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Nanomaterials for Engineering Stem Cell Responses

Punyavee Kerativitayanan, James K. Carrow, and Akhilesh K. Gaharwar*

Recent progress in nanotechnology has stimulated the development of multi-
functional biomaterials for tissue engineering applications. Synergistic inter-
actions between nanomaterials and stem cell engineering offer numerous
possibilities to address some of the daunting challenges in regenerative
medicine, such as controlling trigger differentiation, immune reactions, lim-
ited supply of stem cells, and engineering complex tissue structures. Specifi-
cally, the interactions between stem cells and their microenvironment play
key roles in controlling stem cell fate, which underlines therapeutic success.
However, the interactions between nanomaterials and stem cells are not well
understood, and the effects of the nanomaterials shape, surface morphology,
and chemical functionality on cellular processes need critical evaluation. In
this Review, focus is put on recent development in nanomaterial-stem cell
interactions, with specific emphasis on their application in regenerative medi-
cine. Further, the emerging technologies based on nanomaterials developed
over the past decade for stem cell engineering are reviewed, as well as the
potential applications of these nanomaterials in tissue regeneration, stem cell
isolation, and drug/gene delivery. It is anticipated that the enhanced under-
standing of nanomaterial-stem cell interactions will facilitate improved bio-
material design for a range of biomedical and biotechnological applications.

1. Introduction

Advances in nanotechnology have resulted in the develop-
ment of advanced biomaterials with custom property com-
binations. A range of biomedical nanomaterials have been
developed to mimic tissue complexity and modulating stem
cell functions, resulting in many therapeutic benefits.!l In
this Review, we focus on nanomaterials that possess at least
one physical dimension between 1-100 nm utilized in tissue
engineering. Nanomaterials are not a simple miniaturization
of macroscopic counterparts; they exhibit distinctive physical,
chemical, optical, and mechanical properties due to a high
specific surface area.’ The unique properties of nanoma-
terials offer implementation in nanoelectronic devices to bio-
medical applications.*”] The applications of nanomaterials in

P. Kerativitayanan, ). K. Carrow, Prof. A. K. Gaharwar E' H E
Department of Biomedical Engineering ﬁ
Texas A&M University :
College Station, TX 77843, USA

E-mail: gaharwar@tamu.edu

Prof. A. K. Gaharwar

Department of Materials Science and Engineering
Texas A&M University

College Station, TX 77843, USA

DOI: 10.1002/adhm.201500272

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

biomedical research emanate from similar
length scales with the majority of biolog-
ical moieties such as structural protein,
deoxyribonucleic acid (DNA), signaling
molecules, antibodies, and extracellular
matrices (ECMs). A cell itself is essentially
a multifunctional particle comprised of
nano compartments such as cell mem-
branes, surface proteins, cytoskeletons,
and nuclear membranes containing DNA.
Owing to their small size, nanomaterials
can widely interact with the physiological
environment and enable the develop-
ment of systems that mimic structural
complexity and functions of ECMs.”#]
For example, an ECM is a dynamic struc-
ture that consists of different nanofibers
(such as collagen, actin filaments, etc.),
nanocrystals, and signaling molecules.
Because nanomaterials are small enough
to interact and alter cellularlevel func-
tions, they are expected to provide a new
framework for medical intervention and
diagnosis.

Stem cells are unspecialized precursor
cells with self-renewal capacity and the potential to differentiate
into different lineages given the appropriate signals.”] Stem
cells can be classified into two types: embryonic stem cells
(ESCs) obtained from the inner cell mass of the blastocyst, and
adult stem cells, found in postnatal tissues such as the umbil-
ical cord, bone m arrow, dental pulp, adipose, and neuron tis-
sues.'% ESCs are an ideal cell source for regenerative medicine
due to their indefinite self-renewal and pluripotency. However,
there are some ethical questions concerning the use of embryos
to obtain ESCs. Multipotent adult stem cells are an alternative
with fewer ethical issues, but they have limited differentia-
tion and self-renewal capacity, limiting their applications.[112]
Hence, researchers have attempted to reprogram somatic cells
into pluripotent stem cells by somatic cell nuclear transfer
(SCNT) and by inducing the expression of embryonic transcrip-
tion factors to generate induced pluripotent stem cells (iPSCs).
Still, the reprogramming efficiency and the epigenetic abnor-
malities of the cells differentiated from SCNT and iPS cells are
debatable.[¥] Because of the confluence of nanomaterials and
stem cells, the restoration and regeneration of diseased cells
and tissues are becoming a clinical possibility that will result in
therapies for currently incurable diseases.

However, certain challenges must be addressed before stem
cells can be fully applied to medical treatments. These include
controlling self-renewal processes, proliferation, and regulating
the differentiation of stem cells.'*!°] Nanomaterials have the
ability to control stem cell behavior due to their small size
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and Dbioactive characteristics.'*71 Research has shown that
chemical composition, surface topography, mechanical charac-
teristics, electrical properties, and morphological properties of
nanomaterials significantly influence stem cell responses.['*9]
For example, ceramic nanoparticles such as synthetic silicates
induce osteogenic differentiation of adult stem cells without
using any growth factors.2% In other studies, quantum dots,
fluorescent carbon nanotubes, and magnetic nanoparticles were
used for labeling stem cells, permitting a noninvasive moni-
toring after transplantation, and subsequent delivery of drugs
and genes into stem cells.[®1021:22] Sjgstrém et al. reported that
the height of pillar-like nanostructures on a titanium scaffold
greatly influenced mesenchymal stem cells behaviors.?3! Specif-
ically, the stem cells on the 15 nm high pillars were spread with
a large focal adhesion, whereas those on the 100 nm high pil-
lars formed a small focal adhesion with poorly defined cytoskel-
etons.?’l All these studies showed that nanomaterials can be
designed to provide an inductive microenvironment to direct
stem cell differentiation in a controllable manner. Overall, a
range of multifunctional nanomaterials for tissue engineering
applications have been developed and investigated over the past
few years. However, the interactions between nanomaterials
and stem cells are not completely understood.

In this Review, we critically evaluate the interactions between
different types of nanomaterials with stem cells, focusing exclu-
sively on tissue engineering applications. Stem cells employ
a host of biological mechanisms to respond to incorporated
nanomaterials, dependent on material type, structure, chemical
functionality, and topographical characteristics. These cellular
responses provide tissue engineers with a host of tools to con-
trol stem cell behavior and achieve a targeted therapeutic out-
come, like tissue regeneration, cancer treatment, or immune
modulation. First, we discuss the effect of nanotopography,
such as nanofibers and nanopatterns, in controlling stem cell
behavior. Second, we critically evaluate interactions between
stem cells and different nanomaterials. A range of nanoparti-
cles, including polymeric, ceramic, carbon-based, and metal/
metal oxide nanomaterials to control stem cells' adhesion, pro-
liferation, and differentiation. Finally, we discuss some of the
emerging trends in the field of nanomaterials for stem cell
engineering (Figure 1). It is expected that the enhanced under-
standing of nanomaterial-stem cell interactions will be benefi-
cial in designing the next generation of clinical therapies.

2. Nanotopography for Stem Cell Engineering

ECMs provide crucial information to regulate stem cell
behavior and tissue formation. For example, a cardiac ECM
is composed of a nanoscale interweave pattern of elastin and
collagen fibrils that form a dense network with ECM mole-
cules, which forces cardiomyocytes to couple mechanically to
one another, forming elongated bundles of anisotropic syncy-
tium.?l One of the approaches to direct the stem cell fate is to
provide physical clues that allow the cells to sense the clue and
direct their fate (Figure 2). Stem cells have been shown to sense
and differentially respond to substrate nanotopography. The
phenomenon of mechanotransduction profoundly affects their
morphology, proliferation, gene expression, and, ultimately,
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differentiation.l?*?’! For example, stem cell behavior could be
dictated solely by altering nanotopography.?®! Several engi-
neering techniques have been developed to obtain structures
with nano features, including nanofibrous scaffolds and nano-
topographical surfaces.?”.?8! Nanofibrous scaffolds fabricated by
electrospinning or phase-separation techniques create a biomi-
metic microenvironment in the length scale that cells normally
encounter within their extracellular milieu. These fibrous scaf-
folds possess a large surface-area-to-volume ratio with highly
interconnected porosity to modulate cell migration.?*3% Simi-
larly, nanopatterning provides control over the degree of cell
adhesion, spreading, and migration. In this section, we discuss
two major strategies—nanofibrous structures and nanopat-
terning—to control stem cell behavior.

2.1. Stem Cell Interaction with Nanofibrous Structures

By controlling the surface morphology, alignment, and topog-
raphy of fibrous scaffolds, stem cell fate can be modified to
engineer different tissue types (Figure 2a). Both electrospin-
ning and phase separation are versatile techniques to fabricate
nanofibrous scaffolds from polymer and polymer blends.[7:31:32]
A range of physical and chemical properties can be controlled by
changing the processing parameters. Additionally, surface mod-
ification techniques can also be employed to fine-tune the stem
cell fate. A variety of polymers and polymer blends have been
used to create nanofibrous scaffolds using electrospinning and
phase-separation techniques, such as poly(caprolactone) (PCL),
poly(i-Lactic acid) (PLLA), and PLLA/collagen blend (03133l
Among these polymers, PCL is one of the most widely
studied. Xie et al. reported the effects of randomly and uniaxi-
ally aligned PCL nanofibers on ESC differentiation into neural
lineages.?¥l The cells seeded on random nanofibers localized
to form embryoid bodies (EBs), while those seeded on aligned
nanofibers migrated along the fiber axes and differentiated
into mature neuronal lineages. There were fewer astrocytes on
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Figure 1. Nanoparticle interactions with stem cells comprise interplay of multiple mechanisms, including physical, chemical, or surface interactions.
Physical interactions are dependent on size, shape, and stiffness of the nanoparticles, whereas chemical interactions include the presence of ions,
growth factors or hydrophilic moieties. Surface interactions revolve around surface patterning, like nanopillar spacing or size and surface roughness.
similarly, chemical modification to the nanomaterial surface via introduction of cell binding sites. The combined effects of these various interactions
contribute to the differentiation capabilities of the nanomaterial and can lead to a variety of tissues including but not limited to cardiac, bone, hepatic,
muscle, cartilage, and nerve tissues. Some of the emerging applications of nanomaterials include immune modulation and smart drug delivery devices.

aligned nanofibers, which helped in reducing glial scar forma-
tion during spinal cord injury.*¥ However, the formation of a
functional junction between mature neuronal cells needs to be
investigated.

Similar studies were conducted with neural stem cells
(NSCs) on electrospun PCL. Lim et al. reported that cells on
aligned nanofibers elongated and neurites extended along the
fiber axes.I®] Consistent with Xie et al., other studies found
greater fractions of immature neuronal markers (Tujl+) on
the aligned fibers compared to the random ones.3*3’! The sig-
nificant number of Tuj1l+ cells on aligned fibers was attributed
to two mechanisms.*! First, the aligned fibers promoted the
attachment and growth of neuronal progenitors while having
a negative selection against non-neuronal cells. Second, the
topography changed the cell-fiber contact patterns, leading to
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cytoskeleton rearrangements and subsequent changes in intra-
cellular canonical Wnt/f catenin signaling, which correlated
with increased neurogenesis of NSCs.*! Further investigation
is still needed to identify the transition steps connecting struc-
tural changes with downstream signaling pathways.
Electrospun PCL is also used to dictate chondrogenic differ-
entiation for engineering a superficial zone of articular carti-
lage.*¥ In one study, stem cells seeded on nanofibrous scaffolds
promoted chondrogenesis compared to those seeded on micro-
fibrous scaffolds,®! mainly due to the circular morphology of
stem cells seeded on nanofibrous scaffolds, versus the elon-
gated cells on microfibrous scaffolds. Cells on nanofibers pro-
duced high levels of glycosaminoglycan (GAGs), collagen type
II and aggrecan, suggesting that nanofibrous PCL scaffolds
may be suitable for regenerating a superficial zone of articular
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Figure 2. Various nanotopographical modifications alter cell behavior and
therefore stem cell outcomes. a) Random nanofibers promote embryoid
body, bone, and cartilage formation, while aligned nanofibers show
enhanced neuronal induction with directed neurite extension as well as
cardiac and myogenic induction. b) Surfaces with increasing nano-com-
plexity and roughness via nanopillars, nanodots, or nanogrooves induce
differentiation while smoother surfaces are preferential for potency main-
tenance. Nanopillars augmented cell adhesion and growth versus micro-

pillars while also forming large cell aggregates, while micropillars induced
greater cell spreading.

cartilage, which is naturally enriched with collagen type I1.33¢)
Similarly, Binulal et al. employed electrospun PCL scaffolds
for bone tissue engineering and reported that mesenchymal
stem cells (MSCs) spread more rapidly and proliferated better
on nanofibrous scaffolds compared to microfibrous counter-
parts.’”) They suggested that the protein conformation on
nanofibers might be more favorable for stem cell-material inter-
actions. However, they observed that the protein coverage (pro-
teins per unit fiber surface area) on nanofibers was lower than
that on microfibers. The total proteins adsorbed on nanofibers
were greater than those adsorbed on microfibers but resulted in
lower protein coverage when divided by the significantly higher
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surface area.’”! It is possible that the number of adsorbed pro-
teins might be more important than the coverage, where not
all surfaces of nanofibrous scaffolds are accessible for proteins.
Nevertheless, further studies focusing on protein conforma-
tions might reveal the underlying mechanisms.

The mechano-topographic modulation of a stem cell's
nuclear shape can be used to modulate cell behaviors by intra/
extracellular perturbations. In particular, the deformation of
nuclear morphology has been correlated with changes in gene
expression.’¥ Nathan et al. reported that MSCs on aligned PCL
nanofibers were elongated and had a higher nuclear aspect
ratio (NAR) than cells seeded on random scaffolds.’® More-
over, the application of static tension has been found to stretch
the fibers, subsequently further lengthening the cells and reori-
enting nuclei in the direction of the applied load. Interestingly,
compared with MSCs, fibrochondrocytes (differentiated cells)
were reported to be less sensitive to changes in fiber align-
ment and external forces, perhaps due to different nuclear
stiffness, i.e., the intrinsic nuclear stiffness increases with dif-
ferentiation.®¥ Furthermore, stem cells from different sources
were found to respond differently to the same nanotopog-
raphy. Kolambkar et al. showed that amniotic fluid stem cells
(AFSCs) on electrospun PCL had a higher initial attachment
and proliferation rate when compared to MSCs.B% Also, in an
osteoconductive medium, AFSCs displayed a delayed alkaline
phosphatase (ALP) activity but enhanced mineralization. These
studies indicate that there might be strong correlation between
nuclear shapes and stem cell fate.

