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There is substantial evidence that cells produce a diverse response to changes in ECM stiffness depending
on their identity. Our aim was to understand how stiffness impacts neuronal differentiation of embryonic
stem cells (ESC’s), and how this varies at three specific stages of the differentiation process. In this inves-
tigation, three effects of stiffness on cells were considered; attachment, expansion and phenotypic
changes during differentiation. Stiffness was varied from 2 kPa to 18 kPa to finally 35 kPa. Attachment
was found to decrease with increasing stiffness for both ESC’s (with a 95% decrease on 35 kPa compared
to 2 kPa) and neural precursors (with a 83% decrease on 35 kPa). The attachment of immature neurons
was unaffected by stiffness. Expansion was independent of stiffness for all cell types, implying that the
proliferation of cells during this differentiation process was independent of Young’s modulus. Stiffness
had no effect upon phenotypic changes during differentiation for mESC’s and neural precursors. 2 kPa
increased the proportion of cells that differentiated from immature into mature neurons. Taken together
our findings imply that the impact of Young’s modulus on attachment diminishes as neuronal cells
become more mature. Conversely, the impact of Young’s modulus on changes in phenotype increased
as cells became more mature.
� 2015 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Embryonic stem (ES) cells, derived from the early mammalian
embryo are unique in their ability to both self renew indefinitely
in vitro [1] as well as differentiate into cells from any of the 3 germ
layers (endoderm, mesoderm and ectoderm) and thus form any tis-
sue within the body [2]. As a result of these two properties, there
has been much interest generated in potential therapeutic applica-
tions for embryonic stem cells, including treatments for
Parkinson’s disease [3–6], diabetes [7–9] and cardiovascular dis-
ease [10–14]. Despite promising early studies in animals, produc-
tion of the large quantities of cells required for therapeutic use in
humans will require a substantial improvement on the current cell
processing technology [15,16].

One approach to improve the efficiency of stem cell processes
has been to investigate the role of the mechanical microenviron-
ment. This includes factors such as cyclic strain [17], shear from
fluid flow [18] and extracellular matrix elasticity [19–21] which
have all been shown to be key regulators of stem cell differentia-
tion. Culturing cells on a matrix elasticity similar to that of the
in vivo microenvironment has in particular shown to have a pro-
found effect on the behaviour of somatic cells, including increased
beating in cardiomyocytes [22], increased spreading of fibroblasts
[23] and direction of differentiation in myoblasts [24].

A seminal study by Engler et al. in 2006 [19] showed that cul-
turing mesenchymal stem cells on polyacrylamide gels with a
Young’s modulus associated with a specific tissue type (such as
brain, muscle or cross-linked collagen in osteoids) promoted direc-
ted differentiation into that lineage. In an investigation into the
effect of stiffness on ES cell differentiation, Evans et al. [25] showed
that osteogenic gene expression increased when mESC’s were dif-
ferentiated on stiff PDMS materials, whose elasticity corresponded
with that of bone. There has been little study as of yet as to how
Young’s modulus affects the formation of neuronal precursors
and immature neurons from mESC’s. There have however been
many attempts at studying the effect of stiffness on primary cul-
tures of mixed cortical neurons [26], mixed hippocampal neurons
[27], embryonic rat spinal cord [28] or neural stem cells [29,30].
In the case of mixed cortical neurons [26], 80% of cells were posi-
tive for b-III tubulin on soft, 100 Pa polyacrylamide gels compared
to 45% on stiffer, 9 kPa polyacrylamide gels. Neuronal adhesion did
not vary between materials in this study. Jiang and colleagues [28]
showed a similar finding using mixed embryonic rat spinal cord,

http://crossmark.crossref.org/dialog/?doi=10.1016/j.actbio.2015.07.008&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/j.actbio.2015.07.008
http://creativecommons.org/licenses/by/4.0/
mailto:f.veraitch@ucl.ac.uk
http://dx.doi.org/10.1016/j.actbio.2015.07.008
http://www.sciencedirect.com/science/journal/17427061
http://www.elsevier.com/locate/actabiomat


254 S. Ali et al. / Acta Biomaterialia 25 (2015) 253–267
where MAP2-positive neuronal adhesion did not vary with Young’s
modulus from 0.3 kPa to 27 kPa. In that study, both the adhesion
and maturation of immature astrocytes increased with an increase
in Young’s modulus from 0.3 kPa to 27 kPa. The number of mixed
hippocampal neurons (per cm2) found on polyacrylamide gels at
24 h post-attachment also did not vary [27] with Young’s modulus
from 2 kPa to 18 kPa. In the case of neural stem cells, b-III tubulin
gene expression peaked on soft materials (200 Pa in Banerjee
et al.’s study on 3D hydrogels [29]; between 500 Pa and 1 kPa in
Saha et al.’s study on 2D gels [30]).

In most of the aforementioned studies [26,29,30], soft materials
in the range of 0.1 to 1 kPa, corresponding to the elasticity range of
tissues found in central nervous system and brain [31], generally
lead to higher expression of markers such as bIII tubulin and
MAP2, which are early markers for maturation into cells with neu-
ronal morphology [32].

Adhesion of primary neuronal and neural stem cell cultures was
unaffected by Young’s modulus in most cases [26–28,30]. In
Flanagan et al.’s study, soft (50 Pa) polyacrylamide gels were found
to increase neurite branching [33] in comparison to stiffer (550 Pa)
gels. This is an important consideration when introducing repara-
tive cells into diseased areas, where the mechanical microenviron-
ment may be considerably different to that of healthy tissue, as
well as in vitro conditions. For example, glial scarring, associated
with spinal cord damage can significantly increase matrix modulus
[26,27], thereby inhibiting neuronal outgrowth. Elasticity is an
important consideration when designing biomaterials for tissue
engineering purposes, where matrix stiffness is likely to affect
the ability of engrafting neurons or precursors to attach, prolifer-
ate, differentiate and ultimately survive.

The objective of this study was to investigate how Young’s
modulus can influence the formation of neurons from mESC’s. In
this study, we have taken a novel approach by looking at the
effect of Young’s modulus on differentiation on a stage-by-stage
basis. Previous studies of mechanical effects on differentiation
have only been characterised across the entire differentiation pro-
cess from start to finish, not over individual intermediate stages.
The first stage looked at formation of neural precursors from
mESC’s, the second at immature neurons from neural precursors
and the third at more mature types from immature neurons. In
order to direct mESC differentiation we used a well characterised
adherent monolayer protocol [32,34–36], which avoids the need
to create three dimensional aggregates. The material used for
the study, GXG, consists of gelatin cross-linked with glutaralde-
hyde. GXG was chosen as a material as gelatin is also the coating
used for Ying et al.’s [32] protocol, allowing for a direct compari-
son. It has previously been used to characterise mechanical effects
on cells in a number of studies [37–39]. Changing the percentage
of gelatin in either phosphate buffer saline (PBS) or water varies
the Young’s modulus of the gel. As tissue from the brain and cen-
tral nervous system tends to be softer than tissue from other
parts of the body, the hypothesis of this study was that softer
materials favour the formation of neurons from mESC’s over stif-
fer materials. Cellular attachment, expansion and phenotype
changes were investigated for both mESC’s and partially
-differentiated mESC’s at time points of 24 h, 48 h (D2), 72 h,
96 h (D4) and 144 h (D6) in neuronal differentiation medium.
Any increase in cell numbers on the materials from 0 h to 24 h
was considered as attachment. In addition, any increase in num-
ber from 24 h to 72 h was considered expansion. Differentiation
was considered from 0 h to 144 h (D6). Finally, inhibitors for
myosin-dependent cell contraction and microtubule formation
(blebbistatin and nocodazole, respectively) were used in order
to elucidate whether either of these cytoplasmic components
had an effect on the ability of mESC’s and
partially-differentiated mESC’s to attach to GXG.
2. Materials and methods

2.1. Cell culture

E14Tg2A and 46C mouse embryonic stem cells (Stem Cells Inc.,
Palo Alto, USA) were cultured on tissue culture flasks (NUNC,
Waltham, USA) coated with 0.1% v/v gelatin (Sigma–Aldrich, St
Louis, USA) in distilled water. Cells were cultured in the absence
of feeder cells and passaged every 2 days. On the day of passaging,
cells were washed with phosphate buffer saline (PBS) and trypsi-
nised by incubating with trypsin for 3 min before being resus-
pended in fresh medium and plated onto fresh gelatin-coated
tissue culture polystyrene (TCP) flasks.

