further tested for a novel cell culture system delivering multiple 

biophysical stimuli, including topography, electrical stimuli, and substrate stiffness. Examining 

cellular effects of electrical stimulation through the graphene-coated PDMS platform will also 

be conducted. Due to the transparent nature of the graphene-coated PDMS platform, 

combining live cell imaging during cell electrical stimulation could be beneficial to research 

real-time cellular responses to the applied electrical stimuli. Furthermore, comparison of the 

electrical stimulation results from different conductive platforms (i.e. Cr-Au metallised PDMS 

and graphene-based PDMS) could further advance the design of ideal materials for electrical 

stimulation of cells and tissues. 

Systemic Approach with High Throughput Analysis 

The effects of electrical stimulation can vary depending on different cell types, substrate 

conditions, and parameters of the applied electrical stimuli in different electrical stimulation 

system.109, 129-131 In this thesis, the applied electrical stimuli (continuous 50 ms electrical pulses 

of 100 mV, 2 Hz for a period of 2 h for 2 d) was found to exert significant enhancement on cell 
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epigenetic markers compared to the unstimulated controls with the same pattern. Future work 

could vary the parameters of the applied electrical stimuli (e.g. intensity, frequency, time, 

waveforms, etc.) to examine how different parameters affect cellular behaviours. Recently, Li 

et al. have developed a method for high-throughput screening of physical neural guidance 

cues.87 As high-throughput screening enables one to analyse the effects of a large number of 

culture conditions on cells automatically and with minimal subjective bias, it could be a 

powerful platform to investigate the effects of electrical stimulation on cell behaviours. 

Further Studies of Electrical Stimuli-Modulated Cell Signalling 

In Chapter 5, with the Cr-Au metallised PDMS microgrooved platform, it was shown for the 

first time that in vitro electrical stimuli could enhance overall expressions of AcH3, AcH4, and 

H3K9me3 compared to the unstimulated controls with the same patterns. It was found that the 

Cr-Au metallised flat PDMS without electrical stimulation increased expression of the targeted 

epigenetic markers, although not as significant as the electrically stimulated groups. Possible 

explanations include the difference in surface roughness and ECM protein adsorption on the 

pure and Cr-Au metallised PDMS surfaces.322-323 However, a significant neuronal 

differentiation was only observed in the electrically stimulated 10 µm-depth Cr-Au metallised 

grooves. For future work, complete control groups with different Cr-Au metallised patterns with 

and without electrical stimulation will be further included in the study to clarify the effects of 

topography, protein adsorption on different surfaces, electrical stimuli, and their combinatorial 

effects. 

Although there have been numerous potential mechanisms proposed for electrical stimuli-

modulated cellular responses, so far, only few of them have been examined in detail in the 

literature.99, 142, 345-346, 381, 422-423 The results presented in this thesis have revealed a new 

mechanism, epigenetic modulations, on in vitro cell electrical stimulation. However, more 

detailed regulatory machinery needs to be examined, including how electrical stimuli transmit 

into intracellular signals and impact downstream gene regulation. Previously, Titushkin et al. 

showed that the application of a DC electric field to human MSCs and osteoblasts could induce 

actin reorganisation and membrane-cytoskeleton dissociation.347 As the cytoskeletal network 

has been shown to interconnect with the nucleoskeletal components and can transfer external 

physical forces, mechanically distort nucleus, and exert chromatin reorganisation and 

transcriptional activity,1, 191 future work on the direct linkage of how electrical stimuli affect 

cellular mechanotransduction can be of interest for further investigation. 
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Application for Tissue Engineering, Regenerative Medicine, and Drug Screening 

With the use of the developed bioengineered platform incorporating multiple stimuli, including 

surface topography, electrical stimuli, and potentially substrate modulus, a better control of 

neuronal differentiation and maturation with human clinically relevant populations could be 

achievable. Future works include the generation and characterisation of the ideal neuronal cell 

populations which can closely resemble their in vivo compartments. The generated cells with 

optimal biomolecular profiles and functionality could be applied to a drug screening platform 

and tissue engineering and regenerative medicine purposes. 

7.2.3 Further Studies and Applications of SA-based Conductive Fibrous 
Scaffold 

Fundamental Research on Material’s Properties 

In Chapter 6, the properties of the developed SA-based scaffolds were characterised, and 

their potential as a growth factor release construct was examined. Although the SA-based 

scaffolds have been shown to be able to incorporate and release the bioactive molecules (i.e. 

FGF2), the mechanism behind the protein incorporation and release is still unclear. Future 

work will focus on the investigation of how the dopant, the ECM coating, and the SA substrate 

interact with each other and affect incorporation and release of FGF2 through electrostatic 

effects and growth factor binding sites. Different growth factors other than FGF2 (e.g. GDNF 

and BDNF, which have been shown to promote neuronal differentiation) will be tested to 

enhance the bioactive applications of the SA-based scaffolds. It will be very interesting to 

examine the combinatorial effect of growth factor release and electrical stimulation on the cell 

modelling system and to understand how electrical stimulation affects growth factor 

incorporation and release of the hemin-doped SA-based constructs. 

Further in vitro Analysis and in vivo Animal Studies 

In this project, the modelling neural system was based on cortical neuronal cell populations. 

To apply the hemin-doped SA scaffolds to a broader range of neurological treatment, more 

neuronal subtypes, such as motor neurons, peripheral neurons, and glial lineages could be 

included in the modelling system to test its potential applications in the treatment of spinal cord 

injury, peripheral nerve injury, and other neurological diseases. In addition to in vitro cellular 

experiments, the most physiologically relevant systems based on in vivo experiments with 

animal models can be further examined in the future. 
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