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Abstract: Hematologic malignancies, including leukemia, lymphoma, and multiple
myeloma, pose significant therapeutic challenges due to their heterogeneity and high
relapse rates. Nanotechnology has emerged as a promising avenue for precision drug
delivery in these malignancies, allowing for enhanced drug concentration at tumor sites
and reducing systemic toxicity. Recent developments in nanocarriers—such as liposomes,
polymeric nanoparticles, and inorganic nanoparticles—have enabled targeted approaches,
utilizing molecular markers specific to malignant cells to increase therapeutic efficacy while
minimizing adverse effects. Evidence from preclinical and clinical studies underscores the
potential of nanotechnology to improve patient outcomes by facilitating controlled release,
improved bioavailability, and reduced toxicity. However, translating these advancements
into clinical practice requires further research to validate their safety and efficacy. This
review provides a comprehensive analysis of the latest innovations in nanotechnology for
targeted drug delivery in hematologic malignancies, addressing current achievements and
future directions for integrating these approaches into Clinical Hemato-Oncology.

Keywords: nanotechnology; hematological malignancies; precision drug delivery;
nanocarriers; immunotherapy

1. Introduction
Hematologic malignancies remain a significant global health challenge. Recent data

underscore the global burden of these malignancies, with over one million new cases
annually, contributing to a high morbidity and mortality rate [1–3]. These malignancies
involve complex molecular pathways, often necessitating aggressive therapeutic inter-
ventions such as chemotherapy, radiation, and stem cell transplants. However, despite
advancements in treatment, these conventional therapies are often limited by non-specific
mechanisms of action, leading to significant off-target effects, toxicity, and sometimes
therapy resistance [4–7].

The need for targeted therapeutic strategies in hematologic malignancies has driven a
growing interest in precision medicine. Unlike traditional therapies, precision approaches
allow for highly specific targeting of malignant cells while minimizing damage to healthy
tissue, thus improving patient outcomes and quality of life [8–10]. The challenges of
achieving precision are amplified in hematologic malignancies, where malignant cells
circulate systemically, making selective targeting essential yet challenging [11]. Here,
the role of nanotechnology is particularly promising, offering innovative ways to deliver
drugs with high specificity, minimal toxicity, and enhanced therapeutic efficacy. This
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review aims to bridge the gap between theoretical advancements and clinical translation of
nanotechnology for precision drug delivery in hematologic malignancies. By consolidating
recent findings and emphasizing the clinical potential and limitations, this work highlights
emerging strategies that offer unique advantages over existing reviews and specifically
addresses the integration of nanotechnology with hematologic malignancies’ systemic
characteristics, focusing on how targeted approaches overcome challenges associated with
conventional therapies. Additionally, we provide insights into stimuli-responsive systems
and combination therapies, offering a more focused outlook on clinical translation.

1.1. Precision Drug Delivery: Transforming Hematological Malignancies

Precision drug delivery aims to maximize therapeutic efficacy while reducing systemic
toxicity by selectively targeting disease sites. In the context of hematologic malignancies,
precision drug delivery has the potential to circumvent the issues associated with con-
ventional therapies. By targeting drugs specifically to malignant cells, precision delivery
minimizes collateral damage to healthy cells, particularly relevant for hematological malig-
nancies that disseminate widely [12,13]. Nanotechnology plays a pivotal role in enhancing
precision, enabling the design of sophisticated drug delivery systems capable of navigating
the circulatory system to reach specific malignant cells [14–16].

Nanocarriers such as liposomes, polymeric micelles, dendrimers, and metal–organic frame-
works allow for improved control over drug release, solubility, and bioavailability [17–19]. For
instance, liposomal formulations of chemotherapeutic agents have demonstrated improved
pharmacokinetics and reduced systemic toxicity in various types of hematologic malignan-
cies, such as in pegylated liposomal doxorubicin for multiple myeloma [20–24]. Nanocarriers
can also be functionalized with ligands that specifically recognize receptors on malignant
cells, facilitating active targeting and further improving the precision of drug delivery [25,26].
Figure 1 highlights the four major categories of nanotherapeutic strategies for hematological
malignancies, including chemonanotherapy, immunotherapy, cell-derived biomimetic nanopar-
ticles, and targeted delivery systems.
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The enhanced permeability and retention (EPR) effect is another advantage of nanocarriers,
allowing them to accumulate selectively in tumor tissues due to the abnormal vasculature of
tumors [27]. While this effect is often utilized in solid tumors, studies indicate that it can also be
beneficial in treating hematologic malignancies by enabling targeted delivery within the bone
marrow and lymphoid tissues where malignant cells proliferate [28,29]. Furthermore, recent
developments in stimuli-responsive nanocarriers enable drug release in response to specific
triggers in the tumor microenvironment, such as pH, redox potential, or enzymatic activity,
further enhancing the precision of nanotechnology-based delivery systems [16,30–33].

1.2. Nanotechnology-Driven Advancements in Hematologic Malignancioes Treatment

Recent research in nanotechnology has expanded beyond passive targeting strate-
gies to develop “smart” nanocarriers that release therapeutic agents in response to the
unique microenvironment of hematologic malignancies [33,34]. For example, pH-sensitive
nanocarriers can release drugs in the acidic conditions characteristic of the tumor mi-
croenvironment, providing a controlled release mechanism that limits systemic exposure
and reduces toxicity [23,35]. In addition, enzyme-sensitive nanocarriers exploit the high
expression of specific enzymes in certain cancers, such as matrix metalloproteinases in
aggressive leukemias, to trigger the release of their therapeutic payload directly at the
disease site [36,37].

One of the most exciting innovations in nanotechnology for hematologic malignancies
is the development of multi-functional nanocarriers capable of co-delivering multiple
therapeutic agents. These co-delivery systems allow for synergistic treatment approaches,
where chemotherapeutic drugs can be combined with molecular inhibitors to target both cell
proliferation and specific resistance pathways [38,39]. For example, liposomal formulations
co-loaded with doxorubicin and paclitaxel have shown promise in preclinical models of
lymphoma [40,41], enhancing treatment efficacy while reducing the side effects commonly
associated with high-dose chemotherapy [42,43] (Figure 2).
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Figure 2. Schematic representation of liposome-based nanocarrier functionalization and drug delivery
to cancer cells. (Created in BioRender. Mahmoud, A. (2025)).

