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The field of stem-cell-therapy offers considerable promise as a means of delivering new treatments for
a wide range of diseases. Recent progress in nanotechnology has stimulated the development of
multifunctional nanomaterials (NMs) for stem-cell-therapy. Several clinical trials based on the use of NMs
are currently underway for stem-cell-therapy purposes, such as drug/gene delivery and imaging.
However, the interactions between NMs and stem cells are far from being completed, and the effects of
the NMs on cellular behavior need critical evaluation. In this review, the interactions between several
types of mostly used NMs and stem cells, and their associated possible mechanisms are systematically
discussed, with specific emphasis on the possible differentiation effects induced by NMs. It is expected
that the enhanced understanding of NM-stem cell interactions will facilitate biomaterial design for stem-
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cell-therapy and regenerative medicine applications.

1. Introduction

Stem cells are a class of pluripotent cells with a strong self-
renewal capacity, and own the potential to differentiate into
different lineages (e.g., osteoblasts, chondrocytes, adipocytes
and etc.) given a certain stimulus.' Generally, stem cells can be
divided into three categories: embryonic stem cells (ESCs) are
derived from the inner cell mass of a blastocyst, and are an ideal
cell source for regenerative medicine due to their limitless self-
renewal and pluripotency.” Nonetheless, some ethical problems
were produced by using of the embryos to acquire ESCs; adult
stem cells (ASCs) are found throughout the body after devel-
opment. Despite with fewer ethical questions, ASCs have
limited differentiation potential and self-renewal ability.**
Therefore, induced pluripotent stem cells (iPSCs), as another
type of commonly used stem cells, were generated by reprog-
ramming somatic cells into pluripotent stem cells. Until today,
the reprogramming efficiency is debatable.® Even so, stem cells
still have attracted particular interests in the field of generative
medicine due to their ability of being cultured for successive
passages and multi-lineage differentiation.®” However, some
challenges include controlled self-renewal process, rapid
proliferation, and well defined differentiation of stem cells
must be addressed before they can be completely used in
medical treatments.

Since the “nanotechnology” was firstly introduced by the
Richard Feynman in 1959, it became more and more clear that
miniaturization macroscopic counterparts can obtain novel or
distinctive physical, optical, chemical and mechanical prop-
erties by nanotechnology.*® With the consideration that they
could be rationally used to create novel and practical
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therapeutic and diagnostic tools, these unique properties have
acquired the increasing interests of the medical and biological
researches. Earlier examples of nanomaterials applied in stem
cell therapy involved lipid- and polymer-based nanocarriers
with encapsulated genes/drugs for targeted and controlled
gene/drug release to modulate stem cell behaviors.”** Along-
side, the novel medical applications of smaller, inorganic-
based NPs with unique properties have deserved compelling
sights in the development of “nanoprobes” for diagnostic
medicine and agents for novel, externally activated therapies.
Thus, many inorganic NPs including nanodiamonds (NDs),"
iron oxide NPs (IONPs),"* quantum dots (QDs)** and upcon-
version NPs (UCNPs)'*'” have been applied for the labeling
and tracking of stem cells. Moreover, materials, especially the
synthetic materials due to the ease of synthesis and func-
tionalization, have been constructed into structures with
nanoscale features to provide an inductive microenvironment
in which stem cells could be adapted to proliferate and
differentiate toward desired lineages. For example, several
engineering techniques have been developed to obtain nano-
fibrous scaffolds and nano-topographical surface to control
over the stem cell proliferation, migration and differentiation
(Fig. 1). In short, a range of multifunctional NMs for stem cell
therapy applications have been developed and investigated
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over the past few decades. However, most of the research has
focused on the development of novel methods to fabricate
nanoparticles for stem cell imaging and therapy,’*>* the
interactions between nanomaterials and stem cells are not
completely understood.

Accumulating evidence presents that nanomaterials (NMs)
have the potential to influence stem cell function due to their
small size and bioactive characteristics.***> Recently, aqueous
suspension nanoparticles (NPs) have also been demonstrated to
own the capability to induce stem cell specific differentiation,
although the chemical origins of these may be complex*
(Fig. 2). For instance, silicate NPs, carbon nanotubes and gold
NPs could promote osteogenic differentiation of mesenchymal
stem cells (MSCs) in the absence of other inductive agents.>**
Therefore, it is very important to carefully characterize the
interactions between stem cells and NMs, particularly the
differential potential influenced by NMs. In fact, the process of
interactions between NP and stem cells is dynamic and
complex. Asides from that, differentiation of stem cells influ-
enced by NPs is often obscure and requires long time to observe.
In view of this, it is essential to explore the impacts of NPs on
differentiation of stem cells from not only a nanotoxicological
but also a therapeutic viewpoint before nanotechnology can be
fully applied to stem cell therapy.

(a) Stem cell interaction with nano-structure scaffolds

Random

(b) Nanopatterned surface to mediate stem cell

Lo oy

Triangle Square

Rectangle

Fig. 1 The interaction of stem cells with various nanotopographical surface. (a) Stem cells interaction with nanostructure scaffolds. (b) Nano-

patterned surface to mediate stem cells behaviors.
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Fig. 2 Schematic illustration of nanomaterial interactions with stem cells. These interactions can stimulate the differentiation of stem cells to
a variety of tissues including but not limited to nerve, muscle, skin, liver and bone.

The current review will provide a clear overview of the
interactions between NPs and stem cells, especially focusing on
the effects of NPs on toxicity and differentiation of stem cells.
Firstly, we will systematically discuss the different components
of the NP and the evidence that affects stem cell toxicity and
differentiation. Subsequently, we will explore the biological
mechanisms of cell differentiation induced by NPs. Finally, the
future perspective and challenge of NPs for stem cell engi-
neering are discussed. It is anticipated that the enhanced
understanding of NP-stem cell interactions will be beneficial in
designing the next generation of clinical therapies.

2 Stem cells

Stem cells are unspecialized cells, which possess the capa-
bility to renew themselves without obvious changes in their
general properties. They can differentiate into a range of
specialized cell types under certain conditions. As described
above, the stem cells are mainly classified into three types:
embryonic stem cells (ESCs) and adult (somatic) stem cells
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(ASCs) and induced pluripotent stem cells (iPSCs). The
following sections will introduce the three types of stem cell
systematically.

2.1 Adult stem cells

Although be found in tissues nearly all over the body, while the
mostly used ASCs are generally derived from bone marrow and
adipose tissue.” These cells play important roles in
regenerating/repairing damaged tissue. Recently, ASCs have
been used to treat several diseases, such as leukaemia and
related bone and blood cancers through bone marrow trans-
plants. Mesenchymal stem cells (MSCs) and hematopoietic
stem cells (HSCs) are the two most common types of ASCs.
MSCs as the multipotent stromal cells can be differentiated into
several cell types, such as osteoblasts, chondrocytes, myocytes,
adipocytes and hepatocytes. The HSCs as another type of best-
characterized ASCs have great potential for stem cell therapy
due to their effective self-renewal and differentiation ability.
HSCs reside mainly in bone marrow, and niches are associated
with either bone surfaces or sinusoidal endothelium.*®

This journal is © The Royal Society of Chemistry 2018
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2.2 Embryonic stem cells

ESCs are the prototypical stem cells, and unambiguously fulfill
all requirements of stem cells, such as clonality, self-renewal
and multipotentiality. Since ESCs own the ability to differen-
tiate into any cell present in the adult organism, they are
considered as a potential source for regenerative medicine and
tissue replacement. However, apart from ethics problems,
immunological rejection and teratomas formation limit the
therapeutic use of ESCs in vivo.

2.3 Induced pluripotent stem cells

Pluripotent stem cells (PSCs) are a unique model for studying
the processes that occur in the early development of mammals
and a promising tool in cell therapy of human diseases.”” The
unique nature of these cells lies in their capability of unlimited
self-renewal and reproduction of all adult cell types in the
course of their differentiation.*® Induced pluripotent stem cells
(iPSCs) are a new type of PSCs that can be obtained by reprog-
ramming animal or human differentiated cells. iPSCs are
considered as the PSCs derived from somatic ones, which
closely resemble ESCs in a broad spectrum of features, such as
similar morphologies, growth manners and equally sensitive to
growth factors/signaling molecules. Additionally, similar ESCs,
iPSCs can differentiate into derivatives of all three primary germ
layers (ectoderm, mesoderm, and endoderm) in vitro and form
teratomas following their subcutaneous injection into immune
deficient mice. Murine iPSCs injected into blastocysts are nor-
mally included in the development to yield animals with a high
degree of chimerism. Moreover, when injected into tetraploid
blastocysts, murine iPSCs can develop into a whole
organism.***> Thus, strategies that allow the preparation of
iPSCs from various somatic cell types while bypassing ethical
problems have been uncovered by researchers. Nonetheless, the
safe application of iPSC-based therapy requires the use of
methods of iPSCs production and their directed differentiation
which minimize both the possibility of mutations in cell
genomes under in vitro culturing and the probability of malig-
nant transformation of the injected cells. Moreover, it is
necessary to find a way for human iPSC culturing without the
use of animal cells; the way makes a viral-origin pathogen
transfer from animals to humans impossible. Therefore, the
maximum standardization of conditions for cell culturing and
differentiation is urgently required.

