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ARTICLE INFO ABSTRACT
Keywords: Glioblastoma multiforme (GBM) is a highly malignant and formidable central nervous system tumor that lacks
multimodal synergistic therapy effective therapeutic options. Various characteristics of GBM contribute to this plight, which include inter-/extra-

glioblastoma

tumor heterogeneity, the presence of the blood brain barrier and GBM stem cells. Standard clinical therapy of
nanosystem

GBM has multiple limitations including poor efficacy reflecting, in part, the development of multidrug resistance
and unexpected side effects. In addressing these challenges, combination therapies have emerged as promising
front-runners and nanotechnology, with its rapid advancements and unique advantages, offers the potential to
further improve synergistic combination therapies for GBM. In this review, we outline proof-of-concept studies
showcasing recent advances in nanosystem-mediated combinational GBM therapies, with an emphasis on the
amplified therapeutic effects of monomodal and multimodal synergistic treatments. The examples detailed in this
review provide valuable insights to further understand key paradigms of GBM combinational treatment, inspiring
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cells; EPR, enhanced permeability and retention; GSH, glutathione; ROS, reactive oxygen species; Tf, transferrin; LDLR, low-density lipoprotein related receptor; Ang,
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researchers not only in the development of multifunctional nanosystems for brain drug delivery, but also in the
design of more rational and effective GBM combination therapies.

Instruction

Approximately 6.2 per 100,000 people are diagnosed with central
nervous system tumors every year worldwide, with an estimated 45.2%
having glioblastoma multiform (GBM), which is classified as the most
malignant glioma (IV) by the World Health Organization [1-4]. Over the
past several decades, tremendous efforts have been devoted to
combating GBM, leading to the emergence of multiple therapies, such as
surgery, radiotherapy (RT), chemotherapy, gene therapy, phototherapy
and immunotherapy [5-8]. While these therapies have somewhat
improved anti-GBM therapy, the average median survival of GBM pa-
tients remains less than 14.6 months and the 5-year survival rate is still
poor at less than 10% [9-11].

These disappointing outcomes are mainly attributable to the
inherent properties of GBM, including high infiltration, genetic hetero-
geneity, unique tumor-promoting microenvironment (TME), tumor stem
cells that contribute to GBM initiation, drug resistance and recurrence,
as well as the limitations of monotherapies [12-15]. The highly infil-
trative nature of GBM makes complete surgical resection impossible and
GBM tumor cells are capable of direct migration, both of which lead to
high recurrence [16-18]. Gene profile analysis indicates that GBM
phenotype can be variable although the genotype is same, while iden-
tical phenotypes may differ genetically [19,20]. Concurrently, frequent
gene mutations can generate self-renewing tumor cells that respond
more aggressively to treatments [17,21]. These genetic factors
contribute to the failure of monotherapies since these are unable to
repair multiple pathways simultaneously. For example, GBM is gener-
ally considered strongly temozolomide (TMZ)-resistant primarily due to
multiple activated DNA repair systems [22,23]. In addition, the TME of
GBM also presents a significant challenge to treatments as GBM is
classified as a “cold tumor”, lacking pre-existing tumor T-cell infiltration
and tumor antigens (Ags), while encapsulating high levels of immuno-
suppressive cells [24-29]. “Cold tumors” also show less immunogenicity
and limited efficacy to immune checkpoint inhibitors or other therapies
[25]. Furthermore, the blood brain barrier (BBB), composed mainly of
endothelial cells with tight junctions, prevents therapeutic compounds
from crossing into the central nervous system and tumor sites, limiting
drug accumulation in GBM tissues [30,31]. This unsatisfactory treat-
ment landscape is also aggravated by GBM stem cells (GSCs), which play
crucial roles in sustained tumor growth, therapeutic resistance, metas-
tasis, recurrence and immune evasion [12,32].

Given the characteristics of GBM that promote self-survival and the
inefficiency of mono-drug therapies, consistent efforts have been made
to improve GBM therapeutic efficiency. Much research has focused on
developing multifunctional nanosystems to conquer these barriers for
effective GBM treatment [33-35]. Nanoplatforms can effectively
amplify therapeutic effects by increasing drug accumulation at GBM
sites utilizing the enhanced permeability and retention (EPR) effect
firstly [34,36]. Nanocarriers also can provide protection to otherwise
unstable therapeutics, enabling these to exhibit better stability,
extended blood circulation time and therapeutic efficacy [37]. There are
various types of nanocarriers, generally divided into organic and inor-
ganic materials. While inorganic nanocarriers are more stable and ad-
vantageous for imaging in GBM treatments, especially with metal
nanomaterials, organic nanocarriers like micelles, polysomes, den-
drimers, nanogels and liposomes have enhanced biocompatibility. More
importantly, they are more easily fabricated and functionalized, facili-
tating multiple drug delivery for GBM therapies [38,39]. Functionali-
zation of nanocarrier surfaces with targeting ligands and/or
camouflaging with various cell-membrane derived ‘cloaks’ has been
proven to significantly improve GBM targeting, enhance BBB

penetration, reduce drug resistance and mediate lower side effects
[40-43]. Meanwhile, developing degradable and advanced biocompat-
ible nanomaterials, along with biomimetic strategies, could effectively
improve the safety profile of nanosystems, further reducing systemic
toxicity [44]. Moreover, multiple controlled release strategies of nano-
carriers, relying on specific materials or bonds, responsive to the TME
and glioma cells with lower pH values, hyperthermia, higher levels of
glutathione (GSH) and reactive oxygen species (ROS) have been devel-
oped and applied to GBM therapies [45]. Furthermore, combinational
GBM therapies have been clinically employed which typically comprise
maximal surgical resection followed by RT and adjuvant chemotherapy
using TMZ [46,47]. While these prolong survival time by approximately
2.5 months, as noted above, the 5-year survival rate remains poor at less
than 10% [48,49]. Importantly, rather than simply optimizing mono-
therapy, nanosystems combined with multi-drugs or multi-modal
treatments might generate superadditive or synergistic therapeutic ef-
fects thereby mediating fewer adverse effects and reduced resistance.
These strategies could further partly overcome the difficulties in GBM
treatments.

Herein, we summarize the recent advances in monomodal and
multimodal synergistic therapies that co-deliver two or more thera-
peutics using various types of promising BBB penetrating nanosystems
(Fig. 1). The challenges and prospects of nanosystem-mediated GBM
combinational therapy are discussed to emphasize considerations for
further rational designs of nanosystems as well as combination
strategies.

Strategies of nanosystems for BBB penetrating

Over the years, the BBB has been considered one of the most regu-
lated and exclusive barriers to drug delivery, challenging treatments of
brain diseases. To address it, various nanoparticles have been developed
to improve BBB penetration [50]. In this section, we summarize the BBB
penetrating strategies of nanosystems involved in this review as well as
their transport mechanisms. Collectively, BBB penetration mechanisms
include passive penetration, receptor-mediated transcytosis, cell mem-
brane camouflaging-mediated penetration and stimuli-mediated BBB
disruption (Fig. 1b).

Passive BBB penetration, also known as non-specific transcytosis, has
two main pathways to cross the BBB. For one thing, small molecules with
a mass of less than 400 kDa can enter the brain through the narrow
spaces between tight junctions [51]. For another, the EPR effect carries
the nanoparticles into cancer tissues, facilitating BBB penetration with
efflux proteins present in the BBB [52]. Regarding receptor-mediated
BBB penetration, strategies mainly focus on tailored surface function-
alization of nanocarriers according to specialized receptors expressed on
endothelial cells [53,54]. For example, nanosystems modified with
transferrin (Tf) and low-density lipoprotein receptors (LDLR) ligands,
such as Angiopep-2 (Ang) and Apolipoprotein E (ApoE), can promote
BBB permeability via receptor-mediated mechanisms. Moreover,
various vesicle camouflaging strategies have emerged as an effective
approach to endow nanoparticles with BBB penetrating abilities by
inheriting unique characteristics from their parent cells, including
multiple molecular interactions and specific recognition. For example,
tumor cell-derived membranes tend to have BBB crossing abilities
through reducing expressions of tight junction proteins. Exosomes have
the nature of BBB penetration by multiple mechanisms, including
receptor-mediated transcytosis, adsorptive-mediated transcytosis and
endocytosis. Neutrophils biomimetic nanomedicines can cross the BBB
owing to the natural ability of neutrophils to migrate from circulation
into injured brain tissues. Bacteria outer membrane also can be used for
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elevating BBB penetration due to its invasive characteristics. Further-
more, stimuli-mediated BBB disruption, such as agonists, laser and ul-
trasound (US), has been widely explored to enhance BBB permeability
[50]. The stimuli could temporarily open the BBB, specifically altering
the integrity of BBB by reducing the degree of tight junctions, resulting
in increased BBB penetration and tumor site accumulation of nano-
medicines, enhancing the active transport of drugs. In addition, some
studies combine multiple kinds of these strategies for improving BBB
penetration. Overall, nanosystems with these strategies can more
effectively deliver therapeutics into GBM tissues, finally achieving su-
perior combinational effects.

Monomodal GBM combinational therapy

GBM is a malignant brain tumor characterized by multiple hetero-
genic alterations that make it highly migratory and invasive as well as
promoting drug resistance which makes GBM impossible to cure with
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monotherapy [20,55]. Depending on the anti-tumor mechanism of the
therapeutic agents, drug delivery nanosystems have been designed to
simultaneously transport the same type of therapeutics with different
functions into the brain for GBM monomodal combinational therapies.
This strategy aims to block dual, or multiple interconnected, or non-
related pathways involved in GBM occurrence, progression, resistance
and apoptosis, thus potentially overcoming current obstacles. Agonists
may also be employed together with other anti-GBM therapeutics to
achieve improved effects. In this section, we highlight advancements in
augmented GBM synergistic treatments mediated by single nanosystems
that deliver drugs of the same category but with different mechanisms of
action, or agonists with other drugs.

Monomodal combinational chemotherapy

Chemotherapy continues to play a central role in cancer treatment
and has achieved some success in managing a limited range of cancers
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including GBM [56,57]. Various anti-tumor chemical agents are
currently applied as the first-line clinical treatment for GBM [47].
However, the effectiveness of GBM chemotherapy is significantly
restricted by poor solubility, strong hydrophilicity, limited BBB perme-
ability and substantial systemic toxicity of chemical agents [58,59].
Faced with these bottlenecks, nanocarrier-based chemotherapies with
smart modification strategies have shown promise [60]. Additionally,
drug resistance, primarily induced by enhanced self-repair mechanisms,
and dose-limiting side effects account for the general failure of GBM
chemotherapy. In an effort to eliminate systemic toxicity and resistance
in chemotherapy, researchers have explored dual or multiple drug de-
livery systems that combine various anti-tumor agents with different
mechanisms of action such as TMZ, paclitaxel (PTX) and doxorubicin
(DOX) amongst others, that offer improved GBM therapeutic efficacy
with reduced resistance and side effects (Table 1).

Dual drug-based combinational chemotherapy

In the last two decades, dual drug-based synergistic chemotherapies
for GBM have been extensively explored and have exhibited enhanced
anti-GBM effects compared to monotherapy. Firstly, resistance in cancer
cells can be effectively thwarted by the concurrent targeting of different
pathways, especially those associated with resistance development, like
repair mechanisms [68]. Therapeutics with distinct mechanisms nor-
mally have non-overlapping resistance pathways, making it harder for
cancer cells to develop resistance simultaneously to both drugs. Dual
drug combinations tend to result in reduced toxicity, resistance and side
effects because generally lower doses of each drug are needed to mediate
anti-GBM effects. Importantly, combining two drugs with distinct
mechanisms of action leads to more potent anti-cancer activity through
induction of synergy that leverages the strengths of each drug and in-
hibits tumor progression through multiple targets [69]. With the inte-
gration of smart nanosystems, GBM treatment has witnessed remarkable
improvement that takes advantage of synergistic therapy. A variety of
small molecule chemical drugs was applied in these studies, mainly
including TMZ, cisplatin (CDDP), PTX and DOX et al.

