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Abstract
Carbon nanotubes (CNTs) have shown potentidicgbions in neuroscience as

growth substrates owing to their numerous uniqo@gries. However, a key concern
in the fabrication of homogeneous composites iss@ous aggregation of CNTs
during incorporation into the biomaterial matrixohover, the regulation mechanism
of CNT-based substrates on neural differentiatiemains unclear. Here, a novel
strategy was introduced for the construction of CNiRnocomposites via
layer-by-layer assembly of negatively charged mwudlled CNTs and positively
charged poly(dimethyldiallylammonium chloride). Rks demonstrated that the
CNT-multilayered nanocomposites provided a potegfulatory signal over neural
stem cells (NSCs), including cell adhesion, viaili differentiation, neurite
outgrowth, and electrophysiological maturation &®derived neurons. Importantly,
the dynamic molecular mechanisms in the NSC diffigaéon involved the
integrin-mediated interactions between NSCs and @MTtilayers, thereby activating
focal adhesion kinase, subsequently triggering ddneam signaling events to
regulate neuronal differentiation and synapse faiomaThis study provided insights
for future applications of CNT-multilayered nanoerals in neural fields as potent
modulators of stem cell behavior.

Key words: Carbon nanotube multilayers, neural stelts, differentiation, functions,

molecular mechanisms
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Introduction

Since first discovered by ljima in 1991, carbanotubes (CNTs) have attracted
tremendous attention in biomedical applicationghas forefront of nanotechnology
owing to their unique structural, thermal, eleatticand mechanical propertiés.
CNTs can be classified into single-walled CNTs (SWG) and multi-walled CNTs
(MWCNTSs). During the last decade, numerous studiese documented the
outstanding performances of CNTs in neurosciereldsi Two application strategies
are widely utilized. The first is the direct intetimns of soluble CNTs with neural
cells, where CNTs mainly serve as a nano-delivgstesn via cell uptaké. The
second is the surface modification of supportingrixaor neural cell functions,
where CNT-involved nanomaterials act as electricaérfaces of electrod&d
substrates for neural stem cell (NSC) growth affiérintiatiort®’, and scaffolds for
axon growth in vivd*™>

The size and shape of CNTs are similar to nedinprecesses, which, combined
with a large specific surface area and electric dootion, are the qualities
advantageous for creating substrates for neuraltgrdntracellular uptake of CNTs
seldom occurs if the CNT-layered substrate is stabbssible toxicity, thus, is less of
a concerff. Accumulating data have demonstrated that the @mpnt of CNTs
provides a perspective platform for neurologicadesch as promising substrates.
CNT-layered substrates are biocompatible and efiicin inducing stem cells to
differentiate specifically to neurohHs® promoting neurite outgrowify and
enhancing synaptogene<i&® and consequential development of neuronal
network*2>

Modification of pristine CNTs is a prerequisit@ fbiomedical applications due to
their insolubility in organic and aqueous solven@xidative treatment using
concentrated strong acid (e.g., nitric and sulfagas) is the most utilized method.
The carboxyl groups created in CNT caps and walts lze further utilized to react
with the compound of interest via acylation, amoat esterification, and
PEGylatiorf®. Chemical functionalization can also effectivelyriy CNTs and

simultaneously improve the biocompatibility. Howgvexidation unavoidably causes
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defects to the nanotubes and consequently damad¢® Bulk properties.
Non-covalent modification became increasingly ativ@ in recent years and is
achieved by coating or wrapping CNTs with polymérpeptide&®, proteiné®, or
single-stranded DN# via =n-n stacking interactiods Such non-covalent
modification technology enables the preservatio©NfT aromatic structure without
harming their bulk properties. In a previous stushe modified MWCNTs via
dopamine (DA) self-polymerization on the outer aad, which significantly
improved  MWCNT  dispersibility in  watét  Furthermore,  the
polydopamine-modified CNTs (CNT@PDA) can be utitize fabricate multilayered
nanocomposites with polyelectrocytes by using ldoyetayer (LbL) assembly.
CNT-polymer composites are generally prepared bgiding. Complete dispersion of
CNT in a polymer matrix of high content, howeves, rarely achieved until now
despite the CNT modifications. Our study, therefmm@vided a common yet effective
platform for the fabrication of CNT-based nanocosifes of high structural
homogeneity with high CNT loadifg®

NSCs are promising candidate seeding cells focéfialar repair of lesions of the
central nervous system as they can primarily dffiéate into neurons, astrocytes, and
oligodendrocytes to replace the dead neural celtkided by injuries. Although
studies are performed on the influences of CNT-thas#ostrates on the behaviors of
NSCs, the underlying mechanism is still not clearhderstood. In this study, we
presented a multilayered nanocomposite by altergaltie LbL assembly of positively
charged poly(dimethyldiallylammonium chloride) (PBPand negatively charged
MWCNT prepared using DA self-polymerizati§nThe differentiation of NSCs and
the growth and electrophysiological functions of QN&erived neurons on the
multilayered nanocomposites were thoroughly ingeséd. A high-throughput
sequencing analysis of the whole transcriptomehefdultured cells was employed,
and results provided a comprehensive picture ofptitential molecular mechanisms

underlying the interactions between these CNT-basedbiomaterials and NSCs.

Materials and Methods
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Materials

Pristine MWCNTs (>95% purity; OD: 10-20 nm; lehgt0.5-2 pum) and
carboxyl-functionalized MWCNTs (named CNT-COOH hejyg>95% purity; OD:
10-20 nm; length: 0.5-2 um) were purchased from Nipex Corp (Toronto,
Canada). Dopamine (DA) and Tris-HCI from J&K Cheati¢Shanghai, China),
polyethyleneimine (PEIl, Mn~60,000 Da) and poly(dinytdiallylammonium
chloride (PDDA, medium molecular weight) from Acr@sganics (Geel, Belgium),
and polylysine (PLL) from Sigma-Aldrich(St Louis,®) were directly used without
further treatment.
Preparation of CNT-multilayered nanocomposites

CNT@PDA solution was prepared as describedpregious study. In brief, 250
mg of pristine CNTs and 50 mg of dopamine hydrogtilowere added into 500 mL
of 10 mM Tris-HCI (pH = 8.5). The mixture was disped using ultrasonic treatment
for 2 h followed by stirring for another 48 h abro temperature. A total of 100 mg of
CNT-COOH was dissolved in 500 mL of ultrapure wdigrusing sonication for 2 h
to prepare the CNT-COOH solution. CNT@PDA and CNJ&H collectively were
called nanotubes hereafter unless specified.

Prior to the fabrication, quartz substrates wipped into PEI solution for 30 min
to obtain a positively charged surface. Then, thédetivated quartz substrates were
immersed into the CNT@PDA suspension and PDDA ®wiu(2.0 mg/mL in
ultrapure water) for 20 min in turn. Each step i@kwed by washing three times
with water. The cycle was repeated 10 times to inbthe CNT@PDA/PDDA
multilayered films. The CNT-COOH/PDDA multilayerétims were fabricated using
the same methods.

