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Malignant pleural effusion (MPE) is a serious disease caused by malignant tumors with high morbidity
and mortality. Chemotherapy, immunotherapy, and antiangiogenic therapy are common treatments for
MPE at present. However, traditional chemotherapeutic drugs have many side effects and can easily lead
to drug resistance in patients. The complex tumor microenvironment (TME) of MPE directly reduces the
antitumor efficacy of immunotherapy. Fortunately, drug delivery systems (DDSs) based on biomaterials
have the ability to overcome some of the drawbacks of conventional treatments by improving drug sta-
bility, increasing the accuracy of tumor cell targeting, reducing toxic side effects, and remodeling TME,
ultimately improving drug efficacy. Therefore, the purpose of this review is to provide an overview and
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Chemotherapy discussion of the latest progress in biomaterial-based DDSs for the treatment of MPE. We discuss the
lcmm;_”ml?erapg application of biomaterials in the treatment of MPE from multiple perspectives, including chemother-
Ploer::r;g:zli(sm therapy apy, immunotherapy, combination therapy, and pleurodesis, where microspheres, cell membrane-derived

microparticles (MPs), micelles, nanoparticles, and liposomes, are involved. The application of these bio-
materials has been proven to have great potential in the treatment of MPE, providing a new idea for

follow-up research.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Malignant pleural effusion (MPE) refers to pleural effusion
caused by a primary malignant tumor of the pleura or the metas-
tasis of a malignant tumor from other sites to the pleura. There
are about 250,000 new cases in the U.S. and Europe according to
statistics [1,2]. MPE is a complication of many cancers, the most
common of which is being lung cancer, followed by breast cancer,
lymphoma, gynecologic malignancies, and mesothelioma [3]. Non-
small cell lung cancer (NSCLC) is the most common type of lung
cancer, accounting for approximately 85% of all cases, and about
40% of patients with advanced NSCLC may develop MPE [4,5]. The
median survival of patients with MPE is typically 3-12 months, de-
pending on the stage and type of the underlying malignancy [6,7].
Patients with MPE caused by ovarian cancer have a longer sur-
vival time, whereas those with NSCLC-induced MPE have an aver-
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age life expectancy of only 3.3 months [8,9]. MPE is caused by an
imbalance between the production and absorption of pleural effu-
sion. The invasion of tumor cells into thoracic lymph nodes and
the pleura leads to fluid accumulation by impairing lymphatic out-
flow and increasing the permeability of both the pleura and tumor
blood vessels [10]. The traditional clinical treatments for MPE are
mainly palliative local thoracic treatment, such as thoracocentesis,
indwelling pleural catheter, talc powder pleurodesis, hyperthermic
intrathoracic chemotherapy, and intrathoracic antitumor drug ther-
apy [11,12]. Traditional MPE treatments have poor efficacy, high re-
currence rate and many adverse reactions. Therefore, the develop-
ment of an efficient and selective treatment is urgently needed to
solve the problem of MPE.

The mechanism of MPE is still unclear, but it is generally be-
lieved that tumor-induced inflammation, neovascularization, and
high vascular permeability are the core of the pathogenesis of MPE
[13]. Vascular endothelial growth factor (VEGF) is a part of the
VEGF/platelet-derived growth factor gene family, which exhibits
strong angiogenic, mitogenic and vascular permeability-enhancing
effects, and is considered to be a key cytokine in the pathogene-
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sis of MPE [14,15]. VEGF can activate vesicle vacuolar organelles,
which form a pathway for fluid and solute to cross blood vessel
walls; induce mitogenic and chemotactic effects on vascular en-
dothelial cells to promote capillary sprouting; and stimulate en-
dothelial differentiation and proliferation, contributing to tumor
expansion and the progression of MPE [16,17]. VEGF is the first tu-
mor expression factor to be identified as an important factor in
the development of MPE, which is widely used in clinical treat-
ment of the disease [18]. Commonly used antiangiogenic drugs
in the clinic include bevacizumab (BEV) and apatinib (APA). BEV
can inhibit the VEGF-receptor signaling pathway by binding to hu-
man VEGF (VEGF-A), thereby preventing new blood vessel forma-
tion in tumors and inducing tumor cell apoptosis [19,20]. In addi-
tion, APA can block VEGFR-2 phosphorylation by binding to intra-
cellular adenosine triphosphate sites, thereby inhibiting the rapidly
accelerated fibrosarcoma (Raf)/mitogen-activated protein kinase
(MEK)/extracellular signal-regulated kinase (ERK) signaling path-
way leading to endothelial cell proliferation and the p38 mitogen-
activated protein kinase (p38 MAPK) signaling pathway stimulating
endothelial cell migration [21,22]. As research on MPE has inten-
sified, researchers have identified additional mediators that influ-
ence its development. C-C motif chemokine ligand 2 (CCL2), os-
teopontin, tumor necrosis factor (TNF), and angiopoietin 1 and 2
secreted by pleural tumors all promote the development of MPE
by inducing new angiogenesis [23]. Interleukin-6 (IL-6) is the most
typical cytokine associated with inflammation. Autocrine IL-6 acti-
vates the signal transducer and activator of transcription 3 (STAT3)
pathway and upregulates VEGF expression, thereby contributing to
the formation of MPE [24]. The host cell population may also play
a role in the development of MPE: (1) monocytes and neutrophils
are recruited into the pleural cavity by CCL2, promoting angio-
genesis and vascular leakage; (2) eosinophils and myeloid sup-
pressor cells are recruited by IL-5, which supports tumor cell sur-
vival in the pleural cavity and enhances vascular permeability; (3)
mesothelial cells are stimulated by transforming growth factor g
(TGF-pB) to produce VEGF [25-27].

Chemotherapy is the main treatment for MPE, but unfortu-
nately, traditional chemotherapy drugs are highly toxic, which lim-
its the dose that can be administered to patients, reduces efficacy,
and easily leads to drug resistance in tumor cells, thus resulting
in metastasis [28]. Immunotherapy is an important approach in
the clinical treatment of MPE. However, the MPE microenviron-
ment contains a significant number of tumor-promoting myeloid
immune cells and immunosuppressive cytokines, leading to an im-
munosuppressive tumor microenvironment (TME) and depletion
of tumor-specific cytotoxic T lymphocyte (CTL) cells [29,30]. This
ultimately diminishes the efficacy of antitumor responses. In re-
cent years, intrapleural chemotherapy for MPE has no longer been
used as a single treatment but has been integrated into other
treatment strategies [31]. Combination therapy has become a ma-
jor research focus both domestically and internationally for the
treatment of secondary MPE, typically involving the combination
of chemotherapeutic agents with immunotherapy and antiangio-
genic drugs. Gandhi et al. used the programmed cell death lig-
and 1 (PD-L1) inhibitor pembrolizumab combined with platinum-
based chemotherapy, and the experimental results revealed that
both progression-free survival (PFS) and total survival were notice-
ably extended compared with chemotherapy alone [32]. Xiang et
al. studied the therapeutic effects of APA and BEV combined with
cisplatin on MPE [19]. Compared with control groups, the triple-
drug combination group significantly prolonged the overall survival
of tumor-bearing mice and markedly reduced VEGF levels in both
serum and pleural effusion. However, combination therapy has yet
to overcome the limitations of chemotherapy and immunotherapy,
and its efficacy remains unsatisfactory. Therefore, developing novel
therapeutic approaches that effectively mitigate the side effects of

Chinese Chemical Letters 37 (2026) 111513

chemotherapy while enhancing the antitumor immune response in
MPE patients is crucial.