This review aims to comprehensively examine recent advancements in nanotechnology-
based precision drug delivery for hematologic malignancies. Specifically, we focus on the
mechanisms, design considerations, and therapeutic potential of various nanocarriers in
targeting hematological malignancies. Additionally, this review discusses clinical applica-
tions and recent findings in leukemia, lymphoma, and multiple myeloma, highlighting the
improvements in therapeutic outcomes associated with nanotechnology-enabled drug de-
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livery. Challenges in translating these innovations to clinical practice, including scalability,
regulatory approval, and cost considerations, will also be addressed.

Through this review, we seek to underscore the transformative potential of nanotechnol-
ogy in hematological malignancies, offering a pathway toward more effective, personalized,
and less toxic therapies that align with the broader goals of precision medicine. As illustrated
in Figure 2, the drug delivery process begins with the functionalization of liposomes using
bioactive molecules such as antibodies or surface proteins. This functionalization enhances
the targeting of malignant cells, enabling precise drug delivery upon stimulation.

1.3. Current Landscape of Nanotechnology in Drug Delivery

Nanotechnology has significantly advanced the field of drug delivery, providing
innovative approaches that address the inherent limitations of traditional pharmaceutical
methods. Nanocarriers—nanoscale vehicles used to enhance the delivery of therapeutic
agents—offer numerous advantages, including improved drug solubility [44–46], targeted
drug delivery [47], controlled release [48,49], and reduced side effects [50,51], particularly
in oncology [52–54]. By employing nanoscale engineering, these carriers can effectively
improve the pharmacokinetics and bioavailability of drugs, making them a transformative
tool in modern medicine [55–58].

1.4. Nanocarriers: Types and Mechanisms

Nanocarriers can be categorized into several types based on their composition and structure,
including liposomes, polymeric nanoparticles, dendrimers, and metallic nanoparticles (Figure 3).
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Liposomes are among the most well-established nanocarriers. These spherical vesicles
are composed of one or more phospholipid bilayers, allowing them to encapsulate both
hydrophilic and hydrophobic drugs. Liposomes enhance drug solubility, protect drugs
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from enzymatic degradation, and provide sustained release [55,57]. A notable example
is Doxil®, a pegylated liposomal formulation of doxorubicin, which has demonstrated
reduced toxicity and prolonged half-life compared to free doxorubicin [59–61].

Polymeric nanoparticles are constructed from biodegradable polymers, such as
poly(lactic-co-glycolic acid) (PLGA). These nanoparticles are capable of encapsulating
a variety of drugs and providing controlled, sustained release, thereby reducing dosing
frequency and minimizing peak-related toxicities [62,63]. Polymeric nanoparticles are
particularly effective in delivering chemotherapeutics, thereby enhancing efficacy while
minimizing adverse effects on healthy tissues [64–66].

Dendrimers are highly branched, three-dimensional structures with numerous func-
tional groups that allow for the attachment of multiple drugs. These carriers are well-suited
for multifunctional applications, such as theranostics, where diagnostics and therapy are
combined [67,68]. Metallic nanoparticles, particularly those made of gold and silver, have
unique optical and thermal properties that are useful in drug delivery. Gold nanoparti-
cles, for instance, can be used in combination with photothermal therapy to provide dual
benefits for tumor treatment [69–71]. Figure 3 illustrates various nanotechnology plat-
forms employed in hemato-oncological applications, such as lipid nanoparticles, polymeric
micelles, gold nanoparticles, and nanodiscs.

The mechanisms by which nanocarriers deliver drugs often involve both passive and
active targeting strategies. Passive targeting leverages the enhanced permeability and retention
(EPR) effect, which enables nanoparticles to accumulate in tumor tissues due to the leaky
vasculature and poor lymphatic drainage characteristic of tumors [72,73]. This approach is
especially effective for solid tumors. Active targeting involves functionalizing nanocarriers with
ligands such as antibodies, peptides, or small molecules that bind to receptors overexpressed on
malignant cells, thereby increasing the specificity of drug delivery [74–76].

1.5. Advantages over Conventional Drug Delivery Methods

Nanocarriers offer several advantages over conventional drug delivery systems, par-
ticularly in terms of specificity, control, and therapeutic efficacy.

One major advantage is enhanced targeting specificity, which allows for the selective
delivery of drugs to diseased tissues while sparing healthy cells. Traditional chemotherapy
agents are distributed systemically, leading to significant side effects such as nausea,
myelosuppression, and organ toxicity [77–81]. In contrast, nanocarriers can be engineered
to release drugs specifically at the tumor site, thereby minimizing systemic exposure and
reducing these adverse effects [82,83]. This specificity is especially critical in treating
hematologic malignancies, where systemic circulation of malignant cells requires targeted
approaches to minimize harm to normal cells [82–84].

Another key advantage is the controlled and sustained release of encapsulated drugs.
Many anticancer drugs have narrow therapeutic windows, requiring precise dosing to
maximize efficacy while minimizing toxicity. Nanocarriers can be designed to release drugs
over an extended period, maintaining therapeutic concentrations and reducing the need
for frequent dosing. For instance, PLGA-based nanoparticles have been used to deliver
paclitaxel, extending the drug’s half-life and reducing toxicity compared to conventional
formulations [85,86].

