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ABSTRACT: Three-dimensional (3D) synthetic heparan sulfate
(HS) constructs possess promising attributes for neural tissue

engineering applications. However, their sulfation-dependent ,;%/__4: Neuron
ability to facilitate molecular recognition and cell signaling has \

not yet been investigated. We hypothesized that fully sulfated ' ‘ ?M 1
synthetic HS constructs (bearing compound 1) that are function- | C e Chimeric
alized with neural adhesion peptides will enhance fibroblast growth > ) Pertide
factor-2 (FGF2) binding and complexation with FGF receptor-1 [ SECE 2

[l Metrics & More | e Supporting Information

Modular Heparan Sulfate-gel
with adhesion peptides

3D multi-layer Hydrogel
for multi-cellular development

(FGFRI1) to promote the proliferation and neuronal differentiation @ °o o

of human neural stem cells (hNSCs) when compared to constructs ' > © FGF2

with unsulfated controls (bearing compound 2). We tested this @ NSC
hypothesis in vitro using 2D and 3D substrates consisting of

different combinations of HS tetrasaccharides (compounds 3 and 4) and an engineered integrin-binding chimeric peptide (CP),
which were assembled using strain-promoted alkyne-azide cycloaddition (SPAAC) chemistry. Results indicated that the adhesion of
hNSCs increased significantly when cultured on 2D glass substrates functionalized with chimeric peptide. hNSCs encapsulated in 1-
CP hydrogels and cultured in media containing the mitogen FGF2 exhibited significantly higher neuronal differentiation when
compared to hNSCs in 2-CP hydrogels. These observations were corroborated by Western blot analysis, which indicated the
enhanced binding and retention of both FGF2 and FGFRI1 by 1 as well as downstream phosphorylation of extracellular signal-
regulated kinases (ERK1/2) and enhanced proliferation of hNSCs. Lastly, calcium activity imaging revealed that both 1 and 2

hydrogels supported the neuronal growth and activity of pre-differentiated human prefrontal cortex neurons. Collectively, these
results demonstrate that synthetic HS hydrogels can be tailored to regulate growth factor signaling and neuronal fate and activity.

KEYWORDS: synthetic heparan sulfate hydrogel, ERK, FGF2, neural stem cells, click chemistry
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B INTRODUCTION

Heparan sulfates (HS) are linear anionic polysaccharides
consisting of alternating glucosamine (GlcN) and glucuronic

a major regulator of NSC proliferation and neurogenesis,
which signals mainly through FGFR1 present on NSCs and
neurons in the developing and adult central nervous system.”

(GlcA) or iduronic acid (IdoA) residues that are linked to a
core protein to form heparan sulfate proteoglycans (HSPGs)."
HSPGs in the adult brain are distinctly localized in the
basement membrane and the synaptic cleft. Diversely sulfated
epitopes on HS chains regulate trophic factor binding and
cellular signaling to promote angiogenesis’ as well as
neurogenesis and plasticity.”* HS interactions with the cell
regulatory mitogen, fibroblast growth factor (FGF), and family
of cognate FGF receptors (FGFRs) have been the subject of
much investigation.” However, most of these interactions have
been elucidated using specific binding affinity assays, which are
not designed to provide biological information regarding
protein complexation and downstream signaling using hydro-
gel-based cellular bioassays.’

In invertebrates, HS has been reported to direct neural stem
cell (NSC) migration and neuronal differentiation.””® FGF2 is
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In addition to promoting NSC proliferation, FGF2 is also
important for neuronal differentiation,'® axonal branching,“
and plasticity. Axonal growth and plasticity in the brain are also
regulated by extracellular matrix proteins such as laminin,
which regulates neuronal cell adhesion via the presentation of
integrin binding sites such as RGDS and IKVAV.'>"* Previous
studies have demonstrated that a hybrid chimeric peptide

13,14

containing these epitopes promoted the adhesion and
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differentiation of neurons. Other reports have also demon-
strated that specific motifs in laminin,"* neural cell adhesion
molecules,'® N-cadherin,'®"” and L1'® proteins can synergisti-
cally promote FGF2- and FGFR1-mediated neuritogenesis and
proliferation. However, the integration of these cell instructive
peptide motifs with the high-affinity FGF2-regulating attributes
of sulfated HS tetrasaccharides in a 3D biomaterial that is
designed to support cell adhesion, NSC proliferation, neuronal
differentiation, and neuronal activity has so far not been
explored.

Previously, we demonstrated that a hydrogel modified by an
HS-disaccharide supports the maintenance of hNSCs in vitro.'®
Here, we hypothesized that 3D hydrogel constructs consisting
of fully sulfated HS tetrasaccharides and neuronal cell
adhesion-promoting peptides will enhance FGF2-FGFRI1
complexation, leading to enhanced proliferation and neuronal
differentiation of hydrogel-encapsulated hNSCs when com-
pared to unsulfated controls. We describe the design of a
hydrogel construct consisting of a well-defined, fully sulfated
HS tetrasaccharide and a cell adhesion-promoting peptide
derived from laminin that can potentiate the activity of FGF2
to promote NSC proliferation, neuronal differentiation, and
activity of differentiated neurons. The HS tetrasaccharide was
selected because it is the smallest active unit that can bind to
FGF2 and induce cell signaling by providing transient
stabilization of the FGF2-FGFR1 complex.'””” First, we used
2D functionalized glass slides to evaluate chimeric peptide
concentration-dependent neuronal adhesion and assessed
sulfation-dependent enhanced binding of FGF2 and FGFRI1
in a microarray format. Next, we examined hNSC proliferation
and differentiation in sulfated HS tetrasaccharide (1) and
unsulfated (2) control hydrogels using Western blotting and
immunocytochemistry. Finally, we used calcium imaging to
investigate the potential of differentially sulfated HS hydrogels
to support neuronal activity.