Biomaterials include natural or synthetic materials, which are
biodegradable and easy to accept by biological systems, with low
toxicity and high cost effectiveness [33]. Compared with conven-
tional clinical methods, various drug delivery systems (DDSs) de-
veloped by using these materials offer patients more precise and
safer treatment options. DDSs based on biomaterials can overcome
the limitations of traditional chemotherapy by increasing the sol-
ubility of poorly water-soluble therapeutic agents, reducing sys-
temic toxicity, and improving drug efficacy [34,35]. Biomaterial-
mediated immunotherapy, which is characterized by precise tar-
geting, high stability, and low cytotoxicity, can effectively release
immunotherapeutic drugs to remodel the TME and elicit rigorous
immunogenicity [36,37]. In terms of combination therapy, bioma-
terials also show great potential. By encapsulating radioisotopes
and anti-cytotoxic T-lymphocyte-associated protein-4 (CTLA-4) an-
tibodies in sodium alginate (ALG) hydrogel, Chao et al. were able
to reduce the in vivo toxicity of radioisotope therapy (RIT) and
induce immune-memory effects, which in turn prevented tumor
metastasis and recurrence [38]. Biomaterials, such as microcap-
sules, nanoparticles (NPs), microspheres, liposomes, and micelles,
which have obvious advantages of high drug-loading capacity, con-
trollable size and permeability of the delivery system, and the abil-
ity to transport large quantities of drugs to target sites via rela-
tively small amounts of carrier molecules, are commonly employed
in DDSs [39]. NPs optimize drug delivery by encapsulating thera-
peutic agents to enhance their aqueous solubility and bioavailabil-
ity, prolong blood circulation for improved tumor accumulation via
the enhanced permeation and retention effect, and mitigate sys-
temic toxicity through controlled release kinetics and enzymatic
protection of payloads, thereby positioning them as potent plat-
forms for cancer therapy [40-43]. Liposomes exhibit high stabil-
ity and drug-loading capacity, optimizing pharmacokinetics and tu-
mor accumulation, thereby ensuring enhanced therapeutic efficacy
and clinical translational potential [44]. In addition, hydrogels ex-
hibit favorable biocompatibility and biodegradability coupled with
a porous network structure that facilitates high drug-loading ca-
pacity [45]. Biomaterial-modified DDSs epitomize the convergence
of nanotechnology, immunology, oncology, and biomedicine, offer-
ing a roadmap to bridge the gap between localized disease ag-
gression and systemic therapeutic inadequacy. Their development
not only addresses the unmet needs of MPE but also establishes
a foundational strategy for intracavitary oncology, heralding a new
era in the management of metastatic serosal malignancies. This re-
view focuses on the latest applications and advancements of bio-
materials in the treatment of MPE, emphasizing the advantages
of DDSs based on these materials. We aim to increase awareness
within the medical community regarding the potential of these de-
livery systems and to promote translational research in this field.
Therefore, this paper discusses the application of biomaterials in
the treatment of MPE from the perspectives of chemotherapy, im-
munotherapy, combination therapy, and pleurodesis, with a focus
on their ability to overcome drug delivery challenges (Fig. 1).

2. Application of biomaterial-based DDSs for the therapy of
MPE

DDSs based on biomaterials can address certain limitations
of traditional chemotherapy and immunotherapeutic drugs. These
systems increase drug stability and the accuracy of tumor cell tar-
geting, reduce toxic side effects, and remodel TME, thereby increas-
ing drug efficacy. Although APAs and BEVs have been approved for
the clinical treatment of MPE, unfortunately, there is no precedent
for the application of biomaterials in antiangiogenic drugs in cur-
rent studies. This discrepancy underscores the importance of sys-
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Fig. 1. Schematic diagram of biomaterials for the therapy of MPE, including those
used in chemotherapy, immunotherapy, combination therapy, and pleurodesis.

tematically evaluating how biomaterial-based DDSs could broaden
therapeutic options for MPE beyond existing modalities.

2.1. Biomaterial-based DDSs for the chemotherapy of MPE

Intrathoracic chemotherapy not only reduces pleural effu-
sion but also enhances systemic antitumor effects. Currently, the
approved intrathoracic antitumor therapies include chemother-
apy (platinum-based drugs) and antiangiogenic treatments (re-
combinant human endostatin and BEV) [11]. Clinical guidelines
recommend draining pleural effusion before initiating systemic
chemotherapy. An experiment by Herrstedt et al. demonstrated
that compared with patients without MPE, patients with small
cell lung cancer (SCLC) and MPE have increased myelosuppression
after treatment, possibly due to the accumulation of chemother-
apy drugs in pleural effusion, which exacerbates toxicity [46].
In addition to conventional chemotherapy, hyperthermic intratho-
racic chemotherapy (HITHOC) is also used in clinical practice.
HITHOC directly exposes tumor cells to higher concentrations of
chemotherapy drugs, reduces systemic side effects, and improves
the survival rate of patients compared with those who do not re-
ceive it [47]. Unfortunately, the chemotherapy methods currently
used in clinical practice still have significant limitations and fail to
achieve the desired outcomes. To improve chemotherapy efficacy
and address certain limitations, this review discusses the use of
biomaterial-based chemotherapy drugs for the treatment of MPE,
with a focus on microspheres, cell membrane-derived microparti-
cles (MPs), micelles, biodegradable drug-eluting pellets, and some
composite systems.

2.1.1. Microspheres

Doxorubicin (DOX) is a broad-spectrum antitumor drug with
strong cytotoxic effects [48]. It interferes with DNA replication by
inhibiting topoisomerase II and generating free radicals, which in-
duce damage to both DNA and the cell membrane, thereby trig-
gering apoptosis in cancer cells [49]. Clinically, it is commonly
used to treat breast cancer, lung cancer, ovarian cancer, and other
malignancies. With its nontoxic nature and tunable degradation
rate through molecular weight and polydispersity adjustments,
poly(L-lactic acid) serves as an ideal biomaterial for DDSs. lke et
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al. developed poly(L-lactic acid) microspheres (ADR-MS) contain-
ing DOX hydrochloride (ADR) as a sustained-release DDS for MPE
[50]. The microspheres were prepared by mixing DOX and L-lactic
acid via the oil-in-oil method. The average molecular weight was
3400 Da, the average particle size was 50 umol/L, and the ADR con-
tent was 5%. The in vitro release experiment demonstrated that
50% of the ADR was released after 6.3 days and 100% was re-
leased after 20 days. Animal experiments on mice revealed that
the ADR-MS treatment group presented an increased survival rate
compared with the control groups [51]. Seven patients with MPE
were treated clinically with ADR-MS, and ADR was detected in the
drainage fluid more than two weeks after administration, indicat-
ing the sustained release of ADR-MS in the pleural cavity. Only
one patient passed away after 4 months, whereas the remaining
six patients survived for 21-31 months with no accumulation of
fluid. The results showed that ADR-MS consistently released high
local concentrations of ADR in the pleural cavity and was well tol-
erated. Minimal complications and no adverse systemic reactions
were observed in patients. In summary, ADR-MS may improve the
prognosis and overall well-being of patients with MPE.