Another technique to fabricate nanofibrous scaffolds is
phase separation. Smith et al. studied osteogenic differen-
tiation of ESCs on PLLA scaffolds with nanofibrous architec-
ture.* Using the phase-separation technique, nanofibers with
a diameter similar to that of collagen type I in the bone ECM
(50-500 nm) were fabricated. Cells seeded on nanofibrous
matrices assumed round-shaped morphology and displayed
enhanced interaction with surrounding nanofibers' structure in
3D microenvironments compared to cells on a solid substrate.
The enhanced cell-fibrous interaction resulted in upregulation
of osteogenic markers. However, one of the drawbacks of these
nanofibrous scaffolds was lack of cellular infiltration, which
could limit the tissue regeneration since cell penetration is a
crucial factor to success in tissue engineering. Use of other fab-
rication techniques such as porogen leaching along with phase
separation might provide scaffolds with micrometer-sized pores
for enhanced cellular infiltration.

A range of synthetic polymers can be used to fabricate
nanofibrous scaffolds using phase-separation techniques. Xu
et al. developed 3D nanofibrous scaffolds via phase-separation
techniques using polyhydroxyalkonates (PHA), a family of poly-
ester biopolymers that includes PLA, poly(3-hydroxybutyrate)
(PHB), poly(3-hydroxybutyrate-co-3-hydroxyvalerate (PHBYV),
poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHXx), and
poly(3-hydroxybutyrate-co-4-hydroxybutyrate) ~ (P3HB4HB).[*!]
PHA has been used to fabricate nerve conduits with good
nerve regeneration capacity. NSCs seeded on PHA-based scaf-
folds showed good neurite connectivity, especially prominent
on PHBHHx matrices. Also, cell viability and the propensity of
NSCs’ differentiation toward neuronal lineages are the highest
on PHBHHXx nanofibrous scaffolds, mainly due to the surface
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topography and hydrophilicity of PHBHHx nanofibrous scaf-
folds. Scanning electron microscopy (SEM) showed that neur-
ites could penetrate into the interior of PHBHHx nanofibrous
scaffolds and establish close connections between cells, sug-
gesting that the scaffolds provided positive cues for guiding the
neurite outgrowth.

2.2. Nanopatterned Surfaces to Control Stem Cell Fate

Two main objectives of tissue engineering with stem cells are
controlling proliferation without differentiation and inducing
differentiation to specific lineages when desired. In addition
to nanofibrous scaffolds, nanostructured surfaces have pro-
found effects on stem cell behaviors.'>*! Maintaining stem
cell potency is important in order to expand the cells and obtain
sufficient numbers for clinical therapies. Nanostructure sur-
faces can be used to either maintain stemness or induce dif-
ferentiation (Figure 2b). Chen et al. investigated the influences
of surface roughness (R), ranging from 1-150 nm, on ESCs’
adhesion, spreading, and selfrenewal.*}] They observed that
undifferentiated cells preferentially adhered to smooth sur-
faces (R = 1 nm), and adhered less to surfaces with increasing
roughness. In particular, smooth glass surfaces maintained
the stemness and self-renewal capacity of ESCs in a long-term
culture, whereas nanorough surfaces induced spontaneous
differentiation.[*’!

Using lithography methods, nanoscale patterns with pre-
cisely controlled dimensions and spatial orientation can be
fabricated. Lee et al. reported that MSCs seeded on 350 nm
ridge/groove pattern arrays (350 nm spacing, 500 nm height)
elongated in the direction of the ridges/grooves, whereas cells
seeded on flat surfaces had random orientation.*¥l Additionally,
the effect of nanopatterns was also evident on stem cell fate.
For example, cells seeded on ridge/groove substrates differenti-
ated into neuronal lineages in the absence of soluble inductive
agents, while those on flat surfaces remained undifferentiated.
These results were similar to stem cell behaviors on aligned
nanofibers discussed previously.***! In another study, Martino
et al. investigated MSCs' behavior on hydrogenated amorphous
carbon (a-C:H) films with grids, grooves, and flat surfaces.
Interestingly, grooved nanopatterns guided the cell alignment
in a similar manner as 350 nm ridge/groove patterns, but the
grids did not.*! Also, comparing 70/40 nm, 40/30 nm, and
30/20 nm (groove width/groove spacing) grooves demonstrated
that cells elongated the most on 40/30 nm patterns. The results
suggested that width and spacing dimensions are impor-
tant parameters in directing stem cell fate. However, it is still
unclear why grooves played a more active role in cell alignment
than grids, what caused cells to elongate the most on 40/30 nm
grooves, and why dimensions of grids (40/20 nm and 20/10 nm
(square length/square spacing) had negligible effects on cell
alignment and elongation.

In order to investigate the effects of different nanopatterns,
You et al. fabricated nanostructured polyurethane (PU) sub-
strates with dots (150, 400, and 600 nm diameter) and lines (150,
400, and 600 nm width).*sl In osteogenic media, MSCs on nano-
structured substrates, except the 600 nm lines and dots, had a
significantly higher ALP activity in comparison to the cells on
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unpatterned PU surfaces (controls). The highest differentiation
propensity was observed on the 400 nm dotted surfaces, high-
lighting the ability of cells to sense the nanopatterns. It might
be possible that the 400 nm dotted substrates mimic the surface
roughness of natural bone. However, the reasons for the absence
of ALP activity on 600 nm dot and line substrates are unclear. It
could be related to cell attachment and penetration into nano-
structured substrates, which need to be further investigated.

Besides width, spacing, and shape, height of nanopatterns
also has significant influence on stem cell responses. Sjostrom
et al. fabricated titania nanopillars with 15, 55, and 100 nm
heights on titanium (Ti) surfaces using anodization.l’3l MSCs
seeded on 15 nm patterns formed large focal adhesions with
highly organized cytoskeletons. With an increase in nanopat-
tern height, the focal adhesions shrunk and the cytoskeletons
were less organized. Similarly, nanopatterns with 15 and 55 nm
heights showed significantly enhanced cell spreading compared
to nanopatterns with 100 nm pillars and polished Ti surfaces
(controls). Thus, the increase in z-dimensions (up and down) of
the nanostructures had impaired effects on cellular responses.
However, it should be noted that lateral spaces between the
ridges of the pillars were 12, 33, and 60 nm for the 15, 55, and
100 nm high nanopillars, respectively. Also, research has shown
that spacing affects stem cell behaviors. Therefore, the observed
results could be the combinative effects of height and spacing
of nanostructures. %’

Combinations of nano and micro features can provide
important insight into stem cell response. Brammer et al.
compared hydrophobic nanopillars (20 nm) with micropillars
(2 pm); both had a height of 2.5 pm on silicon substrates.[“%]
Nanopillars were more hydrophobic than micropillars and
showed enhanced MSC adhesion and growth compared to their
micro-sized counterparts. The hydrophobicity and smaller fea-
tures of nanopillars might affect density, conformation, and
organization of adsorbed proteins, influencing cell adhesion.
In particular, the dimension of 20 nm pillars is comparable to
the typical size of globular proteins such that they might induce
the high local protein density, thereby enhancing cell adhesion.
In addition, cells on nanopillars formed large aggregates and
their spreading was restrained. On the other hand, cells grew
over and between micropillars as if they were not affected by
the features. In the absence of biochemical-inducing reagents,
MSCs seeded on nanopillar surfaces had dominant osteogenic
differentiation among the three potential lineages of osteogen-
esis, chondrogenesis, and adipogenesis. Researchers hypoth-
esized that cell aggregation on nanopillars is responsible for
osteogenic differentiation since enhanced cell-cell interactions
are expected to promote osteogenic differentiation. Neverthe-
less, restrained cell spreading is not typical for enhancing oste-
ogenic differentiation, based on other studies, which showed
that increased MSC spreading is linked to increased osteogenic
differentiation.l**~*8] This discrepancy might be attributed to the
intrinsic non-uniformities of nanopillars created by an etching
technique since nanoscale disorder alone could promote oste-
ogenic differentiation.*¥] It could also be due to the height of
nanopillars; previous studies demonstrated that cell spreading
decreased with the increasing height of nanopillars.234
Although micropillars had the same height, the effects were
likely compensated for by the effects of the microscale diameter.
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In a similar study, Oh et al. created 30, 50, 70, and 100 nm
TiO, nanotubes on Ti substrates.’” The results showed that
MSCs seeded on flat surfaces were round with minimum filo-
podia extensions while the cells seeded on nanotube surfaces
were elongated. These morphology changes were more pro-
nounced with increased tube diameter. Moreover, shortly after
incubation, protein aggregates and deposits were found on TiO,
nanotubes. With an increase in nanotube diameter, an increase
in protein adsorption was observed, Whereas significantly less
protein was observed on flat surfaces.”” These results contra-
dicted the hypothesis suggested by Brammer et al. that protein
aggregates would be more common on nanopillars/nanotubes
with comparable sizes of protein aggregates (~20-30 nm in
diameter), compared to larger structures.**! However, it is pos-
sible that hydrophilicity of the surfaces might play an important
role in protein adsorption. As a result of cell stretching/elon-
gation, MSCs on large-diameter nanotubes underwent spon-
taneous osteogenic differentiation, whereas those on flat and
30 nm nanotube surfaces maintained their stemness.5"

Spatial arrangement of nanofeatures could also be used to
control stem cell fate and potency. McMurray et al. fabricated
nanoscale PCL substrates with 120 nm pits in a square arrange-
ment with 300 nm center-center spacing and investigated long-
term maintenance of MSCs' multipotency.P!l The substrates
with £50 nm offset in a pit placement appeared to be osteo-
genic, whereas those with absolute square lattice symmetry per-
mitted prolonged multipotency retention even when cultured
in osteogenic media.

In conclusion, nanotopography could effectively control
stem cell fate and self-renewal, even in the absence of differen-
tiation-inducing reagents. However, there are some discrepan-
cies between studies regarding cellular responses to particular
nanotopography. Several factors could be responsible for these
differences, including material characteristics, surface chem-
istry, mechanical properties, and uniformities of nanofeatures
resulting from different fabrication techniques. The underlying
mechanisms of the observed phenomena are still controversial,
with many hypotheses needing further investigation.

3. Polymeric Nanomaterials for Stem-Cell-Based
Tissue Engineering

Biological molecules such as growth factors (GFs) play critical
roles in tissue engineering, and their presence in a controlled
spatiotemporal manner is of key importance for directing stem
cell fate.32] GFs generally have a short halflife in circulation
and undergo rapid degradation in vivo. Consequently, systemic/
local infusion or bolus injection would be ineffective since stem
cells often only respond to GFs above certain threshold concen-
trations. Repeated administration of GFs may cause toxicity due
to accumulation of GFs or non-specific distribution. Moreover,
GFs can poorly pass through cell membranes owing to their
low diffusivity. Therefore, a delivery system is necessary to pro-
tect GFs from environmental factors and achieve a localized
and controlled release.

Strategies for a sustained GF delivery include direct entrap-
ment or chemical conjugation to scaffolds, and micro/nanopar-
ticulate systems, which can be added to the culture medium or
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incorporated into scaffolds and hydrogels.l'>>? Direct entrap-
ment or covalent conjugation of GFs to scaffolds has been
shown to provide sustained releases. However, the control over
release kinetics is limited. Therefore, micro/nanoparticles as
GF carriers, of which release kinetics can be easily tuned while
minimally interfering with scaffold properties, have gained
increasing interest. Compared to microparticles, nanoparticles
(NPs) have enhanced transport properties and pharmacoki-
netic profiles due to a high surface-to-volume ratio. In par-
ticular, nanoparticles have a higher loading capacity and can
more easily pass through lipid membranes, as well as penetrate
deeper into tissues. Nanoparticulate systems for GF delivery
developed to date include polymer-based, lipid-based, and other
miscellaneous systems. Among these, polymeric nanoparticles
in the forms of nanospheres, nanocapsules, micelles, and den-
dritic particles have been extensively studied.

3.1. Polymeric Nanoparticles as Bioactive Factor Carriers

Polymeric nanoparticles can provide sustained GF release
to effectively control stem cell fate. For example, hepatocyte
growth factor (HGF) was loaded into chitosan nanoparticles
(CNPs) by an ionotrophic gelation method, with particle sizes
of =20-50 nm.3] The monophasic-sustained release of HGF
was observed with 85% of HGF released after 5 weeks. HGF-
CNPs were added to the culture medium, and after 21 weeks
in culture, MSC morphology changed from fibroblast-like to a
round shape, characteristic of hepatic cells. Hepatic differentia-
tion was confirmed by increased expression of albumin. Inter-
estingly, cells in the medium supplemented with an epidermal
growth factor (EFG) (positive controls) were differentiated to a
greater extent than those with HGF-CNPs, perhaps due to the
higher concentration of GFs in the positive controls compared
to the amount released from nanoparticles. The retention of
GF might be attributed to the strong electrostatic interactions
between positive-charged chitosan and proteins.3 Pulavendran
et al. conducted further studies by injecting MSCs together with
HGF-CNPs into mice with liver cirrhosis.® HGF-CNPs effec-
tively enhanced hepatic differentiation of MSCs and induced
the reversal of fibrolysis of liver ECM in vivo.**l However, HGF-
CNPs were not compared with the direct injection of HGF, and
thus the superior performance of CNPs' delivery system in vivo
could not be clearly inferred.

Similarly, Santos et al. used retinoic acid (RA)-loaded, poly-
ethylenimine (PEI)/dextran sulfate (DS) nanoparticles to induce
differentiation of neural stem cells in the subventrical zone
(SVZ) of the brain.’®) SVZ cells readily internalized RA-NPs
and the released RA interacted with the RA receptor (RAR)
and subsequently activated the stress-activated protein kinases
(SAPK)/Jun amino-terminal kinases (JNK) signaling pathway.
This turned on preneurogenic genes that promoted axono-
genesis and axon outgrowth. Moreover, RA-NPs could induce
proneurogenic effects using an RA concentration approximately
2500-fold lower than the solubilized RA. The results indicated
that the epigenetics behind neuronal differentiation by RA-NPs
and solubilized RA are different. In particular, NSCs are a het-
erogeneous cell population that may differentially respond to
RA-NPs and free RA. It was postulated that RA-NPs might be
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able to target a broader population of SVZ cells than free RA.
It is promising that the system may offer a new perspective for
treatments of neurodegenerative diseases.>!

