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Nanomedicine as a multimodal therapeutic
paradigm against cancer: on the way forward in
advancing precision therapy

Puja Sandbhor, £ *2 Pranoti Palkar, (2 ® Sakshi Bhat, 2 ® Geofrey John® and

Jayant S. Goda®

Recent years have witnessed dramatic improvements in nanotechnology-based cancer therapeutics, and
it continues to evolve from the use of conventional therapies (chemotherapy, surgery, and radiotherapy)
to increasingly multi-complex approaches incorporating thermal energy-based tumor ablation (e.g. mag-
netic hyperthermia and photothermal therapy), dynamic therapy (e.g. photodynamic therapy), gene
therapy, sonodynamic therapy (e.g. ultrasound), immunotherapy, and more recently real-time treatment
efficacy monitoring (e.g. theranostic MRI-sensitive nanoparticles). Unlike monotherapy, these multimodal
therapies (bimodal, i.e., a combination of two therapies, and trimodal, i.e., a combination of more than two
therapies) incorporating nanoplatforms have tremendous potential to improve the tumor tissue penetration
and retention of therapeutic agents through selective active/passive targeting effects. These combinatorial
therapies can correspondingly alleviate drug response against hypoxic/acidic and immunosuppressive tumor
microenvironments and promote/induce tumor cell death through various multi-mechanisms such as apop-
tosis, autophagy, and reactive oxygen-based cytotoxicity, e.g., ferroptosis, etc. These multi-faced approaches
such as targeting the tumor vasculature, neoangiogenic vessels, drug-resistant cancer stem cells (CSCs), pre-
venting intra/extravasation to reduce metastatic growth, and modulation of antitumor immune responses work
complementary to each other, enhancing treatment efficacy. In this review, we discuss recent advances in
different nanotechnology-mediated synergistic/additive combination therapies, emphasizing their underlying
mechanisms for improving cancer prognosis and survival outcomes. Additionally, significant challenges such
as CSCs, hypoxia, immunosuppression, and distant/local metastasis associated with therapy resistance and
tumor recurrences are reviewed. Furthermore, to improve the clinical precision of these multimodal nanoplat-
forms in cancer treatment, their successful bench-to-clinic translation with controlled and localized drug-
release kinetics, maximizing the therapeutic window while addressing safety and regulatory concerns are dis-
cussed. As we advance further, exploiting these strategies in clinically more relevant models such as patient-
derived xenografts and 3D organoids will pave the way for the application of precision therapy.

brain tumors." The International Agency for Research on
Cancer (IARC) foresees a substantial upswing in cancer inci-

Cancer is a spectrum of diseases in which body cells acquire
immortality and grow uncontrollably at the expense of normal
cells. The more worrying aspect of cancer is its ability to
spread to neighboring and distant tissues by metastasis
cascade. According to the World Health Organization (WHO),
cancer is a major contributor to morbidity and mortality
worldwide, with the most common form being breast cancer,
followed by lung cancer, prostate cancer, blood cancer, and
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dence, increasing to 29.5 million new cases each year by 2040.>
Currently, surgery, radiation therapy (RT), and chemotherapy
are widely used as standard modalities for prolonging patient
survival. Nevertheless, their clinical utility is challenged by major
barriers such as the immunosuppressive and hypoxic tumor
microenvironment, abnormal vasculature, immature neovessels,
non-accessible anatomical location, cancer stem cells, and tumor
heterogenicity.>* For instance, surgery aims at removing the
locally invasive tumor but is also associated with uncontrolled
bleeding and thrombosis that may have implications in dama-
ging nearby tissues with a possible loss of organ function.?
Additionally, infections increase morbidity, reduce the pace of
recovery, and increase hospital admission. Although, RT has a
cytotoxic effect on tumor cells, resistance due to the hypoxic
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tumor microenvironment and infiltrating residual tumor cell
invasion restrict its clinical utility.® The clinical effectiveness of
chemotherapy is frequently associated with off-target toxicity,
which is responsible for its ineffectiveness when multidrug resis-
tance’ and non-specific drug delivery are induced.