2.1.2. Cell membrane-derived microparticles

Tumor-repopulating cells (TRCs), a self-renewing subpopulation
of tumorigenic cancer cells, play a pivotal role in cancer pro-
gression [52]. Microparticles derived from cellular membranes act
as critical mediators of intercellular communication [53]. Tumor-
cell-derived MPs (T-MPs) carry tumor-specific antigens identical to
those expressed by their parental cells, inducing effective T-cell-
dependent antitumor immune responses [54]. Given their capac-
ity for uptake by both normal and cancer cells, MPs represent in-
herently biocompatible delivery vectors [55]. Ma et al. designed
cisplatin-loaded T-MPs (CisMPs) to reverse the drug resistance of
TRCs [56]. In this study, ultraviolet irradiated A549 cells were co-
incubated with cisplatin to prepare CisMPs. Six lung cancer pa-
tients with MPE were recruited to assess therapeutic efficacy: three
received intrapleural CisMPs, while other three received conven-
tional cisplatin. After 7 days of treatment, 95% of tumor cells in
MPE samples from the CisMPs group had disappeared (Fig. 2).
Concurrently, marked improvements were observed in MPE vol-
ume, color, and turbidity, as well as the symptoms of the patients.
In contrast, no therapeutic benefit was observed in the cisplatin
group. These findings suggest that MP-mediated DDSs may have
the potential to overcome tumor cell resistance, including cisplatin
resistance, suggesting promising prospects for clinical application.

2.1.3. Micelles

Cabazitaxel (CTX), a taxane chemotherapeutic agent, circum-
vents paclitaxel resistance through its reduced affinity for P-
glycoprotein (P-gp) in neoplastic cells [57]. However, its thera-
peutic efficacy was reduced by inherent hydrophobicity [58]. To
improve the aqueous solubility of CTX, Sun et al introduced a
so-called surfactant stripping method to increase the drug-to-
surfactant ratio, subsequently employing mifepristone (MIF) as a
co-loader to prevent taxane aggregation [59]. This methodology
yielded a stable CTX-loaded micelle (MIF-sss-CTX). In this study,
Lewis lung cancer (LLC) tumor and MPE mouse models were es-
tablished. Both the Tween-80-based formulation and MIF-sss-CTX
demonstrated significant reductions in pleural tumor burden and
prolonged overall survival compared to phosphate-buffered saline
(PBS) controls, while maintaining stable body weight. Although
the accumulation of CTX in the two formulations was not eval-
uated, both delivery systems demonstrated comparable antitumor
responses. The developed micellar system can improve the ability
of water storage, thereby mitigating hydrophobic limitations. This
advancement presents novel perspectives for the development of
DDSs in MPE therapy.
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Fig. 2. (A) Comparison of MPE fluids after one-week treatment with CisMPs (mag-
nification: 200x). (B) Cytologic analysis of pleural effusion in the CisMPs group
(magnification: 200x). (C) Observation of MPE in the cisplatin group (magnification:
200x). (D) Formation of spheroids from primary tumor cells. Scale bar: 50 pm. (E)
Differences between drug-MPs and free drugs. Copied with permission [56]. Copy-
right 2016, Springer Nature.

2.14. Biodegradable drug-eluting pellets

Platinum-based chemotherapeutic agents play an important
role in the process of cancer treatment. These compounds exert
their cytotoxic effects through the formation of DNA adducts via
crosslinking with bases, thereby impeding DNA repair mechanisms,
inducing genomic damage, and triggering programmed cell death
in malignant cells [60]. However, the clinical utility of cisplatin is
frequently limited by its significant nephrotoxic and haematotoxic
effects, often necessitating treatment discontinuation [61]. To mit-
igate the limitation and enhance its therapeutic efficacy, Chao et
al. developed biodegradable drug-eluting pellets designed for sus-
tained release of cisplatin [62]. In this study, biodegradable pellets
with a diameter of 3 mm were constructed by mixing, compress-
ing, and sintering poly(D,L-lactide-co-glycolide) (PLGA) copolymers
with cisplatin. The in vitro release experiment in PBS demonstrated
an initial burst release of 5% cisplatin within 24h, followed by
gradual elution of the remaining payload over 50 days. The in vivo
drug release experiment employed New Zealand rabbits with bilat-
eral 5mm dorsal incisions. The control group received intrapleural
cisplatin solution via the medial incision, while the experimental
group underwent implantation of cisplatin-loaded pellets through
the same incision. Both groups exhibited elevated pleural cisplatin
concentrations during the initial 48-h period. However, while the
solution group showed precipitous drug level decline thereafter,
the pellet group maintained significantly elevated pleural concen-
trations for 18 subsequent days (P < 0.001). The control group ex-
perienced two fatalities with evidence of nephrotoxic accumula-
tion, whereas no mortality occurred in the experimental group.
These findings demonstrate that the pellets can achieve sustained
intrapleural cisplatin delivery for at least two weeks with minimal
systemic toxicity. This novel drug delivery method has the poten-
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tial to serve as an effective adjunctive treatment for MPE in clinical
practice.