3 Nanomaterials

Exploration of NMs in stem-cell applications is remarkably
increasing, where a lot of efforts have been put in the fine
design and tuning of new materials.***** Currently, the number
of NM-based agents undergoing clinical trials is increasing.*
However, due to the lack of understanding in the potential
danger of NMs and appropriate legislation, nanotechnology
industry is facing significant hardness in their attempt to fulfill
NMs in a clinical setting.***” The clinical implementation
differs between soft NMs (lipid- or polymer-based) and hard
NMs (metal- or silica- or ceramic-based). The various types of
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NPs currently applied or explored for stem-cell-therapy will be
discussed briefly in this section. We will focus on introducing
the different types of NMs, a short description of their impor-
tant properties, and overview of their current or potential future
applications in stem-cell-therapy.

3.1 Clinical use of nanomaterials in stem cell therapy

Stem-cell therapy is the use of stem cells to cure or prevent
a disease. Stem cells are of great promise for treatment of many
debilitating diseases owing to their great potential capacity to
regenerate or stimulate the regeneration of diseased host tissue.
Clinical trials are currently under way to explore the use of stem
cells for the treatment of several diseases including Crohn's
disease, diabetes, bone defects, myocardial infarction, stroke,
etc. Despite its potential, stem cell therapy is limited by the
substantial risks of malignant transformation of transplanted
cells. Thus, there is still much to be studied about stem-cell-
based approaches. One important aspect in stem cell therapy
is to identify transplantable cells that are able to survive, inte-
grate with the host tissue, and undertake the desired cellular
differentiation. To address these questions, noninvasive
cellular imaging is currently a very active field of clinic research.
Clinically, imaging technologies such as optical, photoacoustic,
magnetic resonance imaging (MRI), X-ray computed tomog-
raphy (CT scans) and plain radiography (radioisotope imaging)
are employed for this purpose. Stem cell imaging using these
technologies usually involves the labeling of the cells with
a probe or contrast agent that allows them to be distinguished
from the host cells.

Relative to the bulk counterparts, NPs possess several unique
properties, such as surface-to-volume ratio (S/V), high surface
energy, distinctive mechanical, thermal, electrical, magnetic,
and optical behaviors.®** In addition, with advancements in
synthetic and modification methodologies, NPs can be fabri-
cated to desired sizes, shapes, compositions and properties.*>**
Moreover, through combined methodologies from bioorganic/
bioinorganic and surface chemistry, multiple functionalized
NPs can be achieved. These advantages give a strong signal,
offer a direct and clear cell labeling, and allow noninvasive in
vivo scanning.*>** Up to present, NPs including quantum dots
(QDs), magnetic nanoparticles (MNPs) and others can be har-
nessed to imaging and tracing of stem cells.****” Inorganic NPs,
especially iron oxide NPs is one of the most promising materials
for stem cell research because they can be synthesized easily in
large quantities using relatively simple methods.*® Super-
paramagnetic iron oxide nanoparticle (SPION) core normally
consists of ferromagnetic magnetite (Fe;O,) and magnetite
(Fe,0O3), and generally combinations with a polymer coating
layer (e.g., dextran, carboxydextran, chitosan, gelatin, poly-
ethylene glycol and polystyrene) that stabilizes the magnetic
core.” SPIONs have been used as magnetic resonance imaging
(MRI) T-2 contrast agents since 1990, enhancing the contrast
between tissues,* providing more reliable methods of locating
and tracking the transplanted cells. An ultrasmall SPION (fer-
umoxytol) originally approved by the US Food and Drug
Administration (FDA) had been applied for cell labeling.”

RSC Adv., 2018, 8, 17656-17676 | 17659
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Castaneda et al. described a protocol for enhancing signal
intensity for MRI by using ferumoxytol and protamine to label
human mesenchymal stem cells, human embryonic kidney 293
cells, and induced pluripotent stem cells.*> Furthermore,
another clinical study was published using MRI to track cells in
vivo. Autologous mesenchymal stem cells (MSCs) were injected
intravenously into 15 patients in Israel with Multiple Sclerosis
(MS) and 19 patients with Amyotrophic Lateral Sclerosis (ALS).
Using SPION labeling for MRI, researchers in this study were
able to assess both the safety and feasibility of stem cell trans-
plantation in MS and ALS patients and found no incidences of
significant adverse effects.*

Due to the unique characteristics of stem cells, namely self-
renewal and differentiation potential, stem cell therapy has
become one of the fastest growing fields of research in the
world. Several adult stem cells, progenitor cells, and induced
pluripotent stem cells (iPSCs) have since been isolated and
characterized with respect to their potential clinical benefit to
treat cardiac diseases, superficial wounds, neurologic diseases,
and type I diabetes.>**” Transplanted stem cells can rebuild or
replace dead tissues and recover existing cells through para-
crine effects. However, the stem cell differentiation process in
most cases is still necessarily heterogeneous, of which unifor-
mity is critical for preventing tumorigenic potential. The acti-
vation of an immune response along with an otherwise
inhospitable host environment results in a low viability for the
majority of transplanted cells.”® Many research groups have
addressed these problems through the development of intra-
cellular delivery of functional molecules, such as DNA, RNAi,
peptides, proteins, and drugs that control the stem cell behav-
iors and fates.>>*

Some of the drug/chemicals have poor solubility, short half-
life and/or poor penetration into cells. Moreover, naked nucleic
acids cannot successfully enter cells which require the assis-
tance of a suitable vector.®®®* Once inside in the cells, exogenous
nucleic acids can be quickly degraded by intracellular
enzymes.*® Since their unparalleled advantages, NPs have
shown great potential as intracellular nanocarriers for drug/
nucleic acid delivery in the differentiation of stem cells.®
Moreover, NPs can be functionalized to target stem cells and
release their payloads in the cytoplasm.®**® Combination of
nanomaterials and stem cells brings us powerful tools to
generate various specific lineages like osteoblast, neural cell,
cardiocytes, chondrocyte, hepatocyte-like cells and so on. For
example, silica NPs can be designed as nanocarrier to carry
insulin to rat MSCs for adipogenic differentiation modulation®
or delivery ascorbic acid to human embryonic stem cells
(hMSCs) for cardiac differentiation stimulation.®® In addition,
the nanoscale lipoplex particles formed by the spontaneous
assembly of DNA and cationic liposomes are mostly used for
gene transfection or lipofection. Lipofectamine 2000,
a commercially available lipoplex complex, successfully deliv-
ered fork head box A2 (Foxa2) gene into MSCs to enhance
damaged liver tissue regeneration.®

However, there are still some apparent challenges in thus-
produced NPs to clinical applications: (1) it is likely that true
stem cell tracking through single imaging modality was not
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enough. Upon implantation, the problem of knowing whether
one is imaging implanted stem cells or host tissue existed, as
the evidence suggesting that contrast agents can be transferred
from the dead stem cells to host cells, which generating false
positives. Thus, it will be of significant value to develop hier-
archical NP probes functionalized as multiple contrast agents
for simultaneous use under various imaging modalities
including optical, magnetic resonance (MR), positron emission
tomography (PET), single photon emission computed tomog-
raphy (SPECT) and computed tomography (CT) imaging. These
integrated imaging can provide comprehensive information for
accurate diagnosis in a reduced time. (2) Since the most of the
NPs applied in stem cell therapy are not biodegradable, their
long-term biological safety, chronic toxicity and other side
effects should be noted. (3) As the evidence showing that NPs
themselves play a role in stem cell differentiation, it is impor-
tant to allow committed differentiation of stem cells into
specific lineage.

3.2 Soft nanomaterials

Soft NMs are built from molecular blocks, and generally can be
considered as lipid- and polymer-based materials at a nanoscale
feature.” Over the past few decades, the soft NMs are used as
carriers to load or encapsulate drug/gene for stem-cell-
modulating or tracking.” However, their potential effects on
stem cell (e.g., cellular uptake, toxicity and differentiation) are
largely overlooked.

