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ABSTRACT: The interaction of neural progenitor cells (NPCs) with the
extracellular matrix (ECM) plays an important role in neural tissue regeneration.
Understanding which motifs of the ECM proteins are crucial for normal NPC
adhesion, proliferation, and differentiation is important in order to create more
adequate tissue engineered models of neural tissue and to efficiently study the
central nervous system regeneration mechanisms. We have shown earlier that
anisotropic matrices prepared from a mixture of recombinant dragline silk proteins,
such as spidroin 1 and spidroin 2, by electrospinning are biocompatible with NPCs
and provide good proliferation and oriented growth of neurites. This study objective
was to find the effects of spidroin-based electrospun materials, modified with
peptide motifs of the extracellular matrix proteins (RGD, IKVAV, and
VAEIDGIEL) on adhesion, proliferation, and differentiation of directly
reprogrammed neural precursor cells (drNPCs). The structural and biomechanical
studies have shown that spidroin-based electrospun mats (SBEM), modified with
ECM peptides, are characterized by a uniaxial orientation and elastic moduli in the swollen state, comparable to those of the dura
mater. It has been found for the first time that drNPCs on SBEM mostly preserve their stemness in the growth medium and even in
the differentiation medium with brain-derived neurotrophic factor and glial cell line-derived neurotrophic factor, while addition of
the mentioned ECM-peptide motifs may shift the balance toward neuroglial differentiation. We have demonstrated that the RGD
motif promotes formation of a lower number of neurons with longer neurites, while the IKVAV motif is characterized by formation
of a greater number of NF200-positive neurons with shorter neurites. At the same time, all the studied matrices preserve up to 30%
of neuroglial progenitor cells, phenotypically similar to radial glia derived from the subventricular zone. We believe that, by using this
approach and modifying spidroin by various ECM-motifs or other substances, one may create an in vitro model for the neuroglial
stem cell niche with the potential control of their differentiation.

■ INTRODUCTION

Neural tissue represents one of the most sophisticated objects
both from the viewpoint of obtaining and culturing certain cell
types and from the viewpoint of creating organotypic models,
in which different cell types interact with each other and with
the extracellular matrix (ECM).1

Appearance of technologies for cell reprogramming, which
allow one to obtain human neural and glial progenitors from
somatic cells,2,3 has essentially simplified the task of preparing
cultures of the neural tissue cells. Neural progenitor cells
obtained by direct reprogramming (drNPCs) show great
promise for the creation of neuro-regenerative technologies. In
contrast to induced pluripotent stem cells (iPSC) derivatives,
drNPCs may be obtained much faster,4 prospectively even in
situ, which will allow avoiding the risks of ex vivo culturing,5

and they are not genomically unstable and not tumorigenic.2

At the same time, their interaction with the microenvironment

and specifics of 3D culturing are understood poorer than those
of iPSC derivatives. The development of ECM-mimicking
biomaterials has made it possible to create organotypic 3D
cultures for studying directed differentiation, migration, and
intercellular cooperation of neuroglial cells.6,7

Recombinant spidroin has been extensively studied as a
biomaterial with a high potential in the field of the central
nervous system (CNS) damage repair.8 It is known that the
tensile strength of the native dragline silk fibers is almost as
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high as the strength of steel, while their breaking elongation is
five times higher than that of a tendon.9 Such indices are
achieved due to the unique structure of dragline silk,
determined mainly by long repeated amino acid sequences.10

Due to the presence of the Arg-Glu pair at both the N- and C-
termini, spidroins may form dimers, thus stabilizing their
structure. Most spiders have two native types of spidroin:
spidroin 1 and spidroin 2 (Major ampullate Spidroin I and
Spidroin 2). Creation of recombinant spidroins equivalent to
the native forms provides preparation of proteins with similar
mechanical properties. The ability of spidroins to self-assemble
is widely used in the development of various biomaterials such
as micro- and nanocapsules, hydrogels, fibers, films, tubes, and
electrospun mats.8

In our previous study, we have shown that spidroin-based
electrospun mats (SBEM) together with platelet-rich plasma
(PRP) may find application in the engineering of neural tissue.
Recombinant spidroin contains 18 repeats of the GRGGL
motif, which is recognized by the NCAM protein and provides
good adhesion and oriented growth of neuronal progenitors.6

