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ABSTRACT: The key factors affecting the success of neural
engineering using neural stem/progenitor cells (NSPCs) are
the neuron quantity, the guidance of neurite outgrowth, and
the induction of neurons to form functional synapses at
synaptic junctions. Herein, a biomimetic material comprising a
supported lipid bilayer (SLB) with adsorbed sequential
polyelectrolyte multilayer (PEM) films was fabricated to
induce NSPCs to form functional neurons without the need
for serum and growth factors in a short-term culture. SLBs are
suitable artificial substrates for neural engineering due to their
structural similarity to synaptic membranes. In addition, PEM
film adsorption provides protection for the SLB as well as the
ability to vary the surface properties to evaluate the effects of

physical and mechanical signals on NSPC differentiation. Our results revealed that NSPCs were inducible on SLB—PEM films
consisting of up to eight alternating layers. In addition, the process outgrowth length, the percentage of differentiated neurons,
and the synaptic function were regulated by the number of layers and the surface charge of the outermost layer. The average
process outgrowth length was greater than 500 ym on SLB-PLL/PLGA (n = 7.5) after only 3 days of culture. Moreover, the
quantity and quality of the differentiated neurons were obviously enhanced on the SLB—PEM system compared with those on
the PEM-only substrates. These results suggest that the PEM films can induce NSPC adhesion and differentiation and that an
SLB base may enhance neuron differentiation and trigger the formation of functional synapses.
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1. INTRODUCTION

The guidance of neurite outgrowth, the regulation of stem cell
niches, and the induction of functional neurons are the critical
components in neural regenerative medicine and neural
engineering.l_7 On the basis of these requirements, a
supported lipid bilayer (SLB) was introduced in this study as
a biomimetic platform for studying the behavior of neural
stem/progenitor cells (NSPCs) and as a new approach for the
design of functional susbtrates that can induce the formation of
neurons.

Recently, stem cell engineering has focused on the
development of model systems that can direct stem cell fate
by providing biomaterials that mimic the native microenviron-
ment and allow organized tissue regeneration.z""5 However, the
induction of NSPCs may not be optimized due to the poor
viability and functionality of the induced cells* as well as the
difficulty of inducing NSPCs to differentiate into nonglial cell
types.” '* Therefore, inducing NSPC differentiation into
specific neural types and ensuring neuron functionality are
important research directions. However, the complexity of stem
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cell niches is challenging to reproduce. The in vitro
differentiation of NSPCs into neurons has been examined
using a variety of methods to control the extrinsic micro-
environmental variation and to regulate the protein expression;
these methods include supplementation with growth factors,
cytokines, biophysical stimuli, and variations in surface
properties.''™'7 Nevertheless, the substrate effects on the
NSPC niche have rarely been discussed.

It has been shown that a synthetic SLB is a nonfouling
surface that resists protein adsorption and prevents nonspecific
molecular and cellular interactions. Among synthetic materials,
SLBs demonstrate a fluidity that most closely mimics the live
cell surface and retains the functional aspects of natural protein
18722 S1 Bs that incorporate biospecific ligands
or are functionalized with adsorbed biomacromolecules could
provide a valuable system for studying cell-macromolecule

behavior in vitro.
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interactions and cell—cell interactions.'®' SLBs are also
considered to be suitable candidates for neural systems due
to their structural similarity to synaptic membranes, the
asymmetric sites of cell—cell contact between neurons and
their targets.B_26 Lucido et al. revealed that poly-p-lysine
(PDL)-coated beads could induce the formation of functional
presynaptic boutons.”® Therefore, SLBs could provide new
insights regarding the role of the physical and mechanical
properties of cell membranes in triggering synapses and have
the potential to induce the differentiation of NSPCs into
functional neurons. In addition, it is well-known that astrocytes
are one of the main components of the central nervous system
and are tightly connected to neurons during embryonic
development and adulthood.*” It is possible that an SLB with
a biomimetic and fluidic structure may also provide support
similar to that provided by astrocytes.