Characterization of CNT-multilayered nanocomposites

The buildup of the CNT@PDA/PDDA multilayered nfis and the
CNT-COOH/PDDA multilayered films were measured gsina UV-2505
spectrophotometer (Shimadzu, Kyoto, Japan). The phabogy of the CNT
multilayers was observed under a scanning electrignoscope (SEM, JSM-TE300,

JEOL, Japan) at an accelerating voltage of 20 k¥rafoating with gold by using a
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sputter coater (JEOL JFC-1200 Fine Coater, JEOkyd,oJapan). The topography of
CNT multilayers was investigated by a Atomic foroeroscope (AFM, Bruker, USA)
using Bioscope Catylyst Nanoscope-V operating iandsyst mode. Height images
were acquired using a silicon cantilever (BudgensBes, Innovative Solutions
Bulgaria Ltd.) with a nominal force constant of &NAnd resonant frequency of 150
kHz. Water contact angles of the multilayered filmare monitored using a contact
angle measuring device (DKA100, Kruse, Hamburg ntzety).
I solation and culture of mouse primary NSCs

NSCs were isolated from the whole brain of embiyalay 14.5 (E14.5) female
C57 mice (Guangdong Provincial Animal Center). Inety pregnant mice were
anesthetized with 1.25% tribromoethanol solutiord the whole brain was dissected
and dissociated to single cells suspended in a DME®RI (Gibco, USA) medium
containing EGF (Gibco, USA), bFGF (Gibco, USA), dhn-streptomycin (Gibco,
USA), N2 supplement (Gibco, USA), GlutaMAX-I (GihctdSA), heparin (MCE,
HY-17567A), and B27 supplement. The cells were urall, and after 2-3 days
neurospheres formed, which were passaged appradjmatce per week. To confirm
that the neurospheres were nestin-positive cékésneurospheres were fixed with 4%
formaldehyde in 0.1 M phosphate buffer solution $2BH 7.4) for 30 min at room
temperature. After rinsing in PBS, the neurosphevere labeled with monoclonal
anti-nestin and incubated with fluorescent Alex® B®nkey anti-mouse secondary
antibody for 2 h at room temperature.
Céll viability assay

After incubating NSCs on CNT multilayers for 24hetsamples were briefly
washed with phosphate-buffered saline (PBS), aed tiCK-8 reagent (Beyotime,
China) was added into the wells at a ratio of (CCK-8 medium) and cells were
maintained at 37 C for further 2h. After that, 100l aliquots were pipetted into a
96-well plate, and the absorbance at 450 nm foh eaell was measured in a
microplate reader (Multiskan MK3, Thermo ScientititSA).
| mmunofluorescence assays

NSCs of passage 2 (P2) were seeded onto fowtratds at a concentration of
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3.5 x 10 cells/cnf: quartz slice, PLL-coated quartz slice, CNT-COOBIRA
multilayer-coated quartz slice, and CNT@PDA/PDDAltitayer-coated quartz slice.
Single NSCs were cultured in a differentiation nuedi namely, DMDM/F12
containing 2% B27 supplement (Gibco, USA), 1% piélmestreptomycin, and 1%
fetal calf serum (Gibco, USA). Fourteen days aftdtivation, the NSCs were fixed
with 4% formaldehyde in 0.1 M PBS (pH 7.4) for 3thrmat room temperature. After
incubation in 5% goat serum, 1% BSA, and 0.2% Tre100 in PBS for 2 at 4°C,
the Neuronal Class Ip-Tubulin (B 1l tubulin, Abcam, UK) and Glial Fibrillary
Acidic Protein (GFAP, Abcam, UK), which are wildlysed to investigate the NSC
differentiation, were utilized to specifically ldb®eurons and astrocytes, respectively.
The total numbers of neurons and glial cells qdigdtion each substrate after fixed
have been counted, which were £.3.3X 10 cells/cnf. Various immunofluorescent
assays were performed to investigate the NSC gramith differentiation on the
substrates, and the antibodies are presented ie $db
Western blot

Total proteins were extracted from the cells byngsBCA reagent (Beyotime,
China) to measure the concentration of proteintotal of 15ug of protein samples
was separated on a 10% polyacrylamide gel andféaed onto polyvinylidene
fluoride membranes (Millipore, USA). The membranaswblocked for 1 h with 5%
defatted milk powder at room temperature and tmmubated with synaptophysin
(SY38, Abcam, UK)B Il tubulin (Abcam, UK), GFAP (Millipore, USA), oGAPDH
(Abcam, UK) primary antibody at 4 °C overnight. Thiets were then washed three
times with TBST and incubated with corresponding rskoadish
peroxidase-conjugated IgG secondary antibodies t@Bo&JSA) for 1 h at room
temperature. The blots were developed in ECL chgeniz substrate (Millipore,
USA) and the images were captured using a gel im@délTEC). The gray value of
each band was measured by ImageJ (NIH, Bethesdg, ddfbware. The relative
expression of each immunoreactive band was catdilaly comparing the target
protein band with GAPDH. There were 6 samples chegoup for testing, and each

sample was tested 3 times.
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Neuronal cytoskeleton 2D construction

The neurons differentiated from the NSCs on theenatwere labeled witlf IlI
tubulin, and the cytoskeleton of the neurons wassttacted in two dimensions by
using the Neurolucida software(11.09, MBF Biosc&endSA). The average length of
the axons and dendrites of the neurons was quareita analyzed. We selected
NSC-derived neurons with the longest neurite latgan 10 um which were defined
as typical neurons. Neurites of 20 neurons on eabbtrate were randomly measured.
6 independent substrates were measured for eaap.gro
Electrophysiological investigation

Electrophysiological recordings were performedwhole-cell mode by using a
MultiClamp 700B amplifier (Axon, USA). The bath stibn contained 126 mM NacCl,
2.5 mM KCI, 2 mM MgC}, 2 mM CaC}, 1.25 mM NaHPO,, and 10 mMb-glucose,
at pH 7.4. The pipette solution for the whole-cebltage-dependent current
recordings and current-clamp experiments contaid@® mM KCI, 10 mM
K-gluconate, 125 mM MgGJ 0.2 mM EGTA, 10 mM HEPES, 2 mM MATP, and
0.5 mM NaGTP. The pH was adjusted to 7.25 with KOH, and darityg was at 270—
290 mOsm/L. Membrane resting potentials were miathin the range of -65 to -70
mV; step currents were injected at 5 mV/step toitelction potentials (APs). 10
neurons on each substrate were randomly selected efectrophysiology
measurements. 6 independent substrates were medsueach group.
RNA sequencing (RNAseq) and analysis of differentially expressed genes (DEGS)

After the NSCs were cultured in the differentiatroedium for 7 days on different
substrates, total RNA was isolated using Trizole Thtegrity was evaluated using
Agilent 2200 TapeStation (Agilent Technologies, t8a@lara, CA). The RINe of each
sample was above 7.0. In brief, mMRNAs were isoldtedh the total RNA and
fragmented to approximately 200 bp. Subsequertly, fRNAs were subjected to
cDNA synthesis, adaptor ligation, and enrichmerthvai low cycle by using TruSeq
RNA LT/HT Sample Prep Kit (lllumina). The purifiedibrary products were
evaluated using Agilent 2200 TapeStation and Qribit(Life Technologies) and then
diluted to 10 pM for cluster generation in situ ldiseq 2500 Paired-End Flow Cell
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and subsequent sequencing (2 x100 bp) on HiSeq PHifbrm (lllumina). Raw
reads were filtered by removing those with adapbersontaminations or those with
more than 10% N bases and more than 20% bases whakty assessment was <20.
The clean reads were then aligned to the refergeceme using the TopHat software,
where each alignment had no more than two mismsitch&vo gaps.

