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Abstract: Multiple myeloma (MM) belongs to the hematological malignancies and the overall incidence of MM is on the rise across
the world. Over the last few decades, increased attention has been paid to the development and pathogenesis of MM. Significant
changes have also been witnessed in the paradigm for the treatment of MM, including proteasome inhibitors, immunomodulators and
anti CD38 monoclonal antibodies, which have significantly improved the survival of patients. The increasing focus on nanomedicine
stems from its capacity to enhance the treatment of MM—by reducing systemic side effects and enabling more precise therapeutic
targeting. This review summarizes current advances in nanomedicine-based treatment options for MM and disscusses the superior
efficacy of biomimetic nanoparticles exploiting bone marrow homing. It also covers the potential of mRNA nano-vaccines (eg,
Galsomes and BCMA-mRNA LNPs) and the improved safety profiles of liposomal formulations compared to free drugs. This review
will provide further insight into developing treatment strategies for MM.
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Introduction
Multiple myeloma (MM) constitutes approximately 1% of all malignancies and 10% of hematological cancers,' ranking
as the second most prevalent hematological malignancy globally, with an incidence rate of 2.1 per 100,000 individuals
annually.” Notably, epidemiological trends in China indicate a rising prevalence and a concerning downward shift in the
average age at diagnosis. In the United States, the burden remains significant, with over 32,000 new diagnoses and nearly
13,000 attributable deaths annually, as estimated by the World Health Organization (WHO) in 2022.% Clinically, MM
originates from the clonal expansion of malignant plasma cells within the bone marrow. This clonal proliferation leads to
the overproduction of monoclonal (M) protein and widespread infiltration of vital organs.* These pathophysiological
processes culminate in end-organ damage, clinically defined by the CRAB criteria: Calcium; Renal impairment; Anemia,
and Bone disease.” Beyond these cardinal features, patients frequently experience additional significant complications,
including systemic amyloidosis, hyperviscosity syndrome, debilitating fatigue, and recurrent infections stemming from
profound immunodeficiency.® The emergence of extramedullary disease, indicating malignant plasma cell proliferation
outside the bone marrow, portends an aggressive disease course and a poorer prognosis. Despite substantial therapeutic
advancements, MM remains an incurable disease, highlighting the critical need for ongoing research into novel treatment
modalities. This underscores the importance of clinical pharmacists in optimizing current regimens, managing complex
drug toxicities, and identifying patients who may benefit from emerging therapies or clinical trial participation.

In recent years, significant advancements have been made in understanding the pathogenesis of MM, with key
insights being made into the following areas:’ cytogenetic alterations. It has been established that 90% of MM patients

have abnormal chromosome number and structure, which are critical in disease progression and prognosis. Interaction
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between bone marrow microenvironment (BMM) and myeloma cells. Myeloma cells and stromal cells in the BMM
interact to stimulate the transcription and secretion of a variety of cytokines. This interaction promotes mutual growth
and forms a vast network, leading to the proliferation of myeloma cells, the development of bone disease, and alterations
in signaling pathways. The intracellular transcription factor of nuclear factor kappa-B (NF-kB) exists in two states: active
and inactive. Active NF-«kB is a heterodimer composed of p50 and p65 subunits. Inactive NF-kB contains an inhibitory
subunit, which releases I-kB under the stimulation of activation signals, converting into active NF-kB. This active form
binds to initiators in the nucleus, promoting cell growth and the expression of various cytokines. The expression of these
cytokines, in turn, has been observed to stimulate stromal cells to secrete more cytokines, potentially leading to drug
resistance. Notch signaling, which facilitates direct cell-to-cell contact, is frequently overexpressed in MM cells. Jun et al
suggested that MM results from the interaction between Notch receptors and ligands.®

Nanomedicine has demonstrated the potential to overcome the limitations of current therapies by developing
advanced drug delivery systems (DDS) that can target the complex BMM and, consequently, myeloma cells.
Nanomedicines possess extraordinary chemical and physical properties that enable high surface area for incorporating
drugs and/or imaging agents, and enhanced tissue specificity.” Nanomedicine can address the challenge of relapse by
providing maintenance therapy in a controlled, sustained manner, which could improve long-term disease control.
Additionally, nanomedicine can enhance targeted delivery and reduce systemic exposure, thereby improving quality of
life by minimizing side effects associated with long-term treatment.'® This review summarizes the latest advances in
nanomedicines for MM and explores the challenges and future opportunities of developing nanomedicines for the
targeted treatment of MM.

BMM

The BMM plays a pivotal role in the pathophysiology of MM, encompassing both cellular and non-cellular
components.“ The cellular elements include bone marrow stromal cells (BMSCs), osteoclasts, endothelial cells, and
osteoblasts, while the non-cellular components consist of the extracellular matrix and critical cytokines such as
interleukin (IL)-6, IL-21, tumor necrosis factor alpha (TNF-a), and growth factors like insulin-like growth factor
(IGF) and vascular endothelial growth factor (VEGF).12 Such soluble mediators trigger intracellular signaling cascades
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that modulate the proliferation, migration, and the resistance of malignant plasma cells. The interaction between BMSCs
and malignant cells is particularly significant, influencing tumor cell proliferation, survival, and disease progression, as
well as contributing to drug resistance.'® The interactions of malignant cells with BMSCs and other cells in the BMM are
shown in Figure 1. This complex interplay involves cell surface molecules. For instance, intercellular adhesion molecule
1 (ICAM 1) and vascular cell adhesion molecule 1 (VCAM 1) on BMSCs interact with lymphocyte function-associated
antigen 1 (LFA-1) and very late antigen 4 (VLA-4) on malignant cells, respectively. These interactions trigger the
activation of the NF-kB pathway, inducing the secretion of IL-6 by BMSCs, and this subsequently promotes the
production of VEGF in malignant cells."* Beyond the NF-kB pathway, other signaling pathways such as MAPK,
JAK/STAT, and PI3K/AKT/mTOR are also involved in mediating the response within the BMM. Additionally, molecules
like a4B7 integrin, P-selectin glycoprotein ligand-1, and CD147 contribute to cell adhesion and migration."

