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chemically characterized materials, must 
be developed to achieve this goal. Mate-
rials able to induce the appropriate cell 
behavior, be it expansion or differentiation, 
will become a cornerstone of cell therapy 
manufacture protocols. [ 2,3 ]  Scale-up of cell 
manufacturing processes has been limited 
by the prohibitive expense associated with 
growth factor supplementation of culture 
medium. Critical for the control of cell dif-
ferentiation and survival, the use of trophic 
factors in large scale processes is beset by 
their short life time in cell culture environ-
ments and the massive amounts needed 
to dose industrial volumes. [ 4 ]  Previous 
research has established that immobilized 
growth factors modulate cell function in 
the same way as their soluble forms. [ 5 ]  
Through inhibition of endocytosis, the 
immobilization of growth factors has been 
reported to modify the apparent activity 
and half-life. [ 6 ]  Thus immobilization on 

cell culture substrates may reduce the amount of growth factor 
required to elicit specifi c behaviors and, additionally, prolong its 
activity. [ 7 ]  However, the expense associated with the amount of 
growth factor required to support stem cell maintenance and 
differentiation remains high even when immobilized, driving 
up the cost of such bioactive surface-engineered materials and 
potentially making them economically unviable. [ 8 ]  Therefore, 
methods which allow us to identify the minimum density of 
surface-displayed biomolecules to evoke an appropriate cell 
response are in high demand. [ 9 ]  This is a task well suited to 
surface-bound gradients, which have emerged as powerful 
platforms for high throughput screening of cell–material–sur-
face interactions. [ 10–12 ]  Surface-bound gradients have yet to be 
exploited to quantify the density of factor required to support 
embryonic stem cell (ESC) differentiation. 

 Plasma polymerization is an engineering-friendly and robust 
surface coating technique which has been successfully applied 
to functionalization of cell and tissue culture surfaces. [ 12 ]  
Plasma polymers provide pinhole-free and well-adherent coat-
ings of controlled thickness on a wide range of substrate mate-
rials. [ 13 ]  A plethora of functional groups including amines, 
carboxylic acids, aldehydes, and epoxy groups can be formed, 
with tuneable density. [ 12,14,15 ]  Depending on the monomer com-
position, surface functionalization by plasma polymerization 
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  1.     Introduction 

 The interactions between cells and material surfaces can be 
improved signifi cantly by the surface display of bioactive mol-
ecules. Biomolecules such as extracellular matrix (ECM) pro-
teins, growth factors, glycosaminoglycans, and cell adhesion 
molecules have been widely exploited to bolster surface bioac-
tivity and enable control over cell function. [ 1 ]  One of the key 
applications for this capability is in the area of cell therapy. 
Competent ex vivo expansion of cells is a major requirement 
for the generation of clinical grade cells en mass. Versatile, cost 
effi cient, robust, culture models, able to be scaled up using 
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has been used to either promote or reduce protein adsorption 
and cell attachment. [ 14–16 ]  The process of plasma polymeriza-
tion is also compatible with the fabrication of chemical com-
position gradients, as several groups including our own have 
previously reported. [ 17 ]  One approach to construct a plasma 
polymer gradient is to change the composition of the monomer 
gas feed entering the plasma chamber whilst moving the sub-
strate mounted on a motorized stage under a slot in a shadow 
mask. [ 15 ]  The advantage of this approach is that it affords con-
trol over the steepness and profi le of the gradient, in contrast 
to other common approaches. [ 15 ]  The resulting plasma polymer 
gradients allow the quantitative and high-throughput assess-
ment of the relative cell attachment, proliferation, and differen-
tiation along the direction of the gradient. [ 10,12,17,18 ]  

