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ABSTRACT

The precise control of stem cell behavior, including differentiation, transdifferentiation, and reprog-
ramming, is fundamental for safely and efficiently using human stem cells in regenerative medicine.
Thanks to recent innovations and developments in the field of nanomedicine, as well as its integration
with advanced molecular biology approaches, the possibility of engineering and restoring functions of
complex tissues become reality. Multifunctional nanotechnological tools allow to finely control the
release of growth factors, mRNA, and other molecules, to promote cell fate conversion, and to perform
long-term tracking in vivo. Furthermore, stimulation approaches based on smart and biocompatible
nanotransducers promise to remotely modulate the stem cell activity, paving the way for the actual
exploitation of these technologies in the internal tissues of large-sized animals. In this review, the most
innovative nanotechnology tools applied to stem cell-based regenerative medicine are presented, and
their implications for future research and clinics are discussed.

© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

A plethora of chemico-physical cues guide stem cell behaviors
from the quiescent to the proliferative and differentiative state. The
complex gradients of biochemical, mechanical, and topographical
signals from the specific stem cell niche to the differentiated tissues
finely regulate proliferation, migratory behavior, morphology
maturation, and differentiation of the stem cells and their progeny.
The precise control of these phenomena is fundamental for tissue
homeostasis, regeneration, and function [1]. The reconstruction of
the chemico-physical microenvironment of the stem cell niches
and the delivery of specific pro-differentiative cues to precisely
manipulate cell fate and behavior represents a huge challenge to
scientific research and technology, requiring competencies and
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tools from different disciplines including molecular biology,
bioengineering, and material science. In this scenario, nanotech-
nology offers a multitude of smart and multifunctional platforms
for the controlled delivery of nucleic acids [2], growth factors [3],
and drugs [4], remote stimulation with physical cues (e.g., electric,
mechanical and thermal) [5], and nano-topographical reconstruc-
tion of the extracellular matrix (ECM) [6]. Moreover, nanotech-
nology also offers innovative tools for the multi-modal long-term
tracking of transplanted stem cells in internal tissues [7]. Alto-
gether, these nanotechnology-based approaches applied to stem
cells allow for improved control in cell reprogramming, expansion,
and differentiation, with unique capabilities for medical imaging
and enhanced therapy performances. Therefore, the synergic
combination of stem cell therapy approaches and nanoparticle
technologies shows great promise for the investigation, diagnosis,
and treatment of various degenerative and genetic diseases.
Concerning stem cell reprogramming, in 2013 the conversion of
human umbilical cord mesenchymal stem cells (MSCs) into induced
pluripotent stem cells (iPSCs) by nanomaterial-assisted delivery of
four plasmids encoding for the Yamanaka factors (Oct4, Sox2, Kif4,
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and c-Myc) was demonstrated for the first time [8]. In this pio-
neering work, Cao et al. devised a simple and safe approach for
generating virus-free iPSCs by using plasmid-encapsulated calcium
phosphate nanoparticles. The iPSCs obtained with this technique
showed both the expression of pluripotency markers and differ-
entiation capability into the three germ layers. The recent de-
velopments in nanomaterial science and gene editing methods
allowed for the improvement of reprogramming technologies. As
an example, efficient cell reprogramming through the delivery of
CRISPR/dCas9 ribonucleoproteins with magnetic peptide-
imprinted chitosan nanoparticles was recently demonstrated [9].
This approach prevents the risks of the insertion of mutations into
the genome of the target cells. Furthermore, recent nanotechnology
and molecular biology tools addressed the issue of the scarce effi-
ciency and slow kinetics of the somatic cell reprogramming into
iPSCs. In this framework, Meng et al. took advantage of the
mesenchymal-to-epithelial transition (MET) phenomenon for
enhancing the conversion efficiency of fibroblasts into iPSCs [10]. To
this aim, the authors nanoengineered gold nanoparticles with
ADH-1, a cyclic pentapeptide that selectively and competitively
binds to and blocks N-cadherin. Thanks to this nanoplatform, a 7-
fold increase in reprogramming efficiency compared to the Yama-
naka factors-based strategy was reached, with stemness and plu-
ripotency of iPSCs demonstrated both in vitro and in vivo.

A series of smart nanotechnology tools have been developed to
promote the proliferation of stem cells, as well as their differenti-
ation and maturation towards specific cell fates. The main aim is to
develop particular cell types and organoids in vitro and regenerate
tissues in vivo. One approach involves the use of nanocarriers to
deliver mRNA, siRNA, growth factors, and other biomolecules to
control gene expression and cell behavior. A recent trend is to load
the nanocarriers with chemically modified RNA (cmRNA), which
allows for enhanced genetic stability and reduced immunogenicity
[11,12]. Also, the use of smart nanosystems for the actuated release
of the cargo enables a more precise temporal control of cell mod-
ulation [13,14]. Another approach regards the treatment of cells
with active nanomaterials to chronically deliver thermal, electric,
mechanical, and oxidative cues [15]. Piezoelectric, magneto-
thermal, magnetoelectric, photothermal, and photodynamic stim-
ulations have been provided by such nanotransducers to further
guide stem cell fate. This strategy consents after-transplant mod-
ulation of stem cell behavior in complex animals by exploiting
sources of energy able to efficiently penetrate through the biolog-
ical tissues (e.g., ultrasounds and magnetic fields). Finally, a third
strategy contemplates the engineering of surface nanotopographies
to trigger specific mechanotransduction signaling pathways [16].
Although the mechanobiology phenomena regulating cell behavior
still require to be fully elucidated, nanostructured surfaces with
both deterministic and chaotic features demonstrated to efficiently
regulate proliferation and cell fate promotion. In this regard, the
engineering of surface topography is not only relevant for in vitro
applications, but also when integrating prostheses/implants with
stem cell therapy for tissue engineering [17,18].

2. Stem cells in research and clinics

Stem cells are a class of cells responsible for the development of
organs and systems and are pivotal for the regeneration of tissues.
Stem cells are characterized by the ability of constant self-renewal
and by the potential to differentiate into many different cells when
exposed to specific stimuli [19,20]. Given these abilities is of no
surprise that stem cell analysis, characterization, and exploitation
have been one of the main investigated approaches for regenerative
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medicine and tissue repair. Stem cells could potentially be used as a
countermeasure for age-related diseases, injuries, neurodegenera-
tive disorders, and congenital defects [19,20]. The study of stem
cells holds also great promise in the field of cancer research due to
the association of tumors with the so-called cancer stem cells
(CSCs), a subpopulation of cancer cells that have been linked to
tumor initiation and relapses [21]. Stem cells can be classified based
on their “potency” and their biological origin. As we will discuss in
the following paragraphs potency and tissue origins of stem cells
are almost always linked. The term potency refers to the ability of
stem cells to differentiate in different subsets of cells. In particular
stem cells can be classified as totipotent, pluripotent, multipotent,
oligopotent, and unipotent based on the number of different cell
types in which they can be differentiated [22]. Totipotent stem cells
are cells that can self-renew by dividing and developing into the
three primary germ cell layers of the early embryo and extra-
embryonic tissues such as the placenta [23]. A fertilized egg is a
totipotent stem cell and as such can develop into any specialized
cell of the organism. Only the zygote and the cells derived from the
first few mitotic divisions after fertilization can differentiate into
extra-embryonic tissues. Once the blastocyst stage is reached, the
inner cell mass cells become pluripotent being able to differentiate
into the three primary germ cell layers but not into extra-
embryonic tissues [24]. Multipotent stem cells can differentiate in
all the cell types of one particular lineage [25], for example, neural
stem cells (NSCs) which can differentiate into neuronal cellular
subtypes such as neurons, astrocytes, and oligodendrocytes [26].
Oligopotent stem cells can differentiate in a limited subset of cells
of a specific tissue, for example, oligopotent stem cells have been
identified in the pig cornea where they can differentiate into
corneal and conjunctival cells [27]. Lastly, unipotent stem cells can
self-renew and differentiate in only one subtype of cells for
example the satellite cells of skeletal muscle [28]. As previously
mentioned the potency of cells is strictly linked to their tissue of
origins, with cells derived from early-stage embryos being the most
potent, followed by pluripotent cells derived from later-stage em-
bryos and multipotent, oligopotent, and unipotent cells derived
from adult tissues. iPSCs represent an innovative class of stem cells
obtained from somatic cells reprogrammed and de-differentiated
through the expression of specific factors. In the following para-
graphs, we will briefly discuss the various types of stem cells based
on their origin (as shown in the scheme of Fig. 1) with particular
attention to the potential applications and advantages/disadvan-
tages of each type.

