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ABSTRACT

Cancer stem cells (CSCs) represent a subpopulation of tumor cells with self-renewal and tumor-initiating
properties, playing a central role in tumor recurrence, metastasis, and resistance to conventional therapies.
Despite advances in cancer treatment, targeting CSCs remains a significant challenge due to their plasticity,
quiescent nature, and resistance mechanisms. Nanotechnology offers an innovative platform for the targeted
delivery of therapeutics to CSCs by exploiting unique features such as enhanced permeability and retention
(EPR) effect, surface functionalization, and controlled drug release. This review critically discusses the biology
of CSCs, current strategies to target them, and the application of nanotechnology-based approaches, including
nanoparticles, liposomes, micelles, dendrimers, and exosomes, to overcome the limitations of conventional
therapies. We highlight the design considerations for CSC-specific targeting, recent preclinical and clinical
advances, and the integration of molecular markers, such as CD44, CD133, ALDH1, and EpCAM, for precise
targeting. Furthermore, we examine the major challenges, including off-target effects, heterogeneity of CSCs,
and translational bottlenecks, as well as future opportunities such as smart nanocarriers, combination therapies,
and personalized nanomedicine. Overall, nanotechnology presents a promising frontier in eliminating CSCs and
improving long-term cancer treatment outcomes.
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INTRODUCTION
Cancer continues to be one of the most pressing global health concerns, accounting for millions of deaths each
year[1-37. Despite significant advances in early detection, diagnostics, and therapy, the recurrence and
metastasis of tumors remain major obstacles in achieving long-term patient survival [[3, 47. Over the past two
decades, there has been growing recognition of the critical role played by a distinct subpopulation of tumor cells
known as cancer stem cells (CSCs)[5—87. These cells, which possess stem-like characteristics such as self-
renewal and the ability to differentiate into heterogeneous tumor cell populations, are believed to be responsible
for tumor initiation, progression, metastasis, therapeutic resistance, and relapse following treatment. Unlike the
bulk of tumor cells, CSCs can survive adverse microenvironmental conditions and cytotoxic treatments, making
them exceptionally resilient and difficult to eliminate through conventional therapeutic strategies[9, 107.
Conventional chemotherapy and radiotherapy are designed to target rapidly proliferating tumor cells. While
this approach often leads to initial tumor shrinkage, it is typically insufficient for complete eradication because
it spares the relatively quiescent CSCs[ 11—-14]. As a result, CSCs can repopulate the tumor mass after treatment,
leading to recurrence and the spread of cancer to distant sites. Furthermore, CSCs exhibit inherent resistance
to therapy through various biological adaptations, including the overexpression of drug efflux pumps, enhanced
DNA repair systems, and activation of anti-apoptotic pathways. These mechanisms collectively protect CSCs
from genotoxic insults and promote their survival under therapeutic pressure[15-187.
In light of these challenges, targeting CSCs has emerged as a critical frontier in the development of effective
and durable cancer treatments. However, this goal presents numerous biological and pharmacological hurdles.
CSCs are rare and phenotypically heterogeneous, making their identification and isolation difficult [5, 107]. They
often share molecular markers and signaling pathways with normal stem cells, increasing the risk of off-target
toxicity when using traditional therapies. Moreover, the tumor microenvironment (TME) provides a supportive
niche that helps maintain CSC plasticity and contributes to their evasion of immune surveillance and therapeutic
targeting[[19-217.
The emergence of nanotechnology offers promising solutions to overcome these challenges. Nanomedicine
involves the design and application of materials at the nanometer scale, typically between 1 and 100 nanometers,
for therapeutic and diagnostic purposes. Nanoparticles can be engineered with precise physical, chemical, and
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biological properties that allow them to interact with tumor tissues in a highly specific manner[2, 22, 237. In
the context of CSC targeting, nanocarriers can be functionalized with ligands or antibodies that recognize CSC-
specific surface markers, enabling selective delivery of therapeutic agents to this subpopulation while sparing
normal cells. These nanocarriers can encapsulate a range of cargos, including small-molecule
chemotherapeutics, siRNAs, CRISPR-Cas9 components, or immunomodulatory agents, thereby enhancing
treatment efficacy and reducing systemic side eftects[24—267.