The tissue engineered construct based on SBEM and PRP has
shown high biocompatibility with the damaged spinal cord
tissue in primates. In addition, such an organotypic 3D
construct sustained the survival of transplanted drNPCs for no
less than 12 weeks post-transplantation.
The technique for the preparation of recombinant spidroins

allows their easy modification, e.g., by means of embedding
ECM proteins to mimic the cell microenvironment. It has been
demonstrated in a number of studies that inclusion of motifs of
ECM peptides, such as RGD (fibronectin mimetic peptide,)
IKVAV (laminin mimetic peptide), and VAEIDGIEL
(tenascin-C mimetic peptide), into the structure of different
biomaterials significantly enhances adhesion, proliferation, and
growth of neuroglial cells and their processes.11−16 In
particular, the incorporation of the RGD motif in biomaterials
provides more active neuritis growth and enhanced synaptic
signaling.17 IKVAV is assumed to stimulate reprogramming of
mesenchymal stem cells in the neuronal direction.14,18 The
photoactivated form of IKVAV, IK(HANBP)VAV, provides
light-guided axon growth in situ.19,20 For tenascin-C, it was
shown that it modulates cell cycle length and differentiation in
neural stem/progenitor cells and participates in the formation
of the radial glia type B of the adult CNS stem cell niches.21,22

However, it remains unclear how these proteins and their
active peptides influence on drNPC differentiation.
The interaction of ECM proteins with cells is realized

through the membrane receptors on the surface of cells:
integrins, neuropilin, etc. RGD binds to integrins α5β1, α5β3,
and α5β5;23 IKVAV to integrins α3β1, α4β1, and α6β1;24

VAEIDGIEL, to integrins α5β3, α5β6, α7β1, α8β1, and
α9β1.16 The survival of cells contacting with such integrin-
binding peptides essentially increases even in the absence of
growth factors.11,14 On the other hand, the ECM-peptide
motifs may attract and accumulate growth factors due to the
binding of receptors of growth factors to the ECM receptors.25

The ECM proteins together with growth factors also induce
the intracellular signal transfer via cell surface receptors.26

The objective of this study was to elucidate the effects of
SBEM, modified with peptide motifs of the ECM proteins,
fibronectin (RGD), laminin (IKVAV), and tenascin-C
(VAEIDGIEL), on proliferation, self-renewal, and differ-
entiation of drNPCs.

■ RESULTS
Morphology and Biomechanics of SBEM, Modified

with ECM-Peptide Motifs. Scanning electron microscopy
(SEM) images (Figure 1) of SBEM clearly demonstrate their

anisotropic structure, with a predominantly uniaxial orientation
of fibers. The fibers are rather tightly packed; however, their
reticulate 3D structure is uncovered at higher-resolution AFM
images.
The continuous 3D network of spidroin fibers is interrupted

by gaps, with the dimensions of one to several microns. The
latter may appear favorable for the growth of cell sprouts. The
addition of the studied peptide motifs did not affect the
ultrastructure and anisotropic properties of the prepared
SBEM. Nevertheless, the diameter of fibers significantly
increased after the addition of the ECM-peptide motifs, from
117 ± 45 nm for the control SBEM to 178 ± 60 nm and 171 ±
41 nm for SBEM-IKVAV and SBEM-VAEIDGIEL, respec-
tively, and reached the highest 339 ± 157 nm for RGD (Figure
S1). At the same time, the thickness of films did not
significantly differ and is measured to be 10−12 μm (Table
S1).
The biomechanical properties of SBEM were characterized

by their Young’s moduli measured by atomic force microscopy
(AFM) (Table 1). The Young’s modulus of dry samples was

1.6 GPa for all the studied mats, unmodified and modified with
different motifs. The observed Young’s moduli indicate a high
stiffness of spidroin fibers packed in a 3D network in SBEM,
comparable to that of spidroin fibers stretched along the fiber
direction.27,28 In the aqueous medium, spidroin fibers swell,
and the Young’s modulus of scaffolds drops to megapascals
(Table 1).

Figure 1. Scanning electron microscopy (A−D) and atomic force
microscopy (E−H) of the SBEM functionalized by ECM-peptides
RGD (A, E), IKVAV (B, F), and VAEIDGIEL (C, G). (D, H) Non-
modified SBEM. Bar size = 30 μm (A−D), 5 μm (E−H).

Table 1. Young’s Moduli (on Air and in Water) of Spidroin-
Based Mats Modified with the ECM Proteins’ Motifsa

Young’s modulus (GPa) Young’s modulus (MPa)

sample name dry swollen

SBEM+RGD 1.6 ± 0.2 1.7 ± 0.3
SBEM+IKVAV 1.6 ± 0.4 10.6 ± 3.0a

SBEM+VAEIDGIEL 1.6 ± 0.1 0.7 ± 0.3
SBEM 1.6 ± 0.2 1.5 ± 0.3

aDesignations: SBEM, recombinant spidroin-based electrospun mat.
RGD, IKVAV, VAEIDGIEL, ECM-peptide motifs of fibronectin,
laminin, and tenascin-C, respectively. *p < 0.01 when compared to
control.
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Interestingly, the swollen scaffolds differed in their
mechanical properties, in contrast to the dry samples. The
IKVAV-SBEM was the stiffest scaffold with the Young’s
modulus of 10.6 ± 3.0 MPa, while the VAEIDGIEL-SBEM was
the softest one (0.7 ± 0.3 MPa), two times softer than the
unmodified spidroin sample.
Cell Adhesion and Proliferation. drNPCs exhibited high