MESC’s were cultured in GMEM (Invitrogen, Paisley, UK) sup-
plemented with 10% fetal bovine serum (FBS) (Sera Lab,
Haywards Heath, UK), 1% Glutamax (Sigma–Aldrich, St Louis,
USA), 1% non-essential amino acids (Sigma–Aldrich, St Louis,
USA), 1% Antibiotic–Antimycotic (Invitrogen, Paisley, UK), 0.2%
b-mercaptoethanol (Sigma–Aldrich, St Louis, USA), and 0.1% LIF
(Millipore, Billerica, USA).

For differentiation experiments, cells were harvested by
trypsinisation and resuspended in N2B27 medium. N2B27 medium
consists of DMEM-F12 (Invitrogen, Paisley, UK) and N2 growth fac-
tor (PAA Laboratories, Pasching, Austria) mixed with Neurobasal
Medium (Invitrogen, Paisley, UK) and B27 Neuromix growth factor
(PAA Laboratories, Pasching, Austria) at a 1:1 ratio.

b-mercaptoethanol (Sigma–Aldrich, St Louis, USA) was added to
a final concentration of 0.1 mM from a 0.1 M stock. 1% v/v FBS was
added in order to allow mESC’s to attach. Cells were then counted
and seeded at a density of 1 � 104 cells/cm2.

For studies using partially-differentiated cells, mESC’s were
seeded onto TCP in N2B27 medium for 4 or 6 days before being
harvested by trypsinisation. Cells were then seeded onto GXG
and TCP as with mouse ES cells. 4 days was chosen as the
partial-differentiation time as this is the timeframe in which
nestin-positive neural precursors begin to substantially appear in
colonies when mouse ES cells are differentiated in N2B27 medium
(Fig. 2A). 6 days was chosen as a second time-point as this was the
when immature neurons begin to form in adherent monoculture
[32] (also see Supplementary Fig. 3).
2.2. GXG synthesis

The GXG synthesis protocols were outlined in two earlier stud-
ies by Al-Rekabi and Pelling [38,39]. Briefly, stock solutions of gela-
tin (Sigma–Aldrich, St Louis, USA) were made up in either water or
phosphate buffer saline (PBS). Concentrations of gelatin in the
solution varied from 3% (corresponding to 2 kPa Young’s modulus)
in PBS to 4% (18 kPa) and 6% (35 kPa) in water.

The gelatin stock solution was then mixed with glutaraldehyde
(Sigma–Aldrich, St Louis, USA) at a ratio of 5 lL glutaraldehyde per
1 mL of gelatin stock solution. The mixture was used to coat 6-well
plates and left overnight.

The next day, 1 g/L sodium borohydride (Sigma–Aldrich, St
Louis, USA) solution (in PBS) was added to the plates to wash out
any residual unreacted glutaraldehyde. After 1 h, plates were
washed overnight in PBS. The following day, growth medium
(-LIF) was added and plates were allowed to equilibriate for 4–
5 h prior to cell seeding.
2.3. Atomic force microscopy

An atomic force microscope (AFM) (Nanowizard I, JPK
Instruments, Berlin, Germany) was used to measure GXG Young’s
modulus. For nanomechancal analysis the AFM was mounted on



Fig. 1. Attachment of E14 mouse embryonic stem cells in a neurogenic environment is maximised on low modulus substrates. (A) Phase contrast images of mouse embryonic
stem cells seeded for 24 h in neurogenic medium upon varying elasticities of GXG and gelatin-coated tissue culture polystyrene (TCP). Scale bars = 100 lm. (B) Analysis of cell
confluency from phase contrast images of mouse embryonic stem cells attached for 24 h onto 3 different GXG materials and tissue culture polystyrene. Cell confluency at 24 h
decreased with GXG Young’s modulus (p < 0.005). *p < 0.05, as determined by one-way ANOVA analysis followed by Tukey post hoc correction. N = 3. (C) Analysis of cell
confluency from phase contrast images of mouse embryonic stem cells attached for 72 h onto 3 different GXG materials and tissue culture polystyrene (TCP). Cell confluency
at 72 h decreased with GXG Young’s modulus (p < 0.005). Confluency was again highest on TCP. *p < 0.005 as determined by one-way ANOVA analysis, followed by Tukey post
hoc correction. N = 3. (D) The ratio between confluency at 72 h and 24 h was calculated in order to assess ‘‘fold expansion’’ of colonies post-attachment. No significant
difference was found between any of the substrates or across the sample population as a whole. N = 3.
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an inverted Olympus IX71 (Olympus, London, UK) phase contrast
and fluorescence microscope. Force curves were acquired on all
gelatine hydrogels with MSCT-AUHW cantilevers (14 ± 5 pN/nm)
at 1 Hz and analysed with the Hertz model for a conical indenter
[40]. A Poisson ratio of 0.5 was assumed and force curves were
analysed for a 200 nm indentation. It should be noted that it is
important to characterise the gels before study, as material modu-
lus measurements varied from country-to-country due to, amongst
other factors, differences in water ion concentrations (unpublished
observation).

2.4. Attachment and expansion study

Undifferentiated or partially-differentiated mouse ES cells were
seeded on substrates with varying Young’s modulus in N2B27
media. The Young’s moduli of the GXG substrates used were
2 kPa, 18 kPa and 35 kPa. TCP was used as a control. The Young’s
modulus of TCP has been previously measured to be approximately
1 GPa [41] At time-points of 24 h (attachment) and 72 h (expan-
sion), plates were washed with PBS as per a standard adhesion
assay in order to remove unadhered cells. Confluency was then cal-
culated from images obtained by phase contrast microscopy. Any
cells not in focus in the same plane as the GXG substrate surface
during phase contrast microscopy were eliminated from the
analyses performed. These cells were observed to be floating in
solution above the substrate. The 24-h measurements were used
to investigate the effect of Young’s modulus on initial attachment
of mouse embryonic stem cells in various media, whilst the 72-h
measurements showed how Young’s modulus affected colony
expansion post-attachment.

Images were obtained using a Nikon TE2000-U phase contrast
microscope (Nikon Instruments, Kingston, UK) from 5 random
fields of view within triplicate wells for each modulus condition.
Confluency was then measured using ImageJ software (imagej.
nih.gov). Briefly, this involved changing the image setting to a
8-bit monochrome, using the ‘fill holes’ and ‘find edges’ functions
and varying intensity settings of each image until each cell
appeared as a black object on a white background (see
Supplementary Fig. 4). The % of each image black compared to
white was calculated using the ImageJ software in order to give a
value for confluency. Mean confluency for counts were obtained
for three wells. A final mean was then taken from triplicate mea-
surements from 3 separate passages. Excel was used in order to
calculate standard deviation from the mean.