Layer-by-layer assembled polyelectrolyte multilayer (PEM)
films have been widely studied in the past decade, and they
offer a simple and versatile tool for controlling surface
properties.”* "> Among the materials that have been used to
make PEM films, native polypeptides, poly-L-lysine (PLL),
poly-L-glutamic acid (PLGA), hyaluronic acid, and chitosan
have been most commonly used to study the biological effects
of film properties on cells.””>***7>* It has been shown that the
electrolyte composition and assembly conditions can be varied
to regulate the properties of the films, such as the thickness,
surface topography, surface charge, and stiffness, all of which
may alter cell adhesion, protein adsorption, and cell differ-
entiation.”®*">* Herein, PEM films were incorporated into SLBs
to produce layered microenvironmental substrates for NSPC
induction and neural engineering optimization. Due to both the
mobility of the fluidized polypeptide materials and the closed
synaptic structure, cells can be mobilized on the basis of not
only the diffusivity but also their synapse-triggering interactions.

In this study, we explored the potential of using SLBs as a
platform for NSPC induction and the formation of functional
neurons by adsorption with PEM films as adhesive substrates
for NSPC differentiation in an in vitro culture. The following
biological responses were measured for the NSPCs on the
SLB—PEM and PEM substrates: neurite outgrowth length,
differentiation lineage, and the synapse functionality of
differentiated neurons. In vitro differentiation assays are
important for characterizing cells, assaying novel instructive
substrates, and generating specific cell types. The biomimetic
SLB structure may provide the mobility and high structural
similarity to synaptic membranes necessary to trigger synapse

functionality.

2. EXPERIMENTAL SECTION

Preparation of SLB. All chemicals were purchased from
commercial sources and used without further purification. Water was
deionized and purified using a Milli-Q unit (Milli-Q plus, Millipore).
The preparation of N-glutarylphosphatidylethanolamine (NGPE)-
doped vesicles and the SLB formation were previously described.*"
NGPE, 10% (Avanti Polar Lipids, Alabaster, AL), mixed with 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) (Avanti
Polar Lipids) by weight was dissolved in chloroform and then dried
under a gentle stream of nitrogen to form a thin lipid film on the wall
of a tube. Next, the tube was placed in a vacuum for 3 h. After vesicle
reconstitution in 1.0 mL of pH 5.5 Tris buffer solution with 10 mM
Tris and 100 mM NaCl, the vesicle solution was extruded through a
100 nm filter (Avanti Polar Lipids), followed by extrusion through a 30
nm filter (Avanti Polar Lipids). Subsequently, the vesicle solution was
transferred to hydrophilic glass for cell culture to form lipid bilayers.

Preparation of PEM Films on the SLB. An SLB with adsorbed
PLL/PLGA PEM films was prepared according to a procedure
described in the literature, with some modifications.>® The physical
adsorption of PEM films was performed using batch and static
conditions. Initially, all polypeptides were dissolved in 10 mM Tris-
HCI buffer with 0.15 M NaCl at pH 7.4. The SLB substrates were then
immersed in PLL (MW 15000—30 000; Sigma, St. Louis, MO)
solution (1 mg/mL) for 10 min at room temperature, followed by
rinsing with 1 mL of Tris-HCI buffer for 1 min. To couple PLGA, the
SLB—PLL-coated slides were subsequently immersed in a PLGA
solution (MW 3000—15 000, Sigma, St. Louis, MO, 1 mg/mL) for 10
min, followed by rinsing with 1 mL of Tris-HCI buffer for 1 min.
Lastly, the substrates were cleaned with fresh PBS to remove
uncoupled polypeptides. The resulting substrates were named SLB—
(PLL/PLGA) (n), where n denotes the number of polyelectrolyte
pairs generated by repeating the above steps; for example, an n of 0.5
refers to SLB—PLL only, and an n of 1 refers to SLB-(PLL/PLGA) (n
=1).

FRAP (Fluorescence Recovery after Photobleaching) Meas-
urement. Before FRAP measurements, Texas Red-DHPE (TR-PE,
0.5%, w/w) (Molecular Probe, Eugene, OR) was doped into
phospholipid mixtures to form liposomes the recovery of which
could be traced by the FRAP images. The phospholipid vesicle
solution was dropped onto cleaned, hydrophilic glass for fusion of the
SLB. All fluorescence experiments were performed with confocal
microscopy. The following image data were collected: a bleached
image, an image immediately after bleaching, and a recovered image;
the images were then analyzed using MetaMorph software (Molecular
Devices, Downingtown, PA).

