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The aim of this article is to investigate the current trends and impact of nanotechnology in induced
pluripotent stem cells (iPSCs)-driven tissue engineering and regenerative medicine. The iPSCs are
considered as one of the potential cell sources for tissue engineering applications due to their
self-renewal and differentiation abilities. However, the key to realize their full potential in tissue
engineering requires a deep understanding of the iPSCs biology and their cellular interaction with
three-dimensional (3D) scaffolds, which support and regulate the cellular growth and function, in
conjunction with signaling molecules. At the cellular and molecular level, nano-scale features play
an important role in controlling cell behavior and other physiological functions of iPSCs. There-
fore, nanomaterial-based scaffolds have tremendous impact in iPSCs-driven tissue engineering and
regenerative medicine. Nanomaterials have been proved to serve as a scaffolding system for tissue
engineering, as a carrier system for delivery of cells and genes, and as a marker system for imaging
and tracking of iPSCs. In this article, we therefore discuss briefly the impact of nanotechnology on
cell behavior and iPSCs-driven tissue engineering and regenerative medicine applications with their
recent challenges and advancements.
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1. INTRODUCTION

Tissue engineering aims to develop functionalized tissues
and organs for repair and restoration of defective tissues
and organs of human body with the help of cells and engi-
neered constructs called scaffold.! Scaffold plays a key
role in tissue engineering by providing a structural support
for the cells to accommodate and guide their growth in the
3D space into a specific tissue or organ. Stem cells are a
kind of cells that has a remarkable potential to self-renew
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ate into a variety of cell types with specialized functions.
For patients with extensive end-stage organ failure, and
with limited proliferative capacity in culture, stem cells are
envisioned as being an alternative source of cells.

Stem cells encompass a large class of cell types,
which includes fate-restricted multipotent adult stem cells,
embryonic stem cells (ESCs) and recently discovered
induced pluripotent stem cells (iPSCs). These cells can
be autologous, allogeneic or xenogeneic in nature. Among
them, iPSCs hold significant promise for generating engi-
neered tissues and organs owing to its ESCs-like state and
thus it has attracted the stem cell community. The human
iPSCs have biological similarities with human ESCs with
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respect to their morphology, differentiation potential and
molecular signature? surpassing ESCs limitations, which
makes it a potential replacement of ESCs in therapeutic
applications. The iPSCs have the potential for generating
patient-specific cells with high pluripotency by reprogram-
ming the patient’s own-cells and thereby can reduce the
chances for immunological rejection. Additionally, there
are no or less ethical concerns associated with the iPSCs
in comparison to ESCs. It also excludes the need for inva-
sive procedures to obtain pluripotent cells because of the
vast availability of reprogrammable cell types.

Scaffolds, on the other hand, are also an important factor
for determining the success of the tissue engineering. Due
to the several merits associated with iPSCs-seeded tissue
engineered scaffolds, in terms of their structural and func-
tional properties that can mimic the native extracellular
matrix (ECM), these kinds of iPSCs-seeded engineered
scaffolds have applications in different areas of tissue engi-
neering such as bone, cartilage and neural. For instance,

Hoveizi et al., have recently compared the cell adhesion
and proliferation behavior of human iPSCs on poly-
caprolactone (PCL) electrospun nanofibrous scaffolds with
solution-cast film scaffolds, to understand the interactions
between ECM mimicking nanomaterials and cells.> The
results of this study demonstrated that the nanofibrous
scaffolds showed better support for the attachment and
proliferation emphasizing on the sensing ability of human
iPSCs in regard to the physical properties and chemical
composition of the nanomaterial.®> Similarly, Liu et al.,
have employed the potential of iPSCs in 3D PCL/gelatin
scaffolds for chondrogenesis and articular cartilage defect
restoration.* This study demonstrated higher expression
levels of chondrogenic markers in iPSCs than the con-
trol groups. All these experimental examples, and others,
clearly indicate the impact of scaffolding system in con-
trolling cellular behavior of iPSCs.

