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Abstract: Mesenchymal stem cells (MSCs) are recognized as an attractive tool owing to their
self-renewal and differentiation capacity, and their ability to secrete bioactive molecules and
to regulate the behavior of neighboring cells within different tissues. Accumulating evidence
demonstrates that cells prefer three-dimensional (3D) to 2D culture conditions, at least because
the former are closer to their natural environment. Thus, for in vitro studies and in vivo utilization,
great effort is being dedicated to the optimization of MSC 3D culture systems in view of achieving the
intended performance. This implies understanding cell–biomaterial interactions and manipulating
the physicochemical characteristics of biomimetic scaffolds to elicit a specific cell behavior. In the
bone field, biomimetic scaffolds can be used as 3D structures, where MSCs can be seeded, expanded,
and then implanted in vivo for bone repair or bioactive molecules release. Actually, the union of
MSCs and biomaterial has been greatly improving the field of tissue regeneration. Here, we will
provide some examples of recent advances in basic as well as translational research about MSC-seeded
scaffold systems. Overall, the proliferation of tools for a range of applications witnesses a fruitful
collaboration among different branches of the scientific community.

Keywords: mesenchymal stem cells; biomimetic scaffolds; 3D culture; regenerative medicine; soluble
factor release

1. Introduction

Adult mesenchymal stem cells (MSCs) were first isolated from bone marrow and described as
multipotent stromal cells with clonogenic capacity [1]. Afterwards, the possibility to isolate them from
different tissues and to differentiate them towards diverse cell types fostered interest and research
in the MSC field. In fact, many efforts have since been spent in order to elucidate their nature
and properties and to develop cell-based therapies for a range of diseases [2–5]. In both contexts,
the extracellular environment has been recognized as a critical factor influencing MSC behavior in
terms of proliferation, survival, soluble factor release and differentiation [6]. In particular, biomaterials
conquered the scene as versatile tools for the fabrication of three-dimensional (3D) structures for
in vitro and in vivo applications [7–9].

In fact, in in vitro studies, 3D systems constitute a culture condition closer to native tissues as
compared to a monolayer, may preserve and enhance cell functions and, overall, allow achievement of
physiologically more relevant results [10,11]. Regarding in vivo applications specifically related to the
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skeletal compartment, since its origin, the field of bone tissue engineering has been feeling the need for
replacement materials to fill tissue defects [12,13]. Synthetic polymers, ceramics, and metals, or tissue
derivatives for auto/allografts, have been used (and still they are, in many instances), but these have
a number of drawbacks and, in general, fail to recapitulate the quality of the original tissue [14].
Therefore, the aim scientists have been pursuing, which has been driving a huge development
of materials science area, was to achieve autologous growth or tissue regeneration by means of
a replacement material closely resembling the natural one, alone or in combination with MSCs [15].
Namely, they sought to identify optimal materials displaying biocompatibility (i.e., incorporation
into host tissue without activation of an adverse immune response), biodegradability (i.e., limited
persistence in the host), osteoconductivity, and osteoinductivity (i.e., recruitment of osteoprogenitor
cells and differentiation induction and support), in order to reproduce bone extracellular environment
and, therein, physiological cell behavior [8,16,17].

The bone microenvironment is complex in terms of composition, geometry, and mechanical
properties. The extracellular matrix (ECM) comprises an organic part, mainly constituted by collagen
and, in lower amount, non-collagenous proteins, such as proteoglycans, osteonectin, osteocalcin,
and proteins of the SIBLING family; and an inorganic part, where calcium and phosphate are the
most abundant ions, mainly in the form of hydroxyapatite (HA), and other ions, such as carbonate,
citrate, magnesium, strontium, sodium, potassium, and fluoride, are present as trace elements [18].
In addition, many growth factors (GFs), such as FGF, TGFβ, BMPs, VEGF, and IGF I and II, are stored
in the matrix and become available for cells in specific pathophysiological conditions [19].

The bone tissue displays a precise hierarchical organization [20]; tissue geometry and mechanical
properties are strictly related and have been largely investigated on a macroscale, with respect to age,
sex, specific disease status or medications, or lifestyle and fracture risk [21]. Extensive studies have
been performed also at the cellular level, and the knowledge gained has inspired material choice and
scaffold synthesis [22].

All these features influence cell fate and can be defined prior to material synthesis in order
to trigger a specific cell behavior for the intended application [23,24]. Accordingly, a plethora of
different biomaterials has been tested. The exploitation of the produced 3D scaffolds has allowed
gaining insights into inherent MSC properties and designing diverse therapeutic strategies, taking
advantage of tunable MSC multilineage differentiation capacity and secretory activity [25]. In the
present minireview, we will describe most recent advances of basic and translational research about
MSC-seeded scaffold systems specifically related to the bone tissue.

2. Use of 3D Scaffolds in Basic Studies: Evaluation of MSC Multilineage Potential and Study of
Human Hematopoiesis

A routine assay for MSC characterization is the evaluation of their capacity to differentiate into at
least three different lineages (i.e., osteogenic, adipogenic, and chondrogenic) under specific stimuli
in vitro. On the other hand, although not commonly performed, an even more relevant test is the
assessment of their capacity to generate a histology-certified bone organ upon in vivo implantation [26].
Different protocols have been set up to this end [27–30]; the most frequently adopted one is based
on MSC loading onto HA/tricalcium phosphate (HA/TCP) ceramic particles prior to implantation
in immunocompromised mice, and harvesting of the formed ossicle about 2 months later [31–34].
Bioactive scaffolds represent a valuable alternative to ceramic particles, since they provide physical
support and molecular cues for the seeded cells, which results in the activation of intracellular signaling
promoting cell proliferation and differentiation [35]. In this regard, we recently performed this assay
using murine bone marrow-derived wild type (WT) or Rankl−/− MSCs, and confirmed, in the latter,
the partial osteogenic potential defect observed in vitro [36]. Briefly, for our purpose, we seeded
7 × 105 WT or Rankl−/− MSCs onto a scaffold made of Mg-doped HA and type I collagen from equine
tendon (MgHA/ColI), and implanted them subcutaneously into the back of immunocompromised
NSG mice. Implants were harvested 2 months later. Histological analysis showed that all scaffolds
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were well colonized by cells and vascularized. Those bearing WT MSCs presented newly formed
multifocal bone-like structures, as assessed by Masson’s trichrome and Picrosirius Red staining,
as expected; on the other hand, those bearing Rankl−/− MSCs displayed areas of collagen deposition
interspersed with fibroblasts/fibrocytes seeming more like a fibrous tissue, in line with in vitro results
(Figure 1) [36].
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Figure 1. (A) Representative images of in vivo ceramic-based ectopic bone formation assay using wild
type (WT) or Rankl−/− mesenchymal stem cells (MSCs). In scaffold systems seeded with WT MSCs,
bone-like structures were present, as demonstrated by Masson’s trichrome (MT) staining of intense
green collagen, and by yellow/orange birefringent fibers under polarized light in Picrosirius Red (PSR)
staining. On the other hand, in Rankl−/− MSC-seeded scaffolds, the collagen deposition appeared less
dense. Scale bar: 100 µm. (B) Representative images of in vitro WT or Rankl−/− MSC differentiation:
MSCs were cultured in osteogenic medium for 14 days and mineralization was evaluated by Alizarin
Red staining. Scale bar: 100 µm. Images are modified from [36].

Another important application of 3D scaffolds in basic studies is the investigation of the
hematopoietic stem cell (HSC) niche, an extremely relevant topic whose direct examination in humans
is prevented by obvious ethical issues and difficulties. Bourgine and colleagues produced an in vitro
HSC niche using HA bone-like scaffolds seeded with human MSCs (hMSCs), taking advantage of
a bioreactor system for cell culture in order to provide effective nutrients and oxygen supply and
waste removal, and to support ECM synthesis [37]. The produced 3D stromal tissue was an adequate
microenvironment for human CD34+ cell survival and expansion, and allowed preservation of their
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stemness features. Therefore, this MSC/scaffold-based 3D system was demonstrated to constitute a
valuable technological platform for the study of human HSC biology in physiopathological conditions.

3. Effective Coupling of Cells and Scaffolds: The Material Choice for Better MSC Performance

Matrix components are input factors for the cells and affect their morphology, cytoskeletal
organization, and integrin expression profile, as extensively investigated [38]. The aim to produce
a physiologically relevant microenvironment for MSCs and, thereby, elicit appropriate responses
for specific applications, has fueled the production of an overwhelming variety of scaffolding
materials resembling bone ECM in terms of composition and properties, through chemical/physical
modification processes [7–9,39]. A common strategy has been to combine synthetic polymers with
HA in order to improve their bioactivity. For example, Guarino and colleagues incorporated
magnesium and carbonate (MgCHA) particles into poly(ε-caprolactone) (PCL); this enhanced
wettability of the composite surface, leading to significantly increased MSC adhesion, proliferation,
in vitro mineralization, and in vivo bone formation [35]. In addition, natural polymers, including
collagen, cellulose, chitosan, gelatin, alginate, and fibroin, have been exploited to develop scaffolds
via biomimetic mineralization processes [40]. For example, Thompson and colleagues combined
chondrogenically primed MSCs and hybrid composites made of collagen–hyaluronic acid or
collagen/HA in a typical critical-sized bone defect assay [41]. They found higher new bone formation
in the presence of the former biomaterial, and speculated this might be due to the increased
VEGF secretion by the loaded MSCs, as assessed before implantation [41]. Other strategies used
synthetic peptides with biological properties as building blocks for bioactive matrices, which offered
the advantage to mimic both the ECM microarchitecture and chemistry [42]. Based on these
considerations, Ramírez-Rodríguez and colleagues produced hybrid matrices made of recombinant
type I collagen enriched with the RGD sequence (RCP), as cell attachment site, and defined the
conditions for biomimetic mineralization [43]. In particular, they tested a scaffold mineralized
in the presence of magnesium (MgApRCP) and found that this displayed low crystallinity, good
permeability, homogeneous pore structure, and good interconnectivity, but lower porosity as compared
to non-mineralized RCP, faster degradation, and ion release, likely favoring cell adhesion and
osteogenic differentiation. MSC proliferation and osteogenic marker expression was higher on the
MgApRCP scaffold. Cell migration was investigated, in detail, by longitudinally sectioning each
sample, staining cell nuclei with DAPI, and analyzing three different levels by scanning electron
microscopy. This demonstrated that MSCs migrated more in depth in the MgApRCP scaffold,
which finely matched with the better performance of MSCs on this substrate for the other aspects
evaluated [43].

An additional strategy is represented by coupling magnetic nanoparticles and scaffolds with
stem cells, in the presence or absence of magnetic fields [44–46]. MSC seeding on magnetic scaffolds,
and even more their exposure to magnetic fields, significantly increased cellular adhesion, osteogenic
differentiation, angiogenesis, and bone regeneration, as compared to controls [44–46]. The underlying
mechanisms consisted in activating signaling pathways such as those driven by integrins, BMP, MAPK,
and NF-κB [47].

Finally, for what pertains our own experience, we carried out mouse MSC culture on the
MgHA/ColI scaffold above mentioned, and investigated cell morphology and functions in this
system by confocal microscopy, taking advantage of GFP expression by the cells and of collagen
autofluorescence [48]. Briefly, previous reports had already proven that this kind of scaffold, produced
through a biomimetic process in which HA nanoparticles nucleated directly on collagen fibers during
their self-assembly, resembled “real” bone matrix. In fact, it was demonstrated to have low crystallinity
and high wettability for optimal biocompatibility and cell adhesion, total porosity and pore size
adequate for cell infiltration and nutrient diffusion, and degradation rate compatible with new bone
formation rate [49]. The use of a specific collagen crosslinker influenced the mechanical behavior
of the scaffold and the presence of Mg2+ benefited cellular activity [50], as could be expected based
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on the known importance of this trace element of the bone ECM for cellular activities and bone
homeostasis [51]. Aiming to exploit these MgHA/ColI scaffolds in vivo in a very peculiar experimental
setting (i.e., the Rankl−/− mouse, which displays severe growth retardation), the synthetic protocol
was modified to scale down the scaffold size; despite these technical adaptations, physicochemical
features capable of eliciting a specific cell fate for bioengineering applications were demonstrated [48].
In particular, as described, 24 h after MSC seeding, cells appeared to distribute on the upper surface of
the scaffold, while as early as 48 h later, they were also found at greater depths. Moreover, at 48 and 72 h
after seeding, the scaffold appeared to be modified and remodeled over time by seeded cells [48]. In fact,
3D-cultured MSCs modulated the expression of different metalloproteinases, with the upregulation of
Mmp13 and downregulation of Mmp2, compared to the 2D culture condition (Figure 2), which would
also suggest a favored commitment towards the osteogenic cell fate in the 3D setting [52,53]. For a
closer analysis, we seeded a lower number of cells (2.5 × 105 cells) and, after overnight culture,
we conducted confocal timelapse analysis, up to 24 h. In this way, we better visualized the MSCs’
typical fibroblast-like shape, and their interaction among each other and with collagen fibers (Video
1 in supplementary). Accordingly, gene expression analysis of 3D-cultured MSCs showed increased
expression of adhesion molecules, such as Zo-1 and V-Cam1, as compared to the 2D condition (Figure 2).
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Figure 2. Gene expression analysis of the adhesion molecules Zo-1 and V-Cam1, and of the
metalloproteinases Mmp13 and Mmp2 in 2D- or 3D-cultured murine WT MSCs. Values are
means ± SEM of 3–6 replicates. * p < 0.05, ** p < 0.005; evaluated by t-Test.