In a similar approach, dexamethasone-loaded carboxym-
ethylchitosan/poly(amidoamine) dendrimer NPs (Dex-loaded
CMCht/PAMAM) were employed for osteogenic differentiation
of rat bone marrow stromal cells (RBMSCs).’® Oliveira et al.
reported that NPs were internalized with high efficiency and
did not cause any adverse effects up to the concentration of 1
mg/mL. In addition, mineralization, ALP activity, and osteoc-
alcin expression of RBMSCs seeded on scaffolds loaded to Dex-
loaded CMCht/PAMAM NPs were comparable to cells cultured
in standard osteogenic media. In vitro release studies revealed
that the concentration of Dex released from NPs is similar to
osteogenic media. The NPs could be used for spatially con-
trolled differentiation if contained within a scaffold or hydrogel.
Additionally, osteogenic media would need to be replenished
after every 2-3 days, whereas a single dose of NPs is sufficient
to induce osteogenic differentiation of stem cells.l>®l

In addition to conventional NPs, core-shell NPs could pro-
vide an additional level of controlled release. Haidar et al.
fabricated a core-shell nanoparticulate system consisting of
a positively charged unilamella liposome core and a shell of
alternating layers of positively charged chitosan and nega-
tively charged sodium alginate.’”! The resulting NPs showed
a shelflife of up to 12 months, which allowed immediate
GF loading before future administrations. The core-shell
design offered copious compartments for BMP-7 entrapment,
resulting in a sustained GF release over 45 days (i.e., an initial
burst followed by a slow release). Liposomes with three and
five alginate-chitosan layers with a maximum loading capacity
of =40% were used for the studies. The loading capacity could
be enhanced up to 80% with a 10-layer shell, but the particle
size grew beyond nanoscale. Also, the results showed that
particles with five layers exhibited a slower release profile
compared to particles with three layers, illustrating the capa-
bility to fine-tune the release of therapeutics. Preosteoblasts
cultured with BMP-7 loaded NPs showed significantly higher
ALP activity than ones supplemented with solubilized BMP-7,
suggesting effective osteogenic differentiation by the NP
system. P!

Besides GFs, transcription factors (TFs) can be effectively
delivered using NPs to direct the differentiation of stem cells/
progenitor cells. For example, polyethylene glycol-based protein
nanocapsules with sizes of =10-20 nm are used for delivery of
recombinant myogenic transcription factors (myoD) to induce
myogenic differentiation of progenitor cells.’® Nuclear locali-
zation of myoD is enhanced due to the nanocapsules delivery
in comparison to native myoD, mainly due to the fact that
although native myoD can penetrate the cell membrane, the
protein gets entrapped in endosomes and degrades during
the internalization. The use of nanoparticles provides a phys-
ical barrier and preserves the activity of myoD. Nanocapsules
loaded with myoD effectively induce myogenic differentiation
compared to native myoD, as evidenced by the elongated and
multinuclear morphologies, which are the hallmarks of myo-
tubes (skeletal lineage). The use of native myoD displays low
levels of myosin heavy chain (My-HC) in progenitor cells, and
elongated multinucleated myotubes morphology is also absent.
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The incomplete differentiation by native myoD may correlate to
a limited activity of myoD delivered to nuclei.®!

Nanoparticles are internalized via different endocytosis
pathways, and cellular internalization of nanoparticles is sig-
nificantly influenced by hydrophobicity, softness, shape, and
surface chemistry of nanoparticle surfaces.’*2 Effects of
these factors on cellular uptake are illustrated in Figure 3.The
size of NPs has been shown to have minor influences on cel-
lular uptake, as long as they are in the range of 50-200 nm.
Lorenz et al. reported that NPs made from softer and more
hydrophobic polymers were taken up to a greater extent.’’!
For example, hydrophobic nanoparticles synthesized from
poly(n-butyl methacrylate) (PBMA), poly(hexyl methacrylate)
(PHMA), and poly(lauryl methacrylate) (PLMA) are internal-
ized more easily compared to hydrophilic nanoparticles fab-
ricated from poly(methyl methacrylate) (PMMA), poly(propyl
methacrylate) (PPMA), and poly(stearyl methacrylate)
(PSMA). Hydrophobicity controls nanoparticles’ interactions
with components of the cellular microenvironment, including
serum proteins and lipid membranes, and ultimately, intra-
cellular uptake. The rationale behind the enhanced cellular
uptake by softer nanoparticles is unclear, but it is hypoth-
esized that soft nanoparticles could deform easily upon cel-
lular contact, leading to a more favorable interaction with
cell membranes in comparison to their harder counterparts
(Figure 3a). Interestingly, poly(t-butyl methacrylate) (PtBMA)
NPs were internalized extremely well by MSCs, compared to
other poly(alkyl methacrylate) NPs and other cell lines, per-
haps due to the hydrolysis of tert-butyl ester groups, which
resulted in carboxylic acids and carboxylated nanoparticles
being internalized by MSCs readily compared to plain poly-
meric NPs (Figure 3b). Since PtBMA NPs are not taken up as
well by other cell types, they have the potential to be used for
MSC targeting.”]

In another study, the effect of shape of nanoparticles was
shown to have significant influences on cellular uptake. Florez
et al. revealed that spherical NPs were readily taken up by
MSCs and Hela compared to their quasi-ellipsoid counter-
parts.[®l The uptake of NPs decreased with an increase in the
aspect ratio (polar axis:equatorial axis). These phenomena could
be explained by the fact that cells needed to wrap around the
polar axis (pole) of NPs during internalization. The stretched
nanoparticles preferentially absorbed on the cell membrane
along their polar axis, thereby making it more difficult for the
highly stretched nanoparticles to be taken up.®¥ Furthermore,
Jiang et al. compared intracellular uptake of polystyrene nano-
particles and amino-functionalized polystyrene nanoparticles by
MSCs to investigate the effects of surface amines on cellular
internalization.®!l Since proteins were known to be adsorbed
on nanoparticle surfaces to form a so-called “protein corona,”
they were expected to likely influence cells/nanoparticles’ inter-
actions. The results showed that amino-functionalized poly-
styrene nanoparticles were taken up rapidly compared to poly-
styrene nanoparticles. The amino-functionalized polystyrene
nanoparticles were taken up via a cadherin-mediated endocy-
tosis, whereas polystyrene nanoparticles were taken up via a
cadherin-independent pathway, mainly due to specific interac-
tions between amine groups on nanoparticle surfaces and cell
endocytosis machinery.[°1:62
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Figure 3. Effects of hydrophobicity, softness, and surface chemistry of nanoparticles on cellular internalization. For example, a) PLMA was more hydro-
phobic and softer than PMMA at 37 °C, thus, was more internalized. The nanoparticles were shown in green and cell membrane in red. Hydrophobicity
influences how nanoparticles interact with their environments, including serum proteins and lipid membranes. More hydrophobic nanoparticles are
taken up to a greater extent (upper panel). Soft nanoparticles can deform upon cell attachment, leading to a more favorable interaction with cell
membranes. Consequently, they are taken up more than their stiffer counterparts (lower panel). Surface chemistry was also shown to influence cel-
lular uptake. For example, b) P'BMA nanoparticles were taken up significantly more than PLMA. This was attributed to the hydrolysis of P'BMA in a
mild acidic media, resulting in a carboxylic group. Carboxylated nanoparticles were reported to be internalized to a greater extent than the plain ones.

Reproduced with permission. Copyright 2010, John Wiley & Sons, Inc.

In a similar study, Zhang et al. evaluated cellular uptake
of polystyrene nanospheres (20 nm diameter) and nanodiscs
(20 nm diameter and 2 nm thickness).[®3] Nanospheres were
readily internalized into Hela cells, whereas nanodiscs were
primarily associated with cell membranes (Figure 4a). Studies
with artificial membranes showed that the capability of nano-
spheres to cross lipid bilayers was six times higher than that of
nanodisks, while membrane retention of nanodiscs was eight
times higher. It was hypothesized that the strong association
of nanodiscs with membranes disturbed the lipid’s arrange-
ment, i.e., reduced the orderliness of lipids, thereby allowing
the nanodiscs to get inside the bilayers. In addition, because
nanodiscs were thinner (2 nm) than cell membranes (5 nm)
and anisotropic in shape, they might have stayed inside the
bilayers and seldom entered cells. As a consequence of lower
internalization, nanodiscs did not induce reactive oxygen spe-
cies (ROS) generation and apoptosis.[®3l Nevertheless, these sce-
narios could be different if nanodiscs were thicker than lipid
bilayers.

Adv. Healthcare Mater. 2015, 4, 1600-1627
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In addition, Agarwal et al. reported that endothelial, epi-
thelial, and immune cells preferentially internalized polyeth-
ylene glycol diacrylate (PEGDA)-based nanodiscs over cuboidal
(quadrilateral cross-section) nanorods for disc-rod pairs with
equivalent volumes.[® The nanodiscs were 70-100 nm thick,
significantly thicker than those used by Zhang et al.l®*l (2 nm).
As a consequence of the increased thickness, they were inter-
nalized instead of residing in lipid bilayers (Figure 4b,c).[6364
Large nanodiscs and nanorods were more effectively taken
up by cells compared to their smaller counterparts, and small
nanospheres were internalized more than larger ones. These
effects resulted from complex interplay between the surface
area in contact with the cell membranes and strain energy
required for membrane deformation. Specifically, larger discs
and rods had larger surface-contact areas, which may have
resulted in stronger adhesion force and subsequently promoted
initial cellular uptake. This effect was minimal for nanospheres,
where the increase in size had little effect on surface-contact
areas. Smaller spheres were readily internalized since the
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strain energy required for bending the membranes was lower.
For discs and rods with equivalent volume and surface area in
contact with cells, discs were taken up more readily due to the
lower energy.[%

In Agarwal et al.’s study, longer nanorods were internalized
more than their shorter counterparts.® The results might seem
counterintuitive to those reported by Florez et al., where the
uptake of quasi-ellipsoids decreased with an increase in aspect
ratio (polar axis:equatorial axis).) However, the nanorods in
this study had quadrilateral cross-sections that might have cre-
ated different effects on cellular uptake compared to quasi-ellip-
soids in the study by Florez et al., which could be thought of as
stretched nanospheres.[®! It is possible that for quasi-ellipsoids,
the effects of increased energy cost dominated the effects of
increased surface area, similar to the case of nanospheres. The
studies by Zhang et al. and Agarwal et al. were not tested on
stem cells, and some of these phenomena might be cell spe-
cific.>:6364 Nevertheless, they provide certain guidelines for
nanomaterial designs with respect to cellular internalization.

3.2. Polymeric Nanoparticle-Loaded Scaffolds

One of the challenges while using NPs for in vivo delivery
includes lack of control over localized delivery. Use of poly-
meric matrices can be used to deliver NPs locally for tissue
engineering applications. In a recent study, platelet-derived
growth factor (PDGF)-loaded poly(lactic-co-glycolic acid)-
monomethoxy-poly(ethylene  glycol) (PLGA-m-PEG) NPs
(=150 nm) were incorporated within nanofibrous collagen
scaffolds.l®®] The controlled release of PDGF was used to
induce tendogenic differentiation of adipose-derived stem cells
(ASCs).l®] NPs were formed by double emulsion techniques,
and NP-collagen fibers were created by electrochemical pro-
cess. NP-loaded scaffolds showed an initial burst release of
PDGEF followed by a sustained released for up to 42 days. Con-
trolled release of PDGF from NPs resulted in tendogenic dif-
ferentiation, as observed by the enhanced expression of tendon
markers on cells seeded on fibrous scaffold. The fibrous col-
lagen scaffold reported here was not covalently crosslinked, and
the crosslinking of collagen would not only improve mechan-
ical integrity of the scaffolds but can also provide control over
the release of entrapped PDGF.

In order to stimulate strong cellular responses, sequential
deliveries of GFs are required. For example, in osteogensis,
simultaneous delivery of BMP-2 and BMP-7 have significantly
stronger influence on cell proliferation and differentiation com-
pared to single GF delivery.®® In a recent study, Yilgor et al. fab-
ricated BMP-2-loaded PLGA nanocapsules and BMP-7-loaded
PHBYV nanocapsules and entrapped the nanoparticles within
chitosan-based scaffolds. PLGA- and PHBV-based nanocom-
posites have different degradation profiles and thus can be used
to deliver GFs in a sequential pattern. Three delivery modes
were compared: single BMP-2/BMP-7, simultaneous BMP-2
and BMP-7 (both GFs in PLGA nanocapsules), and sequential
BMP-2 followed by BMP-7 delivery. The results indicated that
MSCs seeded on BMP-2-loaded nanocapsules had lower prolif-
eration and higher ALP activity than the ones on BMP-7-loaded
nanocapsules, whereas simultaneous delivery yielded a higher
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ALP activity than BMP-7 nanocapsules but lower than BMP-
2-nanocapsules. Most importantly, sequential delivery resulted
in a significantly higher degree of osteogenic differentiation,
suggesting the importance of GF delivery in a spatiotemporally
controlled manner.[°®!

In a similar study, Dyondi et al. fabricated injectable gellan,
xantan-based hydrogels loaded with chitosan NPs.[”] Chitosan
NPs act as a dual GF delivery system for promoting differen-
tiation of fetal osteoblasts. BMP-7/bFGF-loaded chitosan NPs
showed a sustained release profile compared to free GFs in
hydrogels. The sustained release of GFs resulted in significantly
higher calcium deposition on hydrogels loaded with GFs. Ear-
lier studies have shown that chitosan upregulates several osteo-
genic genes associated with matrix mineralization. Thus, the
increase in calcium deposition on nanocomposite hydrogels
could be attributed to the combinatorial effects of GFs and a
chitosan matrix.[”]

Overall, GF-loaded nanoparticles can be incorporated
within different scaffold structures such as fibrous scaffolds,
hydrogels, and porous scaffolds to direct stem cell differen-
tiation. By controlling the release of GFs from NPs, different
cellular processes can be enhanced or suppressed. A range of
strategies can be employed to control the delivery of growth
factors in a sequential manner to mimic or enhance native
microenvironments.

3.3. Polymeric Nanofibers as Delivery Systems

Besides using NPs as GF carriers, direct entrapment and
chemical conjugation of GFs to scaffolds have been shown to
provide sustained releases. Jiang et al. encapsulated RA within
PCL/gelatin nanofibrous scaffolds. A sustained release was
obtained for at least 14 days with a cumulative release of 60%.
By combining nanotopography with sustained RA release, neu-
ronal marker expressions were enhanced compared with bolus
delivery.®®! Similarly, Horne et al. demonstrated that tethering
brain-derived neurotrophic factors (BDNF) to PCL nanofibrous
scaffolds enhanced NSCs' proliferation and differentiation
toward neurons and oligodendrocytes, compared to culturing
with soluble BDNF in the media.%”! Nerve growth factor (NGF)
was also conjugated to electrospun, amine-functionalized, PCL-
PEG block co-polymers. Cho et al. showed that conjugated
BDNF had superior bioactivity compared to the factors directly
adsorbed onto the fibers, resulting in a higher expression of
neuronal markers. ")

To overcome low drug-loading capacity, burst release, and
limited control of release kinetics associated with electrospun
nanofibers as delivery carriers, core-shell nanofibers have been
introduced. Not only do they protect GFs from a harsh envi-
ronment and provide a sustained release, but they also allow
modifications of delivery systems while minimally affecting
core materials.’"7%! For example, Su et al. studied the controlled
release of Dex and BMP-2 from core-shell PLLACL-collagen
nanofibers. It was found that Dex and BMP-2 released from
core-shell nanofibers were sustained longer than those released
from PLLACL/collagen blend electrospun fibers. Furthermore,
three modes of delivery were investigated: Dex and BMP-2 in
the core, Dex in the shell and BMP-2 in the core, and Dex and
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Figure 4. Effects of shape of nanoparticles on cellular uptake. Note that nanoparticles are were shown in green, cell membrane in red; and white
arrows pointed to nanoparticles attached to the membrane. The comparative extent of internalization was resulted from complex interplay between
strain energy required for membrane deformation and surface area of contact. The dominant factor for each shape is designated with either E or A.
a) Spherical nanoparticles were internalized more than quasi-ellipsoids; and the uptake of quasi-ellipsoids decreased with increasing aspect ratio
(polar axis:equatorial axis) due to the higher energy required to wrap cell membranes around the particles. b) Nanodiscs which are thinner than cell
membranes tended to stay inside the bilayers and seldom entered cells. c) On the other hand, nanodiscs significantly thicker than cell membrane
were readily internalized, and to a greater extent than cuboidal nanorods with an equal volume. Reproduced with permission.[¢1:63 Copyright 2010 and

2012, American Chemical Society.