Isolation and Culture of Cortical NSPCs. Cerebral cortical
NSPCs were isolated from ED 14—1S5 Wistar rat embryos using a
previously described protocol with modification.** The animal work in
this study was performed in strict accordance with the recommenda-
tions from the Institutional Animal Care and Use Committee at Chang
Gung University (IUPAC permit number CGU12-084). Rat
embryonic cerebral cortices were dissected, cut into small pieces,
and mechanically triturated in cold Hank’s balanced salt solution
(HBSS). After dissociation, the cells were collected by centrifugation
and resuspended in serum-free Dulbecco’s modified eagle’s medium
(DMEM)-F12 and N2 supplement (100 mg/mL human apotransfer-
rin, 25 mg/mL insulin, 30 nM sodium selenite, and 20 nM
progesterone; pH 7.2). Quantification of live cells was performed
using a trypan blue exclusion assay with a hemocytometer. NSPCs
were purified and cultured in T2S culture flasks (Corning, NY) at a
density of 50000 cells/ cm? in the medium described above, with the
addition of 20 ng/mL basic fibroblast growth factor (bFGF). The
cultures were maintained at 37 °C in a humidified 5% CO, incubator.
After 1-3 days, the proliferating cells formed neurospheres, which
were suspended in the medium. Then, the suspended neurospheres
were collected by centrifugation, mechanically dissociated, and
subcultured in a new T25 culture flask at the same density in fresh
medium. The resulting cells grew into new neurospheres over the next
2—3 days, and subculturing was repeated to obtain purified NSPCs.

Immunocytochemistry. For immunocytochemical characteriza-
tion, cells cultured for S days in vitro were fixed in ice-cold 4%
paraformaldehyde in PBS for 20 min and washed three times with
PBS. After fixation, the cells were incubated with the primary
antibodies; the following antibodies were diluted in PBS containing
10% bovine serum albumin (BSA) and 0.3% Triton X-100 for 2 h at
37 °C: rabbit anti-microtubule associated protein 2 (MAP-2) (1:1000
dilution; Chemicon), rabbit anti-glial fibrillary acidic protein (GFAP)
(1:1000 dilution; Chemicon), and synapsin I (1:1000 dilution;
Chemicon). The cells were then incubated with FITC- and
rhodamine-conjugated secondary antibodies for 30 min at room
temperature to visualize the signal. The secondary antibodies and their
dilutions were FITC-conjugated donkey anti-rabbit IgG (preabsorbed
with rabbit and rat serum protein; 1:250; Chemicon), FITC-
conjugated goat anti-mouse IgG (preabsorbed with rabbit and rat
serum protein; 1:250; Chemicon), and rhodamine-conjugated goat
anti-mouse IgG (preabsorbed with rabbit and rat serum protein;
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Figure 1. Schematic illustrations (not to scale) of the layer-by-layer assembly of polypeptides adsorbed onto the SLB, the NSPC seeding, and the
directed NSPC differentiation. The chemical structures of POPC and NGPE are shown at the bottom. The SLB structure is similar to a synapse, and
this similarity may induce the differentiation of NSPCs into functional neurons.

1:250; Chemicon). The immunostained cells were visualized using
confocal microscopy. The antibodies used in this study had been
previously tested and characterized in preliminary studies.

Analysis of Neurite Outgrowth. Digital photomicrographs were
taken from random fields of view of cultured neurospheres at the
indicated time points. The lengths of 10—15 of the longest processes
on each neurosphere were measured from the edge of the neurosphere
to the tip of the processes, i.e, the end-to-end distance. The process
lengths were measured by tracing the processes using Image]. The
lengths of processes from more than 15 independent neurospheres
were calculated for each experiment, and the means and standard
errors of the mean (SEM) were calculated.

Analysis of the Differentiation Percentage of Neural Cells.
Quantitative analysis of the immunocytochemistry was performed
using a microscope equipped with a standard fluorescence illuminator
and a digital camera. At least three microscopic fields of view from
each group were randomly taken. To calculate the percentage of
differentiated cells of each phenotype, the area of glial fibrillary acid
protein (GFAP) and microtubule associated protein 2 (MAP2)-
positive cells was divided by the total number of cells in the
neurospheres to determine the astrocyte and neuron percentages in
each field, respectively. The ratios of neurons/astrocytes in each of the
culture conditions were also calculated. Data were collected from three
independent experiments from three different culturing sessions and
analyzed using imaging software.