2.1.5. Composite systems

Honokiol (HK), a bioactive compound derived from magno-
lia bark, has been shown to inhibit the growth of transformed
epithelial cells in vitro and exhibits antiangiogenic and antitu-
mor activities [63]. However, its clinical translation is hampered
by poor aqueous solubility. To overcome this limitation, Fang et
al. designed a novel thermoresponsive hydrogel (HK hydrogel)
using poly(ethylene glycol)-poly(e-caprolactone)-poly(ethylene gly-
col) (PEG-PCL-PEG, PECE) loaded with HK-NPs [64]. HK-NPs were
prepared via emulsion solvent evaporation technique using an F127
aqueous solution, while the PECE copolymer was produced by ring-
opening copolymerization and coupling processes. The PECE aque-
ous solution exists as a free-flowing sol at room temperature but
transitions into an in situ gel at approximately 37°C, forming a
controlled DDS (Fig. 3A). In vitro release experiments revealed that
significantly prolonged HK elution from the hydrogel formulation
compared to control groups, maintaining therapeutic concentra-
tions for seven days (Fig. 3B). To evaluate the therapeutic effects
of HK hydrogels on MPE, the study employed LLC cell model in
C57BL/6 mice with in situ gel administration. The experimental re-
sults demonstrated that, the HK hydrogel group exhibited a sig-
nificant reduction in number of pleural tumor (Fig. 3C) and pleu-
ral effusion volume (Fig. 3D), compared with those of the HK-NP
group, hydrogel group, and normal saline (NS) group. Specifically,
compared with the NS group, the HK-NP group presented a 16%
reduction in MPE volume, whereas the HK hydrogel group pre-
sented a 66.1% reduction in MPE volume and doubled the average
survival time. Microvessel density (MVD) measurements among
the four groups revealed that the HK hydrogel group had signifi-
cantly reduced MVD. Immunohistochemical analysis of pleural tu-
mors confirmed that HK hydrogel effectively inhibited angiogene-
sis (P <0.05). Additionally, histological analysis of pleural tumors
revealed an increased apoptosis rate in the HK hydrogel group. In
summary, intrapleural injection of the HK hydrogel successfully in-
duced tumor cell death, diminished pleural vascular permeability,
and suppressed neovascularization in pleural tumors. These find-
ings provide an ideal basis for future clinical trials of HK hydrogels.
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2.2. Biomaterial-based DDS for the immunotherapy of MPE

MPE is an inflammatory condition within the pleural cavity.
Despite the presence of immune-active substances in the TME, it
is characterized predominantly by exhausted cells associated with
large tumor masses and suspended tumor cells, lacking preexist-
ing immune responses [65]. Functionally, MPE has been defined
as "cold". By enhancing T cell activation, removing co-inhibitory
signals, or providing co-stimulatory signals, "cold" tumors can be
transformed into "hot" tumors [66,67]. These strategies for trans-
forming "cold" tumors into "hot" ones have been explored through
various therapeutic modalities, including the use of living cells and
engineered immune cell therapies. For instance, numerous pre-
clinical studies have demonstrated that living cell-mediated DDSs
can be constructed by chemically conjugating or non-covalently
binding therapeutic agents to cells with weak phagocytic capac-
ity, thereby enhancing drug delivery efficacy [68]. Chimeric antigen
receptor T-cell immunotherapy (CAR-T) cell therapy has also been
demonstrated to possess substantial antitumor potential, wherein
ex vivo modification enables the transfer of genetic constructs en-
coding antigen-specific recognition domains and T-cell activating
signaling components into lymphocytes, thereby augmenting the
immune system’s tumoricidal efficacy [69]. To improve the effi-
cacy of immunotherapy, this review discusses the role of biological
material-based immunotherapy in MPE treatment, focusing on ap-
proaches involving NPs and cell membrane-derived microparticles.

2.2.1. NPs

Elemental selenium NPs (SeNPs) demonstrate excellent biocom-
patibility, attenuated toxicity, potent free radical scavenging capac-
ity, and a strong ability to traverse biological barriers [70]. Pre-
treatment of gamma delta T cells (8T cells) with SeNPs can bet-
ter inhibit tumor growth [71]. Lentinan (LNT), a polysaccharide
isolated from shiitake mushrooms that is clinically approved in
China as an adjunctive cancer therapy, possesses various biologi-
cal functions, including antitumor, immunomodulatory, and anti-
infective properties [72]. Based on these characteristics, Song et
al. designed LNT-encapsulated SeNPs (SeNPs@LNT) to investigate
innovative immunotherapeutic approaches for MPE (Fig. 4) [73].
The SeNPs@LNT composite was synthesized through Na,SeO3-LNT
co-precipitation under magnetic stirring, followed by dialysis pu-
rification. The average diameter of SeNPs@LNT is approximately
160 nm. In vitro stability assessments revealed complete NP degra-
dation within 48 h in MPE. Pleural effusions from MPE-LA patients
treated with these NPs were collected to monitor immune cell
interactions. The results indicated that macrophages treated with
SeNPs@LNT presented reduced concentrations of IL-6, and the lev-
els of inflammatory and immunosuppressive factor cytokines (IL-
10) secreted by macrophages decreased 2.7-fold. These findings
confirm SeNPs@LNT’s dual mechanism of action: angiogenesis in-
hibition and inflammatory microenvironment modulation in MPE.
Natural killer (NK) cells exhibit cytotoxic activity against various
tumor cells, and their quantity and activity are associated with tu-
mor patient prognosis [74]. Compared with that of the untreated
samples, the percentage of NK cells induced by SeNPs@LNT in-
creased twofold, and the proportion of y4T cells in MPE also
tripled. These results indicate that LNT synergistically enhances the
immune-stimulatory effects of SeNPs and triggers an antitumor
immune response. Additionally, a higher risk of lung cancer has
been proved to be linked with the increased catabolism of vitamin
B6 [75]. After 24 h of co-incubation with SeNPs@LNT, the levels of
a key component in the vitamin B6 metabolic pathway were signif-
icantly decreased. While this study offers a novel strategy for MPE
treatment, the therapeutic effects of SeNPs@LNT in MPE patients
have not been directly validated. Further clinical studies involving
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larger patient cohorts are needed to confirm the hypothesis regard-
ing the regulation of immune cells by SeNPs in MPE.

Building on the aforementioned study, Liu et al. utilized a sim-
ilar method to prepare LNT SeNPs (LET-SeNPs), investigating their
immunomodulatory mechanisms on NK cells in MPE [76]. NK cells
are innate immune lymphocytes, having the capacity to kill tumor
cells and produce cytokines to regulate adaptive immune responses
[77]. Previous studies have shown that LET-SeNPs can increase the
secretion of interferon-gamma (IFN-y) and IL-15, thereby promot-
ing NK cell proliferation and functional activation [73]. The results
demonstrated that LET-SeNPs significantly enhanced the quantity
and activity of NK cells via the TrxR1-IL18RAP-pSTAT3 signaling
pathway. MPE mouse models were established via A549-GFP cells,
and the antitumor effects of LET-SeNPs were evaluated through tail
vein injection. Compared with the control groups, the SeNPs+NK92
cell group presented a marked decrease in the number of pul-
monary metastatic nodules and tracheal tumor growth area. Com-
pared with that in the NK group, tumor proliferation was markedly
suppressed, neural cell adhesion molecule (CD56) expression was
significantly greater, the pleural effusion volume was reduced, and
the color of the effusion was restored. In conclusion, prestimula-
tion of NK cells with LET-SeNPs harnessed the innate immune sys-
tem, resulting in robust antitumor effects. The development of this
system provides a solid foundation for the potential clinical appli-
cation of immunotherapy in MPE.