In the recent years, nanotechnology has added a whole
new dimension in engineering materials in the form of
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scaffolds suitable for iPSCs-driven tissue engineering. The
scaffolds made of nanomaterials play a critical role in
accommodating cells and guide them to differentiate into
a specific tissue during regenerative process. The cellu-
lar behaviors, such as adhesion, proliferation, migration
and differentiation, of cultured cells can be controlled
by manipulating the structure and properties of microen-
vironment where the seeded cells are intended to grow.
Nanotechnology can be used to impart the structure and
properties of native microenvironment within the scaffold-
ing system in order to enhance the cellular growth and
function. The application of nanotechnology is not only
limited to tissue engineering but it can also be extended
to other fields such as labeling, imaging and tracking of
iPSCs, genetic modification of iPSCs and manipulating the
microenvironment/niche of iPSCs.>”

Considering the aforementioned impact of nanotech-
nology in the field of iPSCs, in this article, the authors
have focused their attention to concisely review the differ-
ent types of nanomaterials, their interactions with iPSCs
and to evaluate their use in combination with iPSCs suit-
able for various biomedical applications, which includes
iPSCs-driven tissue engineering, iPSCs labeling and track-
ing, iPSCs generation methods, and manipulation of iPSCs
microenvironment. The authors do not suggest that this is
the only choice of cells available for tissue engineering and
regenerative medicine, but the key intention is to stimulate
research on iPSCs in the context of nanomaterial-driven
tissue engineering and to evaluate their full potential, in
terms of cellular growth and function, as an alternate
cell source for tissue regenerative medicine. The article
is expected to be useful for readers to gain insights into
current trends and impact of nanotechnology in iPSCs
research.

2. BASICS OF INDUCED PLURIPOTENT
STEM CELLS

The iPSCs are adult cells that have been genetically repro-
grammed to an ESCs-like state by being forced to express
genes and factors important for maintaining the defined
properties of ESCs.® The iPSCs are considered as one of
the potential cell sources for tissue engineering due to their
self-renewal and differentiation abilities. At the outset,
Yamanaka and team proposed that the iPSCs have proper-
ties similar to ESCs, which can be derived from mouse or
human fibroblasts using four transcription factors includ-
ing Oct3/4, Sox2, c-Myc, and Klif4, under ESCs culture
conditions.’ Later, Thomson and team reported the four
factors (OCT4, SOX2, NANOG, and LIN28) are sufficient
to reprogram human somatic cells into pluripotent stem
cells, which has the characteristics of ESCs.!° However,
ethical issues have been raised in usage of human embryos
and problems related to the tissue rejection after being
transplanted to patients. To avoid these issues, pluripotent
cells are directly derived from the patient’s own cells and
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these novel stem cells were specified in the name of iPSCs.
In addition, the differentiation of iPSCs into functional
cells is beneficial for cell-based therapy and also plays
an important role in the establishment of patient-specific
disease models for drug discovery and development.'!
Besides the overwhelming achievements of reprogram-
ming approach, there are still some unresolved issues that
need to be solved out. Some of the limitations of repro-
gramming approach includes poor transformation rate, risk
of developing mutations in the genome as well as cancer
induction and sometimes, incomplete reprogramming that
can cause danger to the organism.'? In recent years, nan-
otechnology has emerged as a new, exciting field into the
iPSCs regimes to further enhance the potential of iPSCs-
based therapies. Owing to their unique properties, nano-
materials provide new opportunities to solve some of the
current limitations associated with iPSCs. For instance,
nanotechnology can be applied in the remodeling process
of somatic cells or efficient generation of iPSCs and label-
ing of iPSCs for long-term in vivo imaging and tracking
applications.* Not only nanotechnology has shown great
impact on improvements in imaging and tracking tech-
niques, but also there have been several ground-breaking
discoveries in iPSCs-driven tissue engineering and regen-
erative medicine.

3. NANOMATERIALS FOR iPSCs-DRIVEN
TISSUE ENGINEERING

Nanomaterials hold great promise as a scaffolding sys-
tem for the culture of iPSCs and their application in
tissue engineering due to their unique functional prop-
erties which can be tuned to suit the mechanical and
physiological demands of the host tissue by controlling the
volume fraction, morphology and arrangement of the rein-
forcing phase. The general concept of iPSCs-driven tissue
engineering involves the culture of isolated/reprogrammed
cells from the patient or donor into a scaffolding system,
made-up of nanomaterials, that can support the growth
and function of the isolated/reprogrammed cells into a
specific tissue, which could be transplanted back to the
defective site of the patient where tissue regeneration is
required (Fig. 1). In this case, cells, scaffolds and bioac-
tive molecules are the key components that determine
the success of tissue engineering. The selection of these
components is of great importance for the better results
of cell-material interactions and cell-cell communications
that guides the tissue regeneration and tissue remodeling
in vivo.