Labeling of Active Synapses after Culture on the Different
Substrates. FM1-43 labeling of functional synapses was performed
according to standard procedures described in the literature.*" After 5
days of culture, a 90 mM KCl solution containing 2 yM of the
fluorescent styryl membrane probe FM1-43 (Invitrogen) was added
for 60 s, after which the cells were washed three times in normal saline
for 5 min to remove surface-bound FM1-43. The normal saline
consisted of 137 mM NaCl, 5.4 mM KCl, 1.3 mM CaCl-2H,0, 0.4
mM KH,PO,, 0.8 mM MgSO,, 4 mM NaHCOj;, 5.6 mM p-glucose,
0.3 mM Na,HPO,, and 20 mM HEPES, with the pH adjusted to 7.2
using NaOH. To determine the release and turnover of synaptic
vesicles, the synapses were loaded with FM1-43 and destained by 150 s
stimulation with a 90 mM KClI solution in the absence of FM1-43.
Fluorescence images of the FM1-43-loaded synapses were obtained
using a fluorescence microscope.

Western Blot Assay. Cells were collected by gentle shaking of the
wells and washed twice with PBS. The cells were lysed by treatment
with ice-cold lysis buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM
EDTA, 1% Triton X-100, 10% glycerol, 1 mM NaF, 1 mM Na;VO,,
and a 1:200 dilution of Protease Inhibitor Cocktail II; Calbiochem) for
30 min, followed by sonication at 4 °C for 15 s. The lysates were
subsequently clarified by centrifugation at 10 000 rpm for 30 min at 4
°C, and the resulting supernatant was saved for protein analysis and
Western blot analysis. The protein concentration was measured using
commercial protein assay reagents (Bio-Rad, Hercules, CA). For
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Figure 2. Phase-contrast images of the phenotypes of differentiated cells from embryonic cerebral cortical neurospheres cultured on SLB—PEM films
after 2 and § days. (a) SLB—PEM (n = 0.5), (b) SLB—PEM (n = 1), (c) SLB—PEM (n = 7.5), and (d) SLB—PEM (n = 8).

Western blotting, the supernatant was added to an equal volume of
Laemmli sample buffer (62.5 mM Tris, pH 6.8, 25% glycerol, 2% SDS,
0.01% bromophenol blue, and 5% f-mercaptoethanol) and heated to
95 °C for S min. Proteins (SO ug total protein per lane) were then
separated by SDS—PAGE on 10% polyacrylamide gels and transferred
to PVDF membranes. The membranes were blocked with 5% nonfat
milk in TBST buffer (Bio-Rad, Hercules, CA). The following primary
antibodies were used: rabbit MAP2 antibody (1:1000), rabbit GFAP
antibody (1:2000), mouse synapsin I antibody (1:1000), and mouse
GAPDH antibody (1:5000; GeneTex). The membranes were
incubated with primary antibody at 4 °C overnight. After washing,
the blots were incubated with HRP secondary antibodies (1:10 000;

BD) at room temperature for 2—3 h. The reaction products were
visualized using an enhanced chemiluminescence (ECL) Western Blot
Detection Kit (Amersham Pharmacia Biotech). Densitometric
quantification of the Western blots was performed using Image]

software.
Statistical Analysis. The data are presented as the mean =+

standard deviation (SD) of four to six independent experiments. The
results were analyzed by Student’s t test. Statistical significance is
indicated as *, ¥, and & for p < 0.05; **, # and & for p < 0.01; ***
and & for p < 0.005; and ***% ### and 2242 for p < 0.001.
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Figure 3. (A) Representative images showing the morphologies of cell processes on (a) SLB—PEM (n = 0.5), (b) SLB—PEM (n = 1), (c) SLB—
PEM (n = 7.5), and (d) SLB—PEM (n = 8). (B) Quantification of the lengths of the processes extending from the neurospheres on the PEM and
SLB—PEM film substrates under serum-free conditions at 250 neurospheres per cm” after 3 days in culture. The lengths of the 10—15 longest
processes per neurosphere were estimated linearly from the edge of the neurospheres to the tip of the processes. The values represent the means +
SEM for six independent neurospheres. Asterisks denote significant differences in the average length of processes on the different PEM films

(rrwnMBAMAL Y < 0001), as determined by Student’s ¢ test.