BMP-2 in the shell. It was apparent that for the BMP-2-core/
Dex-shell case, Dex displayed a more initial burst release fol-
lowed by a slower increase. When Dex and BMP-2 were in the
same compartment, the BMP-2 release was slightly faster with a
higher final accumulative release than Dex. The release kinetics
were mainly influenced by diffusion and polymer degradation.
In particular, drugs initially diffused through pores of fibers
and then changed to a combined diffusion/erosion mechanism.
Moreover, cell studies showed that ALP activity, and hence, the
extent of osteogenic differentiation, was proportional to the
amount of drugs released at a particular time point. Interest-
ingly, MSCs cultured with solubilized Dex and BMP-2 (tissue
culture polystyrene (TCP) controls) were more differentiated

Adv. Healthcare Mater. 2015, 4, 1600-1627
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than those on core-shell nanofibers. One possibility was that
changing the medium in the first 7 days of culture removed an
initial burst of BMP-2 and Dex, and thus their concentration in
the medium was lower than that available in TCP controls.”!]
In addition to core-shell design, depot-like amphiphilic
scaffolds have been shown to prolong the release of bioac-
tive factors (Figure 5).173l Recently, sustained release of Dex
from beaded electrospun poly(ethylene oxide terephthalate)-
poly(butylene terephthalate) (PEOT/PBT) scaffolds was
reported.”3 Amphiphilic beads served as drug reservoirs inte-
grated within nanofibers. An initial burst followed by sustained
release of Dex for up to 4 weeks was observed. MSCs seeded on
the scaffolds showed enhanced ALP activity and formation of a
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Figure 5. Nanofibrous scaffolds for control release of drug to induce osteogenic differentiation of stem cells. a) Beaded structure integrated within
fibrillar scaffolds act as a drug depot for control release of dexamethasone. Imaging techniques reveal distribution and localization of drug (red) within
the beaded structures. b) Control release of dexamethasone was over a period of three weeks. c) The controlled release of dexamethasone induces
osteogenic differentiation of human stem cells as evident by increase in ALP straining and formation of mineralized matrix (red stain) after 28 days.

Reproduced with permission.”l Copyright 2014, Elsevier.

mineralized matrix, indicating osteogenic differentiation when
compared to bolus delivery of Dex in culture media.’3! This
study highlighted that, as expected, sustained release of drug
can perform better compared to bolus delivery for controlling
stem cell differentiation.

Overall, polymeric nanomaterials have been demonstrated
to possess enormous potential to overcome limitations of
conventional delivery systems. So far, the choice of mate-
rials has been relatively limited, especially for making NPs.
Nevertheless, engineering different sections of delivery sys-
tems, for example, dual/sequential delivery, and targeting
ligands for combinatorial effects would offer great flexibility
in designing polymeric NPs for particular applications in the
future.
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4, Ceramic-Based Nanomaterials
4.1. Nano-Hydroxyapatite

Bioactive nanoceramics such as hydroxyapatite, bioactive
glasses (BG), nanosilicates, and silica nanoparticles (SiNPs)
have been widely used for hard tissue engineering owing to
their bioactive characteristics. Among these materials, nano-
hydroxyapatite (nHA) has been extensively studied due to its
similar chemical composition and structure to bone min-
erals. Due to its similarity with native tissue components, it is
expected that stem cells might be able to recognize the chem-
ical structure of the nanomaterials and might facilitate osteo-
genic differentiation.

Adv. Healthcare Mater. 2015, 4, 1600-1627
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In a recent study, Lee et al. reported that MSCs seeded on
PLGA/nHA nanofibrous scaffolds showed upregulation of
ALP activity, production of mineralized tissue, and osteogenic
gene expressions, compared to cells seeded on PLGA scaf-
folds,”¥ a finding mainly attributed to the osteoconductive
property of nHA and increased protein adsorption on PLGA/
nHA nanofibers. Typically, proteins tend to favorably adsorb on
hydrophilic surfaces, and previous studies have shown that the
addition of nHA increased the hydrophilicity of macroporous
scaffolds, enhancing serum protein adsorption. In this study,
nHA had negligible effects on hydrophilicity of nanofibers.
Therefore, it was postulated that the increased protein adsorp-
tion was rather a consequence of nanofiber roughness in the
presence of nHA. Parameters, which affect protein adsorp-
tion, could be further investigated. In a similar approach, Xue
et al. proposed using porous PLGA/nHA hybrid scaffolds for
osteochondral regeneration.””! They reported that cell attach-
ment, viability, and proliferation on PLGA/nHA scaffolds were
significantly higher than those on PLGA counterparts. In vivo
studies showed that cartilage defects in rats treated with PLGA/
nHA were completely repaired with regenerated hyaline car-
tilages after 12 weeks. On the other hand, for PLGA groups,
the newly formed tissues were mainly fibrocartilages without
obvious bone formation. Despite promising results, designing
gradients in structure and composition of engineered tissue is a
challenge, and other fabrication technologies need to be looked
at to mimic tissue interfaces.

In addition, PCL/Col/nHA nanofibrous scaffolds were
shown to Dbetter support MSC spreading and proliferation
than PCL, Col, and PCL/nHA scaffolds. Also, vitronectin (VN)
and fibronectin (FN) adhesions were markedly greater on the
tri-component scaffolds. These results agree with the fact that
VN and FN promote integrin-dependent cell adhesion and pro-
liferation, as well as osteogenic differentiation. Interestingly,
cells failed to adhere and survive on Col scaffolds despite the
presence of integrin receptors, possibly due to low tensile mod-
ulus of non-crosslinked collagen since it has been established
that substrates that are too elastic can induce cell apoptosis;
however, this hypothesis needs to be further investigated.”® Fur-
thermore, Yang et al. studied behaviors of dental pulp stem cells
(DPSCs) on PCL/gelatin/nHA scaffolds. It was reported that
cells seeded on PCL/gelatin/nHA scaffolds showed a greater
extent of odontoblastic differentiation than cells on PCL/gel-
atin scaffolds in vitro. In addition, DPSC-seeded scaffolds were
implanted into mice. A hard tissue formation was observed
on all scaffolds, with no significant differences between those
with and without nHA. Moreover, there was a negligible tissue
ingrowth for all scaffolds, which might have contributed to the
limited effects of nHA in vivo. Although the addition of nHA
enhanced cell differentiation in vivo, it had no advantage for cell
adhesion and growth, which is discrepant with other studies
that showed that the addition of nHA enhanced cell adhesion
and growth. The authors explained that when nHA was added
to hydrophobic nanofibers, the hydrophilicity was increased,
affecting cellular responses. In contrast, since PCL/gelatin was
already hydrophilic, the increased hydrophilicity from the nHA
addition had negligible effects.””l However, effects of nHA on
hydrophobicity of nanofibers are controversial; the study by
Phipps et al. showed that the addition of nHA to hydrophilic
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nanofibers increased cell spreading and proliferation.”® Thus,
the underlying reasons for these observations are still unclear.

Besides incorporation of nHA to scaffolds, nHA coatings
enhance osteogenic differentiation of stem cells. For example,
Zandi et al. evaluated cytocompatibility of nanorod HA/gelatin
scaffolds coated with nHA by chemical bath deposition.’8! In
comparison with spherical and mixed-shape nHA, nanorod
HA was better distributed in gelatin due to its higher specific
surface area, resulting in higher reactivity. Scaffolds with and
without nHA coatings provided an appropriate environment
for MSC proliferation, with more cells on the coated surfaces,
mainly due to enhanced surface area in the presence of nano-
sized HA."® Similarly, nHA was precipitated on poly(L-lactic
acid)/Poly-benzyl-L-glutamate/Collagen (PLLA/PBLG/Col) scaf-
folds by a calcium phosphate dipping method.””! The prolifera-
tion rate of ASCs was higher on PLLA/PBLG/Col/nHA than on
PLLA/PBLG/Col. Additionally, ALP activity, calcium deposition,
and osteogenic gene expressions were higher on PLLA/PBLG/
Col/nHA scaffolds.”!

Electrospinning of polymer/nHA solutions and coating
scaffolds by nHA precipitation have been shown to enhance
osteogenic differentiation. However, these methods have some
drawbacks. Specifically, embedding nHA inside fibers might
mask its bioactivity. In the latter method, time to achieve a
stable apatite deposition is increased and aggregated CaP might
interfere with porous structures of scaffolds, hindering cell infil-
tration. Therefore, Seyedjafari et al. coated PLLA nanofibers by
direct deposition of nHA and investigated behaviors of seeded
somatic stem cells.®% Using direct deposition, it was expected
that weakly bound nHA would be detached from scaffolds
after rinsing several times, thereby not blocking the pores. The
results showed that nHA had no effects on cell proliferation,
and the proliferation rate on PLLA/nHA and PLLA was lower
than that on TCP. The osteogenic differentiation of stem cells
was the most pronounced on PLLA/nHA, followed by nHA and
TCP, respectively. Interestingly, there was no difference on the
messenger RNA (mRNA) levels of runt-related transcription
factor 2 (Runx2), a transcription factor that involves an orien-
tation of stem cells toward osteogenic lineage, between PLLA/
nHA and PLLA. This finding suggests that nHA induced osteo-
genic differentiation by upregulating mRNA of ALP and osteo-
calcin, for instance, rather than Runx2,®% and agrees with work
by Lin et al. on the inability of nHA to upregulate the Runx2
expression of stem cells.!]

In some studies, use of growth factors along with nHA has
shown promising results. Liu et al. reconstructed alveolar bone
defects using a DPSC-seeded Col/PLLA/nHA hybrid loaded
with BMP-2.82 The hybrid scaffold induced faster mineraliza-
tion, compared with nHA/Col/PLLA, nHA/Col/PLLA/BMP-2,
nHA/Col/PLLA/DPSCs, and autologous bone. Although the
defects were not completely closed after 12 weeks of surgery,
the hybrid might offer an alternative to autologous bone.[#?

4.2. Bioactive Glasses
Bioactive glasses, degradable glasses in a Na,O—CaO-SiO,-P,O5

system, are reported to stimulate bone formation and rapidly
bond with surrounding bone. Despite their relatively complex
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chemistry and difficulty in processing, bioactive glasses have
received significant interest in the past decade.®3l However, very
few reports focus on understanding and evaluating the inter-
actions between nano bioactive glasses (nBGs) and stem cells.
Jones et al. investigated the interactions of nBGs (~250 nm) with
MSCs and monitored the cellular trafficking.®¥ nBGs are inter-
nalized by endocytosis and accumulate inside endosomes in
cytoplasm. In some instances, randomly distributed nBGs were
observed between actin filaments, suggesting that they might
have escaped from endosome. The increase in nBG concentra-
tion resulted in a decrease in metabolic activity and proliferation
in a dose-dependent manner; however, nBG was not cytotoxic
up to the tested concentration of 200 pg/mL. Internalized nBG
appeared to dissolve inside MSCs, leading to increased concen-
trations of soluble calcium and silica. Since intracellular calcium
concentration plays a critical role in regulating oxidative stress
and cell death, this might explain the reduced metabolic activity
of MSCs upon nBG exposure.® In another study, Hong et al.
studied the effects of nBGs on stem cells' biomechanics.®! The
addition of nBGs resulted in a significant decrease in plasma
membrane stiffness of MSCs by =50%, suggesting that calcium
and silicon (ionic dissolution products of nBGs) might alter bio-
mechanical properties of MSCs, thereby facilitating membrane
protrusion and cell spreading. Although this study shed some
light on the interactions between nBGs and stem cells, it is
essential to determine the role of enhanced intracellular min-
eral concentration in controlling cell fate.

A range of bioactive nanocomposites have been fabricated
by combining nBGs with synthetic and natural polymers. In
a recent study, Mota et al. designed chitosan/nBG nanocom-
posite membranes and investigated their interactions with
MSCs and periodontal ligament cells (PDLs).’5 The results
showed that the addition of nBGs enhances PDLs’ proliferation
but not MSCs'. The exact mechanism of cell adhesion on chi-
tosan/nBG nanocomposite surfaces is unclear, and additional
studies need to be performed. Nevertheless, both MSCs and
PDLs seeded on chitosan/nBG had higher calcium concentra-
tion than MSCs seeded on chitosan membranes, suggesting
enhanced mineralized matrix production.®! In a similar study,
Hong et al. reported synthesis and fabrication of collagen (Col)/
nBG nanofiber scaffolds for MSC adhesion, proliferation, and
migration.®® The addition of nBG to the Col resulted in a sig-
nificant increase in ALP activity compared to pure Col scaffolds,
which might be attributed to the ionic dissolution products of
bioactive glasses that upregulate gene expression and promote
osteogenic differentiation of stem cells. It is also believed that
the ionic dissolution products precipitate from the solution and
create an appropriate surface topography and microenviron-
ment for enhanced cell attachment and matrix formation.¢
Despite the potential of nBG for tissue engineering applica-
tions, the localized increase in ionic concentration and long-
term fate of nBG under in vivo conditions need to be investi-
gated in detail.

4.3. Synthetic Silicates Nanoparticles

Synthetic silicate nanoparticles (nanosilicates) are two-dimen-
sional nanomaterials with 20-30 nm diameters and 1 nm
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thickness. Due to the unique shape and surface charge of these
silicate nanoparticles, they interact with stem cells in a substan-
tially different manner compared to other types of nanoparti-
cles. The interaction of nanosilicates with MSCs and ASCs over
a period of 28 days was investigated (Figure 6).2%%788] At a lower
concentration (100 pg/mL), no significant effect was observed
in cellular morphology, proliferation, viability, and production of
ROS and reactive nitrogen species (RNS).2% However, at higher
concentrations, a significant reduction in metabolic activity
was observed. Halfmaximum inhibitory concentration (ICsy),
the concentration of nanosilicates at which metabolic activity
of MSCs was reduced to 50%, was found to be 4 mg/mL.[?
Compared to nHA and SiNPs with similar size, nanosilicates,
showed cytotoxicity at a ten-fold higher concentration, indi-
cating relatively high cytocompatibility.2”) These nanosilicates
are primiraly internalized by cell vial clathrin mediated endocy-
tosis (Figure 6b).1”] Researchers also showed that the addition
of nanosilicates to MSCs upregulated ALP production, osteo-
calcin, osteopontin, and Runx2 in the absence of any osteoin-
ductive growth factors such as Dex and BMP-2 (Figure 6c).[20:%7]
The osteoinductive characteristic of nanosilicates is attributed to
their dissolution products—Na*, Mg?", Si(OH)*, and Li*—which
might promote osteogenic pathways. In particular, orthosilicic
acid (Si(OH),) upregulates bone-related gene expressions and
promotes collagen I synthesis,®] and Li* activates Wnt-respon-
sive genes by regulating the Runx-2 transcription factor.’