The quantification of mMRNA was counted by using GBEQ then the RPKM

value was calculated according to the followingadopn:

RPKM= total exon reads
mapped reads(millions) x exon length(KB)

The gene expression level was calculated usingpdseMean method, and DEGs
were identified using the standard of more than w&bsolute fold changes and
adjusted P-value <0.05. The differential expressigmation was calculated by Audics
equation according to Audics efal

To understand the functions of the DGEs, geneology (GO) functional
enrichment and Kyoto Encyclopedia of Genes and @eso(KEGG) pathway
analysis were performed in the online server ohé¢&ton GO term finder with the
functional annotation of biological process provdde
(http://go.princeton.edu/cgi-bin/GOTermFinder) ghttp://www.genome.jp/).

Data analysis

All data were analyzed using the Statview 5.0 saifew All data were shown as
mean + standard error. Results of the multiple rpent groups were compared
using one-way ANOVA and Fisher's PLSD test. Stat#t significance was
considered at p< 0.05.

Results and discussion

CNTs have recently attracted great interests amipiog platforms for nerve
regeneration as substrates due to their effectsgen®@ promoting neuronal
differentiation, improving neurite growth, and mdating synaptic strengtf?%3>
The mechanisms underlying the stimulation of nearorell behaviors thus are
absolutely important and should be fully understodd the current study,

CNT-multilayered nanocomposites were fabricatedjoartz substrates by using LbL
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assembly of negatively charged MWCNTSs and poskieblarged PDDA according to
previous studi¢§®2 Single cells (P2) were seeded on these substmaesthe cell
behaviors were thoroughly investigated aiming focaanprehensive picture of the
molecular mechanisms underlying the interactiongwéen these CNT-based
nanobiomaterials and NSCs (Fig. 1). Given that t@NT-multilayered
nanocomposites were fabricated on the quartz subsirthe sterile quartz slices were
defined as the control group in the experimentee N8Cs were also cultured on
PLL-coated substrates, which provided a permisgwegironment for stem cell

growth.

Fig. 1 Schematic diagram of the NSC differentiatbtonCNT-multilayered substrates.CNT
multilayers were fabricated using the LbL assendblgegatively charged CNTs and positively
charged PDDA according to previous stutfigs. After being passaged twice, E14.5 NSCs (P2)

were cultured on the CNT-multilayered substratehéndifferentiation medium.

DA can spontaneously self-polymerize under atl@akonditions into PDA, which
strongly adheres onto virtually any type of soligtfaces®. In the current study,
results of the morphological observation using TBW analysis of the chemical
structure using XPS jointly confirmed the succelsBiDA deposition on the surface
of pristine CNT$®. Meanwhile, PDA deposition resulted in a negativeharged
CNT@PDA surface, which was suitable for LbL elestatic assembly with strong
PDDA polycations. CNT-COOH was employed as a céonf&s both CNT@PDA and
CNT-COOH showed strong UV absorbance at approxim&®g5 nm, the buildup
process of CNT-multilayered nanomaterials was nooed using UV-vis spectrometry.
The absorbance of the CNT@PDA/PDDA and CNT-COOH/RDultilayers both
constantly increased with the assembly processhawn in Fig. 2A and 2B. The

absorbance intensity of these two CNT-based muédiika at approximately 255 nm
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steadily increased in a nearly linear pattern vailayer number, as indicated in the
inset figures. One of the advantages of the Lbleragdy technique is that it enables
the preparation of films with any desirable thickseand architecture tailored to
different applications. Flat surfaces were obsergedthe control and PLL-coating
substrates (Fig. 2C and 2D). The final multilaypresented a mixture of individual
CNTs and their bundles intricately interwoven tdgetin a fine fabric, which
uniformly covered the entire surface of the sulbstiaithout any evidence of phase
separation (Fig. 2E and 2F). AFM was utilized twestigate the topography of
CNT-COOH/PDDA (Fig. 2I) and CNT@PDA/PDDA (Fig. 2Multilayers as
compared with the control (Fig. 2G) and PLL-coati(ijg. 2H) substrates. The
vertical properties were investigated by measutimg rootmean-square roughness
(Fig 4K). The CNT-COOH/PDDA and CNT@PDA/PDDA mudtylers showed
similar roughness, which were significantly highdégran those of control and
PLL-coating substrates. The CNT-COOH/PDDA and CNT@HRDDA multilayer
coating decreased the water contact angles competadthe quartz substrate as
control (Fig. 2L). This result indicated of the gbbydrophilicity of the CNT-based
multilayers. Moreover, the smaller water contacglanof CNT@PDA/PDDA
multilayers than that of CNT-COOH/PDDA multilayesss possibly attributed to the

good solubility of PDA in water and its excelleating of pristine CNTSs.
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Fig. 2 LbL buildup of CNT multilayers with PDDA aaquartz slide. UV-vis absorption spectra
and absorbance (inset) at 255 nm of the assemi)dCNT@PDA/PDDA)-multilayered film
and (B) (CNT-COOH/PDDA}multilayered film. SEM of (C)Control substrateB) (PLL
substrates, (E) (CNT@PDA/PDDA)multilayers and (F) (CNT-COOH/PDDg&)multilayers.
AFM of (G)Control substrates, (H) PLL substratés(CNT@PDA/PDDA)s multilayers and (J)
(CNT-COOH/PDDA)s multilayers. The root-mean-squared roughness(K)veatter contact
angles(L) of various substrates. Scale bars: 2ru@Gik.

Investigation of NSC differentiation on CNT multilayers

The neuron-specific cytoskeletal marketll tubulin and GFAP were utilized to
specifically label neurons and astrocytes 7 dayer afulturing NSCs under a
differentiation condition. As shown in Fig. 3A, NSCultured on all substrates
differentiated into neurons with long neurites dmdnches and into astrocytes with a
multipolar glial morphology and long processes.résytes with large multipolar and
radially oriented morphologies dominated on thetidrsubstrate and PLL substrate
However, astrocytes on the CNT-COOH/PDDA and CNT@HRDDA multilayers
exhibited elongated somata and increased extensfoprocesses. The typical
morphology of a higher magnification is insertedbe top right corner of the figures.
Astrocytic stellation/maturation is associated wdtlcell morphology that is further
away from rountf. Parpura et al. reported that water-soluble SWCptosluce large
and stellate/mature astrocytes when added to theriag mediuni’. Therefore, the
elongated astrocytic somata and increased extensfoprocesses on the two
CNT-multilayered substrates, especially on the CNPO@&/PDDA multilayers, were
consistent with morphological maturation. Simil&asults were also document by
Vicario-Abejon et al. NSC-differentiated astrocyt®owed elongated morphologies
on coverslips treated with thermally reduced gragffe The differences in astrocyte
morphology can be attributed to the nanoscopicaibugh surface of the
CNT-containing substrates. More investigations @argently in progress in another
study to further assess the modulation of the nwftpictional characteristics of
astrocytes by CNT-multilayered nanomaterials.