B MATERIALS AND METHODS

Chemical Synthesis. Peptide Synthesis. Azide-functionalized
peptides, RGDS, YIGSR, IKVAV, and chimeric peptide were
synthesized on Wang resin or rink amide resin (Novabiochem, San
Diego, CA, 0.1 mmol) by established protocols on a CEM Liberty
Automated Microwave Peptide Synthesizer using standard Fmoc-
protected amino acids. The peptides were purified by high-pressure
liquid chromatography (HPLC) and characterized using MS
(MALDI-ToF, Applied Biosystems $800).

General Procedure for Chemical Glycosylation. The solution of
glycosyl acceptor (1.0 equiv), donor (1.2 equiv), and activated
molecular sieves (4 A) in CH,CI, (0.2 M) was placed under an
atmosphere of argon, and the resulting suspension was stirred at room
temperature for 0.5 h. The mixture was cooled to —20 °C, trifilic acid
(TfOH, 1.5 equiv) was added, and the resulting reaction mixture was
stirred for an additional 1 h. Upon completion of reaction, confirmed
by thin layer chromatography (TLC) and mass spectrometry (MS),
the reaction was quenched with pyridine (S0 yL). The mixture was
filtered, the filtrate was concentrated under reduced pressure, and the
residue was purified by silica gel column chromatography using a
gradient of hexanes and EtOAc (from 9/1 to 1/9, v/v) to give pure
tetrasaccharide.

General Procedure for Synthesis of HS-Triazide Conjugates.
Triazide conjugates (1 or 2) were prepared according to a previously
reported procedure.'® Briefly, to tetramers (3 to obtain 1 or 4 to
obtain 2) in acetonitrile (0.5 mL for 1 mg) and DIPEA (4 equiv) at 0
°C was added an NHS-triazide linker (2 equiv, in 1.0 mL of
acetonitrile). The progress of the reaction was monitored by ESI-MS.
Upon completion, the reaction mixture was concentrated under
vacuum and the residue obtained was purified by size exclusion

chromatography (P-2 Biogel column). The appropriate fractions were
lyophilized, and the residue was sodium exchanged over Dowex [Na
+] resin.

The detailed synthetic procedures, NMR/MS characterization, and
NMR spectra of all final compounds are provided in the Supporting
Information.

Preparation of Peptide-Functionalized Surfaces. For DIBO
coating on glass surfaces, DIBO-(PEG);-NH, (20 mM, DMF, 100 uL
per well) was added to a multi-well hybridization cassette fitted with
N-hydroxy succinimide (NHS)-activated glass slides (Nexterion Slide
H). After 12 h incubation at room temperature in a closed chamber,
the remaining activated esters were quenched with ethanolamine (5
mM) in Tris (100 mM) at pH 9.0. Azide-functionalized peptides were
immobilized on the glass surface utilizing click chemistry. Briefly,
peptides (100 uL per well, 0.5 mM or 1.0 mM in water, in triplicate)
were added to the cassette, and after 16 h incubation, the solutions
were removed, and the slides were rinsed with phosphate-buffered
saline, spun dry, and kept in a desiccator at —20 °C for future use.

Preparation of HS Hydrogels. A premixed solution of DIBO-
functionalized 4-arm PEG polymer (8, 7 wt %, S0 uL) and chimeric
peptide (CP, final concentration of 1.0 mM) was added to an equal
volume of synthetic HS-Triazide conjugate (stochiometric equivalent
of 8, 50 yL) in a ring-shaped PDMS mold (13 and S mm external/
internal diameter and S mm height). After 30 min incubation at 37
°C, a stable hydrogel was obtained with a storage modulus of 0.5—1
kPa, which is in close agreement with a previous report.'® The final
composition of hydrogels is 3.5 wt % PEG polymer (8), 1.0 mM CP,
and 7.25 mM HS (1 or 2).

Cell Culture. Neural Stem Cell (NSC) Culture. Human-induced
pluripotent-derived neural stem cells (NSCs, Global Stem Cell, GSC-
4306) were used. Cells were used at a passage ranging from P10 to
P1S. Cultures were expanded in a medium composed of neurobasal
supplemented with glutamax (Gibco), non-essential amino acid
(NEAA, Gibco), B27 (Gibco, X50), and basic fibroblast growth factor
(FGF2; R&D system). Differentiation of NSCs toward their
committed lineage (ie, neurons, glia, and oligodendrocyte) was
initiated using the same expansion media minus FGF2 (FGF2
withdrawal). Adhesion assays were performed over a period of 24 h
post-seeding in maintenance media with FGF2 (initial seeding at 100k
cells/cm*). Both expansion and differentiation experiments in 3D
were performed for a duration of 6 days (200k cells/10 pL of
hydrogel).

Mel1-Derived PFC Neurons. For prefrontal cortical neural cell
(PEC) differentiation, hESCs (Stem Cells Ltd., NIHhESC-11-0139)
were dissociated on day 1 by EDTA and replated (260k/cm*) on
Matrigel-coated plates with Essential 8 Medium (Gibco). On day 0,
the medium was replaced by Essential 6 Medium (Gibco) containing
SB (10 uM, Tocris), LDN (100 nM, Selleck Chemicals), and XAV (2
uM, Tocris). From day 2 to day 8 (NPC induction), XAV was
withdrawn from the medium. Day 8 NPCs were dissociated by a
StemPro Accutase Cell Dissociation Reagent and replated as
condensed droplets (10 drops into one well of a six-well plate) with
homemade neural medium N2B containing N2 and B27 supplement
(Gibco), FGF8 (50 ng/mL, R&D), and SHH (25 ng/mL, R&D) for
neural rosette formation. On day 16, neural rosettes were dissociated
by Accutase and replated (about two droplets into one well of a six-
well plate) on PO/LM/FN-coated plates with N2B containing only
FGF8. This was the final maintenance medium. On day 22, prefrontal
cortical neural progenitors were dissociated by Accutase and replated
(100k/cm?) on PO (Sigma)/LM (R&D)/FN (VWR)-coated plates.
PFC neurons were replated on 2D laminin-coated glass (100k/cm?)
or in gels (200k cells/10 uL of hydrogel) on day 30 for experiments as
previously published.”!