In another study, the interaction between nanosilicate-
loaded nanocomposites and stem cells was investigated.l’!
They fabricated physically crosslinked silicate-poly(ethylene
oxide) (PEO) nanocomposite films and showed that at high sili-
cate concentrations (60% and 70%), MSCs prefer to attach to
a nanocomposite surface. In nanocomposites with low silicate
concentrations (40% and 50%), where non-cell-adhesive PEO
chains dominated, cells growth was limited. Because PEO is
non-cell adhesive, the addition of silicates can be used to con-
trol cell spreading and proliferation. A significant increase in
MSCs’ attachment, proliferation, and osteogenic differentiation
was also observed due to the addition of nanosilicates, which
was mainly attributed to enhanced protein adsorption on nano-
silicates present on nanocomposite surfaces.

In addition, Wang et al. incorporated nanosilicates into elec-
trospun PLGA nanofibers.”” Researchers found that more
serum proteins were adsorbed on PLGA/nanosilicates than on
pure PLGA nanofibers, possibly as a consequence of a slight
increase in hydrophilicity and an expansion of nanofibers
upon LAP addition, making them more favorable for protein
adsorption. As a result, cell adhesion and proliferation were
enhanced.”? Similarly, Gaharwar et al. reported that the addi-
tion of nanosilicates to electrospun PCL induced osteogenic dif-
ferentiation.”?] The nanosilicates supported adhesion and pro-
liferation of hMSCs. Also, osteogenic differentiation increased
with nanosilicates contents increasing from 0.1% to 10%, as
evidenced by enhanced ALP activity and matrix mineralization.
Since protein adsorption was comparable among samples, it
was postulated that enhanced differentiation was mainly attrib-
uted to increased surface roughness with increasing nano-
silicate content. It was shown that cells preferably anchor and
stretch their filopodia on a microscale rough surface, leading to
enhanced metabolic activity.l%3]
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Halloysite (HAL) nanoclay (Al,Si,05(OH),-2H,0), an Al
containing nanosilicates, was also shown to induce osteogenic
differentiation of stem cells.? Nitya et al. reported that protein
adsorption, mineral deposition, cell attachment, and spreading
were higher on PCL/Halloysite nanosilicates (PCL/HAL) than
on PCL nanofibrous scaffolds.”¥ MSCs formed more organized
actin cytoskeletons and stress fibers on PCL/HAL nanofibers.
In addition, scaffolds with 4% HAL exhibited higher bioactivity
and better cell responses compared to the ones with 6% HAL,
perhaps due to the higher surface area of PCL/4%HAL from
a smaller fiber diameter and exposed HAL. Similar to LAP-
doped nanofibers, PCL/HAL nanofibrous scaffolds were found
to induce osteogenic differentiation of MSCs in normal growth
media.’¥

Another commonly used layered silicate is montmorillonite
(MMT). Mieszawska et al. reported increased ALP activity, col-
lagen type I, and bone sialoprotein in cells cultured on silk/
MMT films in comparison to those cultured on silk/sodium
silicate (control).® The amount of mineral nodules and sur-
rounding fibrous structures also increased when MMT concen-
tration increased from 0.65% to 1.4%. However, cell viability
on silk/0.32% MMT was comparable to that on silk film and
a TCP culture dish; the viability decreased considerably with
higher MMT concentration. This could originate from a higher
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concentration of ionic moieties surrounding cells and poor
solubility of MMT particles. Nanoparticles with limited solu-
bility have been shown to induce inflammation and the release
of ROS, leading to genotoxicity, which suggests further studies
are needed to find optimal MMT concentrations, including a
threshold value and minimum toxic concentration.®”!
Furthermore, Amber et al. mineralized hydroxyapatite on
MMT clay to improve its osteoinductive properties, creating
in situ hydroxyapatite-clay hybrids.’® The hydroxyapatite-
clay was then incorporated into chitosan/polygalacturonic
acid (Chi/PgA) films by two methods: in method A, chitosan
was mixed with polygalacturonic acid before being added to
hydroxyapatite-clay; in method B, chitosan was first mixed with
hydroxyapatite-clay and then added to polygalacturonic acid. It
was found that the fabrication method had significant influence
on seeded MSC behavior. For both A and B films, formation
of mineralized nodules was observed in the absence of osteo-
genic growth factors, suggesting osteoinductive capabilities.
However, for group B, MSC clusters floated, while for group
A, they adhered on the films. Reasons for the formation of
floating clusters were not clearly understood. One possibility
was that on films prepared by method B, there were fewer in
situ hydroxyapatite-clay sites available to interact with cells, due
to in situ hydroxyapatite-clay mixed with chitosan before being
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added to polygalacturonic acid. Also, after 14 days, some of the
nodules started attaching to group B films, which might be
attributed to increased exposure of in situ hydroxyapatite-clay.
Nevertheless, this postulated reason was restricted to only 2D
substrates. In addition, ALP activity was enhanced on group A
films, compared to Chi/PgA films without in situ hydroxyapa-
tite-clay (control). On the other hand, no significant difference
was observed between group B films and controls. The under-
lying mechanisms need to be further investigated.P®!

4.4. Other Ceramic Nanoparticles

Ceramic nanoparticles can also be used as carriers for bioac-
tive molecule delivery in tissue engineering. Liu et al. employed
insulin-conjugated SiNPs for adipogenic differentiation of
MSCs. Pure SiNPs were reported to have little cytotoxicity up
to a concentration of 0.1 mg/mL, with no effects on osteogenic
and adipogenic differentiation. After cultured in a medium with
SiNPs-insulin, an abundance of lipid vacuoles were observed,
indicating adipogenic differentiation. Notably, the amount of
lipid vacuoles observed was comparable to that of when MSCs
were cultured in a complete adipogenic differentiation medium
with insulin. SiNPs were expected to assist in retaining bioac-
tivity and stability of insulin. However, the advantages of using
SiNPs as carriers over directly adding insulin to the culture
medium need to be further illustrated.’”!

Once systematically available, owing to their small size, var-
ious nanomaterials can distribute to most organs in the body,
and may cross biological barriers such as placental barriers and
blood-brain barriers. Nevertheless, information regarding the
ability of nanomaterials to cross the placental barriers and their
developmental toxicity is scarce and inconsistent. Park et al.
investigated developmental toxicity of SiNPs of different sizes
(10, 30, 80, and 400 nm) by the embryonic stem cell test (EST).
All SiNPs were uptaken and visible inside vacuoles of embryoid
bodies. It was found that 80 and 400 nm SiNPs had no effect
on metabolic activity and did not inhibit differentiation of D3
murine ESCs up to a concentration of 100 pg/mL. On the con-
trary, 10 and 30 nm SiNPs significantly decreased cell meta-
bolic activity and appeared embryotoxic in a dose-dependent
manner, as indicated by an inhibition of differentiation of D3
ESCs to cardiomyocytes. It was postulated that the observed
results were related to the number of NPs taken up by cells;
i.e., at equal concentration, there was a higher number of small
NPs than that of bigger particles. The results could also be due
to the higher surface area of small particles. Still, the reasons
remain unclear. Notably, developmental toxicity occurred below
cytotoxic concentration, raising a concern that systemic expo-
sure to SiNPs would be harmful to embryos. Nevertheless,
information regarding the ability of SiNPs to cross the placental
barrier from mother to fetus is not yet established. !

In conclusion, various types of ceramic-based nanomate-
rials have been demonstrated to induce osteochondrogenic
differentiation, suggesting their potential in hard tissue engi-
neering. Osteoinductive nanomaterials such as nBGs and
nanosilicates are promising alternatives to the use of a differ-
entiation-inducing culture medium since inductive factors (e.g.,
dexamethasone, BMP-2) are relatively expensive and need to
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be newly added every time the medium is changed. Moreover,
ceramic NPs can be used as drug/protein carriers because they
are taken up by cells and capable of retaining the bioactivity
of bioactive molecules. However, some results remain contro-
versial and need to be further investigated—for example, the
effects of nHA on the hydrophilicity of nanofibers and stem cell
proliferation. It should also be noted that there are currently
very few researchers focusing on the interactions of stem cells
with nBG and nanosilicates, compared to those of nHA.

5. Carbon-Based Nanomaterials

Following the discovery of carbon nanotubes (CNTs) in the early
1990s, carbon-based nanomaterials have become a platform
for biomedical engineering. Carbon-based nanomaterials (e.g.,
carbon nanotubes, fullerene, graphene, and nanodiamonds)
have gained increasing interest owing to their biocompatibility
and their unique structural, mechanical, thermal, and electrical
properties. From an engineering perspective, another advantage
is their ability to form different shapes and sizes with distinct
properties. Among these materials, CNTs, graphene (G), and
nanodiamonds (NDs) have been tested for tissue engineering
applications. With increasing interest in carbon-based nanoma-
terials, there is a demand for an assessment of their potential
hazards. While carbon is abundant in nature and bulk carbon
materials are considered inert to cells, their reactivity increases
drastically at the nanoscale. Specifically, carbon-based nano-
materials exhibit cytotoxicity with the general trend of CNTs >
carbon black powders (CB) > NDs, from the most to the least
cytotoxic. In this section, we discuss interactions of different
types of carbon-based nanoparticles with stem cells and their
cytotoxicity and genotoxicity.

5.1. Carbon Nanotubes

CNTs are ordered hallow tubes consisting of carbon atoms
bonded to one another via sp? bonds, resulting in high mechan-
ical strength and flexibility and thermal and electrical conduc-
tivity. Metallic single-walled carbon nanotubes (SWCNTs) can
carry a current 50-fold greater than other metals.” Because
of their tailored nanotopography and chemistry, incorporating
CNTs into scaffolds leads to enhanced cell attachment, prolifer-
ation, and differentiation. For example, thin films of PEGylated,
multi-walled carbon nanotubes (PEG-MWCNTs) support
growth and induce osteogenic differentiation of MSCs without
biochemical-inducing agents. In particular, in one study, an
elongated fibroblast-like MSC morphology was observed on
coverslips, PEG, and PEG-MWCNTs, whereas cells on car-
boxylated, multi-walled carbon nanotubes (COOH-MWCNTS)
had irregular shape, suggesting poor adhesion and growth.
Also, cell viability on coverslips, PEG, and PEG-MWCNTs were
comparable, but significantly lower on COOH-MWCNTs.[100]
This finding conforms to the study by Liu et al., where COOH-
MWCNTs were found to inhibit proliferation and differentia-
tion of MSCs.1% Moreover, in the absence of BMP-2, cells on
PEG-MWCNTs showed an elevated osteopontin (OPN), osteo-
calcin (OCN), and calcium deposition level after 14 days in
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Figure 7. Effects of carbon nanotube functionalization on MSCs differentiation. a) MWCNT-PEG enhanced osteogenic differentiation as shown by
Alizarin Red S staining. On the other hand, MWCNT-COOH inhibited both osteogenic and adipogenic differentiation. b) Plausible mechanisms of
osteogenic differentiation inhibition by MWCNT-COOH. Reproduced with permission.['°!l Copyright 2010, American Chemical Society.

culture. The result was indistinguishable from cells that under-
went BMP-2 stimulation.l'%! OCN is normally expressed after
21 days in osteogenesis, which is noteworthy. It was therefore
hypothesized that PEG-MWCNTSs served as an enhancer, accel-
erating the osteogenic differentiation processes. The discrepan-
cies between PEG-MWCNTs and COOH-MWCNTs probably
arose from different nanotopogrpahy; that is, PEG-MWCNT
films were comparatively smoother. COOH-MWCNTs coated
on coverslips were random, while PEG-MWCNTs created
slightly parallel grooves and grids, which might be favorable for
differentiation to bone lineage.[1%’

Interactions between MSCs and COOH-CNTs were sub-
stantiated in the aforementioned study by Liu et al. Both car-
boxylated single-walled and multi-walled carbon nanotubes
(COOH-SWCNTs and COOH-MWCNTS) in suspension exhib-
ited cytotoxicity to MSCs, as evidenced by a decrease in cell via-
bility even at the lowest dose (3 pg/mL).l"1 Moreover, COOH-
CNTs strongly inhibited both osteogenic and adipogenic differ-
entiation (Figure 7). In particular, ALP activity was decreased
in a time-dependent manner, without evidence of dose depend-
ency. Formation of the mineralized matrix waned but in a
dose-dependent fashion. Several osteogenic and adipogenic
genes were down-regulated compared to controls. It should
be noted that COOH-SWCNTs had slightly greater inhibitory
effects than COOH-MWCNTs at all concentrations. Electron
microscopy showed that some COOH-CNTs were taken up by
MSCs and mainly localized in the perinuclear region and cyto-
plasm. However, most of them remained in the extracellular
space; it was postulated that COOH-CNTs interacted with cell
surface receptors or intracellular proteins, affecting signaling
pathways, which led to inhibitory effects. Specifically, key pro-
teins in the BMP-signaling pathway, such as Smad proteins and
phosphorylated Smad proteins, were significantly reduced after
COOH-CNTs treatments. In addition, ROS production and
trapped metal impurities may have contributed to cytotoxicity
of carbon-based nanomaterials. For example, pristine CNTs
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(p-CNTs) were shown to generate ROS-induced oxidative stress,
which led to cell apoptosis via the NF-kB pathway. However, the
results showed that no ROS was generated by COOH-CNTs,
and Fe and Co present in p-CNTs were significantly reduced
after strong acid treatments to produce COOH-CNTs. Thus, it
was likely that the suppression of the BMP-signaling pathway
down-regulated the osteogenic master transcription factor,
Runx2, and consequently inhibited osteogenic differentiation.
However, a number of adipogenic genes were down-regulated
by COOH-CNTs; molecular mechanisms underlying these
inhibitory effects need further investigation.[10!]

On the contrary, Tay et al. reported that COOH-SWCNTs pro-
moted cell adhesion, spreading, and neurogenic differentiation
of MSCs in the absence of inducing factors but had no effect
on osteogenic differentiation.'’ MSCs on COOH-SWCNTs
were larger and more spread out than cells on coverslips due
to differences in focal adhesions and cytoskeletons; particu-
larly, stress fibers of cells on coverslips were more oriented and
characterized by the presence of lamellipodia, whereas those on
COOH-SWCNTs were relatively random and showed extensive
formation of filopodia. These changes in cell morphology and
cytoskeletons could be linked to enhanced neurogenic differen-
tiation since extensive filopodia is a typical morphology of neu-
rites. In addition, q-RT-PCR analysis showed that nestin and
MAP-2, markers of neurogenesis, were upregulated on COOH-
SWCNTs. Since filopodia has been proposed as a key sensory
probe for nanotopography, it was believed that the topography
of COOH-SWCNTs was the dominant factor inducing neu-
rogenic differentiation, rather than chemical cues. However,
this hypothesis has not been substantiated. Moreover, the dis-
crepant results regarding cellular responses to COOH-CNTs
between this and aforementioned studies remain inexplicable.
Possibilities are differences in size/size distribution of CNTs
and other uncontrolled factors during substrate preparation.[%?]

