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R
esearch on the construction of syn-
thetic mimics of extracellular matrix
(ECM) has profound implications in the

field of regenerativemedicine and tissue engi-
neering.1,2 The complexity of the ECM struc-
ture and the intricate interactions of thismicro-
environment with the adult stem cells, which
subtly direct many of the cellular processes,
have been intensively investigated.3�6 In re-
cent years, organic�inorganic biocomposite
materials are being increasingly explored as
the scaffold to support cell proliferation and
differentiation,7 crucial for the healing of da-
magedtissues.Meanwhile, self-assembledbio-
compatible organic nanofibers have been
exploited as matrix to (1) present biological
epitopes on the fiber surface to establish spe-
cific signaling to the cells to promote processes
such as angiogenesis and vascularization,8 but
also to (2) assist biomineralization helping the

matrix toefficiently integrate into thedamaged
tissue area and completing the regeneration of
tissues.9 It has clearly been established that
nano- and microscale topographical features
of ECM mimetic substrates dramatically influ-
ence the cell behavior.5,10�15

In vivo, ECM is first secreted by cells and
subsequently assembled into fibrillar net-
works that provide crucial mechanical prop-
erties to organisms.16 Biochemical activity
by peptide sequences such as RGD (Arg-Gly-
Asp) is present in a variety of adhesive
proteins forming these fibrillar networks.16

Recent works indicated that, beyond the
chemical specificity of the adhesive epitope,
many physical features of the adhesive sur-
face, including its geometry, rigidity, and pre-
cise epitope spacing, are critical for guiding
receptor-mediated adhesion formation and
signaling.17 However, the effect of the most
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ABSTRACT Microenvironments such as protein composition, physical fea-

tures, geometry, and elasticity play important roles in stem cell lineage

specification. The components of the extracellular matrix are known to

subsequently assemble into fibrillar networks in vivo with defined periodicity.

However, the effect of the most critical parameter, which involves the periodicity

of these fibrillar networks, on the stem cell fate is not yet investigated. Here, we

show the effect of synthetic fibrillar networks patterned with nanometric

periodicities, using bottom-up approaches, on the response of stem cells. We

have used helical organic nanoribbons based on self-assemblies of Gemini-type

amphiphiles to access chiral silica nanoribbons with two different shapes and periodicities (twisted ribbons and helical ribbons) from the same

native self-assembled organic nanostructure. We demonstrate the covalent grafting of these silica nanoribbons onto activated glass substrates

and the influence of this programmed isotropically oriented matrix to direct the commitment of human mesenchymal stem cells (hMSCs) into

osteoblast lineage in vitro, free of osteogenic-inducing media. The specific periodicity of 63 nm ((5 nm) with helical ribbon shape induces specific

cell adhesion through the fibrillar focal adhesion formation and leads to stem cell commitment into osteoblast lineage. In contrast, the matrix of

periodicity 100 nm ((15 nm) with twisted ribbon shape does not lead to osteoblast commitment. The inhibition of non-muscle myosin II with

blebbistatin is sufficient to block this osteoblast commitment on helical nanoribbon matrix, demonstrating that stem cells interpret the

nanohelical shape and periodicity environment physically. These results indicate that hMSCs could interpret nanohelical shape and periodicity in

the same way they sense microenvironment elasticity. This provides a promising tool to promote hMSC osteogenic capacity, which can be

exploited in a 3D scaffold for bone tissue engineering.

KEYWORDS: silica nanostructures . nanohelical periodicity . surface functionalization . stem cell microenvironment .
cell differentiation
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critical parameter, which involves the periodicity of
these fibrillar networks, on stem cell fate is not yet
investigated. For example, collagen fibrils consisting of
high-aspect-ratio polypeptides, the dominating ma-
terial in the ECM controlling its stiffness, have a peri-
odicity known as the D-band, where D = 67 nm.18 This
periodicity seems to play an important role in the
induction of several diseases.19,20 Indeed, more than
70 mutations in the structural genes for type I procolla-
gen have been found in probands with osteogenesis
imperfecta, a heritable disease of children characterized
by fragility of bone and other tissues rich in type I
collagen.16,20�23 The mutations include deletions, inser-
tions, RNA splicing mutations, and single-base substitu-
tions that convert a codon for glycine to a codon for an
amino acid with a bulkier side chain. At the structural
level, these gene mutations are reflected by a change in
the periodicity24 and altered stress distribution on the
fibrils, affecting the hierarchical organization of these
fibrils, resulting eventually in shape distortion and re-
ducedmechanical strength of themineralizedmatrix.25 It
seems therefore to be of prime importance to investi-
gate the role of the structural aspect of these ECMs, in
particular the effects the periodicity of these fibrillar
structures on the cell fate.
In the past decade, we have developed nonchiral