Recording of Neuronal Activity. Microelectrode Array (MEA)
Recordings. For the MEA recordings, we used a 96-well MEA plate
(BioCircuit MEA 96) coated with a mixture of PO (poly-orthine)/
LM (laminin)/FN (Fibronectin). On day 22, Mil6-derived PEC
neurons were dissociated by Accutase and replated (100k/cm*) on
the MEA plate in the final maintenance medium. Neuronal activity
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Figure 1. Chemical synthesis of HS-hydrogel components. (A) Microwave-assisted solid phase synthesis (MW-SPPS) of adhesion peptides.
Reagents and conditions: (i) 20% 4-methylpiperidine, DMF, MW, 3 min; (ii) Fmoc-AA-OH, HOBt, HBTU, DIPEA, DMF, MW, S min; and (ii)
TFA/H,0/TIPS (95/2.5/2.5), RT, 2 h. (B) For modular synthesis of HS tetrasaccharides triazide conjugates (1 and 2) from their corresponding
HS tetrasaccharides (3 and 4), disaccharide building blocks (5 and 6) were used to generate tetrasaccharide (7). Tetramer 7 was subjected to
partial deprotection and then either to a sequence of O- and N-sulfation or N-acetylation followed by global deprotection to obtain 3 and 4, which
upon reaction with an NHS-activated triazide linker affords their corresponding triazide conjugates 1 and 2, respectively. The Supporting
Information provides the complete details of synthesis and analysis. (C) Synthesis of DIBO-functionalized 4-arm PEG polymer (8). Reagents and
conditions: (i) DCM, E;N, 0 °C to RT, 16 h.

was recorded 1 week after replating using Maestro Pro (Axion using custom-made scripts in MATLAB with the image analysis
Biosystems). toolbox. Calcium activity traces were extracted from ROI spatial
Calcium Imaging. Calcium imaging was performed using Fluo4- average and plotted over time. Calcium spikes were detected using
AM (Thermo-Fisher) using previously described methods.** Briefly, a normalized AF/F and peak detection using MATLAB.
stock solution was made using 50 ug of Fluo4-AM dissolved in 20% Protein Expression Quantification. Western Blot Assays.
F127 Pluronic acid in DMSO (v/v). A loading solution was made Sample protein concentrations were normalized to 30 ug of protein
from 2 mL of Brainphys and 4 uL of stock Fluo4-AM solution; cells in 20 uL of PBS. A total of 7 uL of a 1:9 dilution of p-
were incubated for 20 min with the loading solution. Cells were then mercaptoethanol and Li-cor 4X Protein Loading Buffer was added to
transferred to Brainphys only solution for recording. Following each sample before heating for 5 min at 95 °C. A total of 20 uL of
recording, hydrogels were changed back to regular maintenance each sample was run in duplicates on a Bio-Rad Mini-PROTEAN
media. TGX gel at 200 V for 25 min in 1X TGS running buffer. Samples were
Calcium recording was performed on a Leica DM-IRBE inverted transferred to a PVDF membrane at 15 V for 2 h in 1X Bio-Rad
microscope with a fluorescence light source (Mercury Arc light Trans-Blot Turbo Transfer Buffer + methanol. The membrane was
source; Lumen dynamics) with a TRITC filter (Ex/Em: 561/576 washed in TBST and blocked in Li-cor Intercept Blocking Buffer
nm). Following field of view centering using a 20X objective (NA: overnight at 4 °C. The membrane was washed and then incubated
0.4), imaging was performed for S min at 1 frame/s with 0.5 s with a 1:10,000 dilution of the primary antibodies (ERK1/2, P-
exposure. Camera binning was further increased to 4 to allow a better ERK1/2, and GAPDH) in TBST + 5% BSA overnight at 4 °C. After
signal-to-noise ratio. Cells were maintained in a Tokai live cell culture washing, the membrane was incubated with a 1:15,000 dilution of the
stage adapter maintained at 37 °C with a HEPA-filtered continuous Li-cor IRDye 680 and 700 secondary antibodies in TBST + 5% BSA
flow of 5% CO,-air medical-grade pre-mixed gas (Airgas). for 1 h at RT. The membrane was then washed, transferred to PBS,
Recorded time lapses (500 ms exposure, 1 frame/s) were then and kept in 4 °C until it was imaged on Li-cor Odyssey.
enhanced for contrast using Volocity software and exported as tiff Immunocytochemical Staining. All cells were fixed in 4%
image stacks. Cell somas were detected using maximum intensity paraformaldehyde (w/v in PBS) for 15 min. Following fixation,
projection, and regions of interest (ROI) were automatically defined cells were washed with PBS and then with a 0.05% Tween-20 solution
28478 https://doi.org/10.1021/acsami.2c01575
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(Fischer Scientific; v/v in PBS). Cells were permeabilized using a
0.1% Triton-X100 solution (Fisher Scientific; v/v in PBS) and
subsequently blocked in 4% BSA (Sigma Aldrich; w/v in PBS).
Indicated primary and secondary antibodies were diluted in 2% BSA
(w/v in PBS). Primary antibodies were applied to cells overnight at 4
°C. After washing with 0.05% Tween-20 (v/v in PBS), secondary
antibodies were applied for 1 h at RT. All glasses or hydrogels were
then counter-stained using DAPI/NucBlue nuclear staining and
maintained in fluoromount-G solution (Thermo-Fisher), DAPI/
Nucblue (Thermo Fisher, primary), Vinculin (Sigma Aldrich,
1:500/mouse, primary), Phalloidin-TX (Thermo Fisher, conjugated-
TX), f-Ill-tubulin (EMD Millipore, 1:500/chicken, primary), Nestin
(EMD Millipore, 1:500/mouse, primary), GFAP (DAKO, 1:500/
rabbit, primary), Anti-mouse-AF488 (Life Technology, A11006,
1:220/goat, secondary), Anti-chicken-AF488 (Life Technology,
A11039, 1:220/goat, secondary), and Anti-rabbit-AF647 (Life
Technology, A21244, 1:220/goat, secondary).