Poly(acrylic acid) (PAA) is known to have negative effects
on neuronal cell attachment and differentiation, primarily
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due to the presence of carboxylic groups (COOHs), which
have been extensively demonstrated to be negative cues for
neuronal differentiation. A study by Chao et al. reported that
PAA grafted on CNTs (PAA-g-CNTs) enhanced cell viability,
adhesion, and neurogenic differentiation of ESCs.?2l The
effects were even better than poly-r-ornithine (PLO), which is
a conventional substratum for neuron culture; that is, neuro-
genic differentiation was two times greater on PAA-g-CNTs
than on PLO. Also, differentiated neurons on PAA-g-CNTs
had more branches, suggesting greater maturation of cells.
PAA-g-CNTs were shown to have strong affinity to proteins,
thereby enhancing cell attachment. These could be combina-
torial effects of large specific surface areas and nanogrooves
created by CNTs. Grafting polymers on CNTs could offer addi-
tional method to achieve selective differentiation of stem cells
by combining topological cues from CNTs with biological cues
from polymers. Although it is interesting to note that addi-
tion of CNTs can substantially change the cellular response to
biomaterials, additional studies are need to fully elucidate the
mechanism.

Furthermore, biocompatibility, mechanical strength, and
especially electrical conductivity of CNTs make them excellent
candidates for neural tissue engineering and neural interfaces
since activities of neurons are highly electrical dependent.
Current challenges in neuroprosthetic devices include delami-
nation and degradation of metal electrodes, long-term inflam-
matory responses of surrounding tissues, miniaturization
of electrodes limited by electrical properties of cell-electrode
interfaces, and mechanical compliance with neural tissues that
cannot be achieved by conventional semiconductors. In order
to better integrate neural electrodes with surrounding neural
tissues, Kam et al. created SWCNT-laminin composites in a
layer-by-layer approach, aiming to humanize the materials by
including ECM molecules. In comparison with laminin-coated
glass slides, neuronal differentiation was more pronounced
on SWCNT-laminin composites, as evidenced by longer neu-
ronal outgrowths. In addition, a large amount of neurons and
glial cells was observed on SWCNT-laminin composites with a
strong presence of neurons, which suggested successful com-
munication between differentiated cells and surrounding tis-
sues. Synapsin between neurons and generation of action
potential upon stimulation with a pulse signal further con-
firmed the formation of functional neuronal networks.[%3]
Although CNTs have shown positive roles in stem cell differ-
entiation without inducing factors, long-term effects still need
to be addressed. Concerns of their toxicity are discussed later
in this Review.

5.1.1. Cytotoxicity and Genotoxicity of Carbon Nanotubes

It was reported that functionalization of MWCNTs with sodium
sulfonic acid salt (e.g., —SO;Na, —phenyl-SO;Na) enhanced
their biocompatibility with respect to unfunctionalized and
COOH-functionalized nanotubes.'®  Similarly, functionali-
zation of SWCNTs with —phenyl-SO;Na, —phenyl-SO;H, and
-phenyl-(COOH), was found to enhance biocompatibility. On
the other hand, as previously mentioned, acid functionalization
(e.g., -C = O, —COOH, —-OH) of CNTs led to increased cyto-
toxicity. The disparities in cytotoxicity of unfunctionalized and
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functionalized CNTs may be attributed to dispersion, purity,
and surface chemistry. For example, COOH-MWCNTs were
more dispersed than MWCNTs, leading to a higher cellular
internalization and hence enhanced cytotoxicity. On the other
hand, strong acid treatments removed residual metal catalysts,
amorphous, and other impurities from CNTs. Functionalization
also changed the surface hydrophobicity, thereby preventing
direct contact between CNTs and cells. These effects could miti-
gate cytotoxicity.'%4

In addition to cytotoxicity, genotoxicity studies pertaining
to DNA damage and mutagenic effects are requisite. In many
cases, genotoxic effects were found to occur below cytotoxic
levels. For example, Lindberg et al. reported that CNTs and
graphite nanofibers (GNFs) appeared genotoxic to human bron-
chial epithelial cells at doses that were not overly cytotoxic.'%%]
Both of them induced DNA damage in a dose-dependent
manner, with CNTs having a slightly higher degree of genotox-
icity. Moreover, CN'Ts and GNFs increased micronucleated cells,
but independent of dose. The lack of dose-dependent effects
in micronuclei assay could be attributed to an increasing size
of agglomerates at a higher dose, prohibiting cellular uptake.
Moreover, cells were partly covered by agglomerated nanomate-
rials, making analysis more difficult. The fact that dose depend-
ency was observed in a comet assay (for DNA damage) but not
a micronuclei assay could be due to different study endpoints,
higher sensitivity of the comet assay, and aforementioned tech-
nical limitations. Previous studies suggested that MWCNTs
could induce micronuclei formation by either aneugenic and/
or clastogenic mechanisms, yet the details remain unknown. In
addition, whether residual metal catalysts contribute to genotox-
icity of CNTs is contentious. Muller et al. reported that MWCTs
did not generate ROS but instead showed radical scavenging
capacity, while other studies presented the opposite trend.!'% Tt
was reported that ESCs expressed higher levels of p53 proteins
after 2 hours of exposure to MWCNTS, and the level seemed
to correlate with MWCNT dose. Since p53 activates cell cycle
checkpoints and generally remains at low levels in normal con-
ditions, the enhanced p53 expression was an indication of DNA
damage. Further studies suggested that MWCNTs induced
DNA damage by a mutagenic guanine base lesion, which could
cause subsequent breakage of DNA double strands. These
modifications can bring about various mutations, such as point
mutations, mitotic recombination, and chromosome loss and
translocation. Accordingly, MWCNTs were found to increase
mutation frequency two-fold in ESCs. These results suggest
P53 expression levels as an early indicator to assess genotoxicity
of nanomaterials.

5.2. Graphene and Graphene Oxide

Graphene (G) is an atom-thick monolayer of carbon atoms
arranged in a honeycomb lattice. Compared to CNTs, graphene
presents open surfaces for non-covalent interactions with bio-
molecules. Although graphene is a building block of CNTs,
research on its potential in tissue engineering has been at a nas-
cent stage since an initial report in 2004.51%! Interestingly, gra-
phene is reported to have a higher Young’s modulus (0.5-1 TPa)
than any known material, yet it is not brittle. As a result, it can
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Figure 8. Surface functionalization of graphene with laminin. a) promotes neural stem cell adhesion and its differentiation into neurons. b) hNSCs
prefer to grow on graphene compared to glass surface. c) Enhanced neural-differentiation of hNSCs on graphene films as evident by TUJ staining.
d) Calcium imaging of the differentiated cells on graphene before (left) and after (right) electrical stimulation. Reproduced with permissionl'%®l Copy-

right 2011, Elsevier.

be transferred onto any surface, creating a strong yet flexible
substrate.

Owing to this unique set of properties, it is a good candidate
for bone tissue engineering. For example, Nayak et al. reported
that graphene accelerated osteogenic differentiation of hMSCs.
While osteogenic media alone was insufficient to induce osteo-
genic differentiation on uncoated substrates, graphene coating
significantly enhanced OCN expression and calcium deposi-
tion regardless of underlying materials.l'%”] Particularly, besides
glass slides, the effects were also observed on softer substrates
(i-e., polydimethylsiloxane (PDMS) and polyethylene terephtha-
late (PET)), whose stiffness does not promote bone formation.
A parallel study further showed that graphene-coated PET could
induce osteogenic differentiation in the absence of BMP-2.
Although graphene coating and BMP-2 treatment induce cell
differentiation at the same rate, BMP-2 needs to be adminis-
tered every 3 days due to a short half-life, thereby suggesting
graphene as a potential replacement of BMP-2. These effects
were probably attributed to the ability of graphene to sustain
lateral stress such that it created the right amount of cytoskel-
etal tension. Such tension might subsequently change confor-
mation of mechanically sensitive proteins of interest.[1%”]

Additionally, graphene was shown to enhance the differentia-
tion of NSCs to neurons without neurogenic inductive factors.
Park et al. reported that cells on both graphene and glass sub-
strates exhibited neurite outgrowths (Figure 8).1% However,
during differentiation processes, cells on glass aggregated and
started to detach, whereas the ones on graphene adhered sol-
idly, suggesting that graphene provided a more favorable micro-
environment. The differentiated cells on both substrates con-
sisted of neurons and glia, but the percentage of neurons was
significantly higher on graphene. It was found that laminin-
related receptors of cells on graphene were upregulated, which
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explained the enhanced cell adhesion. In addition, it was previ-
ously shown that NSCs preferentially differentiated to neurons
rather than glia when surrounded by a large number of glia. In
this study, with more cells in total on graphene during differ-
entiation processes, it was likely that NSCs on graphene were
surrounded by a larger number of glia compared to those on
glass. As a result, the percentage of neurons was higher on gra-
phene substrates. Moreover, graphene films exhibited electrical
coupling with differentiated neurons, suggesting an application
for neural stimulating electrodes in treating brain diseases.'®!
Graphene’s derivative, graphene oxide (GO), has garnered
equal interest. Chen et al. conducted a comparative study of
behaviors of iPSCs on G, GO, and glass surfaces.'% It was
found that cell adhesion and proliferation on G and glass were
comparable but lower than those on GO. Moreover, G favorably
maintained stemness of iPSCs, while GO on glass expedited
differentiation. The tendency of iPSCs to differentiate in three
germ layers varied on G and GO. In particular, iPSCs on G and
GO spontaneously differentiated along ectodermal and meso-
dermal pathways without significant disparity; on the other
hand, endodermal differentiation was suppressed on G while
augmented on GO. These findings could be useful for main-
taining pluripotency of iPSCs without feeder layer cells and
guiding differentiation toward specific lineages. Considering
the different abundance of polar groups and hydrophilicity for
G and GO, and the fact that certain functional groups such as
the aforementioned carboxylic group significantly affected stem
cell differentiation, it was possible that differences in surface
groups might affect types of cell surface receptors bound to G
and GO. Consequently, signaling transduction pathways were
differentially regulated, leading to disparities in differentiation
propensity. Nonetheless, surface molecules and signaling path-
ways of iPSCs were not as well understood as those of ESCs
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Figure 9. MSCs differentiation on graphene (G) and graphene oxide (GO). a) Insulin was adsorbed more on GO than G, whereas osteogenic factors
were adsorbed more on G. b) Schematic of dexamethasone (i), beta glycero phosphate (ii), and ascorbic acid (iii). High adsorption capacity of G for
dexamethasone could be attributed to 77 interactions between benzene rings of dexamethasone and the substrate. c) Consequently, osteogenic dif-
ferentiation was enhanced on G while adipogenic differentiation was enhanced on GO. Reproduced with permission.['%l Copyright 2011, American

Chemical Society.

or MSCs; thus, underlying mechanisms need to be further
studied.[1%)

Recently, Lee et al. investigated the origin of enhanced
growth and differentiation of MSCs on G and GO.1'%! They
observed that more proteins were adsorbed on GO than G, and
both were significantly greater than on PDMS control. Although
PDMS and G had similar hydrophobicity, t-electron clouds in G
enabled interactions with a hydrophobic core of proteins and
drug (Figure 9). Greater protein adsorption on GO was mainly
attributed to the presence of oxygenate groups (i.e., epoxide,
carboxyl, or hydroxyl), which facilitated protein binding via
covalent, electrostatic, and hydrogen bonds. In addition, osteo-
genic differentiation was enhanced more on G than GO, as evi-
denced by more mineral deposition under chemical induction.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

It was found that G absorbed a higher amount of Dex and
B-glycerolphosphate (Figure 9a &b). That is, G was able to pre-
concentrate osteogenic inducers, which was attributed to 77
stacking between aromatic rings of biomolecules and the basal
plane of G. Because GO possesses a higher density of oxygen-
ated groups, it experienced larger electrostatic repulsion from
phosphate ions. On the other hand, G adsorbed less ascorbic
acid since it had no available groups to form hydrogen bonds
with acids. However, this did not abate osteogenic differentia-
tion on G since ascorbic acid is known to affect only mature
osteoblasts. Based on the fact that extensive mineralization was
observed only when cells were cultured in osteogenic media,
it is likely that the ability of G to pre-concentrate inductive
agents was a key factor inducing differentiation rather than the
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corrugated topography of G. Moreover, adipogenic differentia-
tion was enhanced on GO while suppressed on G (Figure 9c).
Accordingly, GO exhibited over a two-fold higher insulin (main
mediator for fatty acid synthesis) adsorption than G, which was
attributed to electrostatic interactions and hydrogen bonding
between GO and proteins, which maintained a three-dimen-
sional conformation of insulin (Figure 9¢). On the contrary,
adsorbed insulin on G was denatured as a result of strong n—r
stacking on G.[1¢]

In a recent study, Tatavarty et al. observed that the osteogenic
activity of GO could be enhanced by designing nanocompos-
ites from GO and calcium phosphate nanoparticles.''% They
synthesized pluronic® F127 coated GO—CaP and CaP using
a double-reverse microemulsion method. Stem cells readily
adhere on these nanocomposite materials and showed signifi-
cantly higher production of mineralized matrix on GO-CaP
nanocomposite compared to GO and CaP. The immunofluo-
rescence staining of osteoblast markers alkaline phosphatase
(ALP) and osteocalcin (OCN) were also upregulated on GO-CaP
compared to CaP and GO. Although the exact mechanism of
osteogenic activity of GO is still not know, but it is believed that
some of the properties of GO such as nanotopography, high
stiffness, electrical conductivity and ability to adsorption pro-
tein might control the fate of stem cells.['!!]

Nanotopography could be introduced to GO to further
enhance stem cell differentiation. Akhavan et al. created
reduced graphene oxide nanoribbons (rGONR) on a SiO; sub-
strate containing TiO, NPs and applied a photocatalytic stimu-
lator to accelerate neurogenic differentiation of NSCs.'? They
observed that cells were more differentiated on rtGONR com-
pared to those on rGO sheets and quartz substrates, which was
attributed to physical stress induced by nanotopography. The
neuron-to-glia ratio was also the highest on rGONR. In addi-
tion, flash photo stimulation, which created electric fields along
nanogrids, could further induce elongation of differentiated
cells and an increased number of neurons.!'*?]