3. RESULTS AND DISCUSSION

SLB—PEM Film Formation, Surface Structure, And
Diffusivity. The procedure of layer-by-layer PEM film
adsorption on SLB—glass is illustrated in Figure 1. The
formation of PEM films was achieved through electrostatic

14443

interactions between PLL as a polycation and PLGA as a
polyanion. After the formation of the PEM structure, NSPCs
were seeded and cultured on the layered SLB—PEM films.
AFM was also used to examine the surface morphology of the
SLB—PEM films on mica. A defect of the lipid bilayer on the
mica surface was imaged, permitting us to measure the
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Figure 4. Fluorescence photomicrographs showing the phenotypes of the cells that differentiated from embryonic cerebral cortical neurospheres
after 3 days in culture. Anti-MAP-2 (red) and anti-GFAP (green) antibodies show the immunoreaction of differentiated neurons and astrocytes,
respectively. (A) Images of seeded NSPCs on PEM films. (a) PEM (n = 3.5), (b) PEM (n = 7.5), (c¢) PEM (n = 8). (B) Fluorescence
photomicrographs of NSPCs cultured on SLB—PEM films. (a) SLB—PEM (n = 0.5), (b) SLB—PEM (n = 1), (c) SLB—PEM (n = 3.5), (d) SLB—
PEM (n = 4), (e) SLB—PEM (n = 7.5), and (f) SLB—PEM (n = 8).

S0um

thickness of the lipid bilayer, which was ~4 nm (Figure S1A,
Supporting Information), consistent with the QCM-D data.
AFM was used to characterize the surface structure and
roughness of the SLB—PEM films. Figure S1 (Supporting
Information) shows the“heterogeneous” film topography, and
the roughness increased with the number of deposited PEM
film layers. In addition, the surface morphology showed some

aggregation as the film thickness increased. Furthermore,
because the microdomains and diffusivity of lipids are believed
to play an important role in controlling cellular effects and
neuronal behavior, the mobility of SLB—PEM was also
confirmed here. Lateral lipid diffusivity in the SLB—PEM
films was evaluated by fluorescence recovery after photo-
bleaching (FRAP). For the SLBs without PEM, the recovery
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was fast and relatively complete (Figure S2A, Supporting
Information), and the diffusion coefficient was approximately
1.135. The relative diffusion coefficient decreased slightly to
0.709 as the number of film layers increased to n = S. These
results indicate that the SLB—PEM films could maintain some
of the mobility.

Morphological Characteristics of NSPCs on SLB—PEM
Films. NSPCs were seeded on layered SLB—PEM films at an
initial density of 250 neurospheres per well in serum-free
medium. Figure 2 shows photomicrographs of differentiated
cell phenotypes from embryonic cerebral cortical neurospheres
cultured on SLB—PEM films after 2 and S days of incubation.
Glass-only and glass—SLB substrates were not suitable for
NSPC attachment and differentiation (not shown here). In
contrast, glass modified with an SLB—PEM surface promoted
cell attachment and differentiation for all of the SLB—PEM
films, even in a serum-free and reagent-free medium, and cells
were observed to migrate out of the neurospheres. As shown in
Figure 2, the cells differentiated into neural-related cells and
formed neural networks after S days of culture. This
phenomenon is consistent with and similar to what has been
observed for NSPCs cultured on PLL/PLGA PEM films.
Attached neurospheres with processes extending out from the
spheres were observed, especially on the SLB—PEM films
having a PLL terminal layer. Ren et al. also reported that the
communication and migration of NSPCs were influenced by
surface chernistry.42 In addition, the cells displayed longer
processes on SLB—PEM (n = 7.5) than on SLB—PLL (n = 0.5)
or SLB—PEM (n = 1), as indicated when comparing parts c-2
and a-2 of Figure 2. The phase-contrast images of these cells
revealed a morphology that indicates many presumptive
neurons and extended processes. In summary, these results
show that cells displayed longer processes and better neural
networks as the number of layers increased, especially when the
final layer had a positive charge.

Measurement of NSPC Neurite Outgrowth on SLB—
PEM Films. Figure 3 shows photomicrographs and quantitative
measurements of the neurite outgrowth from NSPCs on PEM
and SLB—PEM films. Images of one sphere were constructed
from several photographs. As shown in Figure 3A(b),A(d), the
cells displayed short and crooked processes on the SLB—PEM
films that had PLGA as the terminal layer. In contrast, many
long and straight processes were observed when the neuro-
spheres were cultured on the SLB—PEM films that had PLL as
the terminal layer [Figure 3A(a),A(c)]. Thus, the surface
charge of the outmost layers affected the process length and
morphology. In addition, measurements of the process lengths
for 10 spheroids on layered PEM and SLB—PEM films are
compared in Figure 3B. In general, the average process lengths
on the PEM film substrates were slightly longer than those on
the SLB—PEM film substrates. Synthetic SLBs provide a
nonfouling surface that resists protein adsorption and prevents
nonspecific molecular and cellular interactions. Although the
fluidity of the SLB closely mimics that of a live cell surface, the
fluidity may reduce the stability of cell—substrate contacts. Cell
adhesion is one of the factors that affects neurite outgrowth;
thus, it is assumed herein that the nonfouling property and
fluidity of SLBs may decrease the process length compared with
that for the PEM-only system. Furthermore, the processes had
a length of 200—400 ym after 3 days of culture when PLGA
was the terminal layer; in contrast, the length was 400—600 ym
after 3 days of culture when PLL was the terminal layer. As
shown in Figure 3B, the process length of NSPCs cultured on

