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ABSTRACT: Poly-L-lysine (PLL) and Matrigel, both classical coating materials for ~Po¥tysine
culture substrates in neural stem cell (NSC) research, present distinct interfaces whose w3
effect on NSC behavior at cellular and molecular levels remains ambiguous. Our "

%ge/islrocyte
investigation reveals intriguing disparities: although both PLL and Matrigel interfaces are N Ttond %

ino acid me!abnlismT

hydrophilic and feature amine functional groups, Matrigel stands out with lower stiffness FEE E F & ¥ Neuron
and higher roughness. Based on this diversity, Matrigel surpasses PLL, driving NSC itereraA . .
adhesion, migration, and proliferation. Intriguingly, PLL promotes NSC differentiation Matrigel

into astrocytes, whereas Matrigel favors neural differentiation and the physiological AL, Gheorophospholipia

maturation of neurons. At the molecular level, Matrigel showcases a wider upregulation
of genes linked to NSC behavior. Specifically, it enhances ECM—receptor interaction,
activates the YAP transcription factor, and heightens glycerophospholipid metabolism,
steering NSC proliferation and neural differentiation. Conversely, PLL upregulates genes
associated with glial cell differentiation and amino acid metabolism and elevates various
amino acid levels, potentially linked to its support for astrocyte differentiation. These distinct transcriptional and metabolic activities
jointly shape the divergent NSC behavior on these substrates. This study significantly advances our understanding of substrate
regulation on NSC behavior, offering novel insights into optimizing and targeting the application of these surface coating materials in
NSC research.
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1. INTRODUCTION signaling and fate of NSCs.'® Therefore, they also serve as
essential components in composite materials for interface
optimization.'”'® However, the specific effects of these
interfaces on the molecular and cellular behavior of NSCs
are not well understood. This knowledge gap hinders the

Neural stem cells (NSCs) are a group of uncommitted
progenitor cells, which are capable of self-renewal and
generating neurons, astrocytes, and oligodendrocytes or their

committed progenitors." Expanding NSCs and guiding their
. ec prog P & N> & & ™ informed coating selection for various research objectives and
differentiation toward the preferred lineage are promising

approaches for regenerative medicine, drug discovery, and C(?uld potentially affect result consistency across studies using
3 different substrates.

athogenesis research for nervous system disorders.”” : . . . .

P & ysen The biochemical and biophysical cues of the interface are

Generally, NSCs do not tend to adhere easily to untreated tw or £ h 1 havior.'° el
o . o major factors that regulate NSC behavior.”” Matrigel, an
substrates, so surface modification is essential for NSC culture. . .
Optimizing the interface of biomaterials to achieve better ECM extract from murine Englebreth-Holm-Swarm tumors, is
pl' 118 P d 1 o cuall enriched with laminin, collagen IV, heparan sulfate proteogly-
PP 1cajc10ns or N,S Cs and newa regeneration is a continua'ly cans, entactin, and growth factors like basic fibroblast growth
advancing area of innovation. This encompasses breakthroughs factor (bFGE), and transforming growth factor-beta 20 BCM
in surface topology,” electroactive biomaterials,” composite tei o teract with gtg NSCs ( h th
nerve scaffolds,”” bioprinting applications,® and more. proveins car mteract with feceprors on 5 \shen as Hhe
’ ! laminin-integrin interaction), and the growth factors can

However, the complex preparation processes associated with trigger specific molecular signaling pathways. These composite
these advanced interfaces often hinder their widespread g8t Sp & &P 7e. P

adoption in conventional laboratory settings. Commercial
coatings, primarily comprising non-extracellular matrix (ECM) Received:  February 14, 2024
components represented by poly-L-lysine (PLL)”"~'* and ECM Revised:  May 22, 2024
components represented by Matrigel,"”~"" are still the most Accepted: May 23, 2024
widely used for substrate modification. These interfaces not Published: June 14, 2024
only provide a conducive microenvironment for NSC growth

but also play a crucial role in determining the molecular
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components better mimic the in vivo cell microenvironment
than individual ECM proteins, orchestrating vital cellular
processes such as adhesion, migration, self-renewal, and
differentiation.”’ On the contrary, PLL, a polyamino acid
comprised of lysine sequences, is positively charged for a broad
pH range. It promotes cell adhesion in a nonreceptor mediated
and nonspecific manner via an electrostatic bond with
negatively charged cell membranes.”” Besides biochemical
cues, NSCs perceive various mechanical signals like substrate
stiffness and topography, converting them into intracellular
biochemical messages through mechanotransduction. Crucial
mechanotransduction pathways, such as Hippo/YAP (Yes-
associated protein) signaling, regulate transcription to direct
cellular behaviors, including cytoskeletal rearrangement,
migration, proliferation, and differentiation.”> Furthermore,
growing evidence indicates a connection between stem cell
metabolic activity and diverse biochemical and biophysical
signals originating from the cellular microenvironment.”***
NSCs experience substantial metabolic alterations during
differentiation, such as the shift from glycolysis to oxidative
phosphorylation.26 Additionally, there have been reports of
crosstalk between glucose metabolism and ECM mechanical
properties, such as stiffness.”” These information inspired us to
investigate the distinct effects of PLL and Matrigel,
characterized by diverse biochemical and biophysical proper-
ties, on NSC behavior and underlying mechanisms by
analyzing the transcriptome and metabolome profiles.

Here, we discovered that Matrigel displays superior physical
properties, enhancing NSC adhesion and proliferation, and
guiding NSC differentiation toward functional neurons.
Conversely, PLL tends to promote NSC differentiation into
astrocytes. Furthermore, through comprehensive transcriptom-
ic and metabolomic analyses, we unveiled the intricate
molecular mechanisms underlying the divergent NSC behavior
on these substrates. Matrigel activates the transcriptional
regulator YAP and favors glycerophospholipid metabolism,
whereas PLL prefers various amino acid metabolic pathways.
Overall, this study adds significantly to our understanding of
how these classical interfaces distinctly regulate the cellular and
molecular behavior of NSCs.

2. EXPERIMENTAL SECTION

2.1. Ethical Statement. All animal care and experimental
procedures were approved by the Institutional Animal Care and
Use Committee of Shanghai Sixth People’s Hospital affiliated to
Shanghai Jiao Tong University School of Medicine (NO.
DWLL2023-0533).

