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Mesangiogenic progenitor cells (MPCs) are a very peculiar population of cells present

in the human adult bone marrow, only recently discovered and characterized. Owing

to their differentiation potential, MPCs can be considered progenitors for mesenchymal

stromal cells (MSCs), and for this reason they potentially represent a promising cell

population to apply for skeletal tissue regeneration applications. Here, we evaluate

the effects of surface nanotopography on MPCs, considering the possibility that this

specific physical stimulus alone can trigger MPC differentiation toward the mesenchymal

lineage. In particular, we exploit nanogratings to deliver a mechanical, directional

stimulus by contact interaction to promote cell morphological polarization and stretching.

Following this interaction, we study the MPC-MSC transition by i. analyzing the

change in cell morphotype by immunostaining of the key cell-adhesion structures and

confocal fluorescence microscopy, and ii. quantifying the expression of cell-phenotype

characterizing markers by flow cytometry. We demonstrate that the MPC mesengenic

differentiation can be induced by the solely interaction with the NGs, in absence of

any other external, chemical stimulus. This aspect is of particular interest in the case

of multipotent progenitors as MPCs that, retaining both mesengenic and angiogenic

potential, possess a high clinical appeal.

Keywords: mesangiogenic progenitor cells, mesenchymal stromal cells, bone marrow culture, polyethylene

terephthalate, nanograting

INTRODUCTION

Mesenchymal stromal cells (MSCs) have been the object of extensive research for decades, due to
their intrinsic clinical value. Mesangiogenic progenitor cells (MPCs), instead, were only recently
discovered and characterized. They were firstly co-isolated, in different percentages, with MSCs
in human adult bone marrow cultures applying autologous serum (Petrini et al., 2009); later,

http://www.frontiersin.org/Cell_and_Developmental_Biology
http://www.frontiersin.org/Cell_and_Developmental_Biology/editorialboard
http://www.frontiersin.org/Cell_and_Developmental_Biology/editorialboard
http://www.frontiersin.org/Cell_and_Developmental_Biology/editorialboard
http://www.frontiersin.org/Cell_and_Developmental_Biology/editorialboard
https://doi.org/10.3389/fcell.2016.00144
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2016.00144&domain=pdf&date_stamp=2016-12-20
http://www.frontiersin.org/Cell_and_Developmental_Biology
http://www.frontiersin.org
http://www.frontiersin.org/Cell_and_Developmental_Biology/archive
https://creativecommons.org/licenses/by/4.0/
mailto:marco.cecchini@nano.cnr.it
https://doi.org/10.3389/fcell.2016.00144
http://journal.frontiersin.org/article/10.3389/fcell.2016.00144/abstract
http://loop.frontiersin.org/people/337631/overview
http://loop.frontiersin.org/people/229527/overview
http://loop.frontiersin.org/people/382974/overview
http://loop.frontiersin.org/people/117858/overview
http://loop.frontiersin.org/people/118268/overview
http://loop.frontiersin.org/people/136764/overview


Antonini et al. Nanotopography and MPC Differentiation

the establishment of specific culture conditions selective for
MPCs allowed the isolation of these cells with a high grade
of purity (>95%). Specifically, when human bone marrow
mononuclear cells (hBM-MNCs) are cultured in basal medium
supplemented with human serum (HS) on hydrophobic surfaces,
it is possible to select slow-cycling MPCs after 6 days of
culture (Trombi et al., 2009) because this was the only cell
population present in the initial preparation capable of attaching
on hydrophobic plastic dishes.

Phenotypically, MPCs are easily distinguishable from
MSCs for their fried egg-shape morphology and peculiar
immuophenotype characterized by the positivity to CD18, CD31
and nestin as well as negativity to the MSC markers as CD73
and CD90. Interestingly, as MPCs initially showed to retain
mesengenic, cardiomyogenic, and angiogenic potential, these
cells were firstly named “mesodermal” progenitor cells. Later
on, the mesengenic potential was definitively demonstrated and
finely described in two steps of differentiation, once cultured
in specific pre-formulated media for MSC expansion. Namely,
MPCs firstly differentiate into slow cycling CD90+/nestin+

cells (earlyMSCs), activating non-canonical Wnt signaling, that
generate exponentially growing MSC-like cells (lateMSCs) after
prolonged culture time (Fazzi et al., 2011). Similarly, angiogenic
potential ofMPCswas demonstrated. Also in this case the process
involves two steps: first, MPCs are induced to VEGF-stimulated
angiogenic sprouting; then they complete differentiation by
forming capillary tube-like structures in 3D-cultures. Conversely,
the cardiomyogenic potential was not definitively demonstrated,
suggesting changing the MPC nomenclature into “mesangiogenic
progenitor cells” (Montali et al., 2016) in spite of “mesodermal”
progenitor cells. MPCs have been demonstrated deriving from a
unique bone marrow cell population named Pop#8 (Pacini et al.,
2016). This cell population has been sorted from adult human
bone marrow as CD45lowCD31brightCD64brightCD14neg and
showed similarities to monocytoid progenitors. Moreover, MPC
morphology and phenotype partially resemble macrophages
suggesting that these mesangiogenic progenitors and their in
vivo counterparts (Pop#8) could belong to the hemopoietic
compartment. Similarly, plasticity of peripheral monocytes and
macrophages has been demonstrated. Some groups reported
evidences showing that these cells could differentiate into
fibroblast-like and collagen-producing cells called “fibrocytes”
which participate in tissue repair, mainly sustaining fibrosis
(reviewed in Bucala, 2015). Nonetheless, demonstration of
genuine mesengenic potential (osteogenic, adipogenic, and
chondrogenic) of fibrocytes is still lacking, restricting their
tissue repairing potential to scar formation, while sustaining
to angiogenesis has been reported for these cells but only as
paracrine secretion of pro-angiogenic factors (Grieb et al., 2011).
Moreover, fibrocytes derived from peripheral CD45brightCD14+

monocytes also characterized for the expression of CD11b, C11c,
CD13, and CD16 (Pilling et al., 2009), which have not been
detected on bone marrow-derived CD45lowCD14neg Pop#8.