cationic bis-quaternary ammonium gemini surfactants
[C2H4-1,2-((CH3)2N

þCnH2nþ1)2], denoted as n�2�n,
which self-assemble into high-aspect-ratio chiral na-
nostructures in the presence of a chiral tartrate
counterion.26,27 This self-assembly system is extremely
versatile and shows rich polymorphism (twisted rib-
bons and helical ribbons).28 Our previous work has
shown that these nanostructures can be successfully
transcribed to silica through sol�gel polycondensa-
tion with tetraethoxysilane (TEOS), leading to the for-
mation of chiral silica nanoribbons29 The morphology
(periodicity and shape) of these inorganic nanoribbons
can be precisely controlled by adjusting parameters
such as organic gel concentration, gel aging time, and
temperature of transcription, resulting in nanometric
silica ribbons with finely controlled shape and size.29

We herein investigate these silica nanoribbons by
grafting them with RGD adhesive peptide to create
biomimetic materials of the ECM, focusing in particular
on the dimensions and the periodicity of these nano-
structures. Our objective is to probe the role of altered
periodicity, shape, and dimension in an ECM mimetic
nanoscalematrix toward dictating the stem cell fate. To
achieve this objective, helical silica nanoribbons with
variable periodicities were accessed from the same
native organic self-assembled helical nanoribbons,
depending on gel aging time, between nanohelices
with periodicity 63 ( 5 nm and twisted silica ribbons
with larger periodicity (100 ( 15 nm). These silica
nanoribbons were functionalized with RGD, then cova-
lently grafted on activated glass substrates, and the

effects of these disordered nanoribbon matrices
(twisted ribbons vs helical ribbons) on stem cell adhe-
sion and commitment toward specific cell lineage in
the absence of supplements were investigated. The
advantage of using Gemini self-assemblies is that it
allows access to a diverse range of chiral silica nano-
structures.29 This system thus provides us the method
to probe the cell�material interactions in a disordered
nanoscale matrix, as a function of the periodic struc-
ture of these nanoribbons.

RESULTS

We have used the self-assembled organic template
of 16�2�16 L-tartrate to produce twisted and helical
silica nanoribbons with two different periodicities.28 A
1 mM aqueous solution of 16�2�16 L-tartrate self-
assembles to form helical nanoribbons within 1 day
(Figure 1A). We have previously shown that these
helical organic structures, when aged shortly, can
partially unfold during silica polycondensation with
TEOS, leading to twisted silica nanoribbons of in-
creased periodicity.28 Using this unique property of
our self-assembly system, we have compared helical
silica nanoribbons (periodicity: 63( 5 nm, Figure 1D,E)
with twisted silica nanoribbons (Figure 1B,C) with
increased periodicity (100 ( 15 nm) obtained from
organic nanohelices aged for 20 days and 1 day,
respectively. These silica nanoribbons were covalently
functionalizedwith a cell adhesion peptide (containing
an “RGD” sequence) in order to mimic in vivo ECM and
promote specific cell�nanoribbon interactions.
Here, we shall discuss the functionalization protocol

of the silica nanoribbons in general and their subse-
quent covalent grafting on activated glass substrates.
This protocol was used for both helical and twisted
silica nanoribbons.
Thenanoribbonswerefirst reactedwith (3-aminopropyl)-

triethoxysilane (APTES) in order to introduce �NH2

groups on the surface of these ribbons (details in
Materials and Methods section). Successful modifica-
tion of the silica surface was established by the ninhy-
drin test, where the amine�ninhydrin complex showed
UV�vis absorption at ∼600 nm (Figure 2C, black). The
homogeneous distribution of the �NH2 function on the
silica surfacewas confirmedbyhomogeneous adsorption
of citrate-stabilized Au nanoparticles on the amine-mod-
ified silica nanoribbons, through electrostatic interaction
between the negatively charged citrate and the �NH3