5.2.1. Cytotoxicity and Genotoxicity of Graphene and
Graphene Oxide

Graphene also showed concentration-dependent cytotoxicity.
It was found to reduce cell adhesion, enter into various cell
compartments, and eventually induce apoptosis. Most studies
to date have reported reduced or negligible cytotoxicity for gra-
phene oxide. In fact, there are many factors influencing cyto-
toxicity of graphene and its derivatives, such as concentration,
size, shape, dispersants, and especially functionalization.®
Similar to CNTs, cytotoxicity of graphene can be tuned by
functionalization. For example, pristine graphene was found
to aggregate on Vero (monkey kidney cells) cell membranes
as a result of strong hydrophobic interactions between pristine
graphene and lipid membranes. This led to membrane defor-
mation and destabilization of F-actin alignment and, eventu-
ally, apoptosis. The programmed cell death was not attributed
to membrane damage or leakage of cytoplasmic enzymes but
rather ROS. It was postulated that accumulation of pristine gra-
phene on cell membranes might impede nutrient and protein
uptake, as well as obstruct ion channels, leading to internal
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stress. In contrast, more hydrophilic carboxyl functionalized
graphene was found to be internalized without affecting cell
morphology. In particular, carboxyl functionalized graphene
had negligible effects on cell viability up to the highest con-
centration tested, 300 pg/mL."3] Biocompatibilty of graphene
oxide could also be improved by functionalization with PEG or
dextran. Nevertheless, cytotoxicity of pristine graphene itself
might not be pertinent to tissue engineering, for which it will
need to be functionalized before any potential use. The more
pivotal question is how to modify graphene such that cytotox-
icity is minimized.P!

Shape and size of graphene materials were shown to signifi-
cantly affect how they interacted with stem cells. Akhavan et al.
reported that reduced graphene oxide nanoribbons (rGONRs)
had higher cytotoxicity than reduced graphene oxide sheets
(rGOSs).1 Both of them reduced viability of MSCs in a dose-
and time-dependent manner, with a threshold concentration of
10 and 100 pg/mL for rtGONRs and rGOSs, respectively. The
cytotoxic effects of graphene oxide sheets (GOSs) were similar
to those of rGOSs but with lower cytotoxicity. Similarly, gra-
phene oxide nanoribbons (GONRs) were found to have lower
toxicity than rGONRs. Mechanisms involved in cytotoxicity of
rGONRs and rGOSs were ROS generation and damaging cell
membranes via direct contact with sharp edges of graphene.
Specifically, ROS-induced oxidative stress played a key role in
rGOSs cytotoxicity, whereas membrane damage as evidenced
by RNA effluxes was more pronounced for rtGONRs than in
rGOSs. This could be attributed to sharper edges and higher
mobility of rGONRs."? In addition, reduced graphene oxide
nanoplatelets (rtGONPs) with an average lateral dimension
(ALD) of 11 £ 4 nm caused substantial cell destruction at 1.0
pg/mL, compared to rGOSs with an ALD of 3.8 £ 0.4 pm,
which exhibited cytotoxicity at 100 pg/mL. Accordingly, ROS
generated by rtGONPs was two-fold higher than that generated
by rGOSs due to additional edge defects presented by rGONPs
serving as active sites for ROS production. Similar to rtGONRs,
damaging cell membranes was another mechanism involved in
rGONPs' cytotoxicity. However, neither ROS generation nor cell
membrane damage could explain cell destruction at a low con-
centration (1.0 pg/mL) of rGONRs and rGONPs, a concentra-
tion at which substantial changes in cell morphology and apop-
tosis were not observed.'14

Previous observations found genotoxicity responsible
when neither ROS generation nor cell membrane damage
could explain cytotoxicity at low concentrations of rGONRs.
DNA fragmentation and chromosomal aberrations in MSCs
were observed after exposure to rGONRs in a dose- and
time-dependent manner. This occurred at a concentration of
1.0 pg/mL, one order of magnitude lower than the cytotoxic
threshold (10 pg/mL).''2 Because RNA efflux was not detected
at this concentration, genotoxicity of rtGONRs was mainly attrib-
uted to penetration of rGONRs into cells, which was promoted
by their sharp edges and high motility.'""?l Similarly, rGONPs
initiated DNA fragmentation and chromosomal aberrations at a
concentration of 1.0 pg/mL. On the other hand, rGOSs induced
slight DNA fragmentation and no chromosomal aberrations at
concentrations greater than 100 pg/mL. These results demon-
strate the effects of shape and size of graphene materials on
their interactions with stem cells. They also emphasize the
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significance of genotoxicity assessment that typically occurs
below cytotoxic levels.[14]

5.3. Nanodiamonds

Magnetic properties and strong near-infrared (NIR) photolu-
minescence make nanodiamonds promising alternatives to
current imaging platforms. However, there is limited research
on applications of NDs in tissue engineering with stem cells.
One study by Xing et al. reported that ESCs treated with oxi-
dized nanodiamonds (O-NDs) exhibited reduced ALP activity
and increased Oct-4 expression, whereas pristine/raw nano-
diamonds (P-NDs) generated the opposite response.''’] The
authors concluded that O-NDs induced differentiation, while
P-NDs maintained ESC stemness. Interestingly, embryonic
stem cells expressed high amounts of ALP early on, which
waned as they began to differentiate, until the cells decided to
go down to the specific osteoblastic lineage, where they began
expressing ALP again.['?’]

5.3.1. Cytotoxicity and Genotoxicity of Nanodiamonds

Nanodiamonds have relatively lower cytotoxicity compared to
other carbon-based nanomaterials and have been shown to be
well tolerated by various cell types. In particular, in one study,
cells maintained high viability after being incubated with NDs
for several days. Also, NDs did not elicit ROS-induced oxidative
stress. Despite low toxicity, NDs were found to alter cell mor-
phology. For example, neuroblastoma cells treated with NDs
displayed distinct branching and neurite extension with respect
to controls. However, it is currently unknown whether NDs
bonded directly to actin cytoskeletons or affected certain sign-
aling pathways. The previously stated biocompatibility trend
(NDs > CB > MWCNTs > SWCNTs) was found to agree with
the amount of ROS generated by each material (i.e., SWCNTs
> MWCNTs > CB > NDs). Increased ROS production could
be attributed to residual metal catalysts (e.g., Fe, Ni, Co) used
in material synthesis since they followed the same trend. The
amount of Fe extracted from MWCNTs and SWCNTs was
reported to be 0.49wt% and 0.26wt%, respectively, compared to
undetectable levels for CB and NDs.[104

NDs have been shown to have lower genotoxicity than other
carbon-based nanomaterials. Xing et al. reported that P-NDs
and O-NDs induced DNA damages in ESCs, as evidenced by
slight increases in the DNA repair protein, p53.'">] Expression
of MOGG-1, another DNA repair protein, was also enhanced
by O-NDs but not P-NDs. For both NDs, p53 expression was
higher at a low dose (5 pg/mL) compared to a high dose (100
pg/mL), which could be attributed to aggregation of NDs at
high doses. Specifically, since the solubility of NDs in the cul-
ture medium was limited, the number and size of aggregates
increased with increasing concentration. Consequently, they
stuck onto cell membranes rather than entered cells. Some of
the small NDs were internalized but primarily remained in the
cytoplasm with negligible nuclear entry. Despite enhanced p53
levels, no obvious structure damages by P-NDs were observed,
suggesting that the damage was minor and could be repaired
shortly thereafter. In addition, O-NDs appeared to be more
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cyto- and genotoxic than P-NDs. That is, O-NDs were found to
cause more DNA damage and induced apoptosis by the uptake
of small particles. More profound genotoxicity of O-NDs could
originate from different surface chemistry. Increased O-ND
solubility could be another possibility leading to less aggregated
and more internalized particles. Since NDs at high concen-
trations spontaneously form clusters that are often too big to
pass through nuclear pores, it is likely that DNA damage was
brought about by indirect mechanisms that remain to be fur-
ther investigated.['*’]

Owing to their biocompatibility and unique structural,
mechanical, thermal, and electrical properties, carbon-based
nanomaterials have shown promising potential in biomedical
applications, especially in bone and neural tissue engineering.
Also, functionalization of these materials creates distinguished
effects on material-stem cell interactions. Because they are non-
biodegradable and highly reactive, there is a pressing demand
for assessment of their cytotoxicity and genotoxicity. At their
nascent stage, there is some controversy pertaining to interac-
tions between stem cells and carbon-based nanomaterials, such
as the underlying mechanisms of observed cell destruction and
DNA damages. From the works reviewed, it is apparent that
there is plenty of room for further research.

6. Metal/Metal-Oxide Nanomaterials

Currently, there is widespread commercial use of metallic nano-
materials, most notably nanosilver (Ag), in a diverse group of
fields. Known for its antimicrobial effects, nanosilver has been
considered for a variety of medical applications. Other metal
nanomaterials have also emerged for use in medical imaging
or as modified substrates for tissue engineering systems. Their
atomic composition allows for some unique properties when,
for example, placed within a magnetic field or stimulated elec-
trically, and these characteristics coupled with nanoscale size
lead to some very exciting possibilities. For example, nanoscale
topography combined with growth factors can be used to con-
trol stem cell fate in a synergistic (Figure 10).11% As the interest
in these metallic nanomaterials has grown, investigations into
biological interactions between the materials and human cells
have also increased in popularity. Stimulation events at the cel-
lular membrane as well as internalization of metallic nanoma-
terials engage a diverse array of transduction pathways within
the cell, further motivating cell behavior. In some instances, the
consequences following metallic nanomaterial introduction can
be detrimental to the cell. Therefore to better characterize these
types of materials, new nanomaterials have been introduced
in a variety of tissue engineering applications, introducing the
need to specifically uncover biocompatibility and bioactivity
with stem cells.

6.1. Silver Nanoparticles

6.1.1. Silver Nanoparticle Cytotoxicity

A variety of metal oxide nanotube arrays, gold NPs, and super-
paramagnetic iron oxide nanoparticles (SPION) have been
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Figure 11. Ag nanoparticles-MSCs interactions. a) SEM images of PVP-coated Au nanoparticles. b) nanoparticles are easily internalized within cell
body as determined cia TEM imaging. c) Ag nanoparticles are uptake primiraly via clathrin-mediated (chlorpromazin) and macropinocytosis-mediated
(wortmannin) pathway. d) Detection of Ag-NP within cells was determined via EDX spectra of milled cell. Reproduced with permission.["®l Copyright

2011, Elsevier.

used in tissue engineering systems; however, due to its com-
mercial availability, nanosilver is one of the more highly studied
metallic nanomaterials. Kittler et al. synthesized Ag-NPs stabi-
lized with polyvinylpyrrolidone (PVP) and monitored bioactivity
of hMSCs.'"l The 100 nm particles were compared to free
silver ions, and both demonstrated concentration-dependent
cytotoxicity. While the free ions showed a significant decrease
in viability at a concentration of 2.5 pg /mlL, the coated NPs
were not cytotoxic until a concentration of 5 pg/mL. Both con-
centrations exceeded that of reported cytotoxic concentrations
for microbial systems.['®l They also observed that PVA coated
Ag-NPs easily internalized within MSC (Figure 11a,b).l'*l The
same group found that the chemotaxis of hMSCs was signifi-
cantly reduced around 3.5 pg/mL for PVP-Ag-NPs, with Ag
ions again reducing function at 2.5 pg/mL.'""] Cytokine release
of hMSCs was also shown to follow similar dose-dependent
trends. Interestingly, cytokine IL-8 showed a significant increase
in its release at a non-toxic NP concentration of 2.5 pg/mL,
which could act as a kind of cellular alarm. This response may
not be limited to Ag, considering a similar result was found
with nickel ions and hMSCs in vitro. While the mechanism for
this result has yet to be elucidated, it uncovers an interesting
aspect of cellular behavior in response to metallic nanomate-
rials.''7] A later study found a similar increase in IL-8 at non-
toxic NP levels; however, researchers also saw a similar trend
with IL-6 and VEGF. While the results are not in complete
agreement with Greulich et al. (2009), they provide more evi-
dence of hMSC activation at subtoxic silver NP levels. Some
of the variability could be attributed to the differences in par-
ticle size, considering the particles used were 50% smaller, as
well as to the surface chemistry (no coating was utilized for the
Ag-NPs). Hackenberg et al. likewise monitored DNA damage
within hMSCs at varying silver NP concentrations and found
DNA fragmentation significantly increased at concentrations
of 0.1 pg/mL and greater for all exposure times examined. A
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similar trend and concentration threshold was observed for
chromosomal aberrations in 50 metaphase cells. Again, the
mechanism for the resulting DNA damage has yet to be fully
explained.!'’]

Some researchers have taken the next step to better under-
stand the processes of cytotoxicity and genotoxicity by charac-
terizing the intracellular uptake and distribution of Ag-NPs.
To determine the endocytic pathway responsible for the inter-
nalization of 80 nm Ag-NPs, Greulich et al. (2011) pre-treated
hMSCs with three inhibitors (35 pM chloropromazine hydro-
chloride, 10 pm nystatin, or 400 nm wortmannin) and then
exposed the cells to PVP-coated Ag-NPs (Figure 11c).'"% These
treatments are responsible for inhibiting clathrin-mediated
endocytosis, caveolae-specific endocytosis, or macropinocytosis,
respectively. Flow cytometry analysis of each group showed
that while clathrin-mediated endocytosis was the most effective
treatment in limiting uptake, it was not the only mechanism
within the cell. Macropinocytosis was also partly responsible for
the accumulation of NPs within the cell. Upon internalization,
particle agglomerates were observed in the perinuclear region
by EDX spectra of ion-milled cells (Figure 11d) as well as fluo-
rescent micrographs. The particles were distributed through
endo-lysosomal areas, and the amount corresponded to NP con-
centration. Entrance into other cellular compartments was not
observed, which was hypothesized to be due to the larger size of
the agglomerates within the endocytic vesicles. Future work is
still needed to confirm these pathways of internalization as well
as determine their relevance for other metallic biomaterials.'*"]

Once NPs are internalized, cells generation ROS causing
oxidative stress and eventually cell death if ROS is significantly
higher.[120-1221 Ag* jons released from Ag-NPs within endocytic
vesicles or from NP surface interactions with cellular proteins
could negatively affect the mitochondrial respiratory chain by
disrupting the electron transport chain (Figure 12a,b).12!l An
increase in ROS and a decrease in metabolic activity could be
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Figure 12. Interaction of metal ions release from AgNPs with stem cells. a) Metal nanoparticles are endocytosed via vesicle transport, escape, and

interfere with mitochondrial function through disruption of electron transport chain, generating superoxide anions (O, *)

, reducing transition metals

eventually leading to hydroxyl radicals or peroxynitrite, which can react with proteins and DNA. ATP synthesis is also decreased which in combina-
tion with radical production, can lead to cell death. Arrows in electron micrographs indicate accumulated nanoparticles in mitochondria as well as on
nuclear membrane; b) Internalization of nanoparticles into low pH environments within intracellular vehicles may result in release of cytotoxic degra-
dation byproducts into the cytosol, impairing cellular function and likewise lead to cell death. Electron micrograph displays an endosome containing
accumulated nanoparticles for transportation. Adapted and reproduced with permission.l'?") Copyright 2009, American Chemical Society.

responsible for the observed cytotoxic and genotoxic effects in
vitro. The DNA damage in human lung fibroblast cells (IMR-
90) and human glioblastoma cells (U251) by measuring cell
cycle arrest and found that an increased number of cells accu-
mulated in the gap,/mitosis (G,/M) phase as the concentration
of applied NPs increased. Comet assay and cytokinesis-block
micronucleus assay correlated with their cell cycle findings.
Due to the significantly greater NP concentrations applied (up
to 400 pg/mlL) and the usage of differentiated cells, the work
left questions as to stem-cell-specific interactions at cytotoxic
concentrations previously reported; however, it would be safe to
hypothesize a similar mechanism is behind the toxicity of these
NPs in stem cells.[12!]

