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Abstract
Stem cells have been long looked at as possible therapeutic vehicles in regenerative medicine largely due to their multi-
lineage differentiation potential and paracrine actions. Therefore, development of new procedures for the differentiation of 
stem cells into different cell types holds great potential for opening new opportunities in regenerative medicine. In addition 
to various methods for inducing stem cell differentiation, the utilization of nanomaterials for differentiation of stem cells 
has recently received considerable attention and has become a potential tool for such purpose. Multiple lines of evidence 
revealed that nanomaterial-based scaffolds, inorganic nanoparticles (NPs), and biodegradable polymers have led to signifi-
cant progress in regulation of stem cell differentiation. Several studies indicated that different NPs including selenium, gold, 
graphene quantum dots (QDs) and silica could be employed for the regulation of differentiation of stem cells such as human 
mesenchymal stem cells (hMSCs). In addition, magnetic core–shell NPs could be applied for the regulation of neural stem 
cell (NSC) differentiation. Taken together, these findings suggested that NPs are potential candidates which could be utilized 
for the differentiation of stem cells into various cell types such as neural cells. Herein, we summarized the application of 
NPs for differentiation of stem cells into various cells in particular neural cells.
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Introduction

Stem cells refer to undifferentiated cells with self-renewal 
capacity and differentiation potential to specialized func-
tional cell types [1–4]. The classification of stem cells is 
based on the developmental stage. This stage is included 
two categories: somatic stem cells (SSCs) and embryonic 
stem cells (ESCs) [5], in which the latter is originated from 
the inner cell mass of blastocysts [6–8]. Induced pluripotent 
stem cells (iPS cells or iPSCs) are a class of pluripotent stem 
cells generated genetically from reprogramming of somatic 
cells with properties similar to the ESCs through the expres-
sion of determined genes and factors [9]. The highest dif-
ferentiation ability and potent self-renewal capacity have 

been reported for pluripotent stem cells of ESCs and iPSCs 
[10, 11], whereas adult tissue-produced SSCs are less strong 
compared to ESCs and iPSCs, but are more accessible [12]. 
Recently, numerous types of SSCs have been separated from 
bone marrow, adipose tissues, cord blood, and neural tissues 
[13, 14]. Recent studies on tissue regeneration and engineer-
ing increasingly focused on various mesenchymal stem cells 
(MSCs) such as adipose-derived stem cells (ADSCs) and 
neural stem cells (NSCs), but with no observation of the 
ethical considerations of ESCs [1, 2].

Regulating and monitoring cell differentiation into target 
cell types highly affect the clinical applications of stem cells, 
in particular regarding tissue engineering and cell therapy 
[3, 4, 7, 15, 16]. Previously many researchers manipulated 
the differentiation of stem cells into different types of cells, 
including osteoblasts, neurons, adipocytes, and cardiomyo-
cytes [17, 18]. The application of stem cell differentiation 
in stem cell therapy is restricted due to unsatisfactory dif-
ferentiation efficiency and success rate. Moreover, the odds 
ratio of teratoma could be elevated because of undifferenti-
ated ESCs following in vivo implantation. It is highlighting 
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the importance of testing the differentiation of ESCs into 
specific lineages before implantation for a safe application in 
cell therapies [19, 20]. Therefore, the targeted differentiation 
of stem cells will be efficiently successful in directed cell 
types with the aid of further research and novel approaches. 
It has been shown that the current therapeutic approaches 
have various limitations [7]. Hence, developing new and 
effective approaches are needed.

Nanotechnology is a potent emerging science capable of 
overcoming the barriers related to the chemical techniques 
for differentiating stem cells. The development in regenera-
tive medicine and tissue engineering dramatically depends 
on the advanced cell transplantation biology and new bio-
materials. The nanotechnology deals with materials in sizes 
from 1 to 100 nm. Nanoparticles (NPs) vary in size from 
primary to natural forms and also in chemical, physical, 
biological, mechanical, optical, and electrical properties 
[21–23]. NPs can be classified based on their properties, 
sizes or shapes into different classes including metal NPs, 
fullerenes, polymeric NPs, and ceramic NPs. NPs size is 
very important; NPs have unique physiochemical properties 
as a result of their nanoscale size [24]. Since the nanoscale 
materials have the higher surface area and greater percent-
ages of atoms at the surface, their higher surface energy is 
comparable with conventional materials; therefore the wet-
tability and reactivity of the surface would be increased [25]. 
The optical properties of NPs are dependent on the size, 
which caused different colors due to absorption in the visible 
region. It is found that a 20-nm gold (Au), silver (Ag), plati-
num (Pt), and palladium (Pd) NPs have been characterized 
with wine red color, yellowish gray, black and dark black 
colors, respectively which can be utilized in bio-imaging 
applications [24].