þ

present on the silica surface (Figure 2B).30 Reaction of the
amine-modified silica with 3-(maleimido)propionic acid
N-hydroxysuccinimide ester (SMP) introduced a reactive
end group for subsequent covalent attachment through
the cysteine endof an RGD sequence containingpeptide.
The disappearance of the absorption at 600 nm for the
amine�ninhydrin complex confirmed the success of
the reaction (Figure 2C, red), showing the absence of
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free �NH2 groups on the surface of the SMP-treated
nanoribbons.
For covalent grafting of functional peptides on the

silica nanoribbons, a cysteine-containing fluorescent
peptide, FITC-KRGDSPC, was chosen. The peptide has
the sequence RGD, which is present in many ECM
proteins that take part in focal adhesion.31 The peptide
was also labeled with FITC (fluorescein isothiocyanate),
to be able to investigate the silica nanoribbons
(modified with RGD-peptide) grafted on a substrate
through fluorescence microscopy. The grafting of this

peptide onto the functionalized silica nanoribbons was
accomplished by reacting an aqueous solution of the
peptide with the SMP-modified aqueous silica disper-
sion (final concentration of the peptide: 0.3mM; details
in Materials and Methods section). The color of the silica
turned yellowat the endof theprocess (Figure 2A, optical
image, right; and Figure 3B), providing visual proof of
the successful attachment of the peptide onto the
nanoribbons. The UV�vis spectroscopy of the aqueous
dispersion of these silica nanoribbons showed strong
absorption attributed to the fluorescein chromophore

Figure 1. (A) TEM image of organic helical nanoribbons obtained from a 1 mM gel of 16�2�16 L-tartrate aged for 24 h, and
(insets) results of silica transcription after different aging time. TEM images of silica nanoribbons: (B and C) twisted
nanoribbons; (D and E) helical nanoribbons. The scale bars correspond to 500 nm in A, B, and D; 50 nm in C and E.

Figure 2. (A) Schematic chemical representation of covalent immobilization of fluorescent RGD-peptide on silica helical
nanoribbons. The photos show the appearance of silica before (left) and after (right) grafting with fluorescent peptide. (B)
TEM image of amine-modified silica helical nanoribbons, after treatment with citrate-stabilized Au NPs. (C) Absorption
spectra after treatment of silica nanoribbon dispersion with ninhydrin, with amine-modified silica (black) and SMP-modifed
silica (red). (D) Absorption spectra of fluorescent RGD-peptide-grafted silica nanoribbons (black: after treatment with 0.3mM
RGD-peptide solution; blue: after treatment with 1.3 mM RGD-peptide solution), and wash solvent (red).
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(FITC) of the peptide (Figure 2D, black and blue),
suggesting that the peptide is indeed grafted on the
nanoribbons. After repeated washings of the peptide-
modified silica with water (sonication, followed by
centrifugation) to remove excess, unreacted peptide,
the wash liquid became colorless (Figure 2D, red).
Considering the fact that the free peptide is highly
soluble in water, this result confirmed that the fluo-
rescent peptide is covalently attached to the silica
nanoribbons and not merely adsorbed on the nano-
ribbon surface. TEM image of the peptide-modified silica
nanoribbons showed that the ribbon structure was pre-
servedafter functionalization (Figure3A). Citrate-stabilized
Au NPs were used as markers (vide supra) to demonstrate
the presence of�NH2 (available now at theN-terminus of

the covalently attached peptide) on the silica nanoribbon
surface (Figure3D).29,30 Inorder to confirm if the loadingof
peptides on the silica nanoribbons is optimal, i.e., if the
ribbon surface is saturated with the peptide, the reaction
of the peptide with SMP-modified silica was re-
peated at 4 times higher concentration of peptide
(1.3 mM). The peptide-modified silica thus obtained
showed a similar absorbance intensity (Figure 2D,
blue) to that observed after reaction with 0.3 mM
peptide solution (Figure 2D, black), confirming that
the silica nanoribbon surface is indeed saturated
with peptide molecules.
The glass substrates were functionalized following

the scheme shown in Figure S1 (details inMaterials and
Methods section). Briefly, (1) the precleaned (cleaned

