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Abstract

The administration of cells as therapeutic agents has emerged as a novel approach to complement
the use of small molecule drugs and other biologics for the treatment of numerous conditions.
Although the use of cells for structural and/or functional tissue repair and regeneration provides
new avenues to address increasingly complex disease processes, it also faces numerous challenges
related to efficacy, safety, and translational potential. Recent advances in nanotechnology-driven
cell therapies have the potential to overcome many of these issues through precise modulation

of cellular behavior. Here we describe several approaches that illustrate the use of different
nanotechnologies for the optimization of cell therapies and discuss some of the obstacles that
need to be overcome to allow for the widespread implementation of nanotechnology-based cell
therapies in regenerative medicine.
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Introduction

The development of modern medicine has been continuously shaped by advances

in biomedical sciences and engineering. Historically, progress made in sciences like
microbiology, genetics, biochemistry, and pharmacology have greatly advanced the growth
of modern therapeutic techniques(1). Contemporary approaches to healthcare are supported
by three main therapeutic platforms: small molecule drugs, biological molecules, and
medical devices(2). Cell therapy, defined as the use and administration of viable cells as
therapeutic agents, has emerged as a new and disruptive therapeutic platform to address
unmet medical needs in the treatment of increasingly complex diseases(3). Efficacy

and safety are the two main challenges that must be addressed in the development

of new therapeutic approaches. Accordingly, the development of cell-based therapies
requires extensive investigation to identify safe routes of administration, ensure potency
and accumulation in the tissue of interest, optimize the lifetime of therapeutic cells,
minimize potential inflammatory and immune responses in target and off-target tissues,
and, specifically for stem cell-based therapies, avoid differentiation to undesired cell types
or unregulated cell proliferation(4). In most cases, novel cell therapies do not achieve

full approval for clinical use due to the lack of safety and/or efficacy. In addition,
challenges in the manufacturing and expansion of therapeutic cells can further hinder
clinical translation(5).
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Nanotechnology-based approaches are a promising strategy for the development of cell
therapies with improved safety and efficacy, offering novel alternatives towards clinical
implementation. Nanotechnology refers to the understanding and control of matter at

the nanometer (nm) scale, and includes the design, construction, and implementation of
nanoscale systems in fields such as chemistry, physics, materials science, engineering,

and biology(6). The implementation of nanoscale technologies in biomedical sciences has
led to the development of novel tools that directly interact with cells (intracellularly or
extracellularly) and/or individual components of the cellular microenvironment(7), thus
facilitating the modulation of key cellular responses for therapeutic purposes. Given

the unique attributes of cells as therapeutic agents, they are suitable to treat multiple
disease types, like cancer, metabolic disorders, autoimmune disorders, infections, and tissue
degeneration, which has given rise to a diverse number of categories of cell therapies(8).
One category in particular, regenerative cell therapies, has received special attention due
to its immense potential to reduce tissue degeneration and promote tissue repair for the
treatment of multiple and complex disorders (e.g., neurological, cardiovascular, pancreatic,
pulmonary, osteological)(9). Consequently, in this concise review we summarize recent
progress in the use of nanotechnology for regenerative cell therapies, focusing on the

use of stem cells and reprogrammed somatic cells as therapeutic agents. Furthermore, we
also discuss key strategies used to improve self-renewal, viability, and the functionality of
cellular therapeutics, which is key to achieving the necessary levels of safety and efficacy for
clinical translation (Figure 1).

Nanoscale technologies for stem cell-based therapies

The implementation of nanotechnology-based approaches in stem cell research has primarily
focused on the improvement of isolation, proliferation, and differentiation protocols for
basic biomedical research. However, the regenerative potential of embryonic, tissue-specific,
and induced pluripotent stem cells (iPSCs), represents a key advantage for cell-based
therapeutics(10). Consequently, numerous nanoscale technologies have been developed and
implemented to modulate stem cell behavior for therapeutic applications.

Graphene oxide nanosheets

Graphene Oxide (GO), an oxidized carbon-based monolayer with a hexagonal crystal lattice
that has robust mechanical strength and high electrical and thermal conductivities, is widely
used in biomedical applications(11). GO has been shown to modulate the self-renewal
capacity of embryonic stem (ES) cells(12), a mechanism that is driven by a decrease in
integrin-mediated cellular signaling, which regulates cell interactions with different proteins
in the extracellular matrix (ECM)(12). This increase in proliferation capacity could be key to
developing more effective stem cell expansion strategies for therapeutic purposes. Similarly,
GO-based nanomaterials can enhance the differentiation of ES cells into different cell
lineages. Yang et al. demonstrated a GO dose-dependent increase in the differentiation of ES
cells into Tyrosine Hydroxylase (TH)+ dopaminergic neurons(13), a neuronal subpopulation
that is lost during the development of Parkinson’s Disease (PD), and that can be used

for cell-based therapies aimed at treating this neurodegenerative condition. Garcia-Alegria
et al. showed that GO-coated coverslips increased the generation of hematopoietic cells
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from mouse and human ES cell-derived hemangioblasts (Figure 2A—E)(14), which could
potentially be used for the treatment of leukemias or other hematological disorders like
aplastic anemia, or sickle cell disease. In addition to pluripotent ES cells, GO has also been
used to improve the differentiation capacity of tissue-specific multipotent stem cells. Park
et al., for example, first demonstrated increased differentiation of human neural stem cells
(hNSC) into neurons, accompanied by a reduction in the number of GFAP+ glial cells when
differentiation was induced on laminin-coated graphene substrates(15), a strategy that aims
to enhance the purity of stem cell-derived neurons for therapeutic purposes.