adhesive properties toward all the types of spidroin matrices.
This finding is in a good agreement with the previously
reported data on the compatibility of anisotropic mats
prepared from a mixture of recombinant spidroins with
drNPCs due to the presence of the GRGGL motif recognized
by NCAM 6. At the stage of adhesion and subsequent
proliferation, the embedded additional motifs led to formation
of conglomerates by drNPCs in the case of RGD and IKVAV
motifs and drNPC proliferation in the form of attached
cytospheres (Figure 2A,B). In the control SBEM and those
containing the tenascin-C VAEIDGIEL motif, cells were
distributed over the mats’ surface more uniformly (Figure 2C).

During 10 day-long culturing in the growth medium, the
expression of the basic NPC markers, such as Nestin and
SOX2, was observed in all the samples (Figure 22E−HA−D
and Figure , respectively). The number of Nestin-positive cells,
according to the flow cytometry data, made more than 95%
from the total number of cells in all the samples (Table S2).
The SOX2 expression in the growth medium was observed in
almost 100% (99.3 ± 0.1%) of cells in the control samples
without the motifs, according to the flow cytometry data. For
matrices with the RGD and IKVAV motifs, only 63.0 ± 1.4%
and 66.7 ± 2.0% of cells, respectively, were SOX2-positive.
SBEM with the VAEIDGIEL motif, although not differing
from the control matrices visually, showed only 62.5 ± 1.8% of

SOX2-positive cells by flow cytometry (Figure 5A, dark
columns).
In our previous reports, we demonstrated that drNPCs,

similar to embryonic neural stem cells (H9-ESC-NSCs) and
stem cells of the subventricular zone of the adult brain, co-
expressed a pro-neuronal marker, βIII-tubulin, and a protein of
glial intermediate filaments, GFAP.6,7 This co-expression is
observed up to the start of differentiation toward terminal
subtypes and may serve as an indicator of drNPCs’ stemness.
The fraction of cells co-expressing βIII-tubulin and GFAP in
the growth medium in the control containing spidroins only
was 93.2 ± 3.4%, which testifies that almost all drNPCs
sustained their stemness. In SBEM with the IKVAV motif, the
co-expression of βIII-tubulin and GFAP was observed only in
70.3 ± 1.6%, while in mats with the VAEIDGIEL and RGD
motifs, it was 65.6 ± 3.0% and 61.2 ± 1.8%, respectively, which
likely reflected a phenomenon of spontaneous differentiation
on SBEM with the mentioned motifs. At the same time, no
significant increase in the GFAP-only-positive or βIII-tubulin-
only-positive cells’ fraction was observed (Figure 5B,C, dark
columns), which indicated the absence of terminally differ-
entiated cell elements.
Thus, the addition of specific motifs of the ECM proteins to

the matrix based on recombinant spidroins does not impair the
intrinsic adhesive properties of spidroin. It also stimulates
spontaneous formation of intermediate cell types from
drNPCs, SOX2-negative, and not co-expressing GFAP and
βIII-tubulin.

Cell Differentiation. To create tissue engineered con-
structs for transplantation into the region of the brain or spinal
cord damage, it is important to sustain a balance between the
degree of stemness of the transplanted cells (since terminally
differentiated cell types will unlikely survive transplantation)
and their ability to differentiate in the direction targeted for a
certain structure. To study the effect of SBEM on the
neuronal-glial differentiation, after 3 days of culturing in the
growth medium, we replaced bFGF and epidermal growth
factor (EGF) with the differentiation growth factors [brain-
derived neurotrophic factor (BDNF) and glial cell line-derived
neurotrophic factor (GDNF)] and continued growing for 10
more days (Figure 3).
The immunocytochemical study conducted after culturing in

the differentiation medium showed that the expression of the
progenitor marker, Nestin, still remained as high as 90% for all
the samples (Figure 3A−D). The number of SOX2-positive
cells (79.3 ± 0.3% in the differentiation medium) in the
control matrices almost did not change, as compared to that in
the growth medium (Table S2). This finding testifies the
preservation of stemness by the majority of cells, in spite of the
presence of GDNF and BDNF. The presence of RGD, IKVAV,
and VAEIDGIEL motifs under differentiation conditions
unidirectionally influenced the SOX2 expression, decreasing
it dramatically (Figures 3 and 5A). Simultaneously, on all the
peptide-containing mats, we observed a decrease in the
number of cells co-expressing βIII-tubulin and GFAP, with
their substitution by subpopulations of cells expressing these
markers separately (Figures 3E−H and 5D). In all the cases,
GFAP-positive astrocytes dominated, but their highest number
was formed on mats with the RGD motif (52.8 ± 3.5%), while
for IKVAV and VAEIDGIEL-containing SBEM, the astrocyte
number was 32.2 ± 1.0% and 27.2 ± 1.5, respectively (Figure
5B). The number of cells expressing only βIII-tubulin was 1.4