2.1. Embryonic, fetal, and umbilical cord-derived stem cells

Embryonic stem cells derived from the inner cell masses of
mammalian blastocysts have longly been investigated both base
studies of developmental biology and in regenerative medicine
approaches. The main attraction of embryonic stem cells is asso-
ciated to their ability to differentiate in cells of all three embryonic
germ layers, which makes embryonic stem cells a very promising
source of mature cells for transplant and regenerative medicine
[29]. The main drawbacks connected to the use of embryonic stem
cells are due to the ethical issues related to the obtainment of these
cells and to the possibility of immune rejection and teratoma for-
mation once implanted [29,30]. This phenomenon of teratoma
formation has been linked to the presence of residual pluripotent
stem cells in batches of mature cells obtained from the differenti-
ation of embryonic stem cells [29]. To overcome these limitations
other fetal sources of stem cells have been investigated such as
umbilical cord blood, placenta, and amniotic fluid. Stem cells
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Fig. 1. A schematic representation of various sources of stem cells and their relative potency. From left to right, totipotent represent the earliest stage of embryo development and
can differentiate in any cells (including extra-embryonic structures). With the successive development stages, the potency is gradually lost with totipotent cells becoming
pluripotent (inner cells of the blastocyst), multipotent (cells derived from the three main embryo sheets), and unipotent (e.g., germ line stem cells and epidermal stem cells). In
adults, multipotent stem cells can still be found in different locations (adipose tissue, bone marrow, peripheral blood, central nervous system) and oligo/unipotent cells can be found
in specific tissue niches. Adult somatic cells can be harvested and reprogrammed to express specific molecular markers to obtain iPSCs.

derived from fetal tissue have shown low immunogenic response
and the ability to differentiate into a large variety of adult cells.
Moreover, cells derived from amniotic fluid, placenta, and umbilical
blood did not show significant induction of teratoma formation
once transplanted to a recipient [29].

2.2. Adult stem cells

Adult stem cells have been recently identified in many adult
tissues including bone marrow, adipose tissue, dental tissues,
endometrium, skin, heart, liver, and brain [29,31]. Stem cells in
adult tissues play a pivotal role in maintaining and repairing the
homeostasis of tissues by replenishing mature cell types [29]. Stem
cells resident in tissue can alternate between a quiescent or an
activate proliferating and differentiating state depending on the
signaling present in the surrounding microenvironment niche [29].
The main advantage of adult stem cells over embryonic stem cells is
due to the relative lack of ethical issues connected to their use, and
the possibility to employ these cells in autologous transplant-based
approaches to overcoming some of the immune rejection problems
related to the use of other stem cells types [29,32]. The main
drawbacks related to the use of adult stem cells are mainly related
to their potency, in particular, the differentiative possibilities of
adult stem cells are limited by their tissue of origins and most adult
stem cells are multipotent, being able to differentiate only into one
lineage subset of adult cells [28,29,33]. Due to the differentiation
limitations of adult stem cells, subsets of stem cells derived from
specific tissues need to be harvested (mostly by surgical approach)
for tissue-specific transplant approaches. In vitro culturing of adult
stem cells is also fairly hard and complicated, with adult stem cells
being limited in terms of proliferation rates when compared to
embryonic stem cells [32]. Despite these drawbacks, adult stem
cells are still a very promising tool being currently investigated in a
large variety of potential clinical approaches including treatment of
cardiovascular disease, injuries, degeneration of tissues, neurolog-
ical disorders, liver diseases, lung disorders, and even diabetes
[29,34—41]. As previously described, adult stem cells have a lower
differentiation potency compared to embryonic stem cells (ESCs).
In particular, adult stem cells are classified as multipotent or uni-
potent cells. A subclass of adult stem cells is represented by pro-
genitor cells. Progenitors are a class of cells present in various

organs, they are able to self-renew and differentiate. Their role is
mainly associated with the repair of organs after injuries [42].

2.3. Induced pluripotent stem cells (iPSCs)

iPSCs are pluripotent cells derived from the differentiation of
adult somatic cells. The procedure for the obtainment of iPSCs was
first described by Kazutoshi Takahashi and Shinya Yamanaka in
2006 in a work where somatic mouse cells were re-programmed by
forcing the expression of the transcription factors Oct4, Sox2, Kif4,
and c-Myc [43,44]. In terms of differentiation potency iPSCs are
comparable to embryonic stem cells, being pluripotent cells able to
differentiate in any adult cells of the three main germ layers.
However, iPSCs present several advantages over other embryonic
stem cells: First of all iPSCs can be potentially obtained from adult
tissues overcoming the ethical and methodological limitations
posed by embryonic tissues. Moreover, iPSCs represent a very
promising and unmatched tool for personalized medicine ap-
proaches. Despite the great potential of iPSCs, there are still several
obstacles that need to be addressed concerning their potential
clinical application. First of all, from a methodological point of view,
the obtainment of iPSCs from somatic cells is a relatively slow
process and with a high variability mainly due to the low reprog-
ramming efficiency [44]. Then, iPSCs tend to accumulate mutations
and genome instability compromising their differentiation and
proliferation efficiency [44].

3. Nanoparticle-assisted active stimulation of stem cells

With the recent development of a new generation of stimuli-
responsive active nanomaterials able to finely interact with cells
and locally deliver physical and chemical cues, precise spatiotem-
poral control of stem cell behavior is now possible. In this section,
the magnetic, photothermal, piezoelectric, and antioxidant nano-
materials used to modulate stem cell behavior (Fig. 2) have been
described.

3.1. Magnetic nanomaterials

Magnetic nanomaterials are one of the main classes of nano-
materials currently used and studied as a tool to manipulate stem
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Fig. 2. The scheme summarizes the active nanomaterials-based approaches to control the differentiative fate of stem cells. From top left in clockwise order: stimulation through
magnetic nanomaterials, photothermal activation with NIR-responsive nanostructures, local delivery of electrical cues through piezoelectric nanoparticles, use of nanomaterials as

carriers of pro-differentiative factors and agents, and lastly antioxidant nanomaterials.

cells. In particular, thanks to the relatively high penetrability and
lack of harmful effects, remote stimulation of magnetic nano-
materials through the application of a magnetic external field
represents a very promising tool in the stem cells field. The appli-
cations of magnetic nanomaterials for stem cells manipulation can
be classified into three main groups: 1) use of magnetic nano-
materials in conjunction with an external magnetic field to move
stem cells and guide them in specific sites of interest; 2) use of
magnetic nanomaterials in conjunction with a static magnetic field
to control stem cell functions, in particular, their differentiation
levels and fate; 3) use of an alternating magnetic field combined
with magnetic nanoparticles to achieve localized hyperthermia
effects and stimulate stem cells differentiation. Magnetic guidance
of stem cells has been investigated as a delivery system to guide
stem cells into damaged tissue for regenerative approaches [45].
For magnetic guidance, stem cells are usually treated with mag-
netic nanoparticles and then guided to the desired site through the
application of an external magnetic field. In one such approach,
MSCs were labeled with Fe304@polydopamine (PDA) nanoparticles
and were guided through the application of an external magnetic
field to the spinal cord of a rat model of sciatic nerve injury. The
guided MSCs were able to reduce microglial and astrocyte activa-
tion and act on neuropathic pain with no evident adverse effects on
other organs of the animals [45]. In a similar approach adipose-
derived mesenchymal stem cells (AdMSCs) were treated with cit-
ric acid-coated superparamagnetic iron oxide nanoparticles
(SPIONs) and guided to the sciatic nerve of an in vivo Wallerian
degeneration model [46]. The guided cells showed regenerative
processes, effects on remyelination processes, and effects on func-
tional recovery [46]. Magnetic guidance of stem cells has been
investigated also as a potential treatment for central nervous sys-
tem disorders such as Alzheimer's disease [47], stroke [48], Par-
kinson's disease [49], and models of auditory cell damage [50]. The
application of a static magnetic field has also been used to regulate
the proliferation and differentiation of stem cells. For example, Li

and colleagues demonstrate that the treatment of NSCs with
SPIOns was able to promote cellular proliferation, while the com-
bination of SPIONs with a static magnetic field had the opposite
effects and inhibited NSCs expansion [51]. The combinatory effects
of magnetic nanostructures and static magnetic fields seem to be
cell-specific and highly dependent on the cellular state. For
example, it has been shown that the treatment with magnetic
nanoparticles and a static magnetic field of AAMSC can reduce
senescence and induce chondrogenesis [52]. Lastly, the ability of
SPIONSs to induce heating when exposed to an alternating magnetic
field has been exploited to control the differentiative fate of stem
cells. In particular, Walker and colleagues developed a nano-
structure composed of SPIONs coated with a thermo-responsive
polymer (poly(N-isopropylacrylamide) (PNIPAM)) and functional-
ized with the WNT3a growth factor [53]. The developed nano-
structures were tested upon MSCs. The authors were able to show
that the Wnt3a conjugated to the nanostructures was inactive until
the application of an alternating magnetic field. The application of
an alternating magnetic field was able to induce an increment in
temperature thanks to the presence of SPIONs and, consequently,
trigger the Wnt3a release from the thermo-responsive coating. The
released Wnt3a was then able to interact with MSCs and induce
their proliferation. As commented by the authors this very prom-
ising approach could potentially be used in combination with other
proteins and growth factors to finely tune the proliferation and
differentiation fate of stem cells [53].