Bone tissue regeneration proceeds through steps, comprising also osteoprogenitor recruitment,
attachment, proliferation, and differentiation, therefore, scaffold design (and here, specifically, material
choice) has to take into account all these cellular events and the sensitivity of cells to different
stimuli [54,55]. In this framework, for example, Schofer and colleagues evaluated poly-L-lactic acid
(PLLA) nanofibers functionalized with recombinant human BMP2, in a rat model of critical-sized
cranial defect [56]. The authors showed that, after implantation these scaffolds were extensively
colonized by cells expressing osteocalcin, bmp2, and smad5, which suggested activation of the
osteoblast lineage. They also achieved early onset of bone regeneration, formation of bone marrow
spaces, and osteointegration at the defect margins. Overall, PLLA/BMP2 nanofiber scaffolds,
combining a supportive matrix for cell migration and an osteoinductive stimulus, demonstrated
superior properties as compared to PLLA alone, which, in the same experimental model, led to limited
bone formation, mainly in the marginal areas of the defect [56].

In the same line, since MSC recruitment is sensitive to the gradient of growth factors, cytokines,
and other soluble factors, Aquino-Martinez and colleagues evaluated the effect of calcium release
from a cell-free agarose/gelatin scaffold combined with different concentrations of CaSO4, in a murine
calvarial bone defect model [57]. MSC migration and bone formation were proportional to CaSO4

concentration, and recruited progenitor cells showed activation of the PI3K/AKT pathway and
increased osteoblast gene expression. Therefore, the authors proposed that scaffolds containing CaSO4

might be considered for applications in bone regeneration [57].
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Furthermore, the production of apatite with features of “natural” bone in terms of sizes, specific
surface area, carbonation degree, and surface composition, has been implemented [58]. Since the
organic component of bone influences the mineralization process, nanoparticles and scaffolds have
been made through biomineralization processes allowing nucleation of biomimetic HA nanoparticles
on collagen fibers during their self-assembly, as also mentioned above [46,49,50,59]. Produced materials
demonstrated high osteoinductivity and osteoconductivity and, of note, did reach the bedside [60].

Bone ECM itself has been employed after specific manipulations such as decellularization,
demineralization, or deproteination [39]. The resulting modified ECM offered the advantage of
displaying, simultaneously, many different chemical and physical instructive signals for the host cells,
preserved osteoconductive and osteoinductive properties [61–63], and showed promising results also
for potential exploitation in cartilage regeneration [64,65]. As our specific focus is on cell–biomaterial
interaction, we will mention, as an example the work by Bourgine and colleagues, which tested the
in vivo bone regeneration capacity of engineered and devitalized hypertrophic cartilage templates
obtained in a two-step protocol: chondrogenic differentiation of hMSCs followed by genetically
induced cell apoptosis [66]. This experimental strategy did not alter matrix protein composition,
which was crucial for the in vivo performance of this material. In fact, in an ectopic implantation model,
this cell-free hypertrophic cartilage ECM efficiently recruited the host cells and supported de novo
bone tissue of host origin, including mature vasculature and a hematopoietic compartment. On the
contrary, the same result was not obtained when devitalization was induced through freeze-and-thaw
cycles, since these caused a significant loss of glycosaminoglycans, mineral content, and ECM-bound
cytokines critically involved in inflammatory, vascularization, and remodeling processes. Overall,
the authors demonstrated the capacity of customized ECM to activate endogenous regenerative
programs by recapitulating tissue-specific developmental processes [66].

4. MSC-Scaffold Interaction: Mechanosensing and Mechanotransduction

MSCs can sense the ECM physical properties through engagement of membrane receptors,
in primis integrins and focal adhesion proteins, and cytoskeletal modifications for “fast responses”,
and activation of transcriptional programs for “slow responses”, in which the transcriptional regulators
YAP/TAZ have a key role [67–69]. Through these mechanisms, MSCs translate the mechanical
information into molecular signals leading to changes/adaptation in terms of cell morphology,
adhesion, migration, and differentiation [9,70].

A number of studies investigated cell responses to material mechanical properties, including bulk
and local stiffness, ligand density, and topography, in a 3D context, which is highly relevant to in vivo
settings [71].

In recent years, Baker and colleagues developed a 3D fibrous synthetic material with light-tunable
stiffness, functionalized with the cell-adhesive peptide RGD, and evaluated hMSC behavior on this
substrate compared to an RGD-coupled flat hydrogel and a type I collagen matrix, for validation of
their system [72]. They found that, in 3D systems, low fiber stiffness allowed cell recruitment of nearby
fibers, as assessed by displacement of matrix-embedded fluorescent microspheres upon cell attachment.
This increased ligand density at the cell surface and favored focal adhesions and downstream signaling,
as assessed by vinculin localization and focal adhesion kinase phosphorylation; on the contrary,
stiff fibers constrained cell spreading. Based on these results, the authors proposed that, in 3D,
cell morphology was dictated more by fibrillar topography than by biochemical composition [72].

Yang and colleagues came to a similar conclusion by investigating the effect of spatial distribution,
magnitude, and organization of the ECM mechanical properties on hMSC function [73]. In detail,
they produced a hydrogel substrate containing a photodegradable crosslinker; light exposure of
this material through a photomask allowed achievement of different percentages of stiff/soft areas
organized in different ordered or randomized patterns. Cells seeded on hydrogels with orderly
displayed stiff areas spread, elongated, and showed YAP activation proportional to the percentage



Int. J. Mol. Sci. 2018, 19, 3150 7 of 19

of these areas. On the contrary, when stiff areas were distributed randomly in the material, actin
organization was disrupted, and cells committed to a different fate [73].

Xie and colleagues investigated hMSC spreading, proliferation, migration, and differentiation in
relation to fibrillar microarchitecture of a collagen gel whose physical parameters were determined
by the polymerization temperature [74]. Namely, higher temperature led to thinner, more compact
and less stiff fibers than lower temperature did and, in agreement with previous results, all the cell
functions investigated were enhanced on this kind of fiber. Moreover, spreading MSCs were able to
reshape the ECM through β1-integrin engagement, focal adhesion assembly, and myosin II-mediated
contractility [74]. Interestingly, in this work, soft fibers favored osteogenic and stiff fibers’ adipogenic
differentiation, at variance with other reports [67]. This discrepancy might be due to differences in
experimental conditions and in the chemical composition of the substrates [67,68], and it likely reflects
a yet incomplete understanding and mastery of MSC–biomaterial dynamics.

Sadowska and colleagues addressed the topic of cell–biomaterial interaction from an interesting
point of view, which is the effect of ion exchange [75]. They underlined that a different composition
and topography of the material could result in a different extent of ion exchange, which would affect
cell behavior (particularly in static conditions), as cells uptake ions from the surrounding fluids.
Specifically, these authors found that, in the presence of highly reactive substrates, a low ratio between
the cell culture medium and the biomaterial caused lower cell adhesion, due to a reduced number
of focal adhesions, cell shrinkage, reduced proliferation, and increased apoptosis [75]. Actually,
these adverse effects could be prevented by exploiting bioreactor systems in which tuning of fluid flow
could optimize soluble factor exchange [37,76,77]. Of course, all these observations are relevant in the
set-up of bone regeneration strategies.

Lastly, in recent years, 3D-miniaturized models have emerged also in the bone field, as useful
tools mimicking organ-specific units in physiopathological conditions, in which what the biophysical
stimuli cells are exposed to can be strictly controlled [78]. These systems offer the additional advantage
of requiring a reduced amount of cells and reagents, thus allowing high-throughput evaluation of
biological events [79]; in addition, they are often coupled with high-resolution imaging. Based on their
properties, they have been used in basic studies, for example, to analyze the migratory behavior
of hMSCs in the presence of different chemoattractants [80] and of osteoblasts following ECM
degradation [81]; and also in translational studies, for drug development and testing [82]. They often
require 3D bioprinting for the production of the 3D microtissue [83].

5. 3D Bioprinting for MSC Basic and Translational Studies

The implementation of 3D printing techniques has benefited basic and translational studies [84].
3D printing is a powerful technology to fabricate, reproducibly and accurately, tissue-like structures
with a geometry predefined by computer-aided designs, through layer-by-layer deposition of a
cell-loaded biocompatible ink (bioink). Fine details can be included at a micrometer level, and highly
complex structures can be synthetized [85,86]. Since the bioink is usually loaded with cells prior to
printing and crosslinking, these are effectively embedded in the biomaterial. Some authors reported
alterations of cell viability and functional properties due to shear stresses applied during the printing
phase [87]; on the other hand, based on this concern, the bioink mechanical characteristics can be
adapted in order to optimize cell survival and minimize impacts on cell phenotype and function [88].
Specifically aiming at favoring MSC osteogenic differentiation, points of reference of a 3D-printed
scaffold comprise an interconnected porous structure to permit exchanges of nutrients, soluble
factors, and other molecular signals; large pore size (1–3 mm) [89], high values of elastic modulus
(up to 1600 MPa) and mechanical stability during scaffold degradation [90]. Different materials and
microarchitectures have been assayed [91–93], and we will mention only a few, just to give a flavor of
the flexibility of this technology and of the level of complexity that can be achieved. For example, Ferlin
and colleagues demonstrated that an ordered interconnected cubic pore structure (1000 µm pore size,
80% porosity) within 3D-printed polymer resin scaffolds, either as such or modified with a mixture of
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collagen/HA or functionalized with TGFβ3, had a greater potential to support MSC differentiation
as compared to a cylindrical one, likely due to higher tension [84]. Therefore, they proposed this
system for single-step MSC enrichment and differentiation, potentially capable of avoiding phenotype
changes which might occur following prolonged in vitro culture [84,94].

Holmes and colleagues designed very complicated structures to mimic the osteochondral region
of articulate joints, a very challenging kind of tissue owing to its complex stratified architecture and
diverse biomechanical properties [95]. These authors used a biocompatible polylactic acid polymer
to print two different bi-phasic 3D models: the first displayed, on one side, a crosshatched pattern,
reproducing the alignment of ECM and chondrocytes in the articulate cartilage and, on the other,
an intersecting ring structure, representing the porous structure of subchondral bone. The latter
model was named “bi-phasic key” and displayed the previous characteristics plus an internal
structural feature traversing the length of the scaffold. Mechanical testing revealed better and shear
compression properties in the key model, and surface modification with acetylated collagen, which is
a typical component of the osteochondral ECM, enhanced MSC proliferation, and chondrogenic
differentiation [95]. Based on their results, the authors proposed these biphasic scaffolds for application
in personalized osteochondral regeneration and accordingly produced a prototype of a human knee.

Zhou and colleagues described 3D-printed composite scaffolds made of photocurable
polyethylene glycol diacrylate incorporating nanoHA and functionalized with the RGDS peptide
to improve the substrate bioactivity, and tested 4 different pore geometries: large hexagonal (LH),
small hexagonal (SH), large square (LS), and small square (SS) [96]. The produced scaffolds had
different porosity (LH > (SH ~LH) > SS), comparable wettability, and higher mechanical properties in
the presence of higher porosity. MSC adhesion was higher on scaffolds with the SS pore geometry and
low intensity pulsed ultrasound stimulation (LIPUS) further enhanced MSC proliferation, likely owing
to mechanical stimulation of the adherent cells; in fact, LIPUS is already exploited in orthopedics as a
biophysical stimulus to enhance musculoskeletal tissue repair [97].

