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ARTICLE INFO ABSTRACT
Keywords: Leukemia is a kind of hematopoietic stem cell malignant clonal disease. Drug therapy is the core
Leukemia treatment strategy for leukemia, but the current therapeutic drugs have defects such as low

Targeted therapy

) bioavailability, large adverse reactions and inconvenient intravenous administration. Targeted
Nanomaterials

therapy can combine drugs with specific carcinogenic sites on cells to kill cancer cells and avoid
damage to normal cells, which has gradually become the mainstream method of leukemia
treatment. In addition, nanomedicine delivery systems can significantly improve drug efficacy
through controlled size and targeted optimization of drug delivery by modification strategies.
Therefore, the targeted treatment of leukemia based on nanomaterials has great research value
and application prospect. This paper gives an overview of the current therapeutic strategies for
leukemia, and then reviews the cutting-edge targeted therapeutic nanomaterials for leukemia,
including organic nanomaterials (mainly carbon-based nanomaterials, lipid materials, polymers,
etc.) and inorganic nanomaterials (mainly noble metal nanoparticles, magnetic nanoparticles,
hollow mesoporous materials, etc.). The challenges and prospects for the future development of
targeted nanomaterials in the treatment of leukemia are also briefly reviewed.

1. Introduction

Leukemia is a heterogeneous group of malignant hematological disorders characterized by the uncontrolled proliferation of
abnormal white blood cells (WBCs) in the bone marrow, which eventually leads to their accumulation in the blood and other tissues.
Leukemia is one of the most common types of cancer, which accounts for approximately 3.2 % of all new cancer cases and 2.8 % of all
cancer deaths worldwide [1]. Despite advances in the diagnosis and treatment of leukemia, it remains a challenging disease to manage,
particularly in older adults and patients with relapsed or refractory disease. Further research is needed to better understand the un-
derlying mechanisms of leukemia and to develop more effective treatments for this disease (see Fig. 7).

Leukemia is a group of cancers that affect the blood and bone marrow. This disease is characterized by the accumulation of
abnormal white blood cells that interfere with the normal functioning of the immune system [2]. Leukemia can be classified into four
main types based on the speed of progression and the type of white blood cells involved. These include acute lymphoblastic leukemia
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(ALL), acute myeloid leukemia (AML), chronic lymphocytic leukemia (CLL), and chronic myeloid leukemia (CML). Special type
leukemia is a relatively rare type of leukemia, but no matter which type, the essence of hematopoietic stem cells under some path-
ogenic factors abnormal proliferation to produce a large number of abnormal white blood cells. Due to the complexity of leukemia
classification and prognosis stratification, there is no uniform and fixed treatment method, and the treatment mode varies according to
different types. Thus it is necessary to formulate a treatment plan combined with detailed classification and prognosis stratification.

The current therapies mainly include radiotherapy, chemotherapy, targeted therapy, immunotherapy and stem cell trans-
plantation. Radiotherapy uses alpha, beta and gamma rays produced by radioactive isotopes to damage the chromosomes of cancer
cells so that they lose the ability to grow and multiply. The sensitivity of the tumor to radiation determines the effect of radiotherapy,
so the treatment method of radiotherapy is specific to the cancer, such as lymphoma. However, the radiation of radiotherapy has the
same killing effect on normal tissues of the human body, and the larger side effects are often unbearable for patients. Chemotherapy is
the primary approach to the induced remission phase of treatment, which uses drugs to kill cancer cells with the goal of achieving a
complete remission quickly. After achieving complete remission, the second stage of treatment, that is, post-remission therapy, is
mainly chemotherapy and hematopoietic stem cell transplantation. After complete remission, there are still residual leukemia cells in
the body, called minimal residual lesions. In order to achieve long-term disease-free survival and recovery, consolidation and
maintenance therapy must be performed to remove minimal residual lesions. Treatment options need to be selected considering age,
type, minimal residual lesions and drug resistance after treatment, availability of stem cell donors and targeted therapeutic drugs. The
commonly used drugs for inducing remission therapy include vincristine, daunorubicin, doxorubicin, mitoxantrone, glucocorticoid,
etc. Consolidation and reinforcement therapy are commonly used with drugs such as cytarabine. The drugs are taken orally, injected
intravenously, and are carried throughout the body by the circulatory system. However, drug molecules cannot distinguish between
normal cells and cancer cells, so they have serious side effects [3,4].

The development of new drugs and nanomaterials for leukemia treatment represents a significant step forward in improving
therapeutic outcomes. By precisely targeting leukemia cells and delivering drugs effectively, these new approaches hold the potential
to significantly improve the lives of patients with leukemia. Nanodrug delivery system is a new application in the field of nano-
technology in medicine. The size of nano drug delivery system, structure and function of transport depends on the different charac-
teristics and synthesis methods of nanomaterials, to build and design the ideal nanometer carrier. The nanoscale size and controllable
modification of delivery systems exhibit great advantages in improving drug pharmacokinetics and pharmacodynamics, which may
lead to better therapeutic effects. At present, the research has a lot of progress in nano drug delivery system, the extension of drug
circulation time, improve the bioavailability, increase retained in the tumor site, to reduce the resistance and reduce anti-cancer drug
adverse reaction shows strong potential. Nanocarriers used in nano-drug delivery systems are mainly divided into two categories:
organic nanocarriers and inorganic nanocarriers. Organic nanocarriers mainly include polymers, liposomes and proteins, while
inorganic nanocarriers include gold nanoparticles, silicon nanoparticles, iron nanoparticles (such as iron oxide) and other inorganic
salt nanoparticles.

Many nanodrug carriers currently under development rely on enhanced penetration and retention effects (EPRs) to passively
accumulate in the tumor microenvironment and kill cancer cells. In leukemia, where leukemia stem cells and their progeny circulate in
the peripheral blood or bone marrow, the EPR effect may not be effective. To address this challenge, alternative nanodrug delivery
strategies are being explored for leukemia treatment [5]. One promising approach involves the use of targeted nanodrug carriers that
can actively seek out and bind to leukemia cells. These targeted nanodrug carriers are designed to recognize specific markers or re-
ceptors expressed on the surface of leukemia cells, allowing them to deliver the drugs directly to the tumor cells while minimizing
off-target effects. This targeted delivery system holds significant potential in enhancing the efficacy of leukemia treatment. By pre-
cisely delivering the drugs to the tumor cells, it minimizes the side effects that often result from traditional chemotherapy methods,
which often affect healthy cells as well. Additionally, the nanodrug carriers can be designed to release the drugs only when they reach
the tumor cells, further ensuring maximum efficacy and minimal toxicity. Hence, the treatment of leukemia necessitates the precise
targeting and binding of individual circulating cells [6].