2.2. Preparation and Characterization of PLL and Matrigel
Substrates. Coating solution was prepared by diluting PLL (0.1 mg/
mL, Sangon) and Matrigel (1:200, approximately 0.0S mg/mL,
Corning) with cold phosphate buffered saline (PBS). Tissue culture-
treated polystyrene plates or glass coverslips, commonly used for cell
cultures, served as controls. The plates or coverslips were immersed in
1 mL/well coating solution for 6-well plates and 300 pL/well for 24-
well plates, then incubated for 2 h at 37 °C. PLL substrate underwent
two PBS washes for S min each before drying for use. Matrigel
substrate was used immediately after aspiration of the coating
solution. Surface chemical composition of the substrates was analyzed
using a Thermo Scientific K-alpha spectrometer for X-ray photo-
electron spectroscopy (XPS) measurements. Morphology and
modulus were examined via Atomic force microscopy (AFM) using
a Bruker Dimension Icon microscope, with the DMT modulus
employed to determine Young’s modulus. Surface hydrophilicity was
assessed by measuring water and cell culture medium contact angles

using the sessile-drop method on an optical contact angle measuring
device (Biolin Theta Flex, Sweden).

2.3. Isolation and Culture of Primary Mouse NSCs. Primary
NSCs were isolated from the cortex of E13.5 fetal CS7BL/6 mice as
previously reported.”® The cells were cultured in a proliferation
medium comprising Dulbecco’s modified Eagle’s medium (DMEM,
Gibco) supplemented with 2% B27 (Gibco), 1% N-2 (Gibco), 20 ng/
mL epidermal growth factor (PeproTech), and 20 ng/mL bFGF
(PeproTech). Culturing was performed at $% CO, and 37 °C.
Neurospheres were dissociated into single cells using Accutase
(Sigma) for passaging and subsequent experiments. For differentiation
experiments, cells were plated on substrates for 24 h and then the
proliferation medium was replaced with differentiation medium,
comprising DMEM/Nutrient Mixture F-12 medium (Gibco)
supplemented with 2% B27, 1% fetal bovine serum (Gibco), and 1
UM retinoic acid (Sigma).

2.4. Scanning Electron Microscopy (SEM). Cells were fixed
with 2.5% glutaraldehyde at 4 °C overnight and postfixed with 1%
osmic acid solution at 4 °C for 1 h. Then, samples were dehydrated
with 30%, 50%, 70%, 80%, and 90% ethanol gradients for 15 min
each, and then dehydrated with 100% ethanol 3 times for 20 min
each. After critical point drying treatment for 1.5 h, the samples were
sputter-coated with gold film. SEM images were obtained by field
emission scanning electron microscopy (SU8010, Hitachi, Japan).

2.5. Immunofluorescence Staining. Cells were fixed with 4%
paraformaldehyde for 15 min, permeabilized with 0.5% Triton X-100
for 15 min, and blocked with 5% goat serum for 30 min at 37 °C.
Following this, primary antibodies were applied and left overnight at 4
°C, including rabbit anti-vinculin (1:100, Abcam), mouse anti-nestin
(1:200, Abcam), rabbit anti-Ki67 (1:500, Abcam), rabbit anti- Class
III beta-tubulin (Tujl, 1:500, Abcam), mouse anti-glial fibrillary
acidic protein (GFAP, 1:300, Cell Signaling Technology), mouse anti-
Olig2 (1:300, Sigma), rabbit anti-myelin basic protein (MBP, 1:100,
Cell Signaling Technology), mouse anti-tau (1:500, Novus), and
rabbit anti-synaptophysin (1:500, Abcam). Subsequently, secondary
antibodies were applied for 1 h at room temperature, including goat
anti-mouse IgG H&L Alexa Fluor 488 (1:500, Abcam), goat anti-
rabbit IgG H&L Alexa Fluor 555 (1:500, Invitrogen), and phalloidin-
iFluor 488 (binding to F-actin, 1:1000, Abcam). Finally, Fluoroshield
with 4’,6-diamidino-2-phenylindole (DAPI, Sigma) was used to label
nuclei and preserve fluorescence. Images were obtained by confocal
laser scanning microscopy (LSM 710, ZEISS, Germany).

2.6. Cell Proliferation Assay. S-ethynyl-2’-deoxyuridine (EdU)
assay was performed using the Cell Proliferation Kit with Alexa Fluor
488 (Beyotime) following the manufacturer’s guidelines. EdU, an
analog of thymidine, is incorporated into newly synthesized DNA.
EdU was added to the cell culture medium at a final concentration of
10 uM and incubated for 2 h. Following fixation with 4%
paraformaldehyde for 15 min and permeabilization with 0.5% Triton
X-100 for 15 min, cells were exposed to click reaction solution for 30
min at room temperature in the dark. DAPI (Sigma) was used to label
the nuclei. Images were obtained by confocal laser scanning
microscopy (LSM 710, ZEISS, Germany). EdU-positive and DAPI-
positive cells were counted using the Image] software (NIH,
Bethesda, MD).

The cell counting kit-8 (CCK-8) assay was performed using the
CCK-8 Cell Counting Kit (Vazyme). A total of 1 X 10* cells/well
were plated in 96-well plates. After 0, 1, 2, 3, and 4 days of
proliferation, CCK-8 solution was added and incubated at 37 °C for 3
h. The optical density (OD) value was measured at 450 nm using a
microplate reader (iMark, Bio-Rad, USA). Experiments were
performed in five replicates.

2.7. Morphological Analysis. Morphological analysis of NSC-
derived neurons was performed using Image] software as previously
reported.”® Based on the immunofluorescence images of Tuj1-positive
neurons after 7 days of differentiation, the neurites of the neurons
were traced by the Simple Neurite Tracer plugin, and the
morphological properties were quantitatively analyzed. The dendritic
complexity index (DCI) was calculated as the following formula
(number of branch tips + number of branch orders)/number of

https://doi.org/10.1021/acsami.4c02575
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Figure 1. Characterization of biophysical and biochemical properties of PLL and Matrigel substrates. (A) High resolution of XPS C 1s and N 1Is
spectra of uncoated, PLL, and Matrigel-coated substrates. (B) AFM images of different substrate surfaces. (C) Rq of different substrate surfaces. n =
3. (D) Modulus of different substrates. n = 3. (E) Water contact angles of different substrate surfaces. n = 3. One-way ANOVA with Tukey’s
multiple correction test. The data are presented as the mean + s.e.m. *P < 0.0S, ***P < 0.001, ****P < 0.0001, ns, not significant.

primary dendrites X total arbor length.*’ The Sholl Analysis plugin
was used to analyze the neurite complexity of the NSCs-derived
neurons at a step distance of 3 ym.