Scaffold made of nanomaterials plays a key role in tis-
sue engineering by providing a structural support and 3D
microenvironment to the cells in order to support cell
attachment and subsequent tissue development. From bio-
logical perspective, cells in the human body resides in a
complex mixture of pores, ridges and various components
of micro- and nano-featured ECM environment, which
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Fig. 1. Schematic representation of concept of tissue engineering approach using iPSCs as a cell source and nanomaterials as an engineered scaffold.

plays a vital role in facilitating cell-matrix interactions
and cell-cell communications upon implantation of the
engineered graft. Therefore, development of scaffolds with
structure and properties matching to the native ECM is
essential in order to mimic the microenvironment of native
tissue. However, the multiple functions, the complex com-
position and the dynamic nature of ECM in native tis-
sues make it difficult to mimic exactly. Nevertheless, many
types of nanomaterials have been tested worldwide as tis-
sue scaffolding systems.'*'® Different types of nanomate-
rials used in various iPSCs-based biomedical applications
are listed in Table I. It is evident from the literature sur-
vey that most of the nanomaterials are being used as a
scaffolding system for tissue engineering, as a carrier sys-
tem for delivery of cells and genes, and as a marker for
imaging and tracking of iPSCs.

Over the years, nanomaterials have moved from merely
interacting with the body to influencing biological pro-
cesses toward the goal of tissue regeneration. Recently,
Mohtaram et al. (2014) have investigated the effect of
micro- and nano-scale topography on promoting neu-
ronal differentiation of human iPSCs and directing the
resulting neuronal outgrowth.”’ Loop mesh and biaxial

16

aligned microscale retinoic acid functionalized-PCL nano-
fibers were seeded with neural progenitors derived from
human iPSCs. From the cell culture study, it was noticed
that maximum neurite outgrowth length of these cells
occurred on the biaxial aligned scaffolds than the loop
mesh topography, giving insight into how physical and
chemical cues can be used to engineer neural tissue.?’ This
study confirms the importance of the nanoscale features
in the designing of scaffolds for directing stem cell dif-
ferentiation. Evidently, it has been proved that incorpora-
tion of various growth factors or bioactive molecules in
nano-carrier systems as biological signals can promote the
desired differentiation lineage within the seeded stem cells.
Since the first contact of the cultured cells is surface of the
materials where they had grown, development of an opti-
mal surface engineered nanomaterial is of great importance
for the better understanding of cell-nanomaterial inter-
actions and cell-cell communications. In support of the
importance of stem cell-nanomaterial interaction, recently
it has been reported that precise control of scaffold’s struc-
ture can provide a more efficient carrier of the seeded stem
cells for the regeneration of the damaged tissue. Due to
the better cell-material interactions, numerous studies have
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Table I. List of various nanomaterials employed for the development of iPSCs-based biomedical applications.

S. No. Type of nanomaterial Cells studied Application Reference

1. Poly(beta-amino ester) nanoparticles Human fibroblast iPSCs generation [17]

2. Vitronectin-decorated polyvinyl Human iPSCs Xeno-free Culture of Human iPSCs [18]
alcohol/hyaluronan polysaccharide
nanofibers

3. Plasma-treated polymeric nanofibrous Human iPSCs Bone tissue engineering [19]
polyethersulfone scaffolds

4. 350 nm width nanograted Human iPSCs Neural tissue engineering [20]
Polydimethylsiloxane (PDMS) substrates

5. Polyethersulfone nanofibrous scaffold Human iPSCs Bone tissue engineering [21]

6. PDMS-based 13kbp OSKM plasmid of iPSCs generation [22]
microchannel-nanochannel-microchannel iPSCs
(MNM) array

7. Poly(D,L-lactide-co-glycolide)/branched Mouse embryonic fibroblasts Somatic cell reprogramming [23]
polyethyleneimine-DNA nanoparticle