Nanocarriers also facilitate the co-delivery of multiple therapeutic agents, which is
crucial in cancer treatment where combination therapy is often required. Co-delivery
enables the simultaneous targeting of different pathways involved in tumor progression
and resistance. For example, dendrimers and polymeric nanoparticles can encapsulate
multiple agents within a single vehicle, delivering them in optimal ratios to the tumor site,
enhancing their synergistic effects and overcoming multidrug resistance [87–89].
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Furthermore, stimuli-responsive drug release is another advantage of nanocarrier-
based systems. Nanocarriers can be designed to release their drug payload in response to
specific environmental cues, such as pH changes, enzyme activity, or temperature variations.
Tumor tissues often have an acidic microenvironment or overexpress specific enzymes,
which can be exploited to achieve site-specific drug release. pH-sensitive liposomes, for
instance, can release their encapsulated drugs in response to acidic conditions, thereby
maximizing drug action at the target site while minimizing systemic exposure [74,90].

Finally, nanocarriers improve the pharmacokinetic properties of drugs, including solubility,
stability, and circulation time [54]. Many anticancer drugs are hydrophobic and have poor solu-
bility, limiting their clinical use [91]. Encapsulating these drugs in nanocarriers enhances their
solubility and protects them from premature degradation or clearance. Surface modifications,
such as pegylation, help nanocarriers evade immune detection, extending their circulation time
and increasing the chances of reaching the target tissue [23,24]. This is particularly beneficial for
treating hematologic malignancies, where widespread distribution is needed to target cancer
cells in both the blood and bone marrow [90,92–94].

Nanotechnology-based drug delivery systems offer multiple advantages, enhancing
the efficacy and safety of hematological malignancies treatments. Nanocarriers improve
targeting specificity, allow for controlled drug release, facilitate the co-delivery of multiple
agents, and enable stimuli-responsive drug release. These features are instrumental in
modern hematoncology, contributing to better therapeutic outcomes and fewer side effects
compared to traditional drug delivery methods. The subsequent sections will further
explore the clinical applications and challenges associated with these technologies.

2. Applications in Hematologic Malignancies
Hematologic malignancies, which include leukemia, lymphoma, and multiple

myeloma, present unique challenges for effective treatment due to their systemic nature and
the involvement of the bone marrow and blood. Traditional chemotherapeutic approaches,
while effective in some cases, often cause significant toxicity to healthy cells and have
limited specificity for malignant cells. Nanocarriers provide a promising alternative by
improving drug targeting, reducing toxicity, and enhancing the delivery of therapeutics to
the affected areas [52].

2.1. Nanocarriers in Leukemia Treatment

Leukemia is characterized by the proliferation of malignant white blood cells, often
leading to widespread involvement of the bone marrow and peripheral blood. Nanocarriers
have been particularly effective in addressing the challenges associated with leukemia
treatment. Liposomal formulations of chemotherapeutic agents such as cytarabine and
daunorubicin have been developed to improve the delivery of these drugs to leukemic
cells while minimizing systemic toxicity [55,95–97]. For instance, Vyxeos™ (a liposomal
formulation of daunorubicin and cytarabine) has demonstrated improved overall survival
in patients with newly diagnosed secondary acute myeloid leukemia (AML) compared to
conventional chemotherapy [98].

Polymeric nanoparticles have also been explored for leukemia treatment. PLGA-based
nanoparticles have been used to encapsulate drugs such as doxorubicin, allowing for
controlled release and improved accumulation in leukemic cells [37]. Studies have shown
that these nanoparticles can enhance the therapeutic efficacy of doxorubicin while reducing
its cardiotoxicity [99], a major side effect associated with its use [100–103]. Furthermore,
chitosan-based nanoparticles have been explored for the delivery of arsenic trioxide, which
has demonstrated promising anti-leukemic activity in acute promyelocytic leukemia by
improving drug solubility and reducing systemic toxicity [104–107].
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2.2. Nanocarriers in Lymphoma

Lymphoma, which includes Hodgkin and non-Hodgkin lymphoma, affects the lym-
phatic system and can spread to other organs. Nanocarriers have been utilized to enhance
the delivery of chemotherapeutic agents and monoclonal antibodies used in lymphoma
treatment [108]. Liposomal formulations of doxorubicin, such as Doxil®, have been em-
ployed to treat relapsed or refractory lymphoma, demonstrating reduced cardiotoxicity
and improved patient tolerance [57,109] (Figure 4).
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Polymeric micelles have also shown potential in lymphoma therapy by encapsulating
hydrophobic chemotherapeutic agents such as paclitaxel, allowing for improved solubility
and targeted delivery to lymphoma cells [110–112]. These micelles have been conjugated
with targeting ligands to improve specificity, thereby reducing the impact on healthy tissues
and enhancing the therapeutic index of the treatment [113] (Figure 4).

Gold nanoparticles have also been investigated for their potential in lymphoma ther-
apy. These nanoparticles can be conjugated with targeting ligands, such as antibodies
against CD20—a surface marker overexpressed in B-cell lymphomas [41,114,115]. By specif-
ically targeting lymphoma cells, gold nanoparticles can deliver chemotherapeutic agents
directly to the tumor site, thereby enhancing efficacy and reducing off-target effects [116].
Additionally, gold nanoparticles have been explored for use in photothermal therapy,
where they generate localized heat upon exposure to infrared light, selectively killing
lymphoma cells [117]. Photothermal therapy, combined with traditional chemotherapy,
has shown synergistic effects, providing an enhanced anti-tumor response and reducing
the required dosage of chemotherapeutic agents [118–123]. Various nanoscale delivery
platforms, including liposomes, polymeric micelles, and nanocrystals, are explored for their
drug-loading capacities in lymphoma treatment (Figure 4).

2.3. Nanocarriers in Multiple Myeloma

Multiple myeloma is a hematologic malignancy characterized by the proliferation of
malignant plasma cells within the bone marrow. Effective treatment of multiple myeloma is
complicated by the involvement of the bone marrow microenvironment, which can protect
malignant cells from conventional chemotherapeutic agents. Nanocarriers offer a means
to overcome these challenges by enhancing drug penetration into the bone marrow and
improving drug stability.
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Bortezomib, a proteasome inhibitor commonly used in multiple myeloma treatment,
has been encapsulated in liposomal formulations to enhance its delivery and reduce periph-
eral neuropathy, a common side effect [124]. Liposomal bortezomib has shown promising
results in preclinical studies, with improved drug accumulation in the bone marrow and
enhanced anti-myeloma activity [118–122,125]. Additionally, polymeric nanoparticles have
been used to co-deliver bortezomib and dexamethasone, a corticosteroid that is often used
in combination therapy for multiple myeloma [126]. This co-delivery approach has demon-
strated synergistic effects, leading to enhanced apoptosis of myeloma cells and improved
therapeutic outcomes [120,127,128].