Targeted therapy refers to the specific combination of drugs with specific carcinogenic sites on cells through biological, physical or
chemical means to kill cancer cells and avoid damage to normal cells, which has gradually become the mainstream method of leukemia
treatment [7]. In the treatment of leukemia, a combination of multiple drugs is usually used in order to achieve synergistic effect and
improve the therapeutic effect. For example, the combination of imatinib and cytarabine has shown remarkable efficacy in the
treatment of chronic myeloid leukemia. In addition, studies have shown that combining anti-tumor drugs with immunomodulators can
effectively improve the treatment effect and prolong the survival of patients. Multiple organs and tissues are involved in the growth
and spread of leukemic cells. Therefore, identifying the cancer sites targeted by targeted therapy can help improve the accuracy of
treatment and reduce side effects. For example, Philadelphia chromosome positive acute lymphoblastic leukemia (Ph + ALL) is
characterized by high recurrence rate, short disease-free survival time, and poor prognosis. With the advent of tyrosine kinase in-
hibitors (TKI), the efficacy and prognosis of Ph + ALL patients have been significantly improved. Imatinib was the first TKI to target the
BCR-ABL fusion gene in Ph + ALL, followed by the development of the second generation TKI, Nilotinib, Dasatinib, Bosutinib, and the
third generation TKI, Pratinib. Despite the remarkable efficacy of TKI combined chemotherapy in terms of therapeutic response,
frequent recurrence and drug resistance remain a challenge. The main side effects of TKIs include hematological toxicity (such as
thrombocytopenia, neutrophilic leukopenia, and anemia), which may lead to dose-limiting and require adjustment of treatment
regimen. In addition, there are non-hematological toxicities such as fatigue, rash, and gastrointestinal discomfort. TKIs target the
BCR-ABL fusion protein, but there is a risk of resistance, which may lead to recurrence or refractory disease. Long-term use of TKIs may
increase the risk of secondary malignancies, and monitoring for toxicity and resistance is required for life, which brings economic and
psychological burden. Hematopoietic stem cell transplantation (HSCT) has long been considered the only cure for Ph + ALL. However,
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it is crucial to carefully evaluate the risks and benefits of this combination therapy on an individual patient basis. The decision to
proceed with HSCT should be based on a comprehensive assessment of patient comorbidities, disease characteristics, and overall
prognosis. Additionally, close monitoring and follow-up are essential to ensure timely intervention and management of any adverse
events or relapses that may occur. For the use of TKI after transplantation, a new generation of TKI maintenance therapy may reduce
the risk of recurrence after transplantation and should be considered as a valuable treatment option. Overactivation of B cell receptor
(BCR) signaling pathway is closely related to the occurrence and development of chronic lymphocytic leukemia (CLL). For instance,
BTK inhibitors bind to BTK and prevent it from phosphorylating downstream substrates, thus blocking BCR signaling. Similarly, PI3K
inhibitors block the activity of PI3K, which is a key enzyme in the phosphoinositide 3-kinase (PI3K) pathway that regulates cell growth,
proliferation, and survival. Bruton tyrosine kinase (BTK), phosphatidylinositol-3 kinase (PI3K) and spleen tyrosine kinase (SYK) as the
key kinases of this pathway have become the research focus of CLL targeted therapy.

The BTK inhibitors ibrutinib and PI3K inhibitors Idelalisib and Duvelisib have been approved for clinical use with low toxicity and
good efficacy in certain high-risk patients (such as 17P deletion). However, there are still limitations such as drug resistance, medi-
cation sequence, cost of use and low selectivity. Therefore, new inhibitors are constantly being developed to seek better bioavailability,
higher exposure, and more complete targeting inhibition. ACP - 196 (acalabrutinib), for example, is a kind of the second generation
BTK inhibitors, higher selectivity, and of better pharmacological characteristics, including the effective plasma concentration and
rapid oral absorption and short half-life. In addition, TGR - 1202 is a second generation of oral PI3K delta inhibitors, good clinical
activity, compared to other similar low incidence of drug adverse reaction, better tolerability.

These new targeted drugs are becoming more and more prominent in the treatment of CLL and may gradually replace traditional
chemical immunotherapy. At present, the overall long-term survival rate of acute myeloid leukemia (AML) is still not high, and the
prognosis of high-risk patients and elderly patients is still not ideal. But AML is a complex and heterogeneous disease with multiple
mutated genes. Therefore, the emergence of new targeted drugs for certain mutated genes has brought hope for patients with relapsed
refractory or high-risk AML, as well as AML patients with certain genetic mutations. Such as FLT3 inhibitors sorafenib, middotoline,
quezatinib; IDH inhibitor ivotinib and encidil are equal. The FLT3 gene, which is frequently mutated in AML, encodes for a tyrosine
kinase receptor involved in cell proliferation and survival. Mutations in FLT3 lead to constitutive activation of the receptor, promoting
leukemic cell growth; Bcl-2 inhibitor Vinetoke et al. Through regulating the MCL - 1, the FLT3 inhibitors can reduce the dimension of
Nike pull resistance, thereby enhance the curative effect of combination. About 25 % of the patients with AML with FLT3 - ITD
mutation, the gene mutation can activate the AML cells proliferation and survival related signaling pathways, including the MAPK/
ERK, PI3K/AKT and JAK/STAT signaling pathway, resulting in patients with poor prognosis. The rational application of targeted drugs
will greatly improve the survival rate of AML patients. The Bcl-2 gene encodes for a protein that regulates apoptosis, or programmed
cell death. Overexpression of BCL-2 in leukemic cells prevents them from undergoing apoptosis, contributing to their survival and
proliferation. Similarly, mutations in the IDH gene family, particularly IDH1 and IDH2, are also common in AML. These mutations
result in the production of oncogenic metabolites that promote leukemic cell growth. IDH inhibitors, such as enasidenib and ivosi-
denib, target these mutant IDH enzymes, restoring normal cellular metabolism and inhibiting leukemic cell proliferation. Results show
that in a previous study, IDH mutation generate 2-HG, suggesting IDH1/2 gene mutations can reduce the oxidation of antiapoptotic
proteins the BCL-2 activity. Therefore, IDH inhibitors mainly depends on 2-HG lowering the inhibition of the BCL-2 TKI represented by
imatinib is the first-line drug in the treatment of chronic myeloid leukemia (CML), which can significantly improve the treatment
efficiency of CML and the survival rate of early patients. However, the drug does not cure CML, and resistance may occur, and the
efficacy of advanced CML patients is poor, can not prevent the recurrence and progression of the disease. Second-generation TKIs
(Nilotinib, dasatinib, Bosutinib) are effective against a range of BCR-ABL mutations except T315I. The third generation of TKIs can be
targeted to inhibit BCR-ABL-positive CML cells containing T315I mutations. Selecting appropriate targeted drugs according to the type
of leukemia and the individual’s own conditions can effectively improve the patient’s condition, and some types of leukemia have the

Table 1
List of targeted factors for leukemia cells.