2.8. Western Blot. After 2 days of proliferation, cells were lysed in
RIPA buffer containing protease inhibitors and phosphorylase
inhibitors (Beyotime). Cell lysates were centrifuged and the
supernatants were collected. Protein concentration was quantified
using BCA Protein Assay Kit (Epizyme), mixed with sample loading
buffer, and boiled for 10 min. Equal amounts of protein samples were
separated by 10% SDS-PAGE and transferred to nitrocellulose
membranes. The membranes were blocked with 5% BSA for 1 h at
room temperature and then incubated with primary antibodies
overnight at 4 °C, including rabbit anti-YAP (1:1000, Cell Signaling
Technology), rabbit anti-phospho-YAP (1:1000, Cell Signaling
Technology), and rabbit anti-GAPDH (1:1000, Abclonal). Sub-
sequently, the membranes were incubated with HRP-conjugated
secondary antibodies (1:1000, Abclonal) for 2 h at room temperature.
Finally, signals were examined using an enhanced chemiluminescence
substrate (Vazyme) and images were acquired with a chemilumi-

31924

nescence imaging system (Clinx Science Instruments Co., Ltd.,
China).

2.9. Electrophysiological Recordings. Whole-cell patch-clamp
recordings were performed after 7 and 14 days of differentiation. Cells
were immersed in extracellular solution consisting of (in mM): 150
NaC], § KC], 1 MgCl,, 2 CaCl,, 10 HEPES, and 10 glucose, pH 7.4.
Recording pipettes (tip resistance 3—6 MEQ) were filled with
intracellular solution contained (in mM): 140 K-gluconate, 2
MgCl,, 1 CaCl,, 11EGTA, 10 HEPES, and 4 Mg-ATP, pH 7.4.
Whole-cell currents and membrane potentials were recorded using an
EPC-10 patch-clamp amplifier (HEKA). Data were acquired at 10—20
kHz and filtered at 1—3 kHz using a computer equipped with the
Pulse 6.0 software (HEKA, Lambrecht). Cells were recorded at a
holding potential of —60 mV unless specifically mentioned. To
examine whether action potentials (APs) could be induced, voltage
responses were evoked using S00 ms steps ranging from —25 to +25
pA in S pA intervals. The properties of APs were analyzed based on
the first AP evoked in response to a depolarizing step. Data analysis
was performed using Clampfit 10.5 (Axon Instruments) and
MiniAnalysis software (Synaptosoft, Fort Lee, NJ, USA).

https://doi.org/10.1021/acsami.4c02575
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2.10. RNA-seq and Analysis. After 7 days of differentiation, total
RNA was extracted using the TRIzol reagent (Invitrogen). RNA
purity and quantification were evaluated using the NanoDrop 2000
spectrophotometer (Thermo Scientific, USA). RNA integrity was
assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA, USA). Libraries were constructed using VAHTS
Universal V6 RNA-seq Library Prep Kit according to manufacturer’s
instructions. The transcriptome sequencing and analysis were
conducted by OE Biotech Co., Ltd. (Shanghai, China). The libraries
were sequenced on an llumina Novaseq 6000 platform and 150 bp
paired-end reads were generated. Raw reads of fastq format were first
processed using fastpl and the low quality reads were removed to
obtain the clean reads. The clean reads were mapped to the reference
genome using HISAT22. FPKM of each gene was calculated and the
read counts of each gene were obtained by HT Seq-count4. Principal
component analysis was performed using R (v 3.2.0) to evaluate the
biological duplication of samples. Differential expression analysis was
performed using the DESeq25. g value <0.05 and foldchange >2 or
foldchange <0.5 were used as the threshold for significant differential
expression genes (DEGs). Gene Ontology (GO) enrichment and
Kyoto encyclopedia of genes and genomes (KEGG) pathway analysis
of the DEGs were performed through Metascape online database
(http://metascape.org). Gene Set Enrichment Analysis (GSEA) was
performed using GSEA software. The plugin iRegulon of Cytoscape
software is used to predict transcription factors. The results are
visualized using an online platform (https: //www.bioinformatics.com.
cn) and R (v 3.2.0).

2.11. GC-MS and LC-MS Metabolomic Analysis. Integrated
untargeted metabolomic analysis using Gas Chromatography—Mass
Spectrometry (GC-MS) and Liquid Chromatography Mass Spec-
trometry (LC-MS) was performed. For each group, 6 samples were
prepared for metabolite extraction. After 7 days of differentiation, cells
were washed twice with cold PBS, collected with a cold mixture of
methanol/water (4:1, v/v), and immediately frozen in liquid nitrogen.
Extraction, metabolite identification, and quantification were
performed by Shanghai OE Biotech. Co., Ltd. (Shanghai, China).
Briefly, the samples were analyzed on an Agilent 8890—5977B gas
chromatography system and Waters ACQUITY UPLC I-Class plus/
Thermo QE spectrometer. The original LC-MS data were processed
by software Progenesis QI V2.3 (Nonlinear, Dynamics, Newcastle,
UK) and the GC-MS raw data were transferred to. abf format via
software Analysis Base File Converter and then were imported into
software MS-DIAL for further analysis. The obtained matrix was
imported in R to carry out Orthogonal Partial Least-Squares-
Discriminant Analysis (OPLS-DA) to distinguish the metabolites
that differ between groups. To prevent overfitting, 7-fold cross-
validation and 200 Response Permutation Testing were used to
evaluate the quality of the model. Variable Importance of Projection
(VIP) values obtained from the OPLS-DA model were used to rank
the overall contribution of each variable to group discrimination. A
two-tailed Student’s ¢ test was further used to verify whether the
metabolites of difference between groups were significant. Differ-
entially expressed metabolites (DEMs) were selected with VIP values
greater than 1.0 and P values less than 0.0S. Metabolic pathway
enrichment analysis of the identified DEMs was performed based on
the KEGG database.

2.12. Data Analysis. Western blot and fluorescence images were
analyzed using Image] software and its plug-ins. Data were statistically
analyzed and plotted using GraphPad Prism 9.3.1 (San Diego,
California). All data are presented as the means + standard error of
the mean (s.e.m.). Group comparisons were performed using
unpaired two-tailed t tests for two groups. One-way or two-way
analysis of variance (ANOVA) was used for data comparison among
multiple experimental groups. To determine statistical significance, P
values <0.05 were considered statistically significant.