In order to quantify cell number, a standard curve was created
using 20� magnification phase contrast images of mESC’s and
partially-differentiated cells seeded on GXG and TCP at days 0, 2
and 4. This standard curve was used to calculate the mean cell area.

http://imagej.nih.gov
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Fig. 2. Neural precursor yield is maximised on soft substrates, but percentage expression of early neural markers does not significantly vary across substrates. (A)
Immunostaining for pluripotency marker OCT4 (Green) and neural precursor marker Nestin (Red) at D0 (on tissue culture polystyrene), D2 and D4 (on 2, 18 and 35 kPa GXG
as well tissue culture polystyrene) post-seeding. All scale bars = 100 lm. (B) Top-left: total cell concentration (�104 cells/cm2) at D4 post-seeding is highest upon the softest
substrate (p < 0.005). Cell counts were obtained using a haemocytometer and divided by the growth surface area to obtain cell concentration values. *p < 0.005 was obtained
by one-way ANOVA, followed by Tukey post hoc correction. N = 3. Top-right: representative flow cytometry histograms showing expression of PSA-NCAM, a neural precursor
adhesion marker. Expression of PSA-NCAM does not significantly vary between substrates. The unshaded distribution represents the isotype control, whilst the shaded
distribution represents cells stained with PSA-NCAM. Bottom-right: mean values for PSA-NCAM expression using flow cytometry analysis. Mean % values shown as well as
standard deviation from the mean. N = 3. Bottom-left: yield of PSA-NCAM positive neural precursors (�104 cells/cm2). Yield was obtained by multiplying total cell
concentration (top-left) by the percentage of cells positive for the marker (bottom-right). *p < 0.05, as determined by one-way ANOVA followed by Tukey post hoc correction.
N = 3. (C) Relative gene expression of pluripotent (OCT4, UTF1), neural precursor (Nestin) and germ layer (SOX17, FGF5 and T-brachyury) measured using quantitative real-
time PCR. N = 3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Relationship between gelatin concentration in PBS or water and GXG Young’s
modulus.

Concentration (% w/v) Solution Young’s modulus ± SD

3 Phosphate buffer saline 2.188 kPa ± 0.428
4 Water 18.676 kPa ± 2.373
6 Water 35.167 kPa ± 2.373

The relationship between concentration of gelatin (where percentage related to g/
100 mL of solution) and GXG Young’s modulus, as measured by atomic force
microscopy. GXG was synthesized by mixing the gelatin solution in PBS or water
with 5 lL of glutaraldehyde per 1 mL of solution. Modulus was dependent both on
concentration and the solution used. Mean value and standard deviation shown.
Measurements were obtained from 3 to 5 independent dishes, with 10–25 mea-
surements of Young’s modulus per dish.
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The confluency measurements were converted to measurements of
total area occupied by cells (the total area of the field of view was
calculated using ImageJ). This was divided by the mean cell area to
calculated cell enumeration.

2.5. Immunocytochemistry and image analysis

Cells were fixed in 4% v/v paraformaldehyde (Sigma–Aldrich, St
Louis, USA) solution for 10 min at 37 �C before being permeabilised
for 3 min at 37 �C using 0.1% v/v Triton X-100 (Sigma–Aldrich, St
Louis, USA). A blocking solution of 5% v/v FBS was then added for
20 min to prevent non-specific binding.

Cells were then incubated with primary antibodies (1:400
dilution) overnight. The next day, following a wash stage cells were
incubated with AlexaFluor (Invitrogen, Paisley, UK) secondary
antibodies. Cells were finally incubated with nuclear stains 40,6-dia
midino-2-phenylindole (DAPI, 1:1000 dilution) or Hoescht
(1:1000).

Cells were imaged using a Nikon Eclipse TE2000-U phase con-
trast fluorescence microscope (Nikon Instruments, Kingston, UK).

The percentages of cells positive for MAP2 and bIII tubulin was
calculated using image analysis software (imagej.nih.gov). Briefly,
the nuclei were first counted to calculate the total cell number.
Cells positive for either marker were then counted and compared
to the total to give the percentage.

2.6. Flow cytometry

Flow cytometry for polysialic acid neural cell adhesion marker
(PSA-NCAM), a cell surface antigen expressed by neural precursor
cells [42–45], was performed on cells after 4 days of differentiation
on GXG and TCP. Cells were harvested by trypsinisation as before.
Counts were then made from the harvested supernatant using a
haemocytometer. The cell counts were normalised against the cell
surface area to give a calculation of cell concentration.

Cells were then washed in PBS, blocked with 5% FBS before
being incubated for 1 h with the PSA-NCAM primary antibody
(Millipore, Billerica, USA) at a dilution factor of 1:100. The cells
were then further washed before being incubated for 1 h with
AlexaFlour 488 secondary antibody (Invitrogen, Paisley, UK).
Analysis was performed using a CyAn ADP flow cytometer
(Beckman Coulter, Brea, USA). Populations were gated using for-
ward scatter vs side scatter (to isolate viable cells from
non-viable cells and debris) and against an isotype control (to
eliminate false positives due to non-specific binding).

2.7. qPCR

RNA was first extracted from cell pellets using the RNeasy Micro
Kit (Qiagen, Germany) according to the manufacturer’s instruc-
tions. The RNA was eluted in 12 lL of RNase-free water and the
concentration was measured using a Nanodrop spectrophotometer
(Thermo Scientific, Delaware, USA), measuring absorbance at
wavelengths of 260 nm and 280 nm. 1 mg of RNA was used to syn-
thesise first strand cDNA using the QuantiTect Reverse
Transcription kit (Qiagen, Germany), as per the manufacturer’s
instructions.

For gene expression analysis 1 lL of the cDNA was used in a
SYBRGreen real time PCR reaction using the QuantiTect SYBR
Green PCR Kit and the pre-validated QuantiTect Primer Assays
(Qiagen, Germany) under the manufacturer’s protocols, in a CFX
Connect Real-Time PCR detection system (Bio-Rad, Hercules,
USA). Primer sequences are proprietary but details can be found
at https://www1.qiagen.com/GeneGlobe/Default.aspx. Primer
assays were as follows: Oct-3/4 (QT01203748), Utf1
(QT00252112), Nestin (QT00316799), bIII tubulin (QT00124733),
Sox17 (QT00160720), Fgf5 (QT00108906), T-brachyury
(QT00094430), TH (QT00101962) and GFAP (QT00101143). For rel-
ative quantification, the DDCt method [46] was used. RNA levels
were normalised against the housekeeping genes GAPDH and
TBP. Expression was quantified as a fold-increase or decrease nor-
malised against TCP. All calculations were performed using the CFX
manager software (Bio-Rad, Hercules, USA).

2.8. Blebbistatin and nocodazole inhibition

In order to assess whether basal cell contraction or microtubule
stabilisation were necessary for Young’s modulus to influence
attachment of cells, these two processes were inhibited by small
molecule inhibitors blebbistatin [47] and nocodazole [48], respec-
tively. Blebbistatin disrupts cytoskeletal contraction by inhibiting
the activity of non-muscle myosin II, a key protein involved in
the maintenance of actin cytoskeletal tension [47]. Cells were trea-
ted with 50 lM blebbistatin (Sigma–Aldrich, St Louis, USA) for
30 min prior to seeding (as according to the protocol [17]).

For inhibition of microtubule stabilisation, cells were seeded
with 10 nM nocodazole (Millipore, Billerica, USA) similarly to the
protocol given in [49].

2.9. Statistics

Significant differences within the four-samples (2 kPa, 18 kPa,
35 kPa and TCP) data population were identified using one-way
ANOVA analysis, followed by Tukey post hoc correction. The
ANOVA analysis identified whether a statistically significant trend
occurred across the entire population, whilst the post hoc correc-
tion identified where the statistically significant differences lay
between individual samples. In the case of the blebbistatin and
nocodazole inhibition, where comparisons were made between
the untreated and treated condition for each sample, an indepen-
dent t-test was used in order to assess whether differences were
statistically significant. All statistical analyses were carried out
using the SPSS software (IBM, USA). A confidence interval of 95%
(corresponding to a p-value less than 0.05) was used in order to
designate differences as statistically significant.