Cunniffe and colleagues combined MSCs with a gene-activated bioink made of RGD-γ-irradiated
alginate and nanoHA complexed to plasmid DNA expressing BMP2 and TGFβ3 [98]. Gene-activated
bioinks have been proposed as an effective means to achieve localized sustained protein expression
from transfected MSCs, leading to better performance compared to incorporation of GFs in the matrix,
whence they may easily diffuse [99]. The authors used this bioink in 3D printing together with
polycaprolactone, which provided mechanical stability to the construct. Gene-activated MSC-loaded
constructs had high osteogenic potential in vitro and in vivo, after subcutaneous implantation
in mice [98].

In order to pursue the same objective of prolonged GF retention within a 3D-printed scaffold,
alginate sulfate has been exploited as a bioink with proven strong binding affinity for various
GFs [100]. For example, Park and colleagues produced bioinks using alginate and alginate sulfate
mixed with BMP2 and MC3T3-E1 osteoblasts prior to 3D printing, and evaluated the physicochemical
properties of the two constructs and behavior of laden cells [101]. They found that both constructs had
rheological properties suitable for 3D printing with different pore size and features, while alginate
sulfate-containing constructs had a higher BMP2 retention, leading to higher osteoblast proliferation
and differentiation in vitro [101]. The same strategy could be applied for the sustained delivery of
other and/or multiple GFs and, thereby, be useful in the framework of different tissue engineering
applications [101,102]. This kind of strategy has been undertaken in translational studies, for example,
in the framework of articular cartilage regeneration. In this framework, Lee and colleagues produced
a 3D-printed PCL meniscus scaffold seeded with poly(lactic-co-glycolic acid) (PLGA) microspheres
encapsulating different growth factors between the meniscus inner and outer regions, which directed
cell differentiation [103]. This strategy could be further improved by using templates with a specific
collagen fiber architecture and orientation.

Moving closer to the bedside, considering the need for patient-specific graft substitutes for
segmental bone repair, Chung and colleagues fabricated 3D-printed PLLA templates with a gradient
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in porosity and pore size resembling the native tissue, good biocompatibility under dynamic culture
of hMSCs, and responsiveness to a physiologically relevant mechanical loading [104]. Therefore,
this graft substitute was deemed of interest for exploitation in critical-sized bone defect correction
in patients.

Another interesting application of 3D-printed templates is in the field of craniofacial defects,
where 3D printing showed the potential to achieve substantial aesthetic and functional improvements
and will likely allow the implementation of personalized tools for rehabilitation, correction,
and regeneration of these conditions [105,106].

6. MSC-Seeded Scaffolds as a Source of Soluble Factors

A widely recognized and exploited property of MSCs is the release of soluble factors playing
autocrine, paracrine, and systemic roles [107–109]. A recent study specifically investigated how
scaffolds and their topographical features affect MSC paracrine function [110]. To this end, the authors
employed PCL electrospun fibers with three different types of alignment: random (REF), aligned
(AEF), and mesh (MEF). In addition to the influence on cell morphology exerted by the way of
alignment and likely due to topography-related contact cues directing cell behavior (as reported also
by others [9,70,111,112]), they observed an impact on MSC secretory profile. Namely, the expression
and release of anti-inflammatory and wound healing-promoting factors, including COX2, PGE2, iNOS,
TSG6, and TGFβ, and of the proangiogenic factors VEGF, HGF, and bFGF, which were increased in
3D-cultured MSCs as compared to cells cultured in a monolayer and, in particular, were higher in
cells on AEF and MEF, as compared to those on REF [110]. This translated into a stronger induction
of M2 macrophage polarization and endothelial cell proliferation and vessel-like formation in vitro,
when RAW264.7 or HUVEC cells were treated with the conditioned medium from MSCs cultured
on MEF and AEF structures [110]. Accordingly, we recently reported that murine Rankl−/− MSCs,
transduced with a lentiviral vector expressing human soluble RANKL, secreted a larger amount of this
cytokine when cultured on a bone biomimetic scaffold as compared to the 2D condition [48].

Moreover, MSC transduction and functionalization of biomaterials have been exploited in
order to enhance soluble factor release and improve, or accelerate, specific processes. In general,
matrix functionalization can be achieved through a variety of techniques and, based on this, soluble
factor release can essentially occur through either diffusion-driven or erosion-driven mechanisms,
following different kinetics [113,114]. Thus, this strategy adds further flexibility to cell-coupled
(as well as cell-free) 3D scaffolds. For example, BMP2 overexpression, in MSCs as well as
BMP2-scaffold conjugation, have been used in combination with different biomaterials, and led to
higher osteogenic potential as compared to native MSCs, which could be relevant to accelerating bone
regeneration [115,116]. Moreover, in the framework of a complex study design aiming at reproducing
the osteoarticular junction, Stüdle and colleagues fabricated a bilayer cell-degradable poly(ethylene
glycol) hydrogel which, in one layer, was functionalized with BMP2 or TGFβ3 and contained
encapsulated hMSCs and, in the latter, contained nasal human nasal chondrocytes (NCs) [117]. TGFβ3
release induced in vitro chondrogenic differentiation and in vivo endochondral ossification from
MSCs, and hypertrophic cartilage from NCs. On the other hand, when the hydrogel contained
BMP2, a bone–cartilage composite was produced, in which stable hyaline cartilage was juxtaposed
to the newly formed osteochondral tissue, thus demonstrating that this strategy could be further
implemented, aiming to repair osteoarticular defects [117].

Other relevant GFs are, for example, VEGF and FGF9, because of their proangiogenic function
that is particularly useful to enhance vessel formation and promote their stabilization and nutrient
supply in the first phases of bone regeneration [19,118]. VEGF and FGF9 have been used either alone or
in combination, evaluating different methods of GF conjugation to scaffold matrix, such as crosslinking
into fibrin gels with Factor XIIIa [119].

Another class of molecules useful for conjugation with biomimetic materials is represented
by miRNAs because of their known involvement in different diseases (for example, osteoporosis
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and osteoarthritis, for what pertains to bone) and of the wide availability of synthetic mimics
or inhibitors [120,121]. Also, in this case, scaffold-based delivery systems, in which these small
compounds are encapsulated or immobilized through different procedures, may result in sustained
local concentration of the active molecule [122–124]. For example, Mencía Castaño and colleagues
focused on miR16, which was demonstrated to have an inhibitory role on osteogenesis through
downregulation of Smad5, AcvR2a, and Runx2 [125]. Based on their previous experience in the
field [126], the authors functionalized collagen-based scaffolds by soak-loading them with complexes
of HA particles and anti-miR16, or blank HA particles as a control. Then, they seeded hMSCs dropwise
on the scaffolds and, when mineralization was assessed, found a higher mineral calcium deposition
in the presence of the specific antimiR [125]. Overall, this system appears versatile and suitable for
diverse applications in bone tissue engineering.

An alternative strategy is based on miRNAs or antimiR overexpression in MSCs. For example,
based on data indicating a role for miR221 in the regulation of the osteogenic differentiation of human
MSCs [127], Sadeghi and colleagues demonstrated that, in the model of a calvarial critical-sized defect,
in situ implantation of PCL/HA nanofibers seeded with anti-miR221-transfected MSCs improved bone
healing of the rat skull, thanks to increased vascularization and new bone formation [128]. From a
translational point of view, targeting this miRNA could be of interest, with respect to a number of
different skeletal pathological conditions in which it has been involved [129–131].

7. Conclusions

In conclusion, the development of 3D culture systems on engineered ECM has allowed for
getting closer to the natural cell microenvironment and gaining deeper knowledge of MSC biology.
Since essential “building blocks” have been identified, scientists have creatively matched them in many
different ways in an ever-increasing variety of products. The few recent examples, here mentioned,
give an idea of the enthusiasm and expectations pinned on this versatile technology; its possible
complementation with computer-aided design makes it perfectly fit into the field of personalized
medicine [95]. Moreover, similar strategies can be applied, also using either other kinds of pluripotent
cells or differentiated cells, and this broadens their potential translational impact [132–134]. A number
of clinical studies, in which tissue engineered grafts were exploited for bone regeneration, have been
conducted, and promising results have been obtained [135], paving the way to a range of applications
in MSC-based therapies, even though a long-term follow-up is not available, so far. Time will show
whether results effectively meet expectations.

In the meantime, there are some aspects requiring further improvement, such as the
standardization and rigorous application of criteria for MSC characterization, methods for restraining
immune system activation upon implantation, and sufficient scale-up for larger clinical trials.
Continuation of the fruitful collaboration among diverse branches of the scientific community will
likely achieve the goals.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/
10/3150/s1. Video 1. Cell-to-cell contact and alignment to collagen fibers assessed by timelapse confocal laser
scanning microscopy of GFP-expressing mouse MSCs seeded on MgHA/ColI scaffold. Seeded cells were acquired
for 8 h using a Leica SP8 Laser Scanning Confocal microscope, with a HC PLAN APO 10X/0.40 DRY objective.
Emission filter bandwidths and sequential scanning acquisition were set up in order to avoid spectral overlap
between fluorophores. GFP and collagen were excited with a 405 and 488 nm wavelength laser, respectively. The
resulting fluorescence emission was collected in a wavelength range from 409 to 477 nm (for collagen) and from
494 to 650 nm (for GFP). Blue color corresponds to collagen fibers, green to MSCs. Scale bar: 50 µm.
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Abbreviations

2D two-dimensional
3D three-dimensional
AcvR2a Activin A Receptor Type 2A
AEF aligned electrospun fiber
AKT Protein kinase B
bFGF basic fibroblast growth factor
Bioink biocompatible ink
BMP2 Bone Morphogenetic Protein 2
BMPs Bone Morphogenetic Proteins
CaSO4 Calcium sulfate
COX2 cyclooxygenase-2
ECM extracellular matrix
FGF Fibroblast Growth Factor
FGF9 Fibroblast Growth Factor 9
GFP Green Fluorescent Protein
GFs Growth Factors
HA/TCP HA/tricalcium phosphate
HA Hydroxyapatite
HGF Hepatocyte growth factor
hMSCs human Mesenchymal Stem Cells
HSC Hematopoietic Stem Cell
HUVEC Human Umbilical Vein Endothelial Cells
IGF-I Insulin-like Growth Factor-I
IGF-II Insulin-like Growth Factor-II
iNOS inducible Nitric Oxide Synthase
LH Large Hexagonal
LIPUS Low Intensity Pulsed Ultrasound Stimulation
LS Large Square
MAPK Mitogen-Activated Protein Kinase
MEF Mesh Electrospun Fiber
Mg2+ Magnesium ion
MgApRCP Mineralized, magnesium-doped recombinant type I collagen enriched with the RGD sequence
MgCHA Magnesium and carbonate hydroxyapatite
MgHA/ColI Magnesium-doped hydroxyapatite and type I collagen
miRNAs microRNA
Mmp13 Matrix Metallopeptidase 13
Mmp2 Matrix Metallopeptidase 2
MPa Megapascal
MSCs Mesenchymal Stem Cells
MT Masson’s Trichrome
NCs nasal chondrocytes
NF-κB nuclear factor of kappa light polypeptide gene enhancer in B cells
NSG NOD scid gamma
PCL poly(e-caprolactone)
PGE2 Prostaglandin E2
PI3K Phosphoinositide 3 kinase
PLGA poly-lactic-co-glycolic acid
PLLA poly-L-lactic acid
PSR PicroSirius Red
RANKL Receptor activator of nuclear factor kappa-B ligand
RCP Recombinant Collagen Peptide
REF Random Electrospun Fiber
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RGD Arginine-Glycine-Aspartic acid
RGDS Arginine-Glycine-Aspartic acid-Serine
Runx2 Runt-related transcription factor 2
SH Small Hexagonal
Smad5 SMAD Family Member 5
SS Small Square
TGFβ Transforming Growth Factor beta
TGFβ3 Transforming Growth Factor beta-3
TSG6 TNF-Stimulated Gene 6 protein
V-Cam1 Vascular Cell adhesion molecule 1
VEGF Vascular-Endothelial Growth Factor
WT Wild Type
YAP/TAZ Yes-associated protein/Tafazzin
Zo-1 Zonula occludens-1

References

1. Bianco, P.; Robey, P.G.; Simmons, P.J. Mesenchymal stem cells: Revisiting history, concepts, and assays.
Cell Stem Cell 2008, 2, 313–319. [CrossRef] [PubMed]