Figure 3. FITC-KRGDSPC peptide-modified silica helical nanoribbons: (A) TEM image (scale bar: 50 nm), (B) optical image
under visible light, (C) schematic representation. (D) TEM image of peptide-modified silica helical nanoribbons, after
treatment with citrate-stabilized Au NPs (scale: 100 nm). (E) Functionalized glass modified with the peptide-appended silica
helical nanoribbons. (F) Fluorescence of wash liquid (excitation@ 494 nm); after each 10min of sonicationwith 1mL ofMilli-Q
water, fluorescence of the water was checked. (G) Fluorescence microscopy images (2.5� at excitation 488 nm) of control glass
substrate (top) and functionalized glass substrate (bottom), after treatment with fluorescent peptide modified silica helical
nanoribbons, followedbywashingwithwater. (H) Fluorescencemicroscopyoffluorescent silicananoribbonmodifiedglass substrate
at highmagnification (40�). (I) C 1s XPS spectra of functionalized glass modified with peptide-appended silica helical nanoribbons.
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with piranha solution) glass substrate was treated with
APTES to functionalize the surface with �NH2. (2) The
amine-functionalized substrate was then reacted with
succinic anhydride to expose a carboxylic acid function
on the surface. (3) Glass surface activation (for grafting
of peptide-modified silica nanoribbons) was achieved
by reactionwithN-hydroxysuccinimide. Theglass surface,
before and after functionalization, was investigated by
X-ray photoelectron spectroscopy (XPS) to confirm the
success of the functionalization steps. The results of XPS
experiments are summarized in Table S1. After step 1
(amine modification step), the appearance of N (0% to
∼1.6%) demonstrated successful modification. Similarly,
theN content expectedly increased (∼1.6% to 3.2%) after
step 3. The ratio (�NCO/COOH) also increased (Figure S2),
demonstrating the success of glass activation.
The inorganic silica nanoribbons functionalized with

the fluorescent peptide FITC-KRGDSPCwere grafted on
activated glass substrates from their aqueous disper-
sion. After the completion of the reaction (24 h), the
glass substrates were washed repeatedly with water to
remove excess, unreacted peptide (fluorescence spec-
troscopy, Figure 3F). Fluorescence microscopy image
of functionalized glass with covalently attached fluo-
rescent silica nanoribbons showed the presence of
peptide even after washing (Figure 3G, bottom), as
opposed to the control glass, which did not show any
fluorescence (Figure 3G, top). At high magnification,
the presence of fluorescent silica nanoribbons on the
glass substrate was clearly evident (Figure 3H). XPS

investigation of the nanoribbon-modified glass sub-
strate expectedly showed the presence of peaks cor-
responding to NCO and COOH in the C 1s spectrum
(Figure 3I). These experiments confirm that the cova-
lent grafting of fluorescent peptide modified silica
nanoribbons on activated glass substrates was successful.
Further confirmation to this end was obtained from
scanning electron microscopy (SEM) analysis of the silica
nanoribbon modified glass substrates, which showed the
presence of chiral silica nanoribbons even after rigorous
washing of the substrate (Figure 4A and B). A magnified
SEM image revealed that the nanoribbon structure was
not affected after covalent grafting (helical nanoribbon
modified substrate, Figure 4C). Semiquantitative fluores-
cence microscopy analysis of these glass substrates con-
firmed similar RGD peptide density in the helical ribbon
and twisted ribbon modified substrates (Figure S3).
In order to study the unique influence of nanoribbon

shape and periodicity on the behaviors of stem cells, all
cell adhesion experiments were carried out without
any serum for the first 8 h of culture. Glass substrates
with smooth surfaces without any functionalization
and those homogeneously functionalized with RGD
peptides (FITC-KRGDSPC) were used as reference
surfaces and compared with glass surfaces on which
RGD-functionalized nanoribbons (twisted and helical
nanoribbons) are grafted. SEM images of human me-
senchymal stem cells (hMSCs) cultured for 4 h (without
serum) on the surface modified with RGD helical or
twisted nanoribbon revealed significant differences in

Figure 4. SEM images of functionalized glass substrates modified with peptide-attached silica nanoribbons: (A) twisted
nanoribbons, (B) helical nanoribbons, (C and D) magnified images of covalently grafted twisted and helical nanoribbons.
The scale bars correspond to (A) 1 μm, (B) 1 μm, and (C and D) 100 nm.
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stem cell adhesion and cell shape in comparison with
control substrates. This was also confirmed by the fluo-
rescence micrograph (Figure S4A). Filopodia quantifica-
tion per cell confirms this observation (Figure S4B).
Furthermore, as shown in Figure 5 and Figure S5 (white
arrows), we clearly see the presence of small filopodia
extensions for glass grafted with both twisted and helical
nanoribbon-RGD, whereas for control surfaces, these
filopodia extensions vanish. After 24 h of culture, the
surfaces functionalizedwithnanohelical ribbons (periodicity
∼63 nm) induces more stable hMSC cell adhesion and
better cell spread (Figure S6) than other conditions
(control surfaces and surfaces functionalized with
twisted nanoribbons). Indeed, interestingly, many fibrillar
focal adhesions (FAs) were observed on hMSCs cultured
on glass substrates grafted with helical nanoribbon-RGD
(Figure 6A). In addition, FA size quantification showed an
important difference between nanohelical conditions
with respect to other conditions; that is, both control
surfaces as well as the surface grafted with twisted
nanoribbons, the size of FAs being significantly higher
in the former (Figure 6B). However, the surface with
twisted nanoribbon-RGD shows a lower presence of
fibrillar FAs compared to the surface with helical nano-
ribbon-RGD but higher than control surfaces (Figure 6).
Finally, hMSC behavior on grafted helical nanorib-