 Neurotrophic factors such as neutrophins are required for 
the growth and development of neurons. [ 19,20 ]  As a result, they 
have been explored for their therapeutic potential in neuropro-
tection and regulation of neuron survival and differentiation. [ 21 ]  
Nerve growth factor (NGF) is the most common and well 
defi ned of the neurotrophins. This factor acts by repressing 
apoptosis, controlling morphogenesis, and survival synaptic 
functions of neurons. [ 22 ]  NGF has been found to be of con-
siderable therapeutic value for the treatment of degenerative 
disorders and damaged nerve tissue. [ 23 ]  The fabrication of bio-
materials incorporating immobilized NGF has been reported 
to successfully induce neuronal cell differentiation and stimu-
late neurite formation. [ 2,24–27 ]  Biomaterials that display NGF 
on their surface evidently provide an improved environment 
for neurite outgrowth in nerve regeneration, particularly since 
damaged tissues do not provide adequate levels of neurotro-
phins. [ 28 ]  Surface-immobilized NGF induces the activation of 
intracellular signaling cascades and thereby stimulates neurons 
without internalization in the process. [ 19,25 ]  Surface immobi-
lization via amino groups has been reported to retain higher 
levels of bioactivity than immobilization via other terminal 
groups. [ 26 ]  Consequently, the stable bioconjugation of NGF on 
surfaces appears to integrate the signaling and biochemical 
cues required for nerve repair, but the question of what density 
of immobilized NGF is required to achieve the desired effect 
remains unanswered. [ 19 ]  

 A number of noncovalent modifi cation strategies including 
doping and entrapping of ECM proteins or growth factors into 
biomaterials have been pursued in other differentiation con-
texts. [ 27,29 ]  However, these techniques usually require a high 
concentration of factors. The other drawback of noncovalent 
modifi cation techniques relates to the leaching of the factor 
from the biomaterial prior to tissue regeneration. As a result, 
covalent factor immobilization is preferred when designing 
tissue engineering scaffolds or tissue culture materials for cell 
expansion. [ 25,30 ]  

 The purpose of this study was to test the hypothesis that 
induction with covalently immobilized NGF will induce differ-
entiation of mouse embryoid body derived (mEB) cells toward 
the neuronal lineage, allowing the optimum surface density 
of NGF to be determined. We employed surface-bound gradi-
ents to screen for attachment, proliferation, and differentia-
tion of neural cell populations derived from mEB cells across 
a substrate with linearly increasing NGF density. To generate 
the NGF density gradient, we harnessed the plasma polymer 

gradient format, in this case using a gradient of aldehyde func-
tional group density onto which NGF was covalently coupled by 
means of reductive amination. Plasma polymer coatings can be 
easily scaled up and transferred onto porous scaffolds or tissue 
cultureware. [ 31 ]  Therefore, our work has direct implications for 
the design of advanced nerve tissue engineering scaffolds and 
tissue culture surfaces for neural cell expansion.  

  2.     Results and Discussion 

  2.1.     Generation of Plasma Polymer Gradients 
and Surface Analysis 

 Propionaldehyde and ethanol monomers were selected for the 
generation of the plasma polymer gradient that forms the base 
layer template for the NGF surface gradient test surface. Pro-
pionaldehyde and ethanol are both good candidates for plasma 
polymerization since they are easy to vaporize. Ethanol plasma 
polymers are reasonably inert and non-fouling, whilst the alde-
hyde functional groups present in propionaldehyde plasma 
polymer are chemically reactive to amine groups. [ 14 ]  Hence, 
propionaldehyde plasma polymers or plasma polymers made 
from monomer mixtures including propionaldehyde can be 
used for one step immobilization of biomolecules. [ 32,33 ]  

 Thin plasma polymer gradients progressing from ethanol 
plasma polymer to propionaldehyde plasma polymer over 
a 13 mm distance were prepared on glass coverslips using 
plasma co-polymerization of the two monomers while moving 
a shadow mask with a slit over the substrate and simultane-
ously modifying the ratio of ethanol and propionaldehyde 
vapor feed. The resulting gradient samples were analyzed 
via x-ray photoelectron spectroscopy (XPS). Typical C1s high-
resolution spectra recorded near the ethanol plasma poly mer 
end (position 1 mm) and the propionaldehyde plasma 
polymer ends (position 12 mm) of the gradient are shown 
in  Figure   1 A,B. Peak deconvolution analysis demonstrated 
the presence of four carbon bonded chemical groups within 
the plasma polymer fi lms: aliphatic hydrocarbons (C H) at 
285.0 eV, single bonded oxygen-carbons (C O) at 286.5 eV, 
double bonded oxygen-carbons (C O) at 288.0 eV and ester/
carboxyl functionalities at 289.0 eV. The spectra clearly show 
higher amount of C O bonds on the aldehyde rich end of the 
gradient. The percentage of C O functionalities across the 
surface are shown in Figure  1 C. The data reveal an increase 
of C O content toward the aldehyde-rich end of the gra-
dient (position 12 mm) which is consistent with our earlier 
studies. [ 15 ]  Additional characterization of the plasma polymer 
gradient surface revealed no appreciable change in surface 
roughness or fi lm thickness. Likewise, water contact angle 
did not change across the gradient (Supporting Information, 
Figures S1 and S2). 