Figure 2. Proliferation of drNPCs on the SBEM with or without the
ECM-peptide motifs in the growth medium. drNPCs on all the SBEM
intensively expressed Nestin (A−D), whereas the percentage of
SOX2-positive cells (E−H) and the co-expression of βIII-tubulin and
GFAP (I−L) were significantly higher in the control group. The cells
were stained with cocktails of primary antibodies (mouse monoclonal
+ rabbit polyclonal) followed by cocktail of goat-anti-mouse and goat-
anti-rabbit secondary antibodies with Alexa Fluor 488 (green) and
Alexa Fluor 633 (red), respectively. The cell nuclei were stained with
Hoechst (blue) in all the panels. Laser scanning confocal microscopy.
Bar size = 20−100 μm.
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± 0.1%, 2.3 ± 0.1%, and 0.8 ± 0.1% for the RGD, IKVAV, and
VAEIDGIEL motifs, respectively (Figure 5C).
The fact that some fraction of drNPCs underwent neuronal

differentiation was also verified by staining for NF-200, which
revealed the presence of positive cells with long neurites on
SBEMs containing the ECM-peptide motifs (Figure 3I−L).
The fraction of those cells did not significantly change from

one type of SBEM to another and did not exceed 2%; however,
the length of neurites depended on the peptide type. The
longest neurites (up to 400 μm) formed on SBEMs containing
the RGD motif of fibronectin, the median of their length being
106.9 ± 80.75 μm (Figure 4A−D). In the control SBEM and
in the SBEM with the laminin peptide motif (IKVAV), the
length of neuritis was significantly lower at 26.3 ± 10.9 and
40.1 ± 16.95 μm, respectively. The length of neuritis in SBEM
with the tenascin-C motif (VAEIDGIEL) was intermediate
(83.0 ± 64.77 μm).
In the process of asymmetric division and differentiation of

NSCs in general and drNPCs in particular, cell death is
observed.4,29 Fragments of dead cells remain attached to
spidroin fibers that is clearly revealed by Hoechst staining and
SEM (Figure 5B). When stained for GFAP and βIII-tubulin, a
large number of cells surrounding astrocytes and neurons were
negative with respect to both markers after differentiation
(Figure 3E−H).
This fact led us to a suspicion that all negative cells may be

dying cells in the state of apoptosis. To exclude that and to
analyze the proliferative activity of cells in the differentiation
medium, we applied additional staining for Ki-67 (Figure 3I−
L). The staining showed that the proliferative index was very
high in all the specimens (higher than 50%), i.e., GFAP- and
βIII-tubulin-negative cells were viable and probably presented
some intermediate forms of progenitors.
In total, all the described data indicate the initiation of

differentiation on SBEMs with the ECM-peptide motifs, both
in proliferative and differentiative media, and the differ-
entiation being mostly glial. In a small cell fraction (not
exceeding 2% of the total cell number), which underwent
neuronal differentiation, the longest neurites formed on SBEM
with the RGD motif. At the same time, up to 30% of cells in
the differentiation medium preserved the signs of stemness and

Figure 3. Differentiation of drNPCs on the SBEM with or without
motifs in the medium containing BDNF and GDNF. More than 90%
of drNPCs are Nestin-positive (A−D). Single cells that are only βIII-
tubulin or GFAP-positive are noted (E−H). Proliferation and
stemness of drNPCs supported by Ki-67 (I−L). Long neurites are
revealed using NF200 (I−L). The secondary antibodies and nuclei
staining are the same as in Figure.2. Laser scanning confocal
microscopy. Bar size = 50 μm.

Figure 4. Examples of drNPC differentiation on SBEM+RGD. (A) Staining with βIII-tubulin (green), GFAP (red), and Hoechst (blue). Bar size =
200 μm; enlarged panels demonstrate neurons with long neurites (shown by green arrows). (B) Scanning electron microscopy. Bar size = 100 μm.
Arrow 1 shows a neurite oriented along the spidroin fibers. Arrow 2 shows an apoptotic cell. (C) Neurite length histogram (median, min, max, and
25% and 75% percentiles). *p < 0.01 as compared with control. (D) A three-dimensional reconstruction shows a neuron with a long neurite
interacting with an astroglial cell. Bar size = 50 μm.
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continued to proliferate, according to staining for Ki-67, on all
the spidroin matrices.