A hallmark of the advancing disease is the abnormal proliferation of osteoblasts and osteoclasts. For instance, the
balance between osteoclast activation and osteoblast proliferation is disrupted in MM, resulting in bone injury. Bone
formation and resorption are typically regulated by the NF-k receptor activator of NF-kB ligand (RANKL) and
osteoprotegerin (OPG).'® During disease progression, RANKL secreted by BMSCs, and macrophage inflammatory
protein 1 alpha (MIP-1a) from MM cells, promote the activation of osteoclasts. Although OPG can restrict osteoclast
formation, its expression can be downregulated by elevated local levels of IL-3, Dickkopf-related protein 1 (DKK-1), and
hepatocyte growth factor (HGF).'* Notch signaling promotes the generation of IGF, VEGF, and IL-6, thereby contribut-
ing to the proliferation and survival of malignant cells.'” Robust signaling via direct intercellular communication and
soluble signaling molecules induces hypervascularization and angiogenesis in leukemic bone marrow, which promotes
the proliferation and survival of malignant cells, and consequently contributes to elevated drug resistance.'®

Medication resistance poses a critical challenge in tumor therapy. The interaction between MM cells and BMSCs
gives rise to cell adhesion-mediated resistance. Macrophages, stromal cells, endothelial cells and other components in the
BMM participate in the formation of vascular niches, promote the proliferation and survival of MM cells, and protect
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Figure | Schematic diagram of the bone marrow microenvironment.

Abbreviations: BMSC, Bone marrow stromal cell; DC, Dendritic cell; VCAM |, Vascular cell adhesion molecule I; VLA-4, Very late antigen 4; ICAM |, Intercellular
adhesion molecule |; LFA-1, Lymphocyte function-associated antigen |; IGF-1, Insulin-like growth factor |; HGF Hepatocyte growth factor; OPG, Osteoprotegerin;
RANK(L), Receptor activator of nuclear factor kappa B (ligand); VEGF, Vascular endothelial growth factor; bFGF, basal fibroblast growth factor; TGF-, Transforming growth
factor beta; IL, interleukin; OPG, Oesteoprotegerin; LFA-1, Lymphocyte function-associated antigen |; EC, Endothelial cell.
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them from anti-myeloma drugs.'” In addition, factors in the microenvironment, such as VEGF family, monocyte
chemoattractant protein-1 (MCP-1), TNF-a and IL-8, which are important for enhancing angiogenesis in MM, parallel
disease progression.'’ Immune escape can be induced by the BMM through the immunosuppressive effects exerted by
regulatory T cells, regulatory B cells, and myeloid derived suppressor cells (MDSCs). The immunosuppressive activity of
MDSCs is largely driven by activation of the STAT3 pathway and extends to the inhibition of the proliferation of both
cytotoxic T lymphocytes and natural killer (NK) cells.?® Furthermore, osteoclasts serve a crucial function in the
immunosuppressive microenvironment. When signaling is stimulated, the bone marrow microenvironment becomes
antiapoptotic by upregulating antiapoptotic regulatory proteins.”' For example, there is a marked upregulation of BCL-
XL, BCL-2, and MCL-1. The elevation of soluble factors and surface molecules, including transforming growth factor
beta (TGF-B), IL-6, IL-10, ICAM 1, APRIL, and CD40, promotes immune escape and resistance.

Multiple mechanisms within the BMM contribute directly to drug resistance in MM. First, cell adhesion-mediated
drug resistance (CAM-DR) arises from the interaction between MM cells and BMSCs via adhesion molecules such as
VLA-4, LFA-1, and their respective ligands VCAM-1 and ICAM-1, activating the NF-kB pathway and promoting the
secretion of protective cytokines like IL-6.'* Second, soluble factors within the BMM, including IL-6, IGF-1, VEGF, and
TGF-B, activate downstream signaling cascades (including JAK/STAT3, PI3K/AKT, and MAPK pathways) that upre-
gulate anti-apoptotic proteins such as BCL-2, BCL-XL, and MCL-1.?" Third, hypoxic conditions in the bone marrow
niche further exacerbate resistance. Zhang et al reported that hypoxic BMSCs secrete extracellular vesicles enriched with
miR-140-5p and miR-28-3p, which target SPRED1 and activate MAPK signaling to confer bortezomib (BTZ) resistance
in MM cells.*> Additionally, immune evasion mechanisms driven by regulatory T cells, regulatory B cells, and MDSCs
within the BMM create an immunosuppressive niche that protects MM cells from both conventional chemotherapy and

immunotherapies.*’

Challenges to the Targeting of MM

Conventional Therapy Limitations

The conventional therapies for MM include immunomodulators, proteasome inhibitors, chemotherapy, BCL-2 inhibitors,
and more.” The key limitations of these therapies for MM stem primarily from the inadequate targeting of tumor cells, as
well as systemic toxicity, adverse side effects, and a low therapeutic index. Additionally, the poor solubility of most anti-
MM agents is another bottleneck.** For example, doxorubicin (DOX) is an anthracycline chemotherapy drug commonly
used in the clinical treatment of malignant hematological tumors. Its therapeutic effect on hematological tumors is
significant. However, due to the side effects of DOX in practical applications, such as cardiotoxicity, hepatotoxicity, bone
marrow suppression, etc, the clinical application of DOX is limited to some extent.