Furthermore, dendrimer-based nanocarriers have been utilized for the delivery of
thalidomide, another key drug used in multiple myeloma treatment [129]. Dendrimers
allow for controlled drug release and improved targeting of the bone marrow, enhancing
the drug’s efficacy while reducing its notorious side effects such as neurotoxicity [130].

2.4. Emerging Clinical Trials and Future Directions

Recent clinical trials have highlighted the potential of nanocarriers in the treatment
of hematologic malignancies. For instance, a phase II clinical trial investigating the use of
liposomal vincristine (Marqibo®) in patients with relapsed or refractory acute lymphoblas-
tic leukemia (ALL) demonstrated significant clinical activity with an acceptable safety
profile [131–133]. This suggests that liposomal formulations can improve the therapeutic
index of chemotherapeutic agents, particularly in patients with limited treatment options.

Furthermore, targeted nanoparticles conjugated with monoclonal antibodies are being
explored in clinical trials for various hematologic malignancies. Antibody-drug conjugates
(ADCs), which consist of a cytotoxic drug linked to a monoclonal antibody, represent
a promising approach for delivering potent chemotherapeutic agents directly to cancer
cells. Nanoparticles can be used to improve the stability and delivery of these conjugates,
thereby enhancing their efficacy and reducing systemic toxicity [134,135]. Examples include
brentuximab vedotin, an ADC used for treating relapsed Hodgkin lymphoma, which has
shown significant efficacy in clinical trials with reduced systemic side effects [136].

The future of nanocarrier-based therapies in hematologic malignancies lies in the
development of personalized nanomedicines that can be tailored to the specific genetic and
molecular characteristics of each patient’s cancer. Advances in nanotechnology, combined
with insights from genomics and precision medicine, are expected to lead to more effective
and less toxic treatment options for patients with hematologic malignancies. Artificial
intelligence and machine learning are increasingly being applied to optimize nanomedicine
design, accelerating the development of next-generation, patient-specific therapies and
release profiles, thereby paving the way for next-generation nanomedicines [137,138].

3. Mechanisms of Precision Delivery via Nanotechnology
Nanotechnology-based drug delivery systems rely on precise mechanisms to achieve

targeted therapeutic outcomes in cancer treatment. These mechanisms can be broadly
categorized into passive targeting and active targeting, each with distinct strategies for
directing drug-laden nanocarriers to malignant tissues. In addition to these targeting
methods, stimuli-responsive nanocarriers represent an emerging approach that utilizes
environmental cues to achieve site-specific drug release. Together, these mechanisms
help optimize the efficacy and safety of treatment in hematologic malignancies, where
conventional chemotherapies often face limitations in selectivity and systemic toxicity.
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3.1. Controlled Drug Release and Passive Targeting Mechanisms

Passive targeting relies on the enhanced permeability and retention (EPR) effect, which
is characteristic of tumor tissues. Tumors tend to have leaky vasculature due to the rapid
and abnormal growth of blood vessels, coupled with poor lymphatic drainage. This
phenomenon allows nanoscale drug carriers to accumulate preferentially at tumor sites.
Nanocarriers typically range from 10 to 200 nanometers, making them ideally suited to
pass through these leaky vessels and reach the tumor microenvironment [67] (Figure 5).
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In hematologic malignancies, passive targeting has been utilized to direct chemother-
apeutic agents to the bone marrow, which is often affected by lymphomas and multiple
myeloma. Liposomal formulations of drugs, such as Doxil®, leverage passive targeting to
enhance drug accumulation in malignant tissues while reducing distribution to healthy
cells, thereby minimizing side effects [40,57,74]. These nanocarriers typically enter cells
through endocytosis mediated by lipid–protein interactions. After internalization, the
liposomes are trafficked to acidic endosomes, where the low pH destabilizes the lipid
bilayer, triggering drug release into the cytoplasm [53]. For instance, pegylated liposomes,
which are coated with polyethylene glycol (PEG), evade immune recognition and prolong
circulation times, further enhancing the opportunity for passive targeting [69]. As illus-
trated in Figure 5, passive targeting mechanisms exploit the EPR effect, which enables
nanoparticles to accumulate selectively in tumor tissues due to their abnormal vasculature.

Passive targeting has also been leveraged to enhance the delivery of drugs in the
treatment of lymphomas, where the abnormal vasculature of tumor masses provides
an opportunity for preferential accumulation of nanocarriers [139]. This approach is
particularly important in treating bulky lymphomas, where direct drug penetration is
otherwise limited [41,140,141]. Despite the advantages of passive targeting, its reliance on
the unique properties of the tumor vasculature can result in variable efficiency, as not all
tumors exhibit equally leaky vasculature. In hematologic malignancies, where malignant
cells circulate in the blood, passive targeting must be complemented by other mechanisms
to ensure adequate drug delivery to the affected areas. For example, this approach has
limited utility in leukemias, where malignant cells are systemically distributed. Although
passive targeting offers some degree of selectivity, it lacks the specificity achieved through
active targeting strategies.
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3.2. Active Targeting Mechanisms

Active targeting involves the functionalization of nanocarriers with ligands that bind
specifically to receptors overexpressed on cancer cells [142]. These ligands can be antibodies,
peptides, aptamers, or small molecules that recognize and bind to unique surface markers
of malignant cells. By enhancing the specificity of drug delivery, active targeting aims to
further improve the therapeutic index of nanomedicines [23] (Figure 6).
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In hematologic malignancies, specific surface markers such as CD19, CD20, and
CD38 are overexpressed in various subtypes of leukemia, lymphoma, and multiple
myeloma [143–145]. Nanocarriers conjugated with antibodies against these markers have
demonstrated improved targeting efficiency. For example, gold nanoparticles conjugated
with anti-CD20 antibodies have been shown to selectively target B-cell lymphoma cells,
delivering cytotoxic agents directly to the site of action [116]. This targeted delivery reduces
off-target toxicity and enhances the therapeutic outcome.