The number of neurons and astrocytes was countethyg after the NSC

differentiation on different substrates using theageJ software for quantization and



354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

comparison (Fig. 3B and 3C). A total of 42.1% +99,437.3% + 0.1%, 27.4% £ 0.2%,
and 32.8% £ 0.5% tubulin+ cells were found on tidT@PDA/PDDA multilayers,
CNT-COOH/PDDA multilayers, control substrates, &ld_ substrates, respectively.
The percentage of GFAP+ cells was 55.6% * 0.05%then CNT@PDA/PDDA
multilayers, 51.5% + 0.3% on the CNT-COOH/PDDA niaiters, 64.6% + 0.3% on
the control substrate, and 53.4% + 0.6% on the Rllbstrate. These results showed
that the CNT-multilayered substrates significarghyjhanced the probability of NSC
differentiation into neurons compared with smoatbstrates without any exogenous
differentiating factors. In addition, cell viabilitvas measured using CCK8 assay due
to its advantage in assessing the cytocompatibifftNT-based materiafs* As
shown in Fig. 3D, the highest cell viability washawed on the PLL substrate,
followed by the CNT@PDA/PDDA multilayers, CNT-COCMIDA multilayers, and
control substrate in a descending sequence. Tlerehces between each substrate
were statistically significantn(= 3, p < 0.05). Interestingly, cell viability showed a
similar variation tendency on the substrates tooagte percentage (Fig. 3C). This
finding indicated that the differentiated astrosyteainly contributed to cell viability
on the two smooth substrates. Our result was il ggoeement with that of Kotov et
al. when they studied the differentiation of mous&Cs on LblL-assembled
SWCNT-polyelectrolyte composites. In their studyhigher percentage of neuron
differentiation and lower astrocyte differentiationvere obtained on the
SWCNT-multilayered films than those on palyernithine’®. Therefore, CNT-based
substrates provide a particularly more favorabrenment for neuron growth than

astrocytes.
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Fig. 3 NSC differentiation on various substratesiiro. (A) Immunohistochemical staining of
neurons (red} Ill tubulin) and astrocytes (green, GFAP). Celtlaiiwere stained using DAPI.
The differentiation proportion of neurons (B) arstracytes (C) and viability of NSCs on different
substrates (D) were statistically analyzed.experiments, < 0.05. Scale bars: 50 um.

To determine whether the neurons differentiatethfNSCs on the substrates could
develop synapses, double immunostaining for symdgysin (SY38) and neurons
(MAP2) was performed. As shown in Fig. 4A, a puattustaining pattern distributed
around the MAP2neuronal somata and extended along the entire netwb
neuronal processes on all substrates; this finsuggested the synaptic development
and maturity of NSC-derived neurons. More synapt&sicles were detected
throughout the neuronal network on the CNT-mullad substrates, especially the
CNT@PDA multilayers, than on the smooth substrétesatrol and PLL substrates).
Western blot analysis was further performed to stigate the effects of the
CNT-multilayered nanocomposites on the differemdratof NSCs in vitro by using
GAPDH as the calibrator protein. The expressionelevof SY38 on the
CNT-COOH/PDDA and CNT@PDA/PDDA multilayers were tngg than those on
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the control and PLL substrates. The expressionldewé B III tubulin protein
increased in the sequence of control, PLL, CNT-CCEBDA, and
CNT@PDA/PDDA. The expression levels of GFAP protdwwever, showed an
inverse tendency on these substrates and decreasigel sequence of control, PLL,
CNT-COOH/PDDA, and CNT@PDA/PDDA. Therefore, the ules of molecular
biology investigation further indicated that the TMultilayered nanocomposites
demonstrated a preference for neuronal differeaatiaiA higher level of 11l tubulin
protein was expressed on the CNT@PDA/PDDA multisayghan on the
CNT-COOH/PDDA multilayers although the differencaswvnot significant. Hence,
CNT@PDA was more advantageous than CNT-COOH. In suenCNT-multilayered
nanocomposites provided matrices that were effectfer stimulating NSC
differentiation into neurons and synapse formatidms result was consistent with the
aforementioned statistical analysis on NSC diffeation. The findings in the current
agreed well with the results of previous studiestioa promotion of NSC neuronal
differentiation of CNT-based nanomaterfafS. Moreover, the significantly higher
level of SY38 protein on the CNT@PDA/PDDA multilagethan that on the
CNT-COOH/PDDA multilayers (p < 0.05) again indichtéhe advantages of PDA

modification to CNT over the oxidative treatment.
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Fig. 4 Immunohistochemical staining of synapticistures (red, SY38, co-staining with neurons
in green, anti-MAP2) (A) and Western blot analydfisNSC differentiation on different substrates.
(B) Agarose gel electrophoresisffil tubulin, GFAP, and SY38. (C) Quantified protdevels of
SY38-GAPDH, (D) tubulin-GAPDH, and (E) GFAP-GAPDMN bsing ImageJ (n=6)p*< 0.05
and **p < 0.01. Scale bars: 20 um.

Neurite outgrowth on CNT-multilayered nanocomposites

The morphological features of the differentiatemirons on the CNT-multilayered
nanocomposites were thoroughly studied by chaiactgrthe neurite outgrowth,
including neurite length and branching. As showrFig. 5A, the neurons examined
on control (n=30), PLL (n=33), CNT-COOH/PDDA #£/9), and
CNT@PDA/PDDA (n=69) presented bipolar and mulipocharacteristics with
long neurites after 7 days. More branches and lonmgrirites were generally

visualized on the CNT-multilayered substrates thawse on the control and PLL
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substrates. To quantify the neurite length and dirisng, a neuron cytoskeleton was
reconstructed using the Neurolucida software (big2). CNT@PDA/PDDA presented
the longest total neurite per neuron and singlgdsh neurite per neuron among the
substrates investigated, followed by CNT-COOH/PDDOA,L, and control in a
descending sequence. Notably, the promotion of iteeuextension on the
CNT-multilayered substrates was more significarantton the PLL substrate, a
well-known permissive substrate widely used astpascontrol for neuronal growth.
Significant  differences were found when CNT@PDA/PDD with
CNT-COOH/PDDA were compared; hence, CNT@PDA was aathgeous in
promoting neurite growth. Next, the neurite branghiof the NSC-differentiated
neurons on the CNT-multilayered nanocomposites wagestigated. Neurite
branching is an important determinant of estabtishéercellular contacts and is vital
to synaptogenesis and signal transduction. Substatlities play a role in the
process of neurite branchiig®> Previous studies indicated that chemical
functionalization enhances the branch formation refurites compared with
unmodified CNTs as substrat&€® In the current study, the numbers of neurite and
branches per neuron on the CNT-multilayered sulestravere both significantly
higher than those on the flat substrates (p <0.@i)a descending order of
CNT@PDA/PDDA > CNT-COOH/PDDA > PLL > control. Thesults of neurite
branching exhibited a similar pattern to that otinte length. Neurites function as
antennae of neurons, and their arborization isireddor proper neuronal circuitry.
Therefore, the CNT-multilayered nanocompositesitaibed in this study provided a
permissive microenvironment for neurite outgrowtid also promoted the formation
of new processes that increased the complexity efranal cytoarchitectures.
Moreover, the CNT-multilayered nanocomposites praaaeuronal maturation, as

characterized by an increase in neurite elongatimhnumerous branctés
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Fig. 5 2D reconstruction of neuronal cytoskeletod quantitative analysis of neurite outgrowth.
(A) NSC-derived neuron scultured on different stdiss. (B) The contours of 2D structures of
the corresponding neurons presented in (A). Thebeurof neurites per neuron (C), total neurite
length (D), and maximal length of neurite per neuf®) were measured and quantitatively
analyzed on various substrateg<0.05 and *pH < 0.01. Scale bars: 50 um. (n=120)