During the past two decades, a growing number of nano-
medicines (NMs) have received approval and many display 
potential for future clinical usage. The increasing demand 
of NMs has raised a question mark on their safety aspects 
on human health. It is important to assess the safety of NPs 
to achieve biocompatibility and also desired activity. Under-
standing the mechanisms of action and nanotoxicity of NPs, 
give insight into their safety issues. One of the important 
mechanisms of nanotoxicity is the generation of reactive 
oxygen species (ROS) and oxidative stress. These radical 
species may lead, altered cellular signaling, programmed 
cell death, and DNA damage. Thus, safer NPs can be 
designed by understanding their nanotoxicity mechanisms. 
The characterization of NPs is a crucial issue in determin-
ing the toxic potential of NPs. NPs related risks should be 
examined according to their potential routes to the human 
body [26].

Due to a variety of nanomedicines that include diverse 
manufactured NPs made from different materials, one 
could not make a generalized statement for the safety of 

NPS. There are some nanotherapeutics that are currently 
approved, such as Doxil and Abraxane; these drugs exhibit 
fewer side effects, while some others (e.g. metallic and car-
bon-based particles) tend to show toxicity [27].

Since NPs have distinct properties that cannot be pre-
dicted from the bulk material, appropriate assays for analyz-
ing of toxicity of NPs should be selected for the evaluation 
of NPs cytotoxicity. Nevertheless, due to their size and sur-
face properties, NPs behave differently. As NPs can aggre-
gate, sediment, and also exhibit different diffusion dynam-
ics; so, conventional test conditions would be unsuitable for 
NPs [28]. For example, the Ames test is generally used to 
measure the mutagenicity of agents but it failed to show 
genotoxicity of nanofibers which displayed genotoxicity in 
a mammalian assay [29]. Furthermore, it is revealed that 
carbon nanotubes interact with the tetrazolium salt of MTT 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) assay which be used for viability measurements. NPs 
can therefore interfere with accuracy and sensitivity of some 
assays. Because NPs may interfere with some assays, multi-
ple toxicity tests should be used to confirm safety assessment 
results [27, 28].

Besides suitable assays, the other important point is the 
use of proper doses. Use of inappropriate high doses of NPs 
in vitro which are not empirically administered in vivo, 
result in a false impression of toxicity. For that reason, it 
can be difficult to correlate in vitro doses to the in vivo con-
ditions. Furthermore, it should be considered that different 
cell types display varying rates of NPs uptake in vivo. There 
are also some other aspects of NPs safety that should be 
considered such as purity of the NPs [27].

NPs are easily able to penetrate the cell and cause signifi-
cantly different molecular variations owing to their small 
size and large surface area, predisposing medical applica-
tions, including diagnosis, drug delivery, tissue engineering, 
imaging, growth factor delivery and also different therapies 
[20–23]. Different nanomaterials are available in stem cell 
contexts, such as nanofibers, carbon nano-tubes (CNTs), 
quantum dots (QDs), metal NPs, and nano-substrates [30]. 
Accordingly, the present review article has been designed 
to summarize the applications of varied nano-materials 
involved in stem cell differentiation into various cells, as 
well as to highlight the use of NPs in stem cell differentia-
tion into neuron cells.