SLB—PEM films with PLL as the terminal layer was
significantly different from that of the corresponding groups
cultured on SLB—PEM films with a PLGA terminal layer
(**#*p < 0.001). In addition, the process length on the SLB—
PEM films that had a high number of layers was significantly
different compared with that on substrates having fewer layers
[PEM (n = 3.5), ##p < 0.001; PEM (n = 7.5), *4%%p < 0.001).
The average length was increased to as high as 500 ym on
SLB—PEM (n = 7.5) after 3 days of culture, without the
addition of growth factors or serum. Wang et al. has used the
synthesis of a lysine-alanine sequential (LAS) polymer substrate
to induce NSPCs, and they found that the process length of
NSPCs on the LAS substrate increased up to 400 ym after 4
days of culture.* In addition, Zhang et al. also tried to use a
conducting polymer, polypyrrole doped with laminin peptides,
to induce the differentiation of adult NSPCs, and the process
length of NSPCs was increased to 250 ym after 14 days of
culture.” Our result revealed that the average length was
increased to as high as 500 ym on SLB—PEM (n = 7.5) after
only 3 days of culture, which indicates that the layer-by-layer
assembled PEM and SLB—PEM films are ideal for NSPC
attachment and differentiation and can stimulate process
outgrowth. Furthermore, the enhanced process outgrowth
may be due to variations in the surface niche. The overall extent
of process growth by the NSPCs on PEM films and SLB—PEM
films was satisfactory. The results demonstrate that process
outgrowth from adhered NSPCs is dependent on both the
chemistry of the terminal layer and the number of layers.

Differentiation of NSPCs on SLB—PEM Films. NSPCs
have the ability to differentiate into specific neural-related cells.
However, their differentiation fate cannot be evaluated using
only their morphologies. Immunostaining with specific anti-
bodies has been widely used to analyze specific cell phenotypes.
Herein, the expression of the neuron marker MAP-2 (red) and
the astrocyte marker GFAP (green) was used to determine the
type of the differentiated cells.

The immunostaining results for GFAP and MAP2 on PEM
(n = 3.5), PEM (n = 7.5), and PEM (n = 8) are shown in
Figure 4A. In addition, Figure 4B shows the expression level of
GFAP and MAP2 on SLB—PEM film substrates ranging from
0.5 to 8 layers. These results show more MAP-2-positive
neuronal cells migrated away from the neurospheres on the
SLB—PEM films with a PLL terminal layer. Furthermore, the
quantity increased as the number of layers increased, as
indicated when comparing parts B(a) and B(e) of Figure 4.
Obviously, the expression of MAP-2 on the SLB—PEM films
was much higher than that on the PEM films without a SLB
base, as indicated by comparisons of parts A(b) and B(e) of
Figure 4. MAP-2 especially showed very high expression on
SLB—PEM (n = 7.5), indicating that the substrate niche
strongly regulated the differentiation tendencies.

To quantify the number of differentiated cells of each
phenotype on the layered PEM and SLB—PEM films, the
number of MAP-2- and GFAP-positive cells in 10 neurospheres
was counted. Figure 5 shows the results from the quantification
of the differentiation percentage after S days of culture. As
shown in Figure 5A,C, the percentage of neurons on both
systems with a PLL terminal layer was higher than that with a
PLGA terminal layer. It is believed that a positive charge is
required for substrate—axon adhesive interactions, which may
also enhance neuron induction. In addition, the quantity of
differentiated neurons also increased significantly as the layer
number increased [**p < 0.01 for SLB—PEM (n = 3.5), *¥¥¥p
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Figure S. Quantification of the percentage of differentiation into (A)
neurons and (B) astrocytes and (C) the ratio of neurons/astrocytes for
neurospheres on the PEM and SLB—PEM substrates. The cells were
cultured under serum-free conditions at 250 neurospheres per cm” for
5 days. # denotes significant differences in the neuron percentage
between the PEM and SLB—PEM systems ("*p < 0.05; **#&&p <
0.01; h&&&, 0 005; MRk < 0,001), as determined by
Student’s ¢ test.