3. RESULTS AND DISCUSSION

3.1. Biophysical and Biochemical Characterization of
PLL and Matrigel Substrates. Given the significance of

biophysical and biochemical properties in cell behavior
regulation, we investigated the chemical composition, surface
morphology, stiffness, and wettability of glass coverslip coated
with or without PLL and Matrigel. First, XPS was used to
assess surface chemistry changes postcoating. Figure S1A
shows the wide scan spectra of the substrates and atomic ratios
of C, N, and O. PLL and Matrigel-coated substrates exhibited
increased N ratios (0.95% to 3.94% and 11.66%, respectively)
compared to the control, confirming successful coating. The
high resolution C 1s spectra displayed new peaks at 285.7 eV
(C—N) and 286.19 eV (C—N/C-O) for PLL and Matrigel-
coated substrates, respectively, compared to the control
(Figure 1A). N Is spectra showed two peaks at 399.31 eV
(C—N) and 401 eV (N—H) for the PLL substrate and three
peaks at 398.89 eV (C=N), 399.83 eV (N—(C=0)), and
400.65 eV (N—H) for the Matrigel substrate. These functional
groups can be attributed to the abundant amine and amide
groups that were widely present in peptides or proteins. The
introduction of surface amine functional groups might facilitate
cell adhesion by providing a positively charged surface that
attracts negatively charged biomolecules like proteins or cells,
as previous studies demonstrated.*’

AFM was then used to estimate substrate roughness and
modulus (Figure 1B-D). The PLL substrate exhibited a
smooth surface with a root-mean-square roughness (Rq) of
0.32 + 0.03 nm, comparable to the control (022 + 0.01 nm, n
= 3, P = 0.9953). However, the Matrigel coating significantly
increased surface roughness with an Rq of 4.62 + 1.27 nm (n =
3, P = 0.0129). As previously reported, the Matrigel coating
formed an associative network rather than a monolayer of
proteins on the substrate, which may contribute to the
elevation of substrate roughness.31 In addition, PLL coating
had no significant effect on coverslip modulus (uncoated vs
PLL: 4586 + 338.2 MPa vs 4703 + 234.7 MPa, n = 4, P =
0.9370). In contrast, Matrigel coating markedly reduced
substrate modulus to 457.7 + 5525 MPa (n = 4, P <
0.0001), providing a softer surface. The elevated surface
roughness and decreased modulus have been reported to favor
NSC proliferation and neural differentiation.”””’

The surface wettability of these substrates was evaluated by
contact angle measurements. All of these substrates exhibited
hydrophilic properties, with contact angles below 90°for water
or cell culture medium (Figure 1E and Figure S1B). The water
contact angles of uncoated, PLL, and Matrigel-coated
substrates were 15.21 + 1.34°, 30.20 + 7.12° and 72.58 +
3.27°, respectively. While surface wettability’s impact on cell
adhesion varies due to factors like surface roughness, chemical
groups, and cell types, cells typically exhibit better adhesion on
surfaces with moderate wettability (water contact angles 40—
70°) compared to surfaces that are highly hydrophilic or
hydrophobic.”*** Therefore, the Matrigel substrate’s moderate
hydrophilicity may promote superior cell adhesion compared
to the uncoated and PLL substrate. Taken together, these
findings imply that while both PLL and Matrigel can provide
hydrophilic adhesive interfaces for NSC growth, their diverse
biochemical and biophysical characteristics may influence NSC
behavior differently.

3.2. Growth Behavior of NSCs on PLL and Matrigel.
Cell growth on substrates undergoes a sequential series of
steps. Cells first attach to the substrate, then flatten and spread
their bodies. Subsequent organization of the actin skeleton and
focal adhesion formation strengthens adhesion, ultimately
triggering cellular behaviors such as survival, migration, and

https://doi.org/10.1021/acsami.4c02575
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Figure 2. Adhesion, spreading, and proliferation of NSCs on Matrigel and PLL. (A) SEM images of NSCs. Bar graph shows the length of filopodia.
More than 20 cells were measured. (B) Fluorescence images of NSCs with phalloidin (F-actin, green), vinculin (red), and cell nuclei (blue) after 2
days of proliferation. Bar graphs show the quantification of cell spreading area and focal adhesion area. n = 12 cells. (C—F) Fluorescence images of
NSCs showing cell nuclei (blue), NSC marker nestin (green), and proliferation marker Ki-67 (red) after 2 days of proliferation. Bar graphs show
cell number and percentage of nestin+ and Ki-67+ cells. n = 3. (G) Cell growth was assessed by CCK-8 assay, measured daily. n = 5. Two-tailed
unpaired Student’s ¢ test (A—F) or two-way ANOVA with Sidak’s multiple comparisons test (G). The data are presented as the mean + s.e.m. *P <

0.05, ¥#*P < 0.001, ****P < 0.0001, ns, not significant.

proliferation.‘?’6 To observe these behaviors, single NSCs were
plated on substrates coated with or without PLL and Matrigel.
As expected, NSCs did not adhere as a monolayer on uncoated
plates or coverslips, forming floating neurospheres instead
(Figure S2A). After 6 h, most NSCs on PLL remained round,
while those on Matrigel displayed notable flattening and many
extending processes (Figure S2B). After 2 days, NSCs on PLL
clustered tightly, while those on Matrigel were evenly
dispersed. SEM revealed longer filopodia in NSCs on Matrigel
(6.25 + 3.62 pum) compared to PLL (3.95 + 2.1S um, P <
0.0001) (Figure 2A and Figure S2C). Phalloidin staining and
vinculin immunostaining were performed to visualize cell
spreading and focal adhesions (Figure 2B). Vinculin is a crucial
focal adhesion protein that links the actin cytoskeleton to

adhesion receptor complexes, regulating cell adhesion and
migration. NSCs on Matrigel displayed a well-organized
cytoskeleton, exhibiting approximately twice the spreading
area (466.0 + 40.55 um*) compared to NSCs on PLL (228.0
+ 22.02 ym?, P < 0.0001). Furthermore, focal adhesion areas
were significantly larger on Matrigel (85.61 + 7.74 ym?) than
on PLL (4549 + 5.56 um? P = 0.0004). These results
highlight Matrigel as a conducive substrate for NSC spreading
and stable adhesion formation compared to PLL.

We then compared cell viability and migration on these
substrates which relies on adhesion and are critical for neural
tissue engineering. Live—dead cell staining showed a high
percentage of live cells on both PLL and Matrigel under both
proliferation (PLL vs Matrigel: 89.34 + 0.87% vs 94.91 +
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stained with DAPI (blue). Bar graphs show the quantification of the percentage of Tujl+ and GFAP+ cells. n = 3. (B) Representative neuron
morphology reconstruction (green) based on Tujl (red) fluorescence images. (C) Sholl analysis of NSC-derived neurons. The number of neurites
that intersect concentric circles at varying distances from the soma was counted (PLL, n = 16 neurons; Matrigel, n = 14 neurons). (D)
Representative fluorescence images of the presynaptic marker synaptophysin (red) and the axonal marker Tau (green) after 14 days of
differentiation. Bar graph shows number of synaptophysin puncta (indicated by white arrows) per SO ym. n = 16 neurons. Two-tailed unpaired
Student’s t test (A and D), two-way ANOVA test (C). All data are presented as mean + s.em. *P < 0.05, **P < 0.01, ***P < 0.001, **¥*P <

0.0001, ns, not significant.

