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ARTICLE INFO ABSTRACT

Keywords: Cancer stem cells (CSCs) are a special group of cells that start, regenerate, and maintain the growth of tumors.

Cancer stem cells Cancer stem cells (CSCs) contribute to the dissemination of tumors, their recurrence following treatment, and the

Targeting strategies mechanisms by which cancers develop resistance to therapies. CSCs reside in a unique microenvironment

Nanostructures ) influenced by a variety of factors from their immediate surroundings. These factors include low oxygen levels,

Targeted therapies . i .

Nanotechnology too much new blood vessel growth, a shift in how cells use energy from breathing oxygen to breaking down
glucose, and an increase in certain markers and signals related to stem cells that help remove drugs from the
body. Antibodies and special molecules that focus on the unique features keeping the environment stable are
used to deliver cancer treatments to CSCs. As a result, nanoparticles are extremely effective in delivering drugs
that combat cancer directly to cancer stem cells. Right now, stem cell nanotechnology is a new and interesting
area of study. Some experiments on how stem cells interact with tiny structures or materials have shown good
results. The importance of tiny structures and materials in creating treatments using stem cells for diseases and
injuries has been clearly understood. The way nanomaterials are built and their characteristics influence how
stem cells grow and change. This area of study is a new and exciting field where material science meets medicine.
This review talks about the biology of CSCs and new ways to create nanoparticles (NPs) that can deliver cancer
drugs specifically to these CSCs. This review talks about the creation of different types of tiny particles, including
synthetic and natural polymer particles, lipid particles, inorganic particles, protein particles that can assemble
themselves, combined antibody-drug particles, and small bubbles called nanovesicles, all aimed at targeting
cancer stem cells. This paper talks about recent progress and opinions on using nanotechnology in stem cell
research and therapy. It also covers how nanoparticles can help track, control, and improve the retention of stem
cells.

1. Introduction treatments such as chemotherapy or radiation therapy (Rahimkhoei
et al., 2024). Moreover, cancer has the potential to return and dissem-

Cancer remains one of the most perilous diseases that poses a sig- inate to different areas of the body. Conventional therapies may be
nificant threat to our health. In patients undergoing conventional ineffective due to the presence of small populations of unique cancer
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cells within tumors, referred to as cancer stem cells (CSCs)
(Ramezanpour et al., 2024).CSC possesses multiple characteristics,
including self-renewal, the capacity to differentiate into various cell
types, and the presence of unique proteins known as ATP-binding
cassette (ABC), which aid in resisting cancer therapies and radiation.

Similar to conventional stem cells, cancer stem cells exhibit dimin-
ished quantities of specific reactive species when juxtaposed with the
predominant mass of the tumor. The presence of reduced levels of
reactive oxygen species (ROS) in cancer stem cells contributes to their
maintenance of characteristics akin to those of normal stem cells,
thereby enhancing their resistance to modalities such as radiation
therapy or chemotherapy (Wang et al., 2024b). This phenomenon can be
attributed, in part, to the diminished incidence of DNA damage during
therapeutic interventions, a factor that can precipitate the recurrence of
cancer following such treatments (Lendeckel and Wolke, 2022; Xiao
et al., 2025). Nonetheless, the response of drug-resistant cancer stem
cells to oxidative stress remains ambiguous. Elevated concentrations of
ROS are associated with various outcomes, including genetic anomalies,
which constitute a fundamental characteristic of malignant cells.
Furthermore, oxidative stress modifies the metabolic pathways of lipids
within the organism by generating entities referred to as lipid peroxi-
dation (LPO) products (Fan et al., 2024). LPO and reactive aldehydes
represent significant biochemical entities that serve as biomarkers for
various pathological conditions, notably including neoplasia. 4-Hy-
droxy-2-nonenal (HNE) is a metabolite synthesized by cells in
response to oxidative stress induced by elevated oxygen levels. HNE
modulates numerous signaling cascades and exerts considerable influ-
ence over critical cellular processes such as proliferation, differentiation,
and apoptotic mechanisms (Bellezza et al., 2018).

Properly regulating the differentiation of stem cells into specialized
cells is crucial for their effective application in various medical treat-
ments. Biochemical signals, like growth factors and chemical sub-
stances, are usually used to help grow and manage how stem cells
develop. However using growth factors and chemicals to make stem
cells change into different types of cells is often unreliable, not very
effective, and can be risky (Choe et al., 2019; Halim et al., 2018). It’s
simple to create various types of nanomaterials, such as carbon materials
(including graphene and carbon nanotubes), precious metal particles
(like gold and silver), organic compounds, and liposome nanoparticles.
These materials vary in size and can undergo modifications on their
surfaces (Abdolahinia et al., 2019; Bigham et al., 2022; Shamsian et al.,
2020). The use of nanomaterials is contributing to significant break-
throughs in targeted therapy. In the past decade, there has been exten-
sive use of miniaturized technologies and materials in the field of
medical research. Their efforts have led to the establishment of novel
approaches for cell imaging (Huang et al., 2019), siRNA and drug de-
livery (Aqil et al., 2019; Bayati-Komitaki et al., 2024; Satpathy et al.,
2019), and targeted cancer therapy (Kim et al., 2019; Rezaie et al., 2022;
Shafiei-Irannejad et al., 2022).

Nowadays, cancer stands as one of the primary reasons for death.
Nanotechnology in medicine involves six key areas: 1) finding changes
in molecules that indicate disease; 2) diagnosing and creating images of
health issues; 3) delivering medicine effectively; 4) using both treatment
and diagnosis together; 5) Providing an evaluation of the effectiveness of
the treatment; and 6) Approaches for applying nanotechnology in sci-
entific disciplines and fundamental research (Wang et al., 2024a). A
diverse array of nanostructures, engineered from both naturally occur-
ring and artificially synthesized materials, are presently employed in the
identification and management of cancer, either by autonomously
detecting neoplasms or by navigating designated pathways to access
them. An innovative nanoscale delivery system comprising nano-
vesicles, liposomes, polymeric micelles, dendrimers, and polymeric
nanoparticles is capable of infiltrating solid tumors via the interstices
found within the tumor’s vascular architecture. Upon successful inter-
nalization, these nanostructures can precisely administer therapeutic
agents aimed at eradicating the tumor (Farahzadi et al., 2023; Yong
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et al., 2019). Nanomaterials designed with appropriate targeting com-
ponents can bind to particular proteins or receptors on their intended
cells. This powerful technology minimizes damage to non-target cells,
allowing nanomaterials to more effectively penetrate the intended cells
(Zhang et al., 2022).

Over the course of the last several decades, nanomaterials have
garnered considerable scholarly interest and are anticipated to sustain
this focus in the foreseeable future owing to their distinctive interactions
with light, chemical substances, and electrical phenomena (Rahimkhoei
et al., 2021; Rheima et al., 2024). These extraordinary properties have
facilitated their application across various domains, including catalysis
(Dias and Abou-Hassan, 2024; Rahimkhoei et al., 2020), energy storage
systems (Ji et al., 2024; Rahimkhoei et al., 2025), advanced imaging
techniques (Hsu et al., 2023; Uniyal et al., 2024; Wang et al., 2024c),
biochemical sensors (Song et al., 2023), identification of tumor cells
(Vajhadin et al., 2023), and the development of targeted therapeutic
strategies (Zhang et al., 2025), among numerous other applications. The
exceptional attributes of nanomaterials stem from their substantial
surface area relative to their volumetric dimensions. The numerous
surface atoms present in nanomaterials confer unique surface charac-
teristics (Teli et al., 2024). These characteristics can be leveraged to
enhance the efficacy of anti-cancer pharmaceuticals, active therapeutic
agents, and targeting molecules that are routinely employed in onco-
logical treatments (Murali et al., 2021).

These characteristics can all be attributed to the unique properties of
these nanomaterials, such as their high surface area relative to their
volume, their adaptability, their distinctive optical traits, and their un-
usual behaviors at nanoscale sizes (Aghebati-Maleki et al., 2020;
Rahimkhoei et al., 2023). In the future, combining and utilizing the
exceptional attributes of various nanomaterials will create more effec-
tive methods for targeting and eliminating cancer stem cells. This review
aims to summarize the recent uses of different nanomaterials in target-
ing CSC.