3. Results

3.1. GXG substrate characterisation

Three GXG substrates were synthesised by varying gelatin con-
centration in water or PBS for a given concentration of glutaralde-
hyde. The stiffness of each substrate was measured using the AFM
nanoindentation technique. The substrate stiffness varied from
2 kPa for the softest substrate to 35 kPa for the stiffest material,
as detailed in Table 1. Cells were directly adhered to the substrate
without requiring additional coating.

http://imagej.nih.gov
https://www1.qiagen.com/GeneGlobe/Default.aspx
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3.2. Attachment and colony formation of mouse embryonic stem cells
(mESC’s) on GXG

Mouse embryonic stem cells (mESC’s) were seeded onto three
different GXG elasticities (2 kPa, 18 kPa and 35 kPa) as well as tis-
sue culture polystyrene (TCP) in N2B27 medium. TCP was used as
the ‘current best practice’ for comparison. However, GXG and TCP
are not analogous in their surface chemistry and electro-physical
properties. Whilst GXG is already functionalised for attachment
(as it based on gelatin, used commonly in normal mESC culture),
the TCP is coated with a proprietary surface protein (NUNCLON
Delta) for attachment. Furthermore, TCP is functionalised using
corona treatment, giving rise to a charged surface for attachment
promotion. GXG does not have this property, and is too thick (gels
measured approximately 1 mm thick [data not shown]) for the sur-
face chemistry of TCP to affect attachment.

After 24 h, plates were washed with PBS to remove any unat-
tached cells and phase contrast images were obtained (Fig. 1A).
As GXG Young’s modulus increased, fewer cells appeared to be
attached onto the surface of the materials. The cells on the stiffer
materials were confirmed as non-apoptotic using an Annexin V
assay (Supplementary Fig. 1). Confluency was calculated from the
phase contrast images at 24 h post-seeding in order to quantify
the levels of cellular attachment (see Section 2 and
Supplementary Fig. 2). Cell numbers on each material are shown
in Supplementary Fig. 3. As Fig. 1B shows, the highest confluency
of cells at 24 h was observed upon the 2 kPa material. There was
a 76% decrease in confluence between 2 kPa and 18 kPa
(p = 0.056) and a 95% decrease between 2 kPa and 35 kPa.
Confluence was 80% higher on TCP than on the 2 kPa GXG material.
This may have been due to the differences in surface chemistry
described above. This effect was conserved (p < 0.005 using
one-way ANOVA) on a second mESC cell line (Supplementary
Fig. 4).

Quantification of GXG cellular confluency at 72 h (Fig. 1C)
revealed a similar pattern, with the highest confluence observed
on the 2 kPa material, accompanied by a 81% decrease on the
18 kPa and a 93% decrease on the 35 kPa material. Confluency
was 54% on the TCP compared to the 2 kPa GXG material.

When confluency at 72 h was divided by the confluency at
24 h (the result being termed ‘fold expansion,’ representing col-
ony expansion normalised to the initial attachment), it was found
that there was no significant variation in expansion between any
of the materials (p = 0.545 using one-way ANOVA across all four
conditions), including TCP. Cells grew as a monolayer and exhib-
ited similar morphology across all materials, and thus we con-
cluded that rate of expansion was similar across the four
materials.

The results of the image analysis reveal that attachment of
mESC’s was highest upon the softest 2 kPa GXG material. This
material has a similar Young’s modulus to those measured in the
early mouse blastocyst (3.39 ± 1.86 kPa [50]), brain [19] and to
the mESC’s [51] themselves. This was in marked contrast to the
stiffer GXG materials, where levels of attachment were far lower.
Attachment (but not expansion) on the control was overall higher
than on the GXG materials.

3.3. Phenotype and yield of mESC’s after 4 days of differentiation on
GXG

To investigate the effect of Young’s modulus on phenotypic
changes during differentiation, immunocytochemistry analysis
was performed at day 2 and 4 (post-seeding) of directed differen-
tiation. When stained for the transcriptional factor OCT4 (also
known as OCT-3/4), a key marker for pluripotency [52–54], it
was found that OCT4 remained expressed until day 4 on all the
materials (Fig. 2A). This was an expected result as OCT4 has
previously been shown to remain on relatively late during
differentiation [55]. Staining for neural precursor [56,57]marker
nestin (Fig. 2A), revealed that colonies on all materials contained
neural precursors at day 2 and day 4. Nestin was slower to appear
in colonies on TCP at day 2, but was abundant in colonies by
day 4.

Flow cytometry for neural precursor [42–45] adhesion marker
PSA-NCAM was performed at day 4 of mESC neuronal differentia-
tion on the 3 GXG materials and TCP. As shown in Fig. 2B, 30–
40% of cells were positive for PSA-NCAM across the materials.
There was no significant variation (p = 0.813 using one-way
ANOVA across all four conditions) in the percentage of
PSA-NCAM positive cells at day 4 on any of the three GXG sub-
strates as well as TCP.

Cell counts revealed that the 2 kPa GXG substrate gave rise to
the highest cell concentration at day 4, reducing by 57% on the
18 kPa and 80% on the 35 kPa substrate. There was no significant
difference in cell count (p = 0.183) between the 2 kPa material
and TCP. This contrasted with the confluency data comparing the
2 kPa and TCP conditions at 72 h, suggesting that there may be dif-
ferences in the growth rate during the exponential phase on these
two materials. When a time-course fold expansion analysis was
performed on the 2 kPa and TCP materials from 2 h post-seeding
to 96 h (Supplementary Fig. 5), it was found that beyond 48 h there
was a divergence in the expansion profile. This suggests that the
2 kPa has a higher growth rate in the exponential phase than TCP.

The percentage of cells expressing PSA-NCAM was then multi-
plied by the total cell concentration after 4 days of differentiation
in order to calculate the yield of neural precursors from mESC’s
(Fig. 2B). The yield of PSA-NCAM positive cells was maximised on
the soft, 2 kPa GXG material. Yield decreased 54% on the 18 kPa
material and 81% on the 35 kPa material (when compared to the
2 kPa material).

Taken together, the data suggests that decreasing Young’s mod-
ulus increases the yield of neural precursors. The PSA-NCAM flow
cytometry data appears to show that this is not due to a direct pro-
motion of neural specification on softer materials. Rather the
increased yield on softer GXG materials is due to favourable initial
attachment, which leads to the higher cell counts at day 4, as seen
in Fig. 2B.

Real-time quantitative PCR (qPCR) was then conducted on cells
harvested after 4 days of differentiation upon GXG and TCP to
ascertain if Young’s modulus had an effect upon gene expression.
A total of 7 genes were analysed, including two pluripotency genes
(OCT4 [52–54], UTF1 [58]), one neural precursor gene (Nestin
[56,57]) and three genes expressed in the each of the three germ
layers (Sox17 [59], FGF5 [60], T-Brachyury [61]). The pluripotency
and germ layer gene analysis was conducted in order to investigate
whether Young’s modulus had an impact upon expression of
non-neural genes. Expression of non-neural, germ layer genes
gives an indication of whether the cells are differentiating homoge-
neously on the materials, and whether differentiation into
non-neural lineages is being promoted by changes in Young’s
modulus.

It was found that there was no significant variation (p > 0.05 in
all cases) in gene expression of any of the target genes upon the 3
GXG materials (Fig. 2C). This data suggests that Young’s modulus
did not affect the expression of key markers associated with the
neural differentiation of pluripotent stem cells.