    2.2.     Quantifi cation of Immobilized NGF Density 
on Gradient Surfaces 

 To translate the aldehyde functional group gradient surface 
into a gradient of NGF density, we covalently bound the 
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growth factor to aldehyde functional groups using reductive 
amination chemistry. [ 15,33 ]  The ethanol plasma polymer is 
known to adsorb only minimal amounts of protein. [ 14,15 ]  Two 
types of substrates were created: one employing a weak and 
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 Figure 1.     High-resolution C1s spectra obtained from XPS at the ethanol 
A) and propionaldehyde plasma polymer B) end of the gradient. Outlined 
areas represent individual peaks of C H (purple), C O(red), C O (light 
blue), and O C O (dark blue). C) Relative concentration of C O along 
the gradient from the ethanol plasma polymer to the propionaldehyde 
plasma polymer end.

 Figure 2.     Quantifi cation of the surface density of NGF on an ethanol-
propionaldehyde plasma polymer gradient via XPS. A) The nitrogen 
percentage of NGF immobilized via reductive amination on ethanol-pro-
pionaldehyde plasma polymer gradient surface. Error bars correspond to 
standard error;  n  = 3. B) The number of NGF molecules per cm 2  along the 
NGF gradient surface was calculated as explained in the Supporting Infor-
mation. C) The bound amount was calculated by converting the number 
of NGF molecules per cm 2  to the amount of NGF per cm 2 .
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reversible covalent link (a Schiff base) to immobilize NGF, 
the other using an irreversible amine bond (upon addition of 
NaCNBH 3  as a reducing agent during NGF immobilization). 
NGF immobilized without NaCNBH 3  would be expected to 
detach from the surface when exposed to aqueous culture 
environments. 

 The amount of immobilized protein across NGF gradients 
fabricated using reductive amination was determined using 
XPS measurements.  Figure    2  A shows the atomic percentage 
of nitrogen at six positions along the surface. Note that the 
plasma polymer chemical gradient itself does not contain any 
nitrogen. [ 15 ]  Thus, the nitrogen signal detected on the surface 
can be attributed to immobilized NGF. As can be seen from 
Figure  2 A, the atomic concentration of nitrogen increases lin-
early ( R  2  = 0.99), by a total of ≈1.5 fold, toward the aldehyde 
plasma polymer functional group rich end of the gradient. 
These results are consistent with our earlier work generating 
functional surface gradients of streptavidin surface density. [ 15 ]  
Knowledge of the nitrogen concentration allowed us to calcu-
late the number of protein molecules per square centimeter 
across the gradient via a correlation of quartz crystal micro-
balance with dissipation (QCM-D) data and XPS data (Sup-
porting Information). [ 15 ]  Figure  2 B shows that the density of 
protein molecules immobilized increased from 17.8 × 10 11  to 
26.2 × 10 11  molecules cm −2  when the propionaldehyde plasma 
polymer was at the highest density on the gradient. The surface 

density of immobilized NGF gradually 
increased linearly from 39 to 57.5 ng cm −2  
over a distance of 10 mm (Figure  2 C). 
Without reductive amination, the gradient of 
NGF surface density produced is much shal-
lower. NGF surface density is similar in the 
Schiff base and reduced gradients at the eth-
anol plasma polymer (low) end (Supporting 
Information, Figure S3). Higher NGF sur-
face density is evident in the NaCNBH 3  
treated gradients compared to untreated 
controls from the 4 mm position onwards. 
At the propionaldehyde plasma polymer-rich 
end of the gradients, the density of NGF is 
35% higher on reduced gradients compared 
to Schiff base control gradients. 