6.1.2. Silver Nanoparticles Influences on Cellular Differentiation

A final consideration of Ag-NPs applied to stem cells is their
effect on differentiation. For TE applications, differentiation
into a fully functional cell type is a primary concern. If this
process is discouraged or inhibited by a biomaterial utilized
in the system, there will be a fundamental flaw in the design.
Therefore, our knowledge of the induction capabilities of these
materials must be comprehensive. Unfortunately for Ag-NPs,
there is not a consensus of opinion on their effect on differ-
entiation. For example, Park et al. (2011) reported that murine
embryonic stem cells showed a decrease in differentiation
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capacity both dose specific and size specific, with a 20 nm par-
ticle demonstrating the most potency, and noted that this effect
was observed at concentrations similar to or greater than those
decreasing metabolic activity, which could indicate an indi-
rect cause from cytotoxicity and not a direct interaction with
the nanoparticle.'?Z Opposingly, Samberg et al. found no evi-
dence supporting the notion that Ag-NPs disrupt human adi-
pose-derived stem cell (hASC) differentiation after exposure to
either 10 or 20 nm NPs at any concentration tested.l'?3! They
also reported no significant cytotoxicity to hASCs, which differs
from previous cytotoxicity studies with hMSCs. They suggested
that the variability on reported toxicity stems from a differ-
ence in synthesis method, NP washing, or duration of particle
storage. The discrepancies in results illustrate the need for a
comprehensive toxicity study in which Ag-NP preparation and
application are varied for a more complete toxicity profile.123]

6.2. Gold Nanoparticles

Due to their usefulness as conductive materials as well as being
biocompatible, gold-based nanomaterials have the potential for
use in biomedical applications. Recently, gold nanomaterials
have emerged as a vehicle for electrical stimulation for cel-
lular induction. By coating a surface with these nanoparticles,
researchers can create a thin film capable of conveying an elec-
trical event, which can then be functionalized for effective cell
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seeding.'?Yl In one study, human embryonic stem cells (hESCs)
that had been transfected with an Oct-4-promoter conjugated
with enhanced green fluorescent protein (EGFP) via lentiviral
vector were monitored after seeding on a PEI pre-coated layer
with an Au NP/fibronectin monolayer on top. The Oct-4 gene
expression was monitored via cell sorting and fluorescence
microscopy.'?l Prior to differentiation, more than 70% of
undifferentiated hESCs were positive for a high expression of
Oct-4, which suggested the gene was relevant for pluripotency
maintenance. After electrical stimulation, gene markers were
targeted to uncover induction into a specific germ lineage. The
most robust change in expression occurred with the mesoderm
lineage marker T-gene. RT-PCR further corroborated meso-
dermal lineage differentiation. While the efficiency of the dif-
ferentiation process was not provided, nor was a hypothesis
offered as to why, for example, the experiment parameters led
to the formation of mesoderm lineage as opposed to nervous
tissue (ectoderm), the study demonstrated a technique with
potential to address some of the issues associated with differen-
tiation in TE applications.*24

Another group took a second approach toward the differen-
tiation of stem cells using Au-NPs. They synthesized Au-NPs
~20nm in diameter and observed that MSCs easily internal-
ized the nanoparticles (Figure 13a,b) Cultured MSCs received
varying concentrations of Au-NPs, which led to varying suc-
cess of osteogenic differentiation.'?”l At higher concentra-
tions, the cells showed improved differentiation, seen by higher
ALP activity as well as mineralization through an Alizarin
Red S stain. Microscopy provided evidence of morphological
changes suggestive of osteogenic differentiation (well-spread,
polygonal morphology). Concurrently, the NPs showed inhibi-
tion of adipogenic differentiation in the presence of an adipo-
genic supplement, which was monitored by oil red O staining.
RT-PCR analysis of osteogenic and adipogenic gene expression
illustrated the same trends since Runx2, ALPL, and BMP-2
expression all increased, while adipogenic-specific PPARy
expression decreased (Figure 13c). The p38 mitogen-activated
protein kinase (MAPK) pathway was also upregulated, which
researchers suspected was caused by mechanical stress associ-
ated with subsequent binding of NPs to proteins after endocy-
tosis and which led to the enhanced expression of osteogenic
genes. A next step would be to uncover the endocytic entrance
pathway to further clarify this mechanism of MAPK stimula-
tion (Figure 13d).1%°]

6.3. Superparamagnetic Iron Oxide Nanoparticles

Superparamagnetic iron oxide nanoparticles have been useful
in biomedical applications primarily as a MRI contrast agent.
As tissue engineering and other stem cell therapies surfaced,
SPIONs were proposed as an MRI tracking agent of stem
cells. Similar to any other biomaterial, concerns about toxicity
can limit the practicality and applicability of their usage. Thus,
determining the biological impact of introducing nanomate-
rials, like SPIONS, to stem cells is crucial. This is especially rel-
evant when the purpose of these particles is to accumulate in a
small region, which leads to high localized concentrations and
could lead to toxic events.['?®l Chen et al. assessed a multitude
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Figure 13. AuNPs-stem cell interactions. a) TEM image show size of Au-
nanoparticles =21 nm. b) TEM image show internalization of Au nanopar-
ticles inside MSCs as indicated by white arrow. c) Gene analysis indicates
upregulation of osteogenic and adipogenic genes due to addition of Au
nanoparticles. d) Au nanoparticles modulate osteogenic and adipocytic
differentiation of MSCs via p38 MAPK signaling pathway. Reproduced
with permission.'?l Copyright 2010, American Chemical Society.

of osteogenic markers after the application of ferucarbotran, an
ionic SPION, and detected dose-dependent inhibition.'?”] ALP
activity decreased as the concentration increased, and interest-
ingly, MMP2 expression was increased in these cells. This, along
with the observation of a decreased proclivity to attach to the
substrate, led to the conclusion that osteogenesis was inhibited
due to a stimulated propensity for mobilization. Through the
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use of an iron chelator, desferrioxamine (DFO), the inhibitory
effects of the SPIONs were diminished, illustrating a depend-
ency on free Fe ions to generate a biological response. They
suggested that lysosomal degradation of the NPs is responsible
for the creation of these ions due to minimal free ion content
in the extracellular solution.['?”] Other groups have also inves-
tigated the potential toxicity of these NPs. The results of these
studies have led to a generalized understanding of the particles
where cytotoxic levels are fairly high (100 pg/mL) and depend
on a variety of parameters like coating, oxidation state of Fe,
and protein-particle interactions.?®! Another aspect of SPION-
stem cell interactions focuses on cell proliferation. Studies have
provided proof of enhanced cellular growth after contact with
SPIONs in MSCs. For example, reduced intracellular hydrogen
peroxide (H,0;) and cell cycle regulatory proteins increased cell
cycle progression. Huang et al. noted decreased expression of
the tumor suppressor gene p53, decreased expression of p21¢iP!
and p27%P! (negative regulators of cell cycle), and AKT activa-
tion to avoid apoptosis and aid cell proliferation.l'?®] Further
studies are needed to reveal toxicity mechanisms specific to
stem cells and SPIONS.

6.4. Zinc Oxide Nanoparticles

Zinc oxide (ZnO) is another metallic nanomaterial commonly
used in a variety of fields that remains poorly understood in
terms of biological safety. If its similarity to nanosilver as an
antibacterial agent is any indication of its cytotoxicity with
mammalian cells, ZnO could have the potential to cause cell
death at relatively low concentrations. Therefore, usage of NPs
in conjunction with a TE design could be problematic. To better
characterize ZnO-NP toxicity, Deng et al. applied four different
sizes of particles to NSCs.["?l They found that all sizes showed
similar cell viabilities at corresponding concentrations, and
a concentration of 12 ppm and above caused significant cell
death. They speculated that the lack of dependency on size was
due to the formation of similarly sized aggregates for all groups
as well as the generation of aqueous Zn ions from the particles.
TEM, confocal microscopy, and FACS illustrated the increased
activation of apoptosis, which the authors hypothesized stems
from mitochondrial inhibition as seen in Zn?* neurotoxicity.
Because the NPs were difficult to visualize within the internal
structures of the cell, the distinct spatial and temporal event of
Zn dissolution was difficult to pinpoint. Thus, the exact mecha-
nism of ZnO toxicity remains unclear. In general, this material
seems unsuitable for stem cell therapies, and further caution
should be employed in industries that utilize Zn0.!'?°]

6.5. Titanium Oxide Nanostructures

A development in technology has allowed researchers to modify
substrates on the sub-100 nm scale and uncover novel methods
to influence cell behavior. Induction of stem cells via changes
to the microenvironment through nanotopological structures
has become a field of growing interest among researchers in
tissue engineering as well as cellular biology. Metal-based
nanotube arrays are one such means to modify a substrate and
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activate specific mechanosensitive pathways to induce differen-
tiation into a targeted cell type. The arrays can utilize a variety
of nanotube diameters and spacing to evoke different cellular
responses. In one study, the size behavior of TiO, nanotube
arrays was investigated using MSCs. Researchers found that
size effects dominated over surface chemistry of the oxides;
there was also an optimal diameter (15 nm) for cell activation.
A possibility for this result could stem from the similar length
scale of integrin receptors within the membrane (=10 nm).
This enhanced focal contact was also observed in their cellular
adhesion experiments, where the greatest cellular density corre-
sponded to nanotube arrays with a diameter of 15 nm.[30

In a similar study, two anodic currents were applied to fab-
ricate a TiO, network with different lateral pore sizes (65 nm
and 94 nm).31 Bauer et al. noted that cell growth was increased
on both anodized surfaces; however, the smaller pore network
resulted in better growth and showed successful induction of
hMSCs into osteogenic cells.l'3!! The mechanism behind the
resulting cellular behavior stems from integrin clustering and
activation on the membrane. Why the TiO, network has opti-
mized cellular responses at pore sizes greater than the nanotube
diameter as well as why 65 nm pores generated a more positive
response than the 94 nm pores remains unclear.'3!] There is evi-
dence of an optimal length scale for nanotopographies in rela-
tion to stem cell behavior, and more specifically, this scale can
be modified to induce differentiation into a variety of cell types.

Furthermore, nanotube arrays can be functionalized with
relevant proteins to employ a synergistic approach to yield
more efficient stem cell differentiation. Multiple studies have
proposed enhancing MSC osteogenic differentiation through
nanoscale surface geometries integrated with BMP-2.[116:132]
The size of the nanotubes again provided important mechanical
cues for cellular induction. For an osteogenic response, tubes
between 15-30 nm functionalized with BMP-2 showed height-
ened ALP, OCN, collagen 1, and fibronectin expression.['1¢:133]
Interestingly, primary chondrocytes seeded on 100 nm, BMP-2
coated TiO, nanotubes maintained their phenotype, while they
de-differentiated on 15 nm nanotubes. This finding again indi-
cates the primary role of surface geometry and its influence on
cellular induction pathways. It raises the question of an optimal
arrangement or geometry to induce differentiation to specific
cell types, which has yet to be answered. Lastly, Hu et al. fab-
ricated a TiO, nanotube array loaded with BMP-2 and then
coated by a multilayer of gelatin/chitosan via a layer-by-layer
(LBL) approach.'33 They found that the LBL design increased
cell motility as well as the lifetime of BMP-2, leading to sig-
nificant ALP activity from MSCs. While this approach benefits
from the synergistic effects of the gel/chi and BMP-2 as well
as from the tunability of drug-loading capacity by varying layer
depth, there will be delayed delivery of BMP-2 until the gel/chi
layer is degraded, and release of the BMP-2 will be controlled
only through passive degradation. The potential of this system
will rise with the creation of a smart delivery system to provide
a temporally controlled release of the drug.['3%

Metal- and metal-oxide-based nanomaterials have con-
siderable questions regarding cytotoxicity and safety for use
with cells. Here we have compiled recent research that has
focused on addressing these concerns. While there fails to be a
consensus on toxicity for a variety of materials currently in use

Adv. Healthcare Mater. 2015, 4, 1600-1627



MakieS

ADVANCED
HEALTHCARE
MATERIALS

www.MatenaIsVlews.com

commercially and experimentally, some materials are emerging
as solutions to a variety of stem cell biology issues. Improved
processing and functionalization of these nanomaterials will
enable more positive interactions with stem cells, thus making
metal and metal oxide nanomaterials more relevant in regen-
erative medicine applications.

7. Concluding Remarks and Future Challenges

With many nanomaterials, there exists a limited range of bioac-
tivity leading to a positive interaction with target cells. However,
this range of bioactivity often exists within a narrow set of limits,
and failure to abide within these restrictions proves detrimental
to design outcome. One challenge, then, is to improve our evalu-
ation of a nanomaterial's potency to provide a better estimation of
a systent’s potential and refine the design process. Future explo-
rations into potency assays will require an even tighter coupling
of material science with molecular and developmental biology.
Simultaneously, a continuous challenge exists to enhance stem
cell induction via nanomaterial composition. Emerging tech-
nologies have enabled fabrication of nanoscale topologies to
influence stem cell behavior. Taking a synergistic approach to
modifying the stem cell niche by utilizing these technologies in
coordination with bioactive nanomaterials and inductive agents
could achieve high spatial and temporal control of behavior.
Future studies are necessary to determine the amalgamation of
cellular pathways for efficacious induction and potency mainte-
nance in conjunction with the timing of activation.

Similar to the evaluation of cell potency, a current challenge
exists to properly visualize the interactions of stem cells within
this microenvironment. Real-time imaging of cellular function
at the sub-micrometer level without altering stem cell behavior
or fate will be crucial to pinpointing spatiotemporal mecha-
nisms responsible for induction or cytotoxicity responses. The
real time imaging might facilitates the evaluation of the poten-
tial of a tissue-engineering construct while concurrently moni-
toring stem cell behavior in a more relevant environment as
opposed to in a culture dish.

Consistent throughout the various types of biomaterials
is the interplay between chemical and physical compositions.
Interactions with stem cells are due to a combination of mate-
rial factors (e.g., size, surface chemistry, charge, stiffness) and
are highly dependent on cell type and microenvironment. Con-
siderations of these factors prevail within nanomaterial design
studies constantly; however, deviations in processing often lead
to variations in composition, generating an unexpected cel-
lular response from a seemingly equivalent material. Thus, the
observation of nanomaterial interactions in regenerative medi-
cine applications will remain a fundamental design process and
will continue to garner interest from the research community
as new inductive mechanisms are revealed.
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