Different Kinds of Nanoparticles

Researchers developed a variety of NPs based on their uses; 
for example, in diagnosis, imaging or treatment. Of course, 
a number of NPs are multi-purpose [21]. NPs have been 
categorized into two major classes of organic and inor-
ganic. Organic NPs involve dendrimers, micelles, hybrid, 
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liposomes, and compact polymeric NPs. Inorganic NPs 
contain silica, fullerenes, gold, and quantum dots NPs. 
Nano-structures composed of amphiphilic molecules such 
as lipids or polymers are called micelles. In a case of their 
exposure to aqueous media, their hydrophobic groups will 
be concealed within the structure and the hydrophilic groups 
will be exposed. In other words, if they are in a lipid rich 
environment, the structures can be organized reversely [22]. 
Micelles hydrophobic core may load weakly water-soluble 
medicines, whereas amphiphilic medications correspond 
to micelles amphiphilic structures with the medicine polar 
groups in the neighborhood of the micelles hydrophilic 
groups. It was found that micelles are stable because of their 
hydrophilic shells. They also possess long-term circulation 
in the blood [23]. Morphology of a branched structure grown 
from 1 or higher cores characterizes as a dendrimer. Dis-
advantages of dendrimers are related to incorporating and 
releasing drugs, as well as timely and laborious synthesiz-
ing [24].

A liposome is a vesicle that has been completely com-
posed of lipidic complexes. The commonest compounds 
are uni-lamellar liposomes with a size generally ranging 
between 100 and 800 nm. These spherical structures consist 
of amphiphilic complexes with higher generation costs and 
contents leakage. Complete biodegradability, compatibility, 
non-toxicity, and non-immunogenicity are the major benefits 
of these structures [25]. Compacted polymeric nanoparticles 
are nano-structures, which have been quietly fabricated of 
natural or synthetic polymers. In general, they have higher 
stability than liposomes, which leads to the longer localized 
drug delivery for several weeks and lower leakage of drugs 
[22]. Ultimately, there may be a covalent linkage between 
such polymeric nano-structures and treatment agents. As an 
alternative, surfaces of the NPs can absorb, dissolve, entrap 
it in the structure of NPs (nano-spheres), and encapsulated 
within a polymeric shell (nano-capsules) [22, 26]. The 
core–shell polymer-lipid hybrid NPs are one of the inter-
mediary types of NPs. There are a bio-degradable hydro-
phob polymeric core and a lipid outer mono-layer into its 
structure [68]. On the other hand, we may use an internal 
polymeric core enclosed by an exterior lipid bilayer [27, 
28]. Core–shell polymer lipid hybrid NPs enjoy supple-
mentary features of the two structures; that is, high stability 
and higher yield of medicine encapsulation, as well as the 
superiority of in vivo cellular delivery efficiency. As one 
of the medicine delivery procedures, encapsulation of the 
medicine is generally performed in the polymeric core, while 
the external layer of the lipid declines the rates of diffusing 
water, and lowers the kinetics of releasing medicine [31]. 
On the other hand, hybrid NPs are possibly fabricated by 
an inorganic core enclosed by an organic shell; that is, a 
metal core enclosed by a polymeric shell [32]. Luminescent 
semiconductor crystals include quantum dots, nano-metric 

multi-functional inorganic fluorophores applied in imaging, 
detecting, and targeting [33, 34]. These crystals are com-
posed of the components from II–VI or III–V groups and 
their structure is usually on the basis of cadmium sulfide 
(CdS) and cadmium selenide (CdSe), which may be greatly 
poisonous [35]. In comparison to the conventional fluo-
rophores, such as organic colors and fluorescent proteins, 
quantum dots take advantage of wide adsorption ranges and 
narrow emission spectrum. Indeed, their size emission can 
be adjusted via distinct wavelengths on a broad range of 
optical spectra. In addition, quantum dots have higher pho-
tostability and considerable resistance to photo-bleaching 
[36, 37]. They are also used because of their distinct physical 
and chemical features, size, and strongly compacted struc-
ture [34]. Moreover, NPs may be readily fabricated from 
carbon molecules with different regular and steady forms 
known as fullerenes (an allotrope of carbon) [38]. One of 
the commonest fullerenes with a rigid icosahedron with 60 
carbon atoms is buckminsterfullerene (C60). Single bonds 
of its structure create a pentagon, and double bonds cre-
ate hexagons [39]. However, distinctive optical, electrical, 
and magnetic features (e.g., super-conductivity) can resolve 
the drawbacks of fullerenes that include lower solubility in 
the organic solvents. For this reason, they are considered 
prominent instruments for imaging and diagnosing [40, 41]. 
Moreover, NPs may be produced by using inorganic sub-
stances like silica, gold, platinum, and silver. A variety of 
techniques are used to prepare inorganic NPs, which form 
a systematic and robust 3D array with metal or atoms with 
covalent linkage [42]. In spite of organic NPs, in vivo condi-
tions do not affect inorganic features, including dimensions 
and shape [42]. Nonetheless, researchers should consider the 
disadvantages of inorganic NPs. In addition, the impossible 
loading of medicines in their structures and their probable 
negative impacts on blood should be studied for metal NPs 
[43, 44]. Yet, their higher capacity as magnetic responsive 
nano-entities is very important, so that it was widely stud-
ied by the authors [45]. Alternatively, if the reactive oxygen 
specimens and the glutathione increase, and decrease respec-
tively, silica NPs will apply a cytotoxic impact [46].