0.43%, n = 3, P < 0.0001) and differentiation conditions (PLL
vs Matrigel: 93.11 + 0.52% vs 9547 + 0.46%, n = 3, P =
0.0037) (Figure S3A), suggesting that these substrates are
nontoxic to NSC cultures. As expected, NSCs on Matrigel
exhibited greater migration from the neurospheres, approx-
imately 3.30 times farther than on PLL by day 2 (PLL vs
Matrigel: 509.51 + 81.83 ym vs 1681.21 + 143.08 yum, n = 4, P
= 0.0004) (Figure S3B).

Proliferation is a critical characteristic of NSCs and underlies
their in vitro expansion. To evaluate NSC proliferation on
different substrates, we conducted nuclear staining and
immunostaining for nestin (NSC marker) and Ki-67
(proliferation marker) after 2 days of proliferation (Figure
2C—F). As expected, most cells on both substrates were nestin-

positive, slightly higher on the Matrigel (PLL vs Matrigel:
93.16 + 1.42% vs 9843 + 1.04%, n = 3, P = 0.0402),
suggesting that both substrates support the maintenance of
NSC stemness. There were 1.74 times more cells on Matrigel
(1051 + 59.95/mm?*) compared to PLL (604 + 51.21/mm? n
= 3, P = 0.0002). Ki-67 positive cells were also higher on
Matrigel (79.62 + 2.76%) compared to PLL (61.83 + 5.24%, n
= 3, P = 0.0398). In addition, the EdU incorporation assay,
visualizing DNA replication during proliferation, showed a
higher EdU incorporation rate on Matrigel (PLL vs Matrigel:
54.34 + 1.93% vs 61.95 + 1.87%, n = 3, P = 0.0120) (Figure
S3C). The CCK-8 assay also confirmed significantly higher cell
proliferation rates for NSCs on Matrigel at 2, 3, and 4 days of
proliferation (n = 5, P = 0.0170, <0.0001, and <0.0001,
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Figure 4. Physiological maturation of NSC-derived neurons on PLL and Matrigel. (A) Representative traces of spontaneous PSCs of NSC-derived
neurons after 14 days of differentiation. Arrows indicate monophasic PSCs, and arrowheads indicate multiphasic PSCs. (B) Frequency of
monophasic PSCs and integral area of multiphasic PSCs. Ten neurons were analyzed in each group. (C) Capacitance, RMP, and input resistance of
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respectively) (Figure 2G). Overall, both PLL and Matrigel
support NSC proliferation, yet Matrigel provides a more
conducive environment, fostering a highly proliferative state of
NSCs compared to PLL.

3.3. NSC Differentiation and Synaptic Connection of
NSC-Derived Neurons on PLL and Matrigel. NSCs
possess the capacity to differentiate into neurons, astrocytes,
and oligodendrocytes. Neurons, responsible for transmitting
nerve impulses, are crucial in neural regeneration therapy.
Astrocytes, pivotal in regulating the neural environment and
supporting neuronal functions, have been associated with
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various neurological and psychiatric disorders when dysfunc-
tional. Therefore, investigating NSC differentiation into
distinct cell types holds significance for neural development,
injury repair, and disease treatment. To evaluate NSC
differentiation efficiency on the different substrates, lineage-
specific marker immunostainings were performed. After only 3
days of differentiation, cells on Matrigel exhibited significantly
higher expression of neuron marker Tujl compared to PLL
(PLL vs Matrigel: 14.52 + 3.67% vs 56.05 + 4.34%, n =3, P =
0.0007) (Figure S4A). This trend persisted after 7 days of
differentiation, where Tujl-positive cells remained stable on
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Matrigel (52.82 = 6.97%) but increased on PLL (31.09 =+
2.66%, n = 3, P = 0.0435) (Figure 3A), implying that Matrigel
promotes more efficient and earlier NSC differentiation into
neurons than PLL. Conversely, astrocyte marker GFAP-
positive cells were significantly fewer on Matrigel (26.97 +
3.44%) compared to PLL (57.22 + 2.07%, n = 3, P = 0.0017)
after 7 days of differentiation, indicating PLL is more suitable
for NSC differentiation into astrocytes. The expression of
oligodendrocyte markers, Olig2 and MBP, showed no
significant difference between the groups (Olig2, P = 0.8701;
MBP, P = 0.9209, n = 3) (Figure S4B). These results highlight
the differential regulation of substrates on NSC differentiation,
with Matrigel promoting neural differentiation while PLL
favoring astroglial differentiation.

Next, we investigated the substrate influence on the
development of NSC-derived neurons by examining neurite
outgrowth. Neurite tracing analysis showed that NSC-derived
neurons on Matrigel exhibited approximately 1.62 times longer
total neurite length (407.39 + 27.31 ym) compared to PLL
(250.05 + 37.26 pum, P = 0.0018) (Figure 3B and Figure S4C).
In addition, neurons on Matrigel showed longer longest
neurites and more primary branches, branch points, and
branch tips. The DCI was 2.12 times higher on Matrigel
(785.72 + 102.57) than on PLL (370.84 + 52.85, P = 0.0012).
Sholl analysis also showed more intersections at various
distances from the soma on Matriegl compared to PLL (P <
0.0001) (Figure 3C). These results indicate a more complex
branching pattern of NSC-derived neurons on Matrigel.

Given that mature neurite outgrowth provides the basis for
synaptic connection formation during long-term differentia-
tion, we conducted immunostaining for synaptophysin, a
presynaptic protein, after 7 and 14 days of differentiation
(Figure 3D and Figure SSA). By day 14, neurons on Matrigel
exhibited a higher count of synaptophysin puncta compared to
PLL (PLL vs Matrigel (per SO ym): 13.38 & 0.74 vs 19.13 +
1.29, P = 0.0001), indicating more synaptic connections on
Matrigel. Overall, while neurons formed synaptic connections
on both substrates, Matrigel notably promoted more mature
synapse development of NSCs-derived neurons.

3.4. Physiological Maturation of NSC-Derived Neu-
rons on PLL and Matrigel. Establishing synaptic con-
nections among neurons facilitates the transmission of
electrical signals, enabling elaborate neural network develop-
ment.”” We then conducted whole-cell patch clamp recordings
after 14 days of differentiation to record spontaneous
postsynaptic activity, reflecting the functional connectivity of
the neuronal network (Figure 4A). Postsynaptic currents
(PSCs) were observed in all recorded neurons. Interestingly,
we identified two distinct types of currents in both groups.
One exhibited PSC as a single peak (indicated by arrows in
Figure 4A), referred to as monophasic PSC. The other type
comprised multiple overlapping currents, leading to longer
duration and larger amplitude compared to monophasic PSC,
referred to as multiphasic PSC (indicated by arrowheads in
Figure 4A and magnified in Figure S5B).*® The Matrigel group
displayed a significantly higher frequency of monophasic PSCs
(1.66 + 0.39 Hz) compared to PLL (0.08 + 0.02 Hz, P =
0.0151) (Figure 4B). Moreover, the integral area of multi-
phasic PSCs in the Matrigel group was approximately 3 times
larger than that observed in the PLL group, suggesting the
possibility of simultaneous release of more neurotransmitters.
However, no significant differences were observed in the
amplitudes of both monophasic (P = 0.2007) and multiphasic

PSCs (P = 0.1471) between the two groups (Figure SSC).
Typically, PSC frequency relates to presynaptic release
probability, while amplitude depends on postsynaptic receptor
sensitivity. Hence, the increased PSC events in neurons on
Matrigel may be attributed to the more synaptic connection, as
shown above (Figure 3D).