    2.3.     mEB Cell Response to NGF Gradient 
Surfaces 

 Cell attachment and proliferation on NGF 
gradient surfaces was studied with mEB 
cells grown in complete medium. The gra-
dient surface was divided into fi ve equally 
sized zones of steadily increasing NGF 
density. We fi rst investigated the infl uence 
of immobilized growth factor density on 
attached cell density. The mEB cell attach-
ment after 12 h incubation on the NGF gra-
dient is presented in  Figure    3  . Cell density 
increased from region 1 to region 4 and then 
reached a plateau. When the reducing agent 

(NaCNBH 3 ) required for reductive amination was not added 
during NGF immobilization (in which case an unstable Schiff 
base is constituted between amines on the NGF and the alde-
hyde on the surface), cell density was consistently lower than 
gradients of covalently bound NGF constructed using reduc-
tive amination, and cell density increased along the gradient 
from region 1 to region 5. It should be noted that only a few 
cells attached to an ethanol-propionaldehyde plasma polymer 
gradient without NGF or to a bare coverslip. After 2–3 d, these 
few cells had already detached from the surface. 

  We next investigated mEB cell proliferation on the gradient 
surfaces over the course of one week ( Figure   4 ). Across the gra-
dient surface, mEB cell density increased over this time frame. 
The growth rate of cells increased with increasing density of 
immobilized NGF until region 4 and then remained stable 
(Figure  4 A). Cell density increased 2.2-fold on regions 4 and 
5 compared to 1.5-fold on region 1 over the course of 7 d. Cells 
proliferated more rapidly on the regions (4 and 5) compared to 
the regions with lower density of NGF. On the NGF gradient sur-
faces where NaCNBH 3  was omitted, an increase in cell density 
was observed to correlate with NGF surface density, but this was 
not statistically signifi cant. Overall, cell proliferation was lower 
(1.5-fold increase in density over 7 d in region 5) than on the gra-
dients where NGF was covalently attached via reductive amina-
tion (Figure  4 B).The difference between the two types of surfaces 
can be explained by the NGF bound via a Schiff base desorbing 
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 Figure 3.     A) Representative mEB cell fl uorescence microcopy images along the NGF gradient 
surface after 12 h incubation. Cell nuclei were stained with Hoechst 33342. B) Total cell attach-
ment (averaged per mm 2 ) determined by a cell count in each region of the NGF gradient 
surface after 12 h incubation. Error bars correspond to standard error;  n  = 3.
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over the course of the experiments and being diluted in cell cul-
ture medium. 

    2.4.     Differentiation of EB Cells into Neuroepithelial Cells 

 The above results show that changes in NGF density and the 
mode of NGF attachment infl uence the attachment and pro-
liferation of mEB cells. Next, we investigated whether the 
immobilized growth factor density also infl uenced mEB dif-
ferentiation toward neural lineages by using the neuroepi-
thelial cell marker protein Nestin (NES), expressed in neural 
stem cells. [ 34 ]  NES expression was determined in mEB single 
cell suspensions before seeding on the gradient surface at day 
zero. At this timepoint, NES was not expressed in individual 
mEB cells. Cells grown on the NGF gradient for 7 d were 
fi xed and stained with antibodies to NES ( Figure   5 A). Immu-
nofl uorescence examination revealed that the percentage of 
NES-positive cells increased from 38% at region 1 to around 
98% at regions 4 and 5 (Figure  5 B). Importantly, we found that 

the density of 52.9 ng cm −2  NGF on region 4 was suffi cient 
to induce almost complete neural lineage differentiation. A 
further increase in NGF density (57.5 ng cm −2 , region 5) did 
not improve differentiation effi ciency. Concurrent with the 
observed rise in NES expression, cell morphology developed 
an increasingly dendritic morphology on NGF rich regions of 
the gradient (Figure  5 C). 

  In contrast, on gradient surfaces constructed without the 
addition of NaCNBH 3  during NGF immobilization, the per-
centage of nestin positive cells increased from 3% to 52% across 
the gradient. Within each region of this gradient, the numbers 
of nestin positive cells were lower compared to gradient sur-
faces created using the reducing agent to drive reductive amina-
tion (Figure  5 D). In the absence of any NGF, gradient surfaces 
did not induce any NES expression in the overlying cells (Sup-
porting Information, Figure S4). These results show that the 
irreversible covalent bonding of NGF to the surface improves 
neural cell formation. Existing studies have shown that NGF 
internalization is not required in order to affect cell behavior, 
therefore justifying the presentation of this growth factor in 
immobilized form. [ 26,35 ]    