3.2. Photothermal nanotransducers

Another nanotechnology-based approach for inducing thermal
stress and modulating differentiation of stem cells consists of the
use of photothermal nanotransducers. Depending on the specific
light wavelengths that such nanotransducers absorb and convert
into heat, it is possible to distinguish nanomaterials operating in
the visible/UV light and the near-infrared (NIR) ranges [54].
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Compared to the visible/UV range, irradiation in the NIR
(800—1700 nm), especially in the NIR-II (1000—1350 nm) and NIR-
III biological windows (1500—1700 nm), is preferable for in vivo
application due to the better penetrability through the biological
tissues [55]. Nanomaterials for NIR photothermal conversions
include gold nanoshells/nanorods/nanocages, carbon nanotubes,
graphene nanostructures, iron oxide nanoparticles, upconversion
nanoparticles, rare earth-based nanomaterials, organic dye-based
nanoparticles, and polymeric nanostructures [56].

The cell response to a moderate heat shock (HS) treatment is
known to increase the expression of HS proteins (hsp) with chap-
erone functions, which in turn activate protective mechanisms
promoting survival, while excessive HS induces cell death. In NSCs
and neural progenitors, the overexpression of hsp genes and the
increase in reactive oxygen species (ROS) levels induced by mod-
erate HS are associated with enhanced neural differentiation [57].
Hsp have an essential regulatory role during embryonic and post-
natal neurodevelopment. As an example, the spatio-temporal
expression of hsp27 correlates with neural differentiation [58].
However, it is important to specify as the upregulation of hsp27
expression is observed in human embryonic stem cell-derived
differentiating motor neurons, while downregulation of this
chaperone is reported during neural maturation [59]. In the liter-
ature, it has been demonstrated that not only hsp expression is
modulated during neural differentiation, but also hsp regulates
neural differentiation. A possible molecular cascade involved in the
promotion of neural differentiation is triggered by the interactions
of hsp27 with the protein kinase B, which in turn regulates cell
growth and differentiation [58]. In addition to hsp and ROS, calcium
waves and cell membrane depolarizations via capacitative currents
may also be involved in the HS-induced neural differentiation
mechanisms [60]. Concerning photothermal activation of neural
differentiation, gold nanocage-coated surfaces were demonstrated
to recreate a pro-differentiative environment for neural stem cells,
with a significantly higher neural differentiation yield compared to
the coated flat substrates (45% and 28% of post-mitotic neurons,
respectively). Photothermal stimulation in the NIR induced the
expression of 27, 70, and 90« hsp in cells, further promoted the
neural differentiation efficiency (56% of post-mitotic neurons), and
enhanced neuronal maturation in terms of dendrite sprouting with
thermal dose-dependency. Gold nanocage photothermal stimula-
tion also improved the functionality of the differentiated neurons,
which exhibited action potentials and superior levels of Na™
voltage-gated channels compared to controls [61].

As an alternative application, nanoparticle-assisted photo-
thermal stimulation has been exploited for promoting MSC-based
wound healing. In the work of Yao et al.,, ultrasmall CuS@BSA
nanoparticles showing good photothermal conversion at 980 nm
were used for the thermal treatment of MSCs to promote their
differentiation into fibroblasts [62]. The regenerative mechanism
was also tested in vivo in an injured wound model where the
CuS@BSA-mediated thermal treatment was able to efficiently
improve the closure of a wound. However, further details of the
molecular mechanisms involved in photothermal-induced fibro-
blast differentiation remain to be explored.

Finally, magnetic photothermal nanoparticles have been
recently exploited as a smart multifunctional nanotool to repro-
gram suspension cells, which are difficult to transfect by using
nonviral vectors. Specifically, human peripheral blood mono-
nuclear cells have been treated with iron oxide nanoparticle-
decorated graphene oxide complexed with polyethylenimine and
irradiated in the NIR to induce membrane permeabilization and
enhanced their transfection with episomal plasmids for reprog-
ramming [63]. Furthermore, the pre-treatment of the suspension
cells with magnetic stirring and nanoparticles promoted the

Materials Today Advances 16 (2022) 100298

interface of the nano-complexes to the floating cells, therefore
allowing efficient photothermal permeation of the cell membrane
and enhanced internalization of the plasmids.

3.3. Piezoelectric nanomaterials

Electrical stimuli have been shown to have effects on the control
of the differentiation fate of stem cells [64]. The proposed mecha-
nism of action for this phenomenon involves the activation of
voltage dependant membrane channels (such as Ca?* voltage
dependant channels), changes in cellular orientation, and cyto-
skeletal organization [65]. Piezoelectric nanomaterials represent a
relatively innovative tool to achieve remote electrical stimulations
of tissues and biological structures, thanks to their ability to
transduce physical stimulation to an electrical signal. Deep physical
stimulation of piezoelectric nanomaterials is commonly achieved
through ultrasounds due to the high tissue penetrability of ultra-
sounds. Thanks to their properties, piezoelectric nanomaterials
have been investigated to remotely control the differentiation po-
tential and fate of stem cells. Ceramic piezoelectric nanomaterials
such as barium titanate nanoparticles (BTNPs) represent one of the
most investigated classes of piezoelectric nanostructures for stem
cell-based approaches. For example, Spirulina platensis (S. platensis)
derived magnetic and piezoelectric micromotors have been inves-
tigated as a tool to control the differentiative fate of NSCs. S. pla-
tensis is a well know microalgae commonly used in nutritional
supplements and studied for its 3D helical structure. By coating
S. platensis with superparamagnetic Fe3O4 nanoparticles and
piezoelectric BTNPs Liu and colleagues were able to obtain a
helical-shaped micromotor with magnetic and piezoelectric prop-
erties [66,67]. The helical shape combined with the magnetic
properties granted the authors the possibility to finely control the
micromotors’' movements utilizing a rotating magnetic field, while
the piezoelectric properties of BTNPs were used to convert an ul-
trasound physical stimulation into an electrical stimulus [66]. In
particular, by tuning the applied ultrasounds stimulus the authors
were able to control the differentiative fate of NSCs towards as-
trocytes, different types of neurons, or oligodendrocytes [66]. In
another work randomly orientated poly-(I-lactic acid) (PLLA)
fibrous scaffolds doped with BTNPs were investigated to stimulate
osteogenic differentiation. As commented by the authors, the
combination of the random orientation of the fiber composing the
scaffold with the electric properties of BTNPs stimulate the early
osteogenic differentiation of bone marrow-derived mesenchymal
stem cells (BM-MSCs), making these scaffold a promising candidate
for tissue engineering approaches [68]. It is worth mentioning that
BTNPs seem to have pro-differentiative effects even without ul-
trasound stimulation, for example in a work from our group we
demonstrated how glycol-chitosan-coated BTNPs were well toler-
ated by rat MSCs and were able to induce a pro-osteogenic differ-
entiation highlighted by an increment in hydroxyapatite deposition
[69]. Nylon-11 piezoelectric nanoparticles have also been for the
remote stimulation of stem cell differentiation. In particular, it has
been shown that nylon-11 piezoelectric nanoparticles (size around
50 nm) can be internalized by e dental pulp stem cells (DPSCs), and
ultrasound stimulation of DPSCs cells treated with nylon-11 cells
can induce osteogenic differentiation thanks to the piezoelectric
properties of the nanomaterial [70]. Lastly, a novel approach based
on the combination of magnetostrictive nanostructures, piezo-
electric materials, and graphene oxide has been proposed for the
design of magnetoelectric nanocomposite able to stimulate hMSC
differentiation. In particular, Esmaeili et al. proposed a scaffold
composed of graphene oxide (GO) magnetostrictive CoFe;04
nanoparticles (CFO), and the piezoelectric polymer polyvinylidene
difluoride (PVDF) for culturing and differentiating hMSCs. The
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obtained nanocomposite was able to transduce a magnetic stimu-
lation exerted through an external field into a physical deformation
of the scaffold caused by the presence of CFO nanoparticles. The
generated physical deformation was then transduced into a local-
ized electric charge by PVDF, that in turn was able to stimulate the
neural differentiation of MSCs growth on the scaffold [71].