Cellular Uptake of Nanoparticles

As NPs have small sizes, they may face various kinds of 
cells and experience translocation across membrane obsta-
cles in an organism. Prior studies demonstrated NPs entering 
into cells, so that NPs with diameters < 40 nm may introduce 
nucleus of the cell, and those below 35 nm may also traverse 
the blood–brain obstacle [44, 45]. Phagocytosis, nonclathrin 
and non-caveolin mediated endocytosis, clathrin-mediated 
endocytosis, macro-pinocytosis, and caveolin-mediated 
endocytosis are among a lot of pathways explored for 
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cellular uptake of NPs (Fig. 1) [46, 47]. Following cellular 
uptake of NPs, the other important matter is the intracellu-
lar trafficking. The final destination of NPs within cellular 
compartments determines the cytotoxicity and therapeutic 
efficacy of NPs [47]. After internalizing NPs, they would 
be encountered in early endosomes which are membrane-
bounded intracellular vesicles. Endosomes are classified into 
three types including early endosomes, late endosomes and 
recycling endosomes [48].

Early endosomes carry the cargo to the cellular destina-
tion. Recycling endosomes recycle a part of the cargo to 
the plasma membrane. Early endosomes convert into late 
endosomes through the maturation process. Endolysoso-
mal vesicles are formed by integrating late endosomes with 
lysosomes; these vesicles contain hydrolytic enzymes that 
degrade the trapped NPs [49]. Nevertheless, some NPs can 
escape this pathway; they are released into the cytoplasm 
[50]. Autophagy is another degradation pathway that plays 
a crucial role in the intracellular fate of NPs. In autophagy, 
autophagosome surrounds cytoplasmic contents such as 
dysfunctional organelles and aggregated proteins and their 
delivery to the lysosome [51]. Johnston and co-workers stud-
ied the intracellular fate of NPs in hepatocyte. They were 
internalized by hepatocytes in size, time and serum-depend-
ent manner. It was found that NPs accumulates in the bile 
canaliculi and can be eliminated by bile [52].

Various biological responses may be induced by inter-
acting between NPs and cells in  vitro or in  vivo. For 
example, in a case of the exposure of the cells to the NPs 
in vitro, the cell cycles and appearance of apoptotic and 
inflammatory markers may be modified [48, 49]. In addi-
tion, NPs may damage the cells, form ROS, increase the 
specific cytokine formation, and generate disorders in cell 
behaviors, including cell migration, adhesion, and differ-
entiation [50–52]. Hence, systematic evaluation and under-
standing of the interaction between NPs and live systems 
are crucial for developing bio-compatible NPs. Reviewing 
the interplays between NPs and cells in vitro provides a 
swift simple attitude to discover cellular responses to a 
particular dosage of NPs, exposure duration, and intra-cel-
lular related pathways for various kinds of cells. Reports 
indicated the effect of numerous parameters, including 
NPs properties; for example, dimension, morphology, 
composition, and surface charge, extra-cellular matrix 
medium (e.g., pH, temperature, the concentration of ion), 
type of cells, and protein absorption on the cellular uptake 
[53–56]. Here, the effect of NPs properties and absorption 
of proteins are emphasized, because extra-cellular matrix 
(ECM) medium and different kinds of cells can be readily 
repaired. It has been showed that NPs exert their effects 
via affecting various cellular and molecular targets such as 
microRNAs [23]. The modulation of miRNAs expression 

Fig. 1   Different mechanisms of endocytosis; including Phagocytosis, nonclathrin- and non-caveolin mediated endocytosis, clathrin mediated 
endocytosis, macro-pinocytosis, and caveolin-mediated endocytosis
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is associated with inhibition of disease progression [15, 
53–58].