2. Cancer stem cell (CSC)

Tumors can often develop from normal stem cells. Both stem cells
and cancer cells, including cancer stem cells (which are a small, unique
group of cells that can create new tumors), can renew themselves in
similar ways (Fig. 1). CSCs represent a limited subset of cancer cells

Normal — — & —’..
Multipotent  Committed g e
Stem cells progenitors _ progenitors Mature cells

Mutation in stem cell

)
5 A
)
t  Proliferation — — ‘ —
d

1Additional mutation(s) in stem

cell or in progenitor cells

oo BB

Fig. 1. The role of cancer stem cells in the growth of tumors. Normal stem cells
develop into different types of cells, including multipotent progenitor cells,
committed progenitor cells, and fully mature cells. Changes in a stem cell can
lead to another stem cell that grows too much, causing an early form of cancer.
More mutations cause cancer cells to grow faster, live longer, avoid the immune
system, and increase the number of stem cells, which is common in cancer.
Reprinted from (Qin et al., 2017) with permission from Qin et al. (2017).
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commonly referred to as “initiating cells of cancer”. These cells, which
were identified in the late 1990 s, are largely accountable for the return
of cancer because they have the capability to multiply (Smith and
Macleod, 2019). The initial discovery of leukemia stem cells (LSCs) in
human acute myeloid leukemia (AML), a form of CSC, was made by
Bonnet and Dick (Boutzen et al., 2022). A small group of CD34-+,/CD38-
LSC cells in AML has two key features of stem cells: their ability to self-
replicate and differentiate into various cell types. Later, scientists found
that CSCs are also present in many other solid tumors, which makes
them a promising focus for cancer treatment studies (Atashzar et al.,
2020). It is well known that CSC exhibits discrete properties of resistance
to existing chemotherapy and radiotherapy, as well as its highly invasive
and metastatic tumorigenicity (Makena et al., 2020). Therefore, CSC has
become a trend in translational cancer research looking for suitable and
effective treatment methods, because the existing treatment methods
only destroy cancer cells without eliminating CSC because they have a
unique drug resistance mechanism. It has also been found that highly
invasive and radiation-resistant malignant tumors are resistant to a va-
riety of currently used drugs, which can cause CSCs to cause disease
recurrence (Turdo et al., 2019).

2.1. Targeting strategies

To a significant degree, the efficacy of successful tracing is contin-
gent upon the implementation of proficient CSC targeting methodolo-
gies. At present, the targeting of CSCs is predominantly executed
through the utilization of antibodies, which are specifically directed
toward surface markers that are unique to CSCs, components of CSC-
specific signaling pathways, and the niches that support CSCs. The
approach that focuses on targeting CSCs via specific surface markers is
the most frequently employed methodology. The surface marker CD44
has been utilized as a target in the therapeutic management of acute
myeloid leukemia (AML) (Mai et al., 2023). In a similar vein, anti-CD44
antibodies, namely H90 and A3D8, have been employed to facilitate the
differentiation of AML CSCs, consequently inhibiting their proliferation
and expediting apoptosis (Wu et al., 2024). Furthermore, ongoing in-
vestigations are being conducted to target proteins associated with drug
resistance, as well as other antigens relevant to cancer. Currently, there
exists a lack of universally recognized markers that are specific to CSCs
across any tumor type. Indeed, a significant number of the established
markers are also expressed on the surface of normal cells, thereby pre-
senting a considerable challenge for the clinical application of this
promising therapeutic strategy. The implementation of CSC targeting
strategies utilizing non-specific markers may inadvertently impact
normal tissues, leading to adverse toxicological effects. Consequently, to
enhance the feasibility of targeting CSCs through surface markers, future
research endeavors must focus on the identification of CSC-specific
surface markers. Numerous studies have demonstrated that CSCs do
not share identical signaling pathways with normal cells, particularly
normal stem cells. Given that abnormalities in signaling pathways can
precipitate malignant transformation, the targeting of specific compo-
nents within CSC signaling pathways constitutes an alternative strategy
for CSC-targeted therapy. Cells in vivo must engage in interactions with
their surrounding microenvironment. Both cell-intrinsic and cell-
extrinsic factors present within the microenvironment govern the
physiological activities of cells. Normal stem cells also require these
factors to sustain their stem-like characteristics and maintain homeo-
stasis. This indicates that a balance must exist between differentiated
and undifferentiated cells within the stem cell population. The micro-
environment plays a crucial role in preserving stem properties by
providing essential factors such as Notch, Wnt, and bone morphogenetic
protein (BMP). For instance, the activation of the Notch pathway results
in the effector protein hypoxia-inducible factor-1a (HIF-1a) promoting
the retention of glioblastoma stem cell characteristics by sustaining a
hypoxic environment.

A multitude of factors present in the microenvironment are
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components related to signaling pathways. Cancer stem cell niches
exhibit similarities to normal stem cell niches; however, certain specific
signaling pathways are dysregulated, resulting in a distinctive micro-
environment within tumor tissues. Several stem cell signaling pathways
have been demonstrated to be dysregulated in CSCs. In each phase of
tumor advancement, diverse environmental constituents are requisite to
facilitate tumor proliferation. Given the pronounced tumorigenicity of
CSCs, the inhibition of CSC invasion emerges as a viable therapeutic
approach to mitigate cancer recurrence and metastasis. Leukemic cells,
exemplified by acute lymphoblastic leukemia (ALL) cells, exhibit
expression of C-X-C chemokine receptor type 4 (CXCR4), which has been
documented to promote the migration of tumor cells toward the mi-
croenvironments conducive to the preservation of stem cell character-
istics. Consequently, the targeted inhibition of CXCR4 presents the
opportunity to disrupt the CSC niche (Chu et al., 2024). A substantial
number of normal stem cells demonstrate elevated expression levels of
ATP-binding cassette (ABC) transporters. Considering that CSCs repre-
sent a distinct class of stem cells known for their pronounced resistance
to anticancer therapies, ABC transporters, which are integral to the
mechanistic basis of drug resistance, are posited to modulate the pro-
liferation of CSCs. Indeed, empirical investigations have revealed that
various ABC transporters, including ABCA2, ABCG2, ABCB1/MDR1, and
multidrug resistance protein 1 (MRP1), display upregulation within the
side population of human lung cancer cell lines. Furthermore, retino-
blastoma cells, hepatocellular carcinoma cells, and pancreatic
neoplastic cells have been reported to exhibit elevated levels of ABCG2.
Therefore, ABC transporters possess significant potential to serve as
targets for antitumor interventions (Cho and Kim, 2020; Guo et al.,
2022; Mengistu et al., 2024). Consequently, notwithstanding our
advancing comprehension of CSCs, considerable progress remains
necessary to develop effective and precise targeting strategies.

2.2. Targeted therapies

Traditional oncological therapies, including chemotherapy and
radiotherapy, exhibit numerous limitations that culminate in treatment
failure and subsequent cancer recurrence. These limitations stem from
both systemic and localized toxicity, as the therapeutic agents lack
sufficient selectivity and may inadvertently impact healthy tissues. An
additional challenge is the phenomenon of drug resistance, which can be
attributed to the unique characteristics of CSCs, such as a diminished
rate of cellular division, elevated expression of drug-efflux transporters,
robust DNA repair capabilities, as well as specific microenvironmental
factors like hypoxia and acidosis. Consequently, the strategic targeting
of CSCs has emerged as a critical component in the management of
cancer and the prevention of tumor relapse. In recent years, a plethora of
strategies has been developed with the explicit objective of eradicating
CSCs and their associated niches. These strategies encompass the tar-
geting of specific cell surface markers, modulation of intracellular
signaling pathways, alteration of microenvironmental signals, inhibition
of drug-efflux mechanisms, manipulation of microRNA expression, and
the induction of apoptosis and differentiation in CSCs. A comprehensive
summary of these therapeutic modalities is illustrated in Fig. 2.
Currently, several of these approaches are being effectively imple-
mented in clinical settings, primarily in conjunction with conventional
therapies, while others remain subject to ongoing investigation.