2. Mizukami, A.; Swiech, K. Mesenchymal Stromal Cells: From Discovery to Manufacturing and
Commercialization. Stem Cells Int. 2018, 2018, 4083921. [CrossRef] [PubMed]

3. Ghasroldasht, M.M.; Irfan-Maqsood, M.; Matin, M.M.; Bidkhori, H.R.; Naderi-Meshkin, H.; Moradi, A.;
Bahrami, A.R. Mesenchymal stem cell based therapy for osteo-diseases. Cell Boil. Int. 2014, 38, 1081–1085.
[CrossRef] [PubMed]

4. Krueger, T.E.G.; Thorek, D.L.J.; Denmeade, S.R.; Isaacs, J.T.; Brennen, W.N. Concise Review: Mesenchymal
Stem Cell-Based Drug Delivery: The Good, the Bad, the Ugly, and the Promise. Stem Cells Transl. Med. 2018,
7, 651–663. [CrossRef] [PubMed]

5. Loebel, C.; Burdick, J.A. Engineering Stem and Stromal Cell Therapies for Musculoskeletal Tissue Repair.
Cell Stem Cell 2018, 22, 325–339. [CrossRef] [PubMed]

6. Assis-Ribas, T.; Forni, M.F.; Winnischofer, S.M.B.; Sogayar, M.C.; Trombetta-Lima, M. Extracellular matrix
dynamics during mesenchymal stem cells differentiation. Dev. Boil. 2018, 437, 63–74. [CrossRef] [PubMed]

7. Becerra-Bayona, S.; Guiza-Arguello, V.; Qu, X.; Munoz-Pinto, D.J.; Hahn, M.S. Influence of select
extracellular matrix proteins on mesenchymal stem cell osteogenic commitment in three-dimensional
contexts. Acta Biomater. 2012, 8, 4397–4404. [CrossRef] [PubMed]

8. Preethi Soundarya, S.; Haritha Menon, A.; Viji Chandran, S.; Selvamurugan, N. Bone tissue engineering:
Scaffold preparation using chitosan and other biomaterials with different design and fabrication techniques.
Int. J. Boil. Macromol. 2018, 119, 1228–1239. [CrossRef] [PubMed]

9. Zhou, Y.; Tsai, T.L.; Li, W.J. Strategies to retain properties of bone marrow-derived mesenchymal stem cells
ex vivo. Ann. N. Y. Acad. Sci. 2017, 1409, 3–17. [CrossRef] [PubMed]

10. Follin, B.; Juhl, M.; Cohen, S.; Perdersen, A.E.; Kastrup, J.; Ekblond, A. Increased Paracrine
Immunomodulatory Potential of Mesenchymal Stromal Cells in Three-Dimensional Culture. Tissue Eng. Part
B Rev. 2016, 22, 322–329. [CrossRef] [PubMed]

11. Ho, S.S.; Murphy, K.C.; Binder, B.Y.; Vissers, C.B.; Leach, J.K. Increased Survival and Function of
Mesenchymal Stem Cell Spheroids Entrapped in Instructive Alginate Hydrogels. Stem Cell Transl. Med. 2016,
5, 773–781. [CrossRef] [PubMed]

12. Sittinger, M.; Bujia, J.; Rotter, N.; Reitzel, D.; Minuth, W.W.; Burmester, G.R. Tissue engineering and
autologous transplant formation: Practical approaches with resorbable biomaterials and new cell culture
techniques. Biomaterials 1996, 17, 237–242. [CrossRef]

13. Henkel, J.; Woodruff, M.A.; Epari, D.R.; Steck, R.; Glatt, V.; Dickinson, I.C.; Choong, P.F.; Schuetz, M.A.;
Hutmacher, D.W. Bone Regeneration Based on Tissue Engineering Conceptions—A 21st Century Perspective.
Bone Res. 2013, 1, 216–248. [CrossRef] [PubMed]

14. Chiarello, E.; Cadossi, M.; Tedesco, G.; Capra, P.; Calamelli, C.; Shehu, A.; Giannini, S. Autograft, allograft and
bone substitutes in reconstructive orthopedic surgery. Aging Clin. Exp. Res. 2013, 25 (Suppl. 1), S101–S103.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.stem.2008.03.002
http://www.ncbi.nlm.nih.gov/pubmed/18397751
http://dx.doi.org/10.1155/2018/4083921
http://www.ncbi.nlm.nih.gov/pubmed/30057622
http://dx.doi.org/10.1002/cbin.10293
http://www.ncbi.nlm.nih.gov/pubmed/24797260
http://dx.doi.org/10.1002/sctm.18-0024
http://www.ncbi.nlm.nih.gov/pubmed/30070053
http://dx.doi.org/10.1016/j.stem.2018.01.014
http://www.ncbi.nlm.nih.gov/pubmed/29429944
http://dx.doi.org/10.1016/j.ydbio.2018.03.002
http://www.ncbi.nlm.nih.gov/pubmed/29544769
http://dx.doi.org/10.1016/j.actbio.2012.07.048
http://www.ncbi.nlm.nih.gov/pubmed/22871641
http://dx.doi.org/10.1016/j.ijbiomac.2018.08.056
http://www.ncbi.nlm.nih.gov/pubmed/30107161
http://dx.doi.org/10.1111/nyas.13451
http://www.ncbi.nlm.nih.gov/pubmed/28984359
http://dx.doi.org/10.1089/ten.teb.2015.0532
http://www.ncbi.nlm.nih.gov/pubmed/26861485
http://dx.doi.org/10.5966/sctm.2015-0211
http://www.ncbi.nlm.nih.gov/pubmed/27057004
http://dx.doi.org/10.1016/0142-9612(96)85561-X
http://dx.doi.org/10.4248/BR201303002
http://www.ncbi.nlm.nih.gov/pubmed/26273505
http://dx.doi.org/10.1007/s40520-013-0088-8
http://www.ncbi.nlm.nih.gov/pubmed/24046051


Int. J. Mol. Sci. 2018, 19, 3150 13 of 19

15. Oyen, M.L. The materials science of bone: Lessons from nature for biomimetic materials synthesis. Mrs Bull
2008, 33, 49–55. [CrossRef]

16. Shpichka, A.; Koroleva, A.; Kuznetsova, D.; Dmitriev, R.I.; Timashev, P. Fabrication and Handling of 3D
Scaffolds Based on Polymers and Decellularized Tissues. Adv. Exp. Med. Boil. 2017, 1035, 71–81. [CrossRef]

17. Cui, Z.; Lin, L.; Si, J.; Luo, Y.; Wang, Q.; Lin, Y.; Wang, X.; Chen, W. Fabrication and characterization of
chitosan/OGP coated porous poly(epsilon-caprolactone) scaffold for bone tissue engineering. J. Biomater.
Sci. Polym. Ed. 2017, 28, 826–845. [CrossRef] [PubMed]

18. Feng, X. Chemical and Biochemical Basis of Cell-Bone Matrix Interaction in Health and Disease.
Curr. Chem. Boil. 2009, 3, 189–196. [CrossRef]

19. Sobacchi, C.; Palagano, E.; Villa, A.; Menale, C. Soluble Factors on Stage to Direct Mesenchymal Stem Cells
Fate. Front. Bioeng. Biotechnol. 2017, 5, 32. [CrossRef] [PubMed]

20. Yousefi, A.M.; James, P.F.; Akbarzadeh, R.; Subramanian, A.; Flavin, C.; Oudadesse, H. Prospect of Stem
Cells in Bone Tissue Engineering: A Review. Stem Cells Int. 2016, 2016, 6180487. [CrossRef] [PubMed]

21. Roothaer, X.; Delille, R.; Morvan, H.; Bennani, B.; Markiewicz, E.; Fontaine, C. A three-dimensional geometric
quantification of human cortical canals using an innovative method with micro-computed tomographic data.
Micron 2018, 114, 62–71. [CrossRef] [PubMed]

22. Lee, J.H.; Park, H.K.; Kim, K.S. Intrinsic and extrinsic mechanical properties related to the differentiation of
mesenchymal stem cells. Biochem. Biophys. Res. Commun. 2016, 473, 752–757. [CrossRef] [PubMed]

23. Cheng, A.; Schwartz, Z.; Kahn, A.; Li, X.; Shao, Z.; Sun, M.; Ao, Y.; Boyan, B.; Chen, H. Advances in Porous
Scaffold Design for Bone and Cartilage Tissue Engineering and Regeneration. Tissue Eng. Part B Rev. 2018.
[CrossRef] [PubMed]

24. De Witte, T.M.; Fratila-Apachitei, L.E.; Zadpoor, A.A.; Peppas, N.A. Bone tissue engineering via growth
factor delivery: From scaffolds to complex matrices. Regen. Biomater. 2018, 5, 197–211. [CrossRef] [PubMed]

25. Perez, J.R.; Kouroupis, D.; Li, D.J.; Best, T.M.; Kaplan, L.; Correa, D. Tissue Engineering and Cell-Based
Therapies for Fractures and Bone Defects. Front. Bioeng. Biotechnol. 2018, 6, 105. [CrossRef] [PubMed]

26. Bianco, P.; Cao, X.; Frenette, P.S.; Mao, J.J.; Robey, P.G.; Simmons, P.J.; Wang, C.Y. The meaning, the sense and
the significance: Translating the science of mesenchymal stem cells into medicine. Nat. Med. 2013, 19, 35–42.
[CrossRef] [PubMed]

27. Sacchetti, B.; Funari, A.; Michienzi, S.; Di Cesare, S.; Piersanti, S.; Saggio, I.; Tagliafico, E.; Ferrari, S.;
Robey, P.G.; Riminucci, M.; et al. Self-renewing osteoprogenitors in bone marrow sinusoids can organize a
hematopoietic microenvironment. Cell 2007, 131, 324–336. [CrossRef] [PubMed]

28. Scotti, C.; Piccinini, E.; Takizawa, H.; Todorov, A.; Bourgine, P.; Papadimitropoulos, A.; Barbero, A.;
Manz, M.G.; Martin, I. Engineering of a functional bone organ through endochondral ossification. Proc. Natl.
Acad. Sci. USA 2013, 110, 3997–4002. [CrossRef] [PubMed]

29. Robey, P.G.; Kuznetsov, S.A.; Riminucci, M.; Bianco, P. Bone marrow stromal cell assays: In vitro and in vivo.
Methods Mol. Boil. 2014, 1130, 279–293. [CrossRef]

30. Scott, M.A.; Levi, B.; Askarinam, A.; Nguyen, A.; Rackohn, T.; Ting, K.; Soo, C.; James, A.W. Brief review of
models of ectopic bone formation. Stem Cells Dev. 2012, 21, 655–667. [CrossRef] [PubMed]

31. Bianco, P.; Riminucci, M.; Majolagbe, A.; Kuznetsov, S.A.; Collins, M.T.; Mankani, M.H.; Corsi, A.; Bone, H.G.;
Wientroub, S.; Spiegel, A.M.; et al. Mutations of the GNAS1 gene, stromal cell dysfunction, and osteomalacic
changes in non-McCune-Albright fibrous dysplasia of bone. J. Bone Miner. Res. Off. J. Am. Soc. Bone
Miner. Res. 2000, 15, 120–128. [CrossRef] [PubMed]

32. Miura, Y.; Miura, M.; Gronthos, S.; Allen, M.R.; Cao, C.; Uveges, T.E.; Bi, Y.; Ehirchiou, D.; Kortesidis, A.;
Shi, S.; et al. Defective osteogenesis of the stromal stem cells predisposes CD18-null mice to osteoporosis.
Proc. Natl. Acad. Sci. USA 2005, 102, 14022–14027. [CrossRef] [PubMed]

33. Chang, J.; Sonoyama, W.; Wang, Z.; Jin, Q.; Zhang, C.; Krebsbach, P.H.; Giannobile, W.; Shi, S.; Wang, C.Y.
Noncanonical Wnt-4 signaling enhances bone regeneration of mesenchymal stem cells in craniofacial defects
through activation of p38 MAPK. J. Boil. Chem. 2007, 282, 30938–30948. [CrossRef] [PubMed]