Nanoparticles and Stem Cell Differentiation

One of the functions of the nanomaterials is playing a role 
as a nano-carrier in the cell to deliver drugs or nucleic acids 
involved in stem cell differentiation. Sometimes, there is 
need for appropriate vector to carry the drugs or chemicals 
with poor solubility, short half-life, and poor penetration as 
well as exogenous nucleic acids with unsuccessful intracel-
lular penetration [59, 60]. The intracellular enzymes rapidly 
degrade the exogenous nucleic acids or bio-macromolecules 
following the entry into the cells and also metabolize the 
small-molecule drugs [60]. The unique biomechanical prop-
erties promisingly enable some NPs to facilitate the differen-
tiation of stem cells, such as AuNPs, AgNPs, GO, CNTs and 
silica NPs [61–65]. The NPs can enter easily into cytoplasm 
across the cell membranes and so alter targeted cellular sign-
aling pathways responsible for differentiation [66, 67]. Dif-
ferent nano-materials could affect surface ligand and various 
cell types which inhibit/activate a sequence of cellular path-
ways. Based on Fig. 2, the mechanisms of differentiation are 

affected significantly by various physicochemical properties 
of nanomaterials.

Some signaling pathways in stem cells are activated 
mechanically by NPs, hereby stimulating the differentiation 
process. The optimal size of NPs for differentiation of stem 
cells varies from 20 nm to 70 nm, because of size-depend-
ent cellular uptake rates [68–70]. The 50-nm NPs revealed 
higher levels of internalization by cells, whereas smaller NPs 
are more cytotoxic and larger NPs are less efficient [71, 72]. 
The morphology of NPs can also influence their penetra-
tion into the cells, which affects the differentiation of stem 
cells [69]. Nanospheres are much likely to enter the cells 
compared to the nanorods, with the same size [71]. It can 
be claimed that the size and the shape of NPs determine 
their capacity to be taken up by the cells; this shows the 
importance of these two parameters in the differentiation 
processes. The NPs with different size and shape through 
inducing mechanical signals can affect the differentiation 
of stem cells.

Other important parameters of the nanomaterials to con-
duct the differentiation of stem cells are their charge and 
the specific chemical moieties. The biomolecules, including 
proteins, nucleic acids, lipids and polysaccharides, contain 
abundantly functional chemical domains, such as amines 
(–NH2), hydroxyl (–OH), and carboxyl (–COOH), which 

Fig. 2   A schematic picture of 
nanomaterial interactions with 
stem cells. Physicochemical 
properties of soft NMs and hard 
NMs affect the differentiation 
pathway
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highly influence the behavior and the differentiation of stem 
cells [73]. According to a study, osteogenic differentiation 
was blocked with COOH–AuNPs treatment, but not with 
–NH2 and –OH groups functionalizing AuNPs [74]. The 
uptake of NPs can be influenced by various surface charges 
and groups so that higher cell uptake and cytotoxicity has 
been reported for positively charged NPs [71]. There is also 
an interconnection between most physicochemical factors. 
For example, the size-dependent uptake can be the reason 
for the effect of charge. The complexity is enhanced due to 
additional surface coatings as well.

There are various cell-signaling cascades that occur 
due to varied surface coating of nanomaterials. For exam-
ple, the p38 MAPK pathway is involved in enhancing the 
osteogenic differentiation of MSCs by AuNPs, while the 
Wnt/β-catenin signaling pathway in hADSCs is activated 
by chitosan-conjugated AuNPs [63, 75]. The microenvi-
ronment and also the interaction of biomolecules and stem 
cells can be dramatically mimicked through nanomaterials 
with specific surface modifications [74]. Some serum pro-
teins and bioactive molecules, such as cytokines and growth 
factors in the physiological environment, can be absorbed 
on nanomaterials, thereby increasing the differentiation of 
stem cells [9, 76, 77]. The uptake of differentiation factors is 
affected by the surface charge and the size of nanomaterials, 
probably because of various electrostatic interactions and 
area-to-volume ratio [78].