The stimulator of the interferon genes (STING) pathway plays
a critical role in antitumor immunity [78]. Cyclic dinucleotides
(CDNs) activate STING through binding, inducing the production of
IFNs and thereby augmenting anti-tumor immune responses [79].
Liu et al. developed CDN-loaded lipid NPs (LNP-CDNs) to assess the
effect of intrapleural administration on MPE [80]. The LNP-CDNs
exhibited an average diameter of approximately 120 nm and a sur-
face charge of —15mV. In this study, the mouse MPE model was
established using LLC cells. Chemical signaling analysis revealed
that LNP-CDNs were predominantly internalized by macrophages
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and dendritic cells, facilitating targeted delivery to MPE and solid
tumors. Subsequent analyses revealed that LNP-CDN treatment sig-
nificantly increased the number of CD8* T cells in pleural tumors,
tumor-draining lymph nodes (TDLNs), and the spleen, with more
than a tenfold increase in CD8* T cells within the MPE. These
findings demonstrated that LNP-CDNs effectively enhanced cross-
priming of tumor-specific CD8* T cells and expanded the popula-
tion of multifunctional effector CD8" T cells and stem-like mem-
ory CD8* T cells in MPE. Additionally, LNP-CDN enhanced NK re-
ceptor activation, driving NK cells from an immature state to a
mature state, while upregulating the gene expression of effector
molecules and activating transcription factors. At the protein level,
LNP-CDNs also heightened PD-L1 expression on tumor cells. To
mitigate the overexpression of PD-L1, anti-PD-L1 therapy was com-
bined with LNP-CDN, resulting in a synergistic immunotherapeu-
tic approach. This combination therapy further diminished MPE
volume and pleural tumor burden while significantly prolonging
the survival of the mice. Moreover, the immune effects induced
by LNP-CDNs were also observed in clinical MPE samples, strongly
supporting its potential in clinical MPE immunotherapy.

2.2.2. Cell membrane-derived microparticles

Radiotherapy (RT) is employed in approximately 60% of cancer
patients, functioning through targeted delivery of radiation beams
to tumor sites to induce DNA damage and subsequent tumor cell
death [81]. During RT, non-irradiated cells may receive signals from
irradiated counterparts, resulting in oxidative stress and DNA dam-
age, a phenomenon termed the radiation-induced bystander effect
(RIBE) [82]. To exploit this mechanism, Wan et al. sought to re-
model the TME for the treatment of tumors ineligible for RT [83].
Their study demonstrated that microparticles released by irradi-
ated tumor cells (RT-MPs) mediated RIBE by inducing ferroptosis
in tumor cells. This process enhanced macrophage phagocytosis
and activated the Jak-STAT and MAPK pathways, thereby repro-
gramming macrophages from a tumor-promoting phenotype to a
tumor-suppressing phenotype. This study used 6 MV X-rays to ir-
radiate tumor cells and isolated exosomes via gradient centrifu-
gation to prepare microparticles (RT-MPs). An MPE mouse model
was established, and RT-MPs were administered intrapleurally. Re-
sults demonstrated that RT-MPs delayed tumor progression and
enhanced survival rates compared to controls, alongside a 3.2-fold
increase in PD-L1 expression on macrophages. Subsequent combi-
nation therapy using RT-MPs and anti-programmed cell death pro-
tein 1 (PD-1) monoclonal antibodies significantly prolonged sur-
vival, achieving complete remission in 1 of 15 mice without recur-
rence. Administration of six RT-MP injections elevated treatment
success rates to 38.5 %, surpassing outcomes from anti-PD-1 or RT-
MP monotherapy. Furthermore, in a cisplatin-resistant MPE murine
model, the combination therapy cured approximately 20% of mice,
whereas cisplatin monotherapy showed no efficacy. These findings
indicate that RT-MPs mimic RIBE to exert distinct anti-tumor ef-
fects, with anti-PD-1 combination strategies exhibiting promising
therapeutic potential for MPE. For clinical translation, RT-MPs de-
rived from autologous primary tumor cells could offer a non-toxic,
personalized cancer treatment paradigm.

2.3. Biomaterial-based DDSs for the combination therapy of MPE

Immunotherapy as a monotherapy exhibits suboptimal clini-
cal outcomes due to low response rates in immune activation,
inadequate tumor infiltration of immune cells, and the intri-
cate immunosuppressive nature of the TME [84]. Contemporary
studies have demonstrated that multimodal therapeutic strategies
integrating immunotherapy with complementary treatment ap-
proaches enhance the effectiveness of cancer treatment. This re-
view discusses the therapeutic effects on MPE from two perspec-
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tives: chemotherapy, immunotherapy combinations and gene, im-
munotherapy combinations modified with biomaterials.

2.3.1. Combined chemotherapy-immunotherapy

Chemotherapeutic agents exert direct cytotoxic effects on tu-
mor cells, whereas immunotherapeutic interventions host im-
mune responses to achieve targeted oncological destruction, with
these therapeutic modalities demonstrating temporally comple-
mentary efficacy. The rapid-onset but transient therapeutic im-
pact of chemotherapeutic agents contrasts with the delayed yet
sustained antitumor response elicited by immunotherapeutic ap-
proaches, playing a good synergistic role [85].

Tumor cell-derived MPs (TMPs) demonstrate the capacity to in-
duce effective T-cell-dependent antitumor immunity [54]. The an-
tineoplastic agent methotrexate (MTX) exerts its therapeutic ef-
fects via folate antagonism, inhibiting nitric oxide-mediated pro-
angiogenic signaling pathways critical for tumor neovascularisa-
tion [86,87]. Guo et al. designed a bifunctional particle (TMPs-MTX)
through ultraviolet radiation b (UVB) irradiation-induced micropar-
ticle biogenesis from tumor cells, subsequently utilizing TMPs as
targeted carries for MTX delivery [88]. Characterisation revealed
TMPs-MTX exhibited polydisperse sizing (30-930nm range) with
a mean diameter of 264nm. To evaluate therapeutic potential in
MPE, two mouse models were utilized: the LLC model and the
MC38 cell-induced pleural tumor foci model, with systemic ad-
ministration via intravenous injection. The experimental results
demonstrated that TMPs-MTX treatment considerably lowered the
burden of pleural tumors, the number of pleural tumor foci, and
pleural effusion volume. Compared with the control group and
the free MTX group, TMPs-MTX treatment significantly improved
the survival rate and median survival time in both mouse mod-
els. After TMPs-MTX treatment, the CD4/CD8 ratios of both models
were significantly lower (P=0.003 in LLC model), while the pro-
portions of immune cells such as neutrophils and macrophages
in the blood increased. Based on the observed benefits and min-
imal toxicity of TMPs-MTX, a human clinical trial was conducted
to evaluate intrapleural administration of autologous TMPs-MTX
(ATMP-MTX) in MPE patients (Fig. 5). After ATMP-MTX treatment,
patients achieved an objective clinical response rate of 90.91 %. The
volume of pleural effusion decreased, with notable improvements
in its color and vascular permeability, and a reduction in the tu-
mor cell count. Immunological analysis of the TME revealed that
changes in the immune cell infiltrates and cytokine/chemokine
levels were both observed (TNF-¢, IFN-y, and IL-17 all increase).
These data suggest that ATMPs-MTX can influence the secretion of
chemokines, thereby promoting the activation of antitumor effec-
tor cells in the TME of MPE. ATMPs-MTX as a novel therapeutic
paradigm that combines chemotherapy with microenvironmental
immunomodulation provides a promising therapeutic platform for
the treatment of MPE.