Mesenchymal stem-cells (MSCs) have been extensively studied for the repair and
regeneration of multiple tissues in preclinical studies and clinical trials(16). Accordingly,
multiple studies have explored the effect of GO on MSCs differentiation to multiple lineages
(see review from Halim et a/.(17)). Remarkably, human MSCs cultured on pre-deposited
graphene layers showed preserved viability and increased osteogenic differentiation(18).
Furthermore, bone marrow-derived MSCs treated with GO resulted in an acceleration

of osteogenic and adipogenic differentiation due to the ability of GO to bind and
preconcentrate osteogenic and adipogenic factors near the MSCs, which enhanced the
interaction and improved assimilation(19). Insights into the mechanism of action of GO-
based nanomaterials could lead to optimized differentiation protocols towards these specific
cell types, which could help to advance various therapeutic strategies for musculoskeletal-
and adipose tissue-related conditions. A similar preconcentration effect by GO is observed
in the differentiation of MSCs toward a chondrogenic lineage, a central mediator in cartilage
repair(20). Moreover, graphene seems to influence the differentiation of MSCs to neural
lineages. In the case of primary human MSCs obtained from surgically resected adipose
tissue, there is increased differentiation towards neurons when cultured on a graphene-based
substrate(21). Building on the advances made with GO, new biomaterial formulations have
been synthesized by combining GO with a diverse variety of materials for the optimization
of MSCs differentiation to neural precursors. For instance, 3D scaffold platforms made from
reduced GO and collagen drove significant improvements in the differentiation of MSCs
towards neuronal progenitors(22).

Multiple studies have shown that the biophysical properties of the ECM can modulate the
proliferation and differentiation capacity of stem cells(23). This has led to the development
of numerous nanofiber-based systems that emulate ECM properties to boost stem cell
proliferation and differentiation(24). Particularly, nanofibers made from aliphatic polyesters
such as poly-e-caprolactone (PCL), combined with collagen, improved the differentiation
capacity of Wharton’s jelly-derived MSCs into motor neurons(25) and the differentiation
of human MSCs into tendon-like tissue(26), which could be key to the development of
therapies targeting neuromuscular and musculoskeletal disorders. Additional studies with
iPSCs show that gelatin-PCL nanofiber scaffolds supported improved differentiation into
cardiomyocytes in a 3D culture system (Figure 2F-H)(27), which could be of relevance to
therapies focusing on cardiac tissue repair and regeneration.
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In addition to PCL, a wide variety of polymers have been used to develop nanofiber-

based platforms for stem cell culture. For example, polyvinylidene fluoride (PVDF)-based
nanofibers with a diameter ~200-700 nm that were coated with mussel adhesive protein
(MAP) and vitronectin supported increased differentiation of human ES cells into neural
progenitors (NPs), along with an improved retention of the differentiation potential of

these NPs into neurons, astrocytes, and oligodendrocyte precursors(28), which could be

of relevance to cell replacement therapies targeting multiple cellular compartments within
the central nervous system. Similarly, studies with iPSCs show enhanced proliferation and
increased differentiation into insulin-producing cells when cultured on nanofibers fabricated
from Poly-(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)(29), showing potential for the
development of therapies for insulin-dependent diabetes.

Another type of nanomaterial known as peptide amphiphiles (PAs) is also actively being
used to enhance stem cell-based therapies. PAs consist of peptides with and hydrophilic
head group and at least one hydrophobic tail capable of self-assembly into variety of
molecular structures such as nanofibers, tubes, helices, and sheets(30). Scaffolds made of PA
nanofibers have been used to enhance the efficiency of stem cell therapy in muscle tissue.

In this case, PA-based nanofiber scaffolds containing myogenic precursor cells and growth
factors successfully emulated the structure, stiffness, and unidirectional alignment of muscle
fibers, which permitted enhanced myoblast alignment and differentiation. Furthermore,

the injection of PA-based nanofiber scaffolds loaded with muscle stem cells into the
hindlimb of uninjured mice or mice with notexin-induced muscle injury resulted in enhanced
engraftment, proliferation and differentiation of therapeutic cells compared to the injection
of muscle stem cells alone. These results demonstrate the potential therapeutic value of this
method in overcoming deficits of engraftment efficiency associated with standard muscle
stem cell delivery approaches(31). PA-based scaffolds made from aligned nanofibers have
also been used for neural tissue repair and regeneration, a process that is highly dependent
on the orientation and direction of neurons and neurites in order to be effective. The
interaction between neural progenitor cells and surface epitopes on the scaffold surface
promoted neurite growth along the aligned nanofibers(32). Injection of a co-suspension of
PAs and neural progenitor cells into the spinal cord of rats resulted in highly directional
neurite outgrowth and migration of dorsal root ganglion cells along the orientation of

the nanofibers, which suggests that PA-based nanofiber scaffolds could potentially find
applications in the treatment of spinal cord injury(32).