3. Nanotechnology in cancer stem cell therapy

The application of nanotechnology in cancer management may
overcome the onerous challenges encountered by traditional methods so
that smart nanocarriers can be accurately orientated in the body (Chen
et al.,, 2019). NP carriers function as vehicles for transporting a wide
array of unstable pharmaceutical agents targeting cancer. These nano-
particles play a crucial role in shielding the drugs from deterioration in
difficult environments within the body. Utilizing stem cells for the
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Fig. 2. Therapies targeting cancer stem cells. Reprinted from (Dragu et al., 2015) with permission from Dragu et al. (2015).

delivery of nanoparticles may address challenges such as the inability to
effectively target micrometastasis, poor distribution within solid tu-
mors, and other related concerns (Mollania et al., 2020). Compared with
a free drug or drug delivery system using only nanoparticles, this
method increases and expands the distribution of drugs in tumors and
promotes tumor cell apoptosis. Therefore, stem cell-mediated NP-based
drug delivery has shown broad prospects in cancer treatment and is
worthy of further study.

3.1. Carbon-based nanoparticles

3.1.1. Graphene oxide

Graphene oxide (GO) is a variant of graphene characterized by car-
bon atoms that are bonded to oxygen functional groups, which can be
used in many different ways because it has special chemical properties.
GO is an excellent substance with various applications, including med-
icine, electronics, photochemical reactions, sensors, and energy storage
in batteries and supercapacitors. Substances derived from graphene,
such as graphene oxide and reduced graphene oxide, hold substantial
promise for medical applications (Kim et al., 2017). Pure GO and its
enhanced variants, which encompass complex formation, nanoparticle
immobilization, and surface functionalization, have proven to be valu-
able assets in the field of medical biotechnology (Wang et al., 2019).
Previous investigations have indicated that GO can be utilized for
focused disease treatments, forestall tumor development, and hinder
tumor cell relocation (Campbell et al., 2019; Liu et al., 2020b; Mariadoss
et al., 2020). Graphene, along with its related forms like GO and gra-
phene oxide quantum dots (GOQD), has recently gained a lot of interest,
due to their role in guiding the differentiation of stem cells into bone
cells. In 2018, the effects of GO and GOQDs on the osteogenic differ-
entiation of human deciduous teeth stem cells were discussed (Yang
et al., 2019).

Targeting and eliminating CSCs with GO represents a distinct
approach compared to traditional chemotherapy. For instance, Yang
et al. (Yang et al., 2018b) changed the state of GO and showed that it
helps improve the growth and development of stem cells while keeping
the oxygen levels safe. This change causes oxygen atoms to build up on
the surface of GO, making it stick better to other materials. This also

helps human mesenchymal stem cells (hMSCs) develop into bone cells
more effectively. Additionally, the adhesion of modified GO was
enhanced by facilitating a stronger attachment of the osteogenic growth
peptide (Yang et al., 2018b). A novel approach to medicine delivery
involves coating mesenchymal stem cells (MSC) with GO. This combi-
nation allows GO to hold various treatments, while MSC can successfully
transport these medicines to the tumor location (Suryaprakash et al.,
2018). The application of protein nanofibril clusters made from gra-
phene oxide sheets successfully facilitates the differentiation of human
stem cells into bone cells. A fascinating study found that when GO
nanosheets are added to a water solution with SF molecules, they help
the SF molecules come together to form organized strands called
nanofibrils. This process creates SF/GO films with special nano-
morphology and makes them stronger after the water is removed. The
special structure of the SF/GO membrane helps cells stick to it faster and
encourages human stem cells to grow into bone cells, even without
adding other substances to the growth solution. It shows a better ability
to help hMSCs stick to surfaces early on (Fig. 3) (Shuai et al., 2018).
Recently, graphene-based two-dimensional nanomaterials have
garnered significant interest due to their potential applications in
medicine. Their ability to accommodate a wide range of biomolecules
makes them excellent for the delivery of drugs and other materials. The
capacity of GO to emit distinct biological signals is also an exciting area
that requires more research in tissue engineering, particularly for
steering the growth of mesenchymal stem cells. For example, research
by Zhou and colleagues (Zhou et al., 2019) showed that GO-adsorbed
transforming growth factor b3 (TGF-b3) can be dispersed in a 3D gel
together with hMSC, thereby effectively inducing cartilage formation.
The results show that GO sheets can efficiently deliver growth factor
(GF) in 3D, thereby guiding cells and inducing tissue formation in the
same scaffold. The development of tissue engineering technology has led
to remarkable changes in the treatment of nerve injuries, particularly
with the application of neural stem cells. However, the low biological
activity greatly restricts the use of biodegradable implants in nerve
growth. Insulin-like growth factor 1 (IGF-1) is a growth factor for neu-
roprotection and neurogenesis. In this regard, IGF-1 was successfully
immobilized on GO doped with polylactic-glycolic acid (PLGA) biode-
gradable electrospun nanofibers. After fixing IGF-1, PLGA/GO
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Fig. 3. Diagram of the Fabrication of small protein fibers (SF nanofibrils) using a GO template and how this fiber structure helps MSCs grow into bone cells. (A) Small
round protein particles and GO sheets were mixed together in a single step. (B-C) After mixing, the round protein particles formed fibers (nanofibrils) that covered the
GO sheets, creating a film made of both materials. (D) Human stem cells were grown on this SF/GO film and stuck to it. (E) The cells were stretched while on the film,
which helped their internal structure change. (F) Without special factors to promote bone growth, the stem cells showed better attachment and started changing into
bone cells. Reprinted from (Shuai et al., 2018) with permission from Shuai et al. (2018).

nanofibers have excellent biological activity and can support the sur-
vival, proliferation, and differentiation of neural stem cells (Qi et al.,
2019).

The combination of graphene oxide with metal nanoparticles en-
hances the biomedical properties of nanoparticles. Choi et al. formulated
a blend of graphene oxide with silver nanoparticles, named GO-Ag, and
conducted tests on human ovarian cancer cells in addition to ovarian
cancer stem cells (OvCSCs). The combination of rGO-Ag and salinomy-
cin results in a fivefold increase in cell death compared to using either
treatment alone. It also effectively targets and kills ovarian cancer stem
cells while making tumor cells more sensitive to treatment (Choi et al.,
2018). Due to several limitations faced by surgeons in the process of
bone tissue implantation, the daily demand for new cell-copolymer
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composites for bone tissue engineering methods is increasing. Further-
more, Saburi and coworkers tried to develop a suitable nanostructured
bio-composite material to enhance the osteogenic differentiation of
human induced pluripotent stem cells (iPSC). Prepared polyvinylidene
fluoride-graphene oxide (PVDF-GO) nanofibers (Saburi et al., 2019).
The fact that titanium (Ti) materials do not react with the body is the
main barrier to their use in medicine. In a compelling investigation,
scientists formulated a specialized coating comprised of GO, polydop-
amine, and strontium ions (GO/PDA/Sr?H) applied to a titanium surface
as shown in Fig. 4. This coating helps increase the biological activity of
strontium ions. In vitro experiments demonstrated that the interaction
between GO and the release of Sr** significantly enhanced the adhesion,
spreading, and proliferation of stem cells (MSCs) on surfaces coated with

Fig. 4. A simplified schematic of GO/PDA or GO/PDA/Sr*" deposition on PDA modified Ti substrates. Reprinted from (Xu et al., 2019) with permission from Xu

et al. (2019).
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GO/PDA/Sr*". This advancement increased the production of bone-
related proteins and genes, facilitating the quicker formation of the
extracellular matrix (ECM) that envelops cells (Xu et al., 2019).

3.1.2. Carbon nanotubes

Carbon nanotubes are minuscule cylindrical structures formed by
rolling a single layer of graphene (Negri et al., 2020). These nano-
particles are called single-walled carbon nanotubes (SWCNT) because
they have one layer in their structure. They are made of carbon and
usually have a diameter between 0.4 and 40 nm. They may consist of
various layers that assemble into tubular formations, maintaining a
distance of 35 nm between them, which resembles the layer spacing in
graphite. These tubes can have diameters from 2 to 100 nm (Fig. 5a).
Nanotubes typically feature ends resembling half of a fullerene molecule
and exhibit five-sided defects at their tips. CNTs can also be divided into
three categories, depending on whether the rolled sheet is an armchair,
zigzag, or chiral nanotube (Fig. 5b). Because carbon nanotubes have
many biocompatibilities, fast electron transfer kinetics, lightweight,
chemical inertness, high tensile strength, lightness, and antimicrobial
properties, they have a wide range of application prospects, because
carbon nanotubes have many advantages the characteristics that make
them a leader in biomedical applications. Functional groups are easy to
couple and can be mass-produced (Simon et al., 2019).