3.4. Antioxidant nanomaterials

Reactive oxygen species (ROS) are of pivotal importance for
several physiological functions including stem cell differentiation
processes. The equilibrium between ROS production and scav-
enging activity of antioxidant moieties seems to be at the base of
several stem cells related processes, such as in the modulation of
NSCs differentiation fate [72]. Therefore nanostructures with
promising antioxidant properties have been studied and employed
as a tool to control the proliferation and differentiation fate of stem
cells. For example, commercially available selenium nanoparticles
(5—-50 nm in diameter) were used to reduce ROS production in
human embryonic stem cells and induce differentiation. In partic-
ular, the balance change in ROS production caused by the treatment
with selenium nanoparticles induced osteogenic differentiation
with an increment in JNK and FOXO3a expression, increment of
mineralization, and inhibition of adipogenic differentiation [73]. In
another example, antioxidant lycopene nanostructures demon-
strate different effects on stem cells depending on the cell culture
media used for the culture procedure. In particular, poly lactic-co-
glycolic acid nanoparticles loaded with lycopene showed the abil-
ity to enhance osteoblast differentiation in rat BM-MSCs cultured in
osteogenic media, but they also inhibited adipocyte differentiation
of the same cells when administrated in an adipogenic media [74].
Similarly, gold nanostructures functionalized with PEG and 2,2,6,6-
tetramethylpiperidine-N-oxyl (Au-PEG-TEMPO NPs, 40 nm in
diameter) have been investigated as tools to reduce ROS in stem
cells and guide their differentiation fate. In particular, Au-PEG-
TEMPO-NPs showed the ability to reduce ROS in human MSCs
and promote their differentiation towards osteogenic fate [75].
Slightly different results were obtained using astaxanthin-
encapsulated polymeric micelles (average size 112.3 + 16.6 nm)
as antioxidant agents in hMSCs. In the case of astaxanthin-loaded
nanostructures, the treatment of human MSCs and the conse-
quent reduction of ROS enhanced the osteogenic, chondrogenic,
and adipogenic differentiation when combined with the appro-
priate medium [76]. Cerium oxide nanoparticles (nanoceria) have
also been proposed as an antioxidant tool to control stem cell dif-
ferentiation, for example in a work from our group we demon-
strated how the treatment of MSCs with nanoceria was able to
reduce adipogenesis, suggesting the potential of cerium oxide
nanoparticles as an anti-obesity tool [77]. However, it has also been
reported that nanoceria treatment can reduce the differentiation
levels of neural progenitor cells (C17.2 murine cell line), by acting
both on molecular pathways involved in neuronal differentiation
and cytoskeletal organization [78].

4. Non-viral nanovectors and nanocarriers for cell fate
regulation

The field of tissue engineering and regenerative medicine can be
benefited from the efficient delivery of active biomolecules capable
of modulating the behavior of stem cells intracellularly. Consid-
ering the intrinsic susceptibility of these molecules to undergo
protease- and nuclease-induced degradation, the use of nano-
vehicles that can protect the integrity of the encapsulated/entrap-
ped biomolecules while ensuring that they reach their target site in
their active form is of vital importance. These nanovehicles can be
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further engineered to promote their internalization by the target
cells/organs via functionalization with targeting motifs (e.g., anti-
bodies, aptamers, cell-penetrating peptides) on their surface [79] or
by tuning their physico-chemical and morphological properties
(e.g., size, surface charge, shape, stiffness). Moreover, their small
size and morphology at the nanoscale can be exploited to promote
their passive accumulation in tumors through the enhanced
permeation and retention (EPR) effect [80].

The delivery of genetic material is of particular importance in
this context considering its potential to modulate cellular functions
by replacing, silencing, or promoting the expression of specific
genes. Viral vectors (e.g., adeno-associated virus (AAVs), lentivirus
(LVs)) have been traditionally considered for the delivery of genetic
material to a plethora of cell lines, thanks to their high transfection
efficiency. However, the use of viral vectors raises concerns
regarding their safety and immunogenicity in humans, which
hampers their clinical translation. Moreover, the development of
viral vectors is associated with time-consuming and costly pro-
tocols that further limit their use as a biological tool for the
development of novel clinical and investigational therapies [81].
Physical approaches, including, among others, electroporation,
hydrodynamic injection, and microinjection, have been also regu-
larly used for delivering genetic material into cells. However, they
still represent suboptimal approaches for the safe and efficient
delivery of genetic material both in vitro and in vivo [82]. For
example, electroporation, which relies on the transient per-
meabilization of the cell membrane by means of an applied elec-
trical field, can have detrimental effects on cell viability. Besides,
electroporation cannot be applied to selectively deliver the genetic
material to specific cell types from a heterogeneous pool due to its
lack of specificity, thus requiring a preliminary cell purification
process.

For all these reasons, the development of non-viral nanovectors
and nanocarriers has attracted a great deal of attention in this field.
In principle, non-viral approaches represent a better alternative in
terms of safety and require a more facile formulation. Ideally,
nanovectors and nanocarriers should protect the encapsulated
genetic material (e.g., DNA or RNA) or biomolecules (e.g., growth
factor) from degradation/denaturation, while facilitating the
cellular uptake and subsequent release at the target subcellular
compartment (e.g., cytosol, nucleus) [83]. Despite some solutions
are already available in the market (e.g., lipofectamine, poly-
ethylenimine (PEI)), their transfection efficiencies are remarkably
lower than their viral counterparts. Therefore, inorganic, polymeric,
and lipid-like nanostructures with improved transfection effi-
ciencies and lower toxicity with respect to commercial delivery
systems are continuously under investigation [81,84].

The property of inorganic nanomaterials to passively promote
the differentiation of stem cells to a specific cell lineage has been
reviewed elsewhere [85,86]. Herein, their capacity to act as carriers
of genetic material and biomolecules and modulate cellular func-
tions will be highlighted. As an example, mesoporous silica nano-
particles (MSNs) were used to deliver hepatocyte nuclear factor 3§
(HNF38) plasmid DNA (pDNA) to induce the differentiation of iPSCs
into hepatocyte-like cells with mature functions [87]. The synthe-
sized MSNs had a size of about 150 nm and a positive surface charge
thanks to the presence of quaternary ammonium groups on their
surface. This facilitated the uptake of the nanoparticles by an
endocytic pathway without causing any cytotoxic effect on iPSCs at
concentrations up to 200 pg/ml and without disturbing their
stemness. Other promising inorganic nanomaterials that have
shown high transfection efficiencies and low cytotoxicity are those
based on calcium carbonate (e.g., amorphous calcium carbonate
-ACC- spheres, and vaterite nanoparticles) [88,89]. Their thera-
peutic potential was demonstrated by forming a complex between
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ACC and small interfering RNA (siRNA) targeting the amplified in
breast cancer 1 (AIB1). The resulting nanoparticles were able to
attenuate tumor growth both in vitro and in vivo, and represent a
promising approach for gene delivery [88], that can be adopted also
for stem cell modification. Similarly, carbon-based materials such
as graphene, carbon nanotubes, and carbon dots (CDs) have shown
improved efficiencies and lower cytotoxicity than commercially
available lipofectamine and PEL For this reason, they have been
considered for gene delivery applications in “hard-to-transfect”
stem cells and for cell reprogramming [90—92]. For example, gra-
phene oxide-PEI (GO-PEI) complexes were used as mRNA delivery
nanovehicles for iPSCs production without the need for repetitive
daily transfection due to mRNA degradation [91]. The GO-PEI-RNA
complexes showed improved stability against RNase treatment
and, more importantly, allowed reprogramming iPSCs while
excluding the risk of genomic integration and insertional muta-
genesis associated with DNA-based approaches. These “footprint-
free” iPSCs could accordingly pave the way toward their safe clinical
use. In a different example, CDs of small size (<10 nm), spherical
shape, uniform distribution, and positive surface charge were used
as non-viral gene delivery vehicles to induce the neuronal differ-
entiation of ectodermal MSCs (EMSCs) [92]. The synthesized CDs
showed an excellent capacity in condensing pDNA encoding Ascl1,
Brn2, and Sox2, and demonstrated higher transfection efficiency
than PEI and lipofectamine with very low cytotoxicity. According to
the morphological and PCR analysis, CDs were able to efficiently
induce a neuron-like morphology and expression of neuronal
markers (Tuj1, Map2, and Tau) in EMSCs.