Furthermore, nanoparticles can exploit the abnormal vasculature and leaky blood vessels within tumors through
the enhanced permeability and retention (EPR) eftect, which promotes their accumulation at the tumor site[[27—
297]. Stimuli-responsive nanoparticles can also be designed to release their payload in response to specific
conditions within the TME, such as acidic pH, high reactive oxygen species (ROS), or specific enzymatic activity,
thereby ensuring precise drug release at the site of interest[25, 30-327.

The interplay between CSC biology and nanotechnology represents a paradigm shift in the design of next-
generation cancer therapeutics. By integrating our understanding of CSC-driven tumor dynamics with the
precision capabilities of nanomedicine, researchers and clinicians can develop more effective interventions aimed
at preventing tumor recurrence and metastasis. This review explores the biological basis of CSCs, the current
state of nanotechnology-based approaches to target them, and the challenges and opportunities that lie ahead in
translating these innovations into clinical practice.

2. Biology of Cancer Stem Cells

Cancer stem cells (CSCs) represent a small but critical subset of cells within a tumor that possess unique
biological features distinguishing them from the majority of tumor cells[10, 837. These cells are characterized
by their ability to self-renew, differentiate into multiple cell lineages within the tumor, and initiate new tumor
formation. Their discovery has reshaped our understanding of tumor heterogeneity, progression, resistance to
therapy, and recurrence. Unlike the bulk tumor cells that proliferate rapidly but lack long-term self-renewal
capacity, CSCs are believed to serve as a reservoir of cancer cells that sustain tumor growth and drive relapse
following treatment[ 34, 35].

One of the hallmarks of CSCs is the expression of specific surface markers that aid in their identification and
isolation. Among the most commonly used markers are CD44, CD133, epithelial cell adhesion molecule
(EpCAM), and aldehyde dehydrogenase 1 (ALDH1)['36, 377]. However, the expression of these markers can vary
significantly depending on the type and stage of cancer, and some markers are also shared with normal stem
cells, posing a challenge for selective targeting. These surface molecules often participate in key signaling
pathways such as Wnt/f-catenin, Notch, Hedgehog, and PISK/Akt, which regulate stemness, proliferation,
survival, and resistance to differentiation. Dysregulation of these pathways contributes to the malignant
potential of CSCs and their capacity to evade conventional therapies[ 38—417].

The therapy resistance of CSCs is underpinned by several sophisticated mechanisms. One major feature is the
overexpression of ATP-binding cassette (ABC) transporters, such as ABCG2 and ABCB1, which actively efflux
chemotherapeutic agents out of the cell, thereby lowering intracellular drug concentrations and reducing
cytotoxicity[42, 437. CSCs also exhibit robust DNA repair mechanisms that allow them to quickly rectify DNA
damage induced by radiation or chemotherapy. Moreover, they often exist in a quiescent or dormant state,
cycling slowly or remaining in GO phase, which enables them to survive treatments that target rapidly dividing
cells. CSCs also upregulate anti-apoptotic proteins and express high levels of antioxidant enzymes that
neutralize reactive oxygen species, further enhancing their survival under therapeutic stress[437.

The tumor microenvironment (TME) plays a pivotal role in maintaining the CSC phenotype and enhancing
their resistance. Components of the TME, such as stromal cells, immune cells, extracellular matrix, cytokines,
and hypoxic conditions, provide a supportive niche that nurtures CSCs and protects them from immune
attack[44—46]. Hypoxia, for instance, activates hypoxia-inducible factors (HIFs) that can promote the
expression of stemness-related genes and support CSC maintenance. In addition, signaling from surrounding
stromal cells through paracrine mechanisms can help sustain CSC properties and shield them from drugs and
immune responses[ 47, 487].