  3.     Conclusions 

 The immobilized biomolecule gradient format provides a ver-
satile platform that is compatible with a range of cell-based 
assays and conducive to high throughput screening. In this 
study, surface-immobilized growth factor gradients were pre-
pared by covalent attachment of NGF via reductive amination 
by NaCNBH 3  on ethanol/propionaldehyde plasma polymer 
gradients. The amount of immobilized NGF on the plasma 
poly merized gradient surface across the gradient was calcu-
lated using QCM-D data and XPS data. mEB cell behavior was 
studied across the NGF gradient. mEB cells experienced signifi -
cant enhancements in attachment, proliferation, and neural dif-
ferentiation up to an immobilized NGF density of 52.9 ng cm −2 . 
A further increase in NGF density did not convey a greater 
proliferation or differentiation stimulus. This study therefore 
provides a valuable lesson of how chemical gradients can be 
harnessed for biomaterial design. Our results provide new 
insights into the requirements for surface-displayed NGF den-
sity in order to stimulate mEB cells to differentiate to a neural 
lineage, which is highly relevant to nerve tissue engineering. In 
view of the high cost of growth factors, research into materials 
conducive to therapeutic cell expansion will benefi t from this 
screening capability, which enables the minimization of the 
required growth factor densities and makes bioactive materials 
more affordable and accessible.  

  4.     Experimental Section 
  Preparation of Ethanol-Propionaldehyde Plasma Polymer Gradients : 

Thin fi lm polymeric gradients progressing from ethanol plasma polymer 
(monomer: absolute 99.5% v/v, Ajax Finechem) to propionaldehyde 
plasma polymer (monomer: reagent grade 97%, Sigma-Aldrich) 
were prepared on 13 mm glass coverslips by performing plasma 
co-polymerization of the two monomers while moving a shadow mask 
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 Figure 4.     A) Cell proliferation (averaged per mm 2 ) on NGF gradient 
with NaCNBH 3  treatment determined by cell counts at each region 
from day 1, every 48 h over the course of 7 d. Cell seeding density was 
1 × 10 4  cell mL −1 . Error bars correspond to standard error. B) Cell prolifer-
ation on NGF gradient not treated with NaCNBH 3.  Error bars correspond 
to standard error;  n  = 3.
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with a uniform rate of 1 mm min −1  over the coverslip and simultaneously 
changing the ratio of ethanol and propionaldehyde vapor feed. The 
initial fl ow rate of ethanol vapor was 10 sccm which was linearly reduced 
to 0 sccm between the 6 and 12 mm positions along the gradient. 
Conversely, the fl ow rate of propionaldehyde vapor was linearly increased 
from 0 sccm at 6 mm to 10 sccm at 10 mm and remained at 10 sccm 
for the rest of the procedure. A custom-built gradient plasma apparatus 
operated with a 13.56 MHz radiofrequency generator using programmed 
valves was used as previously described. [ 11,36 ]  Deposition throughout the 
entire process was carried out using a plasma power of 40 W. 

  Surface Characterization : XPS analysis was applied to identify the 
surface composition of the ethanol-propionaldehyde plasma polymer 
gradients. Twelve points along a 13 mm gradient were measured at 
1 mm intervals. The origin of the gradient was defi ned as  x  = 
0 mm and corresponds to the ethanol plasma polymer end. An XPS 
measurement could not be taken at the extreme ends of the gradient 
( x  = 0 and 13 mm).   Coated samples were characterized for their surface 
chemical compositions using a Kratos Axis Ultra delay-line detector 
spectrometer equipped with a monochromatic Al Kα source (1486.6 eV) 
operating at 10 kV and 13 mA, utilizing a spot size of 300 × 700 µm 2 . 
The samples were analyzed at a pressure of 2 × 10 −9  Torr at room 

temperature. Elements present in a sample surface were determined 
from the survey spectrum recorded over the energy range of 0–1125 eV 
at a pass energy of 120 eV. The areas under selected photoelectron peaks 
in a widescan spectrum were used to calculate percentage atomic 
concentrations. High-energy resolution C1s spectra were then recorded 
at 20 eV pass energy. All the binding energies (BEs) were referenced to 
the C1s neutral carbon peak at 285.0 eV, to compensate for the effect 
of surface charging. Individual components within the C1s spectra had 
set position constraints of 285.0 eV (CH), 286.5 eV (C ), 288.0 eV 
(C ), and 289.0 eV (COOR) and full width at half maximums (FWHM) 
of 1.1–1.4 eV, ensuring that all component FWHM matched the FWHM 
of the CH bond. The processing and curve-fi tting of the high-energy 
resolution spectra were performed using CasaXPS software (ver. 2.3.14, 
Casa Software Ltd). 