8. Cationic bolaamphiphile Human fibroblasts iPSCs generation [24]

9. Mesoporous silica nanoparticles (MSN) and ~ Mouse fibroblast-derived Definitive hepatic induction and labeling [25]
FITC-conjugated MSN (FMSNs) iPSCs

10. Polyamidoamine dendrimer surfaces with Human iPSCs Switching between self-renewal and [26]

G1, G3 and G5 dendron structure

lineage-commitment

supported the use of iPSCs-seeded engineered scaffolds in
different areas of tissue engineering such as bone, carti-
lage and neural. All these aspects are described briefly in
the following sections.

Bone is a natural nanocomposite made up of organic
(collagen) and inorganic (hydroxyapatite (HA)) compo-
nents arranged in a hierarchical structure ranging from
nano- to macro scale. As nanostructures can provide
a closer approximation to the native bone architecture,
thereby nanomaterials offer a platform to recapitulate the
organization of natural ECM for the development of func-
tional bone tissue constructs. Patient-specific bone sub-
stitutes can be produced using nanoscale biomaterials
and iPSCs technology for variety of bone reconstructive
treatments. Bioceramics such as HA and other calcium
phosphates (CaP) are some of the important biomateri-
als in bone tissue engineering. The CaP-based composite
materials are widely used for bone grafting due to their
bioactive potential (e.g., osteoconductivity and osteoin-
tegration). Recently, D’Angelo et al. (2012) produced
nanocomposite fibrous mats of poly L lactic acid (PLLA)
loaded with different amounts (1 or 8 wt%) of calcium-
deficient HA (d-HA) to induce osteogenic differentiation
of human bone marrow-derived mesenchymal stem cells
(hBM-MSCs) and murine pluripotent (iPSCs and ESCs)
stem cells in the absence of exogenous soluble differen-
tiating agents.”® Interestingly, it was found that the dis-
persion of different amounts of d-HA to PLLA resulted
into a set of composite materials (PLLA/d-HA) with sim-
ilar architectures and tunable mechanical properties. The
results of the 3 weeks study have confirmed the expres-
sion of osteogenic markers on PLLA/d-HA nanocomposite
with significant deposition of bone matrix proteins. Murine
pluripotent and human multipotent stem cells cultured on
neat PLLA scaffold under the same culturing condition
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were reported to lack osteogenic differentiation. Addition-
ally, electrospun PLLA/d-HAp nanocomposite were found
to be independent of the stem cell type. Notably, d-HA
concentration of 1 wt% was reported to be sufficient to
activate the molecular signals for the onset of differentia-
tion mechanisms. It is likely that for an effective biological
responsiveness, the direct interaction is required between
the seeded stem cells and PLLA/d-HA substrates. There-
fore, this study highlights on the fact that direct interaction
of stem cell-polymeric nanocomposite and the mechan-
ical properties acquired by the PLLA/d-HAp nanocom-
posite play as a key role in osteogenic differentiation.?®
Indeed, it has been proposed that stem cells are able to
convert mechanical cues into biochemical signals and in
turn can modulate their fate and function, through the
process of mechano-transduction.?® Besides the synthetic
origin-based nanomaterials, many other natural origin-
based nanomaterials have also been employed to repro-
duce the biochemical and biophysical simulation of native
niche. Interestingly, Wang et al. (2014) have investigated
a unique matrix assembled from engineered M13 phage
bionanofibers with specific nanotopographical- and versa-
tile signal peptides-based cues to simulate native niche for
directing the fate and function of iPSCs.? The M13 phage
is a virus that specifically infects bacteria and is harmless
to human beings, is indeed a bionanofiber (~880 nm long
and ~6.6 nm wide). These phage bionanofibers displayed
with different signal peptides were assembled into a matrix
using a layer-by-layer self-assembly method to present an
ordered surface nanotopography. In this method, electro-
static interactions come into play between the cationic
poly-L-lysine and anionic phage bionanofibers to achieve
the self-assembly of phage matrix. The authors have
studied the biochemical (peptide sequence) and biophys-
ical (nanotopography) properties of this unique matrix,
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and have found that the resident iPSCs on the phage
matrix are first differentiated into mesenchymal progenitor
cells and then into the osteoblasts due to the elongation
induced by phage nanofibers. It was supported that the
cooperative combination of the ordered ridge/groove nan-
otopography (biophysical cues) and growth factor signal
peptide (biochemical cues) can significantly promote the
osteoblastic differentiation of iPSCs.?* These experimental
examples, and other studies, demonstrated the efficacy of
nanomaterial-based scaffolds in osteogenic differentiation
of iPSCs. Though the nanomaterials serve as an effec-
tive scaffolding system for bone tissue engineering, fur-
ther research is required to develop more sophisticated
biomimetic nanomaterial scaffolding systems with added
levels of complexity to incorporate multi-functionality and
to impart osteoconductive-cum-osteoinductive features.