As MPCs can be considered progenitors for MSCs, they
potentially represent a promising cell population to apply for
skeletal tissue regeneration applications. Cell based medicinal
products obtained by hBM-MNCs cultured in autologous serum

were applied in the treatment of upper limb nonunions
(Giannotti et al., 2013). In this paper, authors reported consistent
percentages of MPCs (1–10%) within the expected MSC
population, although not all of the conditions for MPC selection
were complained. Nonetheless, it was suggested that the MPC
fraction possibly contributed to the long-term healing reported
in the treated patients. This hypothesis arose from the reported
MPC plasticity suggesting that, once implanted, these cells could
support osteogenesis differentiating into earlyMSCs, as well
as contributing to the neo-vascularization of the engineered
construct thank to their angiogenic potential.

In order to better investigate and exploit this possible
therapeutic scenario in the field of orthopedics, further
experiments should be performed in vitro in order to predict
the MPC differentiation fate resulting from different physico-
chemical stimulations that selectively mimic specific aspects of
the in vivomicro-environments.

Bone tissue homeostasis represents a complex biological
process finely regulated by humoral stimuli as hormones,
growth factors and cytokines as well as by cell-cell and
cell-matrix contact interactions (Florencio-Silva et al., 2015).
Thus, optimal bone regenerative therapy should enhance
mineralized tissue healing through enrichment of the bone
defect with a micro/nanostructured matrix scaffold to support
the wound, with cells that will give raise to osteoprogenitors
and proper biochemical stimuli. Recently, a factor controlling
the fate of many osteocompentent cells has been introduced,
taking in consideration that micro- e nano-topography of
the bone architectures could have a role in the regulation
of the activity of the bone cells trough the activation
of cellular mechanotransduction mechanisms mediated by
adhesion molecules (Green et al., 1995; Zohar, 2012). In
particular, this complex bone architecture resulted mainly
sustained by collagen and hydroxyapatite (HA), which together
form a highly aligned composite matrix that contribute to the
toughness and strength of bone itself (Weiner et al., 1999;
Kerschnitzki et al., 2011). Collagen triple helices are typically
around 300 nm long and 1.5 nm in diameter (Weiner et al.,
1999) conferring a linear topography to the bone structure
at the nanoscale. Many studies reported the influence of
nanotopography to the biology of osteoprogenitors (Dalby et al.,
2007; McMurray et al., 2011; Janson et al., 2014) suggesting to
control their differentiation applying nanostructured surfaces of
orthopedic implants.

MPCs showed particular adhesion properties sustained by
podosome-like structures, that were applied for the definition of
a MPC selective culture method (Trombi et al., 2009). Further
studies demonstrated that gelsolin-served F-actin podosomial
structures were re-organizedn in paxillin-served F-actin stress
fibers, during the mesengenic differentiation of MPCs (Pacini
et al., 2013), suggesting that topographical stimuli could play a
crucial role in the MPC fate.

The aim of this study is evaluating the effects of surface
nanostructuring on MPCs, considering the possibility that the
nanotopography alone can trigger the MPC differentiation
toward the mesenchymal lineage. In particular, we exploited
nanogratings to deliver a mechanical, directional stimulus by
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contact interaction to promote cell morphological polarization
and stretching. Following this interaction, we studied the MPC-
MSC transition by (i) analyzing the change in cell morphotype by
immunostaining of the key cell-adhesion structures and confocal
fluorescence microscopy, and (ii) quantifying the expression of
cell-phenotype characterizing markers by flow cytometry.

MATERIALS AND METHODS

Nanograting Fabrication
NGs were fabricated by thermal nanoimprinting lithography
(NIL) on copolymer 2-norbornene ethylene cyclic olefin
copolymer (COC) foils (IBIDI, Martinsried, Germany). COC
was chosen because of its well-documented biocompatibility
and optimal optical properties for high-resolution fluorescence
microscopy. NIL is based on the combination of pressure and
heat, which aids the transfer of the chosen pattern from a
rigid mold to thermoplastic materials. Molds were fabricated
by electron beam lithography (EBL) and reactive ion etching
(RIE) techniques as previously reported (Cecchini et al., 2007).
COC foils were imprinted using an Obducat Nanoimprint 24
system (Obducat, Sweden). After cleaning with nitrogen flow, the
substrates were placed on top of the silicon molds and softened
by raising the temperature up to 150◦C. A pressure of 50 bar
was then applied for 5 min before cooling down to 70◦C, that
is below the glass transition temperature of the copolymer (Tg=
134◦C). Finally, the pressure was released and the mold detached
from the substrate with a scalpel. The imprinted substrates were
quality checked by optical microscopy and attached to the bottom
of hollowed 35 mm Petri dishes by using silicone glue (RS
Components RS692–524).

Donors and Sample Collection
Human bone marrow blood samples were collected, after written
consent, from 12 patients (5 Male/6 Female, median age 64)
during orthopedic surgery for hip replacement. The study has
been performed according to the declaration of Helsinki and
to the approval of the local ethical committee of “Azienda
Ospedaliero-Universitaria Pisana.” A 20 ml syringe containing
500 U.I. of heparin was used to aspirate 10 ml of fresh tissue
immediately after femoral neck osteotomy and before femoral
reaming. Samples were promptly sent to the cell culture facility
and processed soon after.