  Covalent Immobilization of NGF onto Ethanol-Propionaldehyde Plasma 
Polymer Gradient Surfaces : Prior to incubation of NGF on the ethanol-
propionaldehyde plasma polymer gradient surface, the coated coverslips 
were washed with copious amounts of sterile Dulbecco’s phosphate-
buffered saline solution (PBS) (Sigma) to remove any unbound plasma 
polymer. Then, the coverslips were sterilized with 200 U mL −1  penicillin, 
200 µg mL −1  streptomycin and 500 ng mL −1  amphotericin B (Invitrogen) 
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 Figure 5.     Immunofl uorescence staining for neural lineage marker. A,B) Nestin staining (red) of mEB cells on the fi ve regions of the NGF gradient 
surfaces is shown 7 d after seeding (scale bar = 100 µm) for A) not treated with NaCNBH 3  and B) with NaCNBH 3  treatment. Nuclei of cells were 
counterstained with Hoechst 33342 (blue). C) High resolution images of cells on each region showing changes in cell morphology. D) Quantifi cation 
of neural lineage differentiation marker expression in mEB cells at each region on the gradient. Total NES+ cells per unit area in each region are shown 
in the bar chart (left-hand  y -xis). The percentage of NES+ cells in each region are shown in line chart (right-hand  y -axis). The error bars represent the 
standard error. Error bars correspond to standard error;  n  = 3.
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in sterile PBS for 1 h and were washed three times in sterile PBS. NGF 
at concentration of 20 µg mL −1  in PBS was incubated on ethanol-
propionaldehyde gradient surfaces for 16 h at 4 °C. After incubation, NGF 
solution was aspirated and washed two times with PBS solution followed 
by treatment with 0.05  M  sodium cyanoborohydride (NaCNBH 3 ) for 
4 h at room temperature. In order to block unreacted propionaldehyde 
sites, we added 0.06  M  ethanolamine for 30 min at room temperature 
followed by treatment with NaCNBH 3 . Prior to analysis by XPS, surfaces 
were washed with surfactant, 10% sodium dodecyl sulphate (BioRad), 
then rinsed thoroughly with copious amounts of Milli-Q water and 
thoroughly dried under a stream of nitrogen gas. Control surfaces that 
did not undergo reductive amination were treated in the same way prior 
to XPS. XPS enabled further characterization of the surface chemistry of 
the NGF gradient. Six different points at 2 mm intervals along a 13 mm 
gradient were mapped by XPS (positions from ethanol plasma polymer 
end of the gradient,  x  = 0 mm). The areas under the specifi c peaks were 
used to calculate the atomic percentages. Then, the amount of NGF 
binding was calculated from the percentage of nitrogen in NGF (see the 
Supporting Information). [ 14,15 ]  

  Preparation of mEB Cells : The D3 mouse ESC line (ATCC CRL1934) 
was maintained on a feeder layer of gamma irradiated STO-1 cells and 
incubated at 37 °C with 5% CO 2  in Advanced Dulbecco’s modifi ed 
Eagle’s medium (DMEM) supplemented with 10% ESC qualifi ed 
fetal bovine serum (FBS; Invitrogen), 10 ng mL −1  leukemia inhibitory 
factor (Millipore), 0.1 × 10 −3   M  β-mercaptoethanol (Sigma), 2 × 10 −3   M 
L -glutamine, 100 U mL −1  penicillin, 100 g mL −1  streptomycin (Invitrogen), 
for 2–3 d until they were 70%–80% confl uent. For mEB cell formation, 
ESC were dissociated with trypsin/EDTA solution and plated at density of 
2.5 × 10 4  cells cm −2  onto non-adhesive petri dishes in Advanced DMEM, 
10% FBS (Invitrogen), 0.1 × 10 −3   M  β-mercaptoethanol, 2 × 10 −3   M 
L -glutamine, 100 U mL −1  penicillin, 100 µg mL −1  streptomycin. After 2 d 
in culture, ESCs aggregated into mEBs. The culture of mEBs continued 
for a further 6 d before single-cell suspensions of mEB cells were 
generated using 0.05% trypsin-0.53 × 10 −3   M  ethylenediaminetetraacetic 
acid (EDTA; Invitrogen). The cells were passed through a nylon mesh 
fi lter with pore size of 100 µm (BD Falcon) to obtain a single cell 
suspension. The viability of mEB cells was assessed before seeding onto 
the NGF gradient using Trypan blue staining. 