GAP-43 and F-actin immunochemistry staining waeeormed together witf 1l
tubulin labeling on the NSC-derived neurons to stigate the interactions between
the neurites and substrates (Fig. 6). GAP-43 israqus-tissue-specific protein and is
expressed in neurites, lamellipodia, and filopodibere it associates tightly with the
cortical membrane skeletth As shown in Fig. 6B1 and 6C1, GAP-43 was
distributed at high levels along the neurites amd &iso weak to moderately present
at the leading edges of the growth cone (arrowheadsthe control substrate.
Immunoreactive lamellipodia and filopodia extendingm the neurite were observed
but were relatively small and short (arrows). Byittast, abundant immunoreactive
lamellipodia and filopodia (arrows) along the lomgurites and fan-like filopodia on
the growth cone (arrowheads) were significantlyeobsd on the PLL substrates (Fig.
6B2 and 6C2). Similarly, strong GAP-43 immunoreaetilopodia and lamellipodia

were observed along the entire length and withendiignificant growth cones of the
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neurites on the CNT-multilayered substrates (FBS,66C3, 6B4, and 6C4). F-actin
was localized and distributed along the neurited anthin the growth cones
(arrowheads) as indicated by immunostaining fooskgleton with phalloidin, which
was quite similar to GAP-43. The NSC-derived nearom the CNT-multilayered
substrates showed a similar expression within tloevgcones to those on the PLL
substrate. More F-actin immunoreactive filopodiad alamellipodia were even
observed on the CNT-multilayered substrates thasetton the PLL substrate. SEM
was further utilized to visualize the interactiarfsthe cytoskeletal processes of the
NSC-derived neurons with the substrates. Shorpdiita and lamellipodia were
detected to extend from the neurites on the corgubistrate (Fig. 6G1), whereas
abundant and long filopodia and lamellipodia websavved on the PLL substrate
(Fig. 6G2). Moreover, a connection between cellsthet neurite terminals was
observed (arrowhead in Fig. 6G2). The neuriteshefNSC-derived neurons on the
CNT-multilayered substrates were well incorporaidith the CNT-derived substrates.
The growth fronts interacted intimately with thederlying CNTs with the filopodia
and lamellipodia hardly identified (Fig. 6G3 andBG

During development, neuronal growth cones playnaor role in guiding the
growing neurites to appropriate locations for trstablishment of the correctly
interconnected nervous system. Growth cones argased of lamellipodia, from
which thin filopodia with a submicron diameter egeff. By gathering spatial,
topographical, and chemical information with filejj@ and lamellipodia, growth
cones can sense nanotopographic features of theusding environment under the
control of regulated actin polymerizatf@nwhich conversely affect integrin-mediated
focal adhesion by reorganization of the cell cyastori’. Abundant filopodia and
lamellipodia structures within the growth cones ahohg the neurites during NSC
differentiation on the CNT-multilayered substratexilitated the growth of the
growth cones and the development of focal adhesi®hsse results implied that
NSC-derived neurons possibly possessed high affifir the CNT-based
nanomaterials. This behavior was understandablausecthe diameters of CNTs

utilized in this study were tens of nanometers,ilaimto those of filopodia and
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511 Lamellipodia and filopodia structures were preseittin the growth cones (arrowheads) and
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along the neurites (arrows). Scale bars: 10 pmilisFA; 200 nm in G1, G2, and G4; and 1 um in
G2.

Electrophysiological function of NSC-differentiated neurons

Neurons are electrically excitablecellsthat ndlynaprocess and transmit
information through electrical signals. Numerousidsts indicated that neuronal
electrophysiological functions can be affected bgunon-surface interactions.
Neurons grown on a conductive substrate always lajispefficient signal
transmissiof"*>>* Most of the previous studies focused on adultrewsi in vitro.
Investigations on neurons differentiated from NSi@syever, were seldom reported.
Here, we investigated whether the NSC-derived meum@n the CNT-multilayered
nanomaterials exhibited electrophysiological fumas. Whole-cell patch-clamp
recordings were employed to test the basic eleleyrsiplogical properties of these
NSC-derived neurons, such as the ability to firesARd the induction of membrane
current. Electrical stimulation from the holding teotial of -70 mV, the resting
membrane potential (RMP) of a typical neuron, &DanV hyperpolarizing step was
applied to the patched neurons. Passive and actembrane properties were
guantified to evaluate the electrophysiological um#t and the variability of the
NSC-derived neurons on the different substratesiesrons, APs play a central role
in cell-to-cell communication by providing for tipeopagation of signals at synapses.
The representative trace of repetitive APs of tis&CNlerived neurons on the different
substrates is presented in Fig. 7A-7D. Mature AlRespin response to depolarizing
current injections were observed on all substrages,confirmed by reaching a
membrane potential above 0 mV with a fast depadéion and rapid repolarizatioh
A total of 12.5% (5/40), 20% (8/40), and 25% (10/4¥.5% (11/40) of the recorded
neurons fired mature APs on the control, PLL, CNO@H/PDDA multilayers, and
CNT@PDA/PDDA multilayers, respectively. Among thessature AP-recorded
neurons on CNT@PDA/PDDA, 36.4% (4/11) exhibitedetéwe firing of mature
APs. The remaining 63.6% (7/11) of neurons firedréinal mature AP followed by a

sequence of APs that exhibited rapid accommoddborad peaks other than spikes)
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and no longer met the criteria for AP maturity. Tgercentages of recorded neurons
that exhibited repetitive mature APs were 0% (02)5% (3/8), and 40% (4/10) on
the control, PLL, and CNT-COOH/PDDA multilayersspectively. The number of
mature AP spikes was counted on each depolarizepyand is presented in Fig. 7E.
Mature AP-recorded neurons grown on the PLL sutestiesplayed the most spikes,
followed by the neurons grown on the CNT@PDA/PDDA ultitayers,
CNT-COOH/PDDA multilayers, and control substrateeukbns grown on the
CNT@PDA/PDDA multilayers exhibited the lowest APrdshold (Fig. 7F), the
minimum voltage needed for AP generation, and tighdst AP peak among the
neurons on the substrates in this study (Fig. 7G).

Neurons on the CNT@PDA/PDDA multilayers exhibigedRMP of -50 + 4 mV,
significantly lower than that on PLL substrate (FitH, p < 0.05). Meanwhile, the
RMP on the CNT-COOH/PDDA multilayers was also serathan that on the PLL
substrate despite no significant differences. THeCMlerived neurons possessed
comparable membrane input resistances on all sabstof 2-3 @, which was
consistent with characteristic of second-trimesteman neocortical neurctis The
input resistances of the NSC-derived neurons orCti&-multilayered nanomaterials
were lower than those on the smooth substrates fHicalthough not significantly
different. Given that neuron electrophysiologicahtarity is characterized by a
relatively hyperpolarized RMP and low input resis@s®>* the results in the current
study indicated that the CNT-multilayered nanomater improved the
electrophysiological maturation of the NSC-deriveirons.