MPC Preparation and Characterization
Cell Preparation
MPCs were obtained from hBM applying selective culture
conditions, according to the previously reported method
(Trombi et al., 2009; Montali et al., 2016). Briefly, bone
marrow blood samples were diluted 1:4, carefully stratified on
Ficoll-PaqueTM Premium (GE Healthcare, Uppsala, Sweden)
and centrifuge at 400 g for 30′. hBM mononuclear cells
(hBM-MNCs) were collected at the interface of the density
gradient, washed in Dulbecco’s modified phosphate saline
buffer (D-PBS, Thermo Scientific, Carlsbad, USA-CA) and
resuspended in Dulbecco’s modified Eagle medium (DMEM,
Thermo Scientific) supplemented with 10% of pooled human

type AB serum (PhABS, Lonza, Basel, Switzerland), 1:100
GlutamaxTM (Thermo Scientific) and 100 µU/ml of penicillin
and streptomycin (Thermo Scientific). Cell concentration and
vitality were determined by Bürker hemocytometer. From 30
× 106 to 60 × 106 hBM-MNCs were then plated in a T75
culture flask for suspension cultures (Greiner Bio-one, Monroe,
USA-NC) and incubated at 37◦C and 5% CO2 for 48 h in
DMEM/10%PhABS. Cells in suspension were removed with the
medium change and then adherent cell were maintained in
culture for 6 days. At the end, medium was discard, flasks were
washed with D-PBS and 1,5 ml of TrypLE R© Select detaching
solution (Thermo Scientific) was applied for 10′ to collect
MPCs.

Flow Cytometry
3 × 105 freshly isolated MPCs were processed for
immunophenotyping and incubated with anti-CD11c
VioBlue R©-conjugated, anti-CD18 PE-conjugated, anti-CD31
PE/Cy7-conjugated and anti-CD90 APC-conjugated (all from
Miltenyi Biotec, Bergisch Gladbach, Germany) for 30′ at 4◦C
in the dark. Cells were then washed with MACSQuant R©

Running Buffer (Miltenyi Biotec) and resuspended in 500 µl
of the same buffer for data acquisition in MACSQuant R© Flow
Cytometer (Miltenyi Biotec). Data were acquired and analyzed
byMACSQuantify R© analysis software (Miltenyi Biotec). Samples
with percentage of CD11c+CD18+CD31+CD90neg lower than
95% were excluded from the study.

Nestin Detection and F-Actin Organization
From 8 × 105 to 1.6 × 106 hBM-MNCs were seeded in 2-
well culture chamber slides (Thermo Scientific) and cultured
in DMEM/10%PhABS for 6 days, as described above. Cultures
were then washed twice in D-PBS and MPCs were fixed in
paraformaldehyde 4% for 15′. Permeabilization was performed
by incubation in Triton X-100 0.5% (Sigma Aldrich) for 15′, after
the removal of the fixative by extensive wash in D-PBS. Slides
were blocked applying Image-iTTM FX signal enhancer (Thermo
Scientific) and incubated with anti- human nestin monoclonal
antibody (Abcam, Cambridge, UK) overnight. Antibody excess
was removed by washing in Triton X-100 0.5% and slides were
then incubated with AlexaFluor R© 488-conjugated secondary
antibody for 1 h. F-actin staining was performed by AlexaFluor R©

555-conjugated phalloidin (Thermo Scientific) for 20′. The slides
were finally mounted with ProLong R© anti-fade reagent with
DAPI and pictures were taken using an inverted fluorescence DM
IRB microscope (Leica, Wetzlar, Germany) equipped with LAS
AF image analysis software (Leica).

Mesengenic Differentiation by Pre-formulated

Medium
Freshly detached MPCs were seeded in T75 flasks (20,000
cells/cm2) and let adhere overnight in DMEM/10%PhABS. The
day after the medium was changed with MesenPRO R© RS
medium (Thermo Scientific) and the cells were cultured until
confluence (P1-MSCs). Cells were then detached by enzymatic
digestion with TrypLE R© Select and sub-cultured at 5000 cells/cm
in new T75 flasks for flow cytometry analysis, and in 2-well
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culture chamber slides for the detection of nestin (performed at
confluence, P2-MSCs).

MPC Culture on T2 Nanogratings
Freshly isolated MPCs were resuspended and adjusted to 40,000
cells/ml in DMEM/10%PhABS, then a cell suspension volume
of 500 µl was seeded into four T2 nanostructured inserts, in
a drop. Cells were let adhere for 4 h, then additional fresh
medium (1.5 ml) was added and cells were cultured for 7
days. In parallel, cultures have been performed on four “FLAT”
inserts; additional cultures were also prepared in standard 6-
wells plates for suspension cultures, in order to evaluate the
spontaneous cell differentiation (marked as “CTRL”). For flow
cytometry quantification of the mesengenic differentiation, the
cells cultured onto the three different substrates were detached
by TrypLE R© Select digestion solution, washed in MACSQuant R©

Running Buffer (MiltenyiBiotec), and incubated with the
monoclonal antibodies, as described above. The acquisition
and analysis were performed applying dot-plot template set up
for MPC/P2-MSCs analysis. Mesenchymal differentiation was
evaluated by calculating the ratio between events with MSC-
associated phenotype, detected in R2 gate, and MPC-related
events detected in R1 gate (MSC/MPC).

Statistical Analysis
Data were reported as average value ± the standard error
of the mean (mean ± SEM), obtained from at least three
independent experiments. Data were statistically analyzed by
GraphPad PRISM 6.00 program (GraphPad Software, San Diego,
CA, USA). For parametric data, Student’s t-test (unpaired, two-
tailed) or One-Way ANOVA (Tukey’s or Dunnett’s multiple
comparison test) analysis were used; the mean values obtained
in each repeated experiment were assumed to be normally
distributed about the true mean. Statistical significance refers to
results where p < 0.05 was obtained. Further details on data
representation and statistics are reported in the figure legends.