Neutrophils, the most abundant innate immune cells, play a
crucial role in tumor progression by significantly influencing the
TME through cytokine and chemokine production, thereby modu-
lating inflammatory cell recruitment and activation [89]. Building
upon Guo’s research, Xu et al. adopted an analogous methodol-
ogy to prepare MTX-encapsulated tumor cell-derived microparti-
cles (MTX-MPs), investigating their mechanism in recruiting neu-
trophils to the pleural cavity for the treatment of MPE [90]. The
study enrolled NSCLC MPE patients with prior systemic chemother-
apy. Participants were divided into two groups, receiving intrapleu-
ral injections of either MTX-MPs or saline on day five, followed by
alternate-day administrations. Subsequent MPE analysis revealed
marked improvements in effusion clarity and color within the
MTX-MPs group, with effective elimination of CD45~ tumor cells
and predominant CD45% immune cell infiltration. In contrast, the
saline group showed no changes in the proportions of CD45~
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Comparison of proportions of CD45- cells in MPE samples before and after ATMP-
MTX treatment. Copied with permission [88]. Copyright 2019, The American Asso-
ciation for the Advancement of Science.

and CD45" cells. After 4 weeks’ treatment, the volume of MPE
in the MTX-MPs group was significantly reduced. Neutrophils, in-
cluding CD11b* and CD15b* cells, were detected within MTX-MP-
treated MPE, and their abundance was correlated with the re-
duction in MPE volume. Further investigations revealed MTX-MPs
can induce macrophages to release C-X-C motif chemokine lig-
and1 (CXCL1) and CXCL2, which attract neutrophils to the pleural
cavity. These neutrophils exerted antitumor effects through reac-
tive oxygen species (ROS) and neutrophil extracellular trap (NET)-
mediated tumor cell cytotoxicity. Additionally, the released NETs
sealed damaged endothelial cells, thereby mitigating plasma ex-
travasation. This study further underscores the therapeutic poten-
tial of MPs in MPE treatment.

To assess the safety and efficacy of TMPs-MTX, Dong et al
conducted a controlled trial administering intrathoracic injections
of TMPs-MTX alongside TMPs-encapsulated saline combined with
pemetrexed and cisplatin chemotherapy for the treatment of MPE
[91]. Participants were equally allocated to TMPs-MTX or TMPs-
saline groups, receiving daily treatments for six consecutive days
commencing five days post-chemotherapy. Compared with that in
the TMPs-saline group, the objective response rate of MPE in the
TMPs-MTX group was considerably greater (P=0.0237). Unfortu-
nately, there was no discernible improvement in overall survival,
PFS, or the objective response rate (ORR) of patients with target
lesions. Study limitations included restricted sample size and unex-
amined immunological parameters. Nevertheless, the ORR of MPE
indicated a positive safety profile and therapeutic potential in MPE.

2.3.2. Combined gene-immunotherapy
PD-1 serves as a T-cell inhibitory receptor, with its ligand PD-
L1 playing a key role in tumor "immune escape”. Antibodies tar-

Chinese Chemical Letters 37 (2026) 111513

Aa r L(\ b

Proliferation} | " S e
Oxaot 3

*Collagen
solufion

]
-9

Q.
-]

(@]

100 -+ PD-1inhibitor
- chimeras/AuNP

*

Apoptosis rate (%)
*

T cell ratio (%)

40 * 10
20 o
s> g & &
¢ & & &S S S I
R &M &S S
R &g & &
S N v > > o £ & N & &
& P P P P < & & £ ¢

1. Injection of A549 2. Material implantation 3. Specimen collection 4. Paraffin block

Fig. 6. (A) Construction of aptamer-siRNA chimeras/PEI/PEG/AuNP/collagen mem-
brane. (a) Schematic diagram. (b) Activation of T cells. (B) General picture of
chimera/AuNP membrane. (C) PD-1 inhibitor group and the chimeras/AuNP group
activate T cells. (D) Lymphocytes were co-cultured with lung adenocarcinoma cells
after treatment for 96 h. (a) Proliferation rate. (b) Apoptosis rate. (E) Flow chart of
animal experiments. (F) Expression of Ki-67 and CD44 in immunohistochemistry.
Reproduced with permission [96]. Copyright 2022, Frontiers.

geting the PD-1/PD-L1 immune checkpoint can activate T cells,
leading to dynamic and durable tumor regression [92]. The im-
mune costimulatory molecule 0X40 (CD134) is a critical marker
for T-cell activation, and its ligand, OX40L, activates T cells by
stimulating 0X40 and initiating the activation of signaling path-
ways [93]. In a previous study, Chen et al. developed an aptamer-
siRNA chimera and demonstrated its ability to specifically tar-
get endothelial progenitor cells while delivering siRNA [94]. The
construct exhibited high stability and potent gene silencing effi-
cacy. Gold NPs (AuNPs) can function not only as immunomodula-
tors but also as DDSs, enhancing the efficacy and safety of can-
cer immunotherapy [95]. To achieve a more sustained PD-1 in-
hibition for MPE treatment, Chen et al. developed an aptamer-
siRNA chimera/polyethyleneimine (PEI)/PEG/AuNP/collagen mem-
brane complex [96]. The synthesis involved sequential addi-
tion of PEI/PEG solution to HAuCl; under agitation and cen-
trifugation, followed by the addition of an OX40 aptamer-PD-1
siRNA chimera to produce aptamer-siRNA chimera/PEI/PEG/AuNP.
These NPs were then dissolved in a collagen solution to form
a chimera/PEI/PEG/AuNP/collagen membrane (Fig. 6). The size of
aptamer-siRNA chimera/PEI/PEG/AuNPs ranged from 150-300nm
and their zeta potential was approximately 10.3 mV. MPE samples
from lung cancer patients were collected and treated with either
a PD-1 inhibitor or the chimera/PEI/PEG/AuNP formulation. After
48 h, the percentage of T cells peaked in the PD-1 inhibitor group
but then began to decrease. At 72-96h, the T-cell proportion in
the chimera/AuNP group was significantly greater than in the PD-1
inhibitor group. Post-96-h lymphocyte co-cultured with lung ade-
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nocarcinoma cells demonstrated 93.51% enhanced apoptosis in-
duction and 58.46% proliferation reduction in the chimera/AuNP
group versus PD-1 inhibitor controls. Murine MPE models receiving
in situ nanocomposite membrane implantation exhibited 71.31%
reduction in pleural tumor cell counts compared to PD-1 in-
hibitor group, with absent erythrocyte contamination or necrotic
debris. Immunohistochemical profiling showed marked downregu-
lation of proliferation marker Ki-67 and metastatic marker CD44
in the chimera/AuNP group. These findings collectively demon-
strate superior therapeutic durability and reduced adverse effects
of the nanocomposite approach over conventional PD-1 inhibition,
proposing an innovative immunotherapeutic strategy for MPE man-
agement.