34. Jiang, M.; Zheng, C.; Shou, P.; Li, N.; Cao, G.; Chen, Q.; Xu, C.; Du, L.; Yang, Q.; Cao, J.; et al. SHP1 Regulates
Bone Mass by Directing Mesenchymal Stem Cell Differentiation. Cell Rep. 2016, 17, 2161. [CrossRef]
[PubMed]

http://dx.doi.org/10.1557/mrs2008.14
http://dx.doi.org/10.1007/978-3-319-67358-5_5
http://dx.doi.org/10.1080/09205063.2017.1303867
http://www.ncbi.nlm.nih.gov/pubmed/28278041
http://dx.doi.org/10.2174/187231309788166398
http://dx.doi.org/10.3389/fbioe.2017.00032
http://www.ncbi.nlm.nih.gov/pubmed/28567372
http://dx.doi.org/10.1155/2016/6180487
http://www.ncbi.nlm.nih.gov/pubmed/26880976
http://dx.doi.org/10.1016/j.micron.2018.07.006
http://www.ncbi.nlm.nih.gov/pubmed/30103076
http://dx.doi.org/10.1016/j.bbrc.2015.09.081
http://www.ncbi.nlm.nih.gov/pubmed/26403968
http://dx.doi.org/10.1089/ten.teb.2018.0119
http://www.ncbi.nlm.nih.gov/pubmed/30079807
http://dx.doi.org/10.1093/rb/rby013
http://www.ncbi.nlm.nih.gov/pubmed/30094059
http://dx.doi.org/10.3389/fbioe.2018.00105
http://www.ncbi.nlm.nih.gov/pubmed/30109228
http://dx.doi.org/10.1038/nm.3028
http://www.ncbi.nlm.nih.gov/pubmed/23296015
http://dx.doi.org/10.1016/j.cell.2007.08.025
http://www.ncbi.nlm.nih.gov/pubmed/17956733
http://dx.doi.org/10.1073/pnas.1220108110
http://www.ncbi.nlm.nih.gov/pubmed/23401508
http://dx.doi.org/10.1007/978-1-62703-989-5_21
http://dx.doi.org/10.1089/scd.2011.0517
http://www.ncbi.nlm.nih.gov/pubmed/22085228
http://dx.doi.org/10.1359/jbmr.2000.15.1.120
http://www.ncbi.nlm.nih.gov/pubmed/10646121
http://dx.doi.org/10.1073/pnas.0409397102
http://www.ncbi.nlm.nih.gov/pubmed/16172402
http://dx.doi.org/10.1074/jbc.M702391200
http://www.ncbi.nlm.nih.gov/pubmed/17720811
http://dx.doi.org/10.1016/j.celrep.2016.10.069
http://www.ncbi.nlm.nih.gov/pubmed/27851976


Int. J. Mol. Sci. 2018, 19, 3150 14 of 19

35. Guarino, V.; Scaglione, S.; Sandri, M.; Alvarez-Perez, M.A.; Tampieri, A.; Quarto, R.; Ambrosio, L. MgCHA
particles dispersion in porous PCL scaffolds: In vitro mineralization and in vivo bone formation. J. Tissue
Eng. Regen. Med. 2014, 8, 291–303. [CrossRef] [PubMed]

36. Schena, F.; Menale, C.; Caci, E.; Diomede, L.; Palagano, E.; Recordati, C.; Sandri, M.; Tampieri, A.;
Bortolomai, I.; Capo, V.; et al. Murine Rankl(-/-) Mesenchymal Stromal Cells Display an Osteogenic
Differentiation Defect Improved by a RANKL-Expressing Lentiviral Vector. Stem Cells 2017, 35, 1365–1377.
[CrossRef] [PubMed]

37. Bourgine, P.E.; Klein, T.; Paczulla, A.M.; Shimizu, T.; Kunz, L.; Kokkaliaris, K.D.; Coutu, D.L.; Lengerke, C.;
Skoda, R.; Schroeder, T.; et al. In vitro biomimetic engineering of a human hematopoietic niche with
functional properties. Proc. Natl. Acad. Sci. USA 2018, 115, E5688–E5695. [CrossRef] [PubMed]

38. Li, Y.Y.; Choy, T.H.; Ho, F.C.; Chan, P.B. Scaffold composition affects cytoskeleton organization, cell-matrix
interaction and the cellular fate of human mesenchymal stem cells upon chondrogenic differentiation.
Biomaterials 2015, 52, 208–220. [CrossRef] [PubMed]

39. Mansour, A.; Mezour, M.A.; Badran, Z.; Tamimi, F. Extracellular Matrices for Bone Regeneration: A Literature
Review. Tissue Engineering. Part A 2017, 23, 1436–1451. [CrossRef] [PubMed]

40. Caliari, S.R.; Burdick, J.A. A practical guide to hydrogels for cell culture. Nat. Methods 2016, 13, 405–414.
[CrossRef] [PubMed]

41. Thompson, E.M.; Matsiko, A.; Kelly, D.J.; Gleeson, J.P.; O’Brien, F.J. An Endochondral Ossification-Based
Approach to Bone Repair: Chondrogenically Primed Mesenchymal Stem Cell-Laden Scaffolds Support
Greater Repair of Critical-Sized Cranial Defects Than Osteogenically Stimulated Constructs In Vivo.
Tissue Eng. Part A 2016, 22, 556–567. [CrossRef] [PubMed]

42. Rubert Perez, C.M.; Stephanopoulos, N.; Sur, S.; Lee, S.S.; Newcomb, C.; Stupp, S.I. The powerful functions of
peptide-based bioactive matrices for regenerative medicine. Ann. Biomed. Eng. 2015, 43, 501–514. [CrossRef]
[PubMed]

43. Ramirez-Rodriguez, G.B.; Montesi, M.; Panseri, S.; Sprio, S.; Tampieri, A.; Sandri, M. Biomineralized
Recombinant Collagen-Based Scaffold Mimicking Native Bone Enhances Mesenchymal Stem Cell Interaction
and Differentiation. Tissue Eng. Part A 2017, 23, 1423–1435. [CrossRef] [PubMed]

44. Xia, Y.; Sun, J.; Zhao, L.; Zhang, F.; Liang, X.J.; Guo, Y.; Weir, M.D.; Reynolds, M.A.; Gu, N.; Xu, H.H.K.
Magnetic field and nano-scaffolds with stem cells to enhance bone regeneration. Biomaterials 2018,
183, 151–170. [CrossRef] [PubMed]

45. Dankova, J.; Buzgo, M.; Vejpravova, J.; Kubickova, S.; Sovkova, V.; Vyslouzilova, L.; Mantlikova, A.; Necas, A.;
Amler, E. Highly efficient mesenchymal stem cell proliferation on poly-epsilon-caprolactone nanofibers with
embedded magnetic nanoparticles. Int. J. Nanomed. 2015, 10, 7307–7317. [CrossRef] [PubMed]

46. Tampieri, A.; Iafisco, M.; Sandri, M.; Panseri, S.; Cunha, C.; Sprio, S.; Savini, E.; Uhlarz, M.;
Herrmannsdorfer, T. Magnetic bioinspired hybrid nanostructured collagen-hydroxyapatite scaffolds
supporting cell proliferation and tuning regenerative process. ACS Appl. Mater. Interfaces 2014,
6, 15697–15707. [CrossRef] [PubMed]

47. Yun, H.M.; Lee, E.S.; Kim, M.J.; Kim, J.J.; Lee, J.H.; Lee, H.H.; Park, K.R.; Yi, J.K.; Kim, H.W.; Kim, E.C.
Magnetic Nanocomposite Scaffold-Induced Stimulation of Migration and Odontogenesis of Human Dental
Pulp Cells through Integrin Signaling Pathways. PLoS ONE 2015, 10, e0138614. [CrossRef] [PubMed]

48. Menale, C.; Campodoni, E.; Palagano, E.; Mantero, S.; Erreni, M.; Inforzato, A.; Fontana, E.; Schena, F.;
van’t Hof, R.; Sandri, M.; et al. MSC-seeded biomimetic scaffolds as a factory of soluble RANKL in
Rankl-deficient osteopetrosis. Stem Cells Transl. Med. 2018. [CrossRef] [PubMed]

49. Minardi, S.; Corradetti, B.; Taraballi, F.; Sandri, M.; Van Eps, J.; Cabrera, F.J.; Weiner, B.K.; Tampieri, A.;
Tasciotti, E. Evaluation of the osteoinductive potential of a bio-inspired scaffold mimicking the osteogenic
niche for bone augmentation. Biomaterials 2015, 62, 128–137. [CrossRef] [PubMed]

50. Krishnakumar, G.S.; Gostynska, N.; Dapporto, M.; Campodoni, E.; Montesi, M.; Panseri, S.; Tampieri, A.;
Kon, E.; Marcacci, M.; Sprio, S.; et al. Evaluation of different crosslinking agents on hybrid biomimetic
collagen-hydroxyapatite composites for regenerative medicine. Int. J. Boil. Macromol. 2018, 106, 739–748.
[CrossRef] [PubMed]

51. Zofkova, I.; Davis, M.; Blahos, J. Trace elements have beneficial, as well as detrimental effects on bone
homeostasis. Physiol. Res. 2017, 66, 391–402. [PubMed]

http://dx.doi.org/10.1002/term.1521
http://www.ncbi.nlm.nih.gov/pubmed/22730225
http://dx.doi.org/10.1002/stem.2574
http://www.ncbi.nlm.nih.gov/pubmed/28100034
http://dx.doi.org/10.1073/pnas.1805440115
http://www.ncbi.nlm.nih.gov/pubmed/29866839
http://dx.doi.org/10.1016/j.biomaterials.2015.02.037
http://www.ncbi.nlm.nih.gov/pubmed/25818427
http://dx.doi.org/10.1089/ten.tea.2017.0026
http://www.ncbi.nlm.nih.gov/pubmed/28562183
http://dx.doi.org/10.1038/nmeth.3839
http://www.ncbi.nlm.nih.gov/pubmed/27123816
http://dx.doi.org/10.1089/ten.tea.2015.0457
http://www.ncbi.nlm.nih.gov/pubmed/26896424
http://dx.doi.org/10.1007/s10439-014-1166-6
http://www.ncbi.nlm.nih.gov/pubmed/25366903
http://dx.doi.org/10.1089/ten.tea.2017.0028
http://www.ncbi.nlm.nih.gov/pubmed/28637399
http://dx.doi.org/10.1016/j.biomaterials.2018.08.040
http://www.ncbi.nlm.nih.gov/pubmed/30170257
http://dx.doi.org/10.2147/IJN.S93670
http://www.ncbi.nlm.nih.gov/pubmed/26677321
http://dx.doi.org/10.1021/am5050967
http://www.ncbi.nlm.nih.gov/pubmed/25188781
http://dx.doi.org/10.1371/journal.pone.0138614
http://www.ncbi.nlm.nih.gov/pubmed/26382272
http://dx.doi.org/10.1002/sctm.18-0085
http://www.ncbi.nlm.nih.gov/pubmed/30184340
http://dx.doi.org/10.1016/j.biomaterials.2015.05.011
http://www.ncbi.nlm.nih.gov/pubmed/26048479
http://dx.doi.org/10.1016/j.ijbiomac.2017.08.076
http://www.ncbi.nlm.nih.gov/pubmed/28827204
http://www.ncbi.nlm.nih.gov/pubmed/28248532


Int. J. Mol. Sci. 2018, 19, 3150 15 of 19

52. Almalki, S.G.; Agrawal, D.K. Effects of matrix metalloproteinases on the fate of mesenchymal stem cells.
Stem Cell Res. Ther. 2016, 7, 129. [CrossRef] [PubMed]

53. Mannello, F.; Tonti, G.A.; Bagnara, G.P.; Papa, S. Role and function of matrix metalloproteinases in the
differentiation and biological characterization of mesenchymal stem cells. Stem Cells 2006, 24, 475–481.
[CrossRef] [PubMed]

54. Polo-Corrales, L.; Latorre-Esteves, M.; Ramirez-Vick, J.E. Scaffold design for bone regeneration.
J. Nanosci. Nanotechnol. 2014, 14, 15–56. [CrossRef] [PubMed]

55. Arealis, G.; Nikolaou, V.S. Bone printing: New frontiers in the treatment of bone defects. Injury 2015,
46 (Suppl. 8), S20–S22. [CrossRef]

56. Schofer, M.D.; Roessler, P.P.; Schaefer, J.; Theisen, C.; Schlimme, S.; Heverhagen, J.T.; Voelker, M.; Dersch, R.;
Agarwal, S.; Fuchs-Winkelmann, S.; et al. Electrospun PLLA nanofiber scaffolds and their use in combination
with BMP-2 for reconstruction of bone defects. PLoS ONE 2011, 6, e25462. [CrossRef] [PubMed]