3.2.1 Lipid-based NPs. Lipid-based NMs are generally
organized into liposomal structures, originally discovered by
Bangham and colleagues in 1965.”>7 The principal applications
of liposomes in stem-cell-therapy lie in their use as vehicles for
promoting delivery inducing or imaging agents through
enclosing within its aqueous central cavity (for hydrophilic
agents) or embedded within the lipid layers (for hydrophobic
agents).”*”” For example, recently, a bioreducible lipid NP was
developed for miRNA delivery to hMSCs.” It was demonstrated
that miR-9 molecules were successfully delivered into hMSCs,
and could induce a change in the morphology of hMSCs and
high neuronal marker gene expression in the cells. Moreover,
the differentiated hMSCs could be applied for the treatment of
nerve injuries and neurodegenerative diseases.”® Moreover, the
lipids are also used as a coating layer. For example, para-
magnetic  Gd-diethylene triamine  pentaacetic  acid-
di(stearylamide) (Gd-DTPA-DSA) and poly(ethylene glycol) con-
taining  1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(poly(ethylene glycol))-2000] (PEG-DSPE) lipids are
applied to coat the hydrophobic QD@SiO, nanoparticles with
a monolayer of lipids. This nanomaterial platform serves as
a bioapplicable, multimodal contrast agent for MR and fluo-
rescence imaging.” Hsieh et al. demonstrated that, through
liposome-mediated transfection, hBMSCs could br efficiently
labeled with CdSe/ZnS QDs. Additionally, internalization of QDs
into hBMSCs had no significant influence on their proliferation,
while inhibited osteogenic differentiation.®***

With its similar components to cellular membrane and low
mechanical properties, it seems that the effect of liposomes on

This journal is © The Royal Society of Chemistry 2018
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stem cell behaviors is negligible. Therefore, the effects of lipid-
based NPs itself on stem cell behaviors are poorly studied. More
recently, Chabra et al. observed that solid lipid NPs could
regulate functional assortment of mouse mesenchymal stem
cells.*” Jung et al reported that glycosphingo lipids were
involved in the proliferation of mESCs through ERK1/2 activa-
tion, and played important regulatory roles in proliferation and
differentiation of neural precursor cells derived from mESCs.*
Moreover, some bioactive lipid, such as sphingosine-1-
phosphate, can regulate diverse biological processes including
cell growth, cell survival, cell migration and cell differentia-
tion.”® These studies highlight that the lipid-based NP itself has
a high potential to affect the stem cell differentiation.

3.2.2 Polymeric NPs. Polymers are macromolecules,
composed of a number of repeated subunits, and play an
essential and ubiquitous role in biological life. Polymers are
mainly divided into two categories: synthetic and natural poly-
mers. Synthetic polymers such as poly(lactide-glycolide) copol-
ymers, such as polycaprolactones (PCL), poly(lactic-co-glycolic
acid) (PLGA), and polyesters including polylactide (PLA).
Protein, DNA, peptide, chitosan, hyaluronic acid and alginate
are examples of natural polymers. The polymeric NPs are widely
used in stem cell therapies due to their excellent biocompati-
bility and low immune reactivity. The most widely used appli-
cation of polymeric NPs in stem cell therapy is the
encapsulation or immobilization of bioactive factors or genes
inside the stem cells to protect them from degradation by
enzymes and significantly decrease their consumption (up to
10*-fold less).”™* For this purpose, polymers are typically
cationic and interact with negatively charged nucleic acids or
growth factors through electrostatic force, which condense
them into particles to several hundred nanometers in diameter.
For example, Kim et al. reported that polyplexing with poly-
ethylenimine (PEI) onto PLGA NPs enhanced the cellular uptake
of SOX9 DNA both in vitro and in vivo, allowed robust gene
expression in human mesenchymal stem cells (hMSCs), and
induced chondrogenesis.* Treatment of PLGA NPs with posi-
tively charged PEI complexed to negatively charged DNA results
in the spontaneous electrostatic formation of stable NP
complexes. Moreover, PEI-modified PLGA NPs interacted with
the negatively charged lipid bilayers of cell membrane, and
entered into endosomes, released of the transfected genes into
the cytoplasm. Besides, PEI-modified PLGA NPs used as gene
carriers for exogenous SOX trio (SOX5, 6 and 9) induced
a significant increase in the chondrogenesis of hMSCs in vitro
culture.® Other polymers including poly(N-iso-
propylacrylamide) (PNIPAm), palmitic acid and PLGA and their
complexes, have been applied for growth factor or gene delivery.
Recently, the nanocarriers of PLGA and PNIPAm achieved
a gradual release of insulin-like growth factor I (IGF-I) and
transforming growth factor p1 (TGF-B1), supported by chon-
drogenesis in MSCs.*” Apart from the above synthetic polymeric
NPs, the natural polymer based NPs have been widely used as
nanocarriers in stem cell therapy.®*® Suja Shrestha et al
fabricated a chitosan NP system with temporal-controlled
dexamethasone releasing properties, which could enhance
odontogenic differentiation of stem cells from apical papilla
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obviously.* S. Pulavendran et al. developed a hepatocyte growth
factor (HGF) loaded chitosan NP, showing sustainable release of
HGF, which could differentiate MSC into hepatocytes.”* Chito-
san was also modified with cationic etherifying agent to obtain
the CS derivative as the gene delivery nanocarriers. Guang-Feng
Li et al. synthesized a N-2-hydroxypropyl trimethyl ammonium
chloride chitosan (HACC), and successfully used as gene
delivery vehicles for MSC lines.”® Moreover, the combination of
natural polymer with synthetic polymer-related NPs could
increase compatibility and gene delivery efficiency.” It was
observed that chitosan/tripolyphosphate/HA NPs successfully
delivered the anti-miRNA-138 inside cells, and enhanced oste-
ogenic differentiation of MSCs.”* Dexamethasone (Dex) loaded
carboxymethylchitosan/poly(amidoamine) dendrimer NPs
enhanced osteogenic differentiation of rat bone marrow
stromal cells.®® The dexamethasone loaded carboxymethyl
chitosan/poly(amidoamine) dendrimer nanoparticles could
enhance osteogenic differentiation of MSCs, both in vitro and in
vivo.>>%7

In addition, the polymer-based NPs can load the diagnostic
or imaging agents to track/image the stem cells. For example,
the fluorescent tags linked N-isopropylacrylamide-based ther-
moresponsive nanogels were successfully applied in tracking
NSCs from the postnatal subventricular zone, and without
affecting their proliferation, multipotency and differentiation
characteristics.” This study also reported an increase in the
number of neurons when the nanogels were loaded with reti-
noic acid, improving the solubility of the drug and its release
behavior.”® Chen developed a near-infrared (NIR) fluorescent
semiconductor polymer dot for bright labeling and tracking of
MSCs.” The polymer dots exhibit narrow-band emission at
775 nm with a quantum yield of 22%, among the highest value
for the current NIR probes. The polymer dots together with
a cell penetrating peptide were able to track stem cells over two
weeks without disturbing their multipotent properties.
Furthermore, the in vivo cell tracking was demonstrated in
a liver-resection mouse model, which indicated that the poly-
mer dots-labeled MSCs after tail-vein transplantation were
initially trapped in lung, gradually migrated to the injured liver,
and then proliferated into cell clusters. Liver-function analysis
and histological examination revealed that the inflammation
induced by liver resection was apparently decreased after stem
cell transplantation. Considering their bright labeling, superior
biocompatibility, and long-term tracking performance, the
polymer-based probes are promising for stem cell imaging.

Although the application of polymeric NPs as carriers for
stem cells therapy or imaging has gained great interest and
success, the potential impact of polymeric NPs themselves on
stem cell behaviors is far from being completely researched.
Recently, Laura Florez et al. prepared fluorescent prolate
polymeric NPs with different aspect ratios by stretching
spherical NPs, and investigated the interactions between NPs
with MSCs.'® Non-spherical particles exhibited less uptake by
MSCs than their spherical counterparts with a negative
correlation between aspect ratio and uptake rate.'* Jiang et al.
prepared two types of NPs, plain polystyrene (PS) NPs and
amino-functionalized polystyrene NPs (NPS). Using a similar
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zeta potential and size, they investigated the effects of surface
amines on PS NPs on their interactions with MSCs.*** NPS NPs
were rapidly internalized and accumulated to a much higher
level in MSCs than PS NPs, mainly via clathrin-mediated
pathway. PS NPs were internalized via clathrin-independent
endocytosis. These cellular uptake behavior differences of PS
and NPS were largely owing to the specific interactions of the
amino groups on the NPs with the endocytosis machinery of
MSCs."* Interaction with polymeric particles may change the
structure and function of the cytoskeleton, and influence cell
shape and signal pathways, and thereby modulate the differ-
entiation of stem cells. More recently, bovine serum albumin-
coated poly(lactic-co-glycolic acid) particles (PLGA-BSA) were
prepared and their interactions with MSCs were systematically
studied (Fig. 3).'°> The PLGA-BSA particles were largely inter-
nalized, and promoted osteogenic alkaline phosphatase (ALP)
activity and enhanced the expression of collagen type I (COL I)
and osteocalcin (OCN) of MSCs. Moreover, the internalized
PLGA-BSA particles inhibited the expression of adipogenic
peroxisome proliferator-activated receptor-gamma (PPARY)
and lipoprotein lipase (LPL) at both mRNA and protein
levels.'®> Shu Huang et al. observed that chitosan/hyaluronic
acid (CS/HA) NPs could promote chondrogenic outcome
while preventing the inflammatory status of ACs and the
hypertrophic differentiation of MSCs.'® Besides the conven-
tional NP, the DNA nanostructures were also reported to
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influence the stem cell differentiation. Wenjuan Ma et al
observed that tetrahedral DNA nanostructures (TDNs) treat-
ment promoted the self-renew of the stem cells via activating
the Wnt/B-catenin pathway and inhibiting the Notch signaling
pathway.'** Moreover, TDNs could enhance osteogenic differ-
entiation and proliferation of adipose-derived stem cells
(ADSCs) via activating Wnt/B-catenin pathway.'**

Overall, polymeric NPs have been demonstrated to possess
enormous potential application in stem-cell-therapy. So far,
understanding the effects of the pristine polymeric NP and its
degradation products on stem cell behaviors is largely limited.
Nevertheless, engineering multifunctional sections of delivery
systems, for instance, dual/sequential delivery, and specific-
targeting for combinatorial effects would provide great flexi-
bility in polymeric NPs design for stem-cell-therapy particular
application.