Given the crucial role of CSCs in tumor maintenance and recurrence, a thorough understanding of their biology
is vital for developing targeted therapies. However, challenges remain in reliably identifying CSCs, as their
phenotype can shift depending on environmental cues and therapeutic pressure, demonstrating considerable
plasticity. Additionally, the overlap in markers and signaling pathways between CSCs and normal tissue stem
cells raises concerns about potential toxicity to normal regenerative tissues during targeted therapy[47, 497.
The growing body of research into CSC biology provides a compelling rationale for the development of precision
medicine strategies that exploit the unique features of these cells. Nanotechnology-based approaches, in
particular, offer innovative solutions by enabling the delivery of therapeutic agents specifically to CSCs. By
leveraging molecular markers and TME characteristics, nanoparticles can be tailored to recognize and disrupt
CSC functions selectively[’8, 50, 517]. Ultimately, combining deep biological insight into CSC behavior with the
precise capabilities of nanotechnology holds great promise for eradicating the roots of cancer and achieving
long-term therapeutic success.
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3. Nanotechnology in CSC-Targeted Therapy

Nanotechnology enables the fabrication of drug carriers with modifiable physicochemical properties such as size,
surface charge, and ligand attachment. Several nanocarriers have been investigated for CSC targeting:

3.1. Liposomes and Polymeric Nanoparticles: Liposomes and polymeric nanoparticles represent some of the
most extensively studied nanocarrier systems for targeted cancer therapy, particularly in targeting cancer stem
cells (CSCs)[52—54]. Liposomes are spherical vesicles composed of lipid bilayers, capable of encapsulating both
hydrophilic and hydrophobic drugs in their aqueous core and lipid membrane, respectively. Their structural
similarity to biological membranes confers excellent biocompatibility and minimal toxicity. Polymeric
nanoparticles, typically made from biodegradable polymers such as PLGA (poly(lactic-co-glycolic acid)), offer
controlled and sustained drug release profiles[53, 557. Both platforms can be functionalized with targeting
ligands, such as hyaluronic acid, peptides, antibodies, or aptamers, to facilitate active targeting of CSC-specific
surface markers such as CD44, CD133, or EpCAM. This targeting enhances drug accumulation at the tumor
site and improves therapeutic outcomes. Additionally, surface modifications can promote cellular uptake and
endosomal escape, enhancing the intracellular delivery of chemotherapeutics or gene-editing tools[527.
Polymeric nanoparticles can also co-deliver multiple therapeutic agents, enabling synergistic treatments that
address CSC drug resistance and heterogeneity. The tunability of size, surface charge, and release kinetics
further enhances their versatility. Overall, these nanocarriers offer a promising avenue for eradicating CSCs
while minimizing systemic toxicity and improving treatment specificity.

3.2. Micelles and Dendrimers: Micelles and dendrimers are advanced nanocarrier systems that offer distinct
advantages for the targeted delivery of anti-cancer therapeutics, particularly to cancer stem cells (CSCs)[56,
577]. Micelles are self-assembling colloidal structures formed from amphiphilic molecules, typically block
copolymers, in aqueous environments. Their hydrophobic core can encapsulate poorly water-soluble drugs,
improving bioavailability and stability in circulation. Surface modification with targeting ligands enables
selective binding to CSC markers such as CD44 or ALDH1. Dendrimers, on the other hand, are highly branched,
tree-like macromolecules with well-defined architecture and multiple terminal functional groups[577]. Their
structure allows for precise control over size, shape, and surface chemistry. This multivalency facilitates high
drug-loading capacity and simultaneous conjugation with imaging agents, therapeutic payloads, and targeting
moieties. Dendrimers such as PAMAM (polyamidoamine) can be engineered to release drugs in response to pH
or enzymatic activity in the tumor microenvironmen[ 56, 57]t. Their nanoscale size also allows for enhanced
permeability and retention (EPR) in tumor tissues. Importantly, both micelles and dendrimers can bypass
multidrug resistance mechanisms by facilitating intracellular drug delivery and evading efflux pumps. As a
result, they hold significant promise for overcoming therapeutic challenges associated with CSCs, such as
chemoresistance, tumor relapse, and metastasis.