Nanoparticles

Besides the use of nanosheets or nanofibers in stem cell culture, nanoparticles have been
widely used in cell therapy approaches as carriers for intracellular delivery of bioactive
cargo. For example, mesoporous silica nanoparticles (MSNs) loaded with retinoic acid
(RA), a potent neural inducer, were used to increase neuronal differentiation in mouse

ES cell cultures compared to direct exposure to RA alone, an effect that appears to be
mediated by a more sustained release of RA after the MSNs were internalized by recipient
cells(33). Comparable effects were observed when RA was loaded into thermoresponsive
nanoparticles made from poly(N-isopropylacrylamide)-co-acrylamide (PNIPAM-co-Am)
and used to support neuron-directed differentiation of human iPSCs(34). In addition,
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magnetically charged nanoparticles can be used to mediate gene transfer into stem cells.
In one case, for example, magnetic fields were employed to pre-concentrate magnetic
nanoparticles on the membrane of iPSCs and potentiate gene uptake(35). This approach
appears to exhibit less toxicity compared to other delivery methods and preserves the
differentiation potential of iPSCs.

Beyond /n vitro studies, nanoparticles have also been used to support stem cell-based
therapies /n vivo, specifically in the treatment of brain injury. For example, Poly(b-amino
ester) nanoparticles mediated improved transfection efficiencies and cell viability in

human neural stem cell (hNSC) cultures. Furthermore, intracranial injection of transfected
hNSCs encapsulated in hyaluronic acid hydrogels led to improved neurogenesis in rats
subjected to traumatic brain injury(36). Additional /n vivo studies have looked at the use

of nanoparticles for cell therapies aimed at treating other neurodegenerative conditions.

One study looked into harnessing the proliferation and differentiation potential of neural
precursors inherently present in the subventricular zone (SVZ) as a therapeutic approach
for PD(37). In adult mice, neural precursors in the SVZ use the rostral migratory stream

to relocate to the olfactory bulb (OB), where they differentiate into neurons, mature,

and integrate into existing neural circuits(38). In a mouse model of PD, treatment

with poly(lactic acid-co-glycolic acid) (PLGA) and perfluoro-1,5-crown ether (PFCE)
nanoparticles loaded with microRNA-124 (miR-124) led to a significant decrease in motor
deficits, as well as an increase in the number of neural precursors migrating toward

the OB and into the PD lesions, where increased maturation and circuit integration was
observed (Figure 3A-E)(37). miR-124 is a known pro-neurogenic miR that is highly
expressed in the SVZ and promotes neurogenesis through the inhibition of So0x9(39).

Thus, the use of miR-124 loaded nanoparticles constitutes one of the few examples
showing how nanoscale technologies can be used to regulate the induction of tissue-
specific progenitor cells as therapeutic agents. Other studies have also investigated the

use of nanoparticle-based systems to drive cell therapies for Alzheimer’s Disease (AD).

For example, nanoparticles self-assembled from poly(2-hydroxyethyl methacrylate)-RA-
poly(carboxybetaine) cell-penetrating peptide (PHEMA-RA-PCB-CPP) polymers were used
to simultaneously deliver RA, small interfering RNA (siRNA) targeting Sox9, and traceable
superparamagnetic iron oxide nanoparticles (SPIONSs) into NSCs that were injected into the
hippocampal region of 3xTg-AD mice, which led to a significant improvement in spatial
memory(40). The use of SPIONSs allowed for the tracing and identification of therapeutic
NSCs in the hippocampal region by magnetic resonance imaging (MRI) (Figure 3F-H)(40).
Although nanoparticles have been extensively investigated for applications in gene therapies,
the use of nanoparticle-based systems for cell therapies represent a promising alternative
approach for tissue repair and regeneration.