bon-RGD resulted in a preferential differentiation into

osteogenic lineage after 96 h of incubation, which was
confirmed by immunofluorescence staining of three
common protein osteogenic markers:32,33 STRO-1 (stem
cell marker), osterix (Osx, a transcriptional factor induced
by Runx2, which is required for the differentiation of
osteoprogenitor cells into functional osteoblasts), and
osteopontin (OPN). We show clearly a decrease of
STRO-1 marker in the helical nanoribbon-RGD condition
(Figure 7A). However, STRO-1 is present in control condi-
tions and in the twisted nanoribbon-RGD condition
(Figure 7A). Moreover, Osx is more expressed in hMSCs
cultured on helical nanoribbon-RGD (Figure 7B). We
observe a low expression on twisted nanoribbon-RGD
and the absence of expression in control conditions. OPN
is expressed only in helical nanoribbon-RGD conditions
and not in the other conditions (Figure 7C).

DISCUSSION

These results clearly demonstrate the strong effect
of silica nanohelices grafted on glass surfaces on the
adhesion and differentiation behaviors of hMSCs. The
differences of the behaviors of hMSCs on the surfaces
with helical nanoribbons and twisted nanoribbons are
intriguing. The twisted silica nanoribbons used in this
work are a structural variant of the helical silica nano-
ribbons originated from the same organic template.
Twisted organic nanoribbons having larger periodicities

Figure 5. (A) SEM images of hMSCs on control glass substrates and (B) on glass substrates grafted with helical nanoribbon-
RGD after 4 h of culture. (1 and 10) Magnified SEM images of cell�substrate nanoscale interactions. hMSCs become
progressively more spread out and have small cell extensions (filopodia-like structures) on glass substrates grafted with
helical nanoribbon-RGD (see white arrows in 10).
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are generated by partial unfolding and stress redistribu-
tion of the corresponding helical nanoribbons, which can
be effectively viewed as the stretching of the helical
nanoribbons.
These results have significant implications for under-

standing both chemical and physical effects of the
in vivo ECM microenvironment. Several critical ques-
tions thus arise: how do the stem cells interpret the
periodicity on the nanoribbons? In other words, by
which signaling pathway is the differentiation dic-
tated? It is already described in the literature that, for
example, stem cells sense microenvironment elasticity
by myosin II among others.3,6 Among the cell's cyto-
skeletal motors, myosin II isoforms are implicated in
tensioning cortical actin structures.34 These actin struc-
tures are in turn linked to FA complexes that provide
the pathway of force transmission from inside the cell
to the elastic matrix. These complexes are well-known
signaling molecules that are well placed to act as the
mechanotransducers.34 Interestingly, hMSCs incu-
bated in helical nanoribbon-RGD conditions for 96 h
of culture in pharmacological agent for targeting non-
muscle myosin II inhibition (Blebbistatin) were not
differentiated into osteoblast-like cells (Figure S7).
The osteogenic commitment was inhibited (Figure S7B).
STRO-1 was present in all conditions (Figure S7A).

These results show that the way the cells interpret the
helical periodicity is myosin II dependent, similar to the
mechanism by which the cells sense the elasticity of
their microenvironment. Future experiments should
be performed in order to further test the eventual
similarity between these mechanisms.
One of the important interactions of the cell with its

surrounding environment is the focal adhesion, which
is governed by the binding of integrin transmembrane
proteins with ligands in the ECM.35 These interactions
dictate the cell behaviors, such as adhesion, spreading,
and directed differentiation of stem cells into specific
cell lineages.4,6 Our programmed synthetic ECM sys-
tems elucidate intriguing aspects of these complex
cell�ECM nanoscale interactions and unravel their
roles in the diverse responses of the cells. Our results
clearly demonstrate that stem cell fate is strongly
linked to nanoperiodicity and nanoscale dimensions.
Indeed, we show that it is possible to induce fibrillar
focal adhesion and thus to direct the commitment of
stem cells to osteoblast lineage solely by altering the
periodicity and dimension (shape and size) of the
highly organized nanoribbons (twisted nanoribbons
vs helical nanoribbons, Figure 1) and that the cells
sense this nanoperiodicity in the same way they
respond to the elasticity of the ECMmicroenvironment.