The involvement of most physical and chemical param-
eters makes it difficult to explain explicitly the interactions 
of NPs and stem cells. There is a need for further research 
to better understand the fundamental principles of the differ-
ences in the internalized NPs for the differentiation of stem 
cells. Despite the fact that these nanomaterials are non-cyto-
toxic and enhance stem cell differentiation into specific cell 
types, a majority of the nanomaterials cannot be degraded 
apparently after penetration into cells, underlining the neces-
sity for extensive and pre-designed investigations to evaluate 
their long-term biological safety.

The NPs are of the best in vitro and in vivo carriers for 
nucleic acids/drug delivery [79]. This feature is due to their 
biocompatibility and ease of fictionalization for targeting 
stem cells and releasing payloads in the cytoplasm [79], thus 
representing NPs as ideal carriers for intracellular delivery 
of drugs, nucleic acids, growth factors and other biomol-
ecules in the differentiation of stem cells [80–82].

MiRNAs are important epigenetic regulators which have 
several roles in the pathological and physiological condi-
tions [83–89]. It has been shown that dysregulation of these 
molecules are associated with the initiation and progression 
of various diseases such as diabetes, cancer, cardiovascular 
diseases, viral infections and so on [1, 90–95]. Hence, it 
seems that targeting miRNAs could be used in the treatment 
of several diseases [93, 96–102].

One of the biodegradable nanocarriers for miRNA deliv-
ery is chitosan in the regulation of the osteogenic differen-
tiation of MSCs, while different polymeric NPs can also 
deliver miRNAs [103, 104]. Although the drug delivery is 
fulfilled mostly by inorganic NPs, such as AuNPs, AgNPs 
and silica NPs, owing to their load capacity, this phenom-
enon has been restricted because of their non-biodegradabil-
ity [105]. The AgNPs acts as a carrier for miR-148b delivery 
and mesoporous silica NPs for Amino Acid (AA) delivery 
[106, 107]. Various bioactive payloads can be delivered via 
NPs without any adverse effect on cell activity but with sig-
nificant influence on differentiation. The certain signaling 
cascades are activated inside the cells because of payloads 
released by the drug-loaded nanomaterials entered into the 
cytoplasm. The surface payloads of nanomaterials mainly 
direct the mechanisms of differentiation. Further studies can 
focus on the NPs with biocompatibility and biodegradabil-
ity capable of targeting stem cells, releasing payloads in the 
cytoplasm, and inducing signaling cascade activation [66].

Table 1 summarizes the role of nanomaterials in the dif-
ferentiation of stem cells. Different specific lineages, includ-
ing osteoblasts, neural cells, cardiocytes, chondrocytes and 
hepatocyte-like cells, can be produced by integrating the 
nanomaterials, and the stem cells. Each nanomaterial is 
material with multipurpose applications in the differentia-
tion of various stem cells, including MSCs, ESCs, ADSCs, 
NSCs, and iPSCs, into different lineages. For instance, 
although silica NPs are unable to influence positively the dif-
ferentiation of stem cells, but act as nanocarriers to deliver 
insulin to rMSCs for adipogenic differentiation [108], or 
AA to hESCs for cardiac differentiation [107]. Moreover, 
the aligned single-walled carbon nanotubes (SWCNTs) can 
direct positively the osteogenic differentiation of hMSCs 
[109]. The carboxylated multi-walled carbon nanotubes 
(MWCNTs) enhance the neural differentiation of hBMSCs, 
and the poly (ε-caprolactone)-functioned SWCNT scaffolds 
promote the cardiac differentiation of rMSCs [62, 110].