When considered along with the fact that all colonies contain
cells positive for nestin, OCT4 (Fig. 2A) and exhibit equal percent-
ages of cells positive for PSA-NCAM (Fig. 2B), these results are fur-
ther evidence that any increase in yield of neural precursors on soft
substrates is due to favourable initial attachment and not a direct
promotion of neural specification.
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3.4. Effect of blebbistatin and nocodazole on initial attachment of
mESC’s

Any effect on cellular attachment is likely to be influenced and
accompanied by changes to the internal cell structure. The two
major structural components of cells are cytoskeletal stress fibres,
made up of filaments of F-actin and microtubules, which consist of
bundles of a- and b-tubulin. Stress fibres have the ability to con-
tract (with the aid of non-muscle myosin II), allowing for conduc-
tion of mechanical signals from the ECM to the nucleus.
Mechanosensitive proteins in the nucleus (such as SUN proteins,
lamins and nesprins [62]) can then affect a gene expression
response based on these mechanical signals. Stress fibres also have
the ability to exert forces on the ECM (through focal adhesion com-
plex proteins such as integrins) as well as the ability to increase
cell rigidity [61]. Microtubules, which are considerably larger than
actin fibres, play a role in determining cell shape [63] and driving
the extension of neurites during early neuronal morphogenesis
[26].

To elucidate whether the effect of Young’s modulus upon cellu-
lar attachment was affected by the inhibition of either stress fibre
contraction or microtubule stabilisation, cells were treated with
small molecule inhibitors for each process. Blebbistatin inhibits
the activity of non-muscle myosin II, a protein with a key role in
actin stress fibre contraction [64], whilst nocodazole inhibits
microtubule formation from tubulin.

When pre-treated with blebbistatin, there was no significant
difference (p > 0.05 in all cases) in attachment of mESC’s at 24 h
on any of the 3 GXG substrates or TCP, compared to seeding with-
out blebbistatin (Fig. 3). This implies that any effect of Young’s
modulus upon attachment of mESC’s is independent of
myosin-dependent contractions.

When cells were treated with nocodazole, there was no signif-
icant difference (p = 0.322) in attachment on the 2 kPa GXG mate-
rial compared to cells that were non-treated. There was however a
significant difference (p < 0.05) in attachment between the treated
and non-treated condition on the 18 kPa material, where conflu-
ency decreased by 71%. There was a difference between treated
and non-treated on the 35 kPa material, where confluence
decreased by 44%. However, this was statistically non-significant
(p = 0.056). There was no difference in attachment between the
Fig. 3. Preferable attachment of mouse embryonic stem cells on stiffer substrates is depen
(A) Comparison of cell confluency at 24 h on GXG and tissue culture polystyrene with and
independent samples t-test at 24 h when cells were seeded with the inhibitor compared t
polystyrene with and without addition of nocodazole. *p < 0.05 as determined by indepe
treated and non-treated condition on TCP. It is possible that attach-
ment may be dependent on microtubule stabilisation particularly
on stiffer GXG materials however further experimentation is
needed before this can be confirmed. There is also evidence that
nocodazole treatment can result in an increase in stress fibre
organisation [65,66]. This would imply that stress fibre organisa-
tion is detrimental to attachment of mESC’s on stiff materials,
which would be counter-intuitive when compared to other cell
types such as fibroblasts [23].

3.5. Attachment and colony formation of four-day partially-
differentiated mESC’s on GXG

Similar experiments to above were conducted with
partially-differentiated cells in order to assess whether these
effects change as cells become more mature. Mouse ESC’s were
first partially-differentiated in N2B27 medium for 4 days on TCP,
before being trypsinised, resuspended in fresh N2B27 medium
and seeded onto the GXG materials and TCP. When mESC’s were
partially-differentiated for four days in N2B27 medium, large colo-
nies of neural precursors formed. Most cells within these colonies
were positive for nestin and OCT4 (Fig. 2A). Furthermore, 32% of
cells at day four of differentiation were positive for PSA-NCAM
(Fig. 2B). Confluency measurements were made from 24 h and
72 h phase contrast images in a similar manner as for the undiffer-
entiated cells. Cell numbers are shown in Supplementary Fig. 6.

As Fig. 4A and B show, the 2 kPa GXG substrate gave rise to the
highest confluency after 24 h. Confluency on the hardest substrate
(35 kPa) was 83% lower than the softest substrate (2 kPa), indicat-
ing a stark decrease in attachment with increasing stiffness. This
implies that the partially-differentiated cells retain the mechanical
sensitivity of undifferentiated cells to attachment. Interestingly,
attachment on the 2 kPa was high compared to that of the TCP,
where confluency decreased 69% compared to the soft material.
This was in contrast to our findings with the undifferentiated cells.
This may be due to mESC’s being adapted for long-term growth on
non-physiological TCP. Once they begin to differentiate and form
developed cytoskeletal structures, they appear to lose this adapta-
tion and gain a preference for attachment on the most physiologi-
cally relevant material. A recent study has shown that
mesenchymal stem cells retain mechanical information from
dent on microtubule stabilisation, but not myosin-dependent basal cell contraction.
without pre-treatment with blebbistatin. No significant difference was found using

o without. N = 3. (B) Comparison of cell confluency at 24 h of GXG and tissue culture
ndent samples t-test. N = 3.



Fig. 4. Attachment of neural precursors is maximised on low modulus substrates. (A) Phase contrast images of four-day partially-differentiated cells (mESC’s differentiated
for four days in N2B27 on TCP) seeded for 24 h upon varying elasticities of GXG. Numbers of attached cells observed decreases as GXG Young’s modulus increases. Gelatin-
coated TCP is shown as a control, representing current best practice in the laboratory. Scale bars = 100 lm. (B) Analysis of cell confluency from phase contrast images of four-
day partially-differentiated cells attached for 24 h onto 3 different GXG materials and TCP. Confluency at 24 h decreased with Young’s modulus (p < 0.005). *p < 0.005, as
determined by one-way ANOVA followed by Tukey post hoc correction. N = 3. (C) Analysis of cell confluency from phase contrast images of four-day partially-differentiated
cells attached for 72 h onto 3 different GXG materials and tissue culture polystyrene. Confluency decreased with Young’s modulus (p < 0.005). *p < 0.005, as determined by
ANOVA analysis followed by Tukey post hoc correction. N = 3. (D) The ratio between confluency at 72 h and 24 h was calculated in order to assess ‘‘fold expansion’’ of colonies
post-attachment. No significant difference was found between any of the substrates or across the sample population as a whole, when one-way ANOVA was carried out,
followed by Tukey post hoc correction. N = 3.
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culture on tissue culture plastic when transferred onto soft mate-
rials [67].

The same pattern was conserved at 72 h, where confluency was
highest on 2 kPa. Confluency was 66% lower on 18 kPa and 84%
lower on 35 kPa. Again confluency was significantly (p < 0.005)
higher on the softest material when compared with TCP controls.
When 72 h confluency was compared to 24 h confluency, fold
expansion between these times did not vary significantly
(p = 0.874 using one-way ANOVA across all 4 samples) on any of
the materials. This implies that whilst Young’s modulus affects
the attachment of partially-differentiated cells, it did not have a
direct effect upon their subsequent expansion. This was consistent
with our findings with undifferentiated cells.

3.6. Phenotype and yield of four-day partially-differentiated mESC’s
after 4 days of differentiation on GXG

Cells partially-differentiated for 4 days on TCP were harvested
and seeded onto GXG and TCP for a further 4 days in N2B27 med-
ium. Immunocytochemistry analysis was then conducted on cells
for b-III tubulin, a marker for neurite formation used to identify
the earliest neurons formed during stem cell neuronal differentia-
tion [68–70]. Staining (Fig. 5A) revealed that characteristic b-III
tubulin positive cells with neurite extensions formed in colonies
on all materials.