Image Quantification. Quantification for DAPI-based cell
nucleus count, cell membrane staining area, and colocalization were
performed using a custom-made script using MATLAB (MathWorks,
Inc.) and an image analysis toolbox. Differentiation index in each
condition was estimated as the ratio of the cumulative number of
differentiated cells (B3T+ and GFAP+) and the total number of cells
(NESTIN+).

HS Interaction with FGFR1 and FGF2. Compounds 1 and 2
(with azide groups, 100 uM, in water) were added to a multi-well
hybridization cassette (100 uL per well, in triplicate) fitted with a
DIBO-functionalized glass slide. After 1 h incubation at RT, the excess
solutions were removed, rinsed with PBS, and spun dry. Similarly, 100
UM solutions of compounds 3 and 4 bearing an anomeric amino
pentylamine linker were added on to NHS-ester-activated glass slides
(Nexterion Slide H). After 8 h, the slides were incubated in a
humidity chamber for 16 h and then blocked for 1 h with
ethanolamine (S mM) in a Tris buffer (pH 9.0, 50 mM) at RT for
1 h. The blocked slides were rinsed with deionized water and spun
dry. First, HS-functionalized slides were incubated with FGF2 (R&D
systems, 3 yg/mL). After 1 h at RT, the slide was sequentially washed
by dipping in TSM wash buffer (2 min, with 0.05% Tween 20), TSM
buffer (2 min), water (2 X 2 min), and spun dry. For detection of
bound protein, the slide was incubated with anti-FGF2 (1:300)
followed by goat anti-mouse Alexa Fluor 635 (1:300) in the dark. The
slide was scanned using a GenePix 4000B microarray scanner
(Molecular Devices) at the 635 nm excitation wavelength. Next,
fresh slides were incubated with FGFR1 (Sino Biological, 10 yg/mL)
with and without FGF2 (R&D systems, 3 yg/mL) for 1 h at RT. The
same sequence of washing was repeated, and the slide was further
incubated with anti-His-AlexaFluor-635 (BioLegend, S yig/mL) in the
dark. Following the washing steps, the slide was scanned, and the data
was plotted using Prism GraphPad software.

Statistical Analysis. All statistical analyses were performed using
MATLAB (MathWorks, Inc.) and the statistical toolbox. For all
validating normality tests (Kolmogorov—Sinai test), parametric
methods including t-tests and ANOVA were used with a Holm—
Sidak correction for multiple comparison when appropriate.
Otherwise, non-parametric methods such as the Wilcoxson ranksum
test and Kruskal—Wallis test with Dunn—Sidak correction for multiple
comparison were used.

B RESULTS AND DISCUSSION

The biomimetic attributes of tissue-engineered synthetic HS
constructs that are designed to enhance FGF2 signaling and
promote NSC and neuronal homeostasis have so far not been
fully characterized. In a previous study, we demonstrated that
different arrangements of synthetic sulfated HS disaccharides
in an HS backbone can exhibit distinct structure—function
attributes.”” We also reported that 3D hydrogel constructs
presenting these epitopes potentiated FGF2 activity and
promoted NSC proliferation.® Here, we formulated a general

strategy to incorporate an HS tetrasaccharide and a chimeric
peptide into a three-dimensional matrix using strain-promoted
alkyne-azide cycloaddition (SPAAC) chemistry to promote cell
proliferation and differentiation (Figure 1). First, we evaluated
NSC adhesion to a hybrid chimeric peptide, laminin, and
laminin sub-domain peptides in a 2D configuration. Next, the
binding of synthetic HS tetrasaccharides to FGF2 and its
corresponding receptor, FGFR, was examined. Finally, the
impact of HS sulfation and the presence of the chimeric
peptide in a 3D scaffold on NSC’s fate and neuronal activity
were examined. We prepared azido-functionalized integrin
binding peptides (RGDS, YIGSR, and IKVAV) and chimeric
peptides that contained the integrin binding regions RGDS
and IKVAV and covalently linked them to dibenzocyclooctyne
(DIBO)**—modified glass surfaces or a polymeric backbone
via SPAAC chemistry. Following a modular approach for HS
synthesis,”* a high affinity fully sulfated and control unsulfated
tetrasaccharides were prepared. The HS tetrasaccharide bears
an anomeric amino pentyl linker, which can be used for
attachment of a tri-azido linker'® for hydrogel formation or can
be printed on the glass slide for FGF2/FGFR1 binding studies.

Preparation of HS Hydrogel Components. To
incorporate adhesive peptides into HS-hydrogel scaftolds, we
utilized a pendant approach to ensure relevant 3D presentation
of peptides for functional interactions. For conjugation to a
scaffold, the N-terminus of the peptides was modified by an
amino acid having an azido-containing side chain. Additional
amino acids were introduced in the sequence to facilitate
aqueous solubility and to confirm suitable spacing between the
integrin-binding domain and the hydrogel backbone (Figure
1A). The peptide synthesis was performed by microwave-
assisted solid phase peptide synthesis (MW-SPPS) using N-a-
Fmoc-protected amino acids and 2-(1H-benzotriazole-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU)/1-
hydroxybenzotriazole (HOBt) as the activating reagents. After
cleavage from the resin, the peptides were purified by reverse-
phase HPLC and characterized by mass spectrometry
(MALDI-ToF MS).

We selected a fully sulfated HS tetrasaccharide 3 that is
known to support FGF2 mitogenic signaling in BaF3 cells
transfected with FGFR1c."” In addition, a tetrasaccharide 4
lacking sulfates was employed as a negative control. For the
synthesis of HS tetrasaccharides 3 and 4, an acid-mediated
glycosylation reaction of disaccharide acceptor § with
disaccharide donor 6 provided a tetrasaccharide 7 (Figure 1B
and Figure S1). The levulinoyl (Lev) esters of 7 could
selectively be removed by treatment with hydrazine acetate,
and the resulting hydroxyls were sulfated using the sulfur
trioxide/pyridine complex (SO,/Py). Next, the methyl esters
were saponified and the azido groups were reduced to amines,
which were either N-sulfated or N-acetylated and then
subjected to hydrogenation to afford the target tetrasaccharides
3 and 4. To obtain triazide-functionalized tetrasaccharides (1
and 2), the NHS-activated tri-azido PEG linker (S$, Figure S1)
was coupled with the anomeric linker amine group of 3 and 4,
respectively.