TMZ-based dual drug monomodal combinational chemotherapy.
TMZ, the first FDA-approved alkylating agent, has been the most
commonly employed small-molecule drug in GBM clinical trials since it
can penetrate the BBB and specifically inhibit GBM [70]. As a
DNA-alkylating drug, TMZ exerts its effects by causing DNA
double-strand breaks, cell cycle arrest and eventual cell death through
methylating guanine and adenine bases of DNA [71]. In addition, a
moderately improved GBM therapeutic effect has been realized after
utilizing nanosystems to increase TMZ delivery to GBM sites [72].
However, TMZ treatment is associated with significant bone marrow
suppression and intrinsic resistance mechanisms, which limit its effec-
tiveness [73-75]. To address these choke points, researchers have
studied the combination of TMZ with other chemical agents. One study
by Hammond et al. utilized a transferrin-functionalized nanoparticle
(Tf-NP) to simultaneously deliver TMZ and bromodomain inhibitor JQ1
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to significantly alleviate bone marrow suppression caused by TMZ and
elevate tumor inhibition (Fig. 2a) [61]. With strong BBB penetration and
active targeting mediated by Tf, increased quantities of TMZ and JQ1
were delivered to the GBM sites as reflected by significantly increased
Cy5.5 fluorescence (Fig. 2b). The combination of TMZ and JQ1 gener-
ated additive cytotoxic effects on GBM cells as combinatorial index (C.L.)
values were 0.95 and 0.94 in U87MG and GL261 cells (Fig. 2c).
Accordingly, a 1.5-2.0-fold decrease in tumor volumes and significantly
extended survival time were observed in GBM-bearing mice treated with
TMZ and JQ1 loaded nanomedicines (Tf-J-T) (Fig. 2d). Notably,
immunocompetent mice receiving Tf-J-T were effectively protected
from bone marrow suppression in contrast to mice treated with TMZ
only. This nanosystem provides a promising platform for dual drugs
brain targeted delivery. However, further investigation is needed to
assess the long-term bone marrow suppression effects and indicate the
combination mechanism of TMZ and JQ1.

Apart from marked bone marrow suppression, intrinsic drug resis-
tance plays a crucial role in reducing the effectiveness of TMZ-based
GBM therapies. Notably, this resistance is associated with the O6-
methylguanine-DNA methyltransferase (MGMT), a well-known DNA
repair protein induced by alkylating agents. It has been reported that
GBM cells also exhibit elevated levels of MGMT that undermine the ef-
ficacy of TMZ-based treatments [76,77]. To address MGMT-related
resistance, there are two main approaches. One is delivering two che-
motherapeutics involved in different molecular pathways to kill GBM
cells. Our group constructed a multifunctional biomimetic nanosystem
(MNPs@TMZ+CDDP) for the co-delivery of TMZ and CDDP, to GBM
sites (Fig. 2e). The nanosystem was designed utilizing cancer membrane
cloaking, which greatly improved blood circulation, advanced biocom-
patibility, enhanced BBB crossing and increased homologous targeting.
In addition, the pH-responsive nanocarrier (acetylated dextran) was
used to achieve controlled and precise release of TMZ and CDDP,
approximately 80% under acid conditions, which could lead to better
anti-GBM effects and less side effects. In orthoptic U87MG and
TMZ-resistant U251 mice models, treatment with MNPs@TMZ+CDDP
significantly prolonged the survival of mice up to 3-fold compared to
mice treated with mono-drug loaded nanomedicine groups or free drugs.
Interestingly, the western blot results showed that the expression levels
of MGMT were obviously reduced by TMZ and CDDP co-administration,
which contributed to the superior therapeutic efficacy (Fig. 2f-h).
Moreover, there were no discernible differences in the major organs and
blood examination results of mice treated with MNPs@TMZ+CDDP and
PBS group, indicating negligible side effects. An alternative to combat
MGMT resistance is to inhibit MGMT expression directly [62]. Combi-
nation therapies involving MGMT inhibitors, sensitizing tumors to
alkylating agents, have gained attention as potential strategies.
Recently, our group co-transported TMZ and the MGMT inhibitor
lomeguatrib (LM) using an ApoE targeting peptide decorated GBM cell
membrane coated nanosystem (AMNPs@TMZ+LM) based on MNPs
above. ApoE modification additionally promoted endothelial cell
endocytosis and the accumulation of nanomedicines at GBM sites by

Table 1
Summary of chemical drug-based combinational therapies.
Chemotherapeutics Nanocarrier Targeted strategies Responsive release Major applications Ref
designs
TMZ+JQ1 Liposomal Tf / Overcoming bone marrow suppression [61]
TMZ+CDDP Acetalated dextran Cancer membrane pH Overcoming drug resistance [62]
TMZ+Lomeguatrib (LM) Acetalated dextran ApoE and cancer membrane pH Overcoming drug resistance [63]
PTX-+Melittin Lipodisks Glycopeptide / Overcoming drug resistance [64]
DOX+5-fluorouracil Chitosan-gold NPs Nucleolin aptamer pH Improving GBM therapeutic effects [65]
(5FU)
A12+ABT Acetalated dextran ApoE pH Overcoming tumor resistance [66]
Etoposide+ methoxy poly (ethylene glycol) Wheat germ agglutinin (WGA) pH Enhancing anti-proliferative activity [67]
Carmustine+DOX (MPEG)-poly and folic acid (FA) without detectable side effects

(e-caprolactone) (PCL)
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Fig. 2. (a) Liposome schematic depicting JQ1 and TMZ loading. (b) Quantification of cellular Tf-NP uptake in U87MG and GL261 cells. (c) Cell viability and
combinational index (C.I.) values of JQ1 and TMZ in U87MG and GL261 cells. (d) Representative bioluminescence images of mice bearing orthotopic U87MG and
GL261 after treatment with different nanomedicines, free drugs or vehicles. (e) Schematic of MNPs@TMZ-+CDDP with a pH-sensitive acetylated dextran polymeric
nanoparticle core and GBM cancer cell membrane shell. (f) Illustration of the mechanism of synergistic action of TMZ and CDDP in the cell nucleus. (g) & (h) MGMT
concentration in US7MG and U251R cells after treatment with different nanomedicines, free drugs or vehicle. (i) Illustration of construction of AM@NP(ABT/A12)
NPs, which can penetrate BBB by receptor-mediated transportation and synergistically induce tumor cell apoptosis.

(a) (a-d) Printed with permission from Ref [61]. (b) (e-h) Printed with permission from Ref [62]. (¢) (i) Printed with permission from Ref [79] .

targeting the LDLR overexpressed by both endothelial cells of the BBB
and GBM cells, as evident by the obvious stronger brain Cy5 fluores-
cence intensity of mice treated with AMNPs@Cy5 than that of
MNPs@Cy5 group. More importantly, the expression of MGMT protein
was efficiently inhibited by LM, further increasing the sensitivity of
U251% and GBM stem cells to TMZ [63]. Although the smart design
improved BBB penetration and tumor targeting through both ApoE and
cancer membrane coating, the manufacturing process seems too intri-
cate to be further applied in combinational GBM therapy.

These studies reveal that combinational chemotherapy based on
smart nanosystems can amplify the therapeutic efficacy of TMZ by
reducing MGMT-mediated drug resistance, while concurrently dimin-
ishing systematic side effects. Considering the resistance, which is
induced by the immunosuppressive TME, is detrimental to TMZ-based
therapies, a promising strategy is to pair TMZ with immunotherapies
as summarized below. Moreover, further development of more opti-
mized nanosystems could see the emergence of new promising treat-
ments for GBM.

Other dual drug combinational chemotherapy. In addition to TMZ, a
diverse array of other effective anti-tumor small-molecule chemical
drugs have shown promising inhibitory activity against GBM in

combination with other drugs. These drugs work by a variety of mech-
anisms, including blockade of the cell cycle and up-regulation of
apoptosis-related proteins. Similarly, the majority of compounds used in
combination produce enhanced therapeutic efficiency by simulta-
neously targeting two entirely distinct pathways as previously discussed.
At the same time, some combined drugs target the same molecular
cascade, thereby amplifying their impact and disrupting the specific
pathway at multiple points. These therapeutics mainly include PTX,
DOX and anti-apoptotic protein-related inhibitors.

PTX was co-delivered with melittin by glycopeptide modified lip-
odisks for GBM targeted synergistic therapy [64]. Evidence has shown
that nanosized lipodisks extended blood circulation time and improved
tumor accumulation for several reasons. Firstly, the PEGylated layers
reduced degradation and clearance in the circulation. Secondly, dis-
coidal nanoparticles more migrated to the vessel walls and infiltrated
tumor tissues. Decoration with the targeting glycopeptide further
significantly enhanced nanoparticle BBB penetration and accumulation
at tumor sites. As PTX mediates anti-proliferative activity by acting as a
tubulin polymerization promotor, tumors frequently recur when PTX
resistance develops. The incorporation of melittin as a wide-spectrum
antimicrobial peptide further enhances anti-GBM, while melittin
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causes severe hemolysis. The PTX/melittin co-loaded lipodisks exerted
an in-vitro synergistic effect as indicated by the low CI value (0.45) and
in-vivo mediated al0-day longer survival time without causing hemo-
lysis, providing a potential and safe nanosystem for brain drug delivery.
However, there is no evidence to explain the mechanism behind the
synergistic inhibition of glioma by combining PTX with melittin. Addi-
tionally, it is worth considering whether wide-spectrum antimicrobial
drugs have the advantage of enhancing GBM combinational efficacy by
synergizing with other anti-tumor drugs.

Compared with PTX, DOX more thoroughly removes tumor cells
including GBM. The mechanism of action of DOX centers on interfering
with DNA replication, topoisomerase II inhibition, cell cycle arrest, and
apoptosis induction, setting the stage for effective tumor elimination.
Despite its potential, like other single chemotherapeutic agents, DOX en-
counters the challenges of drug resistance and systemic toxicity.
Combining DOX with other agents thus holds promise to mitigate these
limitations. In a more recent study, Wang et al. designed a pH-responsive
and targeted nanosystem for co-delivery of DOX and 5-fluorourail (5FU)
[65]. The nanosystem comprised chitosan-gold nanoparticles functional-
ized with an aptamer that could specifically recognize and interact with
the necleolin receptor, which is overexpressed on the surface of GBM
tumor cells. The aptamer modification facilitated the cellular internaliza-
tion of nanocarriers, which were designed to be pH-responsive, rapidly
releasing the co-loaded DOX and 5FU in the slightly acidic environment
present in tumor tissues. These smart design elements significantly
improved in-vitro therapeutic effect as indicated by the highest induction
of tumor cell apoptosis (23.11%) relative to free drugs and significant
induction of cell cycle arrest (73.3%). This nanosystem demonstrates to be
effective for BBB penetration and brain tumor targeting mediated by
aptamer. Although the combination of DOX and 5FU showed enhanced
synergistic effects in vitro, the mechanism and the specific limitations of
DOX addressed by 5FU are unclear, and in vivo investigations are neces-
sary to further evaluate the therapeutic potential of this combination.