Nanofiber-nanoparticle complexes

A few studies have investigated the combined use of nanofibers and nanoparticles to
augment the differentiation efficiency of stem cells. Based on previous studies that
demonstrated the effect of hydrogels on the stem cell viability and differentiation capacity,
along with reports evaluating the effects of SPIONs on stem cell signaling, one study sought
to evaluate how SPION-coated gelatin nanofibers embedded in alginate hydrogels altered
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stem cell viability and differentiation(41). Such composite hydrogels supported improved
viability of ecto-mesenchymal stem cells (OE-MSCs) obtained from human olfactory
mucosa and led to enhanced differentiation efficiencies into neurons compared to hydrogels
without SPIONs(41). In a similar study, collagen type IV nanofibers coated with nucleated
gold nanoparticles mediated an improvement of proliferation and differentiation potential
of chorion placental-derived MSCs into neural- and cardiac-like cells(42). Likewise,

when human adipose stem cells were cultured on gelatin-PCL nanofibers encapsulating
both Titanium dioxide and MSNs loaded with metformin, there was an increase in cell
viability after prolonged culture, a reduction of specific markers of senescence, and an
increase in stemness markers(43). Altogether, these studies suggest that the combination of
nanoparticles and nanofibers may improve the delivery of critical cargo while also providing
a more suitable microenvironment for cell proliferation, function, and maintenance, under
a single platform technology, which could be key to improving the expansion and
differentiation efficiencies of stem cells and ultimately help facilitate the clinical translation
of stem cell-based therapies.

Nanoscale technologies to potentiate endogenous cell-mediated tissue

repair

In addition to supporting therapies based on exogenous/transplanted cells, nanoscale
technologies have also been used to drive therapeutic responses via the modulation

of endogenous cell responses and phenotypes. For example, PAs have been utilized

to mimic specific biological structures and proteins, including the angiogenic signaling
protein VEGF. PA nanofilaments containing VEGF-mimetic peptides on their surfaces

are capable of phosphorylating VEGF receptors on endothelial cells, leading to an

increase in angiogenesis(44). The therapeutic potential of this was demonstrated /n7 vivo

in ischemic hind-limbs of mice, in which intramuscular injection of PA nanofilaments

with VEGF-mimetic peptides were shown to improve perfusion, motor function, and

tissue repair compared to control injections of mimetic peptides alone (Figure 4A-H)(44).
Other therapeutic applications of this approach include the repair of spinal cord and
peripheral nerves using nanotube scaffolds and nanofibers gels, respectively(45, 46). These
nanostructures provide an environment that promotes and guides axon and nerve growth,
allowing for the improvement of nerve and motor function /7 vivo. In addition, nanofibers,
nanotubes, and nanoparticles have been used to modify intrinsic cell phenotypes to improve
osteogenesis and treat tendon injury. For example, nanotubes loaded with resveratrol were
used to create a coating that can be applied to titanium bone implants to reduce the

levels of radical oxygen species and inflammation /in sifti(47). Moreover, PLGA nanofibers
have been shown to reduce peritendinous adhesion and guide tendon regeneration in a rat
model of Achilles tendon injury(48). The implementation of nanoscale-based technologies
to improve endogenous tissue responses has also been used for wound healing applications,
where the use of gold nanoparticles was found to significatively accelerate the healing
process, increase collagen deposition and angiogenesis, and reduce oxidative stress (49).
Related applications include the use of sutures made of biocompatible carbon nanotube
fibers to improve myocardial conduction(50), as well as the development of conductive
nanofibrous membranes to enhance cardiac function and revascularization after myocardial
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infarction(Figure 41-N)(51). The aforementioned studies indicate that besides their use
for the delivery of cells as therapeutic agents, nanotechnology-based approaches can also
be used to modulate endogenous cell responses as a therapeutic strategy in regenerative
medicine.

Nanoscale technologies for cell-mediated drug delivery

While nanotechnology has commonly been explored for the direct delivery of drugs to target
tissues, the use of nanotechnology to facilitate cell-mediated drug delivery has emerged

as a promising alternative strategy to the use of more established carrier systems for drug
delivery. One example of this is the use of “cellular backpacks”, which are polymeric
carriers that are several hundred nm thick, and 7-10 pm in diameter, and can be attached
directly to cells(52). These backpacks are unique in their ability to encapsulate therapeutic
cargo that travels with the cell carrier, while at the same time avoiding phagocytosis and
clearance (52, 53). As such, cellular backpacks have demonstrated therapeutic potential
for targeted drug delivery to the brain, mediated by macrophages that can cross the blood
brain barrier. This was demonstrated /7 vivo via injection of macrophages with cellular
backpacks containing catalase in a mouse model of brain inflammation(Figure 5A-C)(53).
Experiments conducted /n vitro using these macrophage-based carriers resulted in reduced
neuroinflammatory responses, which further demonstrates the therapeutic potential of this
approach. A similar approach explored the use of macrophages to deliver “nanozyme”
polycomplexes of catalase and PEI-poly(ethylene glycol) (PEI-PEG)(54). This approach was
tested /n vivothrough tail vein injections of bone marrow-derived macrophages (BMM)
containing catalase nanozymes in mice with induced neuroinflammation. Interestingly,
nanozyme-loaded BMM’s were observed to cross the BBB, which led to an increase in
the accumulation of catalase in target brain tissues compared to mice receiving nanozyme
injections alone (Figure 5D—F)(54). Taken together, the use of cellular backpacks and
nanozymes for cell-mediated delivery of anti-inflammatory drugs to the brain could prove
useful developing treatments for neuroinflammatory diseases such a Parkinson’s disease.
Cell-mediated drug delivery has also been investigated for use in drug delivery for deep
lung therapy, which is currently limited by the lack of efficient drug delivery methodologies
to target tissues. A prominent example of this is the use of chitosan nanoparticles as a
drug carriers for delivery mediated by Sertoli cells. In one study, rat Sertoli cells that