A wide variety of polymer-based delivery vehicles have been
designed to act as nanovectors and nanocarriers for active bio-
molecules. The polymeric nanoparticles based on poly(f-amino
esters), a family of polymers that undergo hydrolytic degradation,
have been successfully used to induce the overexpression of
vascular endothelial growth factor (VEGF) in hMSCs and human
embryonic stem cell-derived cells (hESdCs) [93]. After subcutane-
ous implantation of the transfected cells, angiogenesis was signif-
icantly promoted in mice, showing higher vessel density as well as
reduced muscle degeneration and tissue fibrosis compared to cells
transfected with lipofectamine. Dendrimers have been also studied
for the delivery of active biomolecules. In this regard, amine-
terminated high molecular weight dendrimers (e.g., poly(amido-
amine) (PAMAM)) shows high transfection efficiencies but are
usually cytotoxic. Thus, several strategies have been proposed to
overcome the scarce biocompatibility, including the modification of
low molecular weight dendrimers with hydrophobic chains to
create self-assembled dendrimers [83] or grafting natural-based
and biocompatible polymers to obtain novel architectures [94,95].
The latter approach was followed to engineer nanoparticles based
on carboxymethylchitosan-modified PAMAM that were subse-
quently used to intracellularly deliver dexamethasone to rat bone
marrow stromal cells to induce osteogenic differentiation [95].
More sophisticated polymer-based nanocarriers and nanovectors,
such as the layer-by-layer (LbL) capsules, polymersomes, and bio-
engineered nanoparticles have been designed to provide a more
efficient and safer delivery platform. The LbL approach relies on the
sequential deposition of building blocks on colloidal nano- or mi-
croparticles that act as a template. This method is highly versatile
and allows the fabrication of polymer-based capsules and particles
with multiple functionalities [96]. In this method, the active bio-
molecules, including genetic material, can be loaded either in the
cavity or in the multilayer membrane. Polymer nanoparticles
fabricated via the LbL methodology were successfully used to
silence B-cell lymphoma 2 (BCL-2) in lymphoma and leukemia
cells, hampering the proliferation of blood cancer cells both in vitro
and in vivo [97]. LbL carriers have been also investigated to
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modulate the response of stem cells (e.g., iPSCs and embryonic stem
cells) with promising results in terms of biocompatibility, cell up-
take, and cell differentiation both in vitro and in vivo [98,99]. Pol-
ymersomes, which can be considered the synthetic alternative to
liposomes, are also potential candidates as polymer-based non-
viral carriers. Recent advances in polymer chemistry allow now the
design of smart polymersomes with a heterogeneous membrane
that can be exploited to encapsulate and release genetic material
(e.g., siRNA and pDNA) in response to temperature and pH changes
[100]. These dually gated polymersomes were able to efficiently
transfect cells in vitro and in vivo with a green fluorescent protein
(GFP)-encoding plasmid. Another example highlighting the enor-
mous potential of polymeric materials to deliver genetic material
into different cell types was reported by Moffett et al. [101]. In their
bioengineered approach, polymeric nanoparticles were carefully
designed to include surface-anchored targeting ligands to promote
receptor-mediated endocytosis, a polyglutamic acid coating to
avoid off-target binding, and a biodegradable core based on poly(§-
amino ester) to condense and protect the cargo (i.e., nucleic acids).
These nanoparticles have been exploited in three different sce-
narios: i) to knock-out target genes in anti-cancer T-cells, ii) to
enhance the self-renewal properties in hematopoietic stem cells,
and iii) to improve the antitumor activity of T-cells by mRNA
transfection. It is expected from the aforementioned examples that
the field of non-viral nanovehicles will provide safer and more
efficient nanovectors and nanocarriers in the near future that could
overcome the limitations of the currently available solutions.

5. Nanoparticles for tracking stem cells after transplant
5.1. Magnetic resonance imaging (MRI)

MRI is a non-invasive imaging modality allowing the three-
dimensional visualization of various body tissues and organs us-
ing a strong magnetic field and tunable radio frequencies. The en-
ergy released from the water protons is finally detected by
specialized MRI sensors to reconstruct the image [102,103]. Con-
cerning stem cells, MRI offers a non-invasive, real-time, and high-
resolution monitoring of cell location and migration after being
administered to the body. To increase the imaging contrast and
improve stem cell tracking, various nanoagents in the form of
nanocomplexes or nanoparticles have been used. These nanoagents
can be categorized as superparamagnetic contrast agents like
SPIONs, paramagnetic contrast agents like gadolinium complexes
or manganese nanoparticles, chemical exchange saturation transfer
(CEST) agents like lanthanide complexes, and non-proton contrast
agents like Fluorine-19 ('°F) [104,105].

In the following sections, we will describe, through some ex-
amples of the various reported studies of the last five years, the role
of these nanoagents in stem cell tracking. Additional literature
extended to a time frame longer than five years can be found in the
works of Ma et al. [105] and Huang et al. [106].

Iron oxide-based nanoagents, specifically SPIONs, are the
nanoagents that have been used the most in MRI, along with
Gadolinium (Gd). Their tunable size, geometry, biocompatible
character, and cell labeling efficiency make them an attractive op-
tion for stem cell dynamic monitoring. However, not all SPIONs
present biocompatibility and high labeling efficiency. In fact, some
of the produced SPIONs can be potentially toxic, present low la-
beling efficiency or low contrast enhancement, and/or may affect
the properties (self-renewal and multi-differentiation) of the
tracked stem cells. To overcome these limitations, most of the
synthesized SPIONs are surface modified or coated with other
materials like polymers. For example, Liao et al. used polydopamine
to coat SPION clusters (SPIONs cluster@PDA) and subsequently
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label ADSCs [107]. Their work showed that the SPIONs
cluster@PDA-labeled ADSCs could accumulate to an injured liver
after intravenous tail injection and repair it. Additionally, using an
excisional skin wound mouse model, they could show that this
accumulation could be enhanced with an external magnetic field.
Polyglucose sorbitol carboxymethyl ether (PSC) [108] is another
polymer used as a coating for SPIONs and subsequent cell tracking.
In this study, Jiang et al. used PSC-SPIONs to label BM-MSCs and
demonstrated that these cells reversed lung fibrosis in vivo by
targeting endothelial-mesenchymal transition. Furthermore, they
showed that the PSC-SPION-labeled BM-MSCs could be tracked in
the lungs for 14 days. In another study, Gu et al. modified the sur-
face of SPIONs using a self-assembled lipopeptide containing the
neurite-promoting laminin ligand, IKVAV (Ile-Lys-Val-Ala-Val). It
was shown that the peptide-modified SPIONs improved cell la-
beling, boosted the negative enhancement, and prolonged the T2
relaxation rate in vivo [109].

Gd-based nanocomplexes or nanoparticles have been robustly
used as T1-contrast agents. Compared to T2-contrast agents like
SPIONs, they generate a bright, positive signal, making them
capable of distinguishing low intrinsic signals deriving from tissues
[106]. Gd-based nanoagents are composed of gadolinium ions
(Gd™3) and a chelating agent, usually diethylenetriamine penta-
acetic acid (DTPA). However, these complexes demonstrate low
targeting ability towards MSCs and low labeling efficiency resulting
in low MRI signals. As in the case of SPIONs, Gd-based nanoagents
are modified to overcome these restraints. For example, Cai et al.
used melanin-based Gd*® nanoparticles to label bone MSCs
showing shorter T1 relaxation time, higher stability, better cell-
labeling efficiency, and lower cytotoxicity compared to the com-
mercial Gd-DTPA. Moreover, the nanoparticles could be tracked up
to four weeks after intramuscular administration. It should be
noted that the size of the gadolinium complex affects the signal
intensity with higher intensities deriving from the larger com-
plexes, such as Gd hexanedione NPs [110], Gd-conjugated peptide
dendrimers [111], polyethylene imine-conjugated Gd-DTPA [112]
and Gd-hyaluronic acid [113].