For yield and flow cytometry analysis, mESC’s were
partially-differentiated for 4 days on TCP, before being seeded onto
GXG and TCP. They were then differentiated for a further four days
on GXG and TCP in N2B27 medium before being harvested for cell
concentration and flow cytometry analysis. Total cell concentra-
tion dramatically decreased with increasing stiffness (Fig. 5B),
reducing by 80% on the hardest substrate (35 kPa) compared to
the softest (2 kPa). This was consistent with the earlier results with
mESC’s. However, as with the attachment data, the cell concentra-
tion on TCP decreased (by almost 60%) when compared to 2 kPa.
This again implies that there is a loss of adaptation to tissue culture
polystyrene growth occurring with differentiation.

Flow cytometry analysis revealed that there was no significant
variation (p = 0.583) in the percentage of cells positive for
PSA-NCAM marker (between 60% and 75% of cells were positive)



Fig. 5. Neural precursor yield is maximised on soft substrates, but percentage expression of mid/late neural markers does not significantly vary across substrates. (A)
Immunocytochemistry analysis for neuronal marker b-III tubulin (Red) at D0 (on tissue culture polystyrene) and D4 on 2, 18 and 35 kPa GXG as well tissue culture
polystyrene post-seeding. All scale bars = 100 lm. (B) Top-left: total cell concentration (�104 cells/cm2) at D4 post-seeding was highest upon the softest substrate (p < 0.01).
Cell counts were obtained using a haemocytometer and divided by the growth surface area to obtain cell concentration values. *p < 0.05, as determined by one-way ANOVA
followed by Tukey post hoc correction. N = 3. Top-right: representative flow cytometry histograms showing expression of PSA-NCAM. Expression of PSA-NCAM does not
significantly vary between GXG substrates. The unshaded distribution represents the isotype control, whilst the shaded distribution represents cells stained with PSA-NCAM.
Bottom-right: mean values for PSA-NCAM expression using flow cytometry analysis. Mean % values shown as well as standard deviation from the mean. N = 3. Bottom-left:
yield of PSA-NCAM positive neural precursors (�104 cells/cm2). Yield was obtained by multiplying total cell concentration (top-left) by the percentage of cells positive for the
marker (top-right). *p < 0.05 was determined by one-way ANOVA followed by Tukey post hoc correction. N = 3. (C) Relative expression of neuronal (b-III tubulin, TH) and
astrocyte (GFAP) genes measured using quantitative real-time PCR.*p < 0.05 was determined by one-way ANOVA followed by Tukey post hoc correction. N = 3. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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between the 3 GXG substrates and TCP (Fig. 5B). The percentage
range markedly contrasts with the earlier data in Fig. 2B, where
30–40% of cells were shown to express PSA-NCAM. This illustrates
that the cells used in the partial-differentiation experiments were
more mature than the cells used in Figs. 1–3 and that cells contin-
ued to differentiate following the replating process.

We next calculated the total yield of neural precursor cells by
multiplying the total cell concentration by the percentage of cells
expressing PSA-NCAM. Yield (Fig. 5B) was significantly higher on
the 2 kPa material when compared to the harder substrates, exem-
plified by a 80% rise when compared with 35 kPa. Unlike earlier
experiments with undifferentiated mESC’s, the softest substrate
(2 kPa) also performed better than traditional TCP resulting in a
69% rise in the number of neural precursors. However, as with
the mESC’s, this increase in yield is due to favourable initial attach-
ment rather than direct promotion of neuronal differentiation.

Gene expression of neuronal genes b-III tubulin and TH (tyro-
sine hydroxylase, for dopaminergic neurons [71]) following four
days of differentiation of partially-differentiated cells did not vary
significantly with Young’s modulus (Fig. 5C). This was similar to
our findings using undifferentiated cells. However, in this case
expression of GFAP (glial fibrillary acidic protein), a gene used as
a marker for astrocytes [72] decreased 80% (p < 0.05) on the
2 kPa GXG material compared to TCP. This implies that gene
expression becomes sensitive to Young’s modulus as cells mature
away from the undifferentiated state, and that the initial sensitiv-
ity in gene expression is restricted to astrocyte-specific genes
rather than neuronal.

3.7. Effect of blebbistatin and nocodazole on the initial attachment of
four-day partially-differentiated mESC’s

To investigate whether the disruption of myosin-dependent
contraction or microtubule stabilisation would have an effect upon
initial attachment of partially-differentiated cells, cells were trea-
ted with blebbistatin or nocodazole, respectively. When
pre-treated with blebbistatin, it was found that the number of cells
attaching to all 3 GXG substrates halved when compared to
untreated cells (Fig. 6). These results imply that, unlike undifferen-
tiated cells (Fig. 3), the attachment of partially-differentiated cells
upon all materials is dependent on basal cell contraction, mediated
by myosin. Undifferentiated mESC’s can adhere to materials with
Fig. 6. Attachment of pre-differentiated cells on all substrates is dependent on myosin-d
confluency at 24 h on GXG and TCP with and without pre-treatment with blebbistatin. *

confluency at 24 h on GXG and tissue culture polystyrene with and without the additio
materials, as determined by independent samples t-test. N = 3.
minimal cytoskeletal organisation [73,74] whilst more mature
cells tend require substantial amounts of actin stress fibre forma-
tion in order to adhere to the extracellular matrix. Cytoplasmic
F-actin in these cells on the varying GXG materials was visualised
by immunocytochemistry in Supplementary Fig. 7.

Conversely, there was no difference in the initial attachment of
partially-differentiated cells for any of the 3 GXG materials as well
as TCP when seeded with nocodazole, an inhibitor of microtubule
stabilisation compared to the untreated condition.

This was in contrast with the findings with undifferentiated
cells (Fig. 3), where attachment decreased on the 18 kPa, 35 kPa
and TCP materials. This implies that, unlike basal contraction,
microtubule formation was not a prerequisite for
partially-differentiated cell attachment onto materials of any elas-
ticity, which is consistent with findings for other differentiated cell
types. Microtubule formation in neurons is usually associated with
cellular elongation and branching rather than attachment [75,76].

3.8. Attachment and expansion of six-day partially-differentiated
neurons

For the final experiments, mESC’s were allowed to
partially-differentiate further in N2B27, for six days on TCP prior
to seeding onto GXG and TCP. At this stage, immature neurons
begin to form in colonies (Supplementary Fig. 8). The aim of these
experiments was to look at the effect of Young’s modulus on
attachment and expansion at a later stage of differentiation, when
b-III tubulin-positive neurons (the earliest to form during stem cell
neuronal differentiation) mature into post-mitotic, functional
MAP2-positive neurons. Confluency was measured at 24 h and
72 h once again to assess whether Young’s modulus affected
attachment and expansion of these immature neurons.

Unlike the previous cell types (mESC’s and four-day partially
-differentiated cells), attachment of six-day partially
-differentiated cells at 24 h did not significantly (p = 0.481) vary
between any of the four materials (Fig. 7A and B), including TCP.
This result suggests that the effect of Young’s modulus on attach-
ment during mESC neuronal differentiation is dependent upon the
maturity of the starting cell population. The effect on attachment
diminishes as cells become more mature.

As at 24 h, confluency at 72 h did not vary significantly
(p = 0.541) between any of the four materials. When 72 h
ependent basal contraction, but not on tubulin stabilisation. (A) Comparison of cell
p < 0.05, as determined by independent samples t-test. N = 3. (B) Comparison of cell
n of nocodazole. There was no significant decrease in attachment on any of the 4
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confluency was compared to 24 h, the resulting fold expansion did
not vary significantly (p = 0.808) between the four materials. In
conclusion, Young’s modulus had no effect upon expansion of
six-day partially-differentiated neurons. This was consistent with
both previous cell types (mESC’s and four-day
partially-differentiated cells) and suggests that the effect of
Young’s modulus on expansion is unaffected by starting population
maturity, unlike attachment.