Another promising approach is the use of aptamer-functionalized nanoparticles. Ap-
tamers are short, single-stranded nucleic acids that can bind to specific cellular targets
with high affinity [146]. Aptamer-conjugated nanoparticles have been used to target
CD30-positive Hodgkin lymphoma cells, achieving significant tumor reduction in pre-
clinical models [147,148]. These targeted therapies show great promise in improving the
precision and efficacy of treatment for hematologic malignancies. Figure 6 highlights active
targeting mechanisms employed by nanoparticle platforms, emphasizing tumor-specific
ligand functionalization and stimuli-responsive drug release.

Dual-targeting strategies are also being explored, where nanocarriers are functional-
ized with two or more targeting ligands to improve specificity and reduce the likelihood
of drug resistance [17,149,150]. Such dual-targeting approaches are especially valuable in
hematologic malignancies, in which tumor heterogeneity can limit the efficacy of single-
targeted therapies.
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3.3. Stimuli-Responsive Nanocarriers

Stimuli-responsive nanocarriers represent an advanced strategy for achieving site-
specific drug release by responding to unique environmental cues present within the
tumor microenvironment. These stimuli can be internal (e.g., pH, enzyme activity, or
redox potential) or external (e.g., temperature, magnetic field, or light). The ability of
these nanocarriers to release their payload in response to specific stimuli provides a higher
level of control, allowing drugs to be activated only at the intended site of action, thereby
minimizing systemic side effects [85,151,152].

In hematologic malignancies, the acidic microenvironment of the bone marrow and
the overexpression of specific enzymes have been exploited to achieve targeted drug release.
pH-responsive nanocarriers, such as those composed of polyhistidine or other pH-sensitive
polymers, are designed to degrade or change conformation in response to the acidic pH
of tumor tissues, thereby releasing their drug payload [153,154]. These nanoparticles
are internalized via receptor-mediated endocytosis and accumulate in the acidic bone
marrow microenvironment. Upon exposure to the low pH environment, the polymer
matrix degrades, allowing the release of encapsulated agents such as bortezomib [119]. In
multiple myeloma, pH-sensitive liposomes encapsulating bortezomib have demonstrated
improved efficacy by selectively releasing the drug in the acidic bone marrow niche and
drug bioavailability while minimizing peripheral neuropathy, a common side effect of
bortezomib therapy [118,129].

Enzyme-responsive nanocarriers are designed to degrade in the presence of enzymes
overexpressed by cancer cells or within the tumor microenvironment. For example, matrix
metalloproteinases (MMPs) are often overexpressed in lymphoma and leukemia. Nanocar-
riers containing MMP-cleavable linkers release their therapeutic payload specifically in
the vicinity of malignant cells, thereby enhancing drug delivery while sparing normal
tissues [155]. Enzyme-responsive nanoparticles have been tested in preclinical models
of acute myeloid leukemia (AML), showing promising results in terms of targeted drug
release and reduced off-target toxicity [156].

Another innovative approach involves the use of redox-responsive nanocarriers, which
release drugs in response to the high levels of glutathione found within cancer cells. These
nanocarriers are stabilized by disulfide bonds that are cleaved in the reductive environment
of cancer cells, resulting in the rapid release of the encapsulated drug. This mechanism has
been used to enhance the delivery of doxorubicin to leukemia cells, showing significant
tumor inhibition in preclinical studies [157,158].

External stimuli, such as magnetic fields and light, have also been explored for preci-
sion drug delivery. Magnetic nanoparticles, when subjected to an external magnetic field,
can be directed to specific areas of the body, such as the bone marrow, which is often the
site of hematologic malignancies. Once localized, these nanoparticles can release their
therapeutic payload in response to heat generated by the magnetic field, providing a syner-
gistic treatment effect through hyperthermia [159,160]. Magnetic hyperthermia combined
with chemotherapeutic agents has been shown to enhance cell death in lymphoma models,
demonstrating the potential of this dual-therapy approach [161].

Light-responsive nanocarriers, such as gold nanoshells, can be triggered by near-
infrared light to release their drug payload. This approach has been tested in lymphoma
models, where light irradiation led to the selective release of chemotherapeutic agents at the
tumor site, reducing systemic toxicity and improving therapeutic efficacy [117]. Researchers
are also exploring photoimmunotherapy, in which light-activated nanoparticles are used
in combination with immune checkpoint inhibitors to boost the immune response against
lymphoma cells [162–164].
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The mechanisms of precision drug delivery via nanotechnology—including passive
targeting, active targeting, and stimuli-responsive release—are transforming the treatment
landscape for hematologic malignancies. These strategies enhance specificity and minimize
systemic toxicity, thereby significantly improving patient outcomes. The upcoming sections
will delve further into the clinical applications, ongoing trials, and future directions for
nanotechnology-based treatments in leukemia, lymphoma, and multiple myeloma. By
enhancing specificity and minimizing systemic toxicity, these strategies hold the potential to
significantly improve patient outcomes. The development of multifunctional nanocarriers
that combine multiple targeting strategies further advances the goal of achieving precise,
personalized therapy for patients with leukemia, lymphoma, and multiple myeloma. Sub-
sequent sections will explore clinical applications and challenges, as well as recent advances
in nanomedicine for treating these malignancies.