3.3. Metallic and Magnetic Nanoparticles: Metallic and magnetic nanoparticles have gained considerable
attention for their diagnostic and therapeutic applications in targeting cancer stem cells (CSCs)[58, 597.
Metallic nanoparticles, such as gold and silver nanoparticles, possess unique optical and physicochemical
properties that make them suitable for imaging, photothermal therapy, and drug delivery. Gold nanoparticles
(AuNPs), for example, can be functionalized with CSC-specific ligands like antibodies against CD133 or CD44
to enable selective binding and internalization[ 59, 607]. Upon exposure to near-infrared light, AuNPs convert
absorbed light into heat, inducing localized hyperthermia and cell death particularly effective against CSCs
known to resist conventional therapies. Silver nanoparticles exhibit antimicrobial and cytotoxic properties,
although their application requires careful dose optimization to minimize toxicity[58, 61, 627]. Magnetic
nanoparticles, such as superparamagnetic iron oxide nanoparticles (SPIONSs), offer an additional layer of control,
allowing for site-specific targeting via external magnetic fields. This magnetic guidance enhances the
accumulation of therapeutics in tumor sites and reduces off-target effects. These nanoparticles can also serve as
contrast agents in magnetic resonance imaging (MRI), enabling real-time tracking of biodistribution and
treatment response. Furthermore, their surfaces can be functionalized for dual imaging and therapeutic
functions, contributing to the development of theranostic platforms for CSC management.

3.4. Exosomes and Biomimetic Nanoparticles: Exosomes and biomimetic nanoparticles represent a new
frontier in nanomedicine for targeting cancer stem cells (CSCs), offering high biocompatibility and innate
targeting capabilities[ 10, 637. Exosomes are nano-sized extracellular vesicles naturally secreted by cells and
play essential roles in intercellular communication by transporting proteins, lipids, and nucleic acids. Their
endogenous origin enables them to evade immune detection and prolong circulation time in vivo[64, 657.
Importantly, exosomes can be engineered to encapsulate therapeutic agents, such as small molecules, RNAi, or
CRISPR-Cas9 components, and modified with targeting ligands to enhance CSC specificity[ 10, 657]. For
example, exosomes can be derived from mesenchymal stem cells or cancer cells and loaded with anti-CSC drugs,
offering selective delivery while minimizing systemic toxicity.

Biomimetic nanoparticles, which imitate natural cellular structures or functions, further enhance targeted
delivery[667. These include nanoparticles cloaked in cancer cell membranes, stem cell membranes, or leukocyte-
derived coatings that confer homotypic targeting and immune evasion. Such systems can mimic CSC surface
markers or exploit tumor tropism to home in on the CSC niche. In addition, biomimetic nanoparticles can
respond to stimuli in the tumor microenvironment, such as pH or enzyme activity, to release their payload
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precisely at the target site[667]. These advanced platforms hold immense potential for improving therapeutic
outcomes and reducing relapse driven by CSCs.