Figure 6. (A) After 24 h of seeding, focal contact formation and stress fiber assembly were shown on different glass modified
substrates as demonstrated by antivinculin staining (red), phalloidin staining (green), and DAPI (blue). (B) Relative area of
focal adhesion contacts on control glass substrates and control glass substrates grafted with RGD, twisted nanoribbon-RGD,
and helical nanoribbon-RGD (**p < 0.01, *p < 0.001).
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This suggested mechanism is in agreement with the
general notion thatwhen the stemcells are stressed and
havemature focal contacts (here, fibrillar FAs), they tend
to differentiate into an osteoblast lineage.1,3,6,10,13 We
have observed fibrilar adhesions in the case of hMSCs
seeded on helical nanoribbons. Fibrillar adhesions re-
present the end point in terms of adhesion maturation.
Their association with large stable NMII-decorated actin
filament bundles results in large adhesions with a life-
time of several hours, and this class of adhesions has an
active role in organizing the ECM. These results reveal
important insights into the mechanism and scope of
these interactions in the biological environment and
to what extent they can be modulated in synthetic
matrices to achieve a predictable control over the
cell response in the context of engineered regen-
erative biomaterials.
Considering the fact that great strides are being

made in utilizing peptide-based 3D hydrogel matrices
with biologically active peptide sequences to encap-
sulate cells and promote and control amultitude of cell
responses,36 the present result on the influence of
periodicity and nanoscale shape on the 2D surface in
dictating stem cell fate is expected to open up exciting
avenues in this field. Indeed, expanding our study to

hydrogel materials with a 3D scaffold with nanohelices
with controlled nanometric periodicity represents a
promising concept for bone tissue engineering.

CONCLUSION

The identification of mechanisms that direct adult
hMSC osteogenic differentiation is of prime interest for
developing therapeutic strategies to promote bone for-
mation and repair. In this study, we established the
essential role of nanoribbon shape and periodicity in
hMSC commitment and showed that helical nanoribbons
with a specific periodicity of ∼60 nm induce much more
specific cell adhesion through the fibrillar FA formation
and stronger commitment of cells into osteoblast lineage
than twisted nanoribbons with a periodicity of∼100 nm.
We documented that inhibition of non-muscle myosin II
with blebbistatin is sufficient to block this osteoblast
commitment, demonstrating that stem cells interpret
the nanohelical shape and periodicity microenvironment
physically. This system closely models the ECM structural
changes that happen due to mutations during induction
of several life-threatening diseases. The present study also
provides a tool to promote hMSC osteogenic capacity,
which may be exploited in a 3D scaffold for bone tissue
engineering and repair.

MATERIALS AND METHODS
Synthesis of 16�2�16 L-Tartrate. The 16�2�16 gemini amphi-

phile with L-tartrate counterions was synthesized following our
previously reported procedure.37

Preparation of Silica Helical Nanoribbons and Twisted Nanoribbons.
The 1mM aqueous gels of 16�2�16 L-tartrate were aged for an

adequate time (24 h for transcription to twisted silica nanorib-
bons and 20 days for transcription to helical silica nanoribbons),
then were used as organic templates to prepare silica nanos-
tructures through sol�gel polycondensation. Typically, 0.5 mL
of 5 wt % tetraethoxysilane was prehydrolyzed in water (pH 6)
for 12 h at room temperature and then added to 0.5 mL of the

Figure 7. (A and B) Total cellular STRO-1 andOsx immunofluorescence intensitywas quantified for hMSC culturedduring 96 h
on different glass modified substrates (*p < 0.005). Positive control consists of hMSCs cultured on glass substrates in
osteogenic media (see Materials and Methods section). (C) Immunofluorescent staining for OPN (red), actin (green), and
nucleus (blue) in hMSCs on different glass modified substrates during 96 h. hMSCs are committed into osteoblast lineage on
glass substrates grafted with helical nanoribbon-RGD.
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appropriately aged gel. The reaction mixture was vortexed
(2000 rpm) for a few seconds and then kept at 20 �C for 48 h.
The samples were then washed thoroughly with ethanol to
remove excess TEOS and all organic components. The helical
silica nanoribbons obtained by this process had a diameter of
35 ( 5 nm and a periodicity of 63 ( 5 nm. The corresponding
twisted silica nanoribbons showed a diameter of 20( 3 nm and
a periodicity of 100 ( 15 nm.

Covalent Modification of Silica Nanoribbons with RGD Peptides. Mod-
ification with APTES. A 1 mL amount of the silica nanoribbon
dispersion in ethanol (obtained from the previous step) was
treated with 50 μL of 1% (3-aminopropyl)triethoxysilane (10 μL
of APTES in 1 mL of ethanolic solution), sonicated for 5 min, and
then heated at 70 �C (oil bath) overnight. The sampleswere then
thoroughly washed with ethanol.