The STAT3 exhibits constitutive activation in NSCLC. Tumor cell-
intrinsic and extrinsic STAT3 signaling in NSCLC promotes angio-
genesis, cell survival, cancer cell stemness, drug resistance, and
evasion of anti-tumor immunity [97,98]. Knockdown of small in-
terfering RNA (siRNA) enables specific suppression of STAT3 ex-
pression, effectively disrupting its signal cascade [99]. To enhance
siRNA targeting precision and in vivo stability, Fu et al. pioneered
the development of a localized hydrogel system MSL@LID@SOG for
postoperative NSCLC studies [100]. This study first prepared endo-
plasmic reticulum membrane (EM)-modified liposomes (MSLs) en-
capsulating siSTAT3 via the film dispersion method. The MSLs were
then co-incubated with oxidized SOG and lidocaine hydrochloride
(LID) to prepare the localized hydrogel MSL@LID@SOG. Experimen-
tal validation demonstrated the hydrogel’s capacity for controlled
LID release, facilitating both postoperative pain alleviation and NK
activation. A clinical in situ NSCLC mouse model (LLC-Luc) was es-
tablished in C57BL/6 mice, with intrapleural administration. Ultra-
sound monitoring revealed superior MPE volume reduction in the
MSL@LID@SOG group compared to controls. Cytological analysis of
MPE specimens showed diminished tumor cell counts alongside re-
duced M2-like macrophage infiltration, a cell population associated
with tumor cell survival. These findings collectively indicate the
hydrogel’s capacity to suppress local tumor recurrence, mitigate
MPE accumulation, provide analgesic effects, and enhance patient
quality of life, thereby establishing a clinically translatable drug de-
livery platform for MPE therapeutics.

2.4. Biomaterial modified talc for pleurodesis for the therapy of MPE

Pleurodesis constitutes a therapeutic intervention for MPE
where chemical agents are applied to the pleura to create an ad-
hesion between the parietal and visceral pleurae, sealing the pleu-
ral cavity to inhibit subsequent fluid reaccumulation [101,102]. Fib-
rin adhesion and fibrosis formation appear to be essential pro-
cesses for the permanent adhesion between the visceral and pari-
etal pleurae. Most sclerosing agents induce non-specific organizing
fibrinous pleuritis, ultimately resulting in fibrotic pleural changes
[103]. A meta-analysis of database literature indicates that talc and
talc slurry are effective methods for achieving pleurodesis, with
lower failure rates compared to many other commonly used inter-
ventions [104]. Nevertheless, clinical outcomes following talc ad-
ministration exhibit considerable variability, with treatment fail-
ures not infrequently encountered—a phenomenon potentially at-
tributable to suboptimal distribution of talc particles within the
pleural cavity. Biomaterials have demonstrated promising potential
in addressing the poor dispersibility of talc powder during pleu-
rodesis procedures. This review systematically investigates func-
tional modifications of talc through biomaterial-based approaches,
aiming to provide novel therapeutic directions for MPE (Fig. 7).

Baxter et al. developed a liquid foam formulation compris-
ing 25% by weight talc combined with poly(ethylene oxide)-
poly(propylene oxide)-poly(ethylene oxide) tri-block copolymer
(TCH) at various concentrations [105]. When cold foam is deliv-
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ered into the pleural cavity and comes into contact with the warm
tissue, the liquid phase undergoes gelation, adhering to the tis-
sue and extending the contact time between talc powder and the
tissue. This enhances the formation of adhesions in the pleural
space. The study utilized small amplitude oscillatory shear rheol-
ogy (SAOS) to assess three formulations, talc powder, saline, and
reverse triblock copolymer hydrogels (TF-15, TF-20, and TF-22.5),
from the perspectives of rheology, foam stability, in vitro coating,
and bioadhesive characteristics. Therapeutic effectiveness was sub-
sequently validated through a New Zealand rabbit pleural fixation
model. The sol-gel transition temperature (Tgp) was determined
rheologically as 17 °C for TF-22.5, 26 °C for TF-15, and 19°C for TF-
20. Maintenance of foam temperature below T, during delivery
is critical to prevent catheter occlusion, given that the liquid-state
formulation must traverse delivery apparatus prior to encounter-
ing the 37 °C pleural environment. The temporal progression to Tgp
following intrapleural administration governs coverage characteris-
tics (Fig. 8): TF-15 had a prolonged gelation time, with strong flu-
idity prior to gelation, leading to uneven foam coverage. TF-22.5
exhibited the fastest gelation but failed to fully cover the tissue.
TF-20 demonstrated an effective balance, forming a coating and
gel within the pleural cavity, leading to more uniform talc depo-
sition and increased pleural adhesion. TF-20 shows promising clin-
ical potential, with minimal side effects observed, in addition to
a transient decrease in heart rate in the rabbits. On the basis of
these findings, subsequent investigations employing larger animal
models with pleural physiology more closely approximating hu-
man anatomy should be expected to become the focus of future
clinical research.

Beck et al. formulated a reverse thermosensitive hydrogel deliv-
ery system by constructing a tri-block copolymer with alternating
polyethylene oxide and polypropylene oxide segments [106]. The
hydrogel was air-agitated and cooled to produce a foam consist-
ing of a thin liquid, which transitions rapidly into a viscous gel at
physiological temperatures. An immunocompetent MPE model was
established using C57BL/6 mice, with subjects allocated to four ex-
perimental groups: talc slurry (TS, 2 mg/g), talc foam (TF, 2 mg/g),
saline control, and foam-only control (F). Post-interventional CT
imaging at 10 days revealed the TF group demonstrated a statisti-
cally significant 30 %-40% reduction in right lung volume loss com-
pared to controls (P <0.05), whilst the TS group showed no sta-
tistically significant disparity (P> 0.05). The TF group significantly
prevented the loss of air volume while the TS group did not exhibit
such an effect. This discrepancy could be explained by the pleural
cavity’s increased foam dispersion. Foam-mediated delivery mech-
anisms facilitate superior spatial distribution of sclerosing agents
and therapeutic compounds. This experimental framework estab-
lishes a methodological foundation for translational clinical investi-
gations into talc foam applications and provides novel investigative
pathways for MPE studies.