Multi-walled carbon nanotubes (MWCNTS) effectively infiltrated the
tumor and damaged cancer cells under light exposure, leading to a
pronounced effect on tumor spheroids. By combining antibody-based
cancer targeting and local tumor ablation with photothermal therapy,
carbon nanotubes targeting P-glycoprotein have been developed to
achieve highly cancer-specific treatments. When exposed to light, the
specialized MWCNTs negatively affected drug-resistant cancer cells, but
normal cells lacking Pgp were unaffected in the absence of light (Suo
et al., 2018). In one interesting study, single-walled CNTs induced
Fibroblast-associated stem cell acquisition and fibrogenic responses in
primary human lung fibroblasts (Kiratipaiboon et al., 2020). Further-
more, the most common of these involves acid treatment, which gen-
erates carboxyl groups on the walls of CNTs (Cao et al., 2018; De
Menezes et al., 2018), thereby generating functionalized CNTs. How-
ever, it has been found that this treatment is responsible for the cytotoxic
effect in specific cell lines. Another way to generate functional groups on
CNTs is to modify hyperbranched biocompatible polymers (Huang et al.,
2018), such as attaching extracellular matrix molecular chains to the
CNT wall to achieve biocompatibility and make the polymerized CNTs
interact more easily with cells. Song research team examined the impact
of various treated multi-walled carbon nanotubes (MWCNT) on the
health of stem cells isolated from rat bone marrow. Experiments

SWCNT

MWCNT
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conducted on cells indicate that both acid-treated MWCNTs and raw
MWCNTs are highly toxic to BMSCs, whereas polyethylene glycol (PEG)-
MWCNTs and hydroxyapatite (HA)-MWCNTs are less harmful and more
compatible with these cells (Song et al., 2019).

In a study by Garnica-Gutiérrez and coworkers (Garnica-Gutiérrez
et al., 2018), different cell parameters were used to evaluate the influ-
ence of acid functionalization and poly-citric acid-(PCA-) polymerized
carbon nanotubes (CNTs) in contact with the outer cell membrane of
mesenchymal stem cells (MSC). A basic diagram in Fig. 6a-c outlines the
method for producing functionalized carbon nanotubes and their poly-
merization with citric acid. According to Fig. 6d, the polymerized
nanotubes are internalized by the cell in lesser quantities compared to
the functionalized nanotubes, primarily remaining on the surface. This is
significant as it enhances the adhesion of MSCs to their intended target
tissues following treatment with poly-citric acid-MWNTs. Moreover,
Khoobi and his colleagues investigated the effectiveness of silymarin in
addressing significant issues related to the calvarial bones in rats. They
used stem cells taken from rat Wharton jelly (HWJMSC) and grew them
on a special material made from polylactic acid and carbon nanotubes
(PLA/CNT) using an electrospinning technique. Their investigation
focused on the tissue structure and size in different groups after an 8-
week duration. New bone or early bone tissue was also seen in the old
bone. In the bone tissue formed, several small spaces had bone cells in
them. Many blood vessels grew in those areas, and new bone started to
form from the edge toward the middle of the gap. At this stage, loose
connective tissue was not as common. The new bone growth was about
44 %, which was much higher than in the control group and Groups 2
and 3. So, using both the scaffold and silymarin together worked well for
repair (Fig. 6e). The study found that the electrospun PLA/CNT scaffold
is safe for use with HWJMSC cells, allowing them to attach and grow in
large numbers. This scaffold is an effective choice for supporting the
healing of bones (Khoobi et al., 2020).

3.1.3. Nanodiamonds

Nanodiamonds (NDs) are small materials designed for their
numerous beneficial properties. These characteristics encompass sub-
stantial size, excellent heat conductivity, high hardness, durability
against wear, non-toxicity, a small and adaptable surface, an extensive
surface area, and valuable chemical properties (Tinwala and Wairkar,
2019). These special properties can be used in many areas, such as in
quantum optics, coatings that prevent friction or germs, improving
polymers, tools for bioimaging, medical implants, polishes, lubricants,
fuel, delivering drugs, carrying catalysts, cleaning water, measuring
magnetism at the nano level, and measuring electrostatic charges at the
nano level (Adel et al., 2023; Laube et al., 2024; Lazovic et al., 2024;
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Fig. 6. Schematic representation of the three steps for the (a) nanotube synthesis, (b) acid functionalization, (c) PCA polymerization, (d) PMWNTs in contact with a
MSC. Unlike the rest of the CNTs analyzed in cell cultures, the PMWNTs are in contact with the cells and mostly remain outside the cell, and (e) Hematoxylin—eosin
staining. Group 1: control group, Group 2: scaffold group alone, Group 3: scaffold group plus cells, Group 4: scaffold group plus cells and silymarin orally with
different magnification. Black rectangles: A selected area for further magnification. Red rectangles: Scaffolding location shown with more magnification in, *Scaffold;
yellow stars: new bone; red crescent: location of the lesion where the healing begin. Reprinted from (Garnica-Gutiérrez et al., 2018) and (Khoobi et al., 2020) with
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Leung et al., 2023; Pan et al., 2023; Zhao et al., 2024). They are allo-
tropes of carbon, just like jewel diamonds (Kumar et al., 2019). The only
difference is that their size happens to be in the nanometer range. NDs
have attracted much attention due to their unique biocompatibility and
safety, because of their unique structure and optical properties (Wang
and Cui, 2019).

The best way to track cells should be safe for living things and not
harmful, without changing their genes. For this purpose, Hu et al. (Hu
etal., 2017) introduced a novel approach to protein delivery that utilizes
tiny diamond particles (nanodiamonds) in engineered cells and
Drosophila. This system was very good at sticking to proteins, high ef-
ficiency, and releasing proteins that function properly inside cells. The
research indicates that consumption of NDs-RNase can result in the
death of certain intestinal cells while also stimulating the proliferation
and division of intestinal stem cells, ultimately increasing the number of
stem cells and their immature forms within the intestines of fruit flies.
For tracking cells, the utilized systems must have the capability to
identify single cells and tally their numbers in any region of the body.
For example, Su and his team suggested a new system that uses albumin-
bound fluorescent nanodiamonds (FND). These diamonds pose no harm
to the body and continue to shine brightly. They can be used to accu-
rately track the human placenta and choroid in small pigs by using

magnetic signals from stem cells taken from the placenta. (Su et al.,
2017).

Organisms operate with extremely small materials that are less than
the size of cells. These interactions have the potential to affect cellular
behavior, and by skillfully tweaking the shape and chemical traits of
nanomaterials, we can enhance their functionality in various advanta-
geous ways. In pursuit of this goal, researchers examined the in-
teractions between nanodiamond layers and human neural stem cells
(hNSC). Modifying the surface coating of nanodiamonds influences the
adhesion and proliferation of human neural stem cells. Amine Reactive
2nd Generation (AR2G) biosensors help attach LN to the tip of an optical
fiber. The immobilization is done by making a standard amide bond
using EDC, which creates a strong connection between the carboxylic
acid part of the biosensor and a reactive amine on the LN. A diagram
illustrating the immobilization process can be found in Fig. 7a. The
research shows that these cells can attach well to nanodiamonds with
oxygen coating (O-NDs), but not to those with hydrogen coating (H-
NDs) (Taylor et al., 2017). The images displayed in Fig. 7b, depict the
hNSC culture after 4 days in vitro (DIV). After 7 days of growing, the
human neural stem cells (hNSCs) completely covered the surfaces of
both the control (TCPS) and O-NDs. Moreover, Fig. 7c illustrates a
fluorescence emanating from the distinctive dye that was used on
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references to colour in this figure legend, the reader is referred to the web version of this article.)

human neural stem cells developed on TCPS, glass, and H- and O-NDs.
The observations indicate that both TCPS control and O-NDs provide
excellent surfaces for hNSC cells to adhere, as evidenced by the dense
layer of cells depicted in the images. In comparison, there are uneven
areas of sticking on both the glass control and H-NDs. The presence of
clusters of human neural stem cells (hNSCs) shows that the cells stick
together better than they stick to the surface, which often results in the
formation of neurospheres. This shows that these surfaces are great for
the cells to attach and grow. The findings indicated that the coating
applied to nanodiamonds influences both their adhesion properties and
overall effectiveness. According to these techniques, nanodiamonds are
a more reliable option than hazardous radioisotope marking strategies
for cell tracking and targeting cancer stem cells.