More importantly, the electrophysiological newounerived from the NSCs
exhibited clear and fast sodium channel currentsjreent component crucial for AP
generatior®, as evidenced from the rapid inward current irpoese to depolarized
membrane potentials (Fig. 7J). Sodium currents ARdspikes disappeared upon
treatment with TTX; hence, the currents and spikgbe neurons differentiated from
the NSCs were mediated by voltage-gated sodiumngiar(Fig. 7K). The voltage
thresholds for the generation of sodium currentstely decreased in the sequence

of control, PLL, CNT-COOH/PDDA, and CNT@PDA/PDDA tlbugh the
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differences between these substrates were nofisarti (Fig. 7L). By contrast, but as
expected, the peaks of sodium current significamityeased in the same sequence
(Fig. 7M). As the expression of neuronal voltageedasodium channels is an
essential hallmark of neuronal differentiation togvdéhe mature, electrically active,
neuronal phenotype®’, the results in the current study accordingly skdwhe novel
advantages of CNT@PDA/PDDA-multilayered substratggromoting the functional
neuronal maturation of the NSC-derived neurons.

Electrophysiological properties are an importaspect of neuronal maturation in
the differentiation phase of early neuronal develept®. Results herein showed that
the CNT@PDA/PDDA-multilayered nanomaterials prodde supporting substrate
for promoting the electrophysiological maturity thle NSC-derived neurons in the
absence of chemical agents typically required feuragenesis as evidenced by the
capability of firing repetitive APs with various esltrophysiological parameters
specific to functional and mature neurons, inclgdnRMP close to that of a typical
neuron, low membrane resistance, decreased thdssfwlthe generation of AP and
sodium channel current, and increased peaks of WP sadium channel current.
Balleriniet al. proposed the “electrotonic hypothesis” that CNifiprove neuronal
performance by favoring electrical shortcuts betwdbe proximal and distal
compartments of the neurBn Our previous study indicated that CNT
nanocomposites fabricated using the LbL assembhegatively charged CNTs with

strong PDDA possessed good conductice
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Fig. 7 Electrophysiological properties of NSC-diffatiated neurons on different substrates. (A-D)
Representative trace of repetitive APs, (E) numbérsature AP spikes, (F) AP threshold, (G)
AP peaks, (H) RMP, (I) input resistances, (J) swdalhannel currents, (K) sodium current
blocking by TTX, (L) voltage thresholds for the geation of sodium currents, and (M) the peaks
of sodium current. (n=60)

Gene expression profiling investigation on NSC differentiation

The biophysical and biochemical signals in theiremment play a critical role in
regulating NSC differentiation by inducing the cbes in gene expressigff®®:
Given that the transcriptome is linked with the g@ninformation of genome and
proteomic biology function, transcriptome sequegcihas been increasingly
recognized as an efficient means of characteritiegnolecular mechanism involved
in cell stimulus respon&&® In the current study, comprehensive analysis asfeg
expression profiles after NSC differentiation orrieas substrates was performed
using RNAseq to explore the potential molecular ma@tsm mediating the observed
responses. The expression pattern of DEGs was npeesen the heat map of
hierarchical clustering in Fig. S1. The expresdievels of genes were assigned a
color based on the read count in the heat map. WHeeexpression value moved from
high to low, the color changed from red to bluee Molcano plots of DEGs in Fig.
8A-8D indicated the degree of DEGs between the @Niltilayered substrates and

the smooth substrates (control and PLL). A highrelegof separation represented

greater differences of expression between the mwaps. As a general observation,



616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

NSCs cultured on the CNT-multilayered nanomateraisibited profiles with many
DGEs compared with those cultured on the PLL anatrob substrates. A total of
1531 (1120 up-regulated and 411 down-regulatedggemn-changed 20487 genes)
and 840 (305 up-regulated and 535 down-regulatedggaon-changed 20738 genes)
significant DEGs were identified in the CNT@PDA/PRDversus PLL and
CNT@PDA/PDDA versus control, respectively. The nensbof DEGs identified in
the CNT-COOH/PDDA versus PLL and CNT-COOH/PDDA wesrgontrol were 947
(679 up-regulated and 268 down-regulated geneschanged 21072 genes) and 395
(77 up-regulated and 318 down-regulated genes, changed 21157 genes),
respectively. Among the significant DEGs versus PICNT@PDA/PDDA and
CNT-COOH/PDDA shared 561 up-regulated and 256 dmguated genes, whereas
CNT@PDA/PDDA and CNT-COOH/PDDA shared 71 up-regedatand 306
down-regulated genes compared with the control. (8&). Therefore, CNT@PDA
exerted greater influences on NSCs compared withT-CRROH as supporting

substrates for NSC growth and differentiation.
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Fig. 8 Volcano plots (A-D) and Venn diagram of DE(ES. (A) DEGs of NSC on the
CNT@PDA/PDDA multilayers versus those on PLL, (HH®s of NSC on the
CNT-COOH/PDDA multilayers versus those on PLL, BGs of NSC on CNT@PDA/PDDA
multilayers versus those on control, (D) DEGs ofN& the CNT-COOH/PDDA multilayers
versus those on control. (E) The total numbersefagulated and down-regulated DEGs in NSCs
on the CNT-multilayered substrates as well as teglaps. (n=3)

GO enrichment analysis, which provided the orgploof defined terms
representing gene product properties, was furtherfopned to elucidate the
functional properties of genes whose expressionifgigntly changed when NSC
differentiation was conducted on CNT multilayerangared with the control and
PLL substrates. The threshold for the p-value foitiple testing was set at 0.01, in
combination with a threshold of two fold changesnRNA expression. DEGs were
assigned to various functional terms accordinchto @O database, which were then
classified into three categories: biological pracéP), cellular component (CC), and

molecular function (MF) (Fig. 9). BP, a recognizeeries of events or molecular
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functions with a defined beginning and end, relélyareflects the functioning of
integrated gené$ In comparison with the control substrate, manthefsignificantly
affected GO terms were found to be rooted to var@adihesion-associated processes
for CNT-multilayered substrates, such as cell aidimss including cell-substrate
adhesion (G0:0031589, 0010810, 0010811, 0010812)]-matrix adhesion
(G0O:0007160, 0001953, 0001952), and cell-cell aidne$§G0:0034114, 0034113,
0034116, 0034115); focal adhesion assembly (GO®@O¥80051894): and cell
junctions, including cell-substrate junctions (G@20109, 0007044), cell-cell
junctions (G0:0045216, 0034329), and adherens ipmet(GO:0034333, 0007045,
1903391) (Fig. 8A). CNTs as substrates support aghesion, particularly focal
adhesioff"®> due to the high affinity and thus strong cellsmate interactions
between CNTs and celfs The underlying mechanism, however, has not beghh w
understood until now. In the current study, theggniScantly involved terms
suggested that NSC-derived neural cells intendetbtm a specialized region of
connection between two or more cells or betweeelhand the CNT-multilayered
substrates. The reorganization of the actin cytleste is a prerequisite for changes in
cell shape and motility and gene expression. Thesef the involved
actin-filament-based processes, such as actinditefbased movement
(G0:0030048), regulation of actin-filament-basedvement (G0O:1903115), and
actin-mediated cell contraction (GO:0070252), iatkc that the cells anchored on
neighboring cells or substrates and moved throbghattin filaments. Most of these
GO terms were coregulated on the two CNT-multilagesubstrates, reflecting the
common effects induced by CNTs. However, more Samtly regulated genes in
every involved GO term on the CNT@PDA multilayersrevfound than those on the
CNT-COOH multilayers (Table S2). Thus, CNT@PDA ¢edr more extensive
regulations to NSC-derived neural cells than CNTGED The regulation on cell
adhesion was beneficial to enhance not only cdisgate interactions but also
cell-cell interactions as various biological prases such as the myelin sheath of
axons and formation of BBB in the nervous systerquire tight cell-cell interactions.