■ DISCUSSION
ECM-peptide motifs have long been utilized in the creation of
scaffolds for neural tissue cells as components of biomaterials
(see refs 30 and 31 for review). In our study, we were
interested in the ECM-peptide motifs’ influence on the
behavior of cells seeded on spidroin mats, which proved
themselves advantageous in tissue engineering.6

We have shown that all the SBEM, both the unmodified
ones and those with added peptides, become softer by 2−3
orders of magnitude upon swelling. The Young’s moduli of
most of SBEM in the aqueous medium, measuring 1−2 MPa,
correspond to the elastic modulus of the dura mater of the
spinal cord.32 However, SBEM-IKVAV has a notably higher
Young’s modulus in the swollen state than the other SBEM.
The reason for this peculiar behavior is not completely clear. A
possible explanation may be associated with the interior
packing of spidroin macromolecules in fibers during electro-

Figure 5. Immunophenotyping assay of drNPCs cultured on the SBEM with or without the ECM-peptide motifs. (A) Percent of the SOX2-positive
cells in spontaneous and induced differentiation of the drNPCs. (B, C) Number of cells, which expressed only GFAP+ and βIII-tubulin+ markers
after spontaneous and induced differentiation. (D) Amount of the drNPCs, which co-expressed the neural and glial markers.
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spinning. The three used motifs have amino acid sequences,
which differ essentially in the distribution of charges and
hydrophobicity. The IKVAV motif is essentially hydrophobic,
which may provide its higher affinity to spidroin containing
long polyalanine and glycine-rich sequences. Thus, the
presence of IKVAV probably leads to denser packing of
spidroin moieties in a fiber and a correspondingly higher
stiffness. Given the size of the AFM tip (20 nm), it is the
stiffness of spidroin fibers and their bundles that mostly
contributes to the measured Young’s modulus. This difference
is not noticeable in the dry state since the 3D network of
spidroin is rather compact, but it is observable in the much
looser 3D network of swollen fibers. The difference in the
interior packing density during electrospinning is likely
responsible for the increase in the thickness of fibers in the
presence of all the motifs in comparison with the control
SBEM and in particular for unusually thick fibers in SBEM-
RGD. However, taking into account that no difference was
found in adhesion and proliferation of drNPCs on SBEM-
IKVAV and other matrices, we may conclude that the almost
tenfold difference in the Young’s modulus did not essentially
affect the cells’ behavior.
In general, we believe the obtained results of biomechanical

study to be satisfactory since such constructs are suggested for
the use in the spinal cord regeneration, e.g., in the form of a
patch placed in the projection of a cyst, directly below the dura
mater, with a possibility of sewing the patch to the latter. The
anisotropy inherent to spidroin creates a peculiar orienting
“railway” for migration and growth of NPC sprouts attempting
to get over the lesion.
The choice of recombinant spidroin for the creation of

anisotropic mats is stipulated by the presence of the GRGGL
sequence in its composition, which is recognized by NCAM
and provides good adhesion of neural progenitors to mats. The
RGD (fibronectin mimetic), IKVAV (laminin mimetic), and
VAEIDGIEL (tenascin-C mimetic) motifs were chosen since
all of them were shown to affect NPC proliferation and/or
differentiation.13,21 The molar ratio of ECM-peptide motifs:s-
pidroin = 20:1 was selected due to the 18 repeats of the
GRGGL motif in the amino acid sequence of spidroin. Thus,
we tried to prepare the equimolar ratio of the GRGGL motif
and ECM-peptide motif. All the SBEM had a similar
thicknesses of 10−12 μm.
drNPCs were shown earlier to be multipotent and capable of

differentiation in three basic directions: neuronal, astrocytic,
and oligodendrocytic.1 Such a potential to differentiation is
extremely important for the repair of the CNS damage. The
drNPC interaction with the ECM proteins, as well as with
growth factors, allow us to determine the direction of
differentiation of these cells. An interesting finding of this
study is the ability of SBEM, both unmodified and peptide-
modified, to provide the preservation of undifferentiated
drNPCs even in the differentiation medium. Indeed, in
matrigel, in the medium containing BDNF and GDNF, in 2
weeks, almost all drNPCs undergo differentiation, character-
izing by the disappearance of SOX2 and formation of a NF-
200-positive neuronal network and GFAP-positive astrocytes.7