3.2. Polymeric-based nanoparticles

Attaching ligands to the surfaces of nanoparticles enables drugs to
target CSC effectively and regulate different genes or proteins, poten-
tially resulting in the elimination of CSCs. CD133 is seen as a sign of the
starting cells in osteosarcoma, a type of bone cancer. All-trans retinoic
acid (ATRA) is an important form of vitamin A that belongs to a group
called retinoids. It is a new medicine that can help treat different types of
cancer cells. A captivating research project examined the efficacy of
ATRA and ATRA-loaded nanoparticles linked to CD133 aptamers,
referred to as ATRA-PLNP-CD133, in targeting osteosarcoma stem cells,
a form of bone cancer (Gui et al., 2019). In order to facilitate the ab-
sorption of materials by cells, it is important to evaluate aspects such as
the number of attachment points, surface charge characteristics, and the
effectiveness of the materials’ adhesion during their design. In 2015, Ni
and colleagues developed nanoparticles designed to deliver neomycin
specifically to CD133 + cancer stem cells in osteosarcoma for targeted

elimination. Next, the nanoparticles made from a special type of plastic
called PEGylated poly (lactic-glycolic acid copolymer) were created.
These nanoparticles were filled with a drug called salinomycin using a
method that involves mixing and evaporating a solvent. Subsequently,
they were bonded with the CD133 aptamer, which culminated in the
formation of the entity known as Ap-SAL-NP. The results show that
CD133 is a well-known marker found on CSC. It could be a good target
for delivering drugs to treat osteosarcoma, and it’s possible to greatly
reduce the growth of osteosarcoma by destroying the CD133 + cancer
stem cells (Mi et al., 2018).

The conjugate significantly improves the solubility and biological
activity of poorly soluble drugs (such as etoposide, salinomycin, and
curcumin) to CSC. Although salinomycin is a promising therapeutic
agent, it has been proven to kill CSC in various types of cancer, but its
poor water solubility hinders its clinical application. In comparison to
salinomycin and salinomycin nanoparticles (SAL-NPs), CD133-SAL-NPs
were more effective in reducing the population of CD133 + ovarian
cancer stem cells in ovarian cell cultures. This shows that CD133-SAL-
NPs specifically target CD133 + ovarian cancer stem cells. Mi and col-
leagues used salinomycin-loaded polylactic acid-glycolic acid-poly-
ethylene glycol nanoparticles combined with CD133 antibody (CD133-
SAL-NP) to eliminate CD133 + ovarian CSC (Mi et al., 2018). To address
the issue of drug resistance in cancer therapy, Wang and his team
formulated advanced miniature particles by combining PLGA with the
substances HA and PF127. These small particles are manufactured
through a specialized process that results in a dual-layer structure. They
are capable of releasing medication in acidic conditions while also
reacting to heat simultaneously (Wang et al., 2015).

Tiny lipopolymer particles, designed to deliver salinomycin and
featuring specific molecules for targeting CD20, referred to as CD20-SA-
NPs, were developed by Zeng and colleagues (Fig. 8a). The size of the
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Fig. 8. The making, shape, and release of medicine from tiny particles. a) Making small particles using a method called nanoprecipitation. b) Picture taken with a
transmission electron microscope (TEM). The bars show measurements of 100 nm and 250 nm. c) The total amount of salinomycin released from regular salinomycin
or the nanoparticles in a solution of PBS or PBS mixed with 10 % FBS. The results are shown as the average + standard deviation (n = 3). Reprinted from (Zeng et al.,

2018) with permission of Zeng et al. (2018).

nanoparticles is small, 96.3 nm. By employing an easy approach, they
synthesized small particles referred to as salinomycin-loaded lip-
opolymer nanoparticles (SA-NPs). Then, they attached a thiolated anti-
CD20 aptamer to these particles using a maleimide-thiol reaction. This
created a new particle called CD20-SA-NP. The nanoparticles were able
to hold more than 60 % of the drug, and they contained over 7 % of
salinomycin. This means that using nanoprecipitation is a good method
for packing salinomycin into nanoparticles. The nanoparticles were
round and all about the same size, as seen in the TEM images (Fig. 8B).
The release of the drug in a lab setting was studied, and the results can be
seen in Fig. 8C. Free salinomycin quickly released a lot of its content,
with over 80 % being released in just 10 h. About 70 % of the drug was
released from both nanoparticles within 48 h, and after 96 h, the total
amount released was around 80 % (Zeng et al., 2018). The main purpose
of combination therapy is to completely eradicate tumors by killing
cancer cells and cancer stem cells. Using cationic stabilizers, drug-
loaded poly(lactic-glycolic acid) nanoparticles were prepared by emul-
sion solvent diffusion method (Muntimadugu et al., 2016). In another

study, the decyltriphenylphosphonium decylTPP group is conjugated
with the primary amino group of polyethyleneimine (PEI) to target
breast cancer stem cell-like cells (De Francesco et al., 2019). Compared
with CSC only targeting CD133 + osteosarcoma, eradication of CSC and
cancer cells in osteosarcoma can achieve higher therapeutic effects.
Chen et al. (Chen et al., 2018a) constructed lipopolymer nanoparticles
with salinomycin and labeled them with CD133 and Epidermal growth
factor receptor (EGFR) aptamer (CESP), which can simultaneously
target osteosarcoma cells and osteosarcoma cancer stem cells.
Combination therapy by delivering two or more drugs and nano-
particles at the same time has proven to be an elegant and effective
method for cancer treatment. For instance, Sun and his colleagues used
combination therapy to eliminate a large number of tumor cells and rare
CSC that have high self-renewal capabilities and play a key role in cancer
treatment failure (Sun et al., 2015). The co-delivery system has been
very effective at delivering two treatments to the same CSCs. It helps the
CSCs change into regular cells and stops all tumor cells from growing
without increasing the number of CSCs after treatment. This shows that
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it can effectively reduce tumors. Gao et al. (Gao et al., 2019a) developed
docetaxel (DTX) (a first-line chemotherapeutic drug for breast cancer)
and salinomycin (SAL) (anti-breast cancer stem cell BCSCs drug) in a
combination of polylactide-glycolide/D-lactide the co-delivery system
in rigid nanoparticles composed of esters is a-tocopherol polyethylene
glycol 1000 succinate (PLGA/TPGS). The low ability of MSCs to carry
things makes it hard for them to be used in delivering small-molecule
drugs. To increase the amount of medicine in MSC, researchers looked
into using tiny plastic particles that are attached to special TAT proteins.
Utilizing a method called emulsion-solvent evaporation, they developed
nanoparticles designed to transport the medication paclitaxel. Next,
they utilized a specific chemical reaction to bind a molecule known as
TAT to the surfaces of these nanoparticles (Moku et al., 2019).
Recently, there has been significant interest in nanoparticles
composed of hydrogel and nanogel due to their great potential for drug
delivery. Nanogels are tiny, soft structures made of connected polymer
chains that can hold water. They are very small, measuring in nano-
meters, and have properties of both gels and tiny particles. In the last few
years, a lot of work has been done to use nanogels in treating cancer (Si
et al., 2020). In connection with this, a stimulus-responsive covalent
crosslinked nanogel based on biopolymer-dextrin and polylactide was
synthesized by free radical polymerization using a homo bi-functional
crosslinking agent (MBA). These Nanogel can effectively load and
encapsulate the doxorubicin hydrochloride (Dox) in the matrix, with a
loading efficiency of 28 % and an encapsulation efficiency of 91 %. In
addition, natural nanogels are non-toxic to MG 63 cancer cells, while
Dox-loaded nanogels are highly toxic to cancer cells (Das et al., 2016).
Pioneering research in this field has proven that covering nanoparticles
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with cell membranes can prolong the blood circulation time of the
resulting “nano vehicle” and increase its accumulation around the
tumor. Gao and his associates designed an innovative gel referred to as
SCMG, layered with components sourced from bone marrow stem cells.
This gel is good at delivering medicine directly to tumors because it is
inspired by how well tiny particles with cell membranes work. Stem cell
membranes are good for targeting tumors because they are easy to
separate and have many parts that can recognize other molecules (Gao
et al., 2016). The effects of water-repelling properties on the movement
of small particles within tumor tissue, and the potential for these par-
ticles to shift between water-attracting and water-repelling states
depending on their environment, could play a role in facilitating tumor
invasion into surrounding healthy tissues and engaging cancer stem
cells. In 2018, a poly(N-isopropyl acrylamide) (PNIPAM)-based nanogel
with rapid adaptability and hydrophobicity to effectively coordinate
long-term circulation and effectively internalize the contradictory needs
of entering a large number of tumor cells and CSC was reported. More
importantly, it enhances tumor permeability (Yang et al., 2018a). The
nanogels are made using an easy method called precipitation polymer-
ization. They use NIPAM, a type of chemical that reacts to pH, called N-
methylallylamine (MAA), and another chemical called sulfobetaine
methacrylate (SBMA) as partners. To hold everything together, they
include a cross-linker called N, N’-bis(acryloyl) cystamine (BAC), which
has special disulfide bonds (Fig. 9a). By varying the quantities of these
components, we can design nanogels with tailored temperature prop-
erties and surface charge characteristics. The made nanogels are water-
loving when in blood (pH 7. 4), allowing them to stay in the bloodstream
for a long time. However, they change to water-resistant when they
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Fig. 9. Schematic illustration of hydrophobicity-adaptive nanogels for programmed anticancer drug delivery. a) Construction of the nanogels. b) Characterization of
the nanogels in response to the tumor microenvironment. ¢) Schematic outline of the in vivo transport prepares of the nanogels during anticancer drug delivery.