Multiple active targeting strategies have been proposed for the delivery of imaging agents or chemotherapeutic
agents to tumors. Antibody couplers carrying multiple small-molecule drugs or imaging agents are able to
effectively target tumor cells following intravesical administration.”> However, such couplings pass through the
bloodstream, which may lead to premature loss of the drug/imaging agent. To date, the majority of antibody-drug
conjugates (ADCs) that have been developed exhibit predominantly hematological toxicity. GSK2857916, for
instance, is a humanized IgGl anti-BCMA antibody conjugated with monomethyl auristatin E (MMAE) that has
been approved for the treatment of MM.?® While this delivery strategy employs anti-BCMA antibodies to target
MMAF toxins to MM cells, most malignant plasma cells reside in the bone marrow, that may cause greater
hematologic toxicity with ADC-based delivery than when such toxins are applied to solid tumors. Nanoparticle-
drug couplings circumvent some of these limitations as they improve drug complexation capacity (due to larger size)
and more favorable pharmacology (ie, shorter circulation time leading to faster tumor accumulation, less systemic
exposure, and more rapid clearance compared to ADCs). They are further designed for tumor targeting via
peptides,?” small molecules,”® or antibodies.?

Dose-limiting toxicities and drug resistance are major obstacles to MM treatment. Tumor cell chemoresistance serves
as a key driver of ineffective chemotherapy and cancer relapse, while boosting intratumoral drug accumulation represents
a promising approach to strengthen the tumor-eliminating effect. Drug-encapsulated nanoparticles are capable of
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substantially enhance the cellular uptake and accumulation of the loaded agents, which in turn improves the therapeutic
efficacy compared to free chemotherapeutic drugs.30 Cell surface ion channel proteins serve a crucial function in
regulating drug resistance, with P-glycoprotein being notably important for mediating drug resistance in cancer cells.
There is an urgent need for new therapies to overcome the bottleneck in MM treatment.

Chimeric antigen receptor (CAR) T-cell therapy represents a transformative advancement in the treatment of MM.
The approval of idecabtagen vicleucel (ide-cel) and ciltacabtagen autoleucel (cilta-cel) manifested the new era of cellular
immunotherapy for MM therapy.®' However, an increasing amount of long-term clinical follow-up data, related studies,
and real-world evidence have revealed the limitations of CAR-T therapy. A significant number of patients never achieve
a molecular response, and many ultimately relapse.’**> The majority of patients ultimately experience a relapse, during
which the target antigen expression of MM cells often changes.”' In addition, patients in the late stage have not
responded to multiple treatments and have limited options for bridging therapy. Consequently, they tend to bear
a substantial disease burden, thereby elevating the likelihood of adverse events associated with CAR-T therapy, such
as cytokine release syndrome, immune effector cell-associated neurotoxicity syndrome, and late neurologic

syndromes.***>

Key Challenges for Nanomedicine Targeting in MM
The versatile functionalities and robust loading capabilities of nanomedicines render them appealing candidates for
designing MM-targeted delivery and treatment approaches, while numerous obstacles still remain to be addressed. One of
the key challenges of effectively leveraging nanomedicine effectively in MM treatment is developing nanocarriers with
targeted biophilic affinity for MM cells and effective binding ability in the local microenvironment. Unlike solid tumors,
the research and application of nanocarriers in MM is limited.?®*® Following intravenous administration, nanocarriers
undergo passive absorbed via the enhanced permeability retention (EPR) effect in solid tumors, while hematologic
malignancies pose relatively fewer obstacles to efficient drug delivery. Specifically, nanoparticle accumulation in MM is
facilitated by three factors: (i) the distribution of high-flow blood/infusion agents into the bone marrow via fenestrated
gap junctions, (ii) neovascularization in plasmacytomas, which further increases passive tumor delivery, and (iii) the
absence of a stromal barrier.>” Consequently, unlike most solid tumors, nanoparticulate agents entering the systemic
circulation can reach MM cells at a close enough proximity to interact directly with them. The remaining nanoparticles
disperse to other organs, including the liver, lung, and spleen, before being degraded and/or cleared by the kidney.
However, a patient’s tumor pathophysiological characteristics and the physical parameters of the nanoparticles may
restrict the efficiency of the passive targeting mechanism.*® Additionally, the correlation between the EPR effect and the
clinical uptake of nanoparticles in human tumors is controversial.** Therefore, the natural barriers formed by the body
are the primary challenges that must be overcome to achieve effective interactions of nanoparticles with MM cells.
The uniform distribution of nanoparticles is hindered by alterations in mesenchymal pressure within the tumor site
after intravenous injection, which limits their interaction with tumor cells.*® Subsequently, the rate of internalization and
downregulation of surface receptors on tumor cells may impede MM binding. The shape, size, and surface properties of
nanoparticles can influence their interaction with immune cells and cellular components of the tumor microenvironment,
which may interfere with tumor cellular internalization.*! Cylindrical shapes exhibit the highest internalization rates,*®
while nanoparticles smaller than 10 nm are easily filtered out by the kidney after circulating in the bloodstream.**
Conversely, nanoparticles exceeding 15 nm in size may causetoxicity due to incomplete renal clearance.>® Consequently,
passive targeting remains the primary delivery of nanoparticles in hematological tumors and the development of active
targeting mechanisms is a critical challenge for effectively applying nanomedicines in MM.

Nanotherapeutics for the Treatment of MM

The development of nanotechnology has had a profound impact on the biomedical field, mainly in the diagnosis and
treatment of tumors. Nanomedicine has attracted increasing attention due to its scientific value and potential application
prospects. Nanomedicine exhibits the capacity to overcome these limitations by developing advanced DDS that are
capable of being delivered into the intricate BMM and effectively target myeloma cells. This improved the pharmaco-
kinetics and biodistribution of therapeutic drugs. At the same time, nanocarriers can protect the therapeutic molecules

International Journal of Nanomedicine 2026:21 https: 5



Wu et al

from degradation, improve circulation with a stable drug retention time in the body, and enhance the solubility of
hydrophobic drugs due to the high specific surface area of nanoparticles. Previous studies have demonstrated that the
application of nanocarriers can enhance drug tolerance and therapeutic efficacy, and facilitate drug across biological
barriers, including endothelial and epithelial barriers, with minimal immunogenicity.*?