RESULTS

Nanograting Fabrication and
Characterization
Three different substrates were chosen to study MPC
differentiation toward the MSC phenotype. The substrates
were produced starting form 200-µm-thick COC films by
hot embossing (Figure 1), as detailed in the Materials and
Methods section. This process provided us with nanostructured
surfaces covering macroscopic areas (= 1 cm2), well suitable
for fluorescence microscopy and cell/molecular biology studies.
Two surface geometries were fabricated, the first having an
embossed nanograting (named T2) while the second was
obtained with the same thermal and pressure cycle but using
a flat mold (i.e., a silicon polished wafer). This last substrate is
named FLAT and has been used as control condition for the
T2 surface in each experiment. T2 is characterized by ridge
and groove width of 1000 nm, and depth of 350 nm. All the
COC surfaces were proven to be adhesive for MPCs without
requiring any chemical functionalization but plasma activation.
In this study and previously (Tonazzini et al., 2013; Jacchetti

FIGURE 1 | (A) Scheme of the substrate fabrication process. COC foils are

placed on nano/microstructured molds and imprinted following a single

heating and pressure cycle. Scanning electron microscope (B) and atomic

force microscope (C) representative images of a T2 substrate. Scale bars = 2

um; The color-scale in (C) goes from 0 (black) to 400 nm (white).

et al., 2014) we did not find any cytotoxicity originating by either
the surface topographical modification or by the material itself.
Finally, standard tissue culture Petri dishes were also used as
control condition for the FLAT substrates in order to verify
that the material itself did not cause the MPC-MSC transition.
Summarizing, three different substrates were exploited for this
study, the T2 and FLAT (both in COC), and a standard plastic
Petri dish (named CTRL).

MPC Culture Characterization
All of the bone marrow samples could generate MPCs
(Figure 2A), that were isolated by applying the previously
reported method (Trombi et al., 2009; Montali et al., 2016).
As expected, culturing hBM-MNCs for 6 days under selective
culture conditions led to monomorphic cultures of adherent
cells with a peculiar fried egg-shape morphology (Figure 2A.1).
These cells were then characterized as MPCs for their intense
expression of nestin (green in Figure 2A.2) and the typical dotted
distribution of F-actin, that reveals numerous podosome-like
structures (red in Figure 2A.2). Also flow cytometry confirmed
the expected immunophenotype characterized by the positivity
to CD31 (PECAM), CD18 (Integrin β2), CD11c (Integrin αX)
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FIGURE 2 | Isolation and characterization of hBM-derived MPCs. Culturing hBM-MNCs for 6 days under MPC selective conditions lead to almost homogenous

population of rounded and highly rifrangent adherent cells (A.1). These cells were definitively characterized as MPCs for their intense positivity to nestin (green in A.2)

and for the presence of numerous podosome-like structures characterized by the dotted distribution of F-Actin (red in A.2). Flow cytometry confirmed the MPC

phenotype on approximately all analyzed cells (A.3), which were displayed in the lower right quadrant of the CD90 vs. CD31 dot-plot (“R1” green box). After two

passages under mesengenic differentiating conditions (P2-MSCs) the cultures were constituted by proliferating and fibroblastoid MSC-like cells (B.1) and nestin was

no longer detected (B.2). All MPC-related markers resulted undetectable by flow cytometry on P2-MSCs (B.3), which expressed high levels of CD90, occupying the

upper left quadrant of the CD90 vs. CD31 dot-plot (“R2” blue box).

and the lack of CD90 expression (Figure 2A.3). Flow cytometry
was then applied to determine the purity of MPC cultures
before subculture the cells on NGs. Most of the analyzed cell
preparations revealed MPC percentages higher than 95% (mean
96.5 ± 3.2%, n = 10), determined applying the R1 gate on
CD90 vs. CD31 dot-plot (green box in Figure 2A.3), and were
then processed for subsequent culture. Otherwise, two MPC
primary cultures revealed purity lower than 95% (data not
shown) with a consistent percentage (10 and 8%) of MSC-like
cells, determined applying the R2 gate (blue box in Figure 2A.3).
These latest two cell preparations were excluded from the
study.

Specific Formulated Media Induced
Differentiation of MPCs
In order to verify the differentiation potential of the isolated
MPCs, two passages of mesengenic differentiation were
applied. After 2 weeks of culture in MesenPRO R© RS medium,
differentiated cells (P2-MSCs) showed a fibroblastoid and
spindle-shaped morphology, typical of MSC-like cells
(Figure 2B.1). F-actin resulted re-organized in stress-fibers
(red in Figure 2B.2), while very low levels of nestin expression
was reported in few rare cells. Flow cytometry revealed almost
homogeneous culture of CD90-positive cells, lacking MPC-
related markers as CD31, CD18, and CD11c (Figure 2B.3).
As a consequence, in the CD90 vs. CD31 dot-plot these cell
events were plotted in the R2 gate. In order to definitely confirm

the MSC nature of the differentiated cells, P2-MSC cultures
were exposed to adipogenic as well as osteogenic differentiating
conditions, and respectively the lipid droplet accumulation and
calcium deposition were report for the cultures investigated (n=

10, data not shown).

MPCs Interact with NGs
Initial cell attachment on T2 nanostructures was not significantly
altered. After the 4 h incubation, most of the seeded cells
resulted firmly adherent to the substrate surfaces without any
noticeable difference with respect to those on FLAT or CTRL.
After overnight incubation, MPC morphology resulted highly
conserved, with cells maintaining the typical rounded fried egg-
shape. Nuclei appeared slightly oval with compact chromatin,
and did not show any alignment to the grating direction.
Conversely, all characteristic podosome-like structures resulted
aligned in correspondence to the NG crests, while resulting
randomly oriented in correspondence of the not patterned areas,
similarly to those of the cells seeded on FLAT or CTRL (Figure 3).
Moreover, numerous filopodia, occasionally detected on some
MPCs, showed the ability to align to the NGs.