< 0.001 for SLB—PEM (n = 7.5), and *p < 0.01 for SLB—
PEM (n = 8)]. Most importantly, comparing the SLB—PEM
system and the PEM-only system indicates that the expression
of MAP-2 and the ratio of MAP2/GFAP were significantly
different (*p < 0.05, #p < 0.01, #p < 0.005, and ***p < 0.001).
In a previous study, PLL-coated latex beads and PDL were used
to form presynaptic-like endings and functional synapses with
hippocampal neurons.”>* Because this study provides a very
simple and pure culture condition, without requiring the
addition of serum or growth factors, these results suggests that
SLB-based substrates may affect the differentiation tendency
and trigger NSPCs to differentiate into neurons.

Functionality of Differentiated Neurons: Immunos-
taining of Synapsin | and Analysis of Functionally Active
Synapses. One of the key functionalities of mature CNS
neurons is their ability to form synapses. To determine whether
the differentiated neurons from NSPCs on the SLB—PEM films
displayed synapse function, immunostaining of synapsin I and
an analysis of functionally active synapses were performed.
Punctate staining of synapsin I revealed that the synaptic vesicle
protein was concentrated at synapses in the neurons differ-
entiated from the NSPCs on SLB—PEM films (Figure 6A).
Furthermore, the staining was more obvious on the substrates
with a positively charged terminal layer. Coexpression of
synapsin I and MAP-2, indicated by double staining, is also
shown in Figure 6B. Because synapsin I is a marker of
presynaptic terminals, which occur in axons, and MAP-2 is a
marker for dendrites, the expression of synapsin I was observed
as long tracks that were far from the cell body. In contrast, the
expression of MAP-2 displayed a more branched appearance
and was near the cell body. The patterns of differentiated cells
on the SLB—PEM films were also observed. The results showed
that the neurons formed dense networks with a large number of
neurites and neural filaments.

Moreover, Figure 6C shows the functionality test for active
synapses on SLB—PEM (n = 7.5) and the results quantifying
the relative fluorescence intensities. The membranes of synaptic
vesicles were stained with the FM1-43 lipid dye. After
stimulation by a high potassium solution, the fluorescence
intensity of the lipid dye decreased after the second stimulation
by the high potassium solution without lipid dye. This result
indicated that the synaptic vesicles were functional and
recyclable, and it supports our hypothesis that SLB-based
PEM films can stimulate the differentiation of NSPCs into
neurons and trigger synaptic function by providing adhesive
contacts.

Quantification of Protein Expression of NSPCs on
SLB—PEM Films by Western Blot. To quantitatively evaluate
the protein expression of NSPCs on layered SLB—PEM films
after S days of culture, Western blot analysis was used to
determine the expression levels of MAP2, GFAP, and synapsin
I. Figure 7 shows that the MAP2 expression was higher on
SLB—PEM (n = 7.5) than on SLB—PEM (n = 0.5) and that the
expression on SLB—PEM (n = 8) was higher than that on
SLB—PEM (n = 1). The SLB—PEM films with PLL terminal
layers displayed higher expression of MAP2 compared with the
films with PLGA terminal layers. These results were consistent
with the quantification of the fluorescence intensity, which is
shown in Figure SA. Moreover, the protein concentration and
fluorescence intensity results for GFAP expression (Figure 7B)
and the relative ratio of MAP2/GFAP (Figure 7C) also
correlated well (Figures S and 7). Furthermore, the neuron
functionality of NSPCs cultured on SLB—PEM (n = 0.5) and
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Figure 6. Fluorescence photomicrographs showing the phenotypes of the differentiated cells obtained from embryonic cerebral cortical neurospheres
after 3 days of culture. (A) The images of NSPCs cultured on SLB—PEM films show the immunoreactivity for synapsin I, indicating functional
neurons. (a) SLB—PEM (n = 0.5), (b) SLB—PEM (n = 1), (c) SLB—PEM (n = 3.5), (d) SLB—PEM (n = 4), (e) SLB—PEM (n = 7.5), and (f) SLB—
PEM (n = 8). (B) Immunostaining for MAP2 and synapsin 1. (a) SLB—PEM (n = 0.5), (b) SLB—PEM (n = 1), (c) SLB—PEM (n = 3.5), (d) SLB—
PEM (n = 4), (e) SLB—PEM (n = 7.5), and (f) SLB—PEM (n = 8). (C) FM1—43 labeling showing the recycling of synaptic vesicles on SLB—PEM
(n = 7.5) before (a) and 100 s after (b) the start of stimulation with a high concentration of KCl. Scale bars = 100 um. (c) Quantification of the

relative fluorescence intensity before and after stimulation.