3.3 Hard nanomaterials

Hard NMs are generally inorganic nanocrystals, and represent
a wide variety of compounds, including ceramic-, carbon-, and
metal-/metal oxide-based materials.’*® These hard NMs own
various unique properties in comparison with their bulk
counterparts as the result of their nanoscale size.'*”'® Examples
of such unique properties include the superparamagnetic
nature of iron oxide NPs,' high quantum yield and excellent
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Fig. 3 Representative TEM images (A) and size distribution histogram (B) of PLGA-BSA particles. (C) ALP activity of pristine MSCs (control), MSCs
cultured in particle-free medium for 7 d (—PLGA) and PLGA-BSA particles for 7 d (+PLGA). (D) Western blot analysis of osteogenic markers (OCN
and COL) and adipogenic markers (PPARg and LPL) expressed by pristine MSCs (control), MSCs cultured in particle-free medium for 21 d (—PLGA)
and PLGA-BSA particles for 21 d (+PLGA) (E) western blot analysis of MAPK pathway related proteins (p38, INK1/2, ERK1/2) expressed by pristine
MSCs (control), MSCs cultured in particle-free medium for 7 d (—PLGA) and PLGA-BSA particles for 7 d (+PLGA). The particle concentration used
here was 50 pg mL™. * and ** indicate significant difference at p < 0.05 and p < 0.01 levels, respectively. Reproduced with permission 12
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photostability of quantum dots (QDs),"** high rigidity of carbon
nanotubes™* and so on. In view of these exciting properties,
hard NMs have obtained great interests in biomedical applica-
tions. Similar to the soft NMs, conjugation of drugs/genes or
fluorescence agents to these hard NMs also has broaden their
applications. Furthermore, the pristine hard NMs were often
reported to have a significant impact on the stem cell behaviors,
and may present great potential to be used as a modulator to
mediate stem cell differentiation.

3.3.1 Ceramic-based NMs. Because of their bioactive char-
acteristics, bioactive nanoceramics such as bioactive glasses
(BG), nanosilicates, hydroxyapatite (HAP) and silica nano-
particles (SiNPs) have been widely used for tissue engineering
and regenerative medicine. Since its similarity with bone
components, it was demonstrated in a number of studies that
stem cells could be able to recognize the chemical structure of
the bioactive nanoceramics and promote osteogenic differen-
tiation on its surface. Nevertheless, the effects of NMs inside the
cells on stem cell behaviors are largely different from that on
their surface. A number of studies have explored the possible
cellular toxicity and differential potential induced by ceramic-
based NMs. Recently, sub-micron particles of bioactive glass
(SMBGs, ~250 nm) composed of 85 mol% SiO, and 15 mol%
CaO were synthesized, and the flowed effects of the exposure of
SMBGs (100 pg mL ™', 150 ug mL ™', 200 pg mL ') to hMSCs on
cell viability, metabolic activity and proliferation were exam-
ined."" Cytotoxicity of all the SMBGs was dose-variant and time-
dependent. All of the SMBG concentrations caused no signifi-
cant cytotoxicity at 1 and 4 days, but the doses of 150 and 200 pg
mL~" significantly decreased hMSC metabolic activity after 7
days of co-culture."” Subsequently, the viability and differenti-
ation potential of MSCs and adipose-derived stem cells (ADSCs)
induced by spherical monodispersed bioactive glass particles
(mono-SMBG, size: 215 + 20 nm) were evaluated.*** The mono-
SMBGs did not have obvious effect on metabolic activity and
osteogenic differentiation potential of MSC or ADSC at the test
concentration (50 pug mL™").**® Moreover, the hydroxyapatite
(HAP) NP-induced stem cell behaviors including cellular cyto-
toxicity and differential potential were assessed. Then, the
hydroxyapatite (HAP) NPs with different surface charges were
synthesized and their interactions with MC3T3-E1 cells (osteo-
blast) were investigated."** As a result of attractive force, posi-
tively charged HAP NPs accelerated cellular uptake compared
with negatively charged ones."** In comparison with the control
(cells without NP treatment), MC3T3-E1 cells treated with the
HAP NPs enhanced cell viability and proliferation, regardless of
their surface charge. More interestingly, among the three kinds
of HAP NPs (neutral, positive and negative), positively charged
HAP NPs showed the largest increased cell viability and prolif-
eration.”™ However, another work found that only a lower HAP
NP concentration (<20 pg/10* cells) could promote the MSCs
proliferation, higher particle concentrations (>20 pg/10* cells)
significantly inhibited the cell growth.'**> Eventually, the HAP
NPs could enhance osteogenic differentiation of MSCs at all the
test concentrations in the absence of any other inducing agents
as evidenced by enhanced expression of collagen I.'**
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Besides, silica NMs as another type of ceramic-based NMs
have been reported to possess the ability to mediate stem cell
behaviors. Gaharwar et al. studied the effects of synthetic sili-
cate nanoplatelets on cellular metabolism and human MSCs
(hMSCs) differentiation (Fig. 4).*® Nanosilicate is a disc-shaped
NM with an average-diameter of 20-30 nm and 1 nm thickness
(Fig. 4A). After being incubated with hMSCs, silicates were
quickly adhered to cell surface and internalized by hMSCs. The
internalized amount of nanosilicates was dose-dependent, and
ascended with the increase of NP concentration (Fig. 4B). At
a lower concentration (<100 pg mL "), the addition of nano-
silicates did not significantly interrupt the metabolic activity of
hMSCs. However, the metabolic activity of hMSCs dropped
drastically at higher silicate concentrations (>100 pg mL™ ).
Half-maximum inhibitory concentration (ICs,) was observed to
be 4 mg mL ™" (Fig. 4C). It is worth noting that, compared with
the HAP NPs and SiNPs with a similar size, nanosilicates
showed a certain cellular toxicity at a ten-fold higher concen-
tration, indicating much more biocompatible."*® In addition,
researchers also observed that the exposure of the nanosilicates
to MSCs upregulated RUNX2, osteocalcin, osteopontin and
mineralization in the absence of any inductive medium
(Fig. 4D). Afterwards, the influence of different sizes of silica
NPs on the proliferation of human adipose tissue-derived stem
cells (hADSCs) was also studied.*"” Silica NPs entered the cytosol
through the cell membrane via endocytosis, and the internal-
ized of silica NPs could accelerate cell growth. Moreover, silica
NPs with a diameter of 50-120 nm were more effective in
promoting cell growth by stimulating the ERK signaling
pathway.""”

3.3.2 Carbon-based NMs. Since the first discovery of
carbon nanotubes (CNTs) in the early 1990s, carbon-based NMs
(e.g., carbon nanotubes, graphene, and nanodiamonds) have
gained increasing interests in biomedical applications owing to
their unique structural, mechanical, electrical and thermal
properties. Besides, another advantage is its ability to fabricate
different shapes, structure and sizes with distinct properties.
Given these exciting unique properties, carbon-based NMs are
currently receiving great attentions in view of possible stem-cell-
therapy. Thus, an assessment of the interactions between
carbon-based NPs and stem cells has acquired increment
spotlights, especially to the guiding differentiation of stem cells.

(1) Carbon nanotubes. Carbon nanotubes (CNTs) are
ordered thin and hollow cylinders, which were composed of
carbon atoms bonded to each other via sp> bonds, resulting in
high mechanical strength, flexibility, thermal and electrical
conductivity. Given their unique physicochemical properties,
CNTs have strong potential for mediating stem cell behaviors.**®
CNTs were often incorporated into scaffolds resulting in
enhanced cell attachment, proliferation and differentiation.**
However, CNTs may be able to migrate through the cell wall to
a nuclear location after 24 h, and affect the following cell
behaviors.” The COOH-functionalized single-walled carbon
nanotube (SWCNT-COOH) was observed to own the ability to
induce differentiation of MSCs along adipogenesis, osteo-
genesis, or chondrogenesis lines.”” Furthermore, SWCNT-
COOH could promote cell adhesion, spreading, and
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Fig. 4 Silicate nanoplatelets could induce osteogenic differentiation of stem cells in the absence of osteogenic factors. (A) TEM image of silicate
nanoplatelets. The silicate nanoplatelets are disc shaped nanoparticle with 25.4 nm in diameter. (B) Cellular uptake of silicate nanoplatelets with
different concentrations (0, 1, 10 and 100 pg mL™Y). (C) The metabolic activity of h(MSCs in the presence of silicate nanoplatelets in the media at
48 hours of post seeding. The metabolic activity was normalized with the control (without NPs). The dotted line shows fitted dose response
curve, and the ICso was found at a silicate concentration of 4 mg mL™. (D) Silicate nanoplatelets enhanced expression of RUNX2, osteopontin,
osteocalcin, and matrix mineralization of MSCs incubated in normal growth medium. Reproduced with permission.**® Copyright 2013, Wiley.