4. Ligand-Based Targeting Strategies

The identification and exploitation of specific surface markers on cancer stem cells (CSCs) have enabled the
development of ligand-based targeting strategies for more eftective drug delivery[[677]. CSCs express unique or
overexpressed biomarkers such as CD44, CD133, EpCAM (epithelial cell adhesion molecule), and ALDH1
(aldehyde dehydrogenase 1), which distinguish them from normal cells and bulk tumor populations. By
conjugating ligands such as monoclonal antibodies, aptamers, peptides, or polysaccharides to the surface of
nanocarriers, researchers can achieve selective recognition and binding to CSCs[(687]. For instance, anti-CD44
antibodies or hyaluronic acid (a natural ligand for CD44) can be used to decorate nanoparticles, promoting
preferential binding and uptake by CD44+ CSCs. Similarly, aptamers that specifically bind CD183 can guide
therapeutic payloads to CD1338+ populations, common in glioblastoma and colorectal cancers[697]. EpCAM-
targeting peptides and ALDH1-responsive systems have also been engineered to exploit the differential
expression of these markers for enhanced specificity. Once internalized by CSCs, these ligand-functionalized
nanocarriers facilitate localized drug release, improving cytotoxic efficacy while minimizing harm to non-target
cells. This approach enhances therapeutic outcomes by ensuring that the cytotoxic agents directly affect the
most therapy-resistant cell subpopulations[697]. However, challenges such as receptor heterogeneity,
downregulation, or shedding of target markers must be addressed to avoid off-target delivery or therapeutic
escape[697]. To further increase selectivity and reduce systemic toxicity, researchers are exploring dual-ligand
strategies that simultaneously target two markers or combine CSC-specific ligands with tumor
microenvironment (TME) cues. As nanomedicine progresses, ligand-based targeting remains a cornerstone
strategy, offering a rational and adaptable method to overcome the limitations of conventional therapies by
enabling the selective elimination of CSCs.

5. Therapeutic Payloads for CSC Elimination

To effectively eradicate cancer stem cells (CSCs), nanocarriers are engineered to deliver a variety of therapeutic
payloads directly to these therapy-resistant cells. Among the most common payloads are conventional
chemotherapeutics such as paclitaxel and doxorubicin, which are cytotoxic to proliferating cells[707. However,
CSCs often exhibit intrinsic or acquired resistance to these agents due to mechanisms like enhanced DNA repair,
drug efflux, and quiescence. To overcome these barriers, modern nanocarriers have been designed to incorporate
nucleic acid-based therapies, including small interfering RNA (siRNA), short hairpin RNA (shRNA), and
microRNA (miRNA), which can silence genes involved in stemness, drug resistance, and survival. For instance,
targeting genes involved in the Wnt/fB-catenin, Notch, or Hedgehog pathways as key regulators of CSC
maintenance—can sensitize these cells to additional therapies or directly induce apoptosis. Nanocarriers can
also encapsulate small molecule inhibitors of these pathways, enabling precise disruption of CSC signaling
cascades[717]. Additionally, photothermal therapy (PTT) and photodynamic therapy (PDT) agents have
emerged as innovative payloads, where light-triggered activation leads to local heating or reactive oxygen
species generation, selectively damaging CSCs with minimal invasiveness. Combination therapy approaches
offer even greater promise by simultaneously attacking both bulk tumor cells and CSCs. For example, a single
nanocarrier may be co-loaded with a chemotherapeutic for rapid tumor debulking and a CSC-targeting siRNA
to prevent recurrence[ 717]. This dual-strike strategy reduces the likelihood of relapse and metastasis. Overall,
the choice of therapeutic payloads is critical and must be tailored based on the molecular characteristics of the
CSC population in a given cancer type. The versatility of nanocarrier systems allows for the co-delivery of
diverse agents, offering a powerful means to overcome drug resistance, reduce toxicity, and improve the overall
efficacy of cancer therapy by targeting the root drivers of malignancy.