Reaction with SMP. To 1 mL of the silica nanoribbon disper-
sion in ethanol (obtained after APTES modification), 1 mL of an
ethanolic dispersion of 3-(maleimido)propionic acid N-hydro-
xysuccinimide ester (3 mg) was added. The reaction mixture
was sonicated for 3 h and then washed thoroughly with water.

Reaction with Fluorescent Peptide. To 1 mL of an aqueous
silica nanoribbon dispersion (obtained after SMP modification),
a 1 mL aqueous solution of FITC-KRGDSPC (0.3 mM) was added.
The reactionmixture was sonicated for 5min and then kept on a
roller/mixer (30 rpm) in the dark for 24 h. The sample was washed
several times with water, until the wash liquid became colorless.

Activation of Glass Substrates. Reaction with APTES (ref 38). The
glass substrate was washed with piranha solution, followed by
water, dried in an oven at 100 �C for 12 h, and then inserted in
the glovebox. First, the substrate was heated at 150 �C under
vacuum (10�5 Torr) for 18 h. Then, it was immersed in 2 mL of a
10 mM hexane solution of APTES and shaken at 200 rpm under
an Ar atmosphere for 2 h. The substrate was then cleaned by
two rinsings with dry hexane (0.5 h each), followed by a
third rinsing overnight. The washed glass substrate was heated
at 100 �C under vacuum (10�5 Torr) for 4 h.

Reaction with Succinic Anhydride (SA). The glass substrate
was immersed in 2 mL of a DMF solution of SA (4 mg) and
shaken under an Ar atmosphere for 3 h. The substrate was then
washed by three rinsings with DMF (0.5 h each), followed by a
fourth rinsing overnight. The glass substrate was heated at
100 �C under vacuum (10�5 Torr) for 4 h.

Reaction with N-Hydrioxysuccinimide (NHS). The glass sub-
stratewas immersed in a 3mL of an aqueous solution consisting
of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (172 mM),
NHS (104 mM), and MES buffer (94 mM) and kept at 4 �C for
20 h. The substrate was washed with water several times by
shaking (200 rpm).

Covalent Grafting of RGD-Modifed Silica Nanoribbons on Functionalized
Glass Substrates. The silica nanoribbons functionalized with the fluor-
escent peptide FITC-KRGDSPCwere dispersed inwater, and 2mLof
this suspension (0.2 mg of silica/mL) was added to a container with
the activated glass substrates. Under this condition, the substrates
were immersed in the water suspension of the peptide-modified
silica nanoribbons. The reaction systemwas allowed to stand in the
dark at room temperature for 24 h. Afterward, the glass substrates
were sonicated with 1 mL of water (replacing the water with fresh
water every 10 min) for 1 h, in order to remove excess, unreacted
silica nanoribbons from the glass surface.

Characterization of Chemical Grafting. The surfaces were char-
acterized using three methods:

X-ray Photoelectron Spectroscopy39 for Chemical Character-
ization of the Glass Surface Grafted with Twisted and Helical
Nanoribbons. To do this, a VG Scientific ESCALAB photoelectron
spectrometer was used for the surface analysis with a nonmo-
nochromatizedMg K 1253.6 eV source of 100W. The area of the
analytical X-ray spot on the sample surface was about 250 μm.
We used a 45� insert angle that corresponds to 3�5 nm of
analyzed depth. A flood gunwas used for charge compensation.
Acquisition of high-resolution spectra was done at a constant
pass energy of 20 eV.

Fluorescent Microscopy of Labeled Peptides (refs 40�42).
Fluorescence microscopy of grafted labeled peptides (Leica
microsystem DM5500B, microscope with a motorized, program-
mable stage using a CoolSnap HQ camera controlled by

Metamorph 7.6) was used to confirm a uniform peptide
grafting. Mimetic peptides of adhesion proteins were linked
to FITC fluorochrome (FITC-KRGDSPC). FITC fluorochrome
was linked in a covalent way at the N terminal of the
peptide. Image J software (NIH, http://rsb.info.nih.gov/ij/)
was used to quantify the relative fluorescent intensity of the
grafted mimetic peptides.