were preloaded with chitosan nanoparticles containing curcumin were injected into the
bloodstream of mice with pulmonary inflammation(55). Subsequent quantification of the
distribution of both the nanoparticles and curcumin load indicated that the delivery of
these components by Sertoli cells was largely limited to target pulmonary tissues, with
significantly less amounts of both components present in other organs such as kidney

and liver(55). As such, the use of Sertoli-mediated drug delivery in this regard could

be useful for overcoming hurdles associated with targeting pulmonary tissue. Outside

of regenerative medicine, the therapeutic use of non-virally transfected myeloid-derived
suppressor cells (MDSCs) for extracellular vesicle (EV)-mediated gene delivery has been
evaluated in the treatment of tumors /n vivo using mice(56). MDSCs, however, are also
involved in non-neoplastic conditions such as stroke and Alzheimer’s Disease. Therefore,
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the implementation of MDSCs for the delivery of therapeutic EVs could also prove useful in
regenerative medicine applications.

Nanoscale technologies for direct reprogramming-based cell therapies

Direct cell reprogramming refers to the process of inducing a change in cell fate without

the need for a pluripotent intermediate state(57). Direct reprogramming has opened up

the possibility for the development of patient-specific cell-based therapies(58) that can
overcome major limitations of traditional approaches by utilizing more readily-available cell
sources (e.g., skin fibroblasts) and bypassing the need for induced pluripotency(59), thus
offering significant improvements in safety and efficacy. While traditional approaches to cell
reprogramming, such as the use of viral vectors, have produced promising results, biosafety
concerns and capsid size restrictions pose significant hurdles to clinical translation. As such,
a variety of nanotechnologies, including nanoparticles and nanotransfection methods, have
been developed to overcome these limitations.

Nanoparticles in direct cell reprogramming

In recent years, various studies have investigated the use of engineered nanoparticles in
direct cell reprogramming applications. Nanoparticles are typically used as carriers of
bioactive cargo (e.g., nucleic acids, protein, etc.) responsible for inducing direct nuclear
reprogramming. The vast majority of nanoparticle systems used for bioactive cargo delivery
are based on polyethylenimine (PEI) polyplexes, which facilitate cellular uptake via
endocytosis(60). One study looked into the use of nanocomplexes made from MSNs,

PEI, and recombinant proteins of HNF4A and FOXAS3 transcription factors, to drive
effective conversions of mouse fibroblasts into induced hepatocyte-like cells with reduced
toxicity compared to commercially available carrier systems like Lipofectamine 2000, or
PEI alone, suggesting that MSN-based nanoparticles may offer a safer alternative for

cell reprogramming that is more suitable for therapeutic applications (Figure 6A-B)(61).
Another notable application of nanoparticles in direct cell reprogramming is the use of

gold nanoparticles for the induction of cardiomyocytes /n vitroand in vivo. Nanocomplexes
consisting of PEI and gold nanoparticles loaded with Gata4, Mef2c, and Tbx5(GMT)
genes successfully converted fibroblasts into cardiomyocytes /n vitro(62). Additionally,
successful cardiac reprogramming and improved cardiac function were reported when these
nanoparticles were injected into the hearts of mice after myocardial infarction, suggesting
potential for future therapeutic applications based on cardiac tissue reprogramming (Figure
6C—F)(62). PEI-miRNA polyplexes encapsulated in PLGA nanospheres have also been used
to mediate direct cell reprogramming. These nanospheres were loaded with miR-1 and
miR-133, and subsequently used to treat human cardiac fibroblasts /n vitro, resulting in
improved cellular uptake and induction of adult human cardiomyocyte-like cells compared
to PEI and lipofectamine(63). While the use of these nanospheres has not been demonstrated
in applications of cell therapy, directly, these results indicate that this technique has great
potential for such applications and thus warrants further exploration /n vivo. On another
front, electromagnetized gold nanoparticles have been shown to augment reprogramming
efficiencies following viral transfection of reprogramming factors. In this approach,
fibroblasts are transfected with lentiviruses and seeded onto an electromagnetized gold
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nanoparticle substrate in the presence of an electromagnetic field (EMF). This causes the
nanoparticles to become transiently magnetized and enhances the transfer of energy from
the EMF to recipient cells, resulting in potentiation of reprogramming efficiency through
induction of histone acetyltransferase Brd2 and subsequent acetylation of histone H3K27,
which opens up the chromatin and potentiates neuronal gene expression(64). This was
demonstrated /n vitro using fibroblasts that were transfected with induced dopaminergic
reprogramming factor genes Asc/, Pitx3, Lmxl1aand Nurrl (APLN), where a significant
increase in reprogramming efficiency to induced dopaminergic neurons was observed after
exposure to an EMF compared to APLN-transfected fibroblasts treated with EMF or

gold nanoparticles alone(64). In the same report and similar to the results obtained with
stem cells, in vivo direct reprogramming using a PD mouse model injected with gold
nanoparticles and lentivirus containing the APLN cocktail, followed by application of

an EMF, showed increased reprogramming efficiency, as well significant amelioration of
PD(64).