neurogenic differentiation of MSCs without any extra inducing
agents.”* Additionally, the influence of the length of carboxyl-
ated multiwall carbon nanotubes (MWCNTs-COOH) on
a neuronal-like model cell line PC12 cells was examined."* The
results showed that the MWCNTs-COOH did not significantly
affect cellular morphology and viability at lower concentrations
(5 ng mL™'). Compared with the longer ones, the short
MWCNTs-COOH enhanced cellular uptake efficiency and had
stronger ability to promote PC12 cell differentiation.’” More-
over, the short MWCNTSs-COOH exposure can up-regulate the
expression of neurotrophin signaling pathway associated with
TrkA/p75 receptors and pincher/Gap43/TH proteins, which may
explain the underlying mechanism for the improved differen-
tiation in PC12 cells.’” On the contrary, another study reported
that both carboxylated single- and multi-walled carbon nano-
tubes (SWCNTs-COOH and MWCNTs-COOH) exhibited obvious
cytotoxicity to MSCs, as evidenced by a decrease in cell viability
even at the lowest dose (3 pg mL™~").?® In addition, CNTs-COOH
could strongly inhibit both osteogenic and adipogenic differ-
entiation probably due to their interaction with cell surface
receptors or intracellular proteins, which activated a Smad-
dependent bone morphogenetic protein (BMP) signaling
pathway." The ROS generation did not have any impact on the
differentiation behaviors.’”® In short, although CNTs seem to
show positive roles in stem cell differentiation in the absence of

17664 | RSC Adv., 2018, 8, 17656-17676

other inducing factors, long term biological effects still need to
be addressed.

(2) Graphene based NMs. Graphene (G) is a single-atom-
thick monolayer of sp>bonded carbon atoms with a two-
dimensional honeycomb lattice structure. G-based NMs have
many unique physicochemical properties, such as high surface
area, extraordinary electrical and thermal conductivities, and
strong mechanical strength. Given their excellent performance,
G-based NMs have been widely used in stem-cell-therapy
applications. This means that simultaneous detailed investi-
gations about the interactions between G-based NMs and stem
cells are urgently required. Recently, the size-dependent cyto-
and geno-toxic effects of the reduced graphene oxide nano-
sheets (rGONSs) on the hMSCs were investigated.'** After co-
culture with NPs and stem cells for 1 h, it was observed that
significant cell destructions caused by 1.0 pg mL~ ' rGONSs with
average lateral dimensions of 11 nm, while the rGONSs with
average lateral dimensions of 3.8 pm could induce a significant
cytotoxic effect only at high concentration of 100 pg mL~". The
rGONSs had genotoxic effects on the stem cells through DNA
fragmentations and chromosomal aberrations, even at a low
concentration of 0.1 ug mL.*** Moreover, the genotoxicity effects
of graphene nanoribbons (rGONRs) on hMSCs were also
studied.'” Significant cellular toxic effects of 10 pg mL™"
rGONRs were observed after 1 h exposure time. The rGONRs

This journal is © The Royal Society of Chemistry 2018
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could penetrate inside the MSCs then cause DNA fragmenta-
tions as well as chromosomal aberrations, even at a low
concentration of 1.0 pug mL™" after short exposure.” On the
contrary, one study showed that only high concentrations of
graphene oxide (GO) (e.g., 400 ug mL ') could cause a signifi-
cant cellular toxic effect."* In addition, another study showed
polyethylene-glycol-(PEG)ylated reduced graphene oxide (PrGO)
neither induced toxicity nor impaired the differentiation
potential of the stem cells."” Moreover, another work showed
that graphene quantum dots (GQDs) were internalized by
hNSCs via the endocytosis mechanism, and had no significant
change in the viability, proliferation, metabolic activity, and
differentiation potential of hNSCs."® Thus, various GQDs have
been developed to be used as a bio-imaging probe for stem-cell-
therapy.'*®*** Although such results are not completely compa-
rable, it may suggest that the cytotoxicity of GO is size-, struc-
ture-, and morphology-dependent. Meanwhile, the reduced
graphene oxide (rGO) NPs were also reported to present great
compatibility but promote osteogenic differentiation of human
MSCs.**® Yang et al. observed that graphene oxide (GO,
hundreds of nanometers to several micrometers) could enhance
the dopamine neuron differentiation of mouse embryonic stem
cells (ESCs)."** Moreover, GO with a diameter of ~400 nm also
presented strong ability to enhance self-renewal and accelerate
differentiation of human fetal neural stem cells (hfNSCs)."*>
Such effects may result from the efficient interactions between
graphene-based NMs and bioactive molecules in culture
medium or cytoplasmic membranes through electrostatic
interaction, -7 stacking, and hydrogen bonding."***** More-
over, graphene/single-walled carbon nanotube (G/SWCNT)
hybrids did not influence viability, but significantly affected
the osteogenic and adipogenic differentiation of MSCs and
subsequent associated expression levels of genes.” The
possible mechanisms were the internalized G/SWCNT hybrids
activated of the p38 signaling pathway and inhibited of the
ERK1/2 signaling pathway, leading to upregulation of
osteoblast-related genes and downregulation of adipocytic
differentiation genes.***

(3) Nanodiamonds. Compared with the CNTs and G-based
NMs, nanodiamonds (NDs) are a relatively new type of carbon
NMs that have the diamond-like structure with a size of nano-
meter scale. Considering its unique strong near-infrared (NIR)
photoluminescence and magnetic properties, NDs have gained
great interests in biomedical imaging and therapeutically
applications.”**** Understanding the interaction between NDs
and stem cells is the first step for the applications of NDs in
stem-cell-therapy. Firstly, similar to other NPs, the cytotoxicity
of NDs for stem cells was assessed. Xing et al. studied the
genotoxicity of mouse embryonic stem cells (ESCs) induced by
NDs."” The results showed that the expression of DNA repair
proteins slightly increased after being exposed the NDs to ESCs,
such as p53 and MOGG-1. The oxidized nanodiamonds (O-NDs)
were shown to cause more DNA damage than the pristine/raw
NDs (R-NDs).**” However, compared with those induced by
MWCNTSs, the DNA damages caused by either the O-NDs or the
R-NDs were much less severe."*” Afterwards, the possible effects
of carboxylated NDs of ~0.25 pm in size labeling on the in vitro
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differentiation of hMSCs were discussed."*® The differentiation
potential and CD marker expressions for stem-like functionality
were not altered upon ND label incorporation. Moreover, no
secreted or intracellular protein changes indicative of stress or
toxicity were detected."®® This was further demonstrated in
another study, which observed that NDs labeling did not alter
the cellular morphology, proliferation, and the protein expres-
sion of stem cell marker SSEA-1 of embryonal carcinoma stem
(ECS) cells.**®

Overall, these results presumably suggest that the NDs are
biocompatible and have no significant influence on differenti-
ation ability of stem cells, and show enormous potential in
labeling for stem cell localization and tracking in vivo.

3.3.3 Metal/metal-oxide NMs. Metal NPs such as gold (Au)
or silver (Ag) are widely used as delivery carriers and diagnostic
and/or therapeutic agents for biomedical applications."***** The
range of metal oxide NPs is broad, and each type of NPs has its
unique properties for particular application. For example, iron
oxide NPs such as Fe,O; or Fe;O, NPs are frequently used as
magnetic resonance imaging (MRI) contrast agents in clinical
applications due to their superparamagnetic nature;'** titanium
oxide (TiO,) NPs are usually used in pharmaceutical applica-
tions owing to their whitening effect.'*® Over the past few
decades, using the metal/metal-oxide NPs to modulate stem
cells behaviors have acquired increasing attentions. In this
section, we will provide a brief overview of the interactions
between several metal/metal-oxide NPs with common usage and
stem cells.