An alternative approach to T1-weighted Gd-based contrast
nanoagents is the Manganese (Mn)-based ones. Mn, in the form of
Manganese Chloride, is already a Food and Drug Administration
(FDA)-approved contrast agent. Compared to Gd, Mn is a naturally
occurring element inside the body, making it more ‘biocompatible’
compared to Gd. Moreover, Mn has been robustly used as an MRI
contrast agent for various diseases [114,115]. Nevertheless, the
works reporting its use in stem cell tracking are limited. In one of
these reported works, Venter et al. fabricated a manganese
porphyrin-based nanoagent modified with an amine for enhanced
cellular uptake. The Mn-based nanoagent demonstrated enhanced
relaxation properties compared to clinically-used Gd-based ones
and improved cell labeling of endothelial stem cells. Its localization
was also studied and found to accumulate in the nucleus and the
boundaries among cells [116].

CEST functionality is based on the chemical exchange of protons
between the endogenous and exogenous (nanoagents) compounds
and water molecules, leading to a buildup of magnetic saturation in
the water and subsequent imaging through the nanoagent water
signals [117,118]. One of the main advantages of the CEST approach
is the imaging of different cell populations through their labeling
with different CEST nanoagents [119]. Recently, Yuan et al. detected
in vivo label-free MSCs through the overexpressed high-mannose
N-linked glycans on the surface of these MSCs, demonstrating
that using reporter genes of exogenous agents is unnecessary [ 120].
Additionally, the authors showed a higher intensity of CEST signal
in vivo than in vitro, which they attributed to the reduced expres-
sion of mannose under the in vitro conditions.
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The last category of nanoagent used in MRI is the non-proton
ones. These nanoagents containing heteronuclei such as 13C, 2>Na,
31p, and '°F can also be detected through MRI. However, the high
concentrations needed limit their use [121]. Among these nano-
agents, 1°F compounds show improved biocompatibility and ability
to provide quantifiable data. Considering this, Quang et al. devel-
oped a nanoagent consisting of a perfluorooctylbromide (PFOB)
core and a poly (lactic-co-glycolic acid) (PLGA) shell subsequently
coated by polystyrene sulfonate (PSS) (Fig. 3). The nanoagent was
successfully uptaken by hMSCs through a caveolae-mediated
mechanism without affecting their differentiation and prolifera-
tion capabilities. Additionally, the increased fluorine concentra-
tions inside the hMSCs resulted in tracking these MSCs in vitro and
in vivo [122].

5.2. Magnetic particle imaging (MPI)

MPI is a low-irradiation imaging modality with a high spatio-
temporal resolution, no tissue background noise, and high sensi-
tivity, allowing quantification of the tracer from the nanomolar to
the picomolar range. MPI is a relatively new technique based on the
magnetic properties of SPIONs under an oscillating magnetic field
[103,123,124]. Because MPI is an emerging technology, the number
of studies in stem cell tracking is limited. In one of these studies,
Zheng et al. showed real-time monitoring of SPIONs-labeled hMSCs
after in vivo administration and compared this trafficking to plain
SPIONs (Resovist). The data showed that the injected MSCs were
entrapped in the lung tissue and cleared to the liver within 24 h.
The plain SPIONs were uptaken directly by the liver and spleen.
Monitoring of the labeled MSCs was possible for up to 12 days,
whereas the plain SPION clearance from the liver was 4.6 days
[125].

SPION size and geometry are important to MRI and MPI since
these characteristics affect their properties as contrast agents.
Acknowledging the limitations of the current SPION tracers, Wang
et al. fabricated a series of different SPIONs and studied their
behavior as MPI contrast agents. According to the results, a cubic
SPION with an edge length of 22 nm (CION-22) was the best
candidate for cellular uptake and sensitivity since even at an
extremely low concentration (30 cells/uL) of CIONs-22-labeled
BMSCs, their detection by MPI in vitro was achieved. Using a hin-
dlimb ischemia mouse model, the authors showed that monitoring
a very low number of cells (~2500 cells) was also possible in vivo
regardless of tissue depth [126]. One more study that showed the
high sensitivity and strong potential of MPI, especially compared to
19F MRI, was performed by Sehl and Foster [127]. In this compar-
ative study, the authors could detect 64 times fewer MSCs with MPI
than '°F MRI (4000 vs. 256,000 MSCs), demonstrating MPI supe-
riority. Nevertheless, these limits were higher in vivo, and one of the
reasons was the probable dispersion of cells after intravenous
administration into mice.

5.3. Photoacoustic imaging (PA)

PA is an imaging modality that detects ultrasonic waves gener-
ated by biological tissues due to their thermoelastic expansion after
irradiation with non-ionizing laser pulses. This combination of light
and ultrasound results in improved imaging depth and high
spatiotemporal resolution, especially compared to optical imaging.
Additionally, PA can detect light-absorbing biological components
like lipids, hemoglobin, and water, rendering it a suitable technique
for in vivo imaging. Notably, the use of exogenous contrast agents,
with strong NIR absorption, like indocyanine green (ICG) [128,129]
and Prussian blue [130] or nanostructures like gold [131—134], silica
[135], and polymeric [136], enhances the imaging contrast,
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Fig. 3. Experimental workflow showing nanoparticle formulation, uptake, and in vitro and in vivo studies. PLGA nanoparticles containing PFOB were coated with PSS to form PSS-
NPs. The PSS-NPs were internalized by immortalized hMSC via caveolae-mediated endocytosis. Cellular proliferation and osteogenic differentiation were tested after the cells were
labeled with PSS-NPs. The sensitivity of PSS-NPs in labeled cells was assessed both in vitro and in vivo. Reproduced with permission by Quang et al. [122], under the terms of the

Creative Commons Attribution (CC BY-NC) license.

allowing for advanced applications such as tracking of stem cells.
Nevertheless, it should be stressed that each one of the dyes
mentioned above or nanostructures presents its advantages and
disadvantages.

For example, although ICG is an FDA-approved dye for imaging,
its poor aqueous stability and photobleaching limit its use, espe-
cially in stem cell tracking. To overcome these limitations, ICG could
be encapsulated in a delivery vehicle such as a liposome [129] or
silica nanoparticles [137], enhancing its PA imaging abilities like
this. Similarly, Prussian blue insolubility in water hinders its use as
a PA imaging agent. However, using Prussian blue in nano-
formulations like poly-i-lysine nanocomplexes (PB-PLL) or nano-
cubes [138] overcomes this limitation by increasing the colloidal
stability of the formulations and the uptake by MSCs, resulting in
better imaging. In fact, Kim et al. showed that the 50 nm PB-PLL
nanocomplexes have high sensitivity since the detection limit of
the labeled hMSCs in vivo was 200 cells/uL. This study also showed
that the PA signal is proportional to the cell number, allowing for
the quantification of hMSCs after transplantation [130].

Gold nanostructures are one of the contrast agents that have
been mostly used in PA. Whether as nanoparticles [132—134] or
nanorods [131], these ‘biocompatible’ nanostructures have proven
very efficient for PA imaging, considering their stability and long-
term tracking. Gold has been used to label various MSCs in dis-
eases such as glaucoma [133] or the spinal cord [132]. In the former
case, Kubelick and his group showed that it is possible for the real-
time monitoring of gold-labeled MSCs in the anterior eye, whereas
in the latter case, Donelly et al. were able to visualize signals from as
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few as 1000 cells and quantify the volume of the injected cells
(Fig. 4).

Although gold labeling enhances the PA imaging performance,
labeling stem cells using gold nanostructures may take up to 24 h,
limiting their availability in emergencies. Thus, Laffey et al. decided
to study if gold-labeled MSCs can withstand freezing and long-term
storage and how these conditions could affect these labeled MSCs
[134]. Their study showed that the labeled MSCs were not affected
in terms of viability and differentiation ability and that the PA
signals and signatures were not lost, suggesting that long-term
storage of labeled MSCs is feasible. Another important thing in
stem cell therapies, except tracking, is monitoring stem cell health
and functions after their in vivo administration. Dhada et al. labeled
MSCs using gold nanorods coated with a reactive oxygen species
(ROS) sensitive near-infrared dye to answer this question [131]. This
combination allowed real-time monitoring of the stem cell location
through gold PA imaging and viability by comparing the signal
between the ROS-sensitive dye and the gold. Except for gold, silica
is another inorganic material with strong potential in PA imaging
either by itself or in combination with gold [139], ICG [137], or any
other contrast agent. In the work of Chen et al. [140] used meso-
porous silica nanoparticles to monitor stem cells. They found that
the discoidal shape of the nanoparticles can enhance their echo-
genicity. Additionally, the amine groups on the surface of these
nanoparticles increase their affinity for MSCs due to charge-
dependent interactions. Even though gold and silica have been
proven to be strong contrast agents in PA imaging, they are still
limited by tissue accumulation-related toxicity and the narrow
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Fig. 4. Photoacoustic imaging of plasmonic gold nanospheres (AuNS)-labeled MSCs (left). Ultrasound images show the advancement of the 33G steel needle into the ventral portion
of the spinal cord. Yellow arrows highlight the needle shaft (right). Reproduced with permission by Donelly et al. [132].
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range of excitation wavelengths, focused on the first NIR window
(NIR-I), which limits their application depth. To overcome these
hindrances, Yin et al. [136], used an organic semiconductive poly-
mer (OSP) capable of absorbing in the second NIR window (NIR-II).
The OSP demonstrated enhanced cellular uptake that led to highly
efficient labeling which consequently resulted in superior perfor-
mance in deep tissue imaging (40.6- and 21.7-fold enhancement for
subcutaneous and brain imaging) compare to unlabeled hMSCs.