57. Aquino-Martinez, R.; Angelo, A.P.; Pujol, F.V. Calcium-containing scaffolds induce bone regeneration by
regulating mesenchymal stem cell differentiation and migration. Stem Cell Res. Ther. 2017, 8, 265. [CrossRef]
[PubMed]

58. Delgado-Lopez, J.M.; Iafisco, M.; Rodriguez, I.; Tampieri, A.; Prat, M.; Gomez-Morales, J. Crystallization
of bioinspired citrate-functionalized nanoapatite with tailored carbonate content. Acta Biomater. 2012,
8, 3491–3499. [CrossRef] [PubMed]

59. Ramirez-Rodriguez, G.B.; Delgado-Lopez, J.M.; Iafisco, M.; Montesi, M.; Sandri, M.; Sprio, S.; Tampieri, A.
Biomimetic mineralization of recombinant collagen type I derived protein to obtain hybrid matrices for bone
regeneration. J. Struct. Boil. 2016, 196, 138–146. [CrossRef] [PubMed]

60. Giorgi, P.; Capitani, D.; Sprio, S.; Sandri, M.; Tampieri, A.; Canella, V.; Nataloni, A.; Schiro, G.R. A new
bioinspired collagen-hydroxyapatite bone graft substitute in adult scoliosis surgery: Results at 3-year
follow-up. J. Appl. Biomater. Funct. Mater. 2017, 15, E262–E270. [CrossRef] [PubMed]

61. Lee, D.J.; Diachina, S.; Lee, Y.T.; Zhao, L.; Zou, R.; Tang, N.; Han, H.; Chen, X.; Ko, C.C. Decellularized bone
matrix grafts for calvaria regeneration. J. Tissue Eng. 2016, 7, 2041731416680306. [CrossRef] [PubMed]

62. Hashimoto, Y.; Funamoto, S.; Kimura, T.; Nam, K.; Fujisato, T.; Kishida, A. The effect of decellularized
bone/bone marrow produced by high-hydrostatic pressurization on the osteogenic differentiation of
mesenchymal stem cells. Biomaterials 2011, 32, 7060–7067. [CrossRef] [PubMed]

63. Papadimitropoulos, A.; Scotti, C.; Bourgine, P.; Scherberich, A.; Martin, I. Engineered decellularized matrices
to instruct bone regeneration processes. Bone 2015, 70, 66–72. [CrossRef] [PubMed]

64. Guo, W.; Zheng, X.; Zhang, W.; Chen, M.; Wang, Z.; Hao, C.; Huang, J.; Yuan, Z.; Zhang, Y.; Wang, M.;
et al. Mesenchymal Stem Cells in Oriented PLGA/ACECM Composite Scaffolds Enhance Structure-Specific
Regeneration of Hyaline Cartilage in a Rabbit Model. Stem Cells Int. 2018, 2018, 6542198. [CrossRef]
[PubMed]

65. Matuska, A.M.; Dolwick, M.F.; McFetridge, P.S. Approaches to improve integration and regeneration of
an ex vivo derived temporomandibular joint disc scaffold with variable matrix composition. J. Mater. Sci.
Mater. Med. 2018, 29, 152. [CrossRef] [PubMed]

66. Bourgine, P.E.; Scotti, C.; Pigeot, S.; Tchang, L.A.; Todorov, A.; Martin, I. Osteoinductivity of engineered
cartilaginous templates devitalized by inducible apoptosis. Proc. Natl. Acad. Sci. USA 2014, 111, 17426–17431.
[CrossRef] [PubMed]

67. Engler, A.J.; Sen, S.; Sweeney, H.L.; Discher, D.E. Matrix elasticity directs stem cell lineage specification. Cell
2006, 126, 677–689. [CrossRef] [PubMed]

68. Dupont, S.; Morsut, L.; Aragona, M.; Enzo, E.; Giulitti, S.; Cordenonsi, M.; Zanconato, F.; Le Digabel, J.;
Forcato, M.; Bicciato, S.; et al. Role of YAP/TAZ in mechanotransduction. Nature 2011, 474, 179–183.
[CrossRef] [PubMed]

69. Wen, J.H.; Vincent, L.G.; Fuhrmann, A.; Choi, Y.S.; Hribar, K.C.; Taylor-Weiner, H.; Chen, S.; Engler, A.J.
Interplay of matrix stiffness and protein tethering in stem cell differentiation. Nat. Mater. 2014, 13, 979–987.
[CrossRef] [PubMed]

70. Smith, L.R.; Cho, S.; Discher, D.E. Stem Cell Differentiation is Regulated by Extracellular Matrix Mechanics.
Physiology 2018, 33, 16–25. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/s13287-016-0393-1
http://www.ncbi.nlm.nih.gov/pubmed/27612636
http://dx.doi.org/10.1634/stemcells.2005-0333
http://www.ncbi.nlm.nih.gov/pubmed/16150919
http://dx.doi.org/10.1166/jnn.2014.9127
http://www.ncbi.nlm.nih.gov/pubmed/24730250
http://dx.doi.org/10.1016/S0020-1383(15)30050-4
http://dx.doi.org/10.1371/journal.pone.0025462
http://www.ncbi.nlm.nih.gov/pubmed/21980467
http://dx.doi.org/10.1186/s13287-017-0713-0
http://www.ncbi.nlm.nih.gov/pubmed/29145866
http://dx.doi.org/10.1016/j.actbio.2012.04.046
http://www.ncbi.nlm.nih.gov/pubmed/22579712
http://dx.doi.org/10.1016/j.jsb.2016.06.025
http://www.ncbi.nlm.nih.gov/pubmed/27374321
http://dx.doi.org/10.5301/jabfm.5000366
http://www.ncbi.nlm.nih.gov/pubmed/28604992
http://dx.doi.org/10.1177/2041731416680306
http://www.ncbi.nlm.nih.gov/pubmed/28228929
http://dx.doi.org/10.1016/j.biomaterials.2011.06.008
http://www.ncbi.nlm.nih.gov/pubmed/21724252
http://dx.doi.org/10.1016/j.bone.2014.09.007
http://www.ncbi.nlm.nih.gov/pubmed/25260931
http://dx.doi.org/10.1155/2018/6542198
http://www.ncbi.nlm.nih.gov/pubmed/29666653
http://dx.doi.org/10.1007/s10856-018-6164-z
http://www.ncbi.nlm.nih.gov/pubmed/30264271
http://dx.doi.org/10.1073/pnas.1411975111
http://www.ncbi.nlm.nih.gov/pubmed/25422415
http://dx.doi.org/10.1016/j.cell.2006.06.044
http://www.ncbi.nlm.nih.gov/pubmed/16923388
http://dx.doi.org/10.1038/nature10137
http://www.ncbi.nlm.nih.gov/pubmed/21654799
http://dx.doi.org/10.1038/nmat4051
http://www.ncbi.nlm.nih.gov/pubmed/25108614
http://dx.doi.org/10.1152/physiol.00026.2017
http://www.ncbi.nlm.nih.gov/pubmed/29212889


Int. J. Mol. Sci. 2018, 19, 3150 16 of 19

71. Holle, A.W.; Young, J.L.; Van Vliet, K.J.; Kamm, R.D.; Discher, D.; Janmey, P.; Spatz, J.P.; Saif, T.
Cell-Extracellular Matrix Mechanobiology: Forceful Tools and Emerging Needs for Basic and Translational
Research. Nano Lett. 2018, 18, 1–8. [CrossRef] [PubMed]

72. Baker, B.M.; Trappmann, B.; Wang, W.Y.; Sakar, M.S.; Kim, I.L.; Shenoy, V.B.; Burdick, J.A.; Chen, C.S.
Cell-mediated fibre recruitment drives extracellular matrix mechanosensing in engineered fibrillar
microenvironments. Nat. Mater. 2015, 14, 1262–1268. [CrossRef] [PubMed]

73. Yang, C.; DelRio, F.W.; Ma, H.; Killaars, A.R.; Basta, L.P.; Kyburz, K.A.; Anseth, K.S. Spatially patterned
matrix elasticity directs stem cell fate. Proc. Natl. Acad. Sci. USA 2016, 113, E4439–E4445. [CrossRef]
[PubMed]

74. Xie, J.; Bao, M.; Bruekers, S.M.C.; Huck, W.T.S. Collagen Gels with Different Fibrillar Microarchitectures
Elicit Different Cellular Responses. ACS Appl. Mater. Interfaces 2017, 9, 19630–19637. [CrossRef] [PubMed]

75. Sadowska, J.M.; Guillem-Marti, J.; Espanol, M.; Stahli, C.; Dobelin, N.; Ginebra, M.P. In vitro response of
mesenchymal stem cells to biomimetic hydroxyapatite substrates: A new strategy to assess the effect of ion
exchange. Acta Biomater. 2018, 76, 319–332. [CrossRef] [PubMed]

76. Gardel, L.S.; Serra, L.A.; Reis, R.L.; Gomes, M.E. Use of perfusion bioreactors and large animal models for
long bone tissue engineering. Tissue Eng. Part B Rev. 2014, 20, 126–146. [CrossRef] [PubMed]

77. Papadimitropoulos, A.; Piccinini, E.; Brachat, S.; Braccini, A.; Wendt, D.; Barbero, A.; Jacobi, C.; Martin, I.
Expansion of human mesenchymal stromal cells from fresh bone marrow in a 3D scaffold-based system
under direct perfusion. PLoS ONE 2014, 9, e102359. [CrossRef] [PubMed]

78. Bersini, S.; Arrigoni, C.; Lopa, S.; Bongio, M.; Martin, I.; Moretti, M. Engineered miniaturized models of
musculoskeletal diseases. Drug Discov. Today 2016, 21, 1429–1436. [CrossRef] [PubMed]

79. Lee, J.H.; Gu, Y.; Wang, H.; Lee, W.Y. Microfluidic 3D bone tissue model for high-throughput evaluation of
wound-healing and infection-preventing biomaterials. Biomaterials 2012, 33, 999–1006. [CrossRef] [PubMed]

80. Yoon, D.; Kim, H.; Lee, E.; Park, M.H.; Chung, S.; Jeon, H.; Ahn, C.H.; Lee, K. Study on chemotaxis and
chemokinesis of bone marrow-derived mesenchymal stem cells in hydrogel-based 3D microfluidic devices.
Biomater. Res. 2016, 20, 25. [CrossRef] [PubMed]

81. Movilla, N.; Borau, C.; Valero, C.; Garcia-Aznar, J.M. Degradation of extracellular matrix regulates osteoblast
migration: A microfluidic-based study. Bone 2018, 107, 10–17. [CrossRef] [PubMed]

82. Carvalho, M.R.; Reis, R.L.; Oliveira, J.M. Mimicking the 3D biology of osteochondral tissue
with microfluidic-based solutions: Breakthroughs towards boosting drug testing and discovery.
Drug Discov. Today 2018, 23, 711–718. [CrossRef] [PubMed]

83. Bhattacharjee, N.; Urrios, A.; Kanga, S.; Folch, A. The upcoming 3D-printing revolution in microfluidics.
Lab Chip 2016, 16, 1720–1742. [CrossRef] [PubMed]

84. Ferlin, K.M.; Prendergast, M.E.; Miller, M.L.; Kaplan, D.S.; Fisher, J.P. Influence of 3D printed porous
architecture on mesenchymal stem cell enrichment and differentiation. Acta Biomater. 2016, 32, 161–169.
[CrossRef] [PubMed]

85. Do, A.V.; Khorsand, B.; Geary, S.M.; Salem, A.K. 3D Printing of Scaffolds for Tissue Regeneration Applications.
Adv. Healthc. Mater. 2015, 4, 1742–1762. [CrossRef] [PubMed]

86. Savage, N. Technology: The promise of printing. Nature 2016, 540, S56–S57. [CrossRef] [PubMed]
87. Hendriks, J.; Willem Visser, C.; Henke, S.; Leijten, J.; Saris, D.B.; Sun, C.; Lohse, D.; Karperien, M. Optimizing

cell viability in droplet-based cell deposition. Sci. Rep. 2015, 5, 11304. [CrossRef] [PubMed]
88. Duarte Campos, D.F.; Blaeser, A.; Buellesbach, K.; Sen, K.S.; Xun, W.; Tillmann, W.; Fischer, H. Bioprinting