3.4. Clinical Advances and Challenges in Nanotechnology for Hematologic Malignancies

The integration of nanotechnology in the clinical treatment of hematologic malignan-
cies has seen significant advancements, marked by numerous clinical trials and real-world
applications. While nanocarrier-based drug delivery systems offer substantial potential in
terms of targeted drug delivery and improved therapeutic efficacy, they are also associated
with challenges related to safety, toxicity, scalability, and regulatory compliance. Address-
ing these challenges is crucial for ensuring the successful translation of nanomedicine from
bench to bedside. To provide a comprehensive overview of current nanomedicine strategies
and their therapeutic applications in hematologic malignancies, we summarize key studies
in Table 1. This table highlights the diversity of nanocarriers, their target malignancies,
therapeutic agents, and the associated clinical or preclinical findings.

Table 1. Key studies on nanocarrier-based therapies for hematologic malignancies.

Nanoformulation Type Mechanism of Action Target Malignancy Clinical Phase Key References

Liposomes (e.g., Doxil®) Passive targeting via EPR Multiple myeloma, lymphoma FDA Approved [53]

Polymeric Nanoparticles Controlled release of drugs Leukemia, multiple myeloma Preclinical [99,100]

Gold Nanoparticles Active targeting using conjugated
antibodies Lymphoma Preclinical [116,165]

Dendrimers Multifunctional targeting and
co-delivery of drugs Leukemia, multiple myeloma Preclinical [130,166]

Metal–Organic
Frameworks

Enzyme-triggered release in tumor
microenvironment Lymphoma Preclinical [167,168]

pH-Responsive
Nanocarriers

pH-sensitive release in acidic tumor
environments Multiple myeloma Preclinical [32,86]

Lipid Nanoparticles
(LNPs) mRNA delivery for gene modulation Leukemia Preclinical [169,170]

Silica Nanoparticles Drug encapsulation with high
stability and release Acute lymphoblastic leukemia Preclinical [171,172]

Protein-Based
Nanoparticles

Biodegradable carriers for targeted
delivery Lymphoma, leukemia Preclinical [173,174]

Carbon Nanotubes Dual delivery (chemotherapy +
photothermal therapy) Lymphoma Preclinical [175,176]

Magnetic Nanoparticles Magnetic field-guided targeting and
hyperthermia Multiple myeloma, lymphoma Preclinical [177,178]

Polymeric Micelles Solubilization of hydrophobic drugs Lymphoma Preclinical [110,111]

Nanocrystals High drug-loading capacity for
chemotherapy Acute myeloid leukemia Preclinical [41,179]

Antibody-Drug
Conjugates (ADCs)

Targeted drug delivery through
conjugated antibodies Hodgkin lymphoma Clinical Trials [180,181]
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3.5. Clinical Trials and Real-World Applications

Nanotechnology-based therapeutics have advanced from preclinical studies to clin-
ical trials, showing promising results in safety and efficacy. Liposomal formulations,
such as Doxil®, a pegylated liposomal doxorubicin, have been used successfully in the
treatment of multiple hematologic malignancies, including relapsed/refractory multiple
myeloma and non-Hodgkin lymphoma. Doxil® has demonstrated reduced cardiotoxicity
compared to conventional doxorubicin, making it a safer alternative for patients who
require anthracycline-based chemotherapy [53].

In acute myeloid leukemia (AML), the Phase III study evaluating Vyxeos™ (CPX-
351), a liposomal formulation combining daunorubicin and cytarabine, has shown su-
perior efficacy compared to the standard 7 + 3 regimen in elderly patients with newly
diagnosed high-risk AML. The phase III clinical trial demonstrated a significant improve-
ment in median overall survival (9.6 months vs. 5.9 months) compared to the traditional
7 + 3 regimen, leading to FDA approval in 2017 for specific AML subtypes [98]. Vyxeos™
represents a notable example of how nanotechnology can optimize drug ratios and delivery
kinetics to improve therapeutic outcomes.

Another significant development is the use of nanoparticle albumin-bound pacli-
taxel (Abraxane®). Although initially developed for solid tumors, Abraxane® has shown
potential in treating hematologic cancers due to its enhanced tumor delivery properties,
facilitated by albumin’s natural affinity to tumor cells [182–184]. Moreover, the application
of gold nanoparticles conjugated with antibodies targeting CD20 in B-cell lymphomas
has shown promise in preclinical studies. These nanoparticle-antibody conjugates have
demonstrated improved binding affinity and specificity, thereby enhancing the efficacy of
rituximab, a monoclonal antibody therapy, in clinical trials [185,186].

Nanomedicines, such as Marqibo® (vincristine sulfate liposome injection), have been
employed for the treatment of relapsed acute lymphoblastic leukemia (ALL). Marqibo® has
shown prolonged drug exposure and improved efficacy in relapsed acute ALL in a Phase II
clinical trial, which leverages liposomal encapsulation to enhance the pharmacokinetics of
vincristine, resulting in prolonged drug circulation and increased efficacy [131,132,187,188].
Such developments underscore the growing role of nanotechnology in enhancing the
therapeutic index of established chemotherapeutic agents, thereby providing better options
for patients with limited treatment alternatives.

3.6. Safety, Toxicity, and Efficacy Concerns

While nanocarriers offer significant advantages for targeted drug delivery, their safety
profile requires thorough evaluation. The toxicity of nanomaterials is influenced by factors
such as size, shape, surface charge, and the materials used in their synthesis. Metallic
nanoparticles, including gold and silver, have been associated with potential toxicity,
including oxidative stress and inflammation, which can lead to organ damage [189,190].
The small size of nanoparticles allows them to cross biological barriers, potentially resulting
in unintended interactions with healthy tissues. Clinical studies have shown that pegylated
liposomal formulations, such as Doxil®, tend to exhibit reduced toxicity compared to free
drugs, as the PEG coating helps evade immune detection and minimizes off-target effects.
However, hypersensitivity reactions, such as complement activation-related pseudoallergy
(CARPA), remain a concern with liposomal drugs [191].