3.9. Phenotype of six-day partially-differentiated neurons after 6 days
of differentiation on GXG

Mouse ESC’s partially-differentiated for six days in N2B27 med-
ium on TCP were trypsinised, resuspended and seeded onto GXG
and TCP for a further six days in N2B27. Day six is where b-III tubu-
lin begins to appear in monolayer differentiation (Supplementary
Fig. 4). Immunocytochemistry was then performed for two mark-
ers; b-III tubulin and MAP2, a marker for mature neurons [77–
79] (not observed at day six of mESC monolayer neuronal differen-
tiation). Staining for b-III tubulin revealed extensive neurite forma-
tion on the 2 kPa and 18 kPa materials (Fig. 8A). 13.60% and 14.36%
of cells were positive for b-III tubulin on the 2 kPa and 18 kPa GXG
Fig. 7. Attachment of immature neurons is unaffected by Young’s modulus. (A) Phase con
days in N2B27 on TCP) seeded for 24 h upon varying elasticities of GXG. Gelatin-coated T
bars = 100 lm. (B) Analysis of cell confluency from phase contrast images of six-day partia
No significant difference was found between any of the substrates or across the sample po
hoc correction. N = 3. (C) Analysis of cell confluency from phase contrast images of six-d
and tissue culture polystyrene. No significant difference was found between any of the
carried out, followed by Tukey post hoc correction. N = 3. (D) The ratio between conflue
post-attachment. No significant difference was found between any of the substrates or
followed by Tukey post hoc correction. N = 3.
substrates respectively (Table 2). Formation of b-III tubulin posi-
tive neurites was still extensive across the culture surface on the
stiffer 35 kPa material, albeit not as abundantly as the softer GXG
materials (3.40% were positive as seen in Table 2). This implies that
for cells in the later stages of neuronal differentiation, the effect of
Young’s modulus on the survival of neuronal phenotypes becomes
attachment-independent. There were no neurites on the TCP mate-
rial (Table 2). This also contrasts with the results found for the ear-
lier stages of differentiation. Although mESC’s are adapted for
growth on gelatin-coated tissue culture polystyrene, it may be that
this adaptation is lost as they undergo phenotype changes during
differentiation.

Staining for MAP2 revealed that the most mature neuron forma-
tion was found on the softest, 2 kPa material (Fig. 8B). 5.15% of cells
were positive for MAP2 on this material (Table 2). Mature neuron
formation was negligible on the intermediate 18 kPa material
(0.95% were positive as seen in Table 2), despite overall confluency
and cell density being similar. No mature neurons formed on the
stiffest 35 kPa and TCP materials (Table 2). This suggests that soft
materials favour the formation of mature neurons from immature
neurons compared to stiffer materials, in contrast to the findings
using mESC’s (Fig. 2) and four-day partially-differentiated cells
trast images of six-day partially-differentiated neurons (mESC’s differentiated for six
CP is shown as a control, representing current best practice in the laboratory. Scale
lly-differentiated neurons attached for 24 h onto 3 different GXG materials and TCP.
pulation as a whole, when one-way ANOVA was carried out, followed by Tukey post

ay partially-differentiated neurons attached for 72 h onto 3 different GXG materials
substrates or across the sample population as a whole, when one-way ANOVA was
ncy at 72 h and 24 h was calculated in order to assess ‘‘fold expansion’’ of colonies
across the sample population as a whole, when one-way ANOVA was carried out,



Fig. 8. Formation of MAP2-positive neurons from pre-differentiated neurons is maximised on soft materials. (A) Immunocytochemistry analysis for b-III tubulin at D6 on 2,
18 and 35 kPa GXG materials. TCP was used as a control. All scale bars = 100 lm. b-III tubulin-positive neuron formation was maximised on the 2 kPa and 18 kPa materials
over 35 kPa and TCP (formation of neurons was negligible on the latter). (B) Immunocytochemistry analysis for MAP2, a marker for mature neurons at D6 on 2, 18 and 35 kPa
GXG materials. TCP was used as a control. All scale bars = 100 lm. MAP2-positive mature neuron formation was maximised on the 2 kPa materials over the 18 kPa, 35 kPa and
TCP materials (formation was negligible on the latter two materials).

Table 2
Quantification of cells positive for MAP2 and bIII tubulin on varying Young’s moduli
on day six of differentiation.

2 kPa 18 kPa 35 kPa TCP

% +ve for bIII tubulin 13.60% 14.36% 3.40% 0%
% +ve for MAP2 5.15% 0.95% 0% 0%

Cells were partially differentiated for 6 days on TCP before being seeded onto 2, 18,
35 kPa GXG materials and TCP for 6 days in differentiation medium. % of cells
positive for MAP2 and bIII tubulin was quantified using image analysis. The total
number of cells was counted using DAPI, a nuclear stain. The number of cells
positive for each marker was divided by this figure to give a % value.
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(Fig. 5). Thus, the effect of Young’s modulus on the changes in phe-
notype during differentiation are dependent upon the maturity of
the starting population.
4. Discussion

The attachment of both mESC’s and four-day
partially-differentiated cells in N2B27 neural differentiation med-
ium was optimum on soft materials. The stiffness of the substrate
is thus clearly an influential cue for cell recruitment during early
neuronal differentiation. Small molecule inhibition of basal cell
contraction decreased attachment on all materials for
partially-differentiated cells, but had no effect on mESC’s. Unlike
mESC’s [73], neural cells polymerise actin into organised, stress
fibres [26]. The decrease in attachment occurs across all materials,
which is logical as neuronal cells have previously been shown to
polymerise actin equally on soft and stiff materials [26]. This sug-
gests that there is another mechanistic pathway responsible for the
variations in attachment on different materials.

TCP exhibited increased attachment when compared to the stif-
fer materials. Although TCP has a significantly higher Young’s mod-
ulus than the range studied here, we would not expect a GXG-type
material with a TCP-like Young’s modulus to behave similarly to
TCP. TCP is fundamentally different as a substance to GXG, in both
biochemical and electrochemical terms, as described earlier. We
have chosen to describe changes within the GXG Young’s moduli
under study and any transitions described are for this range only.

A further possible explanation for this effect may be some
retention of some mechanical memory from expansion on TCP
prior to differentiation, influencing their ability to grow on softer
materials compared to TCP. This has previously shown to occur
in mesenchymal stem cells [67]. Future studies could look at
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whether expansion on soft gels prior to seeding would affect the
mESC’s fate decisions. Culturing cells in expansion medium on soft
gels showed the same pattern as in differentiation medium
(Supplementary Fig. 9). Similarly, partially differentiating cells on
varying gel elasticities for six days before replating on equivalent
elasticities had no overall effect on growth compared to partially
differentiating on TCP (Supplementary Fig. 10).

When mESC’s were partially-differentiated for six days, Young’s
modulus did not have an effect upon attachment. This suggests
that a rapid change in mechanosensitivity occurs as cells mature
from being b-III tubulin negative at day four of
partial-differentiation (where attachment is sensitive to Young’s
modulus) to being b-III tubulin positive at day six of
partial-differentiation (Supplementary Fig. 3). The effect of
Young’s modulus on attachment is therefore dependent on the
maturity of the starting population. In previous investigations,
attachment of neural precursors [26–28] have also been observed
to be independent of Young’s modulus.