While targeting apoptosis pathways is an effective approach in the
battle against GBM, GBM cells often exhibit intrinsic resistance to
apoptosis due to overexpression of anti-apoptotic B-cell lymphoma/
leukemia-2 (Bcl-2) family proteins, such as Bcl-2, Bcl-xl and Mcl-1
[66,78]. Simultaneously targeting multiple points in the same
apoptosis pathway potentially could overcome this kind of drug resis-
tance. To exploit this potential, our team developed a multifunctional
biomimetic nanosystem (AM@NP(ABT/A12)) capable of co-delivering
ABT-263 (ABT) and A-1210477 (A12) for GBM therapy (Fig. 2i) [79].
ABT is a Bcl-2/Bcl-x1 specific protein inhibitor, while A12 can directly
inhibit the function of Mcl-1. As Mcl-1 inhibits mitochondrial outer
membrane permeabilization (MOMP), the release of cytochrome C is
prevented, inhibiting apoptotic cascades. Importantly, A12 synergisti-
cally enhances the effect of ABT. To optimize the activity of nano-
particles, red blood cell membranes (RBCms) were used as biomimetic
camouflaging resulting in significantly improved blood circulation time
of nanoparticles. Nanoparticles were also functionalized by surface
ApoE modification, which improves BBB penetration and GBM targeting
ability through LDLR. To facilitate pH responsive drug release, acety-
lated dextran was used as the nanoparticle shell. Accordingly, these
nanoparticle construction elements enabled the combination of ABT and
A12 to show significantly enhanced anti-GBM activity both in vitro and
in vivo. US7MG, U251} and CSC-2 cells incubated with AM@NP
(ABT/A12) showed higher apoptosis, which contributed to enhanced
levels of apoptotic proteins and decreased levels of anti-apoptotic pro-
teins. Furthermore, mice bearing orthotopic GBM and treated with
AM@NP(ABT/A12) displayed greatly the smallest tumor volumes and
the longest survival time, relative to control formulations. The smart
nanosystem also reduced cytotoxicity to normal tissues.
Apoptosis-related pathways are complex, suggesting that combining
multiple interacting targets, involved in either pro-apoptosis or
anti-apoptosis, shows the potential to induce boosted apoptosis of GBM
cells, achieving superior synergistic effects.
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Collectively, recent research indicates a promising future in dual
chemical drug combination strategies for GBM treatment. By skillfully
combining agents with distinct or similar mechanisms with smart
nanosystems, researchers aim to enhance therapeutic outcomes, over-
come resistance and minimize the impact on normal cells, offering the
possibility for improved treatments against GBM. As more potent drugs
and innovative nanosystems continue to be developed, there is a
growing potential to combine multiple other therapeutics for effective
combinational chemotherapy.

Triple drug-based combinational chemotherapy

To further improve combinational chemotherapy, several studies
have combined two or more anti-tumor chemotherapeutics to target
GBM. For example, the combination of three already approved chemo-
therapy drugs, TMZ, chloroquine (CQ) and sirolimus was found to
simultaneously induce marked DNA damage, mitochondrial destruction
and lysosome-dependent apoptosis of GBM cells, significantly inhibiting
in vivo tumor growth and increasing survival rate of mice bearing
GBM8401 xenografts [80]. More importantly, with the empowerment of
well-designed nanosystems, anti-GBM triple drug combination therapies
could climb higher up the GBM therapy mountain. To realize this po-
tential, Liu et al. adopted biodegradable poly[(d,l)-lactide-co-glycolide]
(PLGA) nanofibers to concurrently deliver carmustine (BCNU), irinote-
can and CDDP into the cerebral cavity [81]. BCNU is a commercially
used drug for malignant brain tumor treatment that effectively improves
patient survival by alkylating both DNA and RNA. Irinotecan has shown
activity against DNA replication and transcription by inhibiting topo-
isomerase I. CDDP, as one of the most effective anti-GBM drugs, could
interfere with DNA repair and disrupt DNA structure. The combination
of these three drugs has the promise to generate a more comprehensive
disruption of genetic materials, further effectively inhibiting GBM
growth. However, the potential should be weighed against the limited
brain accumulation and toxicity to normal tissues. This study demon-
strated that the designed nanofibers could simultaneously deliver three
different agents in one step, ensuring a sustained and high drug con-
centration for over 8 weeks in rat models without inflammation re-
actions. Subsequently, this group observed that the GBM volumes of rats
treated with these nanofibers significantly decreased with time, and no
tumor regrew, leading to 86.50+48.41-day median survival time [82].
Hence, incorporation of these drugs into nanofibers overcomes the
disadvantage associated with these as free drugs.

While triple drug-based monomodal combinational chemotherapies
have shown significant advancements in therapeutic efficacy, their
broader application still faces certain limitations. Small molecule
chemical drugs are inherently toxic and damage normal tissues and
cells. Although nanosystems have helped improve these effects by
enhancing drug delivery precision, the combination of too many small
molecule drugs might, in some cases, exacerbate systemic toxicity.
Hence, it is necessary to continue to develop more functional nano-
systems with carefully calibrated combinational strategies to circumvent
the potential additional side effects. The pursuit of multidrug-based
therapies that have a balance between heightened effectiveness and
minimal side effects is crucial for advancing GBM treatment.

Monomodal combinational gene therapy

Gene therapy involves using oligonucleotides to specifically target
and regulate abnormal genetic expression related to tumor proliferation
in GBM cells [83]. Compared with other therapeutic approaches, gene
therapy presents exciting potential, as they generally can be expected to
be more efficient with minimized systemic cytotoxicity. However, gene
therapeutics are inherently unstable, and significant efforts have been
devoted to improving stability and hence delivery to target sites. In this
regard, employing specially designed gene therapy nanocarriers pro-
vides a promising advance in GBM therapy as evidenced by recent
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studies [84-86]. However, GBM occurrence is often accompanied by
mutations in numerous gene sites involved in tumor growth, metastasis
and invasiveness. Therefore, it becomes necessary to simultaneously
silence, or stimulate expression, of multiple genes with a designed
nanoparticle delivery system (Table 2).

One pivotal GBM gene therapy is based on RNA interference (RNAi)
technology, which can regulate targeted gene expression with sequence
specific small molecules, like short interfering RNA (siRNA) and
microRNA (miRNA) [91]. These specialized siRNAs and miRNAs bind to
the targeted RNA to form a silencing complex (RISC), which then in-
hibits tumor proliferation by matching and marking its targeted mRNA
for degradation or ribosomal arrest [92]. In recent years, combining
dual siRNAs or miRNAs to enhance anticancer efficacy in GBM has been
widely explored [93]. To improve the inherent limitations of RNA,
known to be easily degraded by hydrolytic enzymes and possessing the
same charge as cell membranes, various nanocarriers have been
designed and employed in GBM synergistic gene therapy. Shi et al.
developed Arginyl-glycyl-aspartic acid (RGD) modified nanoparticles to
transport two distinct siRNAs (vascular endothelial growth factor re-
ceptor siRNA (VEGF siRNA) and Bcl-2 siRNA) into GBM cells for tar-
geted gene silencing [87]. The cytocompatibility, BBB penetration and
cellular uptake of siRNAs were significantly elevated after being
encapsulated into poly(amidoamine) (PAMAM) coated gold nano-
particles that were surface modified with PEG and RGD, which can
recognize and interact with overexpressing avf3 integrin on GBM cell
surface. These targeted nanoparticles resulted in the lowest protein
expression levels of both VEGF and Bcl-2 in cell and animal levels,
compared to controls, indicating high-efficiency transfection and suc-
cessful specific gene silencing. Simultaneous knockdown of both VEGF
and Bcl-2 genes can synergistically induce the apoptosis of tumor cells,
providing a promising way for efficient gene combinational therapy. The
combination mechanism behind VEGF and Bcl-2 genes as well as in vivo
synergistic efficacy should be further illustrated and investigated.
Additionally, improved therapeutic effects could be achieved if the gold
nanoparticles in this nanosystem are fully utilized for imaging or other
therapies.

Generally, siRNA delivery nanocarriers use positive charges to
compress and internalize the negatively changed siRNAs. However, this
electrostatic interaction between nanocarriers and siRNAs can be easily
disrupted by negatively charged biological macromolecules present in
blood, causing the destabilization of siRNA nanomedicines, further
leading to short blood circulation time and weakened therapeutic effects
[94]. In order to optimize RNAi combinational gene therapy, stability of
the siRNA delivery nanosystems must be improved. Our team con-
structed a siRNAs-encapsulated ROS-responsive nanomedicine
(Ang-3I-NM@siRNA) stabilized by triple interactions including elec-
trostatic, hydrogen bond and hydrophobic to co-target Polo-like kinase
(PLK1) and VEGFR2 for treating GBM (Fig. 3a) [88]. Surface function-
alization using Ang promoted significantly increased BBB penetration
and nanomedicine accumulation in GBM cells by binding to the LDLR.
Accordingly, the designed nanosystem enhanced the delivery of siRNAs
into tumor tissues with the triple interactions strategy, effectively pro-
tecting siRNAs from degradation during circulation. Of noted, the
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elimination half-lifetime (t1/23) of 3I-NM@siRNA was 37.5 min, much
longer than 2I-NM@siRNA and 1I-NM@siRNA, at 25.4 and 7.8 min,
respectively. Further experiments showed that PLK1 and VEGFR2 siR-
NAs synergistically reduced angiogenesis and potently induced GBM cell
apoptosis. It was also demonstrated that Ang-3I-NM@siRNA nano-
medicines had superb stability, prolonged blood circulation time, high
transfection efficacy, controlled siRNAs release and gene knockdown
effects, resulting in effective antitumor effects in vivo, culminating in an
extended median survival time of 36 days in the orthotopic U87MG
xenograft mouse models. This study provides an innovative nanosystem
for delivering unstable gene therapeutics into the brain, and the po-
tential of this system would be further boosted by combining two or
more other gene targets with effective synergistic effects.

More recently, anti-miR-21 and anti-miR-124 were co-delivered by
this triple-interaction nanosystem to further improve GBM therapy. As
reported, miRNAs are capable of regulating more than one mRNA and so
may advantageously modulate cancer cell proliferation and apoptosis in
comparison to siRNA [95,96]. The combination of anti-miRNA-21 and
miRNA-124 can simultaneously repair mutant renin-angiotensin system
(RAS) and PTEN pathways, leading to favorable downstream effects on
Phosphoinositide 3-Kinase (PI3K)-Protein Kinase B (AKT) signaling in
GBM cells. Importantly, both miRNA-21 and miRNA-124 expression
levels in UB7MG cells were significantly down-regulated after treatment
with dual miRNA nanomedicines, leading to potent inhibition of GBM
invasion, growth and migration (Fig. 3b). In fact, tumor volumes and
survival time of U87MG-bearing nude mice treated with
Ang-3I-NM@miRNA nanomedicines showed only slight improvement
compared to control treatments. Therefore, it is essential to consider
whether this combination of these two miRNAs is an effective approach
to improve anti-GBM effects.