Nanogratings Trigger MPC Differentiation
toward MSC-Like Cells
In order to evaluate the effect of the solely topography of the
T2 on the MPCs transition to MSCs, the cell mortally related to
the re-plating procedures or to the different substrate chemical
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FIGURE 3 | MPCs interact with NGs at the adhesion level. After overnight incubation on nano-structured T2 gratings, most of the seeded MPCs resulted firmly

attached and showed the numerous podosomes aligned to the grating direction (white arrows) and in correspondence to the crests. Similarly, filopodia showed an

alignment to the grating direction. Fluorescence images were acquired by confocal microscopy and immunostaining of F-Actin; arrows show grating direction, and

area. The bottom row shows cells on FLAT (left) and CTRL (right).

composition have been taken in consideration, eliminating the
experiments that showed reduced vitality (<80%) in CTRL
and in FLAT cultures (Figure 4A pale red area). For the same
reason, possible spontaneous differentiation has been evaluated,
and experiments in which CTRL or FLAT cultures showed a
MSC/MPC ratio higher than 0.1 where excluded from the study
(Figure 4B). After this evaluation eight experiments showed
consistent vitality and absence of spontaneous differentiation
(Figure 4C), while two experiments were excluded from the

analysis (Figure 4D). After 7 days of culture on FLAT inserts,
no change in MPC morphology or phenotype were reported
and few events were detected in the R2 gate, in all validated
experiments (Figure 5A). Conversely on T2 NGs, evident signs
of differentiation were proven by numerous elongated MSC-like
cells oriented along the grating direction, and by a consistent
population expressing MSC-associated phenotype, detected in
the R2 gate (Figure 5B). Quantitatively, normalized MSC/MPC
ratio resulted significantly higher in cultures performed on T2
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FIGURE 4 | Evaluation of cell viability and spontaneous differentiation. (A) Percentage of viable cells (PI-negative) for the different substrates. (B) Spontaneous

differentiation, evaluated by ratio between MSC and MPC percentages, in control sub-cultures and “FLAT” conditions. Red and green areas indicate data from

experiments that were considered valid (i.e., viability >80% and MSC/MPC <0.10 on controls). (C) Dot plots of representative sample included in the study. (D) Dot

plots of representative samples excluded from the study for its consistent spontaneous differentiation in non-nanostrucutred controls.

NGs (p< 0.05), with themean value (0.19± 0.05) triplicated with
respect to that measured on FLAT (0.062± 0.015, Figure 5C).

DISCUSSION

Implant osteointegration represents the key of success in most of
the orthopedic procedures. It has been defined as the formation
of structural and functional interconnection between the implant
and the host bone (Albrektsson et al., 1981). In order to promote
osteointegration, many materials and new fabrication processes
have been proposed to obtain a high porous implant surface
on which the bone cells could adhere and growth (Agarwal
and García, 2015). Nowadays, the gold standard is represented
by devices made by trabecular metal, which can mimic the
bone microstructure and make available an ideal space for
cellular colonization and revascularization of the neoformed
bone tissue. However, an important limit of the implants and
materials currently used in orthopedic surgery is that they present

micron-sized textures while the bone is a nanostructured tissue.
Collagen and hydroxyapatite, for example, provide a unique
nanostructured scaffold for proteins and bone cell interactions.
For these reasons, nanomaterials have been proposed with the
aim of improving surface properties and creating an environment
more conducive for osteoblast function and bone ingrowth (Tran
and Webster, 2009; Parchi et al., 2013). Sub-micrometer sized
features on traditional implants can control protein absorption
and decrease scar tissue growth, bacterial infection and promote
appropriate tissue growth. Moreover, they can also guide cell
differentiation through physical stimulation, by a process called
mechanotrasduction in which physical forces are converted into
biochemical signals that are the finally integrated to give specific
cellular response (Duncan and Turner, 1995).

Substrate nanotopography has been demonstrated to affect
the biology of MSCs in vitro and the possibility of controlling
the phenotype of these cells by just physically modifying the
substrate topography represents one of the most promising
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FIGURE 5 | Nanograting induced MPC-to-MSC differentiation. Representative flow-cytometry scatter plots and microscopy images of MPCs cultured on Flat (A)

and T2 (B). (C) Ratio of viable MSCs over viable MPCs normalized to the average value measured on Flat (*p < 0.05, t-test).

innovations in the field. However, the majority of the studies
was conducted with bone marrow derived mesenchymal stromal
cells (BM-MSCs). Very recently our group demonstrated that
nanogratings, alternate lines of sub-micrometer sized ridges
and grooves, can effectively polarize BM-MSCs by pure contact
interaction (Antonini et al., 2014), and promote enhanced osteo-
differentiation with respect to flat surfaces (Antonini et al.,
2016). There is indeed a large consensus considering BM-MSCs
as the progenitors of the skeletal tissue related cell lineages
for their ability to differentiate into adipocytes, osteoblasts
and chondroblasts (Keating, 2012). This study also shows
that after interaction with nanograting, BM-MSCs retain their
osteodifferentiation potential.

Nonetheless, BM-MSCs represent a heterogeneous cell
population isolated in vitro, in which the composition and cell
biology are strongly affected by the isolating and expanding
procedures (Phinney, 2012). Alongside the variability related
to donors (Deasy et al., 2007; Siegel et al., 2013) and culture
methods (Sharma et al., 2014), multiple origins of BM-
MSCs were hypothesized and supported by several experiments
demonstrating that genuine MSC cultures can be obtained by
different BM subpopulations in vivo and in vitro, (reviewed in
Pacini, 2014).

Remarkably, the MSC frequency in human normal bone
marrow has been estimated only about the 0.001 and 0.01% of
the mononuclear cells. Conversely, the MPCs frequency, and its
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in vivo counterpart denominated Pop#8, results from two to three
logs higher (Trombi et al., 2009; Pacini et al., 2016).