Reprinted from (Yang et al., 2018a) with permission of Yang et al. (2018).
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enter the acidic environment of a tumor (around pH 6. 5) within minutes
while keeping their size and surface charge mostly the same. The quick-
change ability of the nanogels helps them gather in tumors, move deep
into the tumor, and be taken in effectively by both normal tumor cells
and CSCs. This leads to a higher concentration of these nanogels in
regular tumor cells and the group of cells with CSC traits (Fig. 9b).

In another interesting study, the cationic polymer of PEI is protected
by the anionic polymer of hyaluronic acid (HA), which can safely and
effectively deliver genes to human mesenchymal stem cells (hMSCs)
(Park et al., 2016b). These protected nano gels can be easily taken up by
HeLa cells, but this can be decreased if the cells are treated first with
anti-CD44 monoclonal antibodies (Park et al., 2016a), sunflower-type
nanogels were successfully made to deliver genes into hMSCs and
image transplanted cells. Both heparinized nanogels with quantum dots
can be used for bioimaging, but their gene delivery capabilities are
different. Although QD-encapsulated nanogels have excellent bio-
imaging capabilities, they are not suitable for gene delivery due to their
structure. On the other hand, sunflower-type nanogels can be used not
just for taking pictures of biological materials, but also for delivering
genes.

3.3. Metal-based nanoparticles

Through active and passive targeting for tumor imaging, metal
nanoparticles (MNP) have gained widespread popularity in targeted
drug delivery systems. Appropriate functional groups give these parti-
cles specificity (Abdal Dayem et al., 2018). In addition, these particles
can be flexibly synthesized and modified according to requirements, so
that they can bind to ligands, such as any specific antibodies or drugs
(Crous and Abrahamse, 2020; Pedrosa et al., 2018; Rejinold et al.,
2018). Combining MNP and plant chemicals can stop the outside sur-
roundings of cells from damaging important active substances. It helps
make phytochemicals last longer and makes it easier for substances to
move through biofilms (Pallares et al., 2019). This combination offers
many new possibilities for cancer treatment, but it also has some limi-
tations. After the medicine is given, some metal from the carrier often
stays in the body, which can cause problems because these particles
might be toxic (Cho et al., 2017).

The function and behavior of cells are greatly affected by the
extracellular matrix (ECM). Building a bionic model is crucial for com-
prehending the ways in which the ECM assists stem cells in their change
and development. In 2017, scientists created gold nanoparticles (Au NP)
that were changed with arginine-glycine-aspartic acid (RGD) and could
have different amounts of surface coating. This was implemented to
simulate the environment of the ECM (Li et al., 2018). Utilizing
specialized materials to precisely direct stem cells to transform into
bone-building cells (osteoblasts) offers a hopeful approach to acceler-
ating bone healing and regeneration. In a study by Liang and colleagues
(Liang et al., 2019), the hydroxyapatite (HA-Au) nanocomposite mate-
rial loaded with gold nanoparticles (AuNPs) was created to help human
bone marrow stem cells change into bone cells. This was done by using
the combined effects of the gold nanoparticles and hydroxyapatite.

Considering the need for effective anti-cancer drugs, while still
reducing potential damage to surrounding healthy tissues, salinomycin
is combined with polyethylene glycol-coated biocompatible gold nano-
particles (AuNPs) to increase its specificity for targeting breast cancer
stem cells (BCSCs). BCSC derived from the CD24'°"/CD44"8" subgroup
is highly sensitive to Sal-AuNP treatment (Zhao et al., 2019). Gold
nanoparticles (AuNPs) are small particles that can help deliver and hold
onto drugs better. Due to their size and shape, they are effective in
targeting particular antibodies. This means that photodynamic therapy
(PDT) can be made better to treat lung cancer by focusing on CSC in the
lungs. In 2020, using photosensitizer (PS) (AIPcS4Cl), AuNPs, and Abs to
construct nano-bioconjugates (NBC) (Crous and Abrahamse, 2020). Due
to the existence of CSC, the complete eradication of invasive oral cancer
remains a challenge. They have self-renewal, drug efflux, and effective
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DNA repair capabilities, so they can resist conventional chemothera-
peutics. Nanoparticles (QAuNP) were formulated with quinacrine and
gold and characterized. The anti-angiogenesis and anti-metastasis ef-
fects of OSCC-CSCs were studied (Satapathy et al., 2018). Nanosystems
can cause effective targeting of cancer cells and lead to their killing,
especially under laser ablation. In addition, thanks to the contrast of
gold nanorods (GNR), in vitro photoacoustic imaging can identify the
tumor area. In this regard, binary nano structural agents containing
Adriamycin drugs and GNRs are further implanted into biocompatible
nanocarriers and modified with targeted anti-EpCAM antibodies
(Fig. 10), so that CSC can be effectively identified and killed (Locatelli
et al., 2019).

It has been proposed that employing microscopic particles for the
delivery of medication directly into cells is an effective approach to
cancer treatment. Nonetheless, there are restrictions on the number of
nanoparticles that can be introduced into cells, as the tiny particles
present within them can be dangerous and may leak out upon release.
For instance, Kang et al. (Kang et al., 2017) introduced a hybrid plate
made of AuNPs and GO. This plate sticks well to cell surfaces and shows
strong heat effects when exposed to light. There is considerable focus on
RNA interference (RNAi) technology as a promising approach for tack-
ling cancer. It uses small pieces of RNA called siRNA to specifically turn
off messenger RNA (mRNA) that makes proteins related to cancer in
animal cells. Researchers claim that selecting a particular glucose
molecule that adheres to glucose transporter 1 (GLUT1), which is highly
present in CSCs, allows for a tiny carrier under 50 nm to transport small
interfering RNA (siRNA) directly to these cells (Yi et al., 2019). In order
to find new therapies for chemotherapy-resistant breast cancer cells
characterized by high levels of Wnt receptors and active Wnt signaling,
Miller-Kleinhenz and their collaborators created a small magnetic iron
oxide nanoparticle (IONP) drug. The carrier, the drug with dual tar-
geting Wnt/LRP5/6 and urokinase plasminogen activator receptor
(uPAR) polypeptide (Miller-Kleinhenz et al., 2018). Nano-drug delivery
systems work well with the body and can aim at specific areas, making
them a hopeful option for combining hyperthermia (heat treatment) and
chemotherapy (cancer treatment) in medical use. A unique silica-based
system, consisting of nanoparticles, transports a cancer medication and
features a magnetic core. It is also covered with a specific antibody that
targets lung cancer stem cells (Liu et al., 2020a). This work proved the
feasibility of developing multifunctional nanomedicine for CSC to
effectively treat cancer. In addition to the above-mentioned applica-
tions, Table 1 also lists other recent studies on biomedical applications of
different types of nanoparticles.