As described, almost all molecular pathways and gene mutations in
GBM are highly complicated, including multisite mutations. Thus,
simultaneously targeting multiple genes, at more than two sites for each
gene is required to effectively amplify GBM therapeutic effects. It has
been shown that multiplexed RNAI therapies targeting four transcrip-
tion factors (SOX2, OLIG2, SALL2 and POU3F2) concurrently against
brain tumor-initiating cells (BTICs) can further improve resistance, limit
recurrence and progression of diffuse gliomas. BTICs are difficult to
combat due to their genetic heterogeneity and epigenetic aberrations
[97]. In recent years, Green et al. designed a bioreducible poly
(beta-amino ester) (PBAE) nanosystem to carry siRNAs targeting several
anti-GBM genes including Roundabout homolog 1 (Robol),
yes-associated protein 1 (YAP1), sodium-potassium-chloride cotrans-
porter (NKCC1), EGFR and survivin together to greatly improve
apoptosis induction in GBM cells [90]. The PBAE is a highly effective
siRNA delivery nanoplatform as it can be easily degraded by hydrolysis
without non-specific toxicity. Robol is a protein related to tumor cell
migration. YAP1 can support the growth of GBM cells. NKCC1 is an ion
transporter affecting cancer metastasis. EGFR is an oncogene that has an
abnormal expression in GBM cells. This study showed that the combi-
nation of five anti-tumor siRNAs in the PBAE nanosystem led to simul-
taneous knockdown of all targeted genes under a relatively low
concentration of each siRNA (20 nM) (Fig. 3¢), which resulted in the

Table 2
Summary of applications of monomodal combinational gene therapy.
Gene therapeutics Nanocarrier Targeted Responsive release Major applications Ref
strategies designs
EGFR siRNA+Bcl-2 siRNA PAMAM entrapped RGD / Significant gene silencing [87]
gold nanoparticles
PLK1 siRNA+VEGFR2 siRNA PEG-P(Gu/Hb) Ang ROS Improving therapeutic [88]
effects
miRNA-21+miRNA-124 PEG-P(Gu/HDb) Ang ROS Further enhancing [89]
therapeutic effects
Robol siRNA+YAP1 siRNA+ NKCC1 siRNA+EGFR (Bioreducible poly (beta-amino / / Enhancing apoptosis of GBM [90]

siRNA-+surviving siRNA ester)) PBAEs

cells
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Fig. 3. (a) Schematic depicting the formation of Ang-3I-NM@siRNA nanoparticles stabilized by the three “triple-interaction” forces; electrostatic, hydrogen bond and
hydrophobic interaction. (b) Dual miRNAs nanomedicine regulates the proliferation, migration, invasion of U87MG cells and angiogenesis in glioma. (c) Significant
downregulation of five targeted genes in primary human GBM cells treated with nanoparticles containing a mixture of five siRNA sequences. (d) Co-delivery of five

siRNAs reduced tumor growth in orthotopic GBM-bearing mouse models.

(a) Printed with permission from Ref [88]. (b) Printed with permission from Ref [89]. (c) (c-d) Printed with permission from Ref [90].

highly effective inhibition of GBM cell growth and migration, and a
significant 50% reduction in the tumor burden in mouse models
compared to the controls (Fig. 3d). However, the anti-tumor effects of
therapy combining five genes were just enhanced slightly compared
with those of single siRNA treatments, and it is important to investigate
whether dual-gene or three-gene combined therapy could achieve more
effective therapeutic effects, thereby reducing the complexity, risk of
off-target effects and resource consumption of this system.

Monomodal combinational gene therapy has revealed enhanced
anti-tumor efficacy without notable side effects, providing a new and
promising way to manage GBM. Despite the considerable enhancement
in gene delivery facilitated by nanosystems, the extent of survival
extension remains relatively limited. This could be attributed to factors
like off-target effects, delayed therapeutic effects and short-lived im-
pacts of gene therapeutics. To address these limitations and optimize
GBM treatment outcomes, gene therapy could be integrated with other
distinct treatment modalities.

Agonist modulated monomodal therapy

Currently, nanotechnology based GBM combinational therapy has
shown enhanced ability to penetrate the BBB, through passive targeting
and further surface modification [34]. Despite these efforts, only less
than 1% of targeting functionalized nanomedicines can successfully pass
through the BBB and accumulate in GBM cells, which results in unac-
ceptable systemic adverse effects and poor treatment efficacy, hence the
BBB is still the greatest bottleneck preventing full realization of GBM
treatment [98].

Fortunately, utilizing agonists can improve the BBB permeability of
nanoparticles by momentarily opening the BBB through the activation of
specific receptors, which in turn increases the intercellular space be-
tween endothelial cells (Table 3) [99]. As a result, increased numbers of
nanoparticles can arrive and accumulate at GBM sites. Combining with
receptor-mediated transcytosis may lead to further boosted BBB pene-
tration. Exploiting this mechanism, our team developed Ang-grafted
RBCms camouflaged acetylated dextran nanocarriers to transport DOX
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Table 3
Summary of applications of agonist-based monomodal combinational therapies.
Agonists and Nanocarrier Targeted Responsive release Major applications Ref
therapeutics strategies designs
Lexiscan (Lex)+DOX Acetalated dextran Ang pH BBB penetration and elevated anti-GBM efficacy [100]
SC79+PTX Disulfide-linked glycolipid-like copolymer ~ Ang Redox Opening BBB and improving therapeutic effects [101]
(CSssSA)
R848+ LCL-161 Cyclodextrin-adjuvant nanoconstructs / / Rebuilding the TME and achieving promoted [105]
immunotherapy
R848+-CpG poly(2-dimethylaminoethyl) / pH Potentiating antitumor immunity and combinational [106]
methacrylate) (PDMA) therapeutic effects
and lexiscan (Lex) concurrently to brain tumor sites for suppressed tumor growth and lengthened the medium survival time of

agonist-enhanced GBM treatment (Fig. 4a) [100]. Lex is an A2A aden-
osine receptor agonist, which stimulates temporary opening of the BBB
enabling functionalized nanoparticles to better penetrate the BBB
(Fig. 4b). As mentioned above, Ang has a high affinity to the LDLR,
facilitating nanoparticle accumulation in brain tumor sites (Fig. 4b) and
RBCm-decorated nanoparticles further contribute to enhanced thera-
peutic effects by prolonging blood circulation time and reducing in-
duction of immunogenicity. Collectively, these three design elements
allow more nanoparticles to accumulate at brain tumor sites, resulting in
greater GBM cell death. Subsequent in-vivo studies demonstrated that
the multifunctional biomimetic synergistic nanomedicines notably
improved blood circulation, increased BBB penetration (Fig. 4c),

orthotopic U87MG-bearing nude mice by 10 days relative to
non-functionalized control nanoparticles. This study provides an effec-
tive nanoplatform for significantly enhancing BBB crossing with ago-
nists for brain disease treatment. More lately, Hu et al. reported that
inhibition of the VEGF-mediated signaling pathway greatly impaired
BBB function [101]. Hence, they adopted an AKT agonist (SC79) to
transiently re-open the BBB by blocking the VEGF-PI3K-AKT signaling
pathway, ensuring enhanced delivery of Ang modified PTX loaded
nanoparticles (Ang-CSssSA/P). The results demonstrated that treatment
with SC79 disrupted BBB integrity by reducing the tight junction pro-
teins, further leading to increased BBB permeability and depressed
tumor marker by -2.6-fold when compared to non-SC79 treated groups,
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resulting in additive anti-tumor efficacy and significantly prolonging
median survival time (30 days vs 19 days in non-SC79 nanoparticle
treated group) of GBM-bearing mice. This study further confirmed that
the combination of receptor-mediated crossing with agonist-mediated
BBB opening effectively elevated the synergistic therapeutic effects for
GBM. However, it is important to consider the dual roles of agonists, not
only in opening the BBB, but also in potentially inhibiting tumor prog-
ress, which could further enhance the efficacy against GBM. Addition-
ally, there are concerns regarding the potential damaged effects of
opened BBB because this may cause harmful substances to enter the
brain. Therefore, careful consideration should be given to the applica-
tion of agonists for BBB opening, and further investigation to ensure
safety.

Beyond temporarily opening the BBB, agonists have been explored as
effective and potential therapeutics for improved GBM combination
treatment as agonists can effectively trigger immune responses and long-
term immunity to suppress tumor proliferation [102-104]. Therefore,
the combination of agonists with anti-tumor agents is likely to potentiate
GBM suppression (Table 3). Weissleder et al. developed a nanoparticle
to stimulate double immune-related pathways by co-loading a Toll-like
receptor 7 and 8 (TLR7/8) agonist (R848) with a cellular inhibitor of
apoptosis protein inhibitor (ICL-161) for rebuilding the GBM TME
[105]. In this study, highly cross-linked cyclodextrin-modified poly-
meric nanosystems were developed to encapsulate these two drugs. This
nanocarrier showed myeloid cell targeting ability and high drug loading
efficiency. Interestingly, ICL-161 also can act as an immunomodulator.
These dual agents loaded nanomedicines induced higher levels of IL-12
and IFN cytokines and increased T effector cell production more sub-
stantially than single agent nanoparticles, since non-canonical and ca-
nonical NF-kB signaling pathways were activated simultaneously
(Fig. 4d). In this way, a highly immune-activated TME was induced,
paving a solid path for controlling GBM progression. Accordingly, sur-
vival of mice bearing orthotopic GBM treated with the combination
nanomedicine compared to mono-drug control groups was significantly
improved. Accordingly, after 60 days, 30% of mice treated with the
dual-loaded nanomedicine survived, while no mice receiving any other
control treatments survived.

Nevertheless, immune therapies based on TLR7/8 agonists have
limitations in treating GBM because TLR expression regulation is
complicated and can lead to multiple off-target expression patterns.
Thus, stimulating multiple TLR pathways at the same time by a com-
bination of two, or more, agonists has the potential to elicit elevated
GBM therapeutic effects. Zhu et al. designed ionizable polymeric
nanocarriers to co-deliver R848 and TLR9 (CpG) TLR agonists to the
brain [106]. To further promote the potential of immunotherapy, the
Ags peptide, SIINFEKL, was also encapsulated in this nanocarrier. The
ionizable nanosystem was based on cationic poly
(2-dimethylaminoethyl) methacrylate) (PDMA) that could optimally
load negatively-charged CpG, PEG shields for enhanced biocompati-
bility and pH-responsiveness of the poly (1-(diisopropylamino) ethyl
methacrylate) (PDPA) shell (Fig. 4e). This multifunctional nanocarrier
resulted in improved pharmacokinetic profile, reduced immunogenicity,
decreased systemic toxicity and most importantly, enhanced synergistic
immunostimulation. The codelivery of dual agonists and peptide neoAgs
potentiated GBM innate and adaptive immune responses (Fig. 4e),
evident by markedly increased levels of antitumor T cells and induction
of robustly immune-activated TME in orthotopic GL261 GBM-bearing
mice administered the smart nanovaccines. This platform shows prom-
ise in inhibiting the occurrence, progress and recurrence of GBM and
achieving personalized immunotherapy by applying heterogeneous
tumor Ags to overcome the heterogeneity and specific
immunosuppression.

The application of agonists to enhance the BBB permeability of
nanoparticles shows great promise in GBM therapy. However, there is
still a long way for the further application of agonist-mediated BBB
opening regarding safety. Additionally, agonists bolster immune therapy
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and enhance GBM combination treatments. The therapeutic cooperation
of agonists with immune therapeutics, or others, offers an effective
approach to finally achieve more optimal therapeutic outcomes.

Bimodal combinational therapy

While evidence has demonstrated that monomodal nanosystem
combinational therapy can, to some extent, overcome several challenges
associated with GBM treatment, combining different therapeutic mo-
dalities should result in even better efficacy, reflecting an additive
potentiation afforded by the combination of two distinct patterns of
action. Over the years, research in bimodal combinational therapy has
experienced explosive growth, providing an effective platform for GBM
treatment. The most common forms of bimodal therapy include chemo-
gene therapy, chemo-immune therapy, dynamic therapy-based, photo-
thermal therapy-based and radiation-based synergistic therapy.