(1) Gold NPs. Because of their ease of synthesis, biocom-
patibility, and versatility for surface modification, gold-based
NPs have been widely applied in drug delivery, diagnostic
imaging, and photothermal therapy. With the advance devel-
opment of nanotechnology, gold NPs have emerged as
a modulator to mediate the stem cell fate. Over the past
decades, the interactions between gold NPs (AuNPs) and stem
cells, especially their effects on differentiation of stem cells have
been extensively investigated. Yi et al. reported that 20 nm
citrate protected AuNPs could be easily internalized by MSCs,
and promote osteogenic differentiation and hinder adipogenic
differentiation through the p38 mitogen-activated protein
kinase (MAPK) pathway (Fig. 5A)."** The success of osteogenic-
differentiation-inducing is also NP concentration-dependent,
and only a relative high concentration of AuNPs (1 nM)
promoted osteogenic differentiation.*** In contrast, one work
reported that the chitosan-conjugated AuNPs enhanced osteo-
genic differentiation but did not impact on adipogenic differ-
entiation of human adipose-derived stem cells (hADSCs)
through the Wnt/B-catenin signaling pathway.'*® Such differ-
ence might be attributed to the different surface chemistry.
What is more, the physical and chemical properties of AuNPs
including size, shape, and surface chemistry may influence
multiple differentiation of stem cells. A range of AuNPs with
different size (15, 30, 50, 75 and 100 nm) was synthesized.'*®
Compared with the other sizes of gold NPs (15, 75 and 100 nm),
AuNPs with a diameter of 30 and 50 nm were more effective in
enhancing osteogenic differentiation (Fig. 5B).**® Afterwards,
a series of bovine serum albumin (BSA)-coated Au nanospheres
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(A) Molecular mechanism of the modulation of osteogenic and adipocytic differentiation of MSCs by AuNPs through p38 MAPK signaling

pathway. Reproduced with permission.*** Copyright 2010, American Chemical Society. (B) ALP staining and activity level during the process of
differentiation from ADSCs toward osteoblasts for 3 weeks: ALP stained cells, which were treated with osteogenic medium alone (control), BMP-
2, and each size of GNPs for 3 weeks as observed by an optical microscope. Reproduced with permission.**¢ Copyright 2014, Elsevier. (C)
Schematic illustrations of the fabrication process of Au4-mPEG NPs, and the possible molecular mechanism of the inhibitive effect of Au4-mPEG
NPs on osteogenic differentiation and their promotive effect on adipogenic differentiation. Reproduced with permission.**® Copyright 2017,
Royal Society Chemistry. (D) Schematic diagrams of the effects of the surface chirality at the nanoscale on osteogenic differentiation of MSCs.

Reproduced with permission.**® Copyright 2016, Springer.

(sphere-40, sphere-70, sphere-110), Au nanostars (star-40, star-
70, star-110) and Au nanorods (rod-40, rod-70, rod-110) with
diameters of 40, 70 and 110 nm were synthesized, respec-
tively."” Subsequently, their effects on osteogenic differentia-
tion of MSCs were examined.”” Obviously, osteogenic
differentiation of MSCs induced by AuNPs was size-relied and
morphology-dependent. Sphere-40, sphere-70 and rod-70
significantly promoted osteogenic differentiation while rod-40
inhibited it. Star-40, star-70, star-110, sphere-110 and rod-110
showed negligible influence on osteogenic differentiation.'*
This was further confirmed by the study, in which AuNPs with
a diameter of 40 nm promoted osteogenic differentiation
through the enhancement of cytoskeleton tension and cellular
Young's modulus.'*® However, sub-10 nm AuNPs (e.g., 4 nm)
showed an active effect on adipogenic differentiation and
inhibitive effect on osteogenic differentiation of MSCs due to
the highly induced ROS level (Fig. 5C)."** In addition, AuNPs

17666 | RSC Adv., 2018, 8, 17656-17676

with amine (AuNP-NH2, 21.76 £+ 3.93 nm), carboxyl (AuNP-
COOH, 17.08 + 2.28 nm) and hydroxyl (AuNP-OH, 12.42 + 1.33
nm) functionalized were fabricated.’*® AuNP-NH2 and AuNP-
OH did not inhibit osteogenic differentiation, while AuNP-
COOH significantly reduced ALP activity and matrix minerali-
zation in MSCs through an upregulation of TGF- and FGF-2
expression, which enhanced cell proliferation over osteogenic
differentiation.™’ Interestingly, the surface molecular confor-
mation was also observed to have the ability to modulate the
differentiation of stem cells. More recently, our group has
evaluated the effect of molecular chiral poly(acryloyl-(p)-valine)
(L(p)-PAV)-anchored gold NPs (1(p)-PAV-AuNPs) on the differ-
entiation of rat mesenchymal stem cells (rMSCs).**® 1-PAV-
AuNPs promoted osteogenic differentiation through activating
the p38 mitogen-activated protein kinase (MAPK) pathway and
exerting mechanical stress on MSCs, while p-PAV-AuNPs had no
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obvious effects
(Fig. 5D).»°

(2) Silver nanoparticles. Silver nanoparticles (AgNPs) have
drawn appealing lights in regenerative medicine due to their
excellent antimicrobial properties. AgNPs as a valuable NMs are
usually encapsulated in the scaffolds to repair skin, bone
defects, with a reduced incidence of infection.****> Thus, the
effect of AgNPs on the viability and differentiation potential of
stem cells are urgently needed to be assessed. Firstly, the
toxicities of AgNPs, especially the effects of its surface chemical
compositions (polysaccharide- and hydrocarbon-coated) on the
self-renewal and cell cycle of mESCs were evaluated.*** Both
polysaccharide- and hydrocarbon-coated AgNPs altered the cell
morphology of mouse embryonic stem cells (mESCs). Cell cycle
of mESCs induced by the two types of AgNPs arrested at G1 and
S phases through inhibition of the hyperphosphorylation of
Retinoblastoma (Rb) protein.'* Such effects were resulted from
the overproduction of reactive oxygen species (ROS), the
reduced AgNPs toxicity for the polysaccharide coating was due
to the reduced ROS production.* The cytotoxicity of AgNPs was
also certified by R. J. Cooper et al., who observed that low level of
AgNP exposure could disrupt the cytoskeleton structure in
cultured adult neural stem cells (NSCs), resulting in inhibition
of neurite dynamics and the formation of F-actin puncta.**
Concentration-dependent toxicity was observed at an AgNP
concentration of above 4 pg mL™' for urine-derived stem
cells.* Furthermore, AgNPs could enhance osteogenic differ-
entiation, and be accompanied with inducing actin polymeri-
zation, increasing cytoskeleton tension, and activating RhoA at
the NP concentration of 4 ug mL.**® Interestingly, the AgNO; did
not have such effects, which indicated that the promotion of
osteogenic differentiation was induced by AgNPs themselves,
rather than the silver ions."® However, Pauksch et al. reported
the internalized AgNPs did not induce alterations in osteo-
clastogenesis.”®® With regard to their cytotoxicity and the
potential effects on stem cell differentiation, further studies are
needed to keep a balance between the antibacterial benefit and
the potential health risks of AgNPs.

(3) Iron oxide nanoparticles. Iron oxide nanoparticles
(IONPs) have been widely used as magnetic resonance imaging
(MRI) and magnetic targeting agents in biomedical applications
due to their great ability to respond to magnetic fields. IONPs
were proposed as an MRI tracking of stem cells in regenerative
medicine and other stem-cell-therapies. Similar to other NPs,
the potential adverse effects of IONPs can limit the practically
and applicability of their usage. Thus, studying the biological
impact of IONPs on stem cell is crucial, especially for their
effects on differentiation potential of stem cells. Firstly, the
IONP-induced osteogenic differentiation of MSCs and the
associated molecular mechanisms were explored.*” IONPs with
a diameter of ~8.2 nm were fabricated (Fig. 6A and B). The
characteristic results indicated that both types of IONPs were
superparamagnetic and with own high saturation magnetiza-
tion (Fig. 6C). Moreover, IONPs were structurally stable in MSCs
and enhanced ALP activity and mineralization deposition of
MSCs, rather than the soluble Fe®* (Fig. 6D and E). At the
molecular level, IONP unregulated long noncoding RNA

on osteogenic differentiation of MSCs
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INZEB2, which is indispensable for maintaining osteogenesis of
MSCs (Fig. 6F-H)."**” In order to further understand the molec-
ular mechanisms, gene microarray assay and bioinformatics
analysis were performed.'*® These results observed that gene
expression was widely regulated and the classical mitogen-
activated protein kinase (MAPK) signal pathway was activated
by IONPs treatment.”*® As a result, osteogenic differentiation
was promoted due to the downstream genes of the MAPK signal
pathway."® Meanwhile, the effects of surface functionalization
of IONPs on differentiation of MSCs were studied. Shrestha
et al. fabricated two kinds of IONPs with similar sizes (~10 nm)
but different surface chemistry, ie. one in its pristine form
(without extra molecules capped, P-NPs) and the other coated
with citrate (C-NPs)." No significant difference in cellular
uptake kinetics or cytotoxicity was observed for the two types of
IONPs. Osteogenic differentiation of MSCs was markedly
impaired by incubation with C-NPs, as evidenced by signifi-
cantly reduced expression of collagen type I and osteocalcin and
calcium deposition. However, P-NPs did not impact on osteo-
genic and adipogenic differentiation.’®® Since one of the unique
features of IONPs is their response to magnetic field, enabling
their applications in drug targeting and cellular uptake
enhancing, the magnetic field may have an effect on differen-
tiation of stem cells. Recently, Jiang et al. fabricated IONPs-
loaded bovine serum albumin (BSA) (Fe;0,/BSA) NPs, which
showed tunable magnetic property.’® The external magnetic
field strongly enhanced cellular uptake of Fe;O,/BSA NPs.
Furthermore, the static magnetic field also markedly promoted
osteogenic differentiation of MSCs after internalized Fe;O,/BSA
NPs, as evidenced by increased ALP activity, calcium deposition,
and expressions of COL I and osteocalcin at both mRNA and
protein levels.' In sum, the IONPs may have great potential to
be used as a differentiation-inducing agent for stem-cell-
therapy application. With the pondering of their possibly
impacts on differentiation of stem cells, the application of
IONPs in bio-imaging should be concerned.