The utilisation of drug carriers based on nanoparticles and intrinsically active nanodrugs in the treatment of MM has
the potential to enhance therapeutic efficacy and mitigate adverse effects through preferential effects in the bone marrow
niche of the development of myeloma cells. The delivery of anticancer drugs using nanoparticles can be achieved in
a number of ways, which can be divided into passive, active, or trigger positioning.” The passive target method employs
passive diffusion nanoparticles, which traverse the tumor vascular endothelial barrier and the EPR effect, particularly for
nanoparticles characterised by prolonged blood circulation, such as liposomes.** Active targeting involves the coupling
of nanoparticles with high-affinity ligands, which can be selectively recognized by surface receptors on cancer cells,
thereby triggering receptor-mediated endocytosis, or surface receptors on endothelial cells to minimize the systemic
toxicity of conventional drugs.*’ Finally, nanodrugs have been developed for targeted drug release at tumor sites. These
can be triggered by responsive mechanisms, including pH, temperature, magnetic field, ultrasound, or light.*

The aforementioned treatments have been developed using different classes of nanoparticles from organic or
inorganic sources (eg, liposomes, micelles, polymers, and biomimetic nanoparticles) and inorganic nanoparticles with
different shapes, sizes, and degrees of surface functionalization (Figure 2 and Table 1). The most salient features of the
material under discussion are its biodegradability and biocompatibility. The substance’s combination with hydrophilic
and hydrophobic small molecules or macromolecules has been demonstrated to be effective in preventing degradation
and ensuring sustained drug release. Furthermore, the possibility of surface functionalization to improve the interaction

with biomaterials has been identified, as well as the ability to target specific organs, cells, or proteins.*’

Liposomes

Liposomes represent the most commonly clinically accepted drug delivery system. The advantages of this system include
biocompatibility, biodegradability, and non-immunogenicity. These characteristics contribute to the system’s strengths in
targeted delivery and sustained release of loaded drugs. Besides, liposomes could also prolong blood circulation time,
improve the therapeutic effect of the loaded drug, and reduce the toxicity.®’ Liposomes are composed of phospholipids

Liposomes Micelles

Polymeric nanoparticles  Biomimetic nanoparticles Inorganic nanoparticles

Figure 2 Nano-drug delivery system in MM.
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Table | List of Nano-Drug Delivery Systems in MM and the Advantages and Challenges

Type Composition Advantages Challenges Ref.
Liposomes Phospholipids and cholesterol High drug loading capacity, excellent Potential instability and [48,49]
biocompatibility, and mature clinical challenges in mass production
translation
Micelles/Polymeric NPs PLGA/PEG-PLA/Chitosan Controlled release, compact size, easy to High toxicity, limited drug [50-54]
functionalize loading capacity
Inorganic NPs Mesoporous silica (MSN), iron oxide | Versatility, unique optical/magnetic Biodegradability, Long-term [55-57]
and gold properties and high stability Toxicity
Biomimetic NPs Red blood cell membrane, platelet Long-term circulation, immune evasion and Complex preparation, [58-60]
membrane, cancer cell membrane active targeting membrane source and batch
variations

and cholesterol, which can be loaded with either hydrophobic or hydrophilic drug molecules.®* Doxil® is the first
chemotherapeutic nanomedicine to be clinically approved, having been authorised by the FDA in 1995. The circulation
time of Doxil is one hundred times longer than that of free DOX.® In recent years, significant advancements in liposome
technology have catalysed the swift development of novel pharmaceutical liposomal applications.®* In the domain of
liposome delivery systems, PEGylated liposomal nanoparticles have been shown to exhibit several advantageous
properties. These include high drug-loading capabilities, ease of incorporation of different functionalities, elevated
biocompatibility, and precise control over particle size. The PEGylated liposomal formulation of DOX has been
demonstrated to reduce cardiotoxicity. The loading of carfilzomib (CFZ) into liposomes in conjunction with DOX was
undertaken to enhance the anticancer effects of the combination at its optimal synergistic ratio. The combination of the
aforementioned elements with the specific delivery method demonstrated high stability and repeatability. Furthermore, it
was found that the efficacy of the combination was improved in comparison to the efficacy of the free drug
combination.**

Federico et al improved the treatments for MM by synchronizing the delivery of BTZ and BMM-disrupting agents to
overcome BMM-induced drug resistance. They found that co-delivery of BTZ and a ROCK inhibitor via P-selectin
glycoprotein ligand-1 (PSGL-1)-functionalized targeting liposomes to the BMM is more effective than free drugs, non-
targeted liposomes, or single-agent controls, and the liposome also reduces severe BTZ-associated side effects.®” The
present study investigates the potential of liposomal dexamethasone to accumulate in cancer-bearing human bone
scaffolds, with the objective of inhibiting tumour growth. In comparison, the investigation of free dexamethasone
revealed its inactivity at an equivalent dose.’® Bilgicer et al designed a BTZ prodrug liposome based on a boronic
ester bond-linked lipid-BTZ, which can significantly inhibit proteasome activity and kill myeloma cells.*” Kolemen et al
summarized the latest developments in the application of targeted liposomal nanoparticles as a drug carrier system for the
management of MM.®%’

Polymeric Nanoparticles
The formation of polymeric nanosystems typically occurs through the process of self-assembly of amphiphilic polymers
in an aqueous environment. These nanosystems encompass a variety of structures including polymeric nanoparticles and
polymer micelles. The encapsulation of hydrophobic and hydrophilic drugs within these nanosystems has proven to be
a highly effective therapeutic approach.®®%° Polymer nanomedicines have been widely used in cancer treatment due to
their advantages of good stability, controllable structure and chemical diversity. At present, polymer micelle paclitaxel
nanomedicine (Genexol-PM) based on polyethylene glycol-b-polylactide (PEG-PLA) has been approved by the FDA for
the treatment of breast and ovarian cancer.”® In addition, there are a number of different types of polymer nanomedicines
in clinical trials at various stages.”"”> Among them, the polymer nanodrugs used to treat MM mainly include micelles
and nanoparticles.