Therefore, it is reasonable to hypothesize that the effects
exerted by the nanostructured surfaces on MPCs can more
strongly affect implant osteointegration than those on very
small cell populations such us “skeletal stem cells” (SSCs)
(Bianco and Robey, 2015) or CD271+CD140low/− (Li et al.,
2016), today considered the bona fide ancestors of BM-MSCs
in vivo. Our results indicate that nanogratings can promote
MPC to MSC transition, suggesting an in vivo scenario in
which osteointegration is possibly promoted following MPC
to MSC transition and nanograting-driven MSC osteogenic
differentiation.

It is known that the substrate directionality stimulus
is optimally delivered to many kind of undifferenziated
cells, including MSCs, which in turn elongate and align
to the nanograting lines. This polarization occurs also at
level of cytoskeleton fibers and, though to a lesser extent,
of nuclei. In this context, an elegant mechanistic model
was proposed suggesting that an increased binding of
integrins to ECM proteins would lead to increased FAK
recruitment to the adhesion plaque inducing downstream
ERK-dependent differentiation (Yee et al., 2008) This model
provides an insight into the mechanisms of focal adhesion-
dependent differentiation that might apply also to the
MPC-MSC transition, and shows that nanotopographical
surface modifications may directly regulate stem cell
differentiation. Substrate topography can, indeed, interfere
with focal-adhesion maturation and shaping, which in
turn reflects on cellular mechanical stress distribution and
shaping.

Interestingly, here we have demonstrated that the MPC
mesengenic differentiation could be induced by the solely
interaction with the T2 NGs, in absence of any other external
stimuli. This aspect opens an interesting issue regarding the
heterogeneity of culture expanded MSCs. In fact, it has been
hypothesized that expanding MSCs from unfractionated “crude”
bone marrow cell suspensions, in uncontrolled open culture
systems, could lead to significantly different cell products with

unpredictable biological properties because ofmildmodifications
in the culture determinants or even to environmental fluctuations
during cell expansion (Pacini, 2014). Data presented here suggest
that differences in the intrinsic nanotopography of the culture
surfaces, correlated to the materials or to the production
processes, should be consider an additional culture determinant
that might increase the variability of the final product. Thus,
it might be possible that some pre-clinical data collected on
MSCs expanded in flasks from bone marrow are not predictive
for the therapeutic value of the same cell population cultured
in bioreactors (i.e., equipped with hollow fibers), as their
proliferation and differentiation potential could be altered by the
specific micro- and/or nanotopography of the contact surfaces.

Concluding, the seminal findings reported here sustain the
fascinating hypothesis of a topographic control of progenitor cells
fate by specific designs of nanostructured surfaces. This aspect
is of particular interest in the case of multipotent progenitors as

MPCs that, retaining both mesengenic and angiogenic potential,
possess a high clinical appeal.

AUTHOR CONTRIBUTIONS

SA and MM: Conception and design, Data collection,
assembly, analysis, and interpretation; EJ: Data collection,
assembly, analysis, and interpretation; SM: Microfabrication of
nanostrucutres; PP, SB, FP: Data collection, assembly, analysis,
and interpretation; SP: Conception and design, Data collection,
assembly, analysis, and interpretation. Manuscript writing;
IP: Manuscript writing. MC: Conception and design, Data
collection, assembly, analysis, and interpretation. Manuscript
writing.

FUNDING

This work was partially funded by “Centro per l’Uso Clinico
delle Cellule Staminali” (CUCCS) as part of the project “Impiego
di cellule stromali mesenchimali di origine midollare nelle
pseudoatrosi, cisti ossee di astragalo e osteotomie in plus delle
ossa lunghe” (project number 539999_2014_Petrini_CUCCS).

REFERENCES

Agarwal, R., and García, A. J. (2015). Biomaterial strategies fhor engineering

implants for enhanced osseointegration and bone repair. Adv. Drug Deliv. Rev.

94, 53–62. doi: 10.1016/j.addr.2015.03.013

Albrektsson, T., Brånemark, P. I., Hansson, H. A., and Lindström, J. (1981).

Osseointegrated titanium implants. Requirements for ensuring a long-lasting,

direct bone-to-implant anchorage in man. Acta Orthop. Scand. 52, 155–170.

doi: 10.3109/17453678108991776

Antonini, S., Cappelluti, M., Meucci, S., Jacchetti, E., Vittorio, O., Parchi, P.,

et al. (2014). Human mesenchymal stromal cell enhanced morphological

polarization by contact interaction with polyethylene terephthalate

nanogratings. CNANO 10, 773–778. doi: 10.2174/1573413710666140815

205825

Antonini, S., Meucci, S., Parchi, P., Pacini, S., Montali, M., Poggetti, A.,

et al. (2016). Human mesenchymal stromal cell-enhanced osteogenic

differentiation by contact interaction with polyethylene terephthalate

nanogratings. Biomed. Mater. 11:045003. doi: 10.1088/1748-6041/11/4/

045003

Bianco, P., and Robey, P. G. (2015). Skeletal stem cells. Development 142,

1023–1027. doi: 10.1242/dev.102210

Bucala, R. (2015). Fibrocytes at 20 Years. Mol. Med. 21(Suppl. 1), S3–S5.

doi: 10.2119/molmed.2015.00043

Cecchini, M., Bumma, G., Serresi, M., and Beltram, F. (2007). PC12

differentiation on biopolymer nanostructures. Nanotechnology 18:505103.

doi: 10.1088/0957-4484/18/50/505103

Dalby, M. J., Gadegaard, N., Tare, R., Andar, A., Riehle, M. O., Herzyk, P., et al.

(2007). The control of humanmesenchymal cell differentiation using nanoscale

symmetry and disorder. Nat. Mater. 6, 997–1003. doi: 10.1038/nmat2013

Deasy, B. M., Lu, A., Tebbets, J. C., Feduska, J. M., Schugar, R. C., Pollett, J. B., et al.