Organotypic Hydrogels with Improved Mesenchymal Stem Cell Remodeling and Mineralization Properties
for Bone Tissue Engineering. Adv. Healthc. Mater. 2016, 5, 1336–1345. [CrossRef] [PubMed]

89. Huri, P.Y.; Ozilgen, B.A.; Hutton, D.L.; Grayson, W.L. Scaffold pore size modulates in vitro osteogenesis of
human adipose-derived stem/stromal cells. Biomed. Mater. 2014, 9, 045003. [CrossRef] [PubMed]

90. Wang, M.O.; Vorwald, C.E.; Dreher, M.L.; Mott, E.J.; Cheng, M.H.; Cinar, A.; Mehdizadeh, H.; Somo, S.;
Dean, D.; Brey, E.M.; et al. Evaluating 3D-printed biomaterials as scaffolds for vascularized bone tissue
engineering. Adv. Mater. 2015, 27, 138–144. [CrossRef] [PubMed]

91. Di Bella, C.; Fosang, A.; Donati, D.M.; Wallace, G.G.; Choong, P.F. 3D Bioprinting of Cartilage for Orthopedic
Surgeons: Reading between the Lines. Front. Surg. 2015, 2, 39. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/acs.nanolett.7b04982
http://www.ncbi.nlm.nih.gov/pubmed/29178811
http://dx.doi.org/10.1038/nmat4444
http://www.ncbi.nlm.nih.gov/pubmed/26461445
http://dx.doi.org/10.1073/pnas.1609731113
http://www.ncbi.nlm.nih.gov/pubmed/27436901
http://dx.doi.org/10.1021/acsami.7b03883
http://www.ncbi.nlm.nih.gov/pubmed/28537381
http://dx.doi.org/10.1016/j.actbio.2018.06.025
http://www.ncbi.nlm.nih.gov/pubmed/29933107
http://dx.doi.org/10.1089/ten.teb.2013.0010
http://www.ncbi.nlm.nih.gov/pubmed/23924374
http://dx.doi.org/10.1371/journal.pone.0102359
http://www.ncbi.nlm.nih.gov/pubmed/25020062
http://dx.doi.org/10.1016/j.drudis.2016.04.015
http://www.ncbi.nlm.nih.gov/pubmed/27132520
http://dx.doi.org/10.1016/j.biomaterials.2011.10.036
http://www.ncbi.nlm.nih.gov/pubmed/22061488
http://dx.doi.org/10.1186/s40824-016-0070-6
http://www.ncbi.nlm.nih.gov/pubmed/27489724
http://dx.doi.org/10.1016/j.bone.2017.10.025
http://www.ncbi.nlm.nih.gov/pubmed/29107125
http://dx.doi.org/10.1016/j.drudis.2018.01.008
http://www.ncbi.nlm.nih.gov/pubmed/29337200
http://dx.doi.org/10.1039/C6LC00163G
http://www.ncbi.nlm.nih.gov/pubmed/27101171
http://dx.doi.org/10.1016/j.actbio.2016.01.007
http://www.ncbi.nlm.nih.gov/pubmed/26773464
http://dx.doi.org/10.1002/adhm.201500168
http://www.ncbi.nlm.nih.gov/pubmed/26097108
http://dx.doi.org/10.1038/540S56a
http://www.ncbi.nlm.nih.gov/pubmed/27926696
http://dx.doi.org/10.1038/srep11304
http://www.ncbi.nlm.nih.gov/pubmed/26065378
http://dx.doi.org/10.1002/adhm.201501033
http://www.ncbi.nlm.nih.gov/pubmed/27072652
http://dx.doi.org/10.1088/1748-6041/9/4/045003
http://www.ncbi.nlm.nih.gov/pubmed/24945873
http://dx.doi.org/10.1002/adma.201403943
http://www.ncbi.nlm.nih.gov/pubmed/25387454
http://dx.doi.org/10.3389/fsurg.2015.00039
http://www.ncbi.nlm.nih.gov/pubmed/26322314


Int. J. Mol. Sci. 2018, 19, 3150 17 of 19

92. Gao, G.; Yonezawa, T.; Hubbell, K.; Dai, G.; Cui, X. Inkjet-bioprinted acrylated peptides and PEG hydrogel
with human mesenchymal stem cells promote robust bone and cartilage formation with minimal printhead
clogging. Biotechnol. J. 2015, 10, 1568–1577. [CrossRef] [PubMed]

93. Qi, X.; Pei, P.; Zhu, M.; Du, X.; Xin, C.; Zhao, S.; Li, X.; Zhu, Y. Three dimensional printing of calcium sulfate
and mesoporous bioactive glass scaffolds for improving bone regeneration in vitro and in vivo. Sci. Rep.
2017, 7, 42556. [CrossRef] [PubMed]

94. Bara, J.J.; Richards, R.G.; Alini, M.; Stoddart, M.J. Concise review: Bone marrow-derived mesenchymal stem
cells change phenotype following in vitro culture: Implications for basic research and the clinic. Stem Cells
2014, 32, 1713–1723. [CrossRef] [PubMed]

95. Holmes, B.; Zhu, W.; Li, J.; Lee, J.D.; Zhang, L.G. Development of novel three-dimensional printed scaffolds
for osteochondral regeneration. Tissue Eng. Part A 2015, 21, 403–415. [CrossRef] [PubMed]

96. Zhou, X.; Castro, N.J.; Zhu, W.; Cui, H.; Aliabouzar, M.; Sarkar, K.; Zhang, L.G. Improved Human Bone
Marrow Mesenchymal Stem Cell Osteogenesis in 3D Bioprinted Tissue Scaffolds with Low Intensity Pulsed
Ultrasound Stimulation. Sci. Rep. 2016, 6, 32876. [CrossRef] [PubMed]

97. Zhang, N.; Chow, S.K.; Leung, K.S.; Cheung, W.H. Ultrasound as a stimulus for musculoskeletal disorders.
J. Orthop. Transl. 2017, 9, 52–59. [CrossRef] [PubMed]

98. Cunniffe, G.M.; Gonzalez-Fernandez, T.; Daly, A.; Sathy, B.N.; Jeon, O.; Alsberg, E.; Kelly, D.J.
Three-Dimensional Bioprinting of Polycaprolactone Reinforced Gene Activated Bioinks for Bone Tissue
Engineering. Tissue Eng. Part A 2017, 23, 891–900. [CrossRef] [PubMed]

99. Raftery, R.M.; Mencia-Castano, I.; Sperger, S.; Chen, G.; Cavanagh, B.; Feichtinger, G.A.; Redl, H.;
Hacobian, A.; O’Brien, F.J. Delivery of the improved BMP-2-Advanced plasmid DNA within a gene-activated
scaffold accelerates mesenchymal stem cell osteogenesis and critical size defect repair. J. Control. Release Off.
J. Control. Release Soc. 2018, 283, 20–31. [CrossRef] [PubMed]

100. Arlov, O.; Aachmann, F.L.; Feyzi, E.; Sundan, A.; Skjak-Braek, G. The Impact of Chain Length and Flexibility
in the Interaction between Sulfated Alginates and HGF and FGF-2. Biomacromolecules 2015, 16, 3417–3424.
[CrossRef] [PubMed]

101. Park, J.; Lee, S.J.; Lee, H.; Park, S.A.; Lee, J.Y. Three dimensional cell printing with sulfated alginate
for improved bone morphogenetic protein-2 delivery and osteogenesis in bone tissue engineering.
Carbohydr. Polym. 2018, 196, 217–224. [CrossRef] [PubMed]

102. Muller, M.; Ozturk, E.; Arlov, O.; Gatenholm, P.; Zenobi-Wong, M. Alginate Sulfate-Nanocellulose Bioinks
for Cartilage Bioprinting Applications. Ann. Biomed. Eng. 2017, 45, 210–223. [CrossRef] [PubMed]

103. Lee, C.H.; Rodeo, S.A.; Fortier, L.A.; Lu, C.; Erisken, C.; Mao, J.J. Protein-releasing polymeric scaffolds
induce fibrochondrocytic differentiation of endogenous cells for knee meniscus regeneration in sheep.
Sci. Transl. Med. 2014, 6, 266ra171. [CrossRef] [PubMed]

104. Chung, R.; Kalyon, D.M.; Yu, X.; Valdevit, A. Segmental bone replacement via patient-specific,
three-dimensional printed bioresorbable graft substitutes and their use as templates for the culture of
mesenchymal stem cells under mechanical stimulation at various frequencies. Biotechnol. Bioeng. 2018,
115, 2365–2376. [CrossRef] [PubMed]

105. Hung, B.P.; Naved, B.A.; Nyberg, E.L.; Dias, M.; Holmes, C.A.; Elisseeff, J.H.; Dorafshar, A.H.; Grayson, W.L.
Three-Dimensional Printing of Bone Extracellular Matrix for Craniofacial Regeneration. ACS Biomater.
Sci. Eng. 2016, 2, 1806–1816. [CrossRef] [PubMed]

106. Nyberg, E.L.; Farris, A.L.; Hung, B.P.; Dias, M.; Garcia, J.R.; Dorafshar, A.H.; Grayson, W.L. 3D-Printing
Technologies for Craniofacial Rehabilitation, Reconstruction, and Regeneration. Ann. Biomed. Eng. 2017,
45, 45–57. [CrossRef] [PubMed]

107. Yu, B.; Zhang, X.; Li, X. Exosomes derived from mesenchymal stem cells. Int. J. Mol. Sci. 2014, 15, 4142–4157.
[CrossRef] [PubMed]

108. Gnecchi, M.; Danieli, P.; Malpasso, G.; Ciuffreda, M.C. Paracrine Mechanisms of Mesenchymal Stem Cells in
Tissue Repair. Methods Mol. Boil. 2016, 1416, 123–146. [CrossRef]

109. Volarevic, V.; Gazdic, M.; Simovic Markovic, B.; Jovicic, N.; Djonov, V.; Arsenijevic, N. Mesenchymal stem
cell-derived factors: Immuno-modulatory effects and therapeutic potential. BioFactors 2017, 43, 633–644.
[CrossRef] [PubMed]

http://dx.doi.org/10.1002/biot.201400635
http://www.ncbi.nlm.nih.gov/pubmed/25641582
http://dx.doi.org/10.1038/srep42556
http://www.ncbi.nlm.nih.gov/pubmed/28211911
http://dx.doi.org/10.1002/stem.1649
http://www.ncbi.nlm.nih.gov/pubmed/24449458
http://dx.doi.org/10.1089/ten.tea.2014.0138
http://www.ncbi.nlm.nih.gov/pubmed/25088966
http://dx.doi.org/10.1038/srep32876
http://www.ncbi.nlm.nih.gov/pubmed/27597635
http://dx.doi.org/10.1016/j.jot.2017.03.004
http://www.ncbi.nlm.nih.gov/pubmed/29662799
http://dx.doi.org/10.1089/ten.tea.2016.0498
http://www.ncbi.nlm.nih.gov/pubmed/28806146
http://dx.doi.org/10.1016/j.jconrel.2018.05.022
http://www.ncbi.nlm.nih.gov/pubmed/29782946
http://dx.doi.org/10.1021/acs.biomac.5b01125
http://www.ncbi.nlm.nih.gov/pubmed/26406104
http://dx.doi.org/10.1016/j.carbpol.2018.05.048
http://www.ncbi.nlm.nih.gov/pubmed/29891290
http://dx.doi.org/10.1007/s10439-016-1704-5
http://www.ncbi.nlm.nih.gov/pubmed/27503606
http://dx.doi.org/10.1126/scitranslmed.3009696
http://www.ncbi.nlm.nih.gov/pubmed/25504882
http://dx.doi.org/10.1002/bit.26780
http://www.ncbi.nlm.nih.gov/pubmed/29940090
http://dx.doi.org/10.1021/acsbiomaterials.6b00101
http://www.ncbi.nlm.nih.gov/pubmed/27942578
http://dx.doi.org/10.1007/s10439-016-1668-5
http://www.ncbi.nlm.nih.gov/pubmed/27295184
http://dx.doi.org/10.3390/ijms15034142
http://www.ncbi.nlm.nih.gov/pubmed/24608926
http://dx.doi.org/10.1007/978-1-4939-3584-0_7
http://dx.doi.org/10.1002/biof.1374
http://www.ncbi.nlm.nih.gov/pubmed/28718997