Qian et al prepared camptothecin (CPT)-encapsulated nanodrugs based on N,N,N-trimethylchitosan, and studied its
antitumor effect in the MPC-11 MM model of subcutaneous tumors.”* It was found that compared with free CPT, CPT
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nanodrugs could inhibit tumor growth more effectively, thereby significantly prolonging the mental survival of tumor-
bearing mice, indicating that chitosan nanoparticles could effectively improve the stability and anti-tumor activity of
CPT. Lee utilized polyethylene glycol-b-polycaprolactone (PEG-PCL) micelles to encapsulate the proteasome inhibitor
CFZ to prevent CFZ degradation during cycling.”* The results showed that compared with free CFZ, the stability of CFZ
in polymer nanoparticles was greatly improved, and the killing effect on MM cells was further enhanced.

Micelles are artificial vesicles that are structurally analogous to liposomes. They are formed by self-assembly of
amphiphilic lipids, encapsulating hydrophobic cores that can carry hydrophobic drugs. Polymer micelles represent
a particularly promising class of nanocarrier for tumor-targeted delivery due to a number of factors. Firstly, they exhibit
excellent biocompatibility. Secondly, they have an extended cycle time. Thirdly, they have a suitable particle size (10—
100 nm). Finally, they can dissolve various insoluble drugs. This ability has led to the development of several types of
drug-loaded micelles, which are currently being tested in preclinical and clinical trials. Among polymer micelles, lipid
core micelles form special groups, namely micelles formed by the coupling of soluble copolymers and lipids, such as
polyethylene glycol phosphatidyl ethanolamine (PEG-PE) conjugates.”

CFZ has been introduced into the market as a treatment option for refractory MM, and many efforts have been made
to increase its short cycle time. A core disulfide cross-linked biodegradable micelle labelled with A6 peptide
(KPSSPPEE), known as A6 polysilicone micelle (A6-PM), was recently synthesized from poly(ethylene glycol)-b-
poly(dithiolane trimethylene-co-ge-caprolactone) (PEG-P(DTC-co-CL)) copolymer for CFZ delivery in overexpressing
CD44 receptors in human MM cell line LP-1. A6 is a 40 nm small octapeptide with favourable anti-angiogenic properties
and stable CFZ loading in mice, high stability, ability to target CD44, and relative to other CFZ sulfobutylether-§3-
cyclodextrin (CFZ-CD) has low systemic toxicity; on the contrary, its half-life is short, lacks selectivity and has poor
anti-cancer activity.”®

NKO12 is a polymer micelle that self-assembles in an aqueous solution from the amphiphilic block polymer PEG-b-
polyglutamic acid while loaded with 7-ethyl-10-hydroxycamptothecin (SN-38) (Figure 3A).”” NK012 has been shown to
have significant antitumor activity in a variety of tumor models. At the same time, the treatment of NK102 for triple-
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Figure 3 Antimyeloma activity of NKO12. (A) Schematic structure of NKOI2. Reproduced from ref.”” with permission. Copyright © 2006, American Association for Cancer
Research. (B) X-ray images and H and E staining results of tibial bone destruction after NKOI2 treatment. Reproduced from ref.’® with permission. Copyright © 2013, John
Wiley and Sons. (C) The combination of NKOI2 and BTZ prolongs median survival in an orthotopic MM model. Reproduced from ref.”® with permission. Copyright © 2013,
John Wiley and Sons.
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negative breast cancer, small cell lung cancer, and colorectal cancer has entered the clinical Phase I/II. Morino et al
investigated NK012 as a single agent or in combination with BTZ for the treatment of in situ U266B1 MM.”® The study
found that NKO12 effectively slowed down the osteolytic lesions of tumor-bearing mice and greatly prolonged the
survival of mice (Figure 3B). When NK102 was combined with BTZ, the median survival of mice was further prolonged
compared with the BTZ treatment group alone, indicating that NK102 had good anti-MM activity and had a certain
synergistic therapeutic effect when combined with BTZ (Figure 3C).

Chen et al developed micellar nanoparticles that use pH-induced surface charge reversal and reactive oxygen species
(ROS) amplification to trigger accelerated drug release.”” These nanoparticles exhibited significant antitumor activity
against human prostate cancer cells. Over the past two decades, there has been rapid progress in developing surface-
charge-reversible systems for delivering drugs and diagnosing solid tumors. However, there are research gaps in the field
of non-solid tumors, including leukemia, lymphoma, and MM. Because of the acidic microenvironment of MM, pH-
responsive charge-reversal systems could be a feasible treatment option for this hematologic malignancy. Currently, this
is only a theoretical hypothesis. In the future, more efforts will be needed to develop surface-charge-reversible systems
that can specifically target hematological tumors.