Interestingly, in the past, cancer research and treatment
have witnessed substantial advancements as researchers have
been actively working on developing various therapies
designed to target cancerous tissue precisely while minimizing
any harm to normal tissue.® However, in the mid-20th century,
chemotherapy and radiotherapy emerged as primary treat-
ments for cancer.” In the late 20th and early 21st centuries,
various “Trojan horse”-based targeted therapies and immu-
notherapies were developed'®'! to overcome the challenges
encountered by conventional anticancer treatment modalities.
However, it has been found that a single treatment modality is
incapable of eliminating gross and microscopic tumors (e.g.,
surgery can remove only the primary tumor) and is ineffective
at preventing tumor metastasis."” To overcome the limitations
of monotherapy, combinatorial approaches have been intro-
duced to offset the limitations of monotherapy, resulting in an
improvement in long-term survival. This shift from monother-
apy to combinatorial therapy has improved therapeutic efficacy
significantly. For instance, surgery alone in breast cancer
therapy resulted in more than 30% relapses, which was
reduced to 11% by using a combination approach of surgery
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and chemotherapy, which also led to a 15% reduction in mor-
tality.”® In lung cancer, surgery alone resulted in a 1-year
overall survival (OS) of only 15%, which was improved to 36%
at 5 years when chemotherapy was added as an adjuvant to
surgery."* Contemporary and modern treatment modalities,
like immunotherapy, gene therapy, photothermal therapy
(PTT), photodynamic therapy (PDT), magnetic hyperthermia
(MHT), and high-intensity focused ultrasound therapy (HIFU),
in combination with each other have shown substantial
promise for future clinical translation'>'® as a result of the
spatial cooperation between two or more monotherapies that
produce synergistic or super-additive (1 + 1 > 2) effects that are
better than those of any single therapy.'” However, combining
several monotherapies to enhance their synergistic effect can
be cumbersome; hence using a single platform to combine
various therapeutic modalities could be easier to administer.'®

Within the realms of combinatorial approaches to cancer
therapy, several nanoplatforms are being developed for anti-
cancer therapies to enhance their selectivity and efficacy."®
Nanotechnology offers new therapeutic and diagnostic
methods with high efficacy and fewer adverse effects compared
to conventional therapies.>® Various types of nanoparticles
have been developed for cancer therapy, such as liposomes,
solid-lipid nanoparticles, polymeric nanoparticles, extracellu-
lar vesicles, gold nanoparticles, quantum dots, and magnetic
nanoparticles®® (Fig. 1). These nanoplatforms carry a combi-
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Fig. 1 Schematic illustration of different nanoparticle-based monotherapies and combination therapies. An illustrative overview of the individual and com-
bined advantages of various cancer therapies. The figure delineates the benefits of chemotherapy, radiation therapy, phototherapy, and immunotherapy. It
further explores the synergistic potential of bimodal and trimodal approaches, highlighting combinations such as photodynamic therapy (PDT) with immu-
notherapy, high-intensity focused ultrasound (HIFU) with micro/nanobubbles, radiotherapy with chemotherapy, and more complex trimodal therapies. This
comprehensive figure emphasizes the role of nanomedicine in augmenting the effectiveness of multimodal cancer therapies.

nation of drugs and have shown promising results in targeted
drug delivery, a reduction in off-target toxicity, and improved
bioavailability at the target tissue.>” Recently, Gao et al. meti-
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Using these nanoparticles as drug-delivery carriers can show
several advantages, such as (1) the active targeting of cancer
cells, which could improve treatment accuracy and, thereby,
efficacy;” (2) an enhanced permeability and retention (EPR)
effect, which allows nanoparticles to accumulate passively in
tumor tissues, thereby increasing the drug concentration
within the targeted site;>*?° (3) a stimuli-responsive delivery
system, which reduces off-target toxicity by preventing drug
release to normal tissues;”” and (4) a delayed release of nano-
medicine and an increase in its half-life (e.g., PEGylation),
further enhancing the therapeutic efficacy.”® Furthermore,
nanomaterials, when used in combination with other thera-
pies mentioned above, can potentially reduce drug resistance
and non-specific toxicity, thus augmenting the therapeutic
gain. Additionally, drug(s) incorporated into nanoplatforms
allow sustained payload delivery within the tumor tissue and
optimization of their pharmacokinetics profile, resulting in a
longer retention time within the tumor.>®

2. Nanomedicine-augmented
combination therapy outcomes

Multimodal cancer therapies involve the combination of two
(bimodal) or more than two (e.g., trimodal) different modal-
ities in a single nanoplatform to expand treatment success.
Adjuvant cancer therapy, like hyperthermia, artificially raises
tissue temperature to 42 = 2 °C,*° which can directly ablate
tumor cells, thereby reducing the side effects on healthy
tissue. When thermal ablation is combined with chemo-
therapy and RT, it allows for a dose reduction of RT and
chemotherapy.>" Moreover, the combinatorial approach helps
to overcome drug efflux and resistance, which is a major chal-
lenge leading to poor prognosis. Multidrug resistance (MDR)
is caused by an overexpression of ATP-binding cassette (ABC)
efflux transporters, dysfunctional apoptotic pathways, and the
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hypoxic tumor microenvironment (TME). The correlation of
dysfunctional apoptotic pathways and drug resistance results
in impaired apoptosis, causing tumorigenesis and uncon-
trolled cell proliferation. Multiple proteins, including Bcl-2
superfamily proteins, inhibitors of apoptosis (IAPs), p53
(tumor suppressor protein), and the hyperactive PI3/AKT
pathway proteins, are linked to dysfunctional apoptosis, which
contributes to the development of MDR tumors. Additionally,
factors released from cancer-associated fibroblasts