The same drNPCs in the same medium, seeded on SBEM
without motifs, in 2 weeks, demonstrated the expression of
SOX2 and co-expression of βIII-tubulin and GFAP in 70% of
cells that testifies the preservation of stemness in the control
group. A spidroin matrix containing the GRGGL motif is
probably capable of retarding the differentiation of drNPCs on

its own. On the other hand, the addition of the RGD, IKVAV,
and VAEIDGIEL motifs decreased the number of cells carrying
the stem/progenitor properties in the differentiation medium
with BDNF and GDNF to 11−15%, as judged by the SOX2
expression, and to 28−34%, as judged by the co-expression of
βIII-tubulin and GFAP. At the same time, judging by the
isolated expression of GFAP and βIII-tubulin, predominantly
glial differentiation was observed (the neurons to astrocytes
ratio oscillated between 1:39 and 1:34 for RGD and
VAEIDGIEL, respectively, to 1:14 for IKVAV). In other
words, an apparent shift of the balance occurs toward the
differentiation and formation of neuroblasts/neurons. It is of
interest that RGD-containing matrices promoted the formation
of the longest neurites compared to other substrates, which is
probably related to the activating effect of RGD-binding
integrins on the growth of neurites.33,34

The discovered phenomena allow a conclusion that
differentiation of neuroglial progenitors in the 3D conditions
on SBEM containing the ECM peptide motifs essentially differ
from the 2D differentiation conditions on a flat surface coated
with matrigel (even taking into account the fact that matrigel
contains a large number of ECM proteins, hence all the ECM
peptide motifs utilized in this study). The RGD motif
promotes formation of a lower number of neurons with longer
sprouts, and the IKVAV motif is characterized by formation of
a greater number of neurons with shorter processes. In all the
cases, approximately one-third of cells preserved their stem-
ness. The stemness preservation on matrices prepared from
recombinant spidroin may be both a favorable property due to
reproducing the stem cell niche and providing the drNPC’s
survival after their transplantation into the damaged CNS
region, and a negative property in the case the inhibition of
differentiation is irreversible. The data of this study are
insufficient to establish the formation of a stem cell niche with
the sustained neurogenesis on SBEM. However, an almost
unlimited opportunity to introduce various peptide motifs into
recombinant spidroin makes this platform very flexible and
promising from the viewpoint of further studying the
neurogenesis in vitro. The mechanisms of the differentiation
inhibition in approximately one-third of drNPCs on SBEM
deserve a separate study.

■ CONCLUSIONS

Spidroin-based electrospun mats, modified with RGD, IKVAV,
and VAEIDGIEL ECM-peptide motifs, are characterized by
the biomechanical properties suitable for in vitro and in vivo
experiments and represent a good substrate for drNPCs,
providing their adhesion, proliferation, and differentiation. It
has been found that drNPCs on spidroin matrices preserve
their stemness in the growth medium and even in the
differentiation medium with BDNF and GDNF, while addition
of the mentioned ECM-peptide motifs may shift the balance
toward neuroglial differentiation. The obtained data may be
used in the creation of a model for the neuroglial stem cell
niche.

■ MATERIALS AND METHODS

Biosynthesis of the Recombinant Spidroins. The yeast
biomass growth of S. cerevisiae SCR-702T-1F9 and SCR-702T-
2EI2 and the extraction and purification of the 2.04 g/L
recombinant spidroins rS1/9 and 1.2 g/L rS2/12 were
conducted as previously described.35 Briefly, the yeast cells
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were grown in a 3 L fermenter in YPD medium (2% of
fermentative peptone (GOST 13805-76) and 1% of the yeast
extract (Hefe-extract, Serva)) in the presence of 2% glucose at
30 °C for 4 days. To obtain the target proteins, 0.5 kg of the
wet biomass was suspended in a lysis buffer (0.05 M sodium
phosphate, pH 7.4; 0.001M EDTA; 5% glycerol) and the cells
were lysed with glass beads in a MS_3 flow mill for 1.5 h; the
prepared suspension was centrifuged, and the target protein
was extracted from the precipitate with a 10% solution of
lithium chloride in 90% formic acid with continuous stirring
for 18 h followed by centrifugation. The supernatant was
dialyzed against a 10 mM sodium acetate solution at pH 4.0
and clarified by centrifugation. The final purification was
conducted by ion-exchange chromatography using a HiPrep
16/10 SP FF (GE Healthcare) column and an ACTApurifier
(GE Healthcare) chromatograph with pH exchange (pH 4.0−
pH 7.0−pH 4.0). The protein was eluted with a NaCl
concentration gradient, dialyzed against deionized water,
frozen at −70 °C, and freeze-dried.
Preparation of Anisotropically Structured SBEM. To