Chemo-gene therapy

Chemotherapy and gene therapy are indeed the backbone of GBM
treatment, but each has certain drawbacks that can shadow their clinical
outcomes. For chemotherapy, the development of drug resistance and
systematic toxicity are clear limitations [107]. On the other hand, while
gene therapy offers high precision and minimal toxicity, it tends to have
a slower onset of action and has limited effects when administered
‘naked’ [108]. Considering this situation, substantial efforts have been
focused on developing novel strategies that combine chemotherapy and
gene therapy, aiming to complement each other and finally elevate
therapeutic effects for GBM. Currently, TMZ remains the standard of
care for GBM due to its potent antitumor power and it is because of this,
that chemo-gene combinational therapies are mainly built around TMZ
treatment, with the goal to directly or indirectly limit MGMT mediated
drug resistance to TMZ, without generating additional side effects. In
this regard, gene therapies have been proven to directly target MGMT
expression, silencing its activity to sensitize GBM cells to TMZ. Zhang
et al. combined TMZ with MGMT siRNA, which were delivered by an
iron oxide (Fe304) nanosystem featuring an engrafted targeting chlor-
otoxin (CTX) ligand [109]. These nanocarriers were able to penetrate
BBB, actively target and enter GBM cells through CTX receptor-mediated
transcytosis. The accumulated siMGMTs, subsequently silenced the
MGMT gene, further sensitizing both GBM cells and GBM stem-like cells
to TMZ (Fig. 5a). The results showed that the survival time of mice
administrated with chemo-gene combinational nanomedicines was
prolonged 8.8-fold, compared to mice treated with TMZ alone (Fig. 5b).
Directly targeting the pathways responsible for drug resistance could
more straightforwardly and powerfully overcome this challenge, leading
to superior therapeutic outcomes.

Additionally, there are many strategies to remodel MGMT expression
indirectly by targeting other closely related pathways to MGMT. Our
group developed the Ang-PEG-b-PFPMA polymeric nanosystem for the
co-delivery of TMZ and retinoblastoma binding protein 4 (RBBP4)
siRNA to achieve GBM chemo-RNAi synergistic therapy [110]. The
targeted polymeric nanocarriers can effectively load different kinds of
drugs, penetrate BBB and actively infiltrate GBM cells. Incorporation of
siRBBP4s was shown to effectively downregulate the expression of
RBBP4 leading to reduced expression of MGMT, as evidenced by western
blot results. Furthermore, the sensitivity of GBM cells to TMZ was
significantly improved and siRBBP4/TMZ nanomedicines showed su-
perior synergistic effects as the median survival time of GBM
tumor-bearing mice was extended to 40 days from 32 days mediated by
treatment with nanocarrier containing solely TMZ. Although this poly-
mersomal nanosystem provides a platform for loading multiple drugs
simultaneously, the reduction of MGMT expression shows a discount by
indirect regulation.

As mentioned above, positive charged siRNA delivery nanocarriers
have certain weaknesses, including easy degradation and cation-
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(a) (a-b) Printed with permission from Ref [109]. (b) (c) Printed with permission from Ref [111]. (c) (d-g) Printed with permission from Ref [112]. (d) (h) Printed

with permission from Ref [113].

associated cytotoxicity. To address these challenges and further amplify
the synergistic effect on TMZ-resistant GBM, a cation-free polymeric
siRNA micellar spherical nucleic acid (SNA) was developed by our team
for chemical drug and siRNA co-delivery [111]. This innovative SNA is
based on self-assembling siRNA-disulfide-poly(N-isopropylacrylamide)
(siRNA-SS-PNIPAM) diblock copolymers, which offer several key ad-
vantages, including enhanced RNA stability, no charge-associated
toxicity, enhanced BBB penetration and tumor internalization through
scavenger receptor-mediated endocytosis and temperature/redox-
controlled drug release (Fig. 5¢). Importantly, when TMZ and signal
transducer and activator of transcription 3 siRNA (siSTAT3) were loaded
together, the siRNA micelles showed a significant robust combinational
therapy effect against TMZ-resistant GBM, as reflected by the weakest
tumor signals and longest median survival time (46 days). In addition,
histochemical staining, blood analysis and proinflammatory cytokines
evaluations showed that these micelles had good biocompatibility. The
innovative siRNA micelles showed remarkable synergistic effects against
TMZ-resistant GBM, providing a versatile drug co-delivery BBB pene-
trating system. However, the mechanism regarding siSTAT3 improving
TMZ resistance needs further clarification.

Although polymeric nanomaterials have obvious highlights in small-
molecule drug and gene therapeutic delivery, systematic toxicity and
immune clearance are still major barriers to optimal clinical efficacy.
Therefore, nanosystems with better biocompatibility are required to
further improve chemo-gene combinational GBM treatment. Biomimetic
nanotechnologies provide an exciting potential to achieve this goal.
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Accordingly, our group changed the polymeric nanocarrier to exosomes
derived from bone marrow mesenchymal stem cells to encapsulate TMZ
and siRNA for GBM chemo-gene combinational therapy [112]. Firstly,
the biomimetic exosomes were found to possess great biocompatibility
and low immunogenicity, thus resulting in enhanced blood circulation
time. In addition, exosomes were also decorated with heme oxygenase-1
(HMOX1) specific short peptide (HSSP) for targeting TMZ resistant GBM
cells that overexpress HMOX1 receptors (Fig. 5d). These innovations
resulted in greatly improved BBB penetration and cellular uptake by
U251Rcells compared to non-functionalized carriers (Fig. 5e). These
studies also showed that down-regulating MGMT expression by reducing
STAT3 level by siSTAT3 led to enhanced TMZ sensitivity and apoptosis
of TMZ-resistant GBM cells (Fig. 5f, g). Co-delivery of TMZ and siSTAT3
also showed significant DNA damage, retarded tumor growth in-vivo
and 30-day longer survival of GBM-bearing mice than mono TMZ or
siSTAT3 nanomedicine administration groups, without detectable side
effects. In recent years, exosomes have emerged as promising natural
carriers for delivering various therapeutics in brain disease treatments.
Thus, more systems based on different kinds of cell-derived exosomes
should be developed and applied to advance GBM combinational
therapy.

Undoubtedly, other small-molecule chemical drugs could be suc-
cessfully combined with gene therapy for GBM synergistic treatment.
Using iron oxide nanoparticles (IONPs), for example, Ni et al. success-
fully co-delivered glutathione peroxidase 4 siRNA (siGPX4) and plat-
inum (Pt) (Fig. 5h) [113]. The IONPs were modified with folate to
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enable effective targeting and accumulation in GBM cells via
receptor-mediated transcytosis. Upon release, Pt initially destroyed
nuclear DNA as well as mitochondrial DNA and persistently increased
H>03 level by activating nicotinamide adenine dinucleotide phosphate
oxidase (NOX), all of which caused GBM cell apoptosis. Release of
siGPX4 inhibited GPX4 expression, similarly inducing robust apoptosis
of GBM cells. Furthermore, the Fenton reaction was notably induced due
to increased iron levels (Fe?*, Fe) and abundant HyO»-initiated fer-
roptosis, further synergistically enhancing therapeutic efficacy. Their
results demonstrated that the combinational nanomedicines enhanced
GBM inhibition through both genetherapy mediated ferroptosis and
chemotherapy induced apoptosis, leading to potent anti-GBM activity in
U87MG GBM-bearing mice, which was proved by the lowest levels of
tumor bioluminescence and longest median survival time (38.3 days).

Collectively, implementation of chemo-gene bimodal combinational
therapy has provided significant evidence of its potential to enhance the
effectiveness of anti-GBM strategies. This was confirmed by studies
assessing TMZ-based treatments by overcoming drug resistance through
the direct downregulation of MGMT expression or regulation of MGMT-
associated pathways with gene tools. In addition, the use of engineered
nanosystems, like non-cation nanoparticles and exosome-based nano-
carriers, further amplified anti-GBM efficiency by reducing toxicity. The
success of this approach underscores its versatility and opens the door
for broader applications. By utilizing the power of other types of small-
molecule drugs and gene therapeutics, GBM treatment can be further
diversified and optimized.

Nano Today 56 (2024) 102310
Chemo-immunotherapy

In recent decades, chemo-immunotherapy has developed into one of
the most effective combination strategies against GBM. Initially, the
human immune system attempts to eliminate tumor cells during the
early stages of tumor formation. However, progressive tumors can evade
immune recognition and destruction by reducing immunogenicity and
creating an immunosuppressive TME, characterized by the secretion of
immune-suppressive cytokines and elevated levels of PD-L1. The
immunosuppressive TME not only promotes tumor survival and pro-
gression but also contributes to tumor resistance against treatments
[26]. In particular, the effects of chemotherapy are seriously hindered
by the immunosuppressive TME. On the other hand, immunotherapy
kills tumor cells by activating and restoring normal anti-tumor immune
responses by immune checkpoint suppression, use of small-molecule
inhibitors or vaccines. Proof of concept studies demonstrate that the
efficacy of chemotherapy can be significantly improved when the
immunosuppressive TME is modulated by immunotherapy [114].
Additionally, chemotherapy sensitizes tumor cells to cytotoxic T cells,
further enhancing the potential benefits of immunotherapy and
reducing side effects [115].

Immunotherapy mainly comprises immune checkpoint inhibitors
and immune cell therapy [116]. Immune checkpoint inhibitors are
regarded as one of the most effective approaches for cancer treatment.
Countless studies have highlighted the value of immune checkpoint in-
hibitor therapy, in particular, using PD-1/PD-L1, in combination with
chemotherapy drugs in GBM [117]. Li et al. encapsulated PTX and
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anti-PD-1 antibody into the nanocarrier (ZGO@TiO2@APL), which was
composed of a 7ZnGa204:Cr3* (ZGO) core and a hollow sono-responsive
TiO2 shell (Fig. 6a) [118]. The nanocarriers were first covered with
ROS-sensitive liposomes for controlled drug release and further coated
in neutrophils (NEs) to promote BBB penetration and GBM accumula-
tion. In the hyper-ROS tumor environment, the liposome covers de-
tached, exposing the sono-sensitive shells. US irradiation further
triggered ROS generation by the shells, resulting in rapid release of PTX
and anti-PD-1 antibodies. PTX inhibits proliferation of GBM cells
directly and anti-PD-1 antibodies modify the local TME by specifically
binding to PD-L1 on the surface of tumor cells. The 90-day survival rate
of the GBM bearing mice administrated with these nanomedicines
increased to 40%, compared to 0% for mice treated with control for-
mulations, indicating successful induction of long-term immuno--
surveillance combined with chemotherapeutic apoptosis (Fig. 6b).
Anti-PD-L1 antibodies have also been combined with different
small-molecule chemical drugs. Sun et al. explored the therapeutic ef-
fects of co-loaded magnetic nanomedicines, BK@MTNPs, fabricated to
contain anti-PD-L1 antibodies and crizotinib (CZT) [119]. This delivery
platform contained bradykinin (BK), which transiently opens the BBB
and increases targeting of GBM cells (Fig. 6¢). CZT is an inhibitor of
protein kinase c-Met, a marker for stem-like GBM cells (GSCs). Upre-
gulation of c-Met promotes malignant GBM progression, migration and
recurrence. Hence, release of CZT at GBM sites effectively inhibited
proliferation of GSCs and induced GBM cell death by reducing the level
of c-Met. Anti-PD-L1 antibodies, on the other hand, augmented immune
responses by attenuating immunoescape mediated by the TME (Fig. 6d),
as indicated by noticeable increases in M1 macrophages, cytotoxic T
lymphocytes and apoptotic GBM cells. Importantly, promising anti-GBM
activity of BK@MTNPs was observed in GBM bearing mice with good
extension of survival time, 50% of mice survived on day 60, without
significant side effects. This study developed a smart nanosystem that
could target and inhibit the proliferation of GSCs, providing a mean-
ingful platform for cancer treatment. GSCs play crucial roles in drug
resistance, metastasis and recurrence, so it is important to target them to
completely remove GBM.

