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A B S T R A C T

One form of uncommon cancer that develops in the smooth muscles is called leiomyosarcoma, or LMS. The body's
hollow organs, such as the stomach, bladder, intestines, and blood vessels, contain smooth muscles. The three
main components of conventional therapy are surgery, chemotherapy, and radiotherapy. These treatments have
numerous drawbacks, including insufficient surgical resection, drug resistance to chemotherapy, radiotherapy
insensitivity, and postoperative bone defects. Because of their easy modification, targeting, and other charac-
teristics, along with their unique physicochemical properties, nanoparticles have been used extensively in
research on anti-leiomyosarcoma treatment. Inhibiting the onset and progression of leiomyosarcoma, nano-
particles can have a variety of effects on the growth of leiomyosarcoma cells. We provide a brief overview of the
development of nanoparticle research closely associated with leiomyosarcoma treatment in this review.
1. Introduction

One of the most prevalent subtypes of soft tissue sarcoma (STS) is
leiomyosarcoma (LMS), which is slightly more common in middle-aged
or older adults. Although it can develop almost anywhere in the body,
it most commonly occurs in the retroperitoneum, extremities, or uterus.
It is believed to originate from smooth muscle or its precursor cells. Due
to the different clinicopathological features of the two groups, the disease
is frequently classified as extra-uterine LMS (arising in the retro-
peritoneum, blood vessel walls, gastrointestinal tract, extremities, or
subcutaneously) or uterine LMS. Despite initial local control with
resection, LMS is a particularly aggressive malignancy, with distant
metastases occurring in about half of the patients. The anatomical loca-
tion and tumor staging both influence prognosis; a ten-year metastatic
rate of 31% occurs in the extremities, 58% in the abdomen, and 53–71%
in the uterus. Because there is little evidence linking tumor grade to
patient outcome, uterine LMS tumors are not graded. As a result, tumor
eutical Chemistry, S.M.B.T.
une University, Nandi-Hills,
3, India.
(S.V. Jadhav).

vier on behalf of KeAi

24

s by Elsevier B.V. on behalf of KeA
grade is not taken into account in the International Federation of Gyne-
cology and Obstetrics (FIGO) staging system, which is used to diagnose
uterine LMS. There are various histological variations of LMS that can be
categorized as spindle, myxoid, or epithelioid variants. Occasionally, a
combination of these histotypes can be seen in the same tumor, though
Well-differentiated LMS tumors are made up of elongated spindle cells
arranged in intersecting fascicular bundles with eosinophilic cytoplasm
and varying numbers of pleomorphic cells. These tumors typically exhibit
spindle type histological characteristics similar to those of smooth mus-
cle.1 (see Figs. 1–3)

Is a rare kind of malignant tumor that develops in smooth muscle. The
uterus, abdominal and urologic viscera, and the walls of large and small
blood vessels are the most frequently affected anatomic sites in adults.
Tumors in children are extremely rare. There are fewer reports describing
the nature of these uncommon lesions in the somatic soft tissues and
bone, where the tumors are less frequently found. When magnetic reso-
nance imaging (MRI) studies are performed on these tumors, character-
istic patterns almost invariably include an irregular, poorly outlined soft
tissue mass without a limiting membrane, which appears dark on T1 and
light on T2.2

2. Summary of biomaterials: categories and appealing attributes

Biomaterials have significantly impacted cancer therapy in recent
decades, with a focus onmaking small molecule chemotherapeutics more
soluble, less toxic, or having prolonged half-lives. These biomaterials
i Communications Co. Ltd. This is an open access article under the CC BY license
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Fig. 1. Advantages of drugs delivered using NPs.

Fig. 2. Nanoparticles in imaging and therapies.17

Fig. 3. Schematic representation of liposomes.23
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include self-assembled structures, enhanced cells, metal contrast agents,
lipids, natural or synthetic polymers, and quantum dots. They are used in
the fabrication of implantable scaffolds, developing sensitive biological
sensors, and preparing nanoparticles for delivery or conjugation to cells.
Biomaterials can co-deliver cargo by encasing multiple cargos in a
biodegradable polymeric particle, ensuring distinct cargo types are
received by cells or tissues. This method improves targeting by surface
conjugation of antibodies or ligands for receptors expressed on target
cells or tissues. Biomaterials also protect biologic cargo from deteriora-
tion in the presence of enzymes or elevated pH levels, minimizing sys-
temic toxicity, and improving tumor targeting. Lipid-based
nanostructures like liposomes, multi-lamellar vesicles, and exosomes
have proven particularly helpful in this field due to their high biocom-
patibility. A recent area of interest is the inherent immunogenic qualities
of some biomaterials.3
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3. Drug delivery system (DDS) nanocarriers