Ligand Targeting Internalization
mechanism

Sgc8 [8] Targets PTK7 (protein tyrosine kinase-7) overexpressed in T-ALL cells endocytosis

Anti-CD19 [9] Targets CD19 overexpressed in B-ALL cells endocytosis

Heptapeptide DT7, transferrin Targets the transferrin receptor overexpressed in T-ALL cell endocytosis

[10]
Peptidomimetic LLP2A [11] Targets activated a4bl integrin expressed on childhood ALL cell endocytosis
NL-1 antibody [12] Targets overexpressed CALLA (CD10) in B-ALL cells endocytosis

Nonapeptide CD21 [13]
Anisamide [14]

Targets CD21
Targets overexpressed sigma receptors

endocytosis, pinocytosis
ND

CD22DE12 SiRNA [15] Targets CD22DE12 in aggressive B-ALL cells None
WHI-P131 [16] Targets tyrosine kinase JAK3 that regulates the activation of some important oncogenic None
proteins

Amino acid L-Phe [17] Targets Pyruvate kinase, PK, to reduce the ROS level None
Dasatinib [18] Targets LCK tyrosine kinase None
Hyaluronic acid [19] Targets CD44 RHAMM
Lintuzumab [20] Targets CD33 CDC
CXCL12 [21] Targets CXCR4 endocytosis
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possibility of recovery under the right treatment (Table 1).

At the same time, new drugs with high bioavailability, good specific targeting performance and new nanodrug carriers are also
being developed. For example, Sun et al. loaded curcumin with liposomes and modified hyaluronic acid targeting CD44 on the
nanostructure, which solved the low water solubility and low in vivo activity of the drug and realized the targeting and treatment of
AML leukemia cells [22]. Guo et al. used cyclodextrin as a drug carrier, loaded siRNA and targeted the overexpressed LSC antigen on
AML cell surface through antibody targeting, thus downregulating disease-causing genes, causing cell apoptosis and achieving the
treatment of leukemia [23]. Targeted drugs face challenges of specificity, potentially causing off-target effects on healthy cells, leading
to side effects. There are significant differences in gene mutations and molecular features among different AML patients, leading to
drug resistance issues. Researchers are exploring new drug design strategies to improve specificity and resistance. Nanomaterial
carriers can enhance the efficacy of targeted therapy for leukemia by constructing precise nanomaterial systems. Furthermore, the
integration of nanomaterials with immunotherapy has also emerged as a promising strategy for leukemia treatment [24]. For instance,
acute myeloid leukemia (AML) is a kind of malignant myeloid cells cloned disease. In recent years, the emergence of new targeted
drugs has revolutionized the treatment of cancer, and is expected to make a breakthrough in the treatment of AML. These include
second-generation DNA methyltransferase inhibitors, B-cell lymphoma 2 (BCL-2) inhibitors, fms-like tyrosine kinase 3 (FLT3) in-
hibitors, isocitrate dehydrogenase inhibitors, anti-CD33 monoclonal antibody, and Smoothened Inhibitor (SMO) inhibitor, tumor
protein p53 targeted drugs, anti-CD47 monoclonal antibody, nuclear export protein 1 (XPO1) inhibitor, etc. Inmunotherapy aims to
activate the patient’s immune system to attack cancer cells. By combining nanomaterials with immunotherapy agents, such as chimeric
antigen receptors (CARs) or tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), specific leukemia cells can be targeted
and destroyed by the immune system. This approach holds great promise for leukemia treatment, as it harnesses the power of the
patient’s own immune system to eliminate cancer cells [25]. Nanodrug carriers face multiple challenges. Safety and biocompatibility
issues are primary concerns, as their in vivo behavior is not fully understood. Additionally, physical barriers and biological factors limit
their application. Therefore, further research and resolution of these issues are needed to advance the use of nano-drug carriers in the
medical field. Nanomaterials, with their unique physicochemical properties, have emerged as promising agents for targeted therapy in
leukemia. In recent years, there have been a number of studies have developed can be used as drug delivery carrier or intervention of
new materials, to improve the effectiveness of the leukemia treatment. These materials mainly include liposomes, protein base ma-
terials, polymer materials, cell derived materials and inorganic materials, they have the unique performance, can be applied to a
variety of therapeutic modalities, such as, gene therapy, immune therapy, radiation therapy, chemotherapy, hemopoietic stem cell
transplantation and other emerging treatments.

One of the targeted strategies that have been explored involves the use of nanocarriers for drug delivery. These nanocarriers, such
as liposomes and polymeric nanoparticles, can encapsulate anticancer drugs and deliver them directly to the leukemic cells, mini-
mizing side effects and maximizing therapeutic efficacy. The nanocarriers can be designed to target specific markers on the leukemic
cells, ensuring precise delivery of the drugs.

Another targeted strategy utilizes nanoparticles for gene therapy. By delivering genes encoding for anticancer proteins or inhibitors
of leukemic cell growth, these nanoparticles can modulate the genetic expression of leukemic cells and induce their apoptosis. This
approach offers the potential for long-term remission by addressing the root cause of the disease. Furthermore, nanomaterials have also
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been explored for their ability to enhance imaging of leukemic cells. Nanoparticles, such as quantum dots and magnetic nanoparticles,
can be used as contrast agents in imaging techniques like magnetic resonance imaging (MRI) and fluorescence imaging. These
techniques provide high-resolution images of leukemic cells, aiding in their accurate detection and monitoring during therapy.

In summary, nanomaterials hold great promise in the targeted treatment of leukemia. By delivering drugs and genes directly to
leukemic cells, and enhancing their imaging, nanomaterials can improve the effica. This paper reviews the research and application
literature of nanomaterials in the treatment of leukemia, which is helpful to understand the opportunities and challenges of the current
treatment of leukemia based on nano-drug delivery systems (Fig. 1).

2. Nanomaterials for targeted therapy in leukemia

Nanomaterials are materials with particle sizes of less than 1000 nm, which possess unique physical, chemical, and biological
properties that differ from their bulk counterparts, such as high surface area-to-volume ratio, enhanced reactivity, and increased
cellular uptake [26]. These properties make nanomaterials attractive candidates for targeted drug delivery and imaging applications in
cancer therapy. In particular, nanomaterials can improve the efficacy and safety of leukemia treatment in the following ways.
(®Targeted delivery of drugs: Nanomaterials can be functionalized with ligands or antibodies that selectively bind to cancer cells and
deliver drugs directly to the tumor site. This approach minimizes the exposure of healthy tissues to chemotherapy drugs, which can
cause toxic effects such as nausea, vomiting, hair loss, and organ damage. Moreover, targeted drug delivery can increase the con-
centration of drugs in the tumor and improve their efficacy, leading to better therapeutic outcomes. For example, PEG-PLL-PLGA NPs
(NPs) was synthesized to generate uniform NPs harboring high levels of the anticancer drug daunorubicin (DNR) and Tet. Targeted
delivery of PEG-PLL-PLGA drug-loaded vehicles to target cells and tissue is realized by covalently linking Tf to the NPs’ surface
(Tf-PEG-PLL-PLGA). Tet will be used to block the transport activity of P-gp, and thereby allow DNR to enter and remain in MDR cancer
cells, which will increase their sensitivity to the chemotherapeutic agent. This research demonstrated the therapeutic effect of
Tf-modified NPs in cell and animal models of leukemia, and highlight their favorable biodistribution, pharmacokinetic features, and
therapeutic effects in mice [27]. @Controlled release of drugs: Nanomaterials can also be designed to release drugs in a controlled
manner, which can prolong the drug’s activity and reduce the frequency of drug administration. For instance, gold nanoparticles
coated with a temperature-sensitive polymer can release doxorubicin, a chemotherapy drug, in response to mild hyperthermia
generated by laser irradiation. This approach has been shown to enhance drug uptake and cytotoxicity in leukemia cells without
affecting healthy cells [28]. ®Imaging of leukemia cells: Nanomaterials can be used as contrast agents for imaging techniques such as
magnetic resonance imaging (MRI) and computed tomography (CT). The unique properties of nanomaterials, such as their magnetic,
optical, and fluorescent properties, can enhance the sensitivity and specificity of cancer detection. For example, ultra-small super-
paramagnetic iron oxide (USPIO) can be conjugated with leukemia-specific antibodies to target leukemic cells and improve the ac-
curacy of MRI diagnosis [29]. Similarly, gold nanoparticles can be functionalized with leukemia-specific peptides to enable CT imaging
of cancer cells [30]. @Overcoming multidrug resistance: Multidrug resistance (MDR) is a major challenge in leukemia treatment, as
cancer cells can develop resistance to multiple chemotherapy drugs and evade cell death. Nanomaterials can overcome MDR by
enhancing drug uptake and transport across cell membranes. For instance, polymeric nanoparticles coated with P-glycoprotein in-
hibitors can inhibit drug efflux pumps and increase the intracellular concentration of chemotherapy drugs in leukemia cells [31].