Another crucial physiological function for neuronal
communication and information processing is the generation
and transmission of electrical signals, also known as APs. In
vivo neurons exhibit electrophysiological property shifts with
maturation, marked by increased capacitance, hyperpolariza-
tion of the resting membrane potential (RMP), and decreased
input resistance.” We observed these developmental changes
in vitro for both groups (Figure 4C). Notably, after 14 days of
differentiation, neurons on Matrigel exhibited a 1.93-fold
higher capacitance compared to those on PLL (Matrigel vs
PLL: 29.79 + 2.24 pF vs 1545 + 1.29 pF, P < 0.0001). In
addition, the RMP of neurons on Matrigel was more
hyperpolarized than those on PLL at both day 7 (Matrigel
vs PLL: —43.14 + 4.50 mV vs —27.33 + 0.82 mV, P = 0.0004)
and day 14 (Matrigel vs PLL: —54.45 + 1.29 mV vs —42.08 +
2.18 mV, P = 0.0008). Furthermore, the input resistance of
neurons on Matrigel (955.4 + 167.8 MQ) was significantly
lower than that of neurons on PLL (1879 + 207.4 MQ, P =
0.0214) after 14 days of differentiation. These findings suggest
that neurons on Matrigel exhibit more mature passive
membrane properties compared to those on PLL.

We further explore neuron excitability by injecting step-
depolarizing currents to induce APs (Figure 4D). After 7 days
of differentiation, all recorded neurons on Matrigel (7 out of 7)
and 3 out of 7 neurons on PLL could generate repetitive firing
of APs in response to depolarizing current steps. By day 14, all
recorded neurons in both groups exhibited repetitive AP firing.
Specifically, 80% of neurons on Matrigel exhibited tonic firing
without noticeable accommodation to the injected current
(Figure 4E). In contrast, only 10% of neurons on PLL
displayed tonic firing, with others showing adapting firing
patterns as the injected current intensity increased. Moreover,
neurons on Matrigel fired more APs compared to those on
PLL after 14 days of differentiation (Figure SSD). The AP
threshold became more hyperpolarized and the amplitude
increased with differentiation in neurons on both substrates
(Figure SSE), but no significant difference between the two
groups was observed. Previous studies have reported that
transition from adaptive to tonic firing and increased firing rate
are maturation dependent.””*” Therefore, these results indicate
that NSC-derived neurons on Matrigel develop more mature
electrophysiological functions compared to those on PLL.

3.5. Gene Transcriptional Divergence of NSCs on PLL
and Matrigel. To investigate how different substrates regulate
NSC behavior at the molecular level, RNA-seq transcriptome
analysis was performed to detect the gene expression in NSCs
on Matrigel and PLL after 7 days of differentiation. Principal
component analysis (PCA) exhibited consistent clustering of
three biological replicates within each group, revealing stark
differences in gene expression patterns between PLL and
Matrigel groups (Figure S6A). Compared to the PLL group,
1264 upregulated and 82 downregulated DEGs were identified
in the Matrigel group (Figure S6B). GO enrichment analysis
uncovered that upregulated genes in the PLL group were
related to metabolic processes such as “amino acid metabolic
process”, “glutathione metabolic process”, and “hormone
metabolic process” (Figure SA). Specifically, “glial cell

https://doi.org/10.1021/acsami.4c02575
ACS Appl. Mater. Interfaces 2024, 16, 31922—31935


https://pubs.acs.org/doi/suppl/10.1021/acsami.4c02575/suppl_file/am4c02575_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c02575/suppl_file/am4c02575_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c02575/suppl_file/am4c02575_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c02575/suppl_file/am4c02575_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c02575/suppl_file/am4c02575_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c02575/suppl_file/am4c02575_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c02575/suppl_file/am4c02575_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c02575/suppl_file/am4c02575_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c02575?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

A

PLL upregulated genes

-log1o(P value)
o 1 2 3 4

5

glutathione metabolic process

response to xenobiotic stimulus

regulation of neuroblast proliferation

regulation of membrane potential

amino acid metabolic process

negative regulation of response to cytokine stimulus
regulation of lipase activity

amino acid transmembrane transport

hormone metabolic process

monoatomic ion transmembrane transport
response to organic cyclic compound
regulation of neurotransmitter levels

generation of precursor metabolites and energy
glial cell differentiation

positive regulation of cell-substrate adhesion

°

= Count 0 2 4 6 8

- -log10(P value) Count

-log1o(P value)
0 5 10 15

ECM-receptor interaction -
Focal adhesion
PI3K-Akt signaling pathway
Hippo signaling pathway
Neuroactive ligand-receptor interaction -
Calcium signaling pathway -

TGF-beta signaling pathway -

Count 0
- -log10(P value)

20 40

Count

60

PLL

Matrigel

10

2
£
I
©
Q
[<]
i
>
L
S
«©
K
©
3
=z

Q
2
s
[]
o
=
[
(3]
()
1
]
=}
-

Matrigel upregulated genes

-log1o(P value)
10 20 30 40 50

cilium movement

cilium organization

cell projection assembly

microtubule-based movement

extracellular transport

extracellular matrix organization

microtubule cytoskeleton organization
positive regulation of cell migration

positive regulation of cell adhesion

positive regulation of cell-substrate adhesion
regulation of cellular response to growth factor stimulus
positive regulation of phosphorylation

cell morphogenesis

neuron maturation

neural crest cell differentiation

= Count

- -log10(P value) 25 80 75

Count
c PLL Matrigel PLL Matrigel
YAP | " @D | p-YAP | SR

GAPDH

total YAP p-YAP/total YAP
%k %k

N

*

Relative protein
expression
o -
Relative protein
expression
-

PLL Matrigel PLL Matrigel

1
E \Lower transcription | Higher transcripti(!n
,
| 1
\ W 1 /\ Cell survival,
1 (YAP) Proliferation,
N : ~ Differentiation
1 |
® ]
2 ) 1
1
Degraded YAP 1 %, o Actin
* % Xk :
1
) Focal adhesion