(4) Zinc oxide NPs. Zinc oxide (ZnO) NPs are another metal
oxide NMs and have a wide variety of applications, while their
hidden effects on stem cell behaviors remain to be poorly
understood. Recently, the interactions with ZnO NPs and stem
cells were evaluated. Similar to other NPs, the cytotoxic effects
of ZnO NPs on stem cells were firstly concerned. The cellular
toxicity of ZnO NPs was positively correlated with the dose of
ZnO NPs.*** It's worth noting that even low concentrations of
ZnO NPs (10 ug mL™ ") could induce significant cytotoxicity.'*
The high level of reactive oxygen species (ROS) generation and
the dissolved Zn** in the culture medium or inside cells were
observed to be the main cause of the cytotoxicity of ZnO
NPs.'**'% Thus, ZnO NPs should be used with caution if there is
a dermatological problem. Besides cellular toxicity, it was
observed that the effects of ZnO NPs on osteogenic differenti-
ation were dose-dependent.’® MSCs treated with 30 pg mL "
ZnO NPs enhanced osteogenic differentiation, while the 60 pg
mL~" ZnO NPs treatment had no obvious such effects.!**

(5) Other metal or metal oxide NPs. Advanced development
in nanotechnology allows scientists to fabricate various types of
metal or metal oxide NPs for stem-cell-therapy application.
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Fig. 6

Iron NPs accelerate osteogenic differentiation of MSCs via modulation of long noncoding RNA INZEB2. (A) TEM image of IONPs. (B) Size

distribution histogram of IONPs. (C) The hysteresis loop of IONPs. WB and AC represent IONPs that were synthesized in heat mode in a water
bath and in an alternating-current (AC) magnetic field. (D) Effects of different concentrations of Fe** on the ALP activity of MSCs. (E) Alizarin Red S
staining images. MSC were treated with 100 uM Fe®*, 100 pg mL™ IONPs, or osteogenesis-inducing supplements (OS) for 21 days. (F) Effects on
ALP activity of MSCs after transfection with the indicated siRNA. (G) Alizarin Red S staining images. Effects on the mineralized-nodule formation in
MSCs after transfection with the indicated siRNA. (H) Effects on the protein levels measured by western blotting after transfection with the
indicated siRNA. All bars represent mean + SD, n = 3, **p < 0.01; ***p < 0.001. Reproduced with permission.*®” Copyright 2017, Springer.

Apart from the NPs mentioned above, others including titanium
dioxide (TiO,), copper oxide (CuO), cerium oxide (CeO,) and up-
conversion NPs also have great potential in stem-cell-therapy
application. For example, TiO, nanotubes were acted as drug
nanoreservoirs for modulating the mobility and differentiation
of MSCs.'®* Moreover, the TiO, NP itself can also be used as
a modulator for mediating stem cell behaviors. Liu et al
observed that TiO, NPs enhanced a differentiation tendency
towards neurons from neural stem cells.'*® Nonetheless, other
studies observed that TiO, NPs had negative effects on cell
viability and differentiation of MSCs in a dose- and size-
dependent manner.’” Simultaneously, the influence of
surface functionalization of TiO, NPs on differentiation of stem
cells was examined. TiO, NRs with different surface functional
groups, ie. amines (-NH,), carboxyl groups (-COOH) and
poly(ethylene glycol) (-PEG) were fabricated and their flowing

17668 | RSC Adv., 2018, 8, 17656-17676

impacts on the differentiation of rat bone MSCs (rBMSCs) were
studied."® Compared with TiO,—~COOH and TiO,-PEG NRs,
TiO,-NH, NRs significantly enhanced cellular uptake effi-
ciency.'® All the TiO,-NRs (TiO,-NH, NRs, TiO,~-COOH NRs
and TiO,-PEG NRs) presented no cytotoxicity and genotoxicity
on MSCs at tested concentrations. Moreover, TiO, NRs did not
show an obvious influence on the adipogenic differentiation
potential of the MSCs.**® However, TiO,~-COOH NRs showed
a significant impairment on the osteogenic differentiation due
to the up-regulation of transforming growth factor beta 1 (TGF-
B1) and fibroblast growth factor (FGF-2).'*®

In addition, the cytotoxicity and genotoxicity of CuO NPs
with a similar size but different surface chemistry (CuO-core,
CuO-COOH, CuO-NH, and CuO-PEG NPs) on rBMSCs were
also investigated.'® CuO NPs showed dose-regarded and
surface-chemistry-dependent toxicity to MSCs. The cytotoxicity

This journal is © The Royal Society of Chemistry 2018
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of all the types of CuO NPs exhibited no obvious difference at
the lower concentration (<20 ug mL ™", 72 h), while the CuO-core
and CuO-COOH were observed significantly larger cytotoxicity
than the CuO-NH, and CuO-PEG at the higher concentration
(>20 ng mL~", 72 h).*® Despite their large cytotoxicity at high
concentrations, all the CuO NPs showed only a slight DNA
damage." Interestingly, all the CuO NPs had no significant
effect on the differentiation potential of the MSCs.'* Recently,
the effects of cerium oxide (CeO,) NPs on the proliferation,
differentiation and mineralization function of primary osteo-
blasts were studied.'”® The cytotoxicity of CeO, NPs on primary
osteoblasts was size- and incubation time-dependent. CeO, NPs
with a diameter of 40 nm facilitated the differentiation of
osteoblasts, and the promotion rates were enhanced with
increasing NP concentration.””® However, the 60 nm CeO, NPs
promoted the differentiation of osteoblasts at lower concen-
trations, and inhibited the differentiation at higher concentra-
tions. Moreover, the two CeO, NPs accelerated the adipogenic
transdifferentiation of osteoblasts, and this effect of 40 nm
CeO, NPs was weaker than that of 60 nm CeO, NPs.'”® Another
study reported that CeO, NPs could efficiently inhibit the
maturation of MSCs toward adipocytes due to their strong
ability to decrease the ROS degree necessities during
adipogenesis.'”*

4 The interactions between NPs and
stem cells and possible underlying
mechanisms

Our previous sections provide a full overview of the various
types of NPs that have been described to be associated with
stem cell modulation (Table 1). So far, the wide variety in NP
parameters and experimental setups impedes a clear under-
standing of how NPs can result in stem cell differentiation
induction. In order to fully understand the impacts of the
different NP-associated parameters on stem cell behaviors, it is
essential to conduct a deep examination that is concentrated on
the differentiation-modulating potential of a narrow set of NPs
with difference from each other in only a single physicochem-
ical property. This is assuredly a challenging task due to the fact
that changing one parameter (e.g., surface charge) is often
accompanied by affecting other factors (e.g., hydrodynamic size,
colloidal stability), by which the ability to link NP physiological
properties with the observed cellular effects is limited. Thus, it
needs a systematic experimental setup, which underscores the
importance of further study on controllable synthesis of NPs as
well as the relevance of extensive NP characterization. Besides
that, the cell culture conditions including pH, cellular type and
etc., need to be fixed.

The interaction of NPs with the stem cell membrane plays an
essential role in diagnostics, drug delivery and therapy appli-
cations. NPs can easily transfer across cells membranes and
distribute in the cytoplasm or lysosome, thus activating or
inhibit certain cellular signaling pathways for differentiation
induction or inhibition."”>*”* NPs are internalized via different

endocytosis 150174 including

pathways clathrin-mediated
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endocytosis, caveolin-mediated endocytosis, macropinocytosis
and clathrin- and caveolin-independent endocytosis, cellular
internalization of NPs and the possible mechanism of differ-
entiation induced by NPs are significantly influenced by the
physicochemical properties of NPs, such as size, shape, hydro-
phobicity, softness, composition and surface chemistry of
nanoparticle surfaces.*