Nanomaterials are the application of nanotechnology in the field of medicine, dedicated to the use of finely constructed nano-
material systems to develop more efficient means of disease treatment. Nanomaterials are mainly divided into organic nanomaterials
and inorganic nanomaterials. Organic nanoparticles mainly include carbon-based nanomaterials (graphene, etc.), lipid materials (such
as liposomes, phospholipids, etc.), polymers (such as polyethylene glycol, amphiphilic polymers, gelatin, microspheres, etc.), Inor-
ganic nanoparticles mainly include precious metal nanoparticles (gold and silver nanoparticles, etc.), magnetic nanoparticles (such as
magnetic spheres), hollow mesoporous materials (such as mesoporous silicon dioxide nanoparticles), etc. Researchers can change
some aspects of the performance of nanomaterials by changing their composition, structure, particle size, etc., to meet the corre-
sponding demand for drug carriers. In addition to a single nanoparticle, there are a variety of mixed nanoparticles, which combine two
or more multifunctional nanoparticles, making it possible to detect and treat cancer simultaneously (therapeutic diagnostics), and in
order to improve the therapeutic effect of disease, combining two or more therapies (drug delivery, gene delivery, heat therapy,
Photodynamic therapy, sequential delivery of therapeutic agents, etc.) have also made significant advances. At present, there are
various methods to construct mixed nanoparticles, among which the use of inorganic nanoparticle nuclei and organic nanoparticle
shells with good biological compatibility (such as polymers, liposomes, proteins, etc.) have been widely applied.

Inorganic nanocarries have shown great potential in drug delivery systems due to their high surface area per unit volume, optical,
magnetic and enzymatic properties, and the ability to be functionalized with a large number of ligands to enhance their affinity for
drugs. Compared with organic nanocarriers, inorganic nanocarriers exhibit diverse physicochemical properties closely related to size
and composition, and have gradually been developed for biomedical applications beyond carrier functions. However, inorganic
nanocarriers are not biodegradable and lack high drug loading capacity, so they must be used in combination with organic materials in
most cases. Common inorganic nano materials such as gold nano materials, silicon nanomaterials, iron nano materials, etc.

2.1. Organic nanoparticles
Organic nanoparticles are nano-sized particles made of organic materials, such as lipids, proteins, and carbohydrates. They have

several advantages over inorganic nanoparticles, such as biocompatibility, biodegradability, and low toxicity. The potential risks of
organic nanoparticles involve complex interactions with cellular components that may induce immune reactions or unforeseeable side
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effects, which undoubtedly increases the uncertainty of their application. In addition, the lack of targeted delivery efficiency, i.e., the
absence of effective targeting, further limits the potential of organic nanoparticles in practical applications. These issues need to be
addressed urgently to ensure the safe and effective application of organic nanoparticles in medicine, biotechnology, and other fields.
Organic nanoparticles can be engineered to have specific properties, such as targeting ligands, imaging agents, and drug delivery
systems. Therefore, they have the potential to revolutionize the diagnosis and treatment of leukemia. They have emerged as promising
candidates for leukemia diagnosis and targeted therapy.

2.1.1. Carbon-based nanomaterials

Carbon-based nanomaterials have emerged as promising candidates in the targeted treatment of leukemia due to their unique
physicochemical properties and biocompatibility. One of the key advantages of carbon-based nanomaterials is their ability to interact
with biological systems at the molecular level. Through functionalization with specific ligands or antibodies, these antibodies can
selectively bind to overexpressed receptors on leukemia cells, allowing for precise targeting of cancer cells with drugs. This unique
targeted delivery method not only significantly increases the concentration of drugs in the tumor site, but also minimizes the exposure
of drugs to healthy cells, greatly enhancing the therapeutic effect. These superior properties such as high surface area, tunable surface
chemistry, and excellent biocompatibility, which make them ideal candidates for various biomedical applications, including drug
delivery.

One of the major advantages of carbon-based nanomaterials in the targeted treatment of leukemia is their ability to selectively
target cancer cells. Carbon-based nanomaterials can be functionalized with targeting ligands, such as antibodies or peptides, that can
recognize and bind to specific receptors present on the surface of cancer cells. This targeted delivery approach ensures that the drug
payload is delivered specifically to the cancer cells, while sparing the healthy cells, thereby minimizing side effects. For instance, Khan
et al. conjured a recombinant fragment of human surface active protein D (rfhSP-D) with carboxymethyl cellulose (CMC) CNT (CMC-
CNT) to form leukemia-targeting CNT + rfhSP-D. Experiments showed that the cell viability of leukemia cells decreased after 24 h of
culture with CNT + rfhSP-D, and CNT + rfhSP-D treated leukemia cells also showed higher cell cycle inhibitor mRNA expression. This
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suggests that CNT + rfhSP-D enhances apoptosis and immunotherapeutic properties of leukemia cell lines, and CNT + rfhSP-D has
therapeutic potential in targeting leukemia cells [32].

Another advantage of carbon-based nanomaterials is their ability to overcome drug resistance. Many cancer cells develop resistance
to chemotherapy drugs, leading to treatment failure [33]. Carbon-based nanomaterials can be functionalized with multiple drugs and
delivered simultaneously to the cancer cells, leading to a synergistic effect that can overcome drug resistance. For example, Zhang et al.
prepared a graphene-gold nanocomposite (GGN)loaded with daunoruthromycin (DNR) for the treatment of leukemia as a drug de-
livery vector, which has the properties of targeting and binding drug-resistant leukemia cell (KA), inducing apoptosis of leukemia cells
and inhibiting tumor growth in nude mice. The results show that GGN nanocomposites containing DNR can effectively overcome the
inhibition of tumor growth induced by drug-resistant leukemia cells in KA nude mice. This nanocomposite enhances the possibility of
regulating apoptosis of cancer cells and inhibiting tumor growth, indicating that this nanocomposite has broad application prospects in
effective multifunctional therapy [34].