6. Challenges in CSC-Targeting Nanotechnology

Despite significant advances in CSC-targeting nanotechnology, numerous challenges remain that hinder its
translation from the laboratory to clinical application. One of the most pressing issues is tumor heterogeneity,
both intertumoral and intratumoral[[727]. CSC markers are not universal; they vary widely between cancer types
and even among individual tumors within the same patient. Moreover, CSCs may undergo phenotypic plasticity,
altering their marker expression during disease progression or in response to therapy, complicating effective
targeting. Another major concern is the potential for off-target eftects[737. Many CSC markers, such as CD44
and ALDH, are also expressed at lower levels on normal stem or progenitor cells, raising the risk of unintended
toxicity to healthy tissues. Delivery efficiency also poses a critical limitation. Nanocarriers often struggle to
penetrate the dense extracellular matrix and reach the hypoxic, nutrient-deprived niches where CSCs typically
reside. Limited diffusion and retention in these regions can drastically reduce therapeutic impact[737].
Additionally, concerns over immunogenicity and toxicity arise, particularly with synthetic or inorganic
nanoparticles, which may trigger immune responses or accumulate in non-target organs. The biocompatibility
and long-term safety of many novel nanomaterials remain inadequately assessed. Beyond biological challenges,
regulatory and manufacturing hurdles persist. Large-scale production of complex, multifunctional nanocarriers
with consistent quality and reproducibility is technically demanding and cost-intensive[69, 74, 75]. The
regulatory pathway for approval is also not well-defined, especially for combination therapies involving novel
nanomaterials and multiple active agents. These multifaceted challenges necessitate continued research and
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refinement of nanoparticle design, including better biomarker identification, improved biocompatibility, and

enhanced penetration strategies. Interdisciplinary collaboration between chemists, oncologists,
pharmacologists, and regulatory agencies is essential to advance CSC-targeting nanotechnologies from
experimental models to clinically viable treatments.

7. Opportunities and Future Perspectives

The future of CSC-targeting nanotechnology is promising, with several emerging strategies poised to overcome

current limitations and revolutionize cancer treatment. One of the most exciting developments is the design of

smart nanocarriers capable of responding to specific stimuli within the tumor microenvironment (TME) or CSC
niches. These stimuli-responsive systems can release their therapeutic payloads in response to pH changes,
enzymatic activity, or redox conditions, thereby enhancing precision and reducing systemic toxicity. Another
promising avenue is the implementation of dual-targeting strategies, wherein nanocarriers are engineered to
simultaneously recognize CSC-specific markers and TME features, such as angiogenic signals or immune
checkpoint molecules. This dual specificity can improve targeting accuracy and therapeutic impact. The advent
of personalized nanomedicine also offers transformative potential. By integrating patient-specific CSC profiles
derived from biopsy or circulating tumor cell analysis, clinicians could tailor nanotherapeutics for individualized
treatment regimens, improving outcomes and reducing adverse effects. Moreover, the combination of
nanotechnology with immunotherapy is gaining traction. Immuno-nanotherapy involves using nanocarriers to
deliver immune-modulatory agents, vaccines, or antigens that prime the immune system to recognize and
eliminate CSCs. This approach can convert immunologically "cold" tumors into "hot" ones, enhancing
responsiveness to checkpoint blockade or CAR-T therapies. Integration with advanced computational tools,
such as artificial intelligence (AI) and machine learning, can further accelerate the development of CSC-targeting
strategies. By analyzing multi-omics data—including genomics, transcriptomics, and proteomics, Al can
identify novel CSC biomarkers and optimize nanocarrier design through predictive modeling. Additionally,
organoid and patient-derived xenograft (PDX) models offer more accurate preclinical platforms for evaluating
efficacy and safety. In the long term, regulatory frameworks and manufacturing technologies must adapt to
accommodate the complexity of these multifunctional nanomedicines. Continued interdisciplinary research and
public-private partnerships will be crucial in translating laboratory innovations into safe, effective, and scalable
therapies targeting CSCs. These advancements hold the key to overcoming drug resistance, preventing relapse,
and ultimately improving survival in cancer patients.

CONCLUSION

Cancer stem cells are pivotal in cancer progression and therapeutic resistance. Nanotechnology offers

transformative tools for selective CSC targeting through smart design, ligand-specificity, and controlled release

systems. While clinical translation is still in its early stages, ongoing research and technological advancements
promise to overcome current challenges. With continued interdisciplinary efforts, nanotechnology may unlock
new frontiers in eradicating CSCs and achieving long-lasting remission in cancer patients.
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