  mEB Culture on NGF Gradient Surfaces : Coverslip sample containing 
the NGF gradients were placed in 24-well plates (Nunc) and seeded with 
mEB cells at a density of 1 × 10 4  cells mL −1  per well in fresh cell culture 
medium. As controls, cells were also plated onto sterile round 13 mm 
glass coverslips ( n  = 3) and ethanol-propionaldehyde plasma polymer 
gradient coated coverslips ( n  = 3) at the same density. All mEB cells 
were cultured for 7 d in EB medium at 37 °C in a humidifi ed atmosphere 
with 5% CO 2 . To investigate the effects of the NGF gradient on mEB cell 
behavior, no other bioactive factors were added to the culture medium. 
The cell culture medium was changed every 2 d. Cytotoxicity assays 
of mEB cells on NGF gradient surfaces were performed by live-dead 
staining using a fi nal concentration of 15 µg mL −1  fl uorescein diacetate 
(Invitrogen) and 5 × 10 −6   M  propidium iodide (Sigma) in PBS for 3 min 
at 37 °C.   Loosely attached cells were removed by rinsing with PBS ≈12 h 
after seeding. Gradients were divided into fi ve equally broad regions of 
increasing NGF density (positions from ethanol plasma polymer rich 
end of the gradient: 0.0–2.6 mm = region 1, 2.6–5.2 mm = region 2, 
5.2–7.8 mm = region 3, 7.8–10.4 mm = region 4, and fi nally 
10.4–13 mm = region 5). Brightfi eld images of each region were acquired 
using an inverted light microscope (Olympus CK2) equipped with a 
Nikon Digital Sight DS-SM digital camera. The cell density on the gradient 
surfaces was evaluated by counting the number of attached cells within 
each region on each day for the fi rst week of culture. Cell proliferation 
experiments were repeated three times on independent samples. 

  Neural Differentiation : The differentiation of mEB cells into the 
neural lineage was assessed via nestin immunofl uorescence. Cultured 
cells were gently rinsed with PBS to remove culture media and serum 
proteins. The cells were fi xed in 4% paraformaldehyde solution (Electron 
Microscopy Science) for 10 min. To allow the primary antibodies to enter 
the cells, the samples were rinsed again in PBS and then incubated in 

0.1% Triton X-100 in PBS at room temperature for 5 min, then blocked 
with 10% serum from the species that the secondary antibody (donkey) 
was raised in PBS for 1 h. Immunofl uorescence was performed by 
incubating the cells with goat antinestin monoclonal IgG (NES, Santa 
Cruz, diluted 1:200 in PBS) as a neural cell marker. After incubation with 
the primary antibodies for overnight at 4 °C and washing three times 
with PBS, the secondary antibody, phycoerythrin- (PE-) conjugated 
donkey anti-goat (Santa Cruz, diluted 1:100 in PBS), was added for 1 h 
at room temperature. Negative controls were carried out by eliminating 
the primary antibody labeling step from the procedure, which in all 
cases resulted in a complete loss of signal from fl uorescence-labeled 
secondary antibodies. Finally, the nuclei were counterstained with 
0.2 µg mL −1  Hoechst 33342 (Invitrogen) in PBS for 10 min, rinsed 
with PBS and mounted. Gradients were divided into fi ve equal regions 
of gradually increasing NGF as per section 2.6, and cell behavior was 
compared between each zone. Images were obtained on a Nikon Eclipse 
Ti–S inverted fl uorescence microscope equipped with a Nikon Digital 
Sight DS-2MBWc digital camera and NIS-Elements imaging software. 
Immunofl uorescence analysis was repeated in three independent 
experiments. Nestin immunofl uorescence was also performed on single-
cell suspensions of mEB cells before seeding on NGF gradient surfaces 
in order to identify already differentiated cells. 

  Statistical Analysis : A one-way analysis of variance (ANOVA) analysis 
was carried out to quantify cell adhesion differences between the fi ve 
gradient regions specifi ed in Section 4.5, followed by post hoc analysis of 
means using the Tukey test. A  p  value of lower than 0.05 was considered 
statistically signifi cant. Statistical investigations were conducted using 
KaleidaGraph software.  
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