Carbon-based nanomaterials also offer the advantage of controlled drug release. The surface chemistry and morphology of these
materials can be tuned to achieve controlled drug release kinetics. Carbon-based nanomaterials can be engineered to release drugs in
response to specific stimuli, such as pH, temperature, or enzymes, which are present in the tumor microenvironment. This controlled
release approach ensures that the drug is released at the site of the cancer cells, leading to improved therapeutic efficacy. As shown in
Fig. 2, Grebinyk et al. analyzed the phototoxicity of C60 fullerene on human leukemia cells by using Light Emitting Diode (LED) of
different wavelengths. The results showed that neither C60 fullerene nor 405 nm LED light affected the cell vitality, but after the
combination of the two, the cell vitality of 50 % was reduced by 46 %. Reactive oxygen species production increased 10-fold. The data
show that the use of C60 fullerenes and 405 nm high-power leds is an effective method for photodynamic treatment of leukemia.

Furthermore, carbon-based nanomaterials offer the advantage of real-time imaging and monitoring of the treatment response.
These materials can be functionalized with imaging agents, such as fluorescent dyes or magnetic nanoparticles, that can enable real-
time imaging of the cancer cells and monitoring of the treatment response. This imaging approach can provide valuable information on
the efficacy of the treatment and help in optimizing the treatment regimen. For example, fullerene C60 functionalized with magnetic
nanoparticles and fluorescent dyes have been shown to enable real-time imaging and monitoring of leukemia cells in vivo [35] (Fig. 2).

2.1.2. Lipid materials

Liposomes are microspheroids with a straight diameter of 50-1000 nm made from phospholipids, cholesterol and other lipids. They
have a membrane-like structure, low toxicity and no immunogenicity. The composition of phospholipid membrane is flexible and can
be made into a variety of types, large and small. Lipids are essential components of cell membranes and are involved in many cellular
processes, including cell signaling, energy storage, and insulation [36]. Lipid materials can be used to encapsulate drugs or other
therapeutic agents, allowing them to be delivered selectively to cancer cells. Lipid materials have unique advantages for targeted
therapy of leukemia.

First, liposomes can selectively target cancer cells. Lipid materials can be designed to target specific types of cancer cells based on
their molecular characteristics. For example, lipid substances can be functionalized with ligands that bind to specific receptors on the
surface of cancer cells, allowing them to be selectively absorbed by these cells. This selective targeting reduces the toxicity of the drug
to normal cells and improves the efficacy of the drug against cancer cells.

Secondly, liposomes can enhance the solubility and stability of drugs. Many drugs used to treat cancer have poor solubility and
stability, which limits their effectiveness and causes side effects. Lipid materials can be used to encapsulate these drugs, improve their
solubility and stability, and reduce their toxicity. Lipid substances can also protect the drug from degradation by enzymes or other
factors in the body, thus allowing the drug to be delivered in a more efficient and controlled manner. Liposomes also have the
advantage of controlling drug release. Lipid materials can be designed to release the drug in a controlled manner, allowing continuous
administration over time. This is particularly beneficial in the treatment of leukemia, where repeated doses of the drug may be needed
to achieve therapeutic results. Controlled drug release also reduces the risk of toxicity and side effects associated with higher doses of
drugs.

Liposomes have excellent biocompatibility and biodegradability. Lipid materials are biocompatible and biodegradable, which
means they are well tolerated by the human body and can be broken down into harmless by-products. This reduces the risk of adverse
reactions to these substances and allows them to be safely eliminated from the body. Finally, liposomes are easy to synthesize and
functionalize. Lipid materials are relatively easy to synthesize and functionalize, allowing the development of a wide range of materials
with different properties and functions. This flexibility makes lipid materials a common platform for the development of targeted
therapies for leukemia and other types of cancer. For example, as shown in Fig. 3, Wu et al. decorated CD44 and bone-targeting
liposome delivery systems with REDOX lyable polymers. First, AIN-HA was obtained by amination between Alendronate (ALN) and
hyaluronic acid (HA), and cholesterol (Chol) was coupled to the target polymer ALN-HA-SS-CHOL by a bioreductive disulfide bond
(=SS-), modifying the liposomes loaded with cytarabine (AraC). ALN-HA-SS-AraC-Lip’s REDOX sensitive bone and CD44 dual tar-
geting liposomes can target leukemia stem cell regions, which are then taken up by tumor cells to treat AML [37]. Houshmand et al.
designed an immune liposome (IL-VX) containing Venetoclax. By using this system, selective elimination of CD26 + CML
LSCs/progenitor cells can be obtained in vitro, which may reduce side effects in CML patients in vivo and obtain treatment-free
long-term remission. Compared to free Venetoclax, this system showed a higher ability to induce cell death. At the same time,
treating patient samples with IL-VX significantly reduced CD26 + cells in stem and progenitor cell populations, reducing side effects in
vivo and achieving long-term remission in CML patients [38].

Despite the numerous benefits of lipid materials in targeted therapy for leukemia, there exist several potential risks and limitations
worthy of consideration. For instance, lipid delivery systems have the potential to elicit immune responses, possibly leading to
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Fig. 4. The aCD33-monoclonal antibody (mAB) gemtuzumab-protamine (¢CD33-mAB-P/P) conjugates bind and transport siRNA only into CD33-
positive cells. A. Representative elution profile (right panel). IRES, internal ribosomal entry side; GFP, green fluorescent protein. B. Synthesis of
aCD33-mAB-P/P-siRNA nanocarrier. C. The shift of molecular weight after protamine conjugation via sulfo-SMCC to the «aCD33-mAB can be seen for
the heavy chain (HC-P) and for the light chain (LC-P). SMCC-P, unbound SMCC-protamine. D. Band-shift assay. Agarose gel-electrophoretic analysis
of the binding capacity of siRNA to the ®CD33-mAB-P/P complex. E-K. Fluorescence microscopy of nanocarriers. L-S. Fluorescence microscopy
analysis of siRNA internalization mediated by «CD33-mAB-P/P-siRNA complex into CD33-positive cells (L-N and P-R) but not into negative control
cells (O and S) [41].

antibody formation or allergic reactions, thereby limiting their long-term use. Additionally, the stability of lipid-based systems may be
compromised by their sensitivity to temperature, pH, and other environmental factors, which can affect drug concentration and ef-
ficacy. While lipids offer the potential for selective targeting of cancer cells, there remains a risk of off-target effects, potentially leading
to side effects and toxicity. Furthermore, the synthesis and functionalization of lipids are challenging and costly, limiting their
widespread adoption.

In summary, lipid materials offer several advantages for targeted therapy of leukemia, including selective targeting of cancer cells,
enhanced drug solubility and stability, controlled drug release, biocompatibility and biodegradability, and ease of synthesis and
functionalization. These advantages make lipid materials a promising platform for the development of effective and safe therapies for
leukemia and other types of cancer. Through in vitro experiments, animal experiments and clinical trials, liposome has many ad-
vantages in the treatment of leukemia, and has a good application prospect. It is believed that it will become an effective and widely
used new drug delivery vector in future clinical applications.