The mechanism behind the effect of stiffness on attachment is
likely to involve interactions between the ECM, proteins found in
the soluble microenvironment and, crucially, integrin proteins on
the cell surface. One particular protein, vitronectin (a component
of fetal bovine serum) strongly promotes mESC attachment [80]
by adsorbing onto tissue culture surfaces [81]. In the case of
mESC’s and four-day partially-differentiated cells, one possibility
is that soft substrates are preferentially adsorbing vitronectin onto
their surfaces in order to increase interactions with avb1, avb3 and
avb5 [82] integrins on the cell surface. More interactions between
the ECM and integrins may have led to the high levels of cell
attachment seen on softer substrates. Adhesion of neuronal cells
such as the six-day partially-differentiated cells is not strongly
influenced by serum vitronectin [83,84] (they attach in
serum-free medium), which may explain why their attachment is
unaffected by stiffness.

Expansion of colonies beyond the initial attachment did not vary
between materials for any of the cells studied. The influence of
Young’s modulus on expansion is thus independent of cellular matu-
rity. Other studies to date, in mESC’s [85], human ES cells [21,86] and
neural stem cells [30] have also demonstrated that expansion and
proliferation do not vary with modulus. In a study using primary
neuronal precursors [28], proliferation was found to increase with
Young’s modulus. Unlike our experiments this was in medium
developed to expand neuronal precursors rather than promote dif-
ferentiation of undifferentiated cells. Proliferation of both mESC’s
and neural stem cells is strongly regulated by the mammalian target
of rapamycin (mTOR) signalling pathway [87,88]. One possibility is
that stiffness is unlikely to modulate this pathway as it is regulated
by E-cadherin [89], a cell surface protein that links cells to other cells
rather than to the ECM (as integrins do).

In the main part Young’s modulus did not have an effect on the
phenotype of cells formed following differentiation for mESC’s or
four-day partially-differentiated cells. Any increase in yield of neu-
ronal cells on the softest substrate (Figs. 2B and 5B) was due to an
increase in the percentage of cells in the initial inoculum that were
able to attach at the beginning of differentiation (Figs. 1 and 4),
rather than a direct neurogenic effect of the material. In one case,
soft materials reduced expression of GFAP, an astrocytic gene, in
four-day partially-differentiated cells (Fig. 5C). For six-day
partially-differentiated cells, the softest material increased the
number of MAP2-positive neurons (Fig. 8B) following differentia-
tion, without affecting initial attachment. This implies that soft
materials directly promote maturation of six-day
partially-differentiated cells, in contrast to our findings using less
mature cells.

Previous work measuring changes in ES cell gene expression
have shown a variety of effects. In both mouse [85] and human
[21] ES systems it has been shown, in accordance to our findings
that there is no variation in ectoderm gene expression with modu-
lus (in undirected differentiation medium). This implies that gene
expression is less sensitive to Young’s modulus in undifferentiated
ES cells than more mature cells. When neuronal differentiation was
directed in mouse EB’s plated onto 2D substrates, the percentage of
cells positive for neuronal markers increased with Young’s modu-
lus [90], (albeit from 10 Pa to 1 kPa, a low modulus range com-
pared to our study). This implies that the 1 kPa modulus order of
magnitude represents a peak, with differentiation efficiency reduc-
ing either side. Three-dimensional EB’s are not directly analogous
to monolayers of mESC’s, however as only a fraction of the cells
are directly in contact with the substrate. Both Banerjee et al.
and Saha et al.’s studies [29,30] showed that there was no differ-
ence in b-III tubulin expression in differentiating neural stem cells
when modulus was increased. Georges et al., contradictorily
showed an increase in percentage of mixed cortical neurons posi-
tive for b-III tubulin with a decrease in modulus [26]. As mixed cor-
tical neurons are more mature than neural stem cells, this
reinforces our claim that the impact of Young’s modulus on pheno-
type changes is a maturity dependent effect. It also implies that
four-day partially-differentiated cells are closer to neural stem
cells in phenotype, whilst six-day cells are closer to more mature,
neuronal precursors. In both mixed cortical neurons [26] and neu-
ral stem cells [30], astrocytes tended to grow more favourably on
stiffer materials, in agreement with our study. Previous studies
using human pluripotent stem cells have also shown soft materials
to favour formation of MAP2-positive neurons, dependent on YAP
coactivation [91]. An earlier study [28] demonstrated that the
number of primary mixed hippocampal cells positive for MAP2
did not vary with modulus from 1 kPa to 7 kPa. A second study
by the same group [92] produced the same result in mixed spinal
cord neural precursors. When these spinal cord neural precursor
cells were then purified however, the percentage of cells positive
for nestin (at D2) and MAP2 (at D5) decreased with an increase
in Young’s modulus (6 kPa to 27 kPa). The presence of mature,
non-neural cells may interfere with the stiffness effects, as these
cells may be promoting maturation through their own cytokine
or cadherin-based cell–cell signaling.

Our findings suggest that the effect of Young’s modulus on neu-
ronal specification varies as the identities of the starting cells
change. As mESC’s differentiate, their cytoskeletons develop a
more organised structure. Cells with organised, pre-stressed actin
fibres are able to sense the mechanical deformation of the extracel-
lular matrix and direct gene expression accordingly [62]. This
occurs through communication between the actin cytoskeleton
and mechanosensitive LINC complex proteins (nesprins, SUN and
lamins) in the cell nucleus [62]. Mouse ES cell gene expression
appears to be mechanically insensitive. Four-day
partially-differentiated cells develop more cytoskeletal structure.
At this stage, the fate decision between the astrocytic and neuronal
lineage becomes sensitive to Young’s modulus, implying that there
is some ‘hard-wiring’ of astrocyte genes to the cytoskeleton. At the
six-day partially-differentiated stage, it is the neuronal genes that
appear to be hard-wired to the cytoskeleton. The result in this hard
wiring change is that less mature cells are sensing their mechanical
microenvironment in order to decide to commit between the neu-
ronal and glial fate, whilst the more mature cells appear to be
choosing between various neuronal fates.

These findings have a number of potential implications in terms
of cell therapy bioprocessing. The choice of biomaterial modulus
for differentiation will influence how well ES cells attach and neu-
ral precursors mature. In addition to this, GXG is a suitable mate-
rial for tissue engineering, owing to its biocompatibility,
biodegradability and stability in long term culture [93]. The low
raw material cost, ease of availability and ease of synthesis of
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GXG over other biomaterials can also potentially reduce process
costs and labour requirements. Further investigation into other dif-
ferentiation systems may provide similarly interesting findings.
However, this may require testing of moduli outside of the range
tested within this study.

The results may also give some hints as to how cells may
behave when introduced into the diseased environment. Spinal
cord injury sites are commonly characterised by abnormal tissue
stiffness, which may be caused by scarring, fibrosis and glial hyper-
trophy [26,49]. If less differentiated cells are introduced into these
areas, it is likely they will be unable to attach. Glial hypertrophy in
lesion areas also often result in cells being unable to respond to
supportive growth factors [94], possibly reducing any cooperative
effects between the soluble and mechanical microenvironments.
Investigating effects of Young’s modulus stage-by-stage in vitro
may also provide some clues as to how cellular responses to
Young’s modulus vary during gastrulation and early development.
5. Conclusions

Soft materials, with Young’s modulus similar to that of mouse
blastocysts, the developing brain and spinal cord, increase the yield
of neurons from mESC’s. In mESC’s and four-day
partially-differentiated cells, this increase is due to increased initial
attachment of cells and not direct promotion of the neuronal fate.
In mESC’s, attachment on the stiffest materials is dependent upon
microtubule stabilisation whilst in neural stem cells attachment on
all materials is dependent upon myosin-dependent contraction.
The influence of Young’s modulus on attachment decreases as cells
become more mature (having no effect on six-day
partially-differentiated cells). Conversely, the influence of Young’s
modulus on phenotype changes during differentiation increases
as cells become more mature. In all cases colony expansion was
independent of Young’s modulus. The effect of Young’s modulus
on neuronal differentiation is thus dependent on the maturity of
the starting population.
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