For the preparation of DIBO-functionalized 4-arm PEG (8,
Figure 1C), commercially available 4-arm PEG-amine (mol.
wt.: 10 KDa, Creative PEGWorks) was coupled with p-
nitrophenyl carbonate of DIBO in the presence of Et;N and
the product was purified by size exclusion chromatography
over an LH-20 column (CH,Cl,/CH;0H, 1/1, v/v). All the
compounds were fully characterized by mass spectrometry
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(MS) and nuclear magnetic resonance (NMR) (Experimental
Procedures in the Supporting Information).
Peptide-Functionalized 2D Glass Surfaces for Cell
Adhesion Assays. Azido-functionalized chimeric peptide
(CP, Figure 2A) was immobilized to glass slides modified by
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Figure 2. DIBO functionalization allows controlled peptide coating of
2D glass for the adhesion assay. (A) Integrin binding sites of laminin-
1 can be combined in a shorter efficient chimeric peptide that
promotes cellular adhesion to a surface. We used a chimeric peptide
(CP) previously designed for enhanced cell adhesion combining
RGDS and IKVAV. The laminin graphic was created by biorender.
com. Inset: the I-TASSER protein model is shown. (B) Functional-
ization steps include covalent attachment of amine-(PEG);-DIBO to
the NHS-activated glass slide followed by a click-reaction of various
concentrations of azide-modified peptides. Post-functionalization,
human-induced pluripotent (hIP)-derived neural stem cells (NSCs)
were seeded for attachment. The summary graphic was created by
biorender.com. (C) Validation of DIBO group attachment to a glass
surface. The presence of DIBO is confirmed by sequential addition of
biotin-azide and streptavidin-AlexaFluor-635. Fluorescence was
observed only when all required components are present. (D)
Validation of CP functionalization on a glass slide using a
fluoresceine-modified azide-CP (FL-azide-CP, top panel). Concen-
tration-dependent binding of adhesion peptide; triplicates for each
condition. * indicates p < 0.0S. Representative fluorescence intensity
for each concentration-dependent binding of FL-azide-CP (bottom
panel). The error bars indicate + s.e.m.

DIBO using a range of different concentrations to determine
the optimal density for hNSC cell adhesion. hNSCs were
allowed to adhere to the surfaces for a period of 24 h, after
which they were fixed and stained with relevant neural cell
markers (Figure 2B). The uniformity of DIBO functionaliza-
tion was confirmed by sequential treatment of the surfaces with
biotin-azide and streptavidin-AlexaFluor-635 followed by
fluorescence scanning (Figure 2C). A chimeric peptide having

a lysine residue modified by fluorescein (FL) was also
conjugated to validate covalent coupling of azide-CP to
DIBO glass surfaces. An increase in fluorescence intensity
was observed for increasing concentrations of chimeric peptide
(Figure 2D), confirming the azide-CP concentration-depend-
ent immobilization to DIBO glass surfaces. Next, we
functionalized the glass slides with unmodified chimeric
peptide and quantified hNSC adhesion by counting DAPI+
nuclei. These results indicate the chimeric peptide concen-
tration-dependent enhancement of hNSC adhesion (Figure
3A1—-A4,D; DAPI staining). Adherent hNSCs also demon-
strated the chimeric peptide concentration-dependent en-
hancement in percent area of focal adhesion protein Vinculin
(Figure 3B2,C2,E) and filamentous actin presence as marked
by Phalloidin (Figure 3B3,C3,E).

hNSCs were seeded on chimeric peptide-modified surfaces
(1 mM concentration), and the number of cells was quantified
24 h post-seeding using DAPI+ staining and Vinculin +
Phalloidin + colocalization. Results indicated comparable levels
of cell adhesion to laminin-coated surfaces (20 pg/mL; Figure
S2A—E). Similar results were obtained using RGDS peptide-
functionalized surfaces (Figure S2D,E). However, IKVAV
peptide-functionalized surfaces failed to elicit similar effects
(Figure S2D,E, p > 0.05). The degree of hNSC adhesion to
chimeric peptide-functionalized glass showed a non-linear
dependency on peptide concentration (Figure 3A—E). We
detected the significantly greater adhesion of hNSCs on 2D
substrates containing peptide concentrations above 250 uM
(Figure 3D,E; p < 0.05). These results indicated that the
chimeric peptide-modified 2D surfaces promoted neural cell
adhesion that is comparable to laminin.

Ternary Complex of FGFR1, FGF2, and HS Tetrasac-
charide. To evaluate whether 1 and 2 can bind to FGF2 as
well as FGFR1, we tested FGF2 and FGFR1 binding to 1- and
2-functionalized glass slides (Figure 4A). Bound FGF2 and his-
tagged FGFR1 were detected by using anti-FGF2 and anti-his
antibodies, respectively (Figure 4 and Figure S3). The results
indicated that SPAAC-immobilized 1 showed a significantly
higher affinity for FGF2 when compared to SPAAC-
immobilized 2 (Figure 4B, p < 0.01). To investigate whether
immobilized HS can form a ternary complex with FGF2 and
FGFRI, we used printed arrays functionalized with 1 and 2
with and without FGF2 (50 ng/mL; Figure 4C). FGFRI was
found to bind only to immobilized 1 as detected via anti-His-
AlexaFluor-635 antibody binding (Figure 4C). Importantly,
the binding was significantly enhanced in the presence of
FGF2 on the printed array (Figure 4C; two-way anova, p <
0.05; factor sulfation, p < 0.001; factor FGF2, p < 0.001; 1 no
FGF2 vs FGF2: p < 0.001) as well as with amine-conjugated
HS tetrasaccharides (Figure 4D; right panel; p < 0.001;
compounds 3 and 4). Collectively, these results indicated that
1 can engage with both FGF2 and FGFRI to form a ternary
complex.