Inorganic Nanoparticles
Inorganic nanoparticles exhibit unique characteristics in the field of nanomedicine. Metallic nanoparticles exhibit high
stability, high purity, and optical properties and can be readily modified at the surface level. For instance, Zhang et al
developed iron oxide magnetic materials to modify dimercaptosuccinic acid. BTZ and garcinic acid (GA) were
encapsulated within nanoparticles. The combination of BTZ-GA/MNP enhanced the inhibitory effect on cell proliferation
and induced cell apoptosis. Conversely, the administration of free BTZ and GA at equivalent doses resulted in a marginal
antitumour effect.*® In addition, inorganic nanoparticles improve the performance of chemotherapy agents, enhancing
clinical benefits. To overcome the clinical shortcomings of paclitaxel (Taxol), researchers synthesized Fe;0,4 nanopar-
ticles loaded with paclitaxel (PTX-NP), which demonstrated the strongest tumor inhibition effect among all the groups.®!
Attempts have been made to improve the performance of vincristine due to its high lipophilicity and severe side effects.
The risk of side effects was reduced by gold nanoparticles loaded with low doses of vincristine, where the nanogold acted
as both drug carriers and therapeutic ingredients, blocking the cells in the S phase.®

The radionuclide *°Zr has been found to naturally attach to the bone, thus allowing it to enhance the therapeutic effect of
drugs.® Titanium dioxide (TiO,) nanoparticles coated with Tf and radiolabeled with *Zr were found to be capable of
targeting bone marrow and imaging the distribution of nanoparticles in a mouse model. Moreover, in the presence of *Zr,
the TiO, nanoparticles were capable of generating ROS and inducing cell death via the apoptotic pathway.** Silica is a safe
and biocompatible inorganic material, and mesoporous silica nanoparticles (MSNs) are readily degraded and excreted in
urine.®® Nigro et al developed a nanomedicine, FOL-MSN-BTZ, which encapsulates BTZ into MSNs and is surface-
modified with folic acid to alter metabolism and induce death in MM cells.*® The present study demonstrated that FOL-
MSN-BTZ impaired mitochondrial function and decreased ATP levels, whilst concomitantly increasing ROS production.
Concurrently, FOL-MSN does not affect normal cellular metabolism, thereby ensuring the safety of the material. The
efficacy and safety of treatment is enhanced by this drug delivery system. Zinc oxide nanoparticles have been extensively
utilised in biomedical fields. Moreover, the extant evidence suggests that zinc oxide nanoparticles could significantly induce
human MM cell death in a time- and dose-dependent manner in vitro (Figure 4A). In the meantime, it has been
demonstrated that zinc oxide nanoparticles have the capacity to reduce ATP, thereby effectively enhancing the generation
of ROS, increasing Cyt-C, Apaf-1, Caspase-9, and Caspase-3 expression at the mRNA and protein levels in human MM
cells, and initiating MM cell apoptosis. This indicates that Cyt-C, Apaf-1, Caspase-9, and Caspase-3 play crucial roles in
zinc oxide nanoparticles-induced, mitochondria-mediated apoptosis in human MM cells (Figure 4B and C).*’ In addition,
arsenic trioxide has been suggested as a potential treatment for patients with refractory MM.*®

Biomimetic Nanoparticles
It has been reported that circulating bone marrow cells can only survive and proliferate when they migrate and return to
the BMM, a process referred to as “bone marrow homing (BMH)”.** BMH is a distinctive and significant characteristic
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of bone marrow cells. The phenomenon under discussion has been observed to occur not only in the early stage of
myeloma, but also throughout the development process of MM including the occurrence, development, metastasis and
treatments of the disease.”® In recent years, there has been a growing interest in biomimetic nanoparticles that are based
on cell membrane-coated nanoparticles. It should be noted that many biomimetic nanoparticle systems incorporate
a polymeric nanoparticle core to provide structural stability and drug-loading capacity. Cell membrane-coated nanopar-
ticles inherently mimic the characteristics of their membrane-derived source cells, thereby endowing them with a wide
range of functions, such as long circulation, homologous targeting, immune escape, and disease-related targeting,
because the antigen profiles are retained on the cell membrane. A considerable number of studies have been conducted
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on the development of platelet,’® red blood cell (RBC),* and tumor cell membranes®' coated nanoparticle systems, as

well as a “molecular decoy” strategy mediated by extracellular vesicles (eg, exosomes) (Figure 5 and Table 2).%2

RBCs are the most abundant circulating cells in the blood and have been extensively utilised in DDS due to their

biocompatibility, biodegradability, and prolonged circulating half-life. Consequently, the “camouflage” provided by the

RBC membrane renders nanoparticles a platform to combine the advantages of natural RBC membranes with those of

nanomaterials. Zhang et al designed and constructed an innovative nanoparticle-based drug delivery system, P-R@Ni3P-

BTZ.>° P-R@Ni3P-BTZ is a nanocomposite material that consists of two parts, as illustrated in Figure 6A. The first

component is a drug carrier (Ni3P), which combines photothermal therapy (PTT) with chemotherapy by loading BTZ.

Table 2 Representative Nanomedicine Formulations for Multiple Myeloma Therapy in Preclinical and Clinical Studies