Additionally, immune checkpoint related chemoimmunotherapy has
also been achieved by the delivery of dual small molecule chemical
agents using multifunctional nanosystems. For instance, our laboratory
encapsulated TMZ and the epigenetic bromodomain inhibitor (OTX015)
within the biomimetic nanoparticle, ABNM@TMZ/OTX, for GBM che-
moimmunotherapy [120]. This nanosystem exhibited superior blood
circulation, effective BBB penetration, active GBM cell uptake and
responsive drug release, facilitated by functionalization of ApoE deco-
rated RBC membrane onto pH-sensitive nanocarriers. In vitro and in
vivo studies showed that OTX015 effectively activated the immune
system by inhibiting PD-1/PD-L1 conjunction and induced immuno-
genic cell death, thereby amplifying the anti-GBM effects of TMZ, by
reducing TMZ drug-resistance through the suppression of cellular DNA
repair pathways. In mice treated with ABNM@TMZ/OTX, T cell levels in
lymph nodes, tumors, and blood were 3 times higher than the PBS group
and twice as high as the ABNM@TMZ and ABNM@OTX groups. Finally,
these nanomedicines significantly extended survival of GBM bearing
mice and effectively avoided tumor recurrence of GL261 tumor surgi-
cally resected mouse models by mediating long-term immune
surveillance.

The recent advent of function-engineered immune cells has set a new
direction in cell immune therapy [121]. Chimeric antigen receptor
(CAR) modification technology has significantly boosted the anti-tumor
activity of T cells or natural Killer cells. CAR-T cell therapy now stands
out among various cell immune therapies mediating precise tumor tar-
geting and higher safety. To genetically engineer human pluripotent
stem cells, Bao et al. utilized CRISPR/Cas9 technology with
neutrophil-specific signaling domains, as these are more susceptible to
gene editing and can readily differentiate into neutrophils, to allow an
unlimited supply of CAR-neutrophils (Fig. 6e) [122]. At the same time, a
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chemical pro-drug triapazamine (TPZ) was loaded into mesoporous
organic silica nanoparticles, which were subsequently bagged into
CAR-neutrophils, which inherit, from natural neutrophils, the ability to
traverse biobarriers and thereby induce lower immunogenicity. In the
hypoxic TME, hypoxia-activated pro-TPZ is simultaneously dislodged
from the nanoparticles and activated, inducing DNA damage in GBM
cells. The CAR-neutrophils exhibited a significantly higher BBB pene-
tration ratio of 22%, in contrast to non-neutrophil-leading nano-
particles, which achieved only 6%. Notably, reduction of the
immunosuppressive character of the TME by CAR-neutrophils resulted
in nearly complete tumor elimination and significantly prolonged the
median survival time, 90 days, of GBM bearing mice without generating
additional inflammation. Cellular immunotherapy-based combinational
therapies have great promise in the clinical application of GBM. By
utilizing patients’ own immune cells, such as T cells and dendritic cells,
the GBM cells are specifically and effectively attacked without triggering
immunological rejection. When combined with other therapies, the
overall outcomes of GBM patients might be improved.

Immunotherapy has been proven to be a powerful strategy to reverse
the immunosuppressive TME in GBM, thereby significantly boosting
synergistic effects of chemo-immunotherapy combinations. By inte-
grating immunotherapy with other therapeutic modalities, GBM cells
face a dual attack on both external (TME) and internal (drug-action)
fronts, leaving little room to evade destruction. This strategy provides an
exciting prospect for combating GBM and its potential will be sure to
find further realization.

Dynamic therapy-based bimodal therapy

Dynamic therapies, depending on ROS overgeneration in tumor sites
through different exogenous and endogenous stimuli, have found appeal
in recent years. These include photodynamic therapy (PDT), sonody-
namic therapy (SDT), chemodynamic therapy (CDT), electrodynamic
therapy (EDT) and microwave dynamic therapy (MDT) [123]. Due to
their focused and non-invasive nature, dynamic therapies mediate
negligible side effects and have become a novel and promising option for
GBM treatment. To further improve anti-GBM efficacy, multiple dy-
namic therapies have been combined with other treatment modalities,
including chemotherapy, gene therapy and immunotherapy.

PDT is the first ROS-based dynamic therapy. The photosensitizer (PS)
activated by light at specific wavelengths, plays a central role in PDT
treatment [124]. Under laser irradiation, PSs cause oxygen molecules to
generate highly toxic ROS, which results in the death of tumor cells
through apoptosis or necrosis. As PDT suffers from limited laser brain
penetration, PDT has been combined with chemotherapy and immu-
notherapy to help remedy this disadvantage. For instance, Gao et al.
developed DOX-loaded ultra-small Cuy.4Se nanoparticles (CS-D NPs) to
induce robust anti-GBM effects [125]. In this nanosystem, Cuy 4Se NPs
could penetrate the BBB effectively with the assistance of the US, leading
to significantly improved NP accumulation in GBM. Once irradiated by a
1064 nm laser, abundant ROS was generated by Cuy4Se NPs, which
significantly induced apoptosis of GBM cells, synergistically enhancing
the chemotherapeutic activity of DOX. The bioluminescence intensities
of mice after 16-day treatments with US+PBS+1064, US+CS-D,
CS-D+1064 and US+CS-D+1064 were 9.4, 29.8, 34.9 and 44.7-fold
larger than those at the day 0, followed by 16-day longer survival
time of US+CS-D+1064 group compared with monotherapy groups,
suggesting that the combination of PDT and chemotherapy could more
effectively suppress GBM growth. Likewise, Shen et al. adopted a clini-
cally approved near-infrared (NIR) dye, indocyanine green (ICG),
combined with the small-molecule drugs SN38 or PTX for improved and
safer PDT/chemotherapy [126]. The amphiphilic ICG and hydrophobic
drugs could be self-assembled into nanoparticles without any excipients,
which prevented intramolecular self-aggregation. The cell toxicity
studies performed on U251 and U87MG cells showed that these nano-
medicines elicited an obvious synergistic killing effect in comparison to
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single therapy. More recently, Luo et al. constructed biomimetic nano-
gels for co-delivering TMZ and ICG to inhibit orthotopic GBM.
ApoE-modified RBCm nanogels resulted in prolonged circulation time,
good BBB penetration and active GBM targeting by virtue of the low
immunogenicity mediated by the biomimetic camouflaging and
receptor-mediated transcytosis of ApoE (Fig. 7a) [127]. In addition,
under near infrared irradiation, ICG and TMZ were released rapidly from
the nanogels (over 80%) and generated large amounts of ROS as well as
inducing DNA damage, together leading to the death of GBM cells. More
importantly, the co-loaded biomimetic nanogels effectively extended
median survival time to 69 days in U87MG GBM-bearing mice and 63
days in GBM stem cells-bearing mice respectively, which was signifi-
cantly longer than approximately 35 days seen in both TMZ mono-
therapy and ICG monotherapy. The smart designs of nanosystems for
BBB penetration and targeted drug delivery lay the foundation for the
improved effects. However, to maximize the combinational therapeutic
efficacy, the synergistic points behind these PS and chemical drugs
should be clearly investigated and understood firstly.

Considering that PDT also can activate the immune system by initiating
the release of Ags, combining PDT with standard immunotherapies could
yield potent synergistic anti-GBM effects. Sun et al. developed a multi-
functional nanosystem to carry the PS (5-ALA) and anti-PDL1 antibodies
(aPDL1) into GBM tissues [128]. The nanocarriers were conjugated with
the BIR kinin ligand for BBB traversal and active GBM targeting,
exploiting the fact that the B1 receptor is over expressed by both endo-
thelial cells and GBM cells. Upon 980 nm laser excitation, the released
5-ALA is converted to protoporphyrin IX, producing ROS, leading to
greatly enhanced tumor cell damage. Induction of GBM immunogenic
death causes inflammation stimulating the recruitment of T cells to the
TME which, in turn, attacks GBM. Moreover, the aPDL1 blocked PDL1 on
the surface of GBM cells, resulting in the secretion of various anti-tumor
immune Ags as well as recruitment of CD4+ and CD8+ T cells. These
events resulted in potent elimination of GBM cells. Additionally, long-term
immune memory also led to effective prevention of GBM recurrence
(Fig. 7b), constituting a tremendous advance in GBM treatment.
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SDT is an emerging dynamic therapy which generates toxic levels of
ROS by the activation of sonosensitizers by the US. Compared to PDT, US
possesses deeper penetration, which may lead to greater potential in
GBM treatment. Accordingly, chemotherapy and immunotherapy have
recently been combined with SDT against GBM. For example, Zhou et al.
combined chemotherapy and SDT, achieved by co-delivery of DOX and
the sonosensitizer chlorin e6 (Ce6) [129]. In this study, a novel
GSH-responsive poly (2,2'-thiodiethylene 3,3"-dithiodipropionate)
(PTD) polymer was developed and engineered for brain penetration by
neutrophil elastase (NE)-triggered shrinkability, iRGD-mediated tar-
geting and lexiscan-induced BBB opening. These decorations effectively
enhanced nanomedicine uptake in GBM tissues. The high level of GSH in
the TME led to GSH-responsive DOX and Ce6 release.!0, production
increased 12-fold by the US, demonstrating that superior sonodynamic
effects can be induced by the US. Finally, treatment with these multi-
functional nanomedicines effectively inhibited tumor growth and
extended the median survival time to 57 days of GBM-bearing mice,
which was significantly longer than that achieved by treatment with
single DOX or single Ce6 loaded group. In this study, multiple strategies
were employed together for enhancing BBB penetration. Despite these
efforts, the observed synergistic effects were modest, possibly attributed
to non-specific interactions between DOX and Ce6. In another study, Cai
et al. prevented chemoresistance by combining SDT and chemotherapy
[130]. The biodegradable and pH-sensitive polyglutamic acid (PGA)
polymer was synthesized to encapsulate DOX and then camouflaged
with GBM cell membranes. The nanomedicine (MDNPs) displayed good
biocompatibility, homologous targeting, BBB penetration and controlled
release, enhancing the anti-cancer activity of DOX. The fluorescence
intensity at U87MG tumor sites of MDNPs-laser group was over 4-fold
greater than that in groups without membrane coating and responsive
release. Not only is DOX a small-molecule chemical drug, but it also
acted as a sonosensitizer in this study. Extra ROS was generated by DOX
upon US stimulation and it induced GBM cell apoptosis by increasing
sensitivity to chemotherapy by downregulating heat shock factor 1
expression and P-glycoprotein generation. Studies in orthotopic GBM
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tumor bearing mice confirmed that these nanomedicines had
SDT-enhanced chemotherapeutic efficacy as 80% of the mice treated
with MDNPs+laser survived and no mice were alive in other groups on
day 23. The authors used one single drug to achieve bimodal synergistic
treatment, providing insights into designs of GBM combinational ther-
apies based on single therapeutic.

Similar to PDT, SDT has been shown to activate immunogenic cell
death (ICD) in tumor cells, which further induces adaptive immune re-
sponses by releasing endogenous tumor-associated antibodies (TAAs)
and activating damage-associated molecular patterns (DAMPs). There-
fore, combining SDT with immunotherapy is also a potential strategy for
GBM treatment. Recently, a sonosensitizer protoporphyrin IX (PpIX) and
an immune adjuvant Poly(I:C) were co-grafted onto chitosan oligosac-
charide (COS) by electrostatic adsorption and then hyaluronic acid (HA)
was cross-linked yielding HP/CP nanomedicine for GBM targeting
(Fig. 9¢) [131]. When HP/CPs were injected together with microbubbles
(MBs), tight endothelial cell junctions were precisely disrupted by US,
thus non-invasively opening the BBB. Consequently, abundant nano-
particles accumulated in GBM tissues benefiting from HA-mediated
active targeting and highly effective BBB penetration. Upon US, PpIX
generated significant ROS, simultaneously resulting in mitochondrial
and DNA damage. Subsequently, TAAs and Poly(I:C) vaccines were
released by dead GBM cells in situ, activating antitumor immune re-
sponses thereby transforming GBM from immunogenically “cold” to
“hot”, further inhibiting GBM growth (Fig. 7d). This work showed that
sonoimmunotherapy has great potential for BBB opening, GBM sup-
pression and immune system activation.