FGF?2 plays an 1mportant role in promoting proliferation and
maintenance of stemness.” Followmg FGF2 withdrawal, NSCs
lose self-renewal properties and demonstrate reduced viability
and increased differentiation to neurons, astrocytes, and
oligodendrocytes.”” HS interacts with FGF2 in a sequence
and sulfation-selective manner and regulates FGF2 presenta-
tion to adherent cells via the formation of a co-receptor
complex.”® Crystallographic*” and NMR*” studies have shown
that a tri-sulfated IdoA2S-GIcNS6S motif can bind to FGF2
and that a hexa- and octasaccharide can form stable ternary
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Figure 3. Concentration-dependent adhesion of NSCs to chimeric peptide. (A) Representative figure showing the NSC presence 24 h post-seeding
with DAPI staining for 0 uM (A1), 62 uM (A2), 500 uM (A3), and 1000 uM (A4) CP-coated glass. Scale bar: 500 ym. (B) Representative image
showing the cell presence 24 h post-seeding for 0 yM CP-coated glass (negative control); DAPI (B1, blue), Vinculin (B2, green), Phalloidin-TX
(B3, red), and merge channels (B4) are shown. Scale bar: 100 ym. (C) Representative image showing the cell presence 24 h post-seeding for 1000
UM CP-coated glass; DAPI (C1, blue), Vinculin (C2, green), Phalloidin-TX (C3, red), and merge channels (C4) are shown. Scale bar: 100 ym.
(D) Count for DAPI+ cells in each condition. (E) Area coverage of Phalloidin+ and Vinculin+ as a percentage of the total image area for DAPI+
cells in each condition. * indicates p < 0.0S. All experiments are performed in triplicates for each condition. The error bars indicate & s.e.m.

complexes with FGF2 and FGFR1.”® Moreover, a tetrasac-
charide when introduced exogenously to EXT-17'~ mouse
lung endothelial cells restored cellular function by acting as a
co-receptor to facilitate FGF2 binding to FGFR1.’ Our
findings demonstrate that the fully sulfated HS tetrasaccharide
(1), which is composed of IdoA2S-GIcNS6S repeating units,
can engage with both FGF2 and FGFR1 to form a ternary
complex when compared to unsulfated HS (2). These results
corroborate previous reports describing the ability of synthetic
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HS oligosaccharides to function as co-receptors”” and
underscore the role of HS sulfation in trophic factor
stabilization.'®**

Effect of HS Sulfation and Chimeric Peptide
Presentation in 3D Hydrogels on Cell Differentiation
and Extracellular Signal-Regulated Kinase (ERK) Signal-
ing. To evaluate the effect of HS sulfation and chimeric
peptide presentation on mitogen signaling, we encapsulated
hNSCs in 3D HS hydrogels obtained by mixing stoichiometric
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Figure 4. Fully sulfated HS tetrasaccharides form a ternary complex
with FGF-2 and FGFR. (A) Fully sulfated HS (1 or 3) and a control
tetrasaccharide lacking sulfation (2 or 4). R represents the anomeric
linker, R = O(CH,);NHCO[Ph(O-PEG-N3;);] for 1 and 2 covalent
attachments to the DIBO-functionalized glass slide and R =
O(CH,);NH, for 3 and 4 printing on the NHS-activated glass
slide. (B) Fluorescence intensity from sub-arrays modified with 1
(100 uM) and 2 (100 uM), incubated with FGF-2 (3.0 ug/mL).
Bound FGF-2 was detected by first incubating with anti-FGF2
antibody (1:300) followed by anti-rabbit-AlexaFluor-647 (1:300). **
indicates p < 0.01. Intensity values in 1 were normalized relative to 2.
(C) Fluorescence intensity from sub-arrays printed with 2 (100 uM)
and 1 (100 M), incubated with His-tagged FGFR1 (10.0 yg/mL).
Bound FGFRI was detected using anti-His-tag-AlexaFluor-635 (5.0
ug/mL). ** indicates p < 0.01. (D) Fluorescence intensity from sub-
arrays modified with 4 (100 yM) and 3 (100 zM), incubated with
His-tagged FGFR1 (10.0 ug/mL). Bound FGFR1 was detected using
anti-His-tag-AlexaFluor-635 (5.0 ug/mL); after washing, the remain-
ing fluorescence would indicate the presence of FGFRI. * indicates p
< 0.0S. Intensity normalized relative to no HS control. All
experiments were performed in triplicates (SPAAC arrays) or six
replicates (printed arrays) for each condition. The error bars indicate
+ s.em.

quantities of HS-tri-azido (1 or 2) and chimeric peptide-
modified DIBO-functionalized 4-arm PEG polymer (8)
(Figure 1A and Figure S4). Next, we quantified the cellular
expression of the stemness marker Nestin (Nest; Figure SA
and Figure SS), the neuronal marker S-III Tubulin (B3T;
Figure SS), and the astrocyte marker Glial fibrillary acidic
protein (GFAP; Figure SS5) in hNSCs encapsulated in 1/2
hydrogels with or without chimeric peptide for 6 days in vitro.
hNSCs encapsulated in 2-CP hydrogels and cultured in the
presence of FGF2 (Figure 5) demonstrated a greater neuronal
differentiation as marked by the f-III Tubulin (B3T+) signal
(Figure SC; 2-CP vs all, p < 0.05; Figure SSC) when compared
to other conditions, with marginal differentiation toward

astrocytes (Figures SS and S6C). Interestingly, it was found
that the number of Nestin+ cells was significantly higher in 2
(Figure SA1,B; two-way ANOVA, interaction factor, p < 0.05;
post-hoc, 2 vs 2-CP, p < 0.05) and 1-CP (Figure SA4,B; 1-CP
vs 2-CP, p < 0.01; 1-CP vs 1, p < 0.05) conditions compared to
1 and 2-CP.