Formulation Therapeutic Agent Target/Mechanism Key Findings Stage Ref.
PEGylated liposome DOX + BTZ Proteasome inhibition + | Prolonged TTP in RRMM patients; overall Phase Il [93,94]
chemotherapy survival not improved vs BTZ alone
PEGylated liposome BTZ + ROCK inhibitor Overcoming CAM-DR More effective than free drugs or non-targeted | Preclinical [65]
(targeting BMM) liposomes
Polymer micelle SN-38 (NKO012) Topoisomerase Reduced osteolytic lesions and prolonged Preclinical [78]
| inhibition survival in orthotopic MM model
MSN BTZ (FOL-MSN-BTZ) Folate receptor- Induced mitochondrial dysfunction and ROS Preclinical [86]
mediated targeting production; minimal toxicity to normal cells
RBC membrane-coated NP BTZ + photothermal CD38 targeting + PTT Active MM cell targeting, ROS induction, good Preclinical [59]
therapy (P-R@Ni3P- biosafety
BTZ)
Platelet membrane-coated NP BTZ + tPA Bone targeting + Superior tumor inhibition and thrombus Preclinical [58]
thrombolysis resolution
MM cell membrane-coated NP BTZ (PCEC@M) Bone marrow homing + | Enhanced drug availability at myeloma site; Preclinical [60]
homologous targeting prolonged circulation
Lipid nanoparticle BCMA-mRNA mRNA-based cancer Efficiently activates dendritic cells in the spleen Preclinical [95]
vaccine
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The second component is the shell (P-R), which consists of a CD38 targeting peptide P-modified erythrocyte membrane
nanovesicle. It has been demonstrated that P-R@Ni3P-BTZ has significant antitumor effects, as it is capable of actively
targeting MM cells in both in vitro and in vivo settings. The P-R@Ni3P-BTZ compound has been demonstrated to
induce significant intracellular ROS and to increase the apoptosis of MM cells. Furthermore, P-R@Ni3P-BTZ demon-
strated favourable biocompatibility and biosafety in vitro and in vivo.

Platelets are a distinctive cellular component that has the capacity to bind to a variety of disease-related substrates.
The resulting nanoparticles possess a right-side-out unilamellar membrane coating functionalized with immunomodula-
tory and adhesion antigens associated with platelets. In comparison with uncoated particles, the platelet membrane-
cloaked nanoparticles have reduced cellular uptake by macrophage-like cells and lack particle-induced complement
activation in autologous human plasma. The cloaked nanoparticles have been demonstrated to display platelet-mimicking
properties, including the capacity for selective adhesion to damaged human and rodent vasculatures as well as enhanced
binding to platelet-adhering pathogens. Hu et al developed a platelet membrane-coated biomimetic nanocarrier for the
targeted delivery of BTZ, which could sequentially target the bone microenvironment and myeloma cells to enhance
the drug availability at the myeloma site and decrease off-target effects, was developed for inhibiting MM growth
and simultaneously eradicating thrombus complications (Figure 6B).”® The pH-responsive nanoparticles were wrapped
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with platelet membrane (PM-NP) and the nanoparticles were targeted to NCI-H929 cells via CD44. Once the nanopar-
ticles were internalized by the myeloma cells, the intracellular drug was released due to the acid-responsive behavior.
Additionally, alendronate was attached to the surface of the nanoparticles to target the accumulation at the bone site. Co-
delivery of BTZ with tissue plasminogen activator (tPA) has been demonstrated to facilitate the inhibition of tumour
growth, the dissolution of thrombus, and the reduction of the risk of thrombotic complications. It was demonstrated that
targeted NP-BTZ exhibited elevated levels of cellular toxicity in NCI-H929 cells. Furthermore, its therapeutic efficacy in
targeting strategies for both bone and MM cells was superior.”®

MM cells are known to survive primarily in the bone marrow and have been observed to exhibit BMH properties
(Figure 5). The hypothesis that cell membrane-coated nanomedicines can inherit the properties of the source cells is one
that merits further investigation. Gao et al presented a novel biomimetic zeolitic imidazolate framework-8 (ZIF-8)
nanoparticle (D/INPs@CM) by integrating DOX, IR-780, and the MM cell membrane. The D/INPs@CM can target
BMM due to the BMH and homologous targeting properties of the MM cell membrane (Figure 6C).°' The ZIF-8
nanoparticles can burst and release the co-loaded DOX and IR-780 in response to an acidic tumor microenvironment,
enabling targeted PDT/PTT/chemotherapy without noticeable systemic toxicity. These features suggest that biomimetic
nanocarriers have great potential for precisely targeting MM and other hematological malignancies.

Zeng et al developed DB Exo, an allogeneic DC-derived exosome platform engineered to surface display BCMA that
acted as molecular decoys, predominantly sequestering soluble APRIL with partial BAFF attenuation, thereby effectively
disrupting NF-kB pro-survival signaling in MM cells, and their findings established DB Exo as a promising cell-free
strategy for MM treatment by integrating targeted cytokine blockade with in situ immune activation (Figure 6D).”
Furthermore, Zhang et al developed a bone-marrow-targeting bispecific nanosystem (CSF@E-Hn) based on hemato-
poietic-stem-cell-derived nanovesicles that activated endogenous NK cells for MM treatment, offering a novel strategy to
target the bone marrow niche.”®

Beyond conventional nanocarriers, emerging mRNA-based nano-vaccines have shown considerable promise in
preclinical MM models. Van der Vreken et al developed Galsomes—Ilipid nanoparticles co-encapsulating antigen
mRNA and the iNKT agonist o-galactosylceramide—which activated both CD8" T cells and iNKT cells and significantly
reduced MM growth when combined with a CD40 agonist.”’ Additionally, Dutta et al reported a BCMA-mRNA lipid
nanoparticle vaccine that elicited BCMA-specific CD8" cytolytic T cells capable of lysing BCMA" MM cells in vitro and
inhibiting tumor growth in murine MM models.”® In the domain of CAR-T delivery, nanobody-based CAR constructs
incorporating dual VHHs targeting BCMA have demonstrated a high overall response rate of 96.3% in RRMM patients,
extending efficacy to those with high-risk cytogenetic abnormalities and extramedullary lesions.”®

A plethora of studies have explored the potential of various types of nanoparticles and nanocarriers in the treatment of
myeloma (Table 2). The utilisation of nanomedicines confers a number of distinct advantages with respect to drug
delivery and specificity to the tumour site. The efficacy of nanotechnology-based myeloma therapies has been demon-
strated in preclinical and clinical studies, often showing potential improvements over conventional therapies. These
advances collectively demonstrate the evolving landscape of nanomedicine strategies for MM, with clinical translation
representing the next critical frontier.