PDT and SDT depend on external stimuli to trigger sensitive agents to
produce ROS and kill GBM cells. Although these dynamic modalities
have been applied in a variety of cancer treatments, their therapeutic
effects are significantly restricted by the limited tissue penetration of
external irritation, especially for GBM. Therefore, ROS-based dynamic
therapies that utilize endogenous molecules to stimulate specific
chemical agents to produce ROS have been developed in recent years.
CDT is an approach that relies on small-molecule agents activated by
certain factors in the tumor TME, like H, GSH or H,0,, to initiate or
enhance Fenton or Fenton-liked reactions in tumor tissues, inducing
toxic levels of ROS [132]. Numerous studies have demonstrated that
metal-based nanomaterials could be employed as Fenton agents for GBM
treatment, such as Cu and Fe ions [133]. Combining other therapies with
CDT has been a promising way to elevate anti-GBM effects. Our team
constructed a metastatic melanoma cell membrane decorated with
anti-apoptotic Bcl-2 siRNA loaded nanomedicine for GBM CDT and gene
combinational therapy (Fig. 7e) [134]. Tumor membrane coating en-
dows these MPC@siBcl-2 nanoparticles with both superior BBB pene-
tration, by momentarily decreasing the tightness of the BBB, and
homologous tumor targeting. The nanosystem is based on complexed
poly-ethyleneimine xanthate (PEX), which can chelate copper ions
(Cu®h) in blood as well as tumor cells with charge-conversional cit-
raconic anhydride grafted poly-lysine (PLL-CA), responsively releasing
SiRNA in the mild acid environment in GBM cells. Cu?* then induces
robust GBM cell apoptosis by generating toxic -OH by Fenton-like re-
action. Meanwhile, silencing of the Bcl-2 gene by Bcl-2 siRNA not only
causes direct GBM cell death, but also boosts apoptosis through ROS
generation. Collectively, the multifunctional nanomedicines improve
anti-GBM effects with increased survival rates of the U87MG
GBM-bearing orthotopic mice by inducing cascade ROS generation
mediated with CDT and gene therapy, as reflected by the significantly
improved median survival time (47 days) compared with single CDT (29
days), free siBcl-2 (22 days) and PBS (21 days). Of noted, in this study,
metastatic cell-derived membrane was used to camouflage the nano-
particles to enhance the BBB penetration and tumor targeting, and the
nanomaterials also played a role in anti-tumor, showing the potential for
inhibiting the tumor brain metastasis and directions for nanocarrier
developments.

These studies have explored whether combining dynamic therapies
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with other therapies leads to amplified ROS generation and synergistic
therapy, confirming that combinations of treatment modalities over-
come the disadvantages of monotherapy. However, to fully achieve anti-
GBM potential, there is a need for continued efforts to develop strategies
that enable deeper penetration of dynamic therapies into tumors.

Photothermal therapy-based bimodal therapy

Photothermal therapy (PTT) employs light-absorbing agents (pho-
tothermal agents) to generate targeted heat, destroying tumor cells. PTT
holds promise in various cancers, including GBM [135]. In recent ad-
vancements, PTT has been integrated into bimodal therapy, combined
with chemotherapy and precise surgical resection, to achieve synergistic
anti-GBM effects. Qian et al. developed super-small zwitterionic micelles
to facilitate BBB penetration through both size-dependent penetration
and BBB over-expressed (BGT-1) mediated transcytosis [136]. Addi-
tionally, conjugating the photochemical sensitizer, IR780, on the
UV-crosslinking self-assembly PTX-loaded nanoparticles realized effi-
cient chemo- and PTT combinational therapy for GBM, resulting in
about 2 weeks of prolonged median survival time. While this work
provides a versatile platform for robust BBB crossing, further improved
therapeutic outcomes would be achieved if drugs could be combined
more reasonably. Meanwhile, Liu et al. combined the photothermal
agent ICG with a heat shock protein inhibitor, gambogic acid (GA),
which can elevate the thermal sensitivity of GBM, to achieve more
effective combinational therapeutic effects [137]. In this study, brain
metastatic breast cancer cell membrane and GBM cell membrane hybrid
membrane camouflage strategy was used to enhance BBB penetration
and tumor targeting, while also prolonging the blood circulation time.
Then, superior antitumor effects were observed in the early-stage GBM
bearing mice administrated by hybrid membrane coated GA and ICG
loaded nanomedicines (HMGINPs), with the highest temperature (48.8
°C). However, it should be noted that this study focused on effects in the
early-stage GBM. Considering that GBM is often diagnosed at late stages,
further studies are needed to verify the effects of inhibiting and elimi-
nating GBM at late stages.

PTT has also been combined with precise surgical resection [138].
Similarly, homotypic membrane was used in this nanosystem for BBB
penetration and GBM targeting. However, differently, this membrane
was derived from GBM patient-derived tumor cells (GBM-PDTCM),
closer to clinical. GBM-PDTCM coated Raman reporter and lipophilic
fluorophore loaded gold nanorods (AuNRs) provided the guidance of
dual signals for precise surgical resection. After surgery, PTT effects
caused the temperature of GBM tissues up to 64.6°C, together resulting
in doubling median survival time of mice treated with combinational
therapy. This study tried to provide a more personalized therapy.
However, it is not easy to produce patient tumor cell-derived mem-
branes on a large scale.

In recent years, an increasing number of studies have explored the
combination of PTT with other types of therapies for GBM synergistic
treatments. PTT, as an effective method to damage GBM cells, can be
improved by utilizing the BBB crossing and tumor targeting nano-
systems. To further achieve elevated combinational effects, therapies
that interact with PTT could be used. For example, immunotherapy
could be combined with PTT as it could overcome the limitation of non-
complete tumor elimination associated with PTT.

Radiotherapy-based bimodal therapy

Radiotherapy (RT) is one of the current standard treatments for
GBM. RT induces damage to cancer cells through the deposition of en-
ergy by irradiation with gamma rays, X-rays or ion beams [139].
However, the median survival of GBM patients remains relatively low,
typically less than 2 years, which can be attributed, in part, to
sub-optimal radiological doses, necessary to prevent damage to normal
tissues. Mason and colleagues have attempted to address this problem by
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using gold nanoparticles to achieve a higher and more targeted RT dose
in cancerous tissues [140]. Despite these advances, excess toxicity to
normal tissues and resistance to radiation induced by even moderate
radiation doses still fail to completely eradicate tumors [141]. Given
this, researchers have been investigating the combination of RT with
other therapies with nanotechnology. The goal is to solve existing
problems of RT to synergize the antitumor activities of these two ther-
apies, ultimately realizing highly effective GBM treatment.

Combining PTT with RT enhances therapeutic effects against GBM.
To realize this potential, Zhang et al. designed multifunctional nano-
platforms (PES-Au@PDA) co-loaded a heat shock protein A5 (HSPA5)
inhibitor (pifithrin-y, PES) and radiosensitizer (gold nanosphere, AuNS)
for synergistic PTT and RT in GBM (Fig. 8a) [142]. Upregulation of
HSPAS induces radiation resistance in tumor cells as HSPAS is involved
in repairing protein and DNA damage induced by irradiation and con-
trols the activation of unfolded protein response (UPR) cascades that are
used to maintain cellular TME homeostasis. PES is a new HSPA5 in-
hibitor that can amplify pro-apoptotic UPR cascades and reduce RT
resistance. Moreover, PDA was coated on the surface of AuNS, pro-
moting hydrophilicity, biocompatibility, photothermal stability and ef-
ficiency of Au nanoparticles. The in vitro and in vivo results showed that
this combinational nanosystem remarkably enhanced both RT and PTT
efficacy by activating pro-apoptosis UPR cascades and removing RT
resistance. Notably, PES-Au@PDA+laser+RT combined therapy resul-
ted in the complete inhibition of orthotopic GBM tumors 6 days after the
last treatment. In addition, this nanosystem can also be used for dual
modality magnetic resonance imaging (MRI) and computed tomography
(CT) imaging, providing an integrated diagnosis and therapeutic plat-
form for GBM management.

Furthermore, it has been reported that tumor radio-resistance is also
caused by immunosuppressive tumor-associated myeloid cells (TAMCs).
Located within the TME, TAMCs induce a marked upregulation of PD-
L1, which contributes to radio-resistance through PD-L1 interactions,
limiting the immune system response and reducing sensitivity to radi-
ation. Lesniak et al. designed a lipid nanoparticle modified with anti-PD-

| PES
o

AuNS

Au@PDA

PES-AU@PDA

@
| / "
,9 v
4 | A

b

p T)@ML‘LEItEhT\IFeé e N ’ el

i on monocytes ) BM % é] X / Internalization

e h L—v ‘\Mz ’ %

% Q A By cle, VD ‘cer Nucleus
Y. O » y “or RNAI e a"d

oL @ u;
N\)’Xntl GBM

. . 2 TME

’ .Icoa...l M2

.,",

Hmdm(] hairpin

VLPs disassemble and 3WJ
RNAI scaffolds release

Nano Today 56 (2024) 102310

L1 antibodies to target TAMCs [143]. A cyclin-dependent kinase in-
hibitor, dinaciclib, was also loaded in the PD-L1 targeted nanoparticles,
attenuating immunosuppressive TAMCs, further promoting anti-GBM
immune responses and reducing the radio-resistance in GBM. Accord-
ingly, RT combined with PD-L1-targeted nanomedicine-based immu-
notherapy led to 30% of mice bearing GL261 and CT2A GBM tumors
having long-term survival. Later, this group generated a bridging-lipid
nanoparticle to further promote RT and immune synergistic therapy
[144]. Stimulator of interferon genes (STING) agonist (siABZI) was
encapsulated in this nanocarrier. Together with RT, the immunosup-
pressive TME was reversed, and anti-tumor immune responses were
significantly enhanced, which resulted in potentiated GBM inhibition
and long-lasting antitumor immunity. More recently, Zhang et al. made
further efforts to overcome RT resistance and high-dose RT damage
[145]. This study began with analyzing clinical data, which showed that
RT induced basal chemokine ligand 2 (CCL-2) expression in the tumor
region, leading to the activation of monocytes. Based on this, the authors
designed and synthesized matrix metalloproteinase 2 (MMP-2) peptide
and lipoteichoic acid modified liposome (D@MLL) to hitchhike circu-
lating monocytes via targeting mediated by lipoteichoic acid receptor
CD14, and these monocytes have the natural ability to penetrate the BBB
and accumulate at tumor sites. Then, DOX-HCl was released under
triggering by higher levels of MMP-2 at tumor sites, inducing immu-
nogenic cell death of GBMs. The upregulated CCL-2 and M1 polariza-
tion, caused by RT, promoted maturation of these monocytes and further
T cell activation, thereby achieving high-precision treatments for GBM
(Fig. 8b). Although the survival of mice treated with these nano-
medicines did not significantly prolong, they provide a potential tool for
delivering therapeutics across the BBB and a promising way to develop
effective combinational therapies for GBM by studying clinical data.
Moreover, to overcome the radio-resistance of GBM, gene-silencing
has been combined with RT by Pang et al. [146]. In this study, a broc-
coli light-up aptamer-included three-way junction (3WJ) scaffold was
engineered with siRNA EGFR and miRNA Let-7g on bacteriophage
Qp-based nanoparticles, followed by a cell penetrating peptide (TAT)
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(a) Printed with permission from Ref [142]. (b) Printed with permission from Ref [145]. (c) Printed with permission from Ref [146].
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conjugated to the surface (TrQP@b-3WJie-7g" ™) (Fig. 8¢). These
design elements enabled TrQﬁ@b—BWJLet—7gSiEGFR nanomedicines to
efficiently knock down EGFR and IkB kinase (IKKa) simultaneously and
inactivate NF-yB signaling, thereby inhibiting multiple genes-related to
DNA repair for promoting RT. Accordingly, this nanosystem exhibited
enhanced RNA stability, good BBB penetration, tumor cell internaliza-
tion and increased anti-GBM effects by virtue of biological components,
3WJ, TAT modification and dual gene silencing. Impressively, the me-
dian survival was extended to over 60 days, while the median survival of
mice receiving single irradiation treatment was only 31 days.