Cartilage tissue engineering is a promising method for
the repair and regeneration of cartilage tissues which are
damaged or injured by a trauma, osteoarthritis or rheuma-
toid arthritis.*® Unfortunately, articular tissues lack self-
renewal ability due to its low cell to matrix ratio which
in turn limits the natural regenerative potential of the
tissue.*! There are numerous surgical methods that have
been developed for the restoration of the cartilage such
as drug therapy, micro-fracture, drilling, abrasion arthro-
plasty, autologous chondrocyte implantation and osteo-
chondral autograft/allograft transplantation. Despite of
their wide acceptance, these conventional approaches are
also associated with several limitations such as cost effec-
tiveness, inability to regenerate cartilage with mechani-
cal properties matching to the native tissue or sometimes
provide only symptomatic relief to the patient. To over-
come these limitations, tissue engineering has developed
artificial substitutes quite similar to the propoerties of
native ECM by using iPSCs and nanotechnology.** For
instance, Liu et al. (2014) studied the chondrogenic poten-
tial of iPSCs cultured in PCL/gelatin nanofibers in order
to restore cartilage defects.>® It was also shown that PCL
can provide mechanical strength to the scaffold as even
after two months of degradation analysis, no PCL fibres
hydrolysis was observed. Hence even though there was
40% decrease in the tensile strength of the degraded fibres
yet the young’s modulus remained unchanged. The results
of the in vivo experiment showed higher levels of collagen
II, aggrecan and SOX9 expression specific to the cartilage
along with sub-chondral bone regeneration. Therefore, due
to the nanofiber morphology and hydrophilic properties,
cultured iPSCs have shown increased chondrogenesis.*
Altogether, it is evident that the nanomaterials in combina-
tion with iPSCs have potential for inducing chondrogene-
sis within the damaged tissues, thereby holding a promise
for cartilage repair and regeneration.

Neural tissue engineering is an encouraging method for
the regeneration of damaged nerves.** Studies have shown
that iPSCs have been used in combination with nanoscale
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biomaterials for neural regeneration for a range of dis-
eases and disorders such as parkinson’s, alzheimer’s, hunt-
ington’s, spinal cord injury and traumatic brain injury.®
For instance, Wang et al. (2011) have reported that
iPSCs-derived multipotent neural crest stem cells (NCSC)
seeded onto nanofibrous tubular scaffold nerve conduits
can be used as a bridge for transected sciatic nerves
in rat model.’® The nanofibrous tubular scaffold has
been made with PCL, poly(propylene glycol) and sodium
acetate-based longitudinally aligned nanofibers. To further
strengthen the scaffold, outer layers of random nano-
fibers were deposited onto the aligned fibres. The electro-
physiological analysis demonstrated that NCSC-engrafted
nerve conduits have an accelerated regeneration poten-
tial for sciatic nerves. NCSC seeded conduits transplan-
tation has the ability to promote axonal myelination and
can further support their differentiation into schwann cells.
Furthermore, the differentiated NCSCs were found to be
integrated into the myelin sheath around the axons. Inter-
estingly, in a one year follow-up study for the in vivo
implantation of NCSC seeded nerve conduits, no teratoma
formation was revealed for upto one year, also a fully
controlled microenvironment was formed for the differen-
tiation of iPSCs-derived NCSC, thus emphasizing on the
potential of iPSCs seeded nanomaterial-based scaffolds for
nerve regeneration.*® Scaffold properties can also modulate
the behaviour of seeded iPSCs,” thereby emphasizing on
the need to modulate scaffold properties compatible to the
seeded cells. All these experimental examples, and other
studies, clearly indicate that the nanomaterials loaded with
iPSCs have great potential in regeneration of nerve cells
for the treatment of neuronal diseases.