Western blot analysis of phosphorylated-ERK1/2 (p-ERK1/
2) expression in hNSCs (Figure SE and Figure S7) was
conducted to validate the downstream effects of HS-mediated
FGF2 and FGFRI1 complexation studies (Figure 4). Results
indicated that the ratio of p-ERK1/2 to ERK1/2 was enhanced
in the presence of FGF2 in 2D hNSC cultures (Figure SF).
Interestingly, we also detected a significantly higher p-ERK1/2
ratio in hNSCs encapsulated in 2 and 1-CP when compared to
hNSCs encapsulated in 1 and 2-CP hydrogels (Figure SF; two-
way ANOVA, interaction factor, p < 0.05; 2 vs 1/2-CP: p <
0.05; 1-CP vs 1/2-CP: p < 0.05). These observations indicated
that the sulfation pattern of HS can modulate neuronal
differentiation relative to the presence of adhesion peptide. We
then encapsulated hNSCs in 1- and 2-containing hydrogels as
well as similar preparations incorporating chimeric peptide (1-
CP/2-CP) and cultured these in the absence of FGF2 to
investigate the effects on cell differentiation (Figure 6 and
Figure S6B). Quantification of the neural markers Nest, B3T,
and GFAP at day 6 post-seeding indicated a significantly higher
neuronal differentiation of hNSCs encapsulated in chimeric
peptide-functionalized 1 and 2 hydrogels (Figure 6E,G; two-
way ANOVA, adhesion factor CP vs no CP, p < 0.001).
However, no significant changes in GFAP expression were
observed (Figure S6C; two-way ANOVA, all factor p > 0.05).
We did not detect an effect of sulfation in the absence of FGF2
(sulfation factor, p > 0.05). These results demonstrated that
chimeric peptide-functionalized HS hydrogels can promote
and sustain a strong neuronal differentiation of hNSCs in the
absence of FGF2.

Peptide motifs in neural cell adhesion proteins such as
fibronectin and N-cadherin have been reported to promote
FGF2 signalinglé’17 as well as the migration and proliferation
of NSCs."> Phosphorylation of extracellular regulated kinase 1
and 2 (pERK1/2) regulates stem cell multipotency and is
activated by HS-mediated ternary complex formation with
FGF2-FGFR.** A higher pERK1/2 ratio indicates a greater
stemness and reduced differentiation potential. Interestingly,
our results indicated that pERK1/2 was significantly reduced
along with an overall reduction in Nestin expression in hNSCs
encapsulated in 1 hydrogels that lacked cell adhesion-
promoting chimeric peptide. In contrast to hNSCs in 1,
hNSCs in 2 hydrogels lacking chimeric peptide exhibited
significantly higher p-ERK1/2 levels and higher Nestin
expression. These results led us to speculate that although
fully sulfated 1 hydrogels facilitated ternary complex formation,
the absence of cell adhesive chimeric peptide might have
caused a greater sequestration of FGF2 by HS, leading to
reduced stem cell proliferation and pERK1/2 expression in
encapsulated hNSCs. Further supporting evidence for this was
obtained from subsequent experiments involving hNSCs
encapsulated in chimeric peptide-functionalized 1 hydrogels
(1-CP), which demonstrated significantly enhanced p-ERK1/2
levels and higher Nestin expression. We did not observe a
statistically significant difference in pERK levels in hNSCs
encapsulated in chimeric peptide-lacking hydrogels (1) and
chimeric peptide-containing 2 hydrogels (2-CP) and therefore
cannot attribute the enhanced B3T expression and neuronal
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Figure S. Heparan sulfate-chimeric peptide-mediated regulation of NSC maintenance. (A) Representative images showing Nestin staining of NSCs
at week 1 post-seeding in HS hydrogels with 2 (A1), 1 (A2), 2-CP (A3), and 1-CP (A4) conditions. Scale bar: 500 ym. (B) Nestin+ cells as a
percentage of DAPI+ in each condition. (C) B3T+ cells as a percentage of DAPI+ in each condition. (D) Differentiation index in each condition is
estimated as the ratio of the cumulative number of differentiated cells (B3T+ and GFAP+) and the total number of cells (DAPI+). (E) FGEF-2
binding to its receptor FGFR triggers the downstream expression of the Raf-MEK-ERK1/2 pathway. Phosphorylation of ERK1/2 results in cellular
proliferation and maintenance of stemness. The summary graphic was created by biorender.com. (F) Quantified p-ERK1/2 to ERK1/2 ratio. 2D
condition (red) used laminin (20 pg/mL) as the cell adhesion substrate. 3D HS-GAG (black) condition used CP (1 mM) the cell adhesion
substrate. * indicates p < 0.0S. All experiments were performed in six replicates for each condition. The error bars indicate + s.e.m.

differentiation of cells in 2-CP solely to reduced pERK levels.
We speculate that the enhanced cell adhesion due to the
presence of CP might drive a greater neuronal differentiation
(and B3T expression) of cells in 2-CP. To summarize these
findings, we conclude that the presence of FGF2 alone is
sufficient to promote stemness and reduce differentiation in
the absence of both CP and fully sulfated HS. However, FGF2
alone is not sufficient to promote stemness in the presence of
either fully sulfated HS or CP, indicating that the chimeric
peptide and fully sulfated HS are required to function
synergistically to enhance FGF2-mediated hNSC stemness.
Chimeric Peptide Supports Long-Term Neural Activ-
ity. Since cell adhesion is essential to promote the survival and
activity of differentiated neurons, we tested the ability of
chimeric peptide-functionalized HS gels to support neural
activity in differentiated neurons. We used pre-differentiated
neurons from human embryonic stem cells (Mel-1 hESCs;
Figure 7A) for these assays, and neuronal activity was
quantified using the intracellular calcium indicator dye Fluo-
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4AM at day 7 post-seeding (Figure 7B,C). These pre-
differentiated neurons are known to exhibit spontaneous
activity at week 1 post-seeding.”’ Neurons were seeded on
microelectrode arrays (MEA) and on laminin-coated glass to
obtain baseline activity levels on validated 2D substrates using
electrophysiological recordings and calcium imaging (Figure
7B), respectively (Figure 7A, right panel). Neuronal recordings
were obtained 7 days post-seeding in all conditions including
in chimeric peptide-functionalized HS (Figure 7A). Conditions
lacking chimeric peptide were not assessed as they do not
provide optimal conditions for survivability for pre-differ-
entiated neurons.”> We found that on MEA, the seeded
neurons showed a high percentage of activity (Figure 7D;
~100% of all eight electrodes had neuronal spikes) with an
average firing frequency of 14.7 spikes/min (Figure 7E). MEA
recordings provide the activity profiles of neuron clusters as
they do not have sufficient spatial resolution for single neuron
activity, resulting in a higher activity and firing frequencies.
Using Fluo4-AM on cells seeded on 2D substrates, the
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and GFAP (A4) staining are shown. (B) Representative images showing lineage commitment of NSCs 1 week post-seeding in the 3D HS hydrogel
with 1; DAPI (B1), BIII-Tubulin (B2), Nestin (B3), and GFAP (B4) staining are shown. (C) Representative images showing lineage commitment
of NSCs 1 week post-seeding in the 3D HS hydrogel with 2-CP; DAPI (C1), BIII-Tubulin (C2), Nestin (C3), and GFAP (C4) staining are shown.
(D) Representative images showing lineage commitment of NSCs 1 week post-seeding in the 3D HS hydrogel with 1-CP; DAPI (D1), BIII-
Tubulin (D2), Nestin (D3), and GFAP (D4) staining are shown. Scale bar for (A—D): S00 ym. (E) B3T+ cells as a percentage of DAPI+ in each
condition. (F) Nestin+ cells as a percentage of DAPI+ in each condition. *** indicates p < 0.001. (G) Differentiation index in each condition. *
indicates p < 0.05. All experiments were performed in six replicates for each condition. The error bars indicate + s.e.m.