These data show that the challenge of radio-resistance can be
effectively addressed through combinations of RT with PTT, immuno-
therapy and gene therapy. As a result, the therapeutic effects against
GBM have been significantly amplified. The potency of RT for treating
various cancers in clinical practice makes it an ideal partner for other
modalities to yield robust anti-tumor effects. Hence, combinations of RT
with other therapies are worth continued focus on the treatment of GBM.

Trimodal+ combinational therapy

The complex nature of GBM, with its unstable genetic heterogeneity,
unique brain TME and complicated histopathology, seriously un-
dermines the therapeutic potential of all treatments. Although both
monomodal and bimodal combinational therapies discussed earlier have
shown considerably improved anti-GBM efficacy compared to mono-
therapy, each of these therapies may still have deficiencies. As a result,
there is a growing trend toward exploring trimodal+ combinational
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therapy that integrates three or more types of therapeutic drugs with
smart nanosystems. By combining the therapeutic effects of several
types of monotherapies, trimodal+ combinational therapy has the po-
tential to be even more potent than monomodal and bimodal combi-
nation. In recent years, trimodal+ combinational therapies have been
developed and utilized for GBM treatments, resulting in several
remarkable superadditive effects.

As reported, the combination of PTT, PDT and chemotherapy can
effectively remove the hypoxia problem in PDT, the short-term thera-
peutic effect of PTT and drug resistance in chemotherapy. Accordingly,
Wang et al. developed a well-designed photo-theranostic agent, con-
structed by co-loading dicysteamine-modified hypocrellin derivative
(DCHB) as a natural PS and an octadecane-grafted TMZ derivative (TMZ-
C18) with DSPE-PEG2000-cRGD (Fig. 9a) [147]. The resulting nano-
medicines (DTRGD NPs) efficiently traversed the BBB, and actively
targeted tumor cells to enrich in GBM sites. The DCHB has a high singlet
oxygen quantum yield (0.51) and photothermal conversion capability of
33% upon a wide 702-721 nm laser irradiation. TMZ-C18 was easily
released following induction of higher temperature after DCHB laser
absorption, leading to DNA damage in GBM cells. In mice bearing sub-
cutaneous U87MG tumors, the triple synergistic nanoplatform
completely inhibited the tumor growth after 14 days of treatment while
tumor volumes in mice receiving control treatments were just slightly
suppressed (Fig. 9b). In addition, all mice receiving multifunctional
nanomedicines were alive at day 60, whereas all mice receiving control
treatment had succumbed to tumor by day 60 (Fig. 9¢). These triple
modalities of treatment were combined properly with smart
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nanosystems, effectively addressing the challenges of each modality,
finally getting the promising synergistic effects. However, the effects
evaluated in subcutaneous models, instead of orthotopic mouse models,
may limit the further application of the findings because orthotopic
models more closely mimic the TME of GBM.

A novel combined chemo/immuno/radiotherapy cooperative strat-
egy was proposed by Han et al. for enhanced GBM therapeutic efficacy
(Fig. 9d) [148]. Interestingly, RBC membrane decorated US-responsive
nanovesicles (BRN) carrying AsaR agonists and perfluorcarbon (PF)
were initially injected firstly to promote responsive drug release and
reversible BBB opening following US. Subsequently, manganese dioxide
nanoparticles, co-loaded with TMZ and PD-L1 antibodies, were admin-
istered to induce DNA damage and specific immune responses. Finally,
X-ray therapy was applied to further optimally amplify therapeutic ef-
ficacy. BBB opening was demonstrated to be reversible from 2 to 4 h
after BRN+US administration, confirmed by the immunofluorescence
analysis, ensuring increased nanomedicines accumulate in GBM sites.
Accordingly, 94.28% tumor inhibition was achieved in the combina-
tional group due to the synergetic effects. This study demonstrated that
separate administration of diverse modalities can help to fully exert the
intended function of each therapy, providing a new way of managing
GBM multimodal combinational therapy.

Trimodal combinational therapies have also been demonstrated to
effectively prevent tumor recurrence after GBM surgical resection. For
example, Zhao et al. developed a multifunctional bioresponsive nanogel
for localized synergistic photo-chemo-immunotherapy (Fig. 9e) [149].
These authors successfully synthesized DOX loaded mesoporous poly-
dopamine (MPDA) nanoparticles based on nanoemulsion assembly
technology, followed by surface modification with M1-derived nano-
vesicles. Final suspension into fibrin gel yielded MPDA-DOX-NVs. After
GBM resection and hydrogel cavity-injection, ICD was significantly
induced by DOX and PTT, while both M1 vesicles and PTT reprogramed
M2-like tumor-associated macrophages (TAMs) to M1l-like TAMs,
together resulting in marked activation of the immune system. Impor-
tantly, GBM resected mice showed that this hydrogel system combined
with PTT completely inhibited tumor growth and reduced tumor
recurrence, followed by that 71.4% of hydrogel-treated mice became
long-term survivors. In this study, it is a promising method for hydrogel
cavity-injection after surgery, which means more accumulation of
nanomedicines at tumor sites, to achieve better therapeutic effects
although M1 vesicle coating could prolong blood circulation and
enhance BBB penetration.

In the past year, Mou et al. developed a multifunctional nanosystem
for GBM four-modal combinational therapy, combining chemotherapy,
PTT, starvation therapy and CDT [150]. The BBB penetration ability,
enhanced by lipopolysaccharide-free bacterial outer membrane
camouflaging, was 6.67-fold in vitro and 4.09-fold in vivo higher than
that of bare nanoparticles. The core of the nanosystem was hollow
CugSg, which can mediate Fenton/Fenton-like CDT and NIR-II PTT
therapy. Glucose oxidase (Gox) conjugated onto this core achieved
starvation therapy by rapidly depleting endogenous glucose and oxygen
in GBM cells, meanwhile also generating HoO5 and gluconic acid. The
produced HyO; further promoted CDT and PTT, and the latter in turn
enhanced Gox activity. Additionally, the loaded banoxantrone dihy-
drochloride (AQ4N), activated by the hypoxic microenvironment exac-
erbated by Gox oxygen depletion, further provided chemotherapy
accordingly. Despite the smart combination of four distinct antitumor
mechanisms and bacterial membrane enhanced BBB penetration, the
survival outcomes were only prolonged slightly compared to
monotherapies.

These innovative trimodal+ approaches offer the potential of
combining different therapeutic modalities to achieve enhanced thera-
peutic outcomes in GBM treatment. Despite this, they also come with
certain challenges, limiting their current applications, let alone the
clinical application. Notably, administering multiple therapies simulta-
neously poses inconvenient time-management, potential cost increases
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and safety concerns. Ongoing research aimed at understanding the
complexities of GBM and the properties of different modalities may
overcome these limitations to fully realize the promise of trimodal or
even ‘extra’-modal combinational therapies for GBM.

Conclusion and future perspectives

GBM is the most malignant type of brain tumor with extraordinarily
complicated mechanisms that include various intricate molecular net-
works, gene mutations, tumor TMEs, multidrug resistance and glioma
stem cells, making it challenging to find an effective cure [47]. Recent
advances in nanoparticle-based multimodal combination therapy stra-
tegies described in this review have shown several unique features in
reducing drug resistance and side effects, and effectively improving the
GBM therapeutic outcomes, by targeting and attacking multiple sites
within tumor. For clinical translation, the optimal combinational ther-
apy depends on tumor stage. Surgical resection combined with adjuvant
therapies is still the most potential strategy for early-stage GBM, while
more precision therapies, including but not limited to immunotherapy
and gene-targeted therapy, could be more effective in inhibiting prog-
ress and metastasis in late-stage GBM. Additionally, bimodal combina-
tional therapy might deserve further investigation because of the limited
efficacy of monomodal combinational therapies, and hard administra-
tion and resource consumption associated with trimodal+ combina-
tional therapies.

To develop more effective combinational therapy for GBM, there are
still several obstacles that need to be addressed. One of the key chal-
lenges is deepening our understanding of the complex mechanisms of
GBM and the distinctive properties of therapeutic molecules. A thorough
exploration of the molecular and genetic complexities of GBM may
reveal potential vulnerabilities, paving the way for the development of
more effective combination therapies. These therapies not only
circumvent resistance and reduce side effects but also strategically
target multiple weak points within GBM simultaneously. By also un-
derstanding the interactions between different therapeutic agents, re-
searchers can formulate combination therapies that fully capitalize on
strengths of each therapeutic component while minimizing their
weaknesses, aiming to generate a “1+1>2” synergistic effect.

Additionally, the design of nanocarriers with multifunctionality is
crucial. These carriers should possess better capability to load multiple
kinds of therapeutic agents simultaneously. Subsequently, successfully
delivering these drugs into glioma and accumulating at targeted sites is
pivotal. Exploring more effective strategies, like innovative ligand or
biomimetic modifications, to enhance BBB penetration and active tar-
geting is important for improving GBM treatment efficacy as BBB
crossing, glioma cell targeting and organelle targeting are still signifi-
cant challenges. To further enhance the functionality of nanosystems,
strategies for controlled release should be optimized. Achieving precise
and optimal release kinetics of each drug at the targeted location is
critical for maximizing anti-GBM effects and avoiding undesired in-
teractions or degradation. The design of nanosystems should consider
the unique properties and mechanisms of action of each drug, ensuring
their coordinated and efficient release. For example, certain therapeu-
tics exert their effects within specific subcellular compartments, such as
the mitochondria or nucleus, requiring precise drug release at their
intended site of action. Therefore, more responsive nanocarriers that can
detect specific GBM environments should be designed. Researchers
should also endeavor to utilize external stimuli, such as US and laser, to
finely tune drug release in both spatial and temporal dimensions.

Furthermore, the safety of nanomaterials and the appropriate dosage
of multiple drugs are critical factors that must be thoroughly considered
in GBM treatment. Nanosystems employed in GBM combinational
therapies should undergo careful safety evaluation and improvement,
and nanocarriers with improved safety profiles should be developed. For
instance, while biomimetic nanomedicines have been demonstrated
enhanced biocompatibility, a comprehensive safety examination,



Y. Sun et al.

particularly genetic materials, should be conducted to ensure and
further elevate the safety of biomimetic nanomedicines. Regarding
therapeutics in synergistic therapies, finding the right balance between
effective dose range, toxicity threshold and potential interactions with
other drugs of each drug is essential to optimize synergistic effects
against GBM while inducing minimal side effects.

To advance clinical translation, it is crucial to design and develop
nanosystems with the capability for scalable production while main-
taining excellent qualities. Meanwhile, personalized nanomedicines
should be developed, utilizing their advantages of specifically activating
immune systems and eliminating tumor cells in patients. Further,
theranostic nanomedicines that deliver imaging agents and therapeutics
together should be widely explored, facilitating personalized medicines
by tailoring treatments based on real-time assessments of tumor re-
sponses. While studies have shown promising results in cell and mouse
models, there remains a need to develop and use more relevant models
that better mimic human GBM in clinical settings. Such models would
provide more accurate insights into the potential effectiveness and
safety of multimodal combination therapies before transitioning to
clinical trials. By addressing these obstacles and continuously refining
the approach, there is potential to create increasingly better multimodal
synergistic nanosystems that could significantly amplify the treatment
outcomes and eventually lead to better management and eradication of
GBM.
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