prepare spinning solutions, we used 1,1,1,3,3,3-hexafluoro-2-
propanol (Fluka Chemie GmBH, Germany) as a solvent. PCL
(1% of 400 kDa, Biopolymer, Ukraine) was added to the
mixture to improve its spinnability. The following solutions
were used for the preparation of SBEM: rSp1/9 (6 wt %),
rSp2/12 (1 wt %), and PCL (1 wt %). The MAPTRix-F-RGD
fibronectin mimetic (#161052K, 2.5 mg), MAPTRix-L-IKVAV
laminin mimetic (#162242K, 2.5 mg), and MAPTRix-M-
VAEIDGIEL tenascin-C mimetic (#168312K, 2.5 mg) peptide
motifs were added to the corresponding mixtures in the molar
ratio of 20:1 (rSp1/9:peptide). All the MAPTRIX-peptides
were acquired from Sigma-Aldrich Inc. The stable inclusion of
the ECM peptides’ motifs was shown by biotinylation and
covalent binding to the TRITC dye (Figures S4−S6).
Electrospun mats were prepared using a NANON-01A

electrospinning device, equipped with a standard spinneret and
a drum collector of 100 mm in diameter. The process was
conducted at the following working parameters: the rate of the
spinning solution feed of 0.4 mL/h, the capillary-collector
distance of 10 cm, the voltage of 9.5 kV, and the rate of the
drum rotation of 1000 rpm. When the process was finalized,
the prepared material was incubated in 96% ethanol for 15 min
and then dried for 18 h at room temperature in a laminar flow
hood. The SBEM thickness varied from 10 to 12 μm in the dry
state and did not depend on the presence of added peptides
(see Table S1).
Preparation of Human Neural Precursor Cells and

Differentiation of Cells. Directly reprogrammed human
neural progenitor cells (drNPCs) were kindly provided by
New World Laboratories, Inc. (Laval, QC). drNPCs were
obtained by direct reprogramming from human bone marrow-
derived mononuclear cells, using a cocktail of three factors:
Musashi-1 (Msi1), Neurogenin-2 (Ngn2), and methyl-CpG
binding domain protein 2 (MBD2).1 The cells were
maintained in the NeuroCult-NS-A Proliferation kit medium
(#05750 and #05753, StemCell Technologies, Canada) with
addition of 1% B27 (#17504044, Gibco, USA), 20 ng/mL
epidermal growth factor (EGF) (#713008, Biolegend, USA),
and 40 ng/mL fibroblast growth factor-2 (FGF2) (#571506
Biolegend, USA) on a 1:200 matrigel coated tissue culture dish
(TPP, Switzerland) in a humidified 5% CO2, 5% O2-filled
incubator at 37 °C.1,36 The growth medium was replaced every
2 days, and the cells were passaged at a ratio of 1:3 after 4 days.

Before seeding on SBEM, the cells were detached by Accutase
(#07920, StemCell Technologies, Canada) and resuspended to
obtain a homogeneous suspension. Next, the cells were
centrifuged at 250g for 3 min at 22 °C and seeded on
SBEM (0.5 × 0.5 cm) with the coverage of 1 × 106 cells/
SBEM or 4 × 106 cells/cm2. The cells were not re-passaged on
the SBEM. Spontaneous differentiation was detected on day 11
by the immunocytochemistry and flow cytometry assays.
For induced differentiation after 3 days of drNPC

proliferation on SBEM, the culture medium was replaced
with the NeuroCult-NS-A Proliferation kit (#05750 and
#05753, StemCell Technologies, Canada), 1% B27
(#17504044, Gibco, USA), 1% CultureOne (#A3320201,
Gibco, USA), 40 ng/mL BDNF (#130-096-286, Miltenyi
Biotec, Germany), and 20 ng/mL GDNF (#130-098-449,
Miltenyi Biotec, Germany). The medium was replaced every 3
days. Induced differentiation was detected on day 14 by the
immunocytochemistry and flow cytometry assays.

Immunocytochemical Analysis. The expression of
neural stem cell and neuronal and glial markers was performed
by immunocytochemical analysis. The cells were fixed by
adding a 4% buffered formaldehyde solution containing 0.1%
saponin. Primary antibodies to mouse anti-Nestin
(#MAB1259, R&D, 2 μg/mL), mouse anti-SOX2 (#560291,
BD Biosciences, 5 μg/mL), mouse anti-βIII-tubulin
(#MAB1195, R&D, 2 μg/mL), mouse anti-NF-200
(#N2912, Sigma-Aldrich, 5 μg/mL), rabbit anti-Ki-67
(#ab15580, Sigma-Aldrich, 5 μg/mL), and rabbit anti-GFAP
(#Z0334, DAKO, 5 μg/mL) were used together with Alexa
Fluor 488 goat anti-mouse IgG (H + L) or Alexa Fluor 568
goat anti-mouse IgG (H + L), and Alexa Fluor 633 goat anti-
rabbit IgG (H + L) secondary antibodies (all 1:400,
Invitrogen, USA). The cell nuclei were stained with Hoechst
33342 (#H3570, Thermo Fisher Scientific). Immunofluor-
escence was analyzed using a Nikon A1 scanning laser confocal
microscope (Nikon Co., Japan). All the staining studies were
conducted in series, with four repeats in each series.