2.1.3. Polymer nanocarrier

The common polymer nanocarriers are polymer micelles. Polymer micelles are usually composed of a hydrophilic shell and a
hydrophobic core, which are usually formed by self-assembly of amphiphilic biblock or triblock copolymers in water, and its size is
generally 10-200 nm. The hydrophilic segment of the polymer micelle is generally composed of polyethylene glycol (PEG), because
PEG’s hydrophilicity can form a protective film on the surface of the micelle, which can prevent micelle aggregation and promote
uniform drug dispersion. The hydrophilic segment can also prevent the micelle from being destroyed by the components in the plasma,
thereby improving the stability of its circulation in the body and prolonging the circulation time of drugs in the body [39]. The hy-
drophobic segment of the polymer micelle is generally composed of polyamino acids and hydrophobic elements with good biocom-
patibility [40], because the main chain of these polymers contains ester or amide bonds, which can support some hydrophobic
chemotherapeutic drugs or nucleic acid drugs through physical, chemical or electrostatic interactions, and they can be degraded into
small molecules by human enzymes. Thus, endows micelles with good biocompatibility. Polymer nanocarriers have emerged as a
promising approach for targeted treatment of leukemia due to their unique properties such as biocompatibility, biodegradability, and
tunable size, shape, and surface chemistry.

A noteworthy perk of polymer nanocarriers lies in their exceptional capacity to enhance drug delivery precision to designated sites.
These nanocarriers can be meticulously crafted to release drugs in a controlled manner, thereby bolstering the therapeutic outcomes.
Moreover, they act as shields, safeguarding drugs from immune system-induced degradation and elimination, cc ultimately leading to
prolonged drug circulation and a substantial increase in bioavailability. Particularly in the realm of leukemia, polymer nanocarriers
demonstrate their proficiency by delivering chemotherapy drugs directly to leukemic cells, sparing healthy cells in the process. This
precision delivery is achieved by decorating the nanocarrier surfaces with ligands that possess a high affinity for receptors present on
leukemic cell surfaces. For example, folic acid-conjugated polymer nanocarriers have been shown to selectively target leukemic cells
that overexpress the folate receptor, resulting in improved therapeutic efficacy and reduced toxicity to healthy cells. Baumer et al.
designed an AML targeting system consisting of endogenous anti-CD33 antibody-protamine conjugate that spontaneously assembled-
together with anionic molecules (such as siRNA or ibrutinib-Cy3.5) and cationic free protamine in aqueous solution into sac-like nano
callers. CD33 was expressed on 90 % of AML cells, but not on normal hematopoietic stem cells and mature granulocytes. Therefore, it is
expected to become an obvious target for AML targeted therapy. This technique can reduce drug toxicity by effectively targeting to
treat AML [41] (Fig. 4). Despite its potential, the use of aCD33-monoclonal antibody (mAB) gemtuzumab-protamine
(«CD33-mAB-P/P) conjugates raises concerns and challenges. One limitation is immunogenicity, which can lead to reduced effi-
cacy or toxicity. The specificity of the anti-CD33 antibody is another challenge, as it can affect non-malignant cells and cause side
effects. Additionally, the stability and bioavailability of the nano capsules in vivo need to be evaluated. Finally, the efficacy of the drug
payload delivered by the nano capsules must be thoroughly assessed to determine the therapeutic outcome.

Another advantage of polymer nanocarriers in targeted treatment of leukemia is their ability to overcome drug resistance. Drug
resistance is a common problem in the treatment of leukemia, where leukemic cells become resistant to chemotherapy drugs, resulting
in treatment failure and disease relapse. Polymer nanocarriers can overcome drug resistance by delivering multiple drugs simulta-
neously or by delivering drugs that target different pathways involved in leukemic cell survival. For example, polymer nanocarriers
can be designed to deliver both chemotherapy drugs and small interfering RNA (siRNA) that target specific genes involved in drug
resistance. The siRNA can silence the expression of these genes, resulting in increased sensitivity of leukemic cells to chemotherapy
drugs [42]. Moreover, the nanocarriers can be designed to release the drugs in a sequential manner, which can further enhance their
therapeutic efficacy and overcome drug resistance.

The use of chemotherapy drugs in the treatment of leukemia is associated with several side effects such as nausea, vomiting, hair
loss, and immunosuppression. These side effects are caused by the toxicity of the drugs to healthy cells. Polymer nanocarriers can
reduce the toxicity of chemotherapy drugs by selectively delivering them to leukemic cells, while sparing healthy cells. For example,
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polymer nanocarriers functionalized with antibodies that specifically bind to leukemic cells have been shown to reduce the toxicity of
chemotherapy drugs to healthy cells [43]. The nanocarriers can also be designed to release the drugs in a targeted manner, which can
further reduce their toxicity to healthy cells.

Polymer nanocarriers can also be used for imaging and diagnosis of leukemia. The nanocarriers can be functionalized with imaging
agents such as fluorescent dyes, magnetic nanoparticles, or radioactive isotopes, which can enable the visualization of leukemic cells in
vivo. This can help in the early detection and monitoring of leukemia, as well as in the evaluation of the therapeutic efficacy of the
treatment. For example, polymer nanocarriers functionalized with fluorescent dyes have been used for the imaging of leukemic cells in
vivo. The nanocarriers can selectively accumulate in leukemic cells, resulting in specific fluorescence signals that can be detected by
imaging techniques such as fluorescence microscopy or positron emission tomography (PET).

In conclusion, polymer nanocarriers have several advantages in targeted treatment of leukemia. These include improved drug
delivery, overcoming drug resistance, reduction of toxicity, and imaging and diagnosis. The use of polymer nanocarriers in the
treatment of leukemia is a promising approach that can enhance the therapeutic efficacy of the treatment and reduce its side effects.
However, further research is needed to optimize the design and application of polymer nanocarriers in the treatment of leukemia.

2.2. Inorganic nanoparticles

In recent years, the application of inorganic nanoparticles (NPs) in the treatment of leukemia has gained considerable attention due
to their unique properties, such as high surface-to-volume ratio, biocompatibility, and the ability to be targeted to specific cells or
tissues. Inorganic NPs have been shown to have several advantages over traditional chemotherapy drugs, including enhanced drug
delivery, prolonged circulation, and reduced side effects. Their ability to target specific cells, overcome MDR, improve pharmacoki-
netics, and enable imaging and diagnosis make them a promising approach for the treatment of leukemia. Additionally, their potential
for combination therapy offers a new strategy for improving the efficacy of chemotherapy drugs.