Clinical Applications of Nanomedicine for MM Therapy

The application of nanomedicine in MM is rapidly evolving, providing new strategies for the treatment of this refractory
hematological tumor by improving drug targeting, reducing toxicities, and overcoming drug resistance. The use of
nanomedicine, such as liposomes, polymer nanoparticles, and micelles, has emerged as a significant advancement in the
field of chemotherapy. These carriers can encapsulate chemotherapeutic agents, including BTZ and DOX, enhancing
their solubility, prolonging their circulation time, and reducing systemic toxicity. For instance, DOX liposome (Doxil®)
has been utilized in relapsed/refractory MM, and its capacity to target the BMM is superior to that of conventional
agents. PEGylated DOX liposomes have been evaluated in different combination regimens including protease inhibitors
or immunomodulatory drugs. The triple regimen of BTZ, PEGylated DOX liposomes, and dexamethasone has been used
in the initial treatment of MM. Patients receiving PEGylated DOX liposomes and BTZ had significantly better outcomes
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than the BTZ monotherapy group.”® However, in long-term follow-up, this combination did not improve overall survival
compared to monotherapy.94

An exploratory investigation was conducted into the utilization of nanoparticle albumin-bound paclitaxel
(Abraxane®) in the context of recurrent myeloma. A Phase I trial (NCT01365559) enrolled 38 patients and investigated
the combination of Abraxane with lenalidomide and dexamethasone.”® The study’s findings were encouraging, with
a response rate of 78% and a favorable safety profile. Nevertheless, the study also identified potential challenges
associated with the use of nanoparticle-based therapies. For instance, the trial highlighted the necessity for vigilant
monitoring of adverse effects potentially attributable to the nanocarriers themselves. This case study exemplifies the
potential of nanotechnology to enhance drug delivery and mitigate off-target effects, thereby enhancing the therapeutic
index of a treatment.

The enhanced accumulation of nanoparticles at the tumor site is achieved through surface modifications that target
MM cell markers, such as CD38, BCMA, and CD138, or by leveraging the EPR effect, which occurs when small
molecules with high permeability are traversed by the vasculature of the bone marrow. A notable example is the
combination of anti-CD38 antibodies, such as Daratumumab, with nanocarriers, which have been shown to enhance
the precision of targeting MM cells. The results of clinical trials have shown that CPX-351 is effective for the treatment
of high-risk or secondary acute myeloid leukemia in elderly patients (NCT01696084).'°> On October 25, 2022, the US
FDA accelerated the approval of Johnson and Johnson’s teclistamab (trade name: tecvayli) for adult patients with
relapsed or refractory MM who had undergone at least fourth-line treatment. Previously, on August 23 this year, the
European Union EMA also approved the listing of teclistamab, which is the first BCMA/CD3 dual antibody to be listed
in the world. Unlike nanomedicines, teclistamab functions as a bispecific antibody that redirects CD3™ T cells to mediate
the lysis of BCMA-expressing myeloma cells. The pivotal MajesTEC-1 trial demonstrated an overall response rate of
61.8% (95% CI 52.1-70.9) among heavily pretreated RRMM patients, with a manageable safety profile.”*'°! Although
teclistamab is an antibody-based therapy rather than a nanomedicine, its development and applications can provide
valuable information for designing BCMA/CD3 bispecific targeting strategies. The growing number of clinical trials for
nanoparticle-based drugs reflects the expanding interest in applying nanomedicine to MM rather than establishing a “new
era centered on nanomedicine” as an established clinical reality.

Notwithstanding the considerable potential of nanomedicine-based therapies in the treatment of myeloma, numerous
challenges persist in their clinical implementation. The primary concern is to ensure patient safety. While the utilization
of nanocarriers holds great promise in enhancing the delivery of therapeutic agents, it is imperative to acknowledge the
concomitant emergence of novel safety concerns. For instance, the materials utilized in the construction of nanocarriers
have the potential to elicit adverse biological reactions, including toxicity or inflammatory responses.'®> Consequently,
rigorous preclinical and clinical testing is imperative to ensure the safety of these nanomaterials.

Conclusions and Outlook

In this review, we have systematically summarized nanomedicine delivery systems for the treatment of MM, covering
four major categories of carriers. Liposomal formulations, exemplified by PEGylated liposomes, represent the most
clinically advanced category, which has undergone extensive clinical trials and are expected to be gradually incorporated
into the clinical treatment of MM. Biomimetic nanoparticles represent one of the most promising strategies, For example,
MM cell membrane-camouflaged nanoparticles enter the bone marrow via homing to the bone marrow, while systems
coated with platelet and red blood cell membranes provide extended circulation and adhesion capabilities. Beyond these
well-studied carrier categories, emerging strategies such as mRNA nano-vaccines and nanobody-based CAR-T constructs
are expanding the frontiers of MM nanomedicine. Additionally, novel biomimetic systems with dual targeting modalities
have demonstrated enhanced precision therapy in orthotopic models.

Despite the significant potential advantages, achieving effective myeloma targeting of nanomedicines necessitates
further detailed investigation and understanding of the challenges associated with systemic drug delivery at preclinical
and clinical levels. A further consideration in the realm of targeted drug delivery to bone pertains to the phenomenon of
drug accumulation in bone tissue over time, a process that has the potential to engender protracted side effects within the
organism. It is imperative that future studies evaluate the long-term effects of targeted formulations coupled with

14 https: International Journal of Nanomedicine 2026:21



Wu et al

nanomedicines and their efficacy over the course of treatment. Furthermore, effective collaboration between clinicians
and researchers specialising in nanomaterials and nanotechnology will enhance research efforts and accelerate the
translation of targeted nanomedicines for MM to the clinic in the near future.
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