The optimal size of NPs for stem cell differentiation almost
ranges from 20 nm to 70 nm possibly due to the size-dependent
cellular uptake rates.'”'”> The NPs around 30-50 nm in size
presented higher amounts cellular uptake by cells. While the NP
size in the range of 50-200 nm has been shown to have minor
influences on cellular uptake.**”*”*> Besides that, the shape of
NPs also affects the cellular uptake that may influence the stem
cell differentiation.” The internalization rate of nanospheres
(NSs) is much higher than that of nanorods or quasi-ellipsoid
counterparts with the similar size."”*'”” The uptake rate of NPs
by MSCs decreased with an increase in the aspect ratio (polar
axis: equatorial axis). These effects were probably due to the fact
that cells needed to wrap around the polar axis (pole) of NPs
during the internalization process. The stretched NPs have been
shown to preferentially absorb on the cell membrane along
their polar axis, making it more difficult for the highly stretched
NPs to be internalized.”” In another study, the cellular uptake
of polystyrene NSs (diameter: 20 nm) and nanodiscs (diameter:
20 nm; thickness: 2 nm) was evaluated.”® NSs were easily
internalized into cells, whereas nanodiscs were primarily
adsorbed on the cell membranes.'”® The further studies showed
that the capability of NSs to penetrate the lipid bilayers was
nearly six times higher than that of nanodiscs, while membrane
retention of nanodiscs was eight times higher than that of
NSs.'”® Additionally, surface charges and chemical moieties
affect the uptake of NPs, and positively charged ones showed
higher cellular uptake and larger cytotoxicity. Surface chemical
moieties like amines (-NH,), carboxyl (-COOH) and hydroxyl
(-OH) are widely existed in biomolecules such as proteins,
nucleic acids, lipids and polysaccharides, affecting the behavior
and differentiation of stem cells.’” For instance, COOH-AuNPs
treatment inhibits osteogenic differentiation obviously,
whereas those -NH, and -OH groups functionalized ones fail to
do so.'® Moreover, it was observed that AuNPs enhance osteo-
genic differentiation of MSCs through the p38 MAPK pathway,
while chitosan conjugated ones activate the Wnt/B-catenin
signaling pathway in hADSCs."**'*® Apart from the above NP
parameters, the hydrophobic and mechanical properties also
could influence the stem cell behavior.”* The softer and more
hydrophobic NPs were internalized to a greater extent. Hydro-
phobicity could modulate the interactions of NPs with compo-
nents of the cellular microenvironment, such as serum
proteins, lipid membranes and intracellular uptake. Hydro-
phobic NPs fabricated from poly(n-butylmethacrylate) (PBMA),
poly(hexyl methacrylate) (PHMA), and poly(lauryl methacrylate)
(PLMA) are taken up more easily compared with the hydrophilic
ones synthesized from poly(methyl methacrylate) (PMMA),
poly(propyl methacrylate) (PPMA), and poly(stearyl methacry-
late) (PSMA)."® However, the underlying mechanism of the
enhanced cellular uptake by softer nanoparticles is still unclear.
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It is hypothesized that soft NPs could deform easily upon
cellular contact, resulting in a more favorable interaction with
cell membranes compared to the harder counterparts.* Notably,
the interactions of NPs and stem cells have not clearly
explained, as most physicochemical parameters are entangled.

Recent years, more and more literature discusses NP-
induced effects on differentiation potential of stem cells.*
Indeed, NPs have been recognized as a new class of differenti-
ation activators affecting it through various pathways such as
oxidative stress.'® ROS production has been reported to be one
of the main causes of cytotoxicity for almost all NPs and is
considered as a potential common byproduct of NP exposure.
An increasing amount of evidence has suggested that cell
differentiation is significantly influenced by ROS. Su et al. found
that ROS promoted vascular smooth muscle cell differentiation
via the p38/MAPK-dependent pathway.'® In contrast, Mody
et al. showed that ROS inhibited the differentiation of bone
preosteoblast cell line MC3T3-E1."®* These results suggest that
the changes in intracellular ROS generation are a general
regulation mechanism for differentiation of stem cell, but
lineage-specific differentiation regulation still need to be
further discussed. However, the increasing evidence seems to
show that high levels of ROS will propel adipogenesis but
impede osteogenesis of stem cell."®* NPs can provoke ROS
generation through multiple interactions. Firstly, NP-
mitochondria interaction can cause mitochondrial membrane
damage, leading to disruption of the respiratory chain, and
resulting in increased ROS production. Secondly, the direct
interactions between NPs and intracellular enzymes that could
maintain cellular redox potential. Furthermore, NP-integrin
interaction also could activate intracellular signaling pathway
that in turn trigger ROS generation. Besides, the degradation
byproducts of NPs such as metal ions that can induce ROS
production.

Mechanical stress also plays a vital role in differentiation
potential change of stem cells. The accumulation of NPs inside
the cells may cause cell cytoskeleton and cellular mechanical
property change.®® More and more evidence implicate that high
mechanical property promoted osteogenic differentiation but
inhibited adipogenic differentiation of stem cells.*® The intra-
cellular NP may affect cytoskeleton assembly and increase the
Young's modulus of stem cells, enhance the following osteo-
genic differentiation.'*®

Upon NPs contact with cells, they will interact with cell
membranes and be internalized by stem cells, are encapsulated
into vesicles and then transported inside the cells. This process
was a dynamic process and NPs were movable continually.
During these process, NPs will interact with membrane recep-
tors of the cells or intracellular biomolecules may trigger
cellular signaling pathway to induce the specific differentiation
of stem cells.” Since the complexes of the cellular environment
and various of NPs, it is hard to distinguish the interaction
between the cellular biomolecules with NPs. In addition, the
surface protein adsorption and the potential cytotoxicity (e.g.,
lysosomal dysfunction) induced by NPs may play a substantial
role in impacting the fate of stem cells.

RSC Adv., 2018, 8, 17656-17676 | 17671


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra02424c

Open Access Article. Published on 15 May 2018. Downloaded on 12/5/2025 7:39:52 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Actually, cell differentiation mediated by NPs is a very
complicated process that relates to many possible mechanisms
and signaling pathways. Maybe future efforts should be made to
fully understand the mechanisms of stem cell differentiation
influenced by NPs.

5 Conclusions and perspectives

In the current review, we have summarized the application of
NMs for stem cell therapy and the interaction between NMs and
stem cells. NMs as carriers or imaging agents have been widely
applied in stem cell therapy, which has led to the attention of
NMs themselves intervening stem cell behavior such as toxicity,
differentiation and so on. Accumulating evidence certificates
that the emerging possibility that nanotechnology offers for
monitoring and manipulation of stem cells at a nanoscale level.
Although a few NMs alone or as a conjugated inductive agent
have been successfully applied in stem cell therapy, it remains
a challenge to completely realize this promise.

One challenge is to gain a deeper understanding of the long-
term effects of each component of the NPs on stem cell fate in
vitro and in vivo. The influence of NP physical and chemical
properties including composition, surface functionality, struc-
ture, morphology and size on stem cell differentiation should
be systematically evaluated. The increasing evidence showed
that NPs could activate or inhibit differentiation in a variety of
stem cell types. More interestingly, some NPs have presented
their intrinsic selectivity in inducing or inhibiting differentia-
tion in stem cells. However, investigations of how NMs interact
with stem cells and their subsequent intracellular stability is
still limited. Moreover, considerable ranges of particles
including biodegradable polymeric particles and some metal or
metal oxide particles are not stable, and release ions or mole-
cules under the acidic and enzymatic intracellular environment.
These released ions or molecules have a large potential to affect
the viability and fate of stem cells. Considering this, two kinds
of biodegradable NMs, chitosan and DNA nanostructures, are
worth exploring as nanocarriers for drug delivery due to their
low toxicity. Moreover, TiO,, GO, NDs and CNTs are ideal
biocompatible and mechanically platforms that are worth
searching for 2D matrix supports or 3D nano-scaffolds to
facilitate stem cell differentiation. Apart from cell types,
microenvironment should also be considered, which may
influence the interactions of the NMs and stem cells. Addi-
tionally, compared with the traditional induction medium, the
NP especially the soft NM inducing effects on stem cell differ-
entiation are relatively weak. Therefore, the NP should be
designed with certain structure and bioactive characteristics in
the future, which present low cytotoxicity and strong capability
to control stem cell differentiation to specific lineages upon
desired.

Simultaneously, a continuous challenge exists to investigate
the possible mechanism of stem cell fates influenced by NMs.
Future studies are necessary to research the stem cell-NP
interaction and the associated signal pathway relevant to the
cell differentiation. In addition, the mechanical stress of the
stem cells caused by the NPs especially the hard NMs should be
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View Article Online

Review

cared. Maybe the best solution is to properly visualize the
interactions of stem cells within the microenvironment. The
advanced development of nanotechnology may facilitate the
realization of the real time imaging during the monitoring stem
cell behaviors in a more realistic environment as opposed to in
a culture dish. Thus, the observation of NM interactions in stem
cell-therapy applications will remain a fundamental design
process. The new inductive mechanisms will start to attract the
research community interests.

Finally, developing novel biocompatible and multifunctional
NMs as nanocarriers or imaging agents for stem cell therapy is
urgently needed. The advances in nano-synthetic chemistry and
nanotechnology allowed the generation of numerous NMs with
desirable morphology, nanostructure, physiochemical proper-
ties and biological effects. Therefore, it is highly expected that
more NMs will be developed and introduced into the field of
stem cell therapy. Future explorations into potency assays to
estimate the system's potential and refine the design process of
NMs will require an even tighter coupling of material science
with molecular and developmental biology. The future NM
design for stem cell therapy is to enhance stem cell induction
through nanomaterial composition. Considering the weak
induction of NMs themselves, combine the bioactive NMs and
inductive agents could achieve high spatial and temporal
control of stem cell behavior. Therefore, future studies are
necessary to determine the amalgamation of cellular pathways
for efficacious induction and potency maintenance in
conjunction with the timing of activation. Additionally, some
concepts of traditional nanomedicine can be used to design and
construct the novel NMs. For example, the development of
multifunctional NPs can endow them with diagnostic-imaging
and therapeutic performance, thus they can concurrently
realize the NP-induced stem cell therapy and the corresponding
therapeutic guidance and monitoring by the real-time molec-
ular imaging.

Although the stem cell-NP interaction as well as NP-
mediated differentiation warrants further investigation, we
anticipate that NPs could be widely used to program cell
differentiation direction and be still promising for the appli-
cation in stem cell therapy and will certainly have a break-
through in the near future.
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