GO terms associated with myelination processes vmrelved, including axon
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ensheathment (GO:0008366), neuron ensheathmentO0(BT272), myelination
(G0O:0042552), myelin maintenance (G0:0043217), axon ensheathment in the
central nervous system (GO:0032291). The main papdd a myelin sheath is to
increase the speed at which impulses propagatg #henmyelinated axons. Thus, the
CNT-multilayered substrates, especially the CNT@PDAltilayers, regulated the
preservation of the structure and function of matunyelin due to the more
significantly regulated genes than the control gales.

For the CC category, the two CNT-multilayeredsttddes significantly coregulated
several GO terms associated with extracellular aomapts, including extracellular
space (GO:0005615), extracellular matrix (ECM; GI310012), proteinaceous ECM
(GO:0005578), extracellular region part (GO:004442Extracellular region
(GO:0005576), collagen trimer (GO:0005581), ECM poment (G0O:0044420),
contractile fiber (G0O:0043292), fibrillar collaggnmer (GO:0005583), fibrinogen
complex (GO:0005577), and basement membrane (GA80A), compared with the
control. These significantly regulated CC termstio@ CNT-multilayered substrates
indicated that the CNT multilayers as supportinigsstates regulated the secretion of
ECM components and space structures. Given that ECightly connected to the
intracellular environment in biology, intracellulargnaling, cell-cell adhesion, and
communication are common functions of the EGMn this study, GO enrichment
analyses indicated that gap junction (GO:00059219rging to the CC classification
was also significantly enriched. This finding inalied that the CNT multilayers
significantly enhanced cell-cell interactions andmenunication of NSC-derived
neural cells. Similar to the BP terms, more sigaifitly regulated genes were found in
every involved CC term on the CNT@PDA multilaydrart those on theCNT-COOH
multilayers. Thus, CNT@PDA exerted more extensivegulations to the
NSC-derived neural cells than CNT-COOH. Generdlig, putative functions of most
genes are related to binding and transportin thecstEgory. In the current study, the
significantly regulated MF-categorized GO terms the CNT multilayers versus
control were mainly related to binding activiti@he MF classification genes were

mainly involved in binding-associated terms on @GNT-COOH and CNT@PDA
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multilayers, including ECM binding terms, such a€NE structural constituent
(G0O:0005201), glycosaminoglycan binding (GO:000353%inding, bridging
(GO:0060090), protein binding, and bridging (GO:0684), and other terms,
including heparin binding (G0O:0008201), sulfur caupd binding (G0O:1901681),
growth factor binding (G0:0019838), and cell adbesimolecule binding
(G0:0050839). The importance of ECM has long beetognized as providing
structural and biochemical supports to the surrmndcells. Therefore, these
involved GO terms indicated that the CNT-multilsgg¢gmanomaterials regulated the
selective and noncovalent interactions of the N&@vdd neural cells with ECM
components, including structural molecules, grovidlectors, proteoglycans, and
polysaccharides. More terms related to specifidibigp terms were involved on the
CNT@PDA multilayers than on the CNT-COOH multilagiersuch as collagen
binding (G0O:0005518), fibronectin binding (GO:0068) laminin binding
(G0:0043236), and platelet-derived growth factordioig (GO:0048407).

By contrast, the BP-categorized GO terms wereniypaelated to the metabolic
process, catalytic activity, and catabolic processhe CNT-multilayered substrates
compared with those on the PLL substrate. Thisirfimdndicated that the CNT
multilayers exerted significant impacts on the rhet@ process of the NSC-derived
neural cells (Fig. 8B). The adhesion-related GQOmggr however, were seldom
observed on the two CNT-multilayered substratespayed with those on the PLL
substrate. This finding indicated that the CNT mhayers provided a similar
environment for cell adhesion to PLL to a certakteat. Similarly, only few
ECM-associated GO terms for the CC category andlifgnterms for the MF
category were identified to be significantly regath on the two CNT multilayers
compared with PLL. These findings indicated tha @NT multilayers provided a

permissive environment for neural cell growth.
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Fig. 9 GO classification of genes on the biologjmaicess, cellular component, and molecular
function levels on the CNT-COOH/PDDA multilayersgses control (A), CNT@PDA/PDDA
multilayers versus control (B), CNT-COOH/PDDA mldgiers versus PLL (C),
CNT@PDA/PDDA multilayers versus PLL (D). The horital axis gives enrichment ratio of
sample number/background, while the ordinate ghaeh detailed classification of GO.

Signaling pathways

KEGG is a bioinformatics resource for the systienanalysis of gene functions
and linking genomic information with higher-ordeunttional informatioff. The
pathway-based annotation and analysis can helprthef understand high-level
biological functions. Therefore, in the current dstuthese significantly enriched
pathways were examined in detail. Similar to therexhentioned GO enrichment
analyses, the DEGs identified between the CNT-taykred substrates
(CNT@PDA/PDDA and CNT-COOH/PDDA) and flat substsateontrol and PLL)

were mapped to the KEGG pathways. The DEGs invoimdtie cellular processes,
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environmental information processing, and organissyatems were focused and
further selected based on the following conditignsalue < 0.05, fold change>2, and
RPMK > 1 (Fig. 10).

Some cell signaling occurs on a local level wbelts interact with the surrounding
ECM or with their immediate neighboring cells. Thigpe of signaling plays
important roles in tissue and organ morphogenegisrathe maintenance of cell and
tissue structure and function. In our study, faadthesion signaling pathways rooted
to cellular processes were significantly involvedtbe two CNT multilayers in both
comparisons with control and PLL. CNTs especiatigiuce focal adhesions at the
cell-substrate contact points. Bundles of actinanfients are anchored to
transmembrane receptors of integrin through a molecular complex of junctional
plaque proteins. Focal adhesions form the fociigia transduction and feedback
between the external microenvironment and cells,wimch case the signaling
mechanisms are crucial in determining cell fatepeemlly as it relates to
differentiation or proliferatiof{ "> Therefore, this study speculated that the CNT
multilayers provided a topological substrate withnoscale features for focal
adhesions, some constituents of which were signatwolecules, such as different
protein kinases (focal adhesion kinase, FAK) anosphatases (p-FAK), and various
adaptor proteins. These signaling activities itetiadownstream signaling events and
culminated in the reorganization of the actin cidston of the NSC-derived neural
cells’®, In addition, negatively charged MWCNTs of nandsadimensions adsorb
positively charged growth factors secreted by tbksccompared with the smooth
substrate¥. Similar morphological alterations and modulatafrgene expression are
initiated by the binding of growth factors to thekespective receptors; hence,
considerable crosstalk occurs between adhesion- gravth-factor-mediated
signaling. FAK is enriched in developing neuronadies and growth cones. This
finding suggested that FAK possibly regulates titeractions between the growing
neurites and ECK. Reichardt et al. documented that FAK controlsnakalynamics,
in part, by regulating the function of Rho familyTBases through the activation of