Chemotherapy is a crucial method in the clinic, but overdosing can
result in significant systemic toxicity and low dosage is not effective in
destroying tumor cells. Multidrug resistance (MDR) is influenced by
factors such as quick drug breakdown and nonspecific drug distribution.
Nanocarriers have several advantages in biological drug delivery plat-
forms, such as efficient surface loading, interparticular entrapment, and
effective contact with the cell membrane. They can also enhance payload
drugs' solubility, in vivo stability, systemic circulation, and bio-
distribution within the body.

Nucleic acids, which are susceptible to degradation by serum en-
zymes and have an unfavorable pharmacological profile, can be delivered
via nanocarriers. They can withstand enzymatic degradation, extend in
vivo circulation, and enhance nucleic acid transport and cellular uptake
for effective transcriptional modulation. The new COVID-19 vaccines
from BioNTech andModerna use lipid nanoparticles to deliver messenger
RNAs (mRNAs) that encode the antigen for the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2).

In cancer immunotherapy, nanocarriers can be actively targeted by
functionalizing with tumor affinity ligands or passively targeted by
improved permeation and retention effects. They can also accumulate in
lymphoid organs and other immune target sites, and can be further
modified to enhance their affinity with target immune cells. Nanocarrier-
based immunotherapy can explore a novel delivery strategy that targets
immune cells in addition to directly modulating tumors to produce
potent antitumor activity through various therapeutic effects.4
3.1. Drugs loaded in a controlled release

Research has developed stimuli-responsive nanoplatforms for tar-
geted medication release in cancerous tumors, minimizing side effects.
These nanoscale DDSs can be activated by the tumor microenvironment
or extrinsic factors, providing controlled drug release to enhance cancer
treatment efficacy. Their thoughtful composition and structure enable
targeted drug release.5
3.2. pH-dependent nanocarriers

Tumors have a unique environment with high temperatures,
increased enzyme expression, a redox potential, and an acidic pH. Due to
their low extracellular pH, researchers have explored using pH-
responsive nanoparticles (NPs) to deliver medications to tumors. These
NPs have ionizable groups that undergo protonation or charge reversal
when exposed to low pH, causing the structure to disintegrate and the
encapsulated payload to leak out. The release of drugs from NPs depends
on the acid dissociation constant (pKa) of the added functional group.
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NPs are classified as anionic or cationic based on their protonation/
ionization mechanism, with cationic polymers becoming deprotonated
when pH falls, and anionic polymers transitioning from hydrophilic to
hydrophobic when pH falls below their pKa.6

3.3. Redox-sensitive nanoparticles

GSH, a powerful antioxidant, can break down disulfide bonds in
nanocarriers, which are 100 times lower in extracellular environments
than in cells. In cancer cells, GSH concentration is higher than normal
cells. Chi et al created redox-sensitive, tumor-targeted nanocarriers to
enhance leiomyosarcoma chemotherapy. These nanocarriers, stabilized
by a detachable PEG conjugated with cholesterol, showed a burst release
of over 60% in the presence of 10 mM GSH compared to non-redox
sensitive nanocarriers. These dual-responsive nano-chemotherapeutics
were capable of inhibiting the metastasis and growth of breast cancer
simultaneously.7

3.4. Photosensitive nanocarriers

UV/Vis light is the most commonly used light source for photo-
controlled drug delivery systems due to its ability to cause structural
changes in light-responsive polymers. These changes, triggered by
photochemical reactions, allow nanoparticles to disassemble, enabling
controlled drug release. Three main processes are categorized based on
photochemical reaction mechanisms: photocleavable light-degradable
polymer, photocleavable light-degradable polymer, and photocleavable
light-degradable polymer. The deprotection of these functional groups by
photocleavage of light-responsive units can initiate a chain reaction,
breaking down the polymer main chains and releasing the payload of
polymer nanoparticles.8

3.5. Magnetically-responsive nanocarriers

Magnetic nanocarriers based on magnetic iron oxide nanoparticles
(MIONs) are increasingly used in tumor treatment and biomedical fields.
MIONs enhance anticancer medicines' efficacy, improve drug pharma-
cokinetics, and enhance drug accumulation in tumor tissue. Active tar-
geting is achieved through external magnetic fields or ligands. Functional
shells enhance MIONs' biocompatibility and nontoxicity properties. An
ideal drug-targeted delivery system holds therapeutics in the circulatory
system, releasing them only after exposure.9