(2007). A role for cell sex in stem cell-mediated skeletal muscle regeneration:

female cells have higher muscle regeneration efficiency. J. Cell Biol. 177, 73–86.

doi: 10.1083/jcb.200612094

Duncan, R. L., and Turner, C. H. (1995). Mechanotransduction and the functional

response of bone to mechanical strain. Calcif. Tissue Int. 57, 344–358.

doi: 10.1007/BF00302070

Fazzi, R., Pacini, S., Carnicelli, V., Trombi, L., Montali, M., Lazzarini, E., et al.

(2011). Mesodermal progenitor cells (MPCs) differentiate into mesenchymal

Frontiers in Cell and Developmental Biology | www.frontiersin.org 9 December 2016 | Volume 4 | Article 144

https://doi.org/10.1016/j.addr.2015.03.013
https://doi.org/10.3109/17453678108991776
https://doi.org/10.2174/1573413710666140815205825
https://doi.org/10.1088/1748-6041/11/4/045003
https://doi.org/10.1242/dev.102210
https://doi.org/10.2119/molmed.2015.00043
https://doi.org/10.1088/0957-4484/18/50/505103
https://doi.org/10.1038/nmat2013
https://doi.org/10.1083/jcb.200612094
https://doi.org/10.1007/BF00302070
http://www.frontiersin.org/Cell_and_Developmental_Biology
http://www.frontiersin.org
http://www.frontiersin.org/Cell_and_Developmental_Biology/archive


Antonini et al. Nanotopography and MPC Differentiation

stromal cells (MSCs) by activation of Wnt5/calmodulin signalling pathway.

PLoS ONE 6:e25600. doi: 10.1371/journal.pone.0025600

Florencio-Silva, R., Rodrigues da Silva Sasso, G., Sasso-Cerri, E., Jesus Simões,

M., and Sérgio Cerri, P. (2015). Biology of bone tissue: structure, function,

and factors that influence bone cells. Biomed. Res. Int. 2015:421746.

doi: 10.1155/2015/421746

Giannotti, S., Trombi, L., Bottai, V., Ghilardi, M., D’Alessandro, D., Danti,

S., et al. (2013). Use of autologous human mesenchymal stromal cell/fibrin

clot constructs in upper limb non-unions: long-term assessment. PLoS ONE

8:e73893. doi: 10.1371/journal.pone.0073893

Green, J., Schotland, S., Stauber, D. J., Kleeman, C. R., and Clemens, T. L. (1995).

Cell-matrix interaction in bone: type I collagen modulates signal transduction

in osteoblast-like cells. Am. J. Physiol. 268, C1090–C1103.

Grieb, G., Steffens, G., Pallua, N., Bernhagen, J., and Bucala, R. (2011).

Circulating fibrocytes–biology and mechanisms in wound healing and scar

formation. Int. Rev. Cell Mol. Biol. 291, 1–19. doi: 10.1016/B978-0-12-386035-4.

00001-X

Jacchetti, E., Di Rienzo, C., Meucci, S., Nocchi, F., Beltram, F., and Cecchini, M.

(2014). Wharton’s Jelly human mesenchymal stem cell contact guidance by

noisy nanotopographies. Sci. Rep. 4:3830. doi: 10.1038/srep03830

Janson, I. A., Kong, Y. P., and Putnam, A. J. (2014). Nanotopographic

substrates of poly (Methyl Methacrylate) do not strongly influence the

osteogenic phenotype of mesenchymal stem cells in vitro. PLoS ONE 9:e90719.

doi: 10.1371/journal.pone.0090719

Keating, A. (2012). Mesenchymal stromal cells: new directions. Cell Stem Cell 10,

709–716. doi: 10.1016/j.stem.2012.05.015

Kerschnitzki, M., Wagermaier, W., Roschger, P., Seto, J., Shahar, R., Duda,

G., et al. (2011). The organization of the osteocyte network mirrors the

extracellular matrix orientation in bone. J. Struct. Biol. 173, 303–311.

doi: 10.1016/j.jsb.2010.11.014

Li, H., Ghazanfari, R., Zacharaki, D., Lim,H., and Scheding, S. (2016). Isolation and

characterization of primary bone marrow mesenchymal stromal cells. Ann. N.

Y. Acad. Sci. 1370, 109–118. doi: 10.1111/nyas.13102

McMurray, R. J., Gadegaard, N., Tsimbouri, P. M., Burgess, K. V., McNamara, L.

E., Tare, R., et al. (2011). Nanoscale surfaces for the long-term maintenance of

mesenchymal stem cell phenotype and multipotency. Nat. Mater. 10, 637–644.

doi: 10.1038/nmat3058

Montali, M., Barachini, S., Pacini, S., Panvini, F. M., and Petrini, M. (2016).

Isolating Mesangiogenic Progenitor Cells (MPCs) from human bone marrow.

J. Vis. Exp. 15:113. doi: 10.3791/54225

Pacini, S. (2014). Deterministic and stochastic approaches in the clinical

application of mesenchymal stromal cells (MSCs). Front. Cell Dev. Biol. 2:50.

doi: 10.3389/fcell.2014.00050

Pacini, S., Barachini, S., Montali, M., Carnicelli, V., Fazzi, R., Parchi, P.,

et al. (2016). Mesangiogenic progenitor cells derived from one novel

CD64brightCD31brightCD14neg population in human adult bone marrow. Stem

Cells Dev. 25, 661–673. doi: 10.1089/scd.2015.0344

Pacini, S., Fazzi, R., Montali, M., Carnicelli, V., Lazzarini, E., and Petrini,

M. (2013). Specific integrin expression is associated with podosome-like

structures on mesodermal progenitor cells. Stem Cells Dev. 22, 1830–1838.

doi: 10.1089/scd.2012.0423

Parchi, P. D., Vittorio, O., Andreani, L., Piolanti, N., Cirillo, G., Iemma,

F., et al. (2013). How nanotechnology can really improve the future of

orthopedic implants and scaffolds for bone and cartilage defects. J. Nanomedine

Biotherapeutic Discov. 3:114. doi: 10.4172/2155-983X.1000114

Petrini, M., Pacini, S., Trombi, L., Fazzi, R., Montali, M., Ikehara, S., et al. (2009).