Flow Cytometry Analysis. For the flow cytometry
analysis, drNPCs were cultured on SBEM with/without
growth factors for 10−13 days. Prior to the analysis, the cells
were dissociated using Accutase (#07920, StemCell Tech-
nologies, Canada) and fixed with 4% buffered formaldehyde.
Then, the cells were washed thrice with DPBS containing 1%
fetal goat serum. Unlabeled primary mouse anti-βIII-tubulin
(#MAB1195, R&D, 2 μg/mL) and rabbit anti-GFAP antibod-
ies (#Z0334, DAKO, 5 μg/mL) incubated with Alexa Fluor
488-labeled or Alexa Fluor 568 goat anti-mouse IgG (H + L)
and Alexa Fluor 633-labeled secondary antibodies (all 1:400,
Invitrogen) were used for staining the cells. PE-conjugated
mouse anti-SOX2 (SOX2, #560291, BD Biosciences, 5 μg/
mL) antibodies were also used. The analysis was performed
with a MACS Quant 16X cytometer (Myltenyi Biotec) using
the Partec FloMax flow cytometry Data Acquisition and
Analysis Software.

Atomic Force Microscopy Studies. The AFM imaging
and mechanical studies of spidroin scaffolds were performed
with a Bioscope Resolve atomic force microscope (Bruker,
USA).
The AFM imaging and mechanical studies on air were

conducted using rectangular silicon RTESPA-150 cantilevers
with a nominal spring constant of 5 N/m, a nominal frequency
of 150 kHz, and a nominal tip radius of 8 nm. For the
mechanical studies in fluid (distilled water), triangular silicon
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nitride ScanAsyst Fluid cantilevers with a nominal spring
constant of 0.7 N/m, a nominal frequency of 150 kHz, and a
nominal tip radius of 20 nm were used. The real spring
constants of the probes were measured by the thermal tune
method. The deflection sensitivity was measured against a hard
sapphire sample (Bruker, USA), and the real tip radii were
estimated using a titanium roughness sample (Bruker, USA).
Ttopography images (10 × 10 μm) were obtained at a scan

rate of 1 Hz and a resolution of 512 × 512 pixels in the
PeakForce Tapping mode. The Young’s moduli of the scaffolds
on air and in water were mapped using the Fast Force Volume
mode. On air, the force curves were acquired at an ≈7 μm/s
vertical piezo speed up to the maximum force of 150 nN
(indentation about 10 nm). In fluid, the force curves were
acquired with an ≈9 μm/s vertical piezo speed and a maximum
force of 5 nN; the first 40% of a force curve (indentation about
50 nm) after the contact point were used for the Young’s
modulus calculation. The force curve acquisition speed was 10
Hz, and 10 × 10 and 50 × 50 μm maps with a resolution of 16
× 16 and 32 × 32 pixels, respectively, were obtained. The
Hertz model was used for the Young’s modulus calculation.
The mean value of the Young’s modulus was calculated for
each map and further averaged over five maps for each sample.
The data were processed using the NanoScope Analysis

software version 1.9.
The diameter of SBEM fibers was measured based on AFM

images using the NIH ImageJ freeware version 1.52n (Figure
S1).
Scanning Electron Microscopy (SEM). Scanning electron

microscopy was used to visualize the surface morphology of
the SBEM. The hexamethyldisilazane (HMDS) drying method
was used for sample dehydration. In brief, the mats were
washed with PBS and subjected to dehydration with serial
grades of ethanol. After the last step in absolute ethanol,
samples were dipped in HMDS for 30 min followed by air-
drying at room temperature for 24−36 h in a fume hood. Dried
samples were mounted on aluminum stubs using double-sided
conductive adhesive tape and visualized using a Phenom Pro X
scanning electron microscope (LOT-QuantumDesign, The
Netherlands).
Image Analysis and Data Processing. The length of

neurites was measured using the “Annotations and measure-
ments” modulus in the NIS Elements AR software package
(Nikon). The estimation of the number of cells expressing one
or several markers (SOX, βIII-tubulin, GFAP) was performed
using flow cytometry with the subsequent processing in the
Partec FloMax flow cytometry Data Acquisition and Analysis
Software. An additional colocalization analysis and cell count
of the substrate-fixed cell preparations was performed using
NIS Elements AR.
All the experiments were performed in at least three

independent runs to ensure the validity of the results. Data
was presented as median, min, max, and 25% and 75%
percentiles. Data with normal distribution were presented as
mean ± standard deviation, and statistical significances for
such data were calculated by the paired samples Student’s t-
test. One-way analysis of variance (ANOVA) was conducted
using GraphPad Prism 9.0.0 software. The results with a p-
value of <0.05 were considered statistically significant.
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