3.6. Bone targeting

Alendronate is an effective anti-cancer drug used to treat bone-related
diseases, particularly osteosarcoma. However, its low bioavailability
leads to increased toxicity and side effects. A study by Ravanbakhsh et al
suggested altering the negative surface charge of mesoporous bioactive
glass (MBG) to improve drug attachment and loading efficiency. The
results confirmed the idea, and local alendronate release from AMBG
could suppress tumor cell growth. Alendronate is also used as a bone-
targeting ligand, as it can chelate calcium ions in bone tissue. Studies
have shown that functionalized polymeric nanoparticles with alendro-
nate have decreased toxic off-target effects and enhanced therapeutic
effects.10

3.7. Tumor targeting

Bone is a vital organ for organisms, supporting their mechanical
functions and promoting metabolic and immune functions. Its formation
process involves mesenchymal stem cells, osteoblasts, osteoclasts,
osteoid, nuclear factor receptors, osteoprotegerin, and macrophage
colony-stimulating factor. Bone metabolism involves key bone cells, such
as osteocytes, osteoblasts, and osteoclasts, which regulate bone
739
catabolism and anabolism. Changes in these cells can lead to osteopo-
rosis, Paget's disease, and metastatic bone tumors. The concept of “bone
targeting” was developed by Pierce in 1986 to increase drug concentra-
tion in target cells or organs and reduce systemic adverse reactions.
Targeted delivery of therapeutics to the bone is an attractive treatment
for bone metabolism diseases like osteoporosis, osteoarthritis, osteosar-
coma, and osteomyelitis. Researchers have proposed strategies such as
bone-targeted nanomaterials for chemotherapy, photothermal therapy,
gene therapy, and combination therapy.11
3.8. Targeting macrophages

Tumour-associated macrophages are crucial in the tumor microen-
vironment, playing a role in angiogenesis, extracellular matrix remod-
eling, cancer cell proliferation, metastasis, and immunosuppression.
They also resist chemotherapeutic agents and checkpoint blockade
immunotherapy. When activated, they can mediate phagocytosis of
cancer cells and cytotoxic tumour killing, and interact with the innate
and adaptive immune system. Macrophage-targeting strategies include
inhibitors of cytokines and chemokines involved in the recruitment and
polarization of tumour-promoting myeloid cells, as well as activators of
their antitumorigenic and immunostimulating functions. Early clinical
trials suggest targeting negative regulators of myeloid cell function has
antitumor potential. Macrophage-centered therapeutic strategies can
complement and synergize with existing oncology tools.12

Macrophages play an integral role in maintaining the steady state of
the immune system and are involved in cancer and inflammation pro-
cesses. Thus, NPs tailored to accurately target macrophages have the
potential to transform disease treatment. Herein, we first present a brief
background information of NPs as drug carriers, including but not limited
to the types of nanomaterials, their biological properties and their ad-
vantages in clinical application.13
3.9. Nanomaterials for radiosensitization radiotherapy

One of the common cancer treatments is radiotherapy (RT), which is
administered in addition to chemotherapy and surgery. Approximately
50% of cancer patients received radiation therapy (RT) at least once
during their course of treatment. By delivering electromagnetic radiation
or particulate radiation, radiotherapy exhibits notable effects that will
benefit biological tissues. When particles or waves are absorbed by tis-
sues, they release electrons and free radicals, which causes ionization and
energy deposition within the designated capacity. The energy produced
causes breaks in the DNA of tumor cells, which slows down the growth
and division of the cells and ultimately results in the death of the tumor
cells. Nonetheless, the regularity of radiation resistance in tumor cells.

A few products have been developed and used in clinical settings to
help with radiosensitization of radiotherapy, including injection-grade
sodium glycididazole and irisquinone capsules. Conversely, the syner-
gistic effects of anticancer drugs and radiation therapy (e.g., application
of cisplatin and Taxol) were observed in the treatment of tumors. The
problem, though, is that free chemotherapeutic agents do not accumulate
well at the tumor site and both the currently used forms of chemotherapy
and radiation cause significant cytotoxicity to normal tissues. Improving
the radiotherapy outcome primarily depends on developing new radio-
sensitization techniques that can both reduce side effects and increase
radiotherapeutic efficacy.14