2.2.1. Noble metal nanoparticles

A novel approach is the use of metal nanoparticles for targeted treatment of leukemia. Noble metal nanoparticles are tiny particles
made from metals such as gold, silver and platinum. They have unique physical, chemical, and biological properties that make them
attractive for use in medical applications. In recent years, metal nanoparticles have emerged as a promising tool for the treatment of
cancer, including leukemia. For example, gold nanoparticles play an important role in the treatment of AML as the carrier of nano-
materials delivery system. Through chemical, physical or biological methods, gold nanoparticles of various shapes and sizes can be
synthesized. Zuo et al. synthesized gold nanoparticle - CS nanocomposites by in-situ deposition of bio-reduced gold nanoparticles on
chitosan (Fig. 5). The study found that Au NPs-CS nanocomposites have outstanding potential in regulating the key targets of leukemia,
which is comparable to the standard leukemia drug daunorubicin, and can inhibit the growth of leukemia cells to treat leukemia [44].
One of the major advantages of noble metal nanoparticles in the treatment of leukemia is their ability to selectively target cancer cells.
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Fig. 5. Application of Au NPS-chitosan nanocomposites in the treatment of acute myeloid leukemia. A. Synthesis of Au NPs-CS nanocomposite. B.
FE-SEM and TEM analysis of the Au NPs-CS nanocomposite. C. Therapeutic effect of gold NPS-Chitosan nanocomposites in vivo [44].
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Noble metal nanoparticles can be functionalized with ligands or antibodies that specifically bind to cancer cells, while avoiding healthy
cells. This targeting ability helps to minimize the damage to healthy cells and tissues, which is one of the major drawbacks of con-
ventional chemotherapy and radiation therapy. For example, gold nanoparticles can be functionalized with antibodies that bind to
specific markers on the surface of leukemia cells. Once the nanoparticles bind to the cancer cells, they can be activated by laser
irradiation, which causes them to heat up and kill the cancer cells. This approach, known as photothermal therapy, has been shown to
be effective in killing leukemia cells in vitro and in vivo [45] (see Fig. 6).

Another advantage of metal nanoparticles in the treatment of leukemia is their ability to enhance drug delivery. Noble metal
nanoparticles can be used as carriers for drugs, which can be released selectively at the site of the cancer cells. This targeted drug
delivery approach helps to increase the concentration of the drug at the site of the cancer cells, while minimizing the exposure of
healthy cells to the drug. For example, platinum nanoparticles can be used as carriers for chemotherapy drugs such as cisplatin. The
nanoparticles can be functionalized with ligands that bind specifically to leukemia cells, and once they are taken up by the cancer cells,
they release the chemotherapy drug, which kills the cancer cells. This approach has been shown to be effective in killing leukemia cells
in vitro and in vivo [48]. Similarly, gold nanoparticles can be used as carriers for small interfering RNA (siRNA), which can be used to
silence specific genes that are involved in the development and progression of leukemia. The siRNA is released selectively at the site of
the cancer cells, which helps to reduce the expression of the target genes and inhibit the growth of the cancer cells [49].

In addition, another advantage of precious metal nanoparticles in the treatment of leukemia is their low toxicity and side effects.
Metal nanoparticles are generally considered to be biocompatible and non-toxic, and they do not accumulate in the body for long
periods of time. This helps reduce the risk of toxicity and side effects associated with traditional chemotherapy and radiation therapy.
For example, gold nanoparticles are biocompatible and non-toxic, and are easily excreted through urine. This makes them an attractive
option for biomedical applications, including the treatment of leukemia. Similarly, nanosilver is generally considered safe and non-
toxic, and they have been shown to have antibacterial and anti-inflammatory properties. This makes them very useful for treating
infections and inflammatory diseases associated with leukemia [50]. In addition, some magnetic nanomaterials also have relatively
unique enzyme-like activities, which can kill leukemia cells by generating hydroxyl radicals to treat leukemia. For example, Fer-
umoxytol, an iron oxide nanoparticle clinically available for the treatment of iron deficiency anemia in the USA, can generate harmful
reactive oxygen species (ROS) through the Fenton reaction, which effectively eliminates leukemia cells and leukemia stem cells,
thereby impeding the progression of leukemia [51]. FesO4 nanoparticles and Pt nanoparticles were modified and linked by poly-
ethylene glycol (PEG) to form a binary composite structure, and one side of Pt nanoparticles was covalently linked to CXCR4
antagonistic polypeptide (E5). A cascade nanase (Fe3O4@Pt@E5) capable of producing a large number of ROS was successfully
prepared to induce apoptosis of AML cells, showing an ideal therapeutic effect on AML [52].

2.2.2. Magnetic nanoparticles

Magnetic nanoparticles have been widely investigated for their potential use in targeted drug delivery for the treatment of various
diseases, including leukemia. Leukemia is a cancer of the blood and bone marrow that affects the production of white blood cells,
leading to an impaired immune system. Treatment options for leukemia include chemotherapy, radiation therapy, and stem cell
transplantation. However, these treatments can cause serious side effects and may not be effective for all patients. Magnetic nano-
particles offer a promising approach for targeted treatment of leukemia due to their unique properties.

Magnetic nanoparticles are typically composed of a magnetic core, often made of iron oxide, coated with a biocompatible material.
The magnetic core allows the nanoparticles to be manipulated using an external magnetic field, which can be used to guide them to
specific target cells or tissues. This makes them particularly useful for targeted drug delivery, as they can be directed to cancer cells
while avoiding healthy cells [53].

One of the main advantages of magnetic nanoparticles for targeted treatment of leukemia is their ability to penetrate the blood-
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brain barrier. The blood-brain barrier is a specialized system of cells that protects the brain from harmful substances, but can also
prevent drugs from reaching brain tumors. Magnetic nanoparticles can be coated with a material that allows them to cross the blood-
brain barrier and deliver drugs directly to the tumor site. This approach has been demonstrated in preclinical studies using magnetic
nanoparticles to deliver chemotherapeutic agents to brain tumors in animal models. Another advantage of magnetic nanoparticles is
their ability to enhance the effectiveness of chemotherapy. Chemotherapy drugs can have toxic effects on healthy cells, leading to side
effects such as hair loss, nausea, and fatigue. Magnetic nanoparticles can be loaded with chemotherapy drugs and directed to cancer
cells using an external magnetic field, reducing the amount of drug that is needed and minimizing the toxic effects on healthy cells. This
approach has been shown to be effective in preclinical studies using magnetic nanoparticles to deliver chemotherapy drugs to leukemia
cells in vitro and in animal models [54]. Magnetic nanoparticles can also be used for imaging and diagnosis of leukemia. Magnetic
resonance imaging (MRI) is a noninvasive imaging technique that uses magnetic fields and radio waves to create detailed images of the
body. Magnetic nanoparticles can be used as contrast agents for MRI, allowing for more accurate detection and monitoring of leu-
kemia. Additionally, magnetic nanoparticles can be coated with antibodies or other targeting agents to specifically bind to leukemia
cells, allowing for more precise diagnosis and monitoring of the disease. For example, Zhou et al. by combining magnetic nanoparticles
with folic acid (FA) and Rhodamine B-pairs to form multifunctional fluorescent magnetic nanoparticles with cell recognition capability
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(Fe304@SiO2-PLLA-RhB/FA), these fluorescent magnetic nanoparticles have good biocompatibility. What’s more, these nanoparticles
can be selectively absorbed by HeLa cells (FA receptor-positive), demonstrating their potential for bioimaging applications with laser
scanning confocal microscopy [46].