Nanochannel-based transfection in direct cell reprogramming

In addition to nanoparticle-driven reprogramming, nanochannel-based transfection is also
being actively explored for direct cell reprogramming applications. Electroporation refers
to the use of electric fields to disrupt the permeability of the cell membrane and allow

for the transfer of exogenous cargo into the cytosol, including proteins and nucleic
acids(65). However, traditional electroporation methods typically yield low transfection
efficiencies and suboptimal cell viabilities. Nanochannel-mediated electrotransfection or
nanotransfection has emerged as a promising alternative approach to standard bulk
electroporation. Recent studies have shown that the implementation of electric fields
through nanochannels, /n vitro or in vivo, leads to increased transmembrane potential,
localized membrane poration, and active electrophoretic delivery of charged cargo (e.g.,
nucleic acids) into the cells, which collectively translates into improved transfection
efficiencies and superior cell viabilities(66—71). /n vitro nanotransfection has been used
to drive fast and effective direct reprogramming of fibroblasts into induced neurons via
the delivery of pro-neurogenic factors Asc/1, BrnZ, and Myt1L (ABM), or into induced
endothelial cells via delivery of provasculogenic factors £#v2, FIi1, and Foxc2 (EFF)(66,
68, 71). The translational potential of this platform nanotechnology in direct reprogramming
applications was recently demonstrated in a study in which £FF-nanotransfected fibroblasts
were injected intracranially into mice that had suffered an ischemic stroke, resulting in
improved brain vascularization, reduced edema, decreased gliosis, and increased neuronal
preservation associated with improved sensorimotor function (Figure 7)(68). Moreover,
tissue nanotransfection (TNT) has been demonstrated as a method to electrophoretically
deliver molecular cargo directly to tissues for the purposes of direct cell reprogramming

in vivo (Figure 8A-J)(66). Notably, the use of TNT to deliver EFF into the skin and
peripheral nerves has been shown to mediate direct reprogramming-based regenerative
processes that can protect ischemic limbs from necrosis(66) and promote nerve tissue
repair following crush injury (Figure 8K-N)(69). Interestingly, nanotransfection-driven
reprogramming seems to be partially mediated by extracellular vesicles (EVs), which appear
to allow for the propagation of reprogramming cargo delivery beyond the nanotransfected
cells(66, 68).
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Engineered EVs in direct cell reprogramming

The observation that nanotransfection can result in the release of engineered EVs (eEVS)
loaded with customizable reprogramming cargo led to a series of experiments probing the
role of eEVs in the modulation of direct reprogramming and tissue reparative processes (66,
72). For example, eEVs derived from skin cells nanotransfected with ABM reprogramming
factors were shown to successfully convert fibroblasts into induced neurons, in vitro,

as well as improve stroke recovery in mice /n vivo (66). Similarly, eEVs derived from

skin cells nanotransfected with £FFwere shown to successfully convert fibroblasts into
induced endothelial cells, as well as increase tissue perfusion in mice with critical limb
ischemia(66). These observations demonstrating the potential applications of eEVs in direct
reprogramming-based cell therapies were recently corroborated in a separate report, in
which Foxf1-loaded EVs were used to reprogram nucleus pulposus cells /n vitroand in vivo,
which could potentially lead to the development of novel therapies for intervertebral disc
degeneration(73).

Conclusions

Cell-based therapies have emerged as a promising alternative strategy for the treatment

of a wide variety of conditions. The implementation of various nanoscale technologies in
stem cell research, including nanofibers, graphene nanosheets, and nanoparticles, among
others, has been shown to support enhanced safety and efficacy during stem cell propagation
and differentiation processes. In addition, nanoscale platforms such as nanoparticles,
nanospheres, nanotransfection, and eEVs, among others, could potentially provide effective
ways to modulate cellular plasticity for therapeutic purposes both /n vitro and in vivo.
Collectively, nanoscale technologies have the potential to address key hurdles in the
development of regenerative cell therapies and ultimately facilitate the clinical translation
of such therapies. However, there are still several roadblocks hampering translation of
different cell therapies. One of the biggest hurdles is scale-up to obtain an adequate number
of functional therapeutic cells(74). Scale-up requirements in turn significantly increase

the manufacturing costs and complicate the procurement of homogeneous populations

of therapeutic cells for safe use in patients(74—76). Additional aspects to be considered
include the need for more readily available and healthy cell sources. As such, allogenic

cell sources may offer an advantage over autologous cell sources. However, allogenic cells
run the risk of eliciting adverse immune responses in some cases, thus requiring the use