validated % of active cells (Figure 7D; percentage of cells
showing at least one spike within 5 min out of all detected
cells) was found to be ~48% with an average firing frequency
of 1.0 spikes/min. Interestingly, both 2-CP- and 1-CP-
hydrogel encapsulated cells showed a similar range of activities
(Figure 7D; 2-CP; 1-CP; one-way ANOVA on Fluo4, p >
0.05) and firing rate (Figure 7E; 2-CP: 0.7 spikes/min; 1-CP:
0.6 spikes/min; one-way ANOVA on Fluo4, p > 0.05)
compared to neurons seeded on 2D substrates. These results
indicated that CP-functionalized HS hydrogels can sustain
long-term neuronal development and support the maturation
of active neurons.

These results demonstrated that 2-CP hydrogels can support
cell adhesion-dependent neuronal differentiation of hNSCs
solely via chimeric peptide activity. Neuronal cell adhesion-
promoting peptide motifs were found to be essential to support
neuronal differentiation in the presence and absence of FGF2
and can function synergistically along with FGF2 binding fully
sulfated HS motifs presented in 1-CP hydrogels to support
ternary complex formation and FGF2-mediated self-renewal of
hNSCs. Taken together, the modularity of our hydrogel
constructs demonstrates the functional importance of tailoring
cell adhesive peptides and sulfation patterns to regulate hNSC

https://doi.org/10.1021/acsami.2c01575
ACS Appl. Mater. Interfaces 2022, 14, 28476—28488


https://pubs.acs.org/doi/10.1021/acsami.2c01575?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c01575?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c01575?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c01575?fig=fig6&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c01575?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

A MEA

Cortical
Induc.

Neural
Induc.

b

DO D6 D18

PFC 5©
Patterning

2D e
+ laminin XA

3D ~
+ HS-gel Sk
+CP .

Dark Phase

Max Intensity TRITC Calcium Traces (AF/F)

*
2
0 120 240 300
Time (sec)
16 _
15 ¢
14
13r
12F
MnE
* 0
E o
2
1
i
2t
1
0 120 240 300
Time (sec)
Log(wFR)
il 14.7 -
100 1 4 .
.
® _— 3
80 o N S
L]
® [ ° 2 +
60 ° : : 1.0 0.7 0.6
LJ
. ° _I_o 1 °
L ] Y *
40 ° ° 0
. ° ° —I—g- }.
1 .
20 .
2
MEA 20  2CP 1-CP MEA 2D 2-CP 1P
Fluo-4 Fluo-4

Figure 7. Chimeric peptide-functionalized HS hydrogels support the long-term activity of a neuronal network. (A) Experimental schedule showing
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calcium traces from Fluo4-AM recorded time lapses (right). Total recording duration: S min. * indicates the detection of a calcium spike from the
AF/F processed traces. Scale bar: 100 ym. (C) Representative 3D culture of PFC neurons (1-CP) showing the dark field image (left), maximum
intensity (TRITC, middle), and extracted calcium traces from Fluo4-AM recorded time lapses (right). Total recording duration: S min. * indicates
the detection of a calcium spike from the AF/F processed traces. Scale bar: 100 ym. (D) Estimated % of active sites from recording. An active site
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9 replicates for the MEA, 2D, 3D 2-CP, and 3D 1-CP, respectively. Error bars indicate + s.e.m.

maintenance and differentiation in 3D tissue engineered
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scaffolds.

B CONCLUSIONS

We describe a modular strategy to integrate the presentation of
fully synthetic sulfated HS tetrasaccharides with neuronal
adhesion peptides in 3D hydrogels that can be used to evaluate
the influence of these cues on cell—extracellular matrix
interactions and FGF2 signaling. Although we did not evaluate

28485

the influence of the precise sulfation pattern of an HS
oligosaccharide on functional properties, the results presented
here provide proof-of-concept that well-defined sulfated
synthetic heparan sulfate oligosaccharides can be employed
to examine their influence on growth factor signaling and
cellular homeostasis. In this study, a sulfated HS tetrasacchar-
ide was selected based on the observation that it can
transiently stabilize the FGF2-FGFR1 complex.'”” A fully
sulfated disaccharide does not exhibit these properties and
binds with lower affinity to FGF2, thereby only providing
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thermal stability.'"® To our knowledge, this is the first
demonstration of 3D synthetic HS and adhesion peptide-
functionalized constructs that elicit physiologically relevant
interactions with FGF2 and FGFRI1 to modulate hNSC
proliferation and neuronal differentiation. Future studies will
focus on the improved hydrogel presentation of bioactive
components and cellular characterization of encapsulated cells.
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