Magnetic nanoparticles have also been investigated for use in immunotherapy for leukemia. Immunotherapy is a type of cancer
treatment that uses the body’s immune system to fight cancer [55]. Magnetic nanoparticles can be coated with antigens or other
immune-stimulating molecules and directed to immune cells using an external magnetic field. This approach has been shown to be
effective in preclinical studies using magnetic nanoparticles to deliver antigens to dendritic cells, which are key players in the immune
response to cancer. By the way, iron oxide nanoparticles can be functionalized with ligands that bind to leukemia cells. Once the
nanoparticles are taken up by the cancer cells, they can be activated by a magnetic field, which causes them to generate heat and kill
the cancer cells. This approach, known as magnetic hyperthermia, has also been shown to be effective in killing leukemia cells.

2.2.3. Hollow mesoporous materials

Hollow mesoporous materials (HMMs) have been paid close attention by researchers for their special structures, excellent prop-
erties and potential applications. HMMs are not only a kind of porous materials, but also have the characteristics of high specific
surface area, regular and ordered pore structure, and adjustable pore size. In addition, due to the existence of the pore structure, the
HMMs can be used as a carrier, and some uniform and stable materials with nanometer scale can be assembled in the pore to become
multi-functional composite materials [56]. Due to their excellent structure and properties, HMMs have been widely used in electrode
materials, microelectronics, optoelectronic devices, nonlinear optical materials, chemical sensors, biomedicine and other fields, and
the application of HMMs in the biomedical field and even cancer treatment is one of the current research hotspots. For example, using
the large specific surface area and large pore structure of HMMs, the pores are loaded with biological drugs, and the release of drugs is
controlled by modifying controllable functional groups to improve the circulation time and therapeutic effect of drugs in the body.
Meanwhile. Using biological targeting, drugs can be effectively enriched to cancer cells and pathological sites, giving full play to the
efficacy of drugs. Bai et al. designed a novel drug delivery system of hollow mesoporous Prussian blue nanoparticles (HMPBs) loaded
with anti-cancer drugs daunorubicin (DNR) and cytarabine (AraC) for targeted and synergistic photothermal treatment of AML. In
vitro studies have shown that HMPBs has excellent performance in the treatment of AML: excellent biocompatibility, high drug
loading, photoresponsive drug release performance, active targeting ability and good chemical photothermal synergistic therapeutic
effect. It was explored the potential of using HMMs as a platform for targeted treatment of leukemia, due to their unique properties and
ability to deliver therapeutic agents directly to cancer cells [57].

One of the most significant advantages of HMMs in targeted treatment of leukemia is their high drug loading capacity. HMMs are
characterized by their unique structure, which consists of a hollow core surrounded by a mesoporous shell. This structure provides a
large surface area for the adsorption of drugs and other therapeutic agents, allowing for high drug loading capacity and efficient
delivery to cancer cells. In addition, the mesoporous shell of HMMs can be functionalized with a variety of targeting ligands, such as
antibodies or peptides, which can enhance the selectivity and specificity of drug delivery to cancer cells while reducing the risk of off-
target effects. This targeted delivery approach can help to minimize the amount of drug required to achieve a therapeutic effect,
reducing the risk of toxicity and side effects.

Another advantage of HMMs in targeted treatment of leukemia is their tunable pore size. The pore size of HMMs can be precisely
controlled during their synthesis, allowing for the development of customized drug delivery systems that can accommodate a wide
range of therapeutic agents, including small molecules, proteins, and nucleic acids. This tunability also allows for the development of
HMMs with specific properties, such as pH or temperature sensitivity, which can enhance drug release and improve therapeutic ef-
ficacy. For example, HMMs can be designed to release drugs in response to the acidic environment of cancer cells, enhancing the
specificity of drug delivery and reducing the risk of off-target effects. Ultav et al. prepared PH-sensitive chitosan polyethylene glycol
(Cs-PEG) coated with doxorubicin-loaded hollow mesoporous silica nanoparticles (C-HMSN-DN), a system that extends blood circu-
lation time through Cs-PEG coating and efficiently delivers drugs through PH-sensitive drug release and endosome escape for AML
treatment [47].

HMMs also have the advantage of enhancing drug stability and bioavailability. Many therapeutic agents, such as small molecules or
proteins, have poor stability and bioavailability when administered alone, leading to rapid clearance from the bloodstream and limited
efficacy [58]. However, when these agents are encapsulated within HMMs, they are protected from degradation and can remain in
circulation for a longer period, increasing their bioavailability and therapeutic efficacy. In addition, the hollow core of HMMs can be
used to encapsulate multiple drugs or therapeutic agents, allowing for the development of combination therapies that can target
multiple pathways or mechanisms of disease.

In conclusion, HMMs have several advantages in targeted treatment of leukemia, including their high drug loading capacity,
tunable pore size, and ability to enhance drug stability and bioavailability. These properties make HMMs an attractive platform for the
development of customized drug delivery systems that can deliver therapeutic agents directly to cancer cells, while minimizing the risk
of off-target effects and reducing the amount of drug required to achieve a therapeutic effect [59]. While there are still challenges to be
addressed in the development of HMM-based therapies, such as optimizing their pharmacokinetics and toxicity profiles, the potential
of these materials in the treatment of leukemia and other cancers is promising, and further research in this area is warranted.

3. Conclusion

This study summarizes the nanomedicine for the targeted therapy of leukemia and its advantages and specific applications.
Nanomedicine delivery systems can have a profound impact on the therapeutic effectiveness of drugs. The powerful platform of the
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nanomedicine delivery system enables leukemia treatment drugs to have multiple functions to achieve better therapeutic effects. It is
not only the integration of chemical drugs, but also the integration of chemical drugs and targeted therapeutic drugs or immuno-
therapeutic drugs. Nanomedical drug delivery system has strong therapeutic potential, and plays a unique advantage in prolonging
drug cycle time, improving bioavailability, increasing tumor site retention, reducing drug resistance, and reducing adverse reactions of
anticancer drugs. The design of targeted drugs is aimed at interfering with specific molecular targets within leukemia cells, in order to
avoid the development of drug resistance that traditional drugs may experience. This unique strategy not only highlights the enormous
potential of targeted therapy in overcoming resistance mechanisms, but also demonstrates significant benefits when used in combi-
nation with traditional drugs or other targeted drugs, in improving treatment efficacy and enhancing patients’ quality of life.

At present, the design idea of nanodrug delivery system is mainly based on the direct interaction between nanodrug delivery system
and AML cells, but there are still many problems to be solved in the complex physiological environment. For example, in vivo, proteins
and other biomolecules will cover the surface of nanocarriers to form protein crowns; Similarly, nanocarriers can also be swallowed by
various immune cells during blood circulation, thus affecting their efficacy. To date, a variety of nano-drug delivery systems have
shown promise in both in vitro studies and small animal models. However, only a select few nano-materials, such as iron oxide
nanoparticles and PEGylated nanoparticles, have advanced to clinical trials or CaCO3s was employed for delivering antibodies in
preclinical studies involving monkeys. The intricate design of most nanodrug delivery systems presents a barrier to their translation
from the laboratory to clinical settings. Despite the phased research progress achieved by nanodrug delivery systems in treating AML,
they continue to encounter numerous challenges that must be addressed in the ongoing advancement of clinical medicine, cell biology,
nanomaterials, and related disciplines.
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