of systemic immunosuppressants that could lead to secondary complications. Nevertheless,
recent studies have shown that nanoscale technologies could also be used to reduce immune
rejection of allogenic cell grafts(77, 78). Moreover, in addition to the technologies surveyed
in this mini-review focused on stem cell- and direct reprogramming-based cell therapies,
other emergent nanotechnologies for improved non-viral gene delivery ex vivo(79-81),
and/or targeted delivery of genes/therapeutics to specific cell and tissue niches, /in vivo(82—
84), have the potential to continue to revolutionize the field of cell therapies in regenerative
medicine by enabling safer and more effective approaches to deploy living therapeutics

to damaged organs and tissues. Future efforts, however, should continue to strive towards
clinical trials to assess not only the safety but also efficacy of cell therapies and their
enabling technologies.
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Figure 2. Approaches employing graphene oxide nanosheets and nanofibers to regulate stem cell
behavior.
(A) Schematic representation of the experimental design to evaluate the response of

hemangioblasts to gelatin (GE) or graphene oxide (GO). Heaemanglioblast cultures on
GE/GO showing higher (B and D) GFP signal and (C and E) production of CD41+ /
GFP- cells on GO-coated coverslips compared to GE (Adapted from Garcia-Alegria et
al., 2016. Ref 14). Expression of sarcomeric alpha-actinin (a-SA), a cardiomyocyte marker,
in human iPSCs (hiPSCs) differentiated using gelatin-PCL nanofiber scaffolds in a (F) 2D
and (G) 3D culture system. (H) Gene expression of cardiac progenitor and cardiomyocyte
markers SIRPA/ISL1, MHC6/TNNTZ2, respectively during differentiation of hiPSCs into
cardiomyocytes in 2D and 3D cultures (Adapted from Sridharan et al., 2021. Ref 27).
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Figure 3. Methodologies using nanoparticles to modulate stem cell differentiation.
(A) Properties of nanoparticles (NPs) loaded with microRNAs. (B) Experimental setup

where mice were subjected to two stereotaxic injections, one in the right striatum to

deliver 6-Hydroxydopamine (6-OHDA) to induce a PD phenotype, and another in the

right lateral ventricle to deliver miR-124 NPs or saline solution. (C-D) Confocal images

of BrdU (proliferation marker, green), Hoechst (nuclear marker, blue), and DCX (mature
neuronal marker, red) staining showing an increase in the number of mature neurons
(NeuN+/BrdU+ cells) observed in the striatum of mice treated with 6-OHDA and miR-124
NPs compared to healthy controls. (E) Apomorphine-rotation test (behavioral analysis)
illustrates a decrease in motor deficits (net contralateral rotations) in mice treated with
miR-124 NP (Adapted from Saraiva et al., 2016. Ref 37). (F) Composition of the traceable
NPs PHEMA-RA-PCB-CPP/SPIONSs/siSOX9 (condensed as ABC/SPIONs/siSOX9 NPs:
S8). (G) Immunostaining analysis with MAP-2 (neuronal marker, green), GFAP (glial

cell marker, red), and DAPI (nuclear marker, blue), showing higher MAP-2 expression
(conversion into neurons) when treated with S8 compared to control. (H) Morris water maze
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experiments were performed to assess the effect of NP treatment on spatial learning and
memory improvement, showing that NSCs treated with S8 NPs could potentially improve
cognition and memory (Adapted from Zhang et al., 2016. Ref 40).
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Figure 4. Approaches used for endogenous cell repair
(A) Representation of the chemical structure of the PA intended to mirror VEGF’s activity.

(B) Nanofiber structure formed by the VEGF can be seen by cryogenic Transmission
electron microscopy (TEM) (C), as well as the interconnected nanofiber gel network,
captured by Scanning electron microscopy (SEM). To evaluate the ability of VEGF-mimetic
PA as a therapy for ischemic disorders using a murine hind-limb ischemia model, limb
salvage and motor function was evaluated, showing (D) an improvement in tissue salvage
score (i.e., less necrosis) and (E) a significant effect on active limb motor function in

the treatment group compared to the control groups. (F) Functional tests show enhanced
walking time preceding failure, and (G-H) Laser Doppler perfusion imaging shows
enhanced tissue perfusion ratio in the ischemic hind limb for 28 days following treatment
(Adapted from Webber et al., 2011. Ref 44). High concentration of methyl acrylic
anhydride-gelatin (GelMA)-Ppy nanoparticles were used to fabricate engineered cardiac
patches (ECP). Characterization and analysis of the nanoparticles, showing (I) uniform
spherical morphology and size via TEM, and (J) molecular structure via X-ray diffraction
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(XRD). (K) Live/death staining shows great biocompatibility of the nanoparticles for 7 days
without affecting cell growth. (L) Cardiac sections were stained with Masson’s staining

for fibrous tissue (blue) and myocardium (red), showing enhanced cardiac function and
revascularization for patch-implanted groups, which is also evident in the analysis of (M) the
infarct size and (N) the infarct wall thickness (Adapted from He et al., 2018. Ref 51).
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Figure 5. Methodologies employed for cell-mediated drug delivery.