Nanoparticles and Neuronal Differentiation

One of the concerns in modern society is related to brain-
associated disorders, including neurodegenerative dis-
eases, stroke, and traumatic injuries [145]. The regulation 
of proliferation, differentiation and migration of neural 
stem cells (NSCs) is considered as a promising regen-
erative/therapeutic strategy due to their differentiation 
into new neural cells, including neurons. The bioactiv-
ity of NSCs can be efficiently controlled by the new NPs 
plus pharmaceuticals [146]. Accordingly, the neural tis-
sue engineering has been improved due to advances in 
the design and construction of nanomaterials. Different 
synthetic polymers are available with unique consistency 
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Table 1   Nanomatrials and differentiation of various types of stem cells

Nanomaterial (s) Type of stem cells Cell lineages generated Chemical modifications/compo-
nents

Citation (s)

PLGA- NPs Neural stem cells Neuronal differentiation miR-124 [111, 112]
PBAEs/DNA nanoparticles hNSCs Neuronal differentiation neurogenin-2 [113]
Mesoporous silica nanoparticle Neural stem cells Neural differentiation [114]
GO mESCs Dopamine neurons [64]
GD-ws-SWCNT SCAP Neuronal differentiation [115]
IONPs hMSCs Neuronal, adipogenic and 

osteogenic lineages
HSA/FGF2 [116]

DNA nanotubes mNSCs Neurons Peptide RGDS [117]
Polymeric nanoparticles mNSCs/hiPSCs/mouse 

SVZ stem cells
Neuronal differentiation RA [118]

Polyethyleneimine complex mESCs Neuronal differentiation RA [119]
Polymeric nanoparticles mNSCs Neurons siSOX9 and RA [120]
GR/TiO2 heterojunction hNSCs Neurons [121]
 GR hNSCs Neurons Laminin-coated [122]

rGO-collagen hybrid scaffold rBMSCs Neurons [123]
MWCNTs hBMSCs Neurons Carboxylated [62]
Xanthan and magnetite nanoparti-

cles hybrid scaffolds
mESCs Neurons [124]

AuNPs mMSCs/hADSCs/hMSCs Osteogenic differentiation [63]
Nano-coated surfaces include Zn, 

Ag and/or Cu
hMSCs Osteogenic differentiation [125]

AuNPs hADSCs Osteogenic differentiation Chitosan [75]
AgNPs mMSCs Osteogenic differentiation [65]
AgNPs hUSCs Osteogenic differentiation [126]
AgNPs hADSCs Osteogenic differentiation miR-148 [106]
IONPs hBMSCs Osteogenic differentiation [127]
Chitosan-based-microRNA nano-

particles
rMSCs Osteogenic differentiation AntimiR-138 [128]

TiO2-coated CoCrMo hMSCs Osteogenic differentiation [129]
TiO2 scaffolds hMSCs Osteogenic differentiation [17]
GR hMSCs Osteogenic differentiation [130]
GO-PLGA nanofiber scaffolds hMSCs Osteogenic differentiation [131]
Graphene nanogrids hMSCs Osteogenic differentiation [132]
Aligned SWCNTs hMSCs Osteogenic differentiation [109]
MWCNTs hMSCs Osteogenic differentiation PEG [133]
PLLA/PBLG/collagen nanofibrous Rabbits-ADSCs Osteoblasts and adipocytes [134]
GQD rBMSCs Osteoblasts and adipocytes [135]
Silica nanoparticles hESCs Cardiac differentiation AA [107]
AuNPs-loaded functionalized 

nanofibers
hMSCs Cardiac differentiation PCL/SF/AV/VitB12/GNP fibers [136]