5.4. Computed tomography (CT)/single-photon emission computed
tomography (SPECT)

CT and SPECT are two more imaging techniques that have been
used for tracking stem cells. CT is a robust medical imaging tech-
nique that provides anatomical images based on the different
contrast deriving from various body tissues after their X-Ray irra-
diation. However, when it comes to cell tracking, contrast agents
like gold nanoparticles [141—143] are used to improve the overall
signal [144] (Fig. 5). Although CT has been proven useful for
anatomical imaging, its use in cell tracking is inhibited by the high
concentration of the contrast agent needed for the in vivo tracking,
which may lead to toxicity issues. On the other hand, chemical

a
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elements that emit radiation, i.e., radionuclides, are used for SPECT.
Although a low concentration of these radionuclides is used, there
is still the danger of toxic side effects. Moreover, the currently used
tracers, such as *™Tc, has a half-life of 6 h rendering the long-term
monitoring of stem cells impractical. A thorough discussion on the
use of CT and SPECT in cell tracking can be found in the recent work
of Gawne et al. [144].

5.5. Fluorescence imaging

Fluorescence imaging (FLI) is a non-invasive imaging technique
widely used in the biomedical field. Its low cost, high spatial res-
olution, easiness of use, and ability to provide quantifiable data
make this technique a necessary tool for imaging biological tissues.
However, the limited tissue penetration, especially for fluorescent
molecules absorbing in the visible light and NIR-I window
(700—900 nm), inhibits its wide use in vivo. Several fluorescent
agents could be used in FLI, including organic dyes, endogenous
biomolecules, and proteins. Nevertheless, the low cellular uptake,
the poor chemical stability, and the photobleaching effect limit
their use in applications such as stem cell tracking [145]. To address
these limitations, innovative fluorescent nanoparticles have been
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Fig. 5. a) The experimental protocol of MSC tracking in the mouse model of idiopathic pulmonary fibrosis (IPF). b) In vivo CT image of the healthy C57BL/6 mouse and its lung (red
rectangle box). ¢) In vivo CT images of the labeled MSCs in a horizontal plane at 1 day, 9, 25, and 35 days post-transplantation (blue area represents the transplanted MSCs), and
their relevant 3D reconstruction images (red: lung, green: the transplanted MSCs). d) CT values of the labeled MSCs after transplantation into the lung at different time points. e)
Plot of CT signal distribution area of the labeled MSCs as a function of the transplantation time. Reproduced with permission by Yu et al. [141].
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developed. Compared to the aforementioned fluorescent ap-
proaches, nanoparticles offer controlled and enhanced cellular
uptake, higher stability in the harsh in vivo environment, and
protection from the photobleaching effect. Additionally, the
development of fluorescent probes capable of absorbing in the NIR-
Il window (1000—1700 nm) allows deeper detection in the tissues
while reducing the autofluorescence from neighboring tissues,
rendering FLI suitable for stem cell tracking [145,146].

Among the several types of nanoparticles, quantum dots (QDs)
[147—151] (Fig. 6) have been extensively used for stem cell tracking
due to desirable properties like narrow emission and broad ab-
sorption wavelengths, large molar extinction coefficient, size-
dependent color ability, and high stability against photobleaching.
Nevertheless, QDs are far from perfect as labeling molecules. Their
inherent hydrophobicity and toxicity should be carefully consid-
ered, especially in biomedical applications. To address the former
challenge, various coatings like polyethylene glycol [150,152] or B-
cyclodextrin [148] have been applied to enhance the hydrophilic
character of these luminescent molecules. Additionally, to reduce
the cytotoxicity that derives mostly from the use of heavy metals
[149,150], either coatings like those previously mentioned or
alternative approaches like the use of carbon [151] and graphene
[152] QDs have been proposed. To overcome the QDs limitations
mentioned above, organic nanoparticles, either in the form of
organic dots [153], fluorescent molecule-loaded nanoparticles
[154], or fluorescent conjugates [155], have also been studied. Be-
sides the various QDs and carbon-based fluorescent nanoparticles,
upconversion nanoparticles (UCNPs) based on lanthanide-doped
nanocrystals have also been used [7,156—158]. Due to their sensi-
tivity in the NIR light, UCNPs can be detected deeper in the tissues
compared to other FLI nanoagents such as their organic counter-
parts. An interesting category of nanoparticles that have also been
reported for stem cell tracking is the nanoparticles whose
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fluorescence depends on their aggregation state. When non-
aggregated, these nanoparticles are non-emissive. However, they
strongly emit when they are aggregated. Exploiting this property,
tracking various cell types such as BM-MSCs [159], and neural
progenitor cells [160], but also D4™ T cells and macrophages [161] is
possible.

5.6. Multimodal imaging

Each one of the single-imaging modalities mentioned above
demonstrates various limitations that hinder their clinical use,
especially when it comes to stem cell tracking. The limited amount
of information acquired using one of these modalities is insufficient
for the complex preclinical and clinical scenarios, rendering single
imaging insufficient for the current medical needs. To address this
challenge, nanoagents with multimodal imaging modalities like the
one presented in Fig. 7 have been developed. The multi-imaging
modality can derive from various combinations such as CT/biolu-
minescence [162,163], CT/fluorescence [164], and CT/PET [165],
MRI/fluorescence [166], photoacoustic/photoluminescence [167],
CT/MRI/Fluorescence [158], MRI/Fluorescence/bioluminescence
[168], MRI/Photoluminescence/X-Ray [169], and CT/MRI/Photo-
luminescence [7], resulting in a more efficient tracking, through
enhanced spatiotemporal sensitivity, lower cell detection limit, and
more precise quantifiable data.

6. Nanostructured surfaces for manipulating stem cell
behavior

The physicochemical interactions of the stem cells with the
extracellular environment are crucial for self-renewal, prolifera-
tion, and differentiation. The mechanotransductive cues of nano-
scale topography are demonstrated to control different cell

Organic NPs Multimodal NPs

500 nm 775 nm 760 nm 800 nm

NIR-I
NPs
> PEG
ZnS R8
NIR/MR/PET
CdTe@ZnS QDs NaY/GdF, UCNPs Polymer dots Mesoporous silica NPs
808 nm 1200 nm 808 nm 1185-1525 nm 808 nm 1050-1350 nm 808 nm 1200 nm
NaYF, (shell) %§§
NIR-II Nn g N
NPs s 57 :
~ \c
PEG \ NaYF, Yb:Ln (core) The polymer core  The PEG shell o
Tat Ln: Er. Ho, Tm or Pr (DSPE-mPEG) NIR/MR
Ag,S QDs NaYF  NPs pDA polymer Gd-DOTA-Ag,S

Fig. 6. The structure and excitation/emission properties of representing nanoparticles (NPs) with excitation or emission in the first (NIR-I, 700—900 nm) or second (NIR-II,
1000—1700 nm) near-infrared window. Near-infrared quantum dots (CdTe@ZnS QDs, and Ag,S QDs), rare-earth (RE)-doped NPs, organic fluorescent NPs, and multimodal NPs can
be used for tracking transplanted stem cell research. Reproduced with permission from Chen et al. [146].
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Fig. 7. In vivo multimodal imaging of cartilage-derived stem/progenitor cells using upconversion nanoparticles. Reproduced by Chen et al., under the Creative Commons Attribution

License.

functions, such as cytoskeleton organization, morphology, migra-
tion, polarization, adhesion, proliferation, and differentiation [170].
In this Section, the most interesting and innovative examples of
substrates tailored at the nanoscale for the control of stem cell
behavior are presented and discussed.