(A) Schematic of the structure of the cellular backpack, loaded with catalase, showing
the composition and assembly of different regions from the “release region” to the cell
attachment region. (B) Confocal microscopy images of the whole brain after systemic

Page 23

delivery of backpack-carrying macrophages show fluorescently labeled macrophages (green)

and backpacks (red). (C) At 40X magnification, co-localization of green and red can

be observed, suggesting that the cells facilitated the transport of backpacks to the brain
(Adapted from Klyachko et al., 2017. Ref 53). (D) Systemic delivery of bone marrow-
derived macrophages (BMM) loaded with a catalase nanozyme in a murine model of brain

inflammation shows an increased blood concentration of nanozyme for more than 170

hours after injection. (E) Increased accumulation of catalase is found in all tissues (brain,
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spleen, liver, and Kidney) when using nanozyme-loaded BMM. Higher accumulation of the
nanozyme is found in the spleen and lower accumulation in the brain. (F) Biodistribution
of BMM loaded with fluorescently labeled nanozyme, showing targeted drug delivery from
peripheral organs to the brain with inflammation for over 16-20 days (top panel) compared
to healthy animals (bottom panel) (Adapted from Zhao et al., 2011. Ref 54).
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Figure 6. Approaches implementing nanoparticles for the direct reprogramming of somatic cells.
(A) Induced hepatocyte-like cells (iHeps) converted from mouse fibroblasts using MSN/PEI/

Transcription factor nanocomplexes. (B) Successful conversion into iHeps by quantitative
expression, showing gradual downregulation of Collal, Desmin and Fspl (fibroblasts
genes) and upregulation of hepatocyte genes (rest of the genes) in the treatment

group compared to other groups (Adapted from Wang et al., 2020. Ref 61). (C)
Schematic illustration of direct injection of PEIl/gold nanoparticles loaded with GMT
genes (AuNP/GMT/PEI) into the heart of a mouse. (D) Cell cytometry analysis showing
efficient reprogramming from mouse embryonic fibroblasts into induced cardiomyocytes
after using AUNP/GMT/PEI nanocomplexes by the expression of aMHC. (E) Upregulation
of cardiomyocyte genes in the treatment group compared to control via gRT-PCR. (F)
immunostaining of injured heart displaying a significant increase in the number of cardiac
Troponin T + (CTNT) and a-MHC+ cells relative to controls (Adapted from Chang et al.,
2019. Ref 62).
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Figure 7. Nanochannel-based technology to modulate the direct reprogramming of fibroblasts
into induced endothelial cells as therapeutic agents for stroke.

(A) Schematic diagram illustrating the nanotransfection with £FF, release of pro-

vasculogenic/angiogenic EVs (e.g., exosomes), and reprogramming of fibroblasts into

induced endothelial cells (iECs) that subsequently mediate the formation of induced
vasculature (iVas). (B) Upregulation of genes in nanotransfected cells and (C) loaded in

released exosomes. (D) /n vitrotube formation assay in the £EFFgroup. (E) Schematic

diagram of middle cerebral artery occlusion, intracranial injection, and MRIs. (F, G) T2-
weighted MR images post-stroke show that intracranial injection of EFF-nanotransfected
cells led to significantly improved infarct resolution compared to control in mice that
exceeded 17% weight loss. £EFFnanotransfected cells injected in mice show (H) superior
neuronal cellularity (NeuN) and (1) reduced astroglial scar formation (GFAP) (Adapted

from Lemmerman et al., 2021. Ref 68).
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Figure 8. Methodologies employing nanochannel-based technologies to regulate the direct
reprogramming of fibroblasts into neurons in vivo and promote nerve tissue repair.

(A) Schematic representation of the TNT procedure on the skin, where an electric field

is applied through the electrodes to create nanopores in the membranes of exposed cells
and drive cargo into the skin-cells via electrophoresis. (B) The outermost cell layer is

in direct contact with the Nanochannels. (C) Simulations show focused (solid) compared

to widespread (dashed) poration in TNT vs. Bulk electroporation (BEP). (D) Mouse skin
showing successful gene delivery and expression via confocal imaging. (E) Epidermis and
dermis analyses showing gene expression using Laser capture microdissection (LCM) and
gRT-PCR. Immunostaining results display increased (F) TUJ1 and (G) neurofilament (NF)
expression after TNT-based delivery of ABM. (H) TNT with £FF on the skin of mice led to
(1-J) increased iVAS (Pecam-1, VWF) at day 7 (Adapted from Gallego-Perez et al., 2017.
Ref 66). (K) Delivery of EFF using TNT in a crushed nerve tissue model, which leads to
(L-M) increased vascularity, as well as (N) accelerated recovery of nerve function, which

AAPS J. Author manuscript; available in PMC 2023 March 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Alzate-Correa et al.

Page 28

was assessed using compound muscle action potential (CMAP) measurements (Adapted
from Moore et al., 2020. Ref 69).
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