Building upon previous research, Lima et al. explored the thera-
peutic effects of non-hydrogel talc foams alongside physicochemi-
cal determinants affecting talc pleurodesis outcomes [107]. Three
novel non-hydrogel foam formulations, ST-45, P-80, and L-23,
were formulated and benchmarked against poloxamer 407 hydro-
gel foam (P-407) and traditional talc slurry. Experimental data in-
dicated L-23 and P-80 achieved 76% and 40% greater mean ad-
hesion scores respectively than talc slurry, whereas P-407 and ST-
45 demonstrated doubled adhesion capacity relative to the slurry
control. The P-80 formulation proved suboptimal, exhibiting pre-
mature foam collapse prior to intrapleural administration in New
Zealand rabbits, resulting in substantial volume reduction and no
therapeutic superiority over standard slurry. Conversely, P-407, ST-
45, and L-23 displayed marked efficacy improvements compared
to slurry controls. Foam stability was quantified through temporal
volume retention analysis, with structural degradation as critical
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destabilization factor. According to the study, P-80 quickly deflated
in less than 10 min, but L-23 and ST-45 retained their initial vol-
ume even after 16 h. Intrapleural administration of P-407 hydro-
gel foam revealed delayed gelation permitting unrestricted diffu-
sion and collapse. Owing to limited heat transfer, P-407 gelled only
in thin layers, and the foam continued to diffuse within the body.
This retarded stabilization mechanism accounts for P-407’s supe-
rior efficacy compared to ST-45 and L-23. These results indicate
that the contact time between foam and tissue is a crucial factor
influencing the effectiveness of pleurodesis, which is related to the
viscosity of non-hydrogel foams and the gelation process of hydro-
gel foams. This investigation clarifies the formulation-performance
correlation in foam-mediated pleurodesis, establishing a concep-
tual framework for developing therapeutic foam delivery systems.

2.5. The other DDSs for the therapy of MPE

Liposomes serve as effective drug delivery and targeting ve-
hicles, offering advantages including enhanced drug stability, re-
duced toxicity, and improved dosage administration [108,109].
To explore their therapeutic potential for MPE, Marazioti et
al. used in vivo imaging systems to monitor liposomes which
were labeled with fluorescence dye 1,1’-dioctadecyl-3,3,3/,3'-
tetramethylindotricarbocyanine iodide (DiR), monitoring the re-
tention of different types of liposomes within the pleural cav-
ity [110]. Using the thin-film hydration method, the researchers
prepared both multilamellar vesicles (MLVs) and small unilamel-
lar vesicles (SUVs). The results showed that PEG-coated SUVs ex-
hibited superior retention properties, leading to their selection
for MPE murine models. Comparative analysis revealed signifi-
cantly enhanced retention at the injection site for both SUVs and
PEG-coated SUVs compared to MLVs and unmodified SUVs, at-
tributable to particle size and surface coating effects on pleural
cavity interactions. The improved structural integrity conferred by
hydrophilic polymer coatings, particularly PEG, accounts for these
enhanced retention characteristics [111]. Investigations comparing
MPE-afflicted and healthy murine models showed no significant in-
tergroup differences in pleural retention profiles, indicating that ef-
fusion presence does not substantially influence DiR-labelled lipo-
some behavior. Tumor-associated DiR signals in MPE mice demon-
strated comparable intensity to hepatic signals, suggesting signif-
icant tumor-targeting potential following intrapleural administra-
tion. The demonstrated prolonged retention capacity of intrapleu-
rally administered liposomal formulations presents promising ther-
apeutic prospects for MPE management.

Curcumin, a polyphenolic compound extracted from turmeric,
exhibits pharmacological properties including anti-inflammatory,
antioxidant, and antitumor activity [112]. It modulates key medi-
ators like VEGF-A, IL-6 and TNF-¢, which are implicated in MPE
fluid accumulation [113]. Therefore, curcumin is considered to have
potential therapeutic benefits for the treatment of MPE. To ad-
dress its inherent limitations in aqueous solubility and stability,
researchers have developed a liposomal curcumin formulation val-
idated as safe for intravenous use in Phase I trials [114]. Hocking
et al. conducted comparative studies in Fischer rats, contrasting in-
trapleural administration of liposomal curcumin with intravenous
delivery [115]. Their findings demonstrated an absence of pleu-
ral or pulmonary toxicity, with the intrapleural route permitting
higher concentrations without hematological alterations, thereby
confirming its viability for localized treatment. On this basis, Hock-
ing et al. established a Phase I clinical trial protocol to validate the
safety and feasibility of liposomal curcumin for the treatment of
MPE via pleural administration [116]. The study employed a 3 +3
dose-escalation design to determine predefined dose levels, with
dose cohorts of 100, 200, and 300 mg/m?. Participants underwent
tunneled indwelling pleural catheter (TIPC) placement seven days
prior to inpatient drug administration, with toxicity assessments
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and serious adverse event (SAE) monitoring determining dose es-
calation eligibility. Longitudinal data collection occurred at weeks
0, 4, 8, 12, 20, and 24. While comprehensive clinical investigations
into liposomal curcumin’s efficacy against MPE remain lacking, ne-
cessitating further preclinical and clinical evaluation, these founda-
tional studies propose novel therapeutic avenues worthy of explo-
ration.

3. Conclusion and prospect

Biomaterial-based DDSs are capable of achieving precise and
efficient drug delivery, playing a critical role in treatments
such as chemotherapy, immunotherapy, combined chemotherapy-
immunotherapy, combined gene-immunotherapy, and pleurodesis.
These systems can control MPE volume, reduce toxic side effects,
and enhance antitumor efficacy, demonstrating significant poten-
tial in the treatment of MPE. Antiangiogenic drugs are impor-
tant therapeutic agents for MPE, but there is no precedent for
biomaterial-modified antiangiogenic drugs or associated combined
therapy in the treatment of MPE so far. The development of ef-
fective DDSs for the antiangiogenic therapy of MPE may play an
important role in preclinical drug research. In addition, most of
the biomaterial-based DDSs for the therapy of MPE are under de-
velopment. Although certain biomaterial-based DDSs, such as DOX
liposomes (TLC-D99), vincristine sulfate liposome injection (VSLI),
and albumin-bound paclitaxel NPs, have achieved clinical approval,
the majority of DDSs still face significant challenges in transla-
tional progression from fundamental research to clinical applica-
tion due to unresolved issues in biocompatibility, therapeutic per-
formance, and predictive preclinical validation [117]. Therefore, fu-
ture investigations should prioritize safety-centric approaches by
implementing safe-by-design principles, utilizing advanced strate-
gies such as predictive toxicology, high-throughput screening, and
multi-omics methodologies to systematically evaluate the biocom-
patibility, toxicokinetics, and biodistribution of diverse biomateri-
als. Concurrently, structural optimization of DDSs must be imple-
mented through the development of novel ligands capable of rec-
ognizing disease-specific biomarkers, thereby enhancing drug de-
livery efficiency and enabling stimuli-responsive precision drug re-
lease. Conventional animal models are limited by interspecies dif-
ferences that compromise the accuracy of physiological and patho-
logical response predictions. These limitations can be addressed by
developing bioengineered human disease models, such as patient-
derived organoids, functionalized tissue constructs, and organ-on-
a-chip systems, which more faithfully replicate human-specific dis-
ease mechanisms and improve alignment between preclinical stud-
ies and clinical outcomes.
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