Among these, radiation therapy (RT) is regarded as one significant
and successful method to eradicate or manage tumors since radioactivity
was discovered by Nobel Prize winner Marie Curie.2. Generally, radia-
tion therapy (RT) uses high-energy photon radiation, like gamma (γ) rays
and X-rays, to treat cancer cells.15 By enhancing the damage that ionizing
radiation preferentially causes to cancer cells, radiosensitizing agents can
increase the potency and specificity of radiotherapy.16
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4. Other therapies

4.1. Nanomaterials based on physicochemical properties for the treatment
of LMS

Nanoparticles, with their unique physical and chemical properties,
have been developed to treat bone tumors and serve as drug delivery
systems. These nanoplatforms can convert photothermally, generate
reactive oxygen species (ROS), precipitate radiation doses, and stimulate
the immune system, making them effective in treating anti-
leiomyosarcoma. Biomaterials have evolved through three generations.
The first generation, which began in the 1950s, focused on biocompatible
materials like pyrolytic carbon and silicone rubber. The second genera-
tion, which connects to the first generation, uses controlled reactions
with tissues to produce medicinal effects. Examples include bioactive
ceramics and glasses in orthopaedic and dental surgery. Reabsorbable
materials with adjustable degradation rates are also included in this
category. These biodegradable materials form an interface between the
implantation site and the host tissue, allowing for over-time removal. The
third generation, which emerged in recent years, focuses on modern
techniques to address contemporary issues, promoting tissue regenera-
tion, which is the foundation of regenerative medicine and tissue engi-
neering science. Living cells are used in tissue engineering to promote
tissue formation and regeneration, resulting in therapeutic benefits, such
as bladder, cartilage, and skin replacements.

5. Cancer immunotherapy utilizing advanced biomaterials

Biomaterials' function in cancer treatments.

� Targeted drug delivery
� Immunotherapy
� For adoptive cell transfer
� Intra arterial occlusion device
� enhancers for antigen specific T-cell for cancer immunotherapy
� Vaccine development

Tumour Microenvironment development for drug testing.18

6. Novel biomaterials for cancer immunotherapy

6.1. Lipid-based biomaterials

DCs are the most potent professional APCs due to their ability to
integrate both innate and adaptive immunity. Antigens must be captured
for APCs, and especially DCs, to initiate a cytotoxic CD8þ T-cell (CTL)
immune response directed against tumors. Lipid-based nanobiomaterials
such as liposomes have been studied for their potential to deliver adju-
vants and antigens directly to DCs in vivo. This is due to the fact that the
preparation process for cellular DC vaccines is costly and time-
consuming.19

6.2. Liposomes

Liposomes are spherical structures composed of a hydrophilic core
encircled by a bilayer of various amphiphiphic lipid materials, primarily
phospholipids. They are among the earliest and yet highly promising
drug carriers. Generally, liposomes with one or more bilayer membranes
can range in size from 25 nm to 2.5 μm. The number of bilayers and size
of liposomes are the two factors that determine their classification.
Regarding the number of bilayers, there are two types of liposomes:
unilamellar (having a single phospholipid bilayer) and multilamellar
(having multiple bilayers resembling an onion). The unilamellar type is
further classified into two subtypes: small and large unilamellar
liposomes.20

Sterols have been added to liposomes in addition to phospholipids in
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order to control membrane fluidity and enhance liposome stability. The
sterol that is most frequently used in liposome formulation is cholesterol.
It improves bilayer stability in biological fluids like blood and plasma and
decreases membrane fluidity, transmembrane transport of water-soluble
drugs, and promotes phospholipid packaging and bilayer formation. In
the meantime, cholesterol can decrease high-density lipoprotein phos-
pholipid depletion, minimize liposome interaction with proteins in vivo,
and prevent macrophage digestion, all of which increase liposome sta-
bility. Moreover, liposome membranes made of whey protein, chitosan,
and oligosaccharides can be used to control drug release and improve
stability.21 The use of liposomes as immunotherapy's underlying carriers
has long been studied.22

6.3. Metal nanoparticles and metal oxides

As mentioned earlier, CDT typically causes the Fenton/Fenton-like
reaction to intensify oxidative stress. Therefore, metal-ion-containing
semiconductor nanomaterials are promising candidates for chemo-
dynamic cancer therapy and have attracted a lot of interest as chemo-
dynamic agents for enhancing therapeutic efficiency. The easiest
materials for drug delivery are metal and metal oxide nanoparticles due
to their controlled size and shape, biocompatibility, and ease of surface
functionalization. Noble metal nanostructures, particularly Au nano-
particles, are frequently used for drug delivery. Wan et al have recently
reported on the anticancer effects of docetaxel conjugated Au doped
apatite in vitro. The material showed improved bioavailability at the site
and increased cytotoxicity against HepG2 human liver cancer cells.24