The efficacy of nanocarrier-based treatments hinges on their ability to achieve specific
targeting while maintaining adequate therapeutic concentrations at the tumor site. In
hematologic malignancies, where malignant cells are often widely distributed, effective
targeting can be challenging. Despite these hurdles, nanocarriers have demonstrated
improved therapeutic efficacy by enhancing drug accumulation in the bone marrow and
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lymphoid tissues [57]. For instance, in the treatment of lymphoma, gold nanoparticle-
conjugated monoclonal antibodies have shown increased tumor penetration and enhanced
therapeutic effects when used in combination with chemotherapeutic agents [185].

3.7. Scalability, Manufacturing, and Regulatory Challenges

The scalability of nanomedicine production remains a significant challenge, as nanopar-
ticle synthesis must be highly reproducible to ensure consistent drug loading, particle size,
and surface characteristics—all critical factors for maintaining safety and efficacy. The
production of nanocarriers, especially those with complex surface modifications for active
targeting, requires precise control and adherence to high-quality manufacturing practices
that can be difficult to achieve on a large scale [192]. Variability in the production process
can lead to batch-to-batch inconsistencies, potentially affecting the therapeutic outcomes of
nanocarrier-based drugs.

The cost of manufacturing nanomedicines is significantly higher than that of traditional
small-molecule drugs. This is partly due to the sophisticated equipment, materials, and
quality control processes required to produce nanoparticles with the necessary precision.
Addressing these manufacturing and cost challenges is crucial for making nanomedicines
more accessible to a broader patient population [193–195].

Regulatory approval of nanomedicines presents unique challenges due to the complexity
of these therapeutic platforms. Regulatory bodies, such as the U.S. Food and Drug Admin-
istration (FDA) and the European Medicines Agency (EMA), have developed guidelines
to address the specific characteristics of nanomedicines, including their pharmacokinetics,
biodistribution, and toxicity. However, the lack of standardized testing protocols and the
need for comprehensive safety assessments have slowed the approval process for many
nanocarrier-based therapeutics [196,197]. Additionally, concerns about the long-term safety
of nanomedicines, particularly the potential accumulation of nanoparticles in organs such
as the liver and spleen, necessitate extensive preclinical and clinical evaluation [198,199].
Collaboration among regulatory bodies, academic researchers, and industry stakeholders will
be essential to establish clear guidelines and accelerate the approval of nanomedicines.

3.8. Future Directions and Prospects in Nanotechnology for Hematologic Malignancies

The field of nanotechnology continues to evolve, and its application in the treatment of
hematologic malignancies has opened new frontiers in personalized medicine, improved treatment
efficacy, and reduction in adverse effects. However, several research gaps and challenges remain
to be addressed in order to fully realize the potential clinical impact of nanotechnology.

The future of nanotechnology-based therapies for hematologic malignancies lies in
personalized approaches and multifunctional nanocarriers. For example, combination ther-
apies, in which nanocarriers deliver multiple therapeutic agents or are used in conjunction
with other treatment modalities such as immunotherapy [200]. Nanocarriers designed to
co-deliver chemotherapeutic drugs and immune modulators could potentially overcome
resistance mechanisms and enhance antitumor responses [201]. Resistance to free drugs
often arises due to mechanisms such as efflux pump overexpression (e.g., P-glycoprotein),
metabolic enzyme activation, or alterations in drug target binding sites. Nanoparticles can
help overcome these challenges in several ways. First, by encapsulating the drug, nanocarri-
ers can evade efflux pumps, ensuring higher intracellular drug concentrations [91]. Second,
sustained drug release from nanoparticles maintains therapeutic levels over longer periods,
reducing the likelihood of resistance associated with subtherapeutic dosing [86]. Finally,
functionalized nanoparticles can deliver drug combinations that target multiple pathways
simultaneously, thereby reducing the emergence of resistant cancer cell clones [39].
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Another area of interest is the development of biodegradable nanocarriers that can
be safely metabolized and excreted by the body, reducing the risk of long-term toxicity.
The use of natural biomaterials, such as lipids, proteins, and polysaccharides, in the
synthesis of nanocarriers has shown promise in improving biocompatibility and safety
profiles [202,203]. Furthermore, advancements in manufacturing processes, such as the
adoption of continuous manufacturing, could enhance the scalability of nanomedicines,
making these therapies more widely available and affordable.

3.9. Emerging Trends and Personalized Medicine

One of the most promising areas of development is the use of nanotechnology in
personalized medicine, where treatments are tailored to the individual genetic and molec-
ular profiles of each patient’s cancer. Nanocarriers can be customized to deliver drugs
directly to the specific biomarkers expressed by malignant cells, significantly enhancing
specificity and minimizing off-target effects. For instance, the use of aptamer-conjugated
nanoparticles that specifically target CD19 or CD20 markers has shown promise in B-cell
lymphomas, providing a more precise therapeutic approach [204–206].

Another emerging trend is the use of multifunctional nanocarriers capable of com-
bining diagnostic and therapeutic capabilities, often referred to as “theranostics.” These
nanocarriers are engineered to provide real-time monitoring of drug delivery and treat-
ment response while simultaneously delivering therapeutic agents. For example, magnetic
nanoparticles conjugated with chemotherapeutic agents can be used to monitor tumor
regression through imaging techniques such as MRI, while also delivering the treatment
directly to malignant cells [207]. This dual functionality holds significant promise for
improving treatment outcomes in hematologic cancers, as it allows clinicians to tailor
treatment regimens based on real-time data.

3.10. Research Gaps and Challenges

Despite the progress made in nanotechnology-based therapies, several research gaps
need to be addressed to advance their clinical application in hematologic malignancies.
One of the primary challenges is the heterogeneity of hematologic malignancies, which
limits the effectiveness of targeted therapies. For example, the expression of specific surface
markers, such as CD19 or CD20, can vary significantly among patients or even within
subpopulations of malignant cells, leading to suboptimal therapeutic responses [208,209].
To overcome this, future research must focus on developing adaptive nanocarriers capable
of targeting multiple markers or dynamically adjusting their targeting mechanisms based
on the tumor environment.