Int. J. Mol. Sci. 2018, 19, 3150 18 of 19

110. Su, N.; Gao, P.L.; Wang, K.; Wang, J.Y.; Zhong, Y.; Luo, Y. Fibrous scaffolds potentiate the paracrine function
of mesenchymal stem cells: A new dimension in cell-material interaction. Biomaterials 2017, 141, 74–85.
[CrossRef] [PubMed]

111. Wang, Y.; Gao, R.; Wang, P.P.; Jian, J.; Jiang, X.L.; Yan, C.; Lin, X.; Wu, L.; Chen, G.Q.; Wu, Q. The differential
effects of aligned electrospun PHBHHx fibers on adipogenic and osteogenic potential of MSCs through the
regulation of PPARgamma signaling. Biomaterials 2012, 33, 485–493. [CrossRef] [PubMed]

112. Zhou, K.; Feng, B.; Wang, W.; Jiang, Y.; Zhang, W.; Zhou, G.; Jiang, T.; Cao, Y.; Liu, W. Nanoscaled and
microscaled parallel topography promotes tenogenic differentiation of ASC and neotendon formation
in vitro. Int. J. Nanomed. 2018, 13, 3867–3881. [CrossRef] [PubMed]

113. Szentivanyi, A.; Chakradeo, T.; Zernetsch, H.; Glasmacher, B. Electrospun cellular microenvironments:
Understanding controlled release and scaffold structure. Adv. Drug Deliv. Rev. 2011, 63, 209–220. [CrossRef]
[PubMed]

114. Dang, M.; Saunders, L.; Niu, X.; Fan, Y.; Ma, P.X. Biomimetic delivery of signals for bone tissue engineering.
Bone Res. 2018, 6, 25. [CrossRef] [PubMed]

115. Kim, J.; Kim, I.S.; Cho, T.H.; Lee, K.B.; Hwang, S.J.; Tae, G.; Noh, I.; Lee, S.H.; Park, Y.; Sun, K.
Bone regeneration using hyaluronic acid-based hydrogel with bone morphogenic protein-2 and human
mesenchymal stem cells. Biomaterials 2007, 28, 1830–1837. [CrossRef] [PubMed]

116. He, X.; Dziak, R.; Yuan, X.; Mao, K.; Genco, R.; Swihart, M.; Sarkar, D.; Li, C.; Wang, C.; Lu, L.; et al. BMP2
genetically engineered MSCs and EPCs promote vascularized bone regeneration in rat critical-sized calvarial
bone defects. PLoS ONE 2013, 8, e60473. [CrossRef] [PubMed]

117. Studle, C.; Vallmajo-Martin, Q.; Haumer, A.; Guerrero, J.; Centola, M.; Mehrkens, A.; Schaefer, D.J.; Ehrbar, M.;
Barbero, A.; Martin, I. Spatially confined induction of endochondral ossification by functionalized hydrogels
for ectopic engineering of osteochondral tissues. Biomaterials 2018, 171, 219–229. [CrossRef] [PubMed]

118. Kanczler, J.M.; Oreffo, R.O. Osteogenesis and angiogenesis: The potential for engineering bone.
Eur. Cells Mater. 2008, 15, 100–114. [CrossRef]

119. Yuan, X.; Smith, R.J., Jr.; Guan, H.; Ionita, C.N.; Khobragade, P.; Dziak, R.; Liu, Z.; Pang, M.; Wang, C.;
Guan, G.; et al. Hybrid Biomaterial with Conjugated Growth Factors and Mesenchymal Stem Cells for
Ectopic Bone Formation. Tissue Eng. Part A 2016, 22, 928–939. [CrossRef] [PubMed]

120. Taipaleenmaki, H. Regulation of Bone Metabolism by microRNAs. Curr. Osteoporos. Rep. 2018, 16, 1–12.
[CrossRef] [PubMed]

121. Feng, Q.; Zheng, S.; Zheng, J. The emerging role of microRNAs in bone remodeling and its therapeutic
implications for osteoporosis. Biosci. Rep. 2018, 38. [CrossRef] [PubMed]

122. Monaghan, M.; Browne, S.; Schenke-Layland, K.; Pandit, A. A collagen-based scaffold delivering exogenous
microrna-29B to modulate extracellular matrix remodeling. Mol. Ther. J. Am. Soc. Gene Ther. 2014, 22, 786–796.
[CrossRef] [PubMed]

123. Peng, B.; Chen, Y.; Leong, K.W. MicroRNA delivery for regenerative medicine. Adv. Drug Deliv. Rev. 2015,
88, 108–122. [CrossRef] [PubMed]

124. Pinese, C.; Lin, J.; Milbreta, U.; Li, M.; Wang, Y.; Leong, K.W.; Chew, S.Y. Sustained delivery of
siRNA/mesoporous silica nanoparticle complexes from nanofiber scaffolds for long-term gene silencing.
Acta Biomater. 2018, 76, 164–177. [CrossRef] [PubMed]

125. Castano, I.M.; Curtin, C.M.; Duffy, G.P.; O’Brien, F.J. Harnessing a Novel Inhibitory Role of miR-16 in
Osteogenesis by Human Mesenchymal Stem Cells for Advanced Scaffold-Based Bone Tissue Engineering.
Tissue Eng A 2018. [CrossRef]

126. Mencia Castano, I.; Curtin, C.M.; Shaw, G.; Murphy, J.M.; Duffy, G.P.; O’Brien, F.J. A novel
collagen-nanohydroxyapatite microRNA-activated scaffold for tissue engineering applications capable
of efficient delivery of both miR-mimics and antagomiRs to human mesenchymal stem cells. J. Control.
Release Off. J. Control. Release Soc. 2015, 200, 42–51. [CrossRef] [PubMed]

127. Bakhshandeh, B.; Hafizi, M.; Ghaemi, N.; Soleimani, M. Down-regulation of miRNA-221 triggers osteogenic
differentiation in human stem cells. Biotechnol. Lett. 2012, 34, 1579–1587. [CrossRef] [PubMed]

128. Sadeghi, M.; Bakhshandeh, B.; Dehghan, M.M.; Mehrnia, M.R.; Khojasteh, A. Functional synergy of
anti-mir221 and nanohydroxyapatite scaffold in bone tissue engineering of rat skull. J. Mater. Sci. Mater. Med.
2016, 27, 132. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.biomaterials.2017.06.028
http://www.ncbi.nlm.nih.gov/pubmed/28667901
http://dx.doi.org/10.1016/j.biomaterials.2011.09.089
http://www.ncbi.nlm.nih.gov/pubmed/22014456
http://dx.doi.org/10.2147/IJN.S161423
http://www.ncbi.nlm.nih.gov/pubmed/30013341
http://dx.doi.org/10.1016/j.addr.2010.12.002
http://www.ncbi.nlm.nih.gov/pubmed/21145932
http://dx.doi.org/10.1038/s41413-018-0025-8
http://www.ncbi.nlm.nih.gov/pubmed/30181921
http://dx.doi.org/10.1016/j.biomaterials.2006.11.050
http://www.ncbi.nlm.nih.gov/pubmed/17208295
http://dx.doi.org/10.1371/journal.pone.0060473
http://www.ncbi.nlm.nih.gov/pubmed/23565253
http://dx.doi.org/10.1016/j.biomaterials.2018.04.025
http://www.ncbi.nlm.nih.gov/pubmed/29705655
http://dx.doi.org/10.22203/eCM.v015a08
http://dx.doi.org/10.1089/ten.tea.2016.0052
http://www.ncbi.nlm.nih.gov/pubmed/27269204
http://dx.doi.org/10.1007/s11914-018-0417-0
http://www.ncbi.nlm.nih.gov/pubmed/29335833
http://dx.doi.org/10.1042/BSR20180453
http://www.ncbi.nlm.nih.gov/pubmed/29848766
http://dx.doi.org/10.1038/mt.2013.288
http://www.ncbi.nlm.nih.gov/pubmed/24402185
http://dx.doi.org/10.1016/j.addr.2015.05.014
http://www.ncbi.nlm.nih.gov/pubmed/26024978
http://dx.doi.org/10.1016/j.actbio.2018.05.054
http://www.ncbi.nlm.nih.gov/pubmed/29890267
http://dx.doi.org/10.1089/ten.tea.2017.0460
http://dx.doi.org/10.1016/j.jconrel.2014.12.034
http://www.ncbi.nlm.nih.gov/pubmed/25550154
http://dx.doi.org/10.1007/s10529-012-0934-3
http://www.ncbi.nlm.nih.gov/pubmed/22547036
http://dx.doi.org/10.1007/s10856-016-5746-x
http://www.ncbi.nlm.nih.gov/pubmed/27412651


Int. J. Mol. Sci. 2018, 19, 3150 19 of 19

129. Chen, H.; Ji, X.; She, F.; Gao, Y.; Tang, P. miR-628-3p regulates osteoblast differentiation by targeting RUNX2:
Possible role in atrophic non-union. Int. J. Mol. Med. 2017, 39, 279–286. [CrossRef] [PubMed]

130. Maeda, Y.; Farina, N.H.; Matzelle, M.M.; Fanning, P.J.; Lian, J.B.; Gravallese, E.M. Synovium-Derived
MicroRNAs Regulate Bone Pathways in Rheumatoid Arthritis. J. Bone Miner. Res. Off. J. Am. Soc. Bone
Miner. Res. 2017, 32, 461–472. [CrossRef] [PubMed]

131. Musolino, C.; Oteri, G.; Allegra, A.; Mania, M.; D’Ascola, A.; Avenoso, A.; Innao, V.; Allegra, A.G.; Campo, S.
Altered microRNA expression profile in the peripheral lymphoid compartment of multiple myeloma patients
with bisphosphonate-induced osteonecrosis of the jaw. Ann. Hematol. 2018, 97, 1259–1269. [CrossRef]
[PubMed]

132. Centola, M.; Abbruzzese, F.; Scotti, C.; Barbero, A.; Vadala, G.; Denaro, V.; Martin, I.; Trombetta, M.; Rainer, A.;
Marsano, A. Scaffold-based delivery of a clinically relevant anti-angiogenic drug promotes the formation of
in vivo stable cartilage. Tissue Eng. Part A 2013, 19, 1960–1971. [CrossRef] [PubMed]

133. Xia, Y.; Chen, H.; Zhang, F.; Wang, L.; Chen, B.; Reynolds, M.A.; Ma, J.; Schneider, A.; Gu, N.; Xu, H.H.K.
Injectable calcium phosphate scaffold with iron oxide nanoparticles to enhance osteogenesis via dental pulp
stem cells. Artif. Cells Nanomed. Biotechnol. 2018, 1, 1–11. [CrossRef] [PubMed]

134. Xia, Y.; Chen, H.; Zhang, F.; Bao, C.; Weir, M.D.; Reynolds, M.A.; Ma, J.; Gu, N.; Xu, H.H.K. Gold nanoparticles
in injectable calcium phosphate cement enhance osteogenic differentiation of human dental pulp stem cells.
Nanomed. Nanotechnol. Boil. Med. 2018, 14, 35–45. [CrossRef] [PubMed]

135. Marolt, D.; Knezevic, M.; Novakovic, G.V. Bone tissue engineering with human stem cells. Stem Cell Res. Ther.
2010, 1, 10. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3892/ijmm.2016.2839
http://www.ncbi.nlm.nih.gov/pubmed/28035362
http://dx.doi.org/10.1002/jbmr.3005
http://www.ncbi.nlm.nih.gov/pubmed/27676131
http://dx.doi.org/10.1007/s00277-018-3296-7
http://www.ncbi.nlm.nih.gov/pubmed/29546453
http://dx.doi.org/10.1089/ten.tea.2012.0455
http://www.ncbi.nlm.nih.gov/pubmed/23611597
http://dx.doi.org/10.1080/21691401.2018.1428813
http://www.ncbi.nlm.nih.gov/pubmed/29355052
http://dx.doi.org/10.1016/j.nano.2017.08.014
http://www.ncbi.nlm.nih.gov/pubmed/28887211
http://dx.doi.org/10.1186/scrt10
http://www.ncbi.nlm.nih.gov/pubmed/20637059
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Use of 3D Scaffolds in Basic Studies: Evaluation of MSC Multilineage Potential and Study of Human Hematopoiesis 
	Effective Coupling of Cells and Scaffolds: The Material Choice for Better MSC Performance 
	MSC-Scaffold Interaction: Mechanosensing and Mechanotransduction 
	3D Bioprinting for MSC Basic and Translational Studies 
	MSC-Seeded Scaffolds as a Source of Soluble Factors 
	Conclusions 
	References