4. Biosafety and toxicity issues

The use of nanomaterials to help change stem cells into different
types of cells is mainly controlled in three ways: using nanoparticles in a
liquid, growing cells in a flat layer, or growing them in a 3D structure
(Soltani et al., 2023). Besides their natural ability to help stem cells
change into different types of cells, special tiny materials can also in-
fluence the basic qualities of how stem cells develop, including their
hardness and direction. Many other factors are also very important for
what happens to stem cells. Besides their natural ability to help stem
cells change into different types of cells, special tiny materials can also
influence the basic qualities of how stem cells develop, including their
hardness and direction. Many other factors are also very important for
what happens to stem cells. Our comprehension of the interactions be-
tween nanomaterials and stem cells remains incomplete. It continues to
be a major challenge to comprehend the effects of microscopic materials
and structures on the functionality and processing of stem cells in the
body. In general, the technologies used to check stem cells inside the
body without surgery need to be safe and gentle. They should help track
the cells over a long time without causing harm to them. On the other
hand, it is important to note that very few NPs have been used to
monitor patients receiving treatment with stem cells. Before using NPs
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Fig. 10. Representative procedure for the synthesis of Adr/GNRs@PMs-antiEpCAM and TEM image of the final nanosystem. Reprinted from (Locatelli et al., 2019)

with permission of Locatelli et al. (2019).

for treatment, it’s important to carefully study them. This means looking
at their chemical composition and how they affect stem cells. It is
essential to evaluate the viability of the stem cells following the appli-
cation of nanoparticles, as well as their mobility, differentiation into
various cell types, and the potential short- and long-term adverse effects.

One potential method by which nanoparticles cause cell death could
be linked to their entry mechanism into the cells. Still, some nano-
particles can get inside cells by spreading out on their own. This might
cause harm by interacting directly with the cell’s fluid, its parts, or its
DNA. Most kinds of NPs are taken into cells by a process called endo-
cytosis and are grouped in tiny sacs inside the cell, mainly in lysosomes
or late endosomes (Augustine et al., 2020; Goyal and Malviya, 2023).
However, some NPs can be affected by the harsh conditions in these cell
parts, which can cause them to break down or dissolve. This results in
the release of free ions or an increase in reactive surfaces. Another way
nanoparticles can be harmful is by causing problems with the actin
cytoskeleton. Because of endocytosis events, the cells change their in-
ternal structure. This structure is important for basic functions of the
cell, including its shape, movement, division, sticking to things, and
interacting with its surroundings (Abbasi et al., 2023; Khan et al., 2021).
Scientists have researched nanotechnologies and stem cells a lot for
treating cells, fixing genes, and healing using the body’s ability to repair
itself. NPs can cause harmful effects by changing how reactive oxygen
species (ROS) are produced (Patra et al., 2018; Wang et al., 2017). These
effects include: (a) changes in gene expression caused by NPs damaging
DNA directly or by affecting the way cells read and make proteins,
especially near the cell nucleus, (b) physical changes in the cell, like
altering signals inside the cell, damaging proteins, or injuring cell
membranes, and (c) immune system effects, such as increasing certain
proteins that promote inflammation or starting an immune response to
specific proteins on the surface of the NPs (Zhou et al., 2018).

In general, the pharmacological effectiveness of the majority of
pharmaceuticals is linked to their localization at targeted sites within a
biological system, which necessitates the achievement of a specific
concentration threshold. Given the swift excretion of pharmaceuticals
and their extensive distribution within bodily tissues, substantial dos-
ages are frequently required to attain the desired therapeutic concen-
tration, which may lead to drug inefficacy and potential harm to healthy
cells (Bigham et al., 2022; Waheed et al., 2022). Nanomedicine is
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regarded as a potentially effective strategy for tackling these obstacles
(Rahimkhoei et al., 2024). It has been empirically demonstrated that
nanomedicines possess the capacity to influence the biodistribution of
pharmacological agents, leading to the preferential accumulation of
these agents within specific target organs or tissues (Shi et al., 2017;
Zhang et al., 2020). This capability for targeted delivery has been evi-
denced to reduce the likelihood of adverse toxicological effects on
particular sensitive tissues and cellular structures to a significant degree
(Mitchell et al., 2021).

How to use current skills to create new types of nanostructures, deal
with packaging and testing issues, find the best quality nanomaterials,
customize these materials, and understand how they behave on the
surface of solar cells are important challenges in developing effective
solar cell technologies. Stem cells are very promising for medicine. As
they develop for use in healing, stem cell nanotechnology is likely to
help treat diseases that get worse over time soon.

5. Challenges

Targeting CSCs in oncological treatment represents a potentially
effective strategy to enhance therapeutic efficacy and improve cellular
responses. Recent investigations suggest that employing nanoparticles
to specifically target CSCs presents a novel and promising methodology.
However, this approach encounters several obstacles that necessitate
resolution to augment its overall effectiveness. The following discourse
delineates the advantages and challenges that require attention.

e With advancements in materials science, NPs have been fabricated
utilizing a broader spectrum of materials, designs, and functional-
ities. Nonetheless, the nanomaterials currently accessible in this
domain predominantly exhibit fundamental characteristics.
Furthermore, the application of diverse fabrication techniques,
morphological alterations, and the incorporation of various sub-
stances onto their surfaces can yield nanoparticles endowed with
distinct capabilities. Consequently, collaboration between materials
scientists and medical researchers is imperative to innovate and
enhance the appeal of nanomaterials.

The emergence and proliferation of CSCs are linked to multiple
mechanisms, albeit the precise pathways remain elusive. For
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Table 1

Summary of the application of nanomaterial in stem cell differentiation.
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Type of nanoparticles

Nanoparticle components

Application and Type of Stem Cell

Reference

Carbon-based nanoparticles
(Graphene oxide)

Carbon-based nanoparticles
(Carbon nanotube)

Polymeric-based Nanoparticles

Metal-based Nanoparticles

Silica nanoparticles
RNA Nanoparticles
Protein based Nanoparticles

Lipid-Based Nanoparticles

Inorganic nanoparticles

Poly (L-lactic-co-glycolic acid)/Graphene Oxide/Tussah Silk
Fibroin Nanofiber

Multilayer graphene oxide film

Micro graphene oxide (MGO) and Nano graphene oxide (NGO)
Graphene Oxide-Incorporated Hydrogels

Graphene Oxide Incorporated PLGA Nanofibrous
Graphene oxide nanoparticles

Graphene Oxide Nano colloids

unmodified SWCNT and carboxylic acid-functionalized
SWCNT (SWCNT-COOH)

A natural lung surfactant added SWCNT and MWCNT

salinomycin-loaded PLGA based polymer-lipid hybrid anti-
HER2 nanoparticles (Sali-NP-HER2)

Chloroquine-loaded Poly Triphenylphosphonium
nanoparticles

poly (beta-amino ester) nanoparticles containing multiplexed
cancer stem cell-regulating miRNAs

Poly (lactic-co-glycolic acid) (PLGA) nanoparticle with a layer
of plasma membrane

wedelolactone-encapsulated PLGA nanoparticles (nWdl)
TGF-p3(growth factor)-loaded Alginate nanogels

miR-326@ superparamagnetic iron oxide nanoparticles
anti-CD44 antibody-modified superparamagnetic iron oxide
nanoparticles

TEMPO-conjugated Au NPs

Albumin-Stabilized Gold Nanoclusters

peptide-coated gold nanoparticles

Gold Nanoparticles

AuNPs

antibody functionalized mesoporous silica nanoparticles
Anti-miRNA- RNA NPs

Albumin Nanoparticle of Paclitaxel

Paclitaxel —loaded albumin nanoparticles

Ptx-loaded SF-NPs and Sal-loaded SF-NPs
Docetaxel-small interfering RNA (DTXL-siRNA) NPs

Cockle Shell-Derived Aragonite CaCO3 Nanoparticles

Osteoblastic Differentiation of Mesenchymal
Stem Cells

Osteogenesis of human mesenchymal stem cells
Chondrogenic Differentiation of Human
Mesenchymal Stem Cells

Gene Delivery into Mesenchymal Stem Cells
Human Fetal Neural Stem cells

Mouse Embryonic Stem Cells

Cancer stem cells in osteosarcoma

Cancer stem cell-like properties in human small
airway epithelial cells

salinomycin delivery to her2-positive breast
cancer stem cells and cancer cells

Targeting breast cancer stem-like cells

Glioblastoma growth and prolong survival
Mesenchymal Stem Cell Membrane

Breast Cancer Stem Cells

Chondrogenic differentiation of mesenchymal
stem cells

human endometrial carcinoma stem cells
Neck Squamous Cell Carcinoma Stem Cells

human mesenchymal stem cells

Reduction of Cancer Stem Cells

Brain glioma stem cell

Differentiation in Teratocarcinoma Stem Cells

Differentiation of embryonic stem cells into
dopaminergic neurons

Targeting murine leukemic stem cells

Targeting Breast Cancer Stem Cell Marker CD133
Treatment of Triple Negative Breast Cancer Stem
Cells