AuNPs-loaded hybrid nanofibers hMSCs Cardiac differentiation BSA/PVA scaffolds [137]
MWCNTs hMSCs Cardiac differentiation Poly(ε-caprolactone) [110]
PLGA/nHAp Scaffold MSCs Chondrogenic differentiation [138]
PCL Scaffold MSCs Chondrogenic differentiation [139]
PLLA/nHAp MSCs Chondrogenic differentiation [140]
Silica nanoparticles rMSCs Adipogenic differentiation Insulin [108]
SWCNTs rMSCs Adipogenesis [141]
Mesoporous silica miPSCs Hepatocyte-like cells HNF3β plasmid DNA [142]
Chitosan nanoparticles mBMSCs Hepatocytes Hepatocyte growth factor [80]
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and properties, including polyethyleneimine (PEI) and 
poly- l-ornithine (PLO), which are able to invigorate 
the growth and the adhesion of neural cells [147]. High 
potential in the long-term neuronal differentiation of 
human neural stem cells (hNSCs) without supplements 
inducing differentiation has been demonstrated for gra-
phene film which was synthesized and transferred onto 
a glass substrate [148, 149]. This ability is mediated by 
its capacity to enhance the adhesion of NSCs and so the 
creation of proper microenvironment and also electrical 
coupling with neural cells that resulting in neural stimu-
lation [148]. The differentiation of hNSCs by graphene 
film is predominantly tended to neuronal lineage rather 
than glial ones. The differentiation of NSCs in the brain 
sub-ventricular zone (SVZ) was enhanced by retinoic acid 
(RA)-loaded PEI/dextran sulfate (DS) NPs [150], provid-
ing the internalization and the intracellular release of RA 
to predispose the interaction with the RA receptor (RAR), 
the activation of stress-activated protein kinases (SAPK) 
and also JNK signaling pathways. Evidence showed neu-
ronal differentiation in primary neurons and immature neu-
ronal cell lines in exposure to AuNPs-loaded electrospun 
nanofiber scaffold, but no neurite growth or branching 
was observed for cells grown on AuNPs-free scaffolds. 
AuNPs improved neurite lengths from the soma, the total 
length of the neurite branches and branch complexity as 
well [151]. Moreover, the CNTs have been proposed to be 
applied in neuroscience in relation to the enhancement of 
neuron-related signaling, owing to their special properties, 
including ultra-high electron mobility and conductivity, 
surface roughness, and porosity [152]. A study employed 
thin films of poly (acrylic acid)-grafted CNTs to improve 
viability, adhesion, mature neurite growth and branching 
of hESCs, resulted in a twofold greater effect compared to 
the conventional neuronal substratum of PLO [153]. Adhe-
sion, growth factor adsorption and differentiation of ESCs 
were enhanced in a study using CNT-based nano-fibrillar 
surfaces, which had properties similar to ECM [154]. It 
also reported a cue, probably due to low acidic and high 
hydrophobic nature of poly (methacrylic acid), predispos-
ing the binding of ESCs colonies strongly with differen-
tiation into mature neuronal cells [154]. According to an 
in vitro study, the composite-contained collagen-CNTs 
played a role of a matrix to trigger early neuronal differ-
entiation in about 90% of ESCs [155], and the neuronal 

differentiation of ESCs was increased efficiently by the 
CNTs. In fact, these results on nanomaterials would open 
a new window to treat the nerve injuries.

Conclusion

Further development and improvement are needed for the 
existing approaches related to damaged tissue regeneration. 
Among which the NPs are important to modify the scaffolds 
and trigger the intricate characterizations of various tissues 
such as bone, which are appropriate microenvironment for pro-
liferation, adherence, and differentiation of the targeted cells. 
The spatial–temporal release and kinetics of central factors 
responsible for iPSC reprogramming and differentiation can 
be modulated by NPs, thereby improving their efficiency and 
safety. The potential of NPs to deliver factors to the sub-cel-
lular target sites is dependent on particle size, uptake, and the 
surface area-to-volume ratio [30]. The NPs are able to interact 
with stem cells and switch their differentiation into different 
lineages by modulating certain cellular signaling pathways, 
differentiation-related factors, cell proliferation, and adher-
ence. Various NPs such as silica NPs, graphene, and poly butyl 
cyanoacrylate NPs have been used for differentiation of iPSCs 
to multiple cell lineages including endodermal cells [156], 
ectodermal cells [157], and neuronal cell [158], respectively.

Further research is needed for knowing better the exact 
principles of NPs in the differentiation of stem cells and 
the modulation of stem cell behaviors. Additionally, it is 
essential to consider the cytotoxicity of some NPs at certain 
levels during their application. Therefore, meticulous stud-
ies should be conducted to find out the risks associated with 
the use of such cytotoxic NPs. Moreover, the comprehensive 
studies are needed to be carried out to prove the interactions 
of stem cells with topographical properties of NPs. Finally, 
it can be concluded that the NPs can be utilized in special 
treatments for the damaged tissue regeneration through the 
modulation of stem cell differentiation.
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