The term stem cell niche was referred for the first time to the
microenvironment of hematopoietic stem cells, which undergo
asymmetric division and progeny differentiation when trans-
planted in vivo externally to that specific microenvironment [171].
Subsequently, many other niches were found, such as those of
germline stem cells (GSCs), NSCs, MSCs, muscle satellite cells, and
CSCs. The biochemical and nanotopographical cues of the extra-
cellular matrix (ECM) in the stem cell niche enable the maintenance
of the pluri/multi-potency state of the stem cell progeny. For this
reason, research was aimed at characterizing and mimicking the
ECM of the stem cell niche for preserving the stemness of passaged
cells during in vitro expansion [172]. In this regard, histologic
analysis and scanning electron microscopy (SEM) imaging allowed
the characterization of different stem cell niches. As an example,
the ECM ultrastructure of the cornea epithelial basement mem-
brane shows porous ultrastructure, with a pore size of about 90 nm
[173]. Instead, the basement membranes associated with the aortic
cells display a complex nanotopography characterized by bumps,
ridges, pits, and grooves [170]. As the last example, ECM generated
by bone marrow MSCs is a dense meshwork of filamentous and
granular nanomaterial [174]. However, the knowledge in this field
is still limited due to the complexity of the behavioral responses of
stem cells as well as the technological constraints of the micro/
nano-fabrication techniques. In general, the ECM of the stem cell
niches has a hierarchical ultrastructure and, therefore, its faithful
reproduction in vitro represents a technological challenge. Some
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fabrication approaches based on chemistry-based treatments have
been designed to obtain randomly rough self-affine (i.e., fractal)
surfaces resembling the hierarchical organization of the ECM [175].
These investigations showed as the fractal dimension represents an
optimal descriptor of substrate topography for cell biology studies,
modulating adhesion, proliferation, and differentiation. Briefly,
substrates with sharp and densely packed peaks induce prolifera-
tion whereas more regular ridges promote adhesion [175]. Also, our
group exploited advanced photolithography techniques (i.e., two-
photon lithography, 2pp) to fabricate highly reproducible surfaces
characterized by predetermined fractal dimension and roughness
at the nanoscale, with significant differences in MSC adhesion,
cytoskeleton conformation, and cellular stiffness (a biomechanic
indicator of the MSC differentiation toward osteogenic, adipogenic
and chondrogenic fates) [176].

Furthermore, deterministic surface nanotopographies modulate
stem cell behavior. An example of spatially organized deterministic
topographies typically used for modulating stem cell behavior is
represented by the nanopillars. Modulation of their aspect ratio or
spatial frequency alters cell adhesion and cell-cell interface, with
consequences on self-renewal and differentiation fate. For example,
arrays of nanopillars with relatively small diameters (in the range of
120—170 nm) promote the organization of hESCs into more
compact colonies compared to those with larger diameters
(170—360 nm) and facilitate their expansion in the undifferentiated
state without any feeder layer [177]. The mechanotransduction
pathway triggered by the small diameter nanopillar substrates in-
volves the formation of numerous focal adhesions and reorgani-
zation of the cytoskeleton, with the development of more efficient
E-cadherin intercellular adhesions and highly dense cell colonies.
The modulation of the nanopillar aspect ratio is used to modify the
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stiffness of the substrate. Soft scaffolds are obtained by using tall
nanopillars and hard ones with short nanopillars. The substrate
rigidity can be tuned for promoting the differentiation of the stem
cells toward specific cell types [178,179]. In the case of pluripotent
human embryonic stem cells, arrays of tall nanopillars (i.e., soft
substrate) induce their differentiation into endoderm cells. How-
ever, to further advance the differentiation into pancreatic endo-
derm, the use of short nanopillars (i.e., hard substrate) is required,
therefore demonstrating a change in the mechanical requirements
throughout the different differentiation steps [180]. In this regard,
the commitment of MSCs to cardiomyocytes can be also enhanced
by using arrays of Ti nanopillars [181]. A recent example of deter-
ministic surfaces exploited to improve the differentiation of human
iPSCs into neurons was described by Urrutia-Cabrera et al. [182].
The substrates were patterned with densely packed binary colloidal
crystals (BCCs) of silica and polystyrene. The surface topography-
based mechanotransduction approach was combined with the
CRISPR activation (CRISPRa) platform that induces neuronal dif-
ferentiation within a short period of culture (7 days) through
activation of the proneural NEUROD1 transcription factor. In this
work, BCC-based surface patterning enhanced the generation of
BII-tubulin™ post-mitotic neurons, neurite outgrowth, and ramifi-
cation. However, the tuning of the silica and polystyrene particle
size induced different effects on neuronal differentiation and
neurite outgrowth/branching. Specifically, BCCs characterized by
100 nm polystyrene nanoparticles on 5 pm silica microparticles
showed the best performances in terms of neurite outgrowth and
arborization sprouting, while BCCs with 2 um silica and 65 nm
polystyrene particles had remarkable effects regarding neuronal
enrichment (percentage of BllI-tubulin™ post-mitotic neurons).
Despite the molecular mechanisms at the base of mechano-
transduction still require further elucidations, the cited literature
works highlight the stem cell need for specific mechanical and
topographical cues in different stages of molecular differentiation
and morphological maturation. A well-known mechano-
transduction mechanism inducing stem cell differentiation in-
volves the use of aligned nano-grooves or nano-ridges with
consequent effects on cell polarization and alterations in chromatin
condensation and gene expression [183]. In the recent work of Liu
et al,, polycaprolactone substrates with aligned nanogrooves pro-
moted the formation of numerous focal adhesions and activation of
the RhoA/ROCK signaling, leading to an increase of the myosin-
based intracellular force, a decrease in chromatin condensation,
and a promotion of the osteogenic differentiation of MSCs [184].
Specifically, the increase in both mRNA expression of early and late
osteogenic markers, alkaline phosphatase (ALP) activity, and cal-
cium deposition was observed in the nanostructured substrates
compared to the flat polycaprolactone surfaces. Interestingly, pol-
ycaprolactone substrates with micro-grooves were able to induce
cell polarization but not the development of focal adhesion and
intracellular forces. Eventually, these micropatterned substrates
were not able to affect chromatin condensation levels and induce
osteogenic differentiation.

Most innovative nanotechnology tools involve dynamic ele-
ments for remote modulation of adhesion, mechanotransduction,
and differentiation of stem cells. In this regard, a pioneering work
by Hong et al. focused on the design of smart nano-assembled
magnetic screens with different sizes over RGD peptide-
presenting gold nanoparticles to produce nanogaps between the
magnetic screens and RGDs [185]. The size of nanogaps could be
modulated by using a magnetic field. The presence of a big gap
induced integrin clustering, focal adhesion assembly, and stem cell
differentiation. In contrast, the small gap reduced both stem cell
adhesion and differentiation. Interestingly, the remote control of
the nanogaps was effective in regulating stem cell
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mechanotransduction also in vivo. Furthermore, a recent trend in
this field contemplates the integration of mechanobiology with
other chemical and physical cues, such as electric stimulations, to
further improve differentiation efficiency [186]. As an interesting
example, titanium dioxide nanocone/bismuth oxide nanodot het-
erojunctions with an intrinsic electric field at the nanoscale inter-
face and the typical stiffness of bone tissue were used to increase
the adhesion and osteodifferentiation of bone marrow MSCs [187].
The authors of this work also demonstrated that bone implants
with nanodot heterojunctions on their surface promoted osteo-
genesis and osseointegration in vivo. The mechanism was mediated
by yes-associated protein and phosphatidylinositol 3-kinase path-
ways. Finally, the improvements in substrate nanoengineering, as
well as their integration in stimuli-responsive 3D cell culture sys-
tems for mimicking in vivo conditions, microfluidic devices for the
dynamic control of the biochemical microenvironment, and so-
phisticated genetic platforms for the fine control of gene expression
will consent to faithfully recreate in vitro the complex physico-
chemical conditions of the different stem cell niches as well as the
stimuli required for their differentiation in mature cells.

7. Summary

Nanotechnology provides unprecedented tools for the control of
the biological functions at cellular and sub-cellular level. In this
Review, we described how stem cell-based therapies can benefit
from nanomedicine, by achieving drug delivery and targeting,
tracking capabilities, and modulation of the cellular fate, the latter
in particular with the aid of “smart” nanotransducers. While tissue
engineering and regenerative medicine represent the main focus of
the efforts on nanomaterials/stem cell interaction research, nano-
technology can open important and clinically-relevant perspectives
also in other fields of nanomedicine; it is worth mentioning, as an
example, applications in cancer therapy and in particular on cancer
stem cells, the targeting, and manipulation of which through
nanoplatforms could represent a fundamental step in the treat-
ment of cancer recurrence and metastasis.
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