Glioma stem cells

Inhibition of cancer stem cells and tumor growth
Elimination of cancer stem cells and bulk cancer
cells

Co-Delivery of Doxorubicin and Thymoquinone
Eliminates Cancer Stem Cells

(Shao et al., 2017), (Puah
et al., 2020)

(Shen et al., 2018)
(Kang et al., 2018)

(Wang et al., 2018b)
(Kim et al., 2017)
(Wei et al., 2019)
(Miao et al., 2017)

(Kiratipaiboon et al.,
2019)
(Li et al., 2017a)

(Stagni et al., 2020)

(Lopez-Bertoni et al.,
2018)
(Yang et al., 2018c)

(Das et al., 2019)
(Mahmoudi et al., 2020)

(Gao et al., 2019b)
(Su et al., 2019)

(Li et al., 2017b)
(Latorre et al., 2019)
(Cho et al., 2017)
(Gurunathan and Kim,
2018)

(Wei et al., 2017)

(Mandal et al., 2018)
(Yin et al., 2019)
(Yuan et al., 2020)

(Lu et al., 2019)
(Wu et al., 2018)
(Chen et al., 2018b)

(Ibiyeye and Zuki, 2020)

instance, the processes by which CSCs differentiate into conventional
tumor cells and the factors that precipitate this transformation
remain undefined. Additionally, although certain pharmacological
agents have demonstrated efficacy in targeting cancer stem cells,
their underlying mechanisms remain ambiguous. This ambiguity
contributes to a lack of focus on CSCs. A comprehensive under-
standing of the interactions between CSCs, tumors, and therapeutic
agents is essential to facilitate the development of novel oncological
treatments and refine drug development methodologies.

Recent investigations reveal that the predominant strategy for tar-
geting CSCs entails the conjugation of ligands to the surfaces of
nanoparticles. Numerous markers associated with CSCs, including
CD133 and CD44, have been extensively examined. To address
multiple targets simultaneously, researchers could employ various
ligands on a single nanoparticle. Consequently, this approach en-
hances the precision of NP targeting.

Certain pharmacological agents have demonstrated effectiveness
against cancer stem cells; however, their application is constrained
by poor aqueous solubility and inadequate bioavailability. Re-
searchers have devised a specialized delivery system that exploits the
unique microenvironmental conditions present within tumors to
facilitate targeted drug delivery. This innovation enhances the
therapeutic efficacy of the medication while minimizing the required
dosage. Nevertheless, passive targeting may not achieve the same
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level of effectiveness as active targeting. While the drug exerts its
effects in a specific manner, the distinctive properties of nanocarriers
augment its ability to accurately target designated areas, thereby
enhancing therapeutic effectiveness.

In recent studies, researchers are ingeniously employing external
physical factors to improve the targeting of CSCs and diversify the
methodologies utilized. For instance, the utilization of MRI to assist
in targeting through imaging, the modification of photothermal
conditions in laboratory settings in conjunction with targeting pro-
cesses for enhanced adaptability, and similar strategies are being
explored. The incorporation of these methodologies facilitates the
development of more innovative and varied applications for
nanoparticles.

The behavior of tumor cells, encompassing aspects such as prolifer-
ation and migration, is profoundly influenced by the surrounding
microenvironment and adjacent tissues. Consequently, the selection
of appropriate tumor models is of paramount importance for the
development of PNP drug delivery systems. Patient-derived xeno-
graft models (PDX) are frequently utilized as “avatars” for cancer
research. Their primary objective is to replicate the genetic charac-
teristics and environmental conditions of tumors observed in pa-
tients with maximal fidelity. NPs possess the capability to precisely
target specific tissues and cells within PDX models and exhibit
responsiveness to alterations in their microenvironment.



V. Rahimkhoei et al.

Furthermore, PDXs serve as crucial cancer models that facilitate the
evaluation and comparison of the efficacy of various delivery sys-
tems. This underscores the significance of research into diverse
nanoparticle types for cancer diagnosis and therapeutic intervention
(Wang et al., 2018a). The current financial implications associated
with the generation of PDX systems are substantially elevated; thus,
there exists a pressing need to enhance the methodologies employed
in their development.

Conclusion and future perspective

Nanomaterials present a compelling option as carriers for the tar-
geted delivery of therapeutic agents to neoplastic tissues via the aberrant
vasculature typically associated with tumors, a phenomenon known as
the enhanced permeability and retention effect. The functionalization of
NPs with hydrophilic polymers, including PEG, polyacrylic acid (PAA),
and dextran (DEX), has been employed to circumvent the uptake of NPs
by the mononuclear phagocyte system (MPS), thereby prolonging their
circulation time and augmenting their transvascular accumulation. In
addition to surface functionalization, drug-laden NPs can be directed
toward CSCs residing within tumor matrices through conjugation with
antibodies or ligands that specifically target biomarkers, surface re-
ceptors, enzymes, and proteins integral to CSC signaling cascades. Given
that numerous CSC signaling pathways and associated biomarkers are
also present in normal stem cells, the strategy of dual-targeting, utilizing
two distinct ligands or antibodies against these biomarkers, significantly
enhances the internalization by CSCs while minimizing off-target
toxicity towards normal stem cells. Polymeric NPs formulated from
PLA, PLGA, PEG, their copolymers, polylysine, lipids, hyaluronic acid,
and liposomes have demonstrably served as effective carriers for the
targeted delivery of therapeutic agents to CSCs. In contrast to polymeric
NPs, which often exhibit a broad size distribution, inorganic NPs typi-
cally possess a narrower size distribution, thereby facilitating improved
transport through tumor tissues for the specific targeting and uptake by
CSCs. Inorganic NPs composed of gold, iron oxide, and silica have been
utilized as vehicles for the targeted delivery of drugs to CSCs, in addition
to their application in imaging modalities. Multifunctional protein NPs
are particularly appealing due to their susceptibility to enzymatic
degradation, their capacity for tunable self-assembly, and their innate
ability to traverse the cell membrane, making them suitable for the
delivery of amino-acid-based therapeutic agents, such as ribosome-
inactivating proteins (RIP), which function to inhibit protein synthesis
and cellular proliferation within malignant cells. Antibody-drug conju-
gates (ADCs) exhibit considerable efficacy in the eradication of meta-
static and recurrent malignancies through the selection of antibodies
that demonstrate high specificity towards CSC surface receptors, the
judicious choice of therapeutic agents, and the appropriate selection of
enzymatically degradable linkers for the intracellular delivery of drugs
to CSCs. Extracellular vesicles (EVs), including exosomes, are particu-
larly promising as carriers for the delivery of functional proteins,
mRNAs, microRNAs, and small DNA fragments to CSCs aimed at
reversing tumor progression, given their low immunogenic profile,
extended circulation time, and substantial loading capacity; EVs also
facilitate intercellular communication by functioning as antigen-
presenting vesicles. The use of drug-loaded polymeric, inorganic, or
protein NPs, ADCs, and EVs that selectively engage with various surface
receptors on tumor-associated stem cells holds the potential to enhance
drug bioavailability and uptake within tumor tissues, while simulta-
neously reducing undesirable side effects in healthy tissues, thus
contributing to an improved quality of life for patients afflicted with
cancer.

Furthermore, it is imperative to enhance our comprehension of the
biology of cancer stem cells and their interactions with nanomaterials, as
this can facilitate the advancement of more targeted and efficient nano-
based therapeutic methodologies. Additionally, the expansion of clinical
trials involving nanotherapeutics, particularly those aimed at cancer
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stem cells, is essential for substantiating their safety and efficacy across a
heterogeneous population. The auspicious potential of nanotechnology
in the realm of cancer treatment is becoming increasingly evident;
however, it necessitates unified efforts and unwavering research en-
deavors. With appropriate dedication and allocation of resources, we
assert that nanotechnology could profoundly alter the prognosis for
patients contending with this formidable disease, thereby truly trans-
forming the discipline of oncology.
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