4. NANOMATERIALS FOR IMAGING AND
TRACKING OF iPSCs

The iPSCs-based therapies offer significant potential in
regenerative medicine. However, the knowledge regard-
ing the in vivo kinetics of the transplanted iPSCs is
still unclear, in particular how to monitor the cell imag-
ing and trafficking in the living system. Nanotechnol-
ogy provides an opportunity of developing a non-invasive
method to repetitively monitor transplanted iPSCs in vivo
and identify successful or unsuccessful engraftment out-
comes. The use of superparamagnetic iron oxide (SPIO)
nanoparticle for labeling the transplanted stem cells in
magnetic resonance (MR) imaging, have been proven
as an effective way for in vivo tracking of stem cells
due to the near microscopic anatomical resolution, a
longer blood half-life that permits longitudinal imaging
and the high sensitivity for cell detection provided by
MR imaging of SPIO nanoparticles. For instance, Cas-
taneda et al. (2011) have reported a protocol for label-
ing iPSCs with ferumoxytol nanoparticles (17-30 nm),
a FDA-approved ultrasmall superparamagnetic iron oxide
(USPIO) composed of a non-stoichiometric magnetite core
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surrounded by a polyglucose sorbitol carboxymethylether
coat.’® The results of this study have confirmed the tech-
nique as an efficient labeling system for iPSCs that
leads to significant MR signal effects of labeled cells
on MR images.*® Similarly, Ruan et al. (2011) have
also demonstrated the preparation and labeling of human-
derived iPSCs using nanoparticles.'* The authors labeled
their iPSCs with fluorescent magnetic nanoparticles, which
showed strong fluorescent and magnetic signals in MR
imaging.!? Interestingly, the long-term labeling and lon-
gitudinal imaging is attributed to the lysosomal storage
of the iron oxide nanoparticles within the cells.*® This
technique can be further employed for the non-invasive
monitoring of iPSCs-based therapies in pre-clinical and
clinical settings. In relation to the effect of SPIO-labeled
stem cells differentiation capacity, studies have demon-
strated an SPIO dose dependent effect on differentiation
capacity and SPIO doses do not impair differentiation
potential of the stem cells.** Direct visualization of the
transplanted iPSCs would allow for a better understand-
ing of the factors that promote or impair successful iPSCs
transplantations. Besides the advancements in the field,
long term labeling do have some challenges such as dilu-
tion effect of the contrast agent over time and difficulty in
identifying the differences in long-term signal kinetics of
viable and dead cells which should be overcome in future.
In over all, nanotechnology-assisted imaging and tracking
of iPSCs is a milestone in bioimaging technology, which
opens a new avenue for further research and development
of iPSCs therapy.

5. NANOMATERIALS FOR GENETIC
MODIFICATION OF iPSCs

Though iPSCs have provided an attractive alternate source
to human ESCs, iPSCs are not yet considered as an
ideal stem cell source, due to their limitations associ-
ated with the reprogramming process and their poten-
tial tumorigenic behavior. To provide a solution to this
problem, many methods are being explored to generate
iPSCs using nanotechnological principles and methods.
In a recent approach, Lee et al. (2011) have reported
an iPSCs generation method using non-viral magnetic
nanoparticle-based transfection.*! Biodegradable cationic
polymer polyethyleneimine (PEI)-coated super paramag-
netic nanoparticles were complexes to plasmid DNAs
which comprised each of the four iPSCs factor genes.*!
The complex was exposed to the magnetic forces that
guide gene vectors for all nucleic acid transfection toward
normal mouse embryonic fibroblasts. Transfection was fol-
lowed by nanofection-mediated iPSCs exhibiting ESCs-
like characteristics. The results confirmed that non-viral
magnet-based nanofection of iPSCs genes can result
upto three-fold higher efficiencies of exogenous DNA-free
safe iPSCs line production.*! Similarly as already men-
tioned, Ruan et al. (2011) reported an efficient method
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of preparation of iPSCs for long-term tracing and imag-
ing by co-transfecting four transcription factor genes
(Oct4, Sox2, LIN28 & Nanog) and packing plasmids
(PSPAX2 & PMD2.G) into 293T cells using generation 5.0
polyamidoamine dendrimer-modified magnetic nanoparti-
cles (AMNPs) as a delivery system.'* The results confirmed
efficient delivery of all vectors into 293T cells through
dMNPs. Despite the prolonged regulatory process required
to enter the clinical arena, this type of nanomaterial-based
delivery systems might offer advantages by increasing the
rate of gene delivering into the cells and provide spatial
and temporal control of the desired gene. The research
work is in progress on this direction.