p1l90RhoGEF. Thus, FAK is an important regulator axonal development by
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controlling the extension and pruning of axon amhsequently, synapse formatian
Meanwhile, several signaling pathways involved invimnmental information
processing were revealed on the CNT multilayerspared with the control. These
pathways included the ECM-receptor interaction KPA&Xt signaling pathway, FoxO
signaling pathway, and cGMP-PKG signaling pathwdyese pathways were
activated by many types of cellular stimuli and ulage fundamental cellular
functions during nervous system development, sughtranscription, translation,
proliferation, growth, and survival. Specific indetions between cells and the ECM
are mediated by transmembrane molecules, mainggims, which are a family of
transmembrane adhesion receptors consisting of ovalently bound a- and
B-subunits. Usually, integrins function as mechaoceptors and mediate
cell-substrate signaling by activating intracelflulBAK and p-FAK signaling to
trigger downstream biochemical signalsimportant fiwe regulation of gene
expression and stem cell fateCNTs exhibit a strong ability to adsorb proteins
throughzn-n interactiori®. Therefore, the CNT multilayers were assumed awife a
specific environment for ECM-receptor interactidnysadsorbing more ECM proteins,
e.g., collagen, fibronectin, and laminin, secretbigdthe NSC-derived cells than the
smooth substrates. Interestingly, collagen was mh&n component of ECM
significantly regulated on the CNT-COOH/PDDA mudtiers compared with the
control and PLL, whereas both collagen and lamwméne significantly regulated on
the CNT@PDA/PDDA multilayers (Fig. S2). The higlerichment ratio of KEGG
on the CNT@PDA/PDDA multilayers than that on the TGGIOOH/PDDA
multilayers agreed with GO analysis presentedezarli

The PI3K-Akt pathway is widely expressed during tcain nervous system
development. It governs embryonic and tissue stelinself-renewal, maintenance,
and regenerative responSesin neurons, the PI3K-Akt pathway can deactivate
proapoptotic mediators; activate antiapoptotic giret; and thus mediate cell survival,
differentiation, and metabolism, which participate neurocyte nutrition and
angiogenesi§. In addition, accumulating evidences indicatedt tiRA3K-AKT

signaling play a neuroprotective role against digestresses in the mature CNS, for
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example, ethanol-induced neural apoptdsid oxidative stref¥ In the nervous
system, the FoxO signaling pathwayis a prominegtlegor of adult NSC reserves
and lifelong neurogenesis by cell-cycle regulatmnl oxidative stress suppression
Moreover, FoxO signaling coordinately regulatesedse pathways to govern key
aspects of NSC homeostasis. De Pinho et al. denatetthat FoxO engage the Wnt
pathway to ensure a tight regulation of N&Cs

The tight junction signaling pathway was signifitgninvolved on the
CNT-COOH/PDDA multilayers compared with the contrelibstrate. As tight
junctions are essential for establishing a selebtiypermeable barrier to diffusion
through the paracellular space between neighbartig, the tight junction signaling
pathway plays a pivotal role in regulating cell gty and hold cells together and is
involved in maintaining the blood-brain barffe¥ Recent observations demonstrated
that the tight junction signaling pathway is alswalved in myelination in nerve
system&, through which communications between axon aral gklls are possibly
activated and regulated. The VEGF signaling pathwmmpificantly involved on the
CNT@PDA/PDDA multilayers compared with the contaold PLL, exhibits a broad
range of neurotrophic and neuroprotective effeatshe central nervous system by
directly stimulating the proliferation of neuronarogenitors. Given the close
structural resemblance between the nervous andule@scetworks, increasing
evidence suggested that VEGF constitutes an immuiolitak between neurogenesis
and angiogenesis by activating numerous signalaveay§®, which in principle

improve neurovascular coupliffg
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Fig. 10 KEGG enrichment of DGEs on cellular proesssrganismal systems, environmental
information processing, metabolism, and genetiormbtion processing on the CNT-multilayered
substrates versus the smooth substrates. The wdjage the KEGG enrichment rate. * p <0.05,

**p <0.01, ** p <0.001.

During the past decade, CNTSs, either used singlyn combination with other
biomaterials, have been widely employed in thegtesif a supporting environment
that favor neural functioi§ Given that CNTs possess a nanostructure similar t
neuronal processes (axons and dendrites), numeatadses have documented the
unexpected and exciting impacts of CNTs on neuraighaling. The molecular
mechanisms driving these phenomena, however, reghasive to date. In the current
study, CNT multilayers fabricated using the LbL easbly of negatively charged
MWCNTSs and positively charged PDDA provided a pe&siie substrate for neuronal
differentiation, neurite outgrowth, and electropbimgical maturation of
NSC-derived neurons. This study postulated thatasifansduction—the process by
which physicochemical stimuli of the CNT-multilager substrate were transmitted
through a cell as a series of molecular events—mostmonly involved protein
phosphorylation catalyzed by protein kinases, whigne ultimately integrated into
the cellular respons&s™® We proposed a possible mechanism of actighussrated

in Fig. 11, the integrin-mediated interactions bedw the NSCs and CNT multilayers
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mainly activated FAK. FAK, a key downstream targstybsequently initiated
signaling events, such as the MAPK signaling patharad Wnt signaling pathway to
regulate neural cell proliferation and the PI3K-Akignaling pathway to regulate
neural cell survival. The MAPK signaling pathwayuéates neuronal differentiation
in NSCS*%2 The activated FAK also triggered the Rho familfR&ses, which
controlled the neurite extension, branching, anasequently synapse formation via
the reorganization of the actin cytoskeléfofi Synaptophysin was formed and was
further promoted by tight contact or mechanicalersgth to increase neuronal
electrical signaling capability
Proliferation Survival
Differentiation Neurite outgrowth
% Synapse formation
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Fig. 11 Schematic diagram of the signal transdagp@thways significantly involved in the NSC
differentiation on the CNT-multilayered substratesnpared with the control and PLL substrates.
The ECM proteins (e.g., collagen, fibronectin, éardinin secreted by cells) absorbed on the CNT

multilayers interacted with integrin and conseglyeattivated FAK, which subsequently
triggered several downstream signalingevents tolagg important biological processes, including
proliferation, differentiation, survival of NSC, méte outgrowth, and synapse formation of the
NSC-derived neurons.

Conclusion

In this study, CNT multilayers were prepared gdime LbL assembly of negatively
charged MWCNTs and positively charged PDDA. The CiMuiltilayers provided
growth substrates with a nanostructure similahi finest processes of neural cells.

Such nanoscaled topographies allowed an unpreatiegrjulation in the interactions
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between neural cells and the nanomaterials themselvesulting in increased
neuronal differentiation, promoted neurite outgtowt and improved
electrophysiological maturation of the NSC-derive@urons. Importantly, the
bioinformatics findings indicated that integrins dieged the interactions between
NSCs and CNT multilayers and activated endogenodk, Fvhich subsequently
triggered downstream signaling events to regulateral cell survival, proliferation,
differentiation, and synapse formation. As outlinedrlier, this study not only
presented a construction strategy of CNT-based amnposites for neural
applications but also facilitated understandingh&f mechanism of molecular events
involved in the NSC differentiation. With the adeament in nanotechnology and
neurobiology, CNT-based nanomaterials would becomeee relevant in academic

research and clinical applications as potent madrdaf stem cell behavior.
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