Another critical area requiring further exploration is the tumor microenvironment
in hematologic malignancies, such as the bone marrow niche in multiple myeloma or the
lymphatic system in lymphomas. These environments play a significant role in promoting
tumor growth and resistance to therapy. Nanoparticles designed to modulate the tumor
microenvironment—for instance, by delivering agents that disrupt cell signaling pathways
or alter immune cell behavior—could help enhance the efficacy of existing treatments
and prevent relapse [210]. Understanding how nanoparticles interact with the tumor
microenvironment will be crucial in developing more effective therapies.

3.11. Potential Clinical Impact and Future Directions

Emerging treatment modalities include immunotherapy and gene editing. Recent
studies demonstrate the potential of nanoparticles to deliver immune checkpoint inhibitors,
including anti-PD-1 and anti-CTLA-4 antibodies, resulting in enhanced immune responses
in preclinical models of hematologic cancers [195,196]. In addition, recent studies have
explored the use of CRISPR-Cas9 gene editing delivered via lipid nanoparticles to correct
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genetic mutations that drive cancer progression, offering new hope for patients with limited
treatment options [211–213].

The integration of artificial intelligence (AI) and machine learning in nanomedicine
design can be used to predict optimal drug loading, release profiles, and targeting ligands
for nanoparticles, thereby enhancing their precision and effectiveness [214]. This computa-
tional approach could accelerate the development of next-generation nanomedicines that
are tailored to individual patients’ needs, ultimately improving clinical outcomes.

Combination therapies involving nanocarriers are another avenue for enhancing treat-
ment efficacy. For example, combining chemotherapy-loaded nanoparticles with CAR
T-cell therapy has demonstrated enhanced tumor cell killing in preclinical models by
promoting synergistic effects between the chemotherapeutic agents and immune cell acti-
vation [215,216]. Such combinations have the potential to overcome resistance mechanisms
that have traditionally limited the success of monotherapies in hematologic malignancies.

Finally, addressing the regulatory and scalability challenges associated with
nanomedicine production will be crucial for ensuring that these innovative treatments
reach patients. Regulatory bodies need to establish standardized protocols for evaluating
the safety and efficacy of nanomedicines, including their pharmacokinetics and long-term
toxicity. Furthermore, improvements in manufacturing processes, such as continuous pro-
duction techniques, will help lower production costs and ensure consistent quality, thereby
making these advanced therapies more accessible to a wider patient population [217–219].

4. Conclusions
The advancements in nanotechnology for the treatment of hematologic malignancies

hold significant promise in transforming clinical outcomes. Nanocarrier-based therapies, in-
cluding liposomal formulations, gold nanoparticles, and multifunctional nanocarriers, have
shown substantial improvements in targeted drug delivery, minimizing off-target toxicity,
and enhancing treatment efficacy. The application of personalized nanomedicine has the
potential to tailor therapies to individual patient profiles, thereby improving response rates
and minimizing adverse effects. Among the various nanocarriers examined, liposomal
formulations and polymeric nanoparticles have shown the most promising potential in
clinical applications. Liposomes, particularly pegylated formulations such as Doxil®, have
demonstrated improved bioavailability and reduced toxicity in hematologic malignan-
cies. Polymeric nanoparticles, including PLGA-based systems, have excelled in delivering
chemotherapeutic agents with controlled release and enhanced tumor accumulation. Addi-
tionally, the integration of theranostic nanocarriers has enabled simultaneous diagnosis and
therapy, providing real-time monitoring that can significantly enhance treatment outcomes.

In terms of disease-specific applications, nanomedicine has made the most revolution-
ary impact in the treatment of AML and multiple myeloma. Liposomal formulations such
as CPX-351 have demonstrated superior outcomes compared to conventional chemother-
apy and maintain a fixed molar ratio that prevents resistance mechanisms often observed
with free drug administration in AML. In multiple myeloma, nanoparticle systems have
successfully reduced peripheral neuropathy while improving drug penetration in the bone
marrow microenvironment.

Despite the numerous advancements, several research gaps and challenges remain.
The heterogeneity of hematologic malignancies presents an obstacle to effective targeting,
requiring adaptive strategies to improve precision. Addressing the tumor microenviron-
ment and its role in drug resistance also remains a priority. Research efforts should continue
to explore combination therapies involving nanocarriers, including their use alongside
immunotherapy or gene-editing technologies like CRISPR-Cas9.
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Regulatory and scalability challenges must be addressed to ensure that these novel
therapies reach a broader patient population. Developing standardized protocols for evalu-
ating nanomedicines and improving manufacturing processes are crucial steps in achieving
this goal. Future research should focus on refining the production of biodegradable and
adaptive nanocarriers that can better navigate the complex tumor microenvironment and
effectively target multiple disease markers.

Comparing nanocarrier-based systems reveals that functionalized nanoparticles with
active targeting ligands offer superior efficacy compared to passive targeting systems. How-
ever, challenges related to cost, scalability, and regulatory compliance remain significant
hurdles to clinical translation. Continued research on multifunctional and biodegradable
nanocarriers is essential for overcoming these barriers.

Future advancements in nanotechnology for hematologic malignancies will likely be
driven by personalized medicine approaches and combination therapies. The integration
of artificial intelligence and machine learning to optimize nanocarrier design and delivery
is expected to accelerate clinical translation, offering more effective and less toxic treatment
options for patients.

In conclusion, the potential impact of nanotechnology on clinical practice in the
treatment of hematologic malignancies is profound. By improving the specificity, safety,
and efficacy of cancer therapies, nanomedicine offers a promising path toward more
personalized and effective treatments. As the field continues to evolve, collaborative efforts
among researchers, clinicians, and regulatory bodies will be vital in overcoming existing
challenges and realizing the full clinical potential of nanotechnology in oncology.
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99. Drinković, N.; Beus, M.; Barbir, R.; Debeljak, Ž.; Tariba Lovaković, B.; Kalčec, N.; Ćurlin, M.; Bekavac, A.; Gorup, D.;
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