Identification and purification of mesodermal progenitor cells from human

adult bone marrow. Stem Cells Dev. 18, 857–866. doi: 10.1089/scd.2008.0291

Phinney, D. (2012). Functional heterogeneity of mesenchymal stem

cells: implications for cell therapy. J. Cell Biochem. 113, 2806–2812.

doi: 10.1002/jcb.24166

Pilling, D., Fan, T., Huang, D., Kaul, B., and Gomer, R. H. (2009).

Identification of markers that distinguish monocyte-derived fibrocytes

from monocytes, macrophages, and fibroblasts. PLoS ONE 16:e7475.

doi: 10.1371/journal.pone.0007475

Sharma, R., Pollock, K., Hubel, A., and McKenna, D. (2014). Mesenchymal stem

or stromal cells: a review of clinical applications and manufacturing practices.

Transfusion 54, 1418–1437. doi: 10.1111/trf.12421

Siegel, G., Kluba, T., Hermanutz-Klein, U., Bieback, K., Northoff, H., and

Schäfer, R. (2013). Phenotype, donor age and gender affect function of

human bone marrow-derived mesenchymal stromal cells. BMC Med. 11:146.

doi: 10.1186/1741-7015-11-146

Tonazzini, I., Meucci, S., Faraci, P., Beltram, F., and Cecchini, M. (2013).

Neuronal differentiation on anisotropic substrates and the influence of

nanotopographical noise on neurite contact guidance. Biomaterials 34,

6027–6036. doi: 10.1016/j.biomaterials.2013.04.039

Tran, N., and Webster, T. J. (2009). Nanotechnology for bone materials. Wiley

Interdiscip. Rev. Nanomed. Nanobiotechnol. 1, 336–351. doi: 10.1002/wnan.23

Trombi, L., Pacini, S., Montali, M., Fazzi, R., Chiellini, F., Ikehara, S., et al. (2009).

Selective culture of mesodermal progenitor cells. StemCells Dev. 18, 1227–1234.

doi: 10.1089/scd.2009.0054

Weiner, S., Traub, W., and Wagner, H. (1999). Lamellar bone: structure-function

relations. J. Struct. Biol. 126, 241–255. doi: 10.1006/jsbi.1999.4107
Yee, K. L., Weaver, V. M., and Hammer, D. (2008). Integrin-mediated

signalling through the MAP-kinase pathway. IET Syst. Biol. 2, 8–15.

doi: 10.1049/iet-syb:20060058

Zohar, R. (2012). “Signals between cells and matrix mediate bone regeneration,” in

Bone Regeneration (InTech), ed H. Tal. doi: 10.5772/38292. Available online at:

http://www.intechopen.com/books/bone-regeneration/signals-between-cells-

and-matrix-mediate-bone-regeneration

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2016 Antonini, Montali, Jacchetti, Meucci, Parchi, Barachini, Panvini,

Pacini, Petrini and Cecchini. This is an open-access article distributed under the

terms of the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) or licensor

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 10 December 2016 | Volume 4 | Article 144

https://doi.org/10.1371/journal.pone.0025600
https://doi.org/10.1155/2015/421746
https://doi.org/10.1371/journal.pone.0073893
https://doi.org/10.1016/B978-0-12-386035-4.00001-X
https://doi.org/10.1038/srep03830
https://doi.org/10.1371/journal.pone.0090719
https://doi.org/10.1016/j.stem.2012.05.015
https://doi.org/10.1016/j.jsb.2010.11.014
https://doi.org/10.1111/nyas.13102
https://doi.org/10.1038/nmat3058
https://doi.org/10.3791/54225
https://doi.org/10.3389/fcell.2014.00050
https://doi.org/10.1089/scd.2015.0344
https://doi.org/10.1089/scd.2012.0423
https://doi.org/10.4172/2155-983X.1000114
https://doi.org/10.1089/scd.2008.0291
https://doi.org/10.1002/jcb.24166
https://doi.org/10.1371/journal.pone.0007475
https://doi.org/10.1111/trf.12421
https://doi.org/10.1186/1741-7015-11-146
https://doi.org/10.1016/j.biomaterials.2013.04.039
https://doi.org/10.1002/wnan.23
https://doi.org/10.1089/scd.2009.0054
https://doi.org/10.1006/jsbi.1999.4107
https://doi.org/10.1049/iet-syb:20060058
https://doi.org/10.5772/38292
http://www.intechopen.com/books/bone-regeneration/signals-between-cells-and-matrix-mediate-bone-regeneration
http://www.intechopen.com/books/bone-regeneration/signals-between-cells-and-matrix-mediate-bone-regeneration
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Cell_and_Developmental_Biology
http://www.frontiersin.org
http://www.frontiersin.org/Cell_and_Developmental_Biology/archive

	Nanotopography Induced Human Bone Marrow Mesangiogenic Progenitor Cells (MPCs) to Mesenchymal Stromal Cells (MSCs) Transition
	Introduction
	Materials and Methods
	Nanograting Fabrication
	Donors and Sample Collection
	MPC Preparation and Characterization
	Cell Preparation
	Flow Cytometry
	Nestin Detection and F-Actin Organization
	Mesengenic Differentiation by Pre-formulated Medium

	MPC Culture on T2 Nanogratings
	Statistical Analysis

	Results
	Nanograting Fabrication and Characterization
	MPC Culture Characterization
	Specific Formulated Media Induced Differentiation of MPCs
	MPCs Interact with NGs
	Nanogratings Trigger MPC Differentiation toward MSC-Like Cells

	Discussion
	Author Contributions
	Funding
	References