Scanning Electron Microscopy. Direct observations of glass
substrates grafted with nanometric twisted ribbons and helical
ribbonswere performed. Sampleswere gold-coated for 10 s and
observed with a scanning electron microscope (Hitachi S2500)
at 10 kV. SEM analysis of the silica nanoribbon-grafted glass
substrates revealed the presence of nanoribbons everywhere
on the glass surface, with some variation of the density of
nanoribbons. Quantification from the SEM images of the nano-
ribbons grafted on the glass substrates revealed the presence of
∼90�95% helical/twisted nanoribbons in the respective sub-
strates grafted with helical and twisted nanoribbons. For ex-
ample, for the glass substrates graftedwith helical nanoribbons,
SEM quantification revealed the presence of 96% helical nano-
ribbons and 4% twisted nanoribbons, and vice versa.

Cell Culture. Primary human (bone marrow) mesenchymal
stem cells were obtained from LONZA (Switzland, cat. no. PT-
2501). Cells were cultured in minimum essential medium
(Alpha-MEM, Gibco) supplemented with 10% (v/v) FBS and
1% penicillin/streptomycin and incubated in a humidified
atmosphere containing 5% (v/v) CO2 at 37 �C. All cell culture
experiments were carried out without any serum for the first 8 h
of culture. All cells were used at low passage numbers (passage
2 to 4), were subconfluently cultured, and were seeded at 104

cells/cm2 for experiments. The pharmacological agent blebbis-
tatin (Sigma, France) was employed at 1 μM. hMSCs were
exposed to blebbistatin for 1 h after seeding on materials each
24 h during 3 days.

Scanning Electron Microscopy. Initially cells were seeded on the
substrates at a density of 1 � 104 cells/mL. After 4 h of culture
(serum free), cells werewashedwith PBS 1� and then fixedwith
paraformaldehyde in PBS (4%) during 20 min at 4 �C. Samples
were dehydrated in increasing concentrations of ethanol
(30, 70, 80, 90, 95, and 100%) and critical point dried. Replicas
were gold-coated for 10 s and observed with a scanning
electron microscope (Hitachi S2500) at 10 kV.

Immunostaining. After 4, 24, and 96 h of culture, the cells on
the surfaces were fixed for 20 min in 4% paraformaldehyde/PBS
at 4 �C. After fixation, the cells were permeabilized in a PBS
solution of 1% TritonX100 for 15 min. Cell cytoskeletal filamen-
tous actin (F-actin) was visualized by treating the cells with 5 U/
mL Alexa Fluor 488 phalloidin (Sigma, France) for 1 h at 37 �C.
Vinculin was visualized by treating the cells with 1% (v/v)
monoclonal antivinculin (clone hVIN-1 antibody produced in
mouse) for 1 h at 37 �C. Then we coupled with Alexa Fluor 568
(F(ab0)2 fragment of rabbit anti-mouse IgG(Hþ L)) during 30min
at room temperature. After 96 h, osterix was visualized by
treating the cells with 1% (v/v) monoclonal anti-osterix
(antibody produced in rabbit) for 1 h at 37 �C. Then we coupled
with Alexa Fluor 568 (F(ab0)2 fragment of mouse anti-rabbit
IgG(H þ L)) during 30 min at room temperature. OPN was
visualized by treating the cells with 1% (v/v) monoclonal anti-
OPN (Abcam, Cambridge), for 1 h at 37 �C. Thenwe coupledwith
Alexa Fluor 588 (F(ab0)2 fragment of goat anti-rabbit IgG(HþL))
for 30 min at room temperature. No detection of neuronal
cytoskeletal marker β3 tubulin (stained by anti-β3 tubulin
(Sigma, France)) and muscle transcription factor MyoD1
(stained with anti-MyoD1 (Santa Cruz Biotechnology, USA))
was observed on hMSCs cultured on different surfaces during
1 week (results not shown).

For quantification of STRO-1, Osx and vinculin (focal
adhesions) positive contacts' number and areas, we used the
freeware image analysis Image J software.14,39,41�43 We opened
the raw image, converted it to an 8-bit file, and used the unsharp
mask feature (settings 1:0.2) before removing the image back-
ground (rolling ball radius 10). After smoothing, the resulting
image, which appears similar to the original photomicrograph
but with minimal background, was then converted to a binary
image by setting a threshold. Threshold values were determined
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empirically by selecting a setting that gave the most accurate
binary image for a subset of randomly selected photomicrographs
with varying glass substrates. The cell area was determined by
manual delineation on raw fluorescent images; total contact focal
area and mean contact area per cell were calculated by “analyse
particules” in Image J. A minimum of 20 to 30 cells per condition
were analyzed.

Statistical Analysis. In terms of fluorescence assay, all data was
expressed as mean ( standard error and analyzed statistically
by the paired Student's t testmethod. Significant difference was
determined at p values at least <0.01.
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