6.4. Use of biomaterial as enhancers for antigen specific T-cell for cancer
immunotherapy

T-cells play a major role in supporting the immune response against
any invasion or potentially cancerous growth within the body. Occa-
sionally, they are referred to as the body's “guided missiles.” Biomaterials
that can imitate T-cell responses were investigated by Isser et al (2020),
with the potential to be utilized in immunotherapy treatments for a range
of malignancies and infectious diseases. Naturally, disease-specific anti-
gens are taken up by APCs (antigen presenting cells), such as dendritic
cells, at the site of infection. After these antigens are internalized and
come into contact with pathogen- or danger-associated molecular pat-
terns, DCs are activated and move to secondary lymphoid organs, which
are home to a population of chich lymphocytes. Tested and applied to
technology, biomaterials activate the pathway outlined, providing a
convincing answer to numerous treatment challenges related to cancer.18

Another study found that functional exhaustion, which is brought on by a
high antigen load, is not necessary for the up-regulation of BTLA.25

6.5. Gold nanoparticles

In 2D and 3D cancer cell cultures, gold nanoparticles can enhance
each other's radiosensitizing properties. In 2D and 3D cultures of four
distinct cancer cell lines, AuNP and SAHA were added, the cultures were
exposed to radiation, and the resulting damage from chemotherapy and
radiotherapy was then observed in order to test the combinational
radiosensitizing effect of the two agents. We employed 3D cell cultures
because, compared to 2D cultures, they more closely mimic the in-
teractions between cells and the extracellular matrix (ECM) that form in a
real tumor. The therapeutic applicability of SAHA is validated and
strengthened if a synergistic radiation enhancement by these agents can
be established in 3D models, as it has been previously demonstrated that
cells growing in 3D exhibit higher drug- and radioresistance via integrin-
mediated processes.16

6.6. Targeted drug delivery nanoparticulate systems

A huge assortment of classes of delivery vehicles for nanoparticulates
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have been documented. Drug-loaded delivery vehicles are appealing
because, as Huynh et al. 317 have shown, they can be actively or
passively targeted to cancer tissues to increase anticancer drug selectivity
and thereby lessen severe side effects. In terms of clinical translation,
liposomes 316 are arguably one of the most advanced delivery systems;
the FDA in the United States has approved multiple liposome formula-
tions. Certain cancer treatments already use liposome-based systems to
encapsulate medications (e.g., Myocet, Daunoxome, Doxil). Neverthe-
less, liposomes have a number of serious disadvantages, including a low
ability to encapsulate lipophilic drugs, the need for organic solvents
during manufacturing, leakiness, and instability in aqueous solutions and
biological fluids.26 Oxaliplatin-loaded nanoparticulate micelles were
created as chemotherapeutic drugs; these micelles exhibited a height-
ened antitumor effect due to the gradual release of the encapsulated drug
upon contact with the tumor microenvironment.27

7. Conclusion

This review discusses the advancements in nano-based biomaterials
for Leiomyosarcoma (LMS) therapy, which can overcome limitations of
traditional drugs like excessive blood clearance rate and acquired drug
resistance. Nanoparticle-based biomaterials can provide precise photo-
therapy, sensitizing radiotherapy, immunotherapy, and bone defect
reconstruction after surgery for LMS. However, the specific mechanisms
of antitumor effects of different nanoparticles remain unclear, and more
research is needed. Future research should focus on developing multi-
functional nanomaterials and exploiting synergistic therapeutic nano-
materials, particularly combining immunotherapy with bone tissue
reconstruction after LMS surgery to restore patients' motor function and
inhibit distant metastasis. Sonodynamic therapy is a promising treatment
modality for LMS due to its excellent ultrasound penetration and high
accuracy. However, traditional sonosensitizers are primarily organic
molecules, which have poor water solubility, persistent skin phototox-
icity, low sonotoxicity, and poor stability. Inorganic nanomaterials have
potential sonosensitizers due to their high biostability and low skin
sensitivity, but they exhibit highmetal toxicity and lack biodegradability.
The development of novel multi-functional nanosonosensitizers with
high ROS production capacity, effective tumor enrichment ability, and
excellent biodegradability is essential for the sonosensitization therapy of
LMS. The hope is that nanomaterials can be improved to meet clinical
application conditions, contributing significantly to the treatment of LMS
patients.
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