PEM (n = 7.5) was measured by quantifying the level of
synapsin I protein expression. As shown in Figure 7D, the cells
displayed a higher expression level of synapsin on SLB—PEM
(n=7.5) and SLB—PEM (n = 8) than on SLB—PEM (n = 0.5)
and SLB—PEM (n = 1), respectively. In addition, as shown in

Figure 7E, the cells displayed a high expression level of synapsin
I on SLB—PEM (n = 7.5) and SLB—PEM (n = 0.5), and these
levels were significantly different from those on PEM (n = 7.5)
and PEM (n = 0.5), respectively. Thus, the SLB-based substrate

not only enhances neuron differentiation but also induces
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Figure 7. Western blots were performed with anti-MAP2, anti-GFAP, anti-synapsin I, and anti-actin antibodies for NSPCs cultured on SLB—PEM
films for S days. (A) Relative intensity of MAP2 expression on the SLB—PEM films. (B) Relative intensity of GFAP expression on the SLB—PEM
films. (C) Relative ratio of MAP2/GFAP intensity. (D) Relative intensity of synapsin I expression on the SLB—PEM films. (E) Relative intensity of
synapsin I expression on the PEM and SLB—PEM substrates. The intensities were determined by band densitometry analysis. Asterisks denote
significant differences in neuron percentage between the different PEM film conditions (*#p < 0.05), as determined by Student’s f test.

synaptic function. Furthermore, as shown in Figure SC, the
neuron percentage on SLB—PEM (n = 7.5) and SLB—PEM (n
= 8) was higher than that on SLB—PEM (n = 0.5) and SLB—
PEM (n = 1), which is consistent with the result of the synapsin
expression level. This result further confirmed that SLB—PEM
(n = 7.5) films could induce the differentiation of NSPCs into

14448

functional neurons and encourage strong axonal growth and
synaptogenesis.

These findings suggest that there are three factors affecting
the differentiation tendency of NSPCs in this system: the
terminal layer, the number of layers, and the presence of an
SLB base. Collectively, these results suggested that the SLB
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base may trigger the differentiation of the neurons and that the
PEM films may consolidate the film structure and enhance the
cell migration. In addition, the SLB—PEM films with PLL
terminal layers provide a positive charge to enhance cell
adhesion, and the primary amine moieties may contribute to a
chemoselective process. Furthermore, previous studies have
verified that the stiffness of PEM films decreases as the number
of layers increases, and many researchers have reported that
softer materials greatly favor neurons, while stiffer surfaces
promote glial cultures, which may explain the high enhanced
neuron differentiation ratio on SLB—PEM (n = 7.5).2’4

4. CONCLUSIONS

In conclusion, a neuron induction system was fabricated in this
study by the layer-by-layer assembly of PLL/PLGA PEM films
and an SLB base to regulate the adhesion of NSPCs and the
differentiation of NSPCs into functional neurons. PEM films
were used to produce a layered microenvironment of surfaces
that promote cell adhesion and differentiation; the neurite
outgrowth, the types of differentiated cells, and the synaptic
function were all regulated by the PEM layer number and the
composition of the outmost layer. The SLB base may trigger
neuron differentiation, as this approach resulted in enhanced
differentiation of NSPCs into neurons on SLB—PEM films.
This study provides a biomimetic system that stimulates NSPC
differentiation and is drastically different from other synthetic
materials, and the results indicate that key targets of neural
engineering were achieved, including long processes, a large
neural network size, and a large number of functional neurons.
These findings may provide a useful tool, as well as new
strategies for surface modification, to create and optimize stem
cell niches for neural engineering.
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Figure S1 shows TM-AFM height images of adsorbed PEM
films on SLB, and Figure S2 shows quantitative traces of the
normalized fluorescence intensity across the bleached spot after
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