6. NANOMATERIALS FOR MANIPULATING
MICROENVIRONMENT OF iPSCs

Controlling the fate and function of iPSCs in vivo is of
paramount importance for the success of tissue engineering
and regeneration. Many researchers worldwide are endeav-
oring to unveil the mechanisms by which the microen-
vironment (both physical and chemical cues) affects the
lineage-commitment, as well as phenotype and function
of iPSCs. Extrinsic cues from the native microenviron-
ment of cells have been recently elucidated and included
activation of different cellular pathways, growth factor
binding and composition of the ECM. Recently, nano-
materials have been developed with the intention to suc-
cessfully mimic or even bypass the effect of biological
molecules in the iPSCs microenvironment. This is because
cells in the human body live in a complex mixture of
pores, ridges and components of micro and nano-featured
environment, which are all, play a vital role in facilitat-
ing cell-matrix interactions and cell-cell communications
upon implantation of the tissue graft. Many efforts have
been directed at the construction of scaffolds for mimick-
ing the natural ECM of the iPSCs.*? Tt has been revealed
that the ECM itself through its nanoscale geometry and
interactions with cellular receptors can modulate the shape
and therefore the gene expression of the cells. There-
fore, nanomaterials can be found helpful in mimicking the
iPSCs ECM through a variety of nanotopographies. Cell
responses modulated by nanotopography include align-
ment, survival, motility, proliferation and differentiation.
For instance, human iPSCs seeded onto nanostructured sil-
icon substrates responded by elongating and aligning along
the grating axis and expressed neuronal markers, whereas
the same cells cultured on flat substrates spread randomly
and conserved their pluripotent properties.”’ Similarly, it
was found that iPSCs cultured onto an array of carbon
nanotubes conjugated with ECM proteins to determine
the pluripotent stem cell behavioral response, the nano-
topographical array supported the undifferentiated iPSCs
growth as well as self-renewal and also expressed pluripo-
tency markers.** However, it was inferred that rough sur-
faces promote pluripotent stem cell adhesion with a more
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compact morphology, but opposing to this, studies have
proved evidence for whether or not nano-rough surfaces
can maintain pluripotency and an undifferentiated state or
induce spontaneous differentiation.** All these experimen-
tal examples, and other studies, have clearly demonstrated
the impact of nanotechnology in the research and devel-
opment of iPSCs.

7. CONCLUSION

The iPSCs are one of the attractive cell sources for tissue
engineering and regenerative medicine. Nanotechnology
has potential to develop various forms of nano-featured
microenvironments to support the culture and growth of
iPSCs specific to each application. Extensive studies have
been carried out around the world to understand how the
nano-features help to regulate or control the functional
properties of iPSCs in engineering tissue and organs. As
of today, nanotechnology offers the possibility to man-
ufacture novel scaffolds that could modulate iPSCs fate
and function. Despite numerous technological advances
in the derivation of human iPSCs and their biomedical
applications, relatively little is known about their inter-
action with nanoscale microenvironment which is very
essential to develop physiologically functional engineered
tissues and organs. The field of iPSCs nanotechnology is
still in its infancy stage. Keeping these points in mind,
future research may aim for converging nanotechnology,
iPSCs biology and regenerative medicine in order to mimic
the physiological complexity of the iPSCs microenvi-
ronment/niche and ultimately provide the multitude of
required cell types for clinical therapies in humans.
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