4
3
2

+ + + + + I

1 | ECM- receptor interaction

0

PLL Matrigel PLL Matrigel
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0.05, **P < 0.01, ***P < 0.001.

differentiation” was enriched, involving genes Agt, CspgS,
Hapln3, and Fa2h. These genes are associated with nervous
system development and potentially explain PLL’s promotion
of NSC differentiation into astrocytes. On the other hand, the
Matrigel group exhibited a completely distinct transcriptional
profile. Biological processes related to cell adhesion were
remarkably enriched, including “regulation of cell—substrate
adhesion”, “positive regulation of cell-substrate adhesion”,
“cell-matrix adhesion”, “focal adhesion assembly” and “cell
adhesion mediated by integrin”. Moreover, there was a
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noticeable upregulation of genes governing various NSC
growth behaviors, including “regulation of substrate adhe-
sion-dependent cell spreading”, “positive regulation of cell
migration”, “positive regulation of cell population prolifer-

ation”, “neuron differentiation” and “neuron maturation”
(Figure S7). These findings support previous experimental
results demonstrating Matrigel’s significant enhancement of
NSC adhesion, spreading, migration, proliferation and neuro-

nal differentiation.

https://doi.org/10.1021/acsami.4c02575
ACS Appl. Mater. Interfaces 2024, 16, 31922—31935


https://pubs.acs.org/doi/suppl/10.1021/acsami.4c02575/suppl_file/am4c02575_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.4c02575?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c02575?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c02575?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c02575?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c02575?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

A Matrigel vs PLL B Pathways
Down : 85 Up: 72
—~10 VIP
o o1
§ . v 6
a ... + M 230 61
% . Significant Down
TO 5 Non-significant
., . Significant Up
"""""" Pvalue=0.05
0 RNA
-10 -5 0 5 10
log2(FoldChange)
C D I PLL upregulated

Butanoate metabolism
Diabetic cardiomyopathy..  Arginine biosynthesis

Glycerophospholipid metabolism [N
Glycosylphosphatidylinositol (GPI)-anchor biosynthesis [N

Taurine and hypotaurine metabolism [N
Ascorbate and aldarate metabolism Il

14 Metabolite

I Matrigel upregulated

Glycerophospholipid metabolism Pyrimidine metabolism

Pentose and glucuronate interconversions [l

Pantothenate and-CoA biosynthesis Aminoacyl-tRNA biosynthesis

AIanine,Q)arlate and
glutamat&’metabolism.

Glycineserine and Tyrosine metabolism
threonine metabolism

Glycolysis/ Gluconeogenesis

Glutathione metabolism

Pentose phosphate pathway _Arginine and Thiamine metabolism

proline:metabolism

Purine metabolism Pyruvate metabolism

Central carbon Cysteine and
metabolism in cancer methionine metabolism

Pyrimidine metabolism [l

I ABC tansporters

I D-Amino acid metabolism
I Glycine, serine and threonine metabolism

I Valine, leucine and isoleucine biosynthesis
I Galactose metabolism
I Glyoxylate and dicarboxylate metabolism
I Citrate cycle (TCA cycle)

I Cysteine and methionine metabolism
I Arginine and proline metabolism
I Alanine, aspartate and glutamate metabolism

Calcium signaling pathway 1b

E F

DI-Homoserine
-1
4-Hydroxyproline

D-Serine

L-Serine

L-Threonine

L-Cystine
4-Guanidinobutanoic Acid
Fumaric Acid

Pyruvic Acid
Citraconic Acid

Group I Group
Oxoglutaric Acid + HEPLL
Citric Acid o M Matrigel

5 0 5 10
-log10(P value)

| Glycerophospholipid metabolism |

@ Phosphatidylethanolamine

Pla2g2c
l Pla2gb

Pib1

@ Significant Up
@ Non-significant

(@) 1-Acyl-sn-glycero-3-phosphoethanolamine
Plb1
@ sn-Glycero-3-phosphoethanolamine

N

Ethanolamine  sn-Glycerol 3-phosphate

Figure 6. Metabolic profiles of NSC differentiation on PLL and Matrigel. (A) Volcano plot showing upregulated (red) and downregulated (blue)
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interactions. (D) KEGG pathway enrichment analysis of upregulated metabolites in the PLL and Matrigel groups, respectively. (E) Heatmap of
DEMs from the enriched amino acid metabolic pathways. (F) DEMs and DEGs in the glycerophospholipid metabolism pathway. Red indicates

upregulated and gray indicates not significant.

We then conducted a KEGG pathway enrichment analysis
on all DEGs to uncover the signaling pathways modulated by
these substrates (Figure SB). Notably, the ECM-receptor
interaction and focal adhesion pathway emerged with the most
significant P value. Within the “ECM-receptor interaction”
pathway, genes encoding the ECM proteins, including laminin,
collagen, fibronectin, nephronectin, thrombospondin, tenascin,
vitronectin, and the cell surface receptor integrins were
upregulated in the Matrigel group (Figure S8). Further
GSEA focusing on the Reactome pathway also unveiled that

31931

several specific interactions were significantly upregulated in
the Matrigel group, including “integrin cell surface inter-
actions”, “laminin interactions”, “nonintegrin membrane-ECM
interactions”, and “NCAMI interactions” (Figure S9). In
contrast, we did not observe that such cell—substrate
interactions were upregulated in the PLL groups. Consistent

2041 the results confirm the vital role of

with previous studies,
integrins in cell adhesion on Matrigel and offer novel insights

into the molecular effects of Matrigel on NSCs.
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The signals generated by the ECM-receptor interaction
require transmission to the nucleus via intracellular signaling
pathways to regulate cellular behavior. Hence, we explored
downstream signaling pathways. Notably, the Hippo signaling
pathway, an important mechanotransduction pathway and also
a downstream signaling pathway for focal adhesion,* was
enriched (Figure SB), with a wide upregulation of its
associated genes (Figure S10). Given the pivotal role of
YAP, a key transcriptional regulator in the Hippo signaling
pathway, in regulating NSC proliferation and differentia-
tion,"”** we assessed YAP activity in NSCs on PLL and
Matrigel. Phosphorylated YAP is degraded in the cytoplasm,
while unphosphorylated YAP (active status) translocates to the
nucleus to interact with TEAD transcription factors to regulate
transcription. Thus, we performed Western blot and
immunofluorescence analyses to assess YAP levels and
subcellular localization. The results revealed a lower relative
phosphorylation ratio of YAP (p-YAP/total YAP), higher total
YAP levels, and increased nuclear/cytoplasmic fluorescence
ratio in the Matrigel group compared to the PLL group (Figure
5C and 5D). This suggests that the YAP protein is more active
in the Matrigel group compared to the PLL group.
Subsequently, we conducted transcription factor prediction
analysis on all DEGs, and the top predicted transcription
factor, TEAD, is precisely downstream of YAP.** Moreover,
approximately one-third of the DEGs (424 genes) were
predicted to be regulated by TEAD, encompassing genes
associated with cell adhesion, migration, proliferation, and
axon extension (Table S1). Recent reports highlight that YAP
responds to various biochemical and biophysical signals from
the cellular microenvironment, including soluble factors (such
as EGF), substrate stiffness, and topology. Additionally, cell
changes like cell spreading, focal adhesion formation, and
heightened cytoskeletal tension can also activate YAP.*>*~*
Therefore, we propose that the diverse signals from PLL and
Matrigel trigger varying cell shapes, focal adhesion patterns,
and cytoskeletal tension. These variations likely result in
distinct YAP signaling pathway activity, leading to differences
in the transcriptional regulation of a series of genes related to
cellular behavior between NSCs on PLL and Matrigel (Figure
SE).

3.6. Metabolic Profiles of NSC Differentiation on PLL
and Matrigel. The RNA-seq analysis revealed distinct
regulation of multiple genes associated with metabolic
processes between PLL and Matrigel (Figure SA). Given the
known important regulation of metabolic activity on NSC
fate,"®* we conducted metabolomics to elucidate how these
substrates regulate NSC metabolism. An integrated untargeted
metabolomic analysis using GC-MS and LC-MS was
performed after 7 days of differentiation. OPLS-DA showed
good clustering within groups and significant variability
between the PLL and Matrigel groups (Figure S11A). 7-fold
cross-validations and 200 response permutation testing
suggested that the OPLS-DA model was valid without
overfitting (Figure S11B). We identified a total of 192§
metabolites and 157 DEMs between the two groups.
Compared to the PLL group, 72 upregulated and 85
downregulated metabolites were found in the Matrigel group,
as illustrated in the volcano plot (Figure 6A) and heatmap
(Figure S11C). These results clearly show the distinct
metabolic activities of NSCs in response to varying substrates
during the differentiation process.

We conducted an integrated analysis of metabolomics and
transcriptomics.50 DEGs and DEMs were mapped onto KEGG
pathways, unveiling a total of 61 pathways containing both
DEGs and DEMs (Figure 6B). KEGG Markup Language
(KGML) network analysis revealed the interaction network
among these pathways, with “glycolysis/gluconeogenesis”
displaying the most significant interactions with 19 down-
stream pathways (depicted in Figure 6C). Within the
glycolysis/gluconeogenesis pathways, pyruvate acid, a critical
connection between glycolysis and oxidative phosphorylation,
along with genes regulating glucose homeostasis like Pklr,
Hkdcl, Eno4, and Gck, exhibits differential expression between
PLL and Matrigel groups (Figure S12A). Given that glycolysis
stands as a distinctive metabolic trait of NSCs, and its
modulation—specifically the shift toward oxidative phosphor-
ylation—serves as one of the most vital NSC differentiation
mechanisms,”" this divergence suggests potential variations in
glycolytic metabolism that might contribute to the different
effects of substrates on NSC differentiation.

Pathway enrichment analysis on upregulated metabolites in
each group further delineates the specific pathways affected by
PLL and Matrigel. The top 10 enriched pathways are shown in
Figure 6D. Notably, consistent with the enrichment of “amino
acid metabolic process” among DEGs upregulated by PLL in
the RNA-seq analysis (Figure SA), several amino acid
metabolic pathways were similarly enriched among DEM
upregulated by PLL, including “D-amino acid metabolism”,
“glycine, serine and threonine metabolism”, “valine, leucine
and isoleucine biosynthesis”, “cysteine and methionine
metabolism”, “arginine and proline metabolism”, “alanine,
aspartate and glutamate metabolism”, and “phenylalanine
metabolism”. The specific differential amino acids within
these pathways are depicted in Figure 6E. It is worth noting
that p-serine and its precursor L-serine were upregulated in the
PLL group. Considering that L-serine is primarily synthesized
by astrocytes, this result may mutually corroborate our
observation that PLL promotes NSC differentiation into
astrocytes (Figure 3A). Previous studies have highlighted
that arginine and branched-chain amino acids (such as valine,
leucine, and isoleucine) play a role in regulating the metabolic
shift from glycolysis to oxidative phosphorylation during NSC
differentiation.””*> The modulation of various amino acid
metabolism by PLL, as evidenced by both transcriptional and
metabolic alterations, could potentially exert further influence
on NSC differentiation.

Glycerophospholipid metabolism is the most significantly
enriched pathway among the DEMs upregulated by Matrigel.
This pathway includes the upregulated DEMs such as
phosphatidylethanolamine (PE), ethanolamine, and sn-glycerol
3-phosphate (Figure S12B). Correspondingly, the genes
Pla2g2c, Pla2gS, and Plbl, encoding phospholipase enzymes,
were also upregulated. These enzymes are involved in the
degradation of PE to ethanolamine and sn-glycerol 3-
phosphate (as illustrated in Figure 6F). PE, the second most
abundant phospholipid in mammalian cells, increases cell
membrane fluidity and plays an essential role in various cellular
processes, including synaptogenesis, neurotransmitter release,
and more. Thus, we hypothesize that the active PE metabolism
might contribute to the more mature neural differentiation
process in the Matrigel group. Collectively, these findings
present novel evidence emphasizing the distinct regulatory
impacts of PLL and Matrigel on NSC metabolism. This
divergence, coupled with transcriptional alterations, signifi-
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cantly contributes to the diverse regulatory mechanisms
governing cell behavior.

4. CONCLUSION

This study presents a comprehensive analysis of the
biochemical and biophysical properties of poly-L-lysine
(PLL) and Matrigel, delineating their respective influences
on NSC fate. We elucidated the mechanisms underlying these
effects, particularly focusing on cellular transcription and
metabolic pathways. Our findings reveal that Matrigel,
characterized by its lower modulus and higher surface
roughness, significantly upregulated glycerophospholipid me-
tabolism and enhanced ECM-receptor interactions which
facilitated the activation of the transcriptional regulator YAP,
thereby markedly promoting cellular adhesion, spreading,
migration, and proliferation. Moreover, Matrigel predomi-
nantly directed NSC differentiation toward functional neurons.
In contrast, PLL was found to upregulate genes associated with
glial cell differentiation and amino acid metabolism, and to
elevate various amino acid levels, potentially driving the
preferential NSC differentiation into astrocytes.

The exploration of interactions between substrates and
NSCs, as a means to regulate cellular function and induce
multidirectional differentiation, remains a focal point in
neuroscientific research. Our study provides novel cellular
and molecular insights into the differential behaviors of NSCs
on PLL and Matrigel substrates. These findings offer a refined
understanding of these traditional surface coatings, paving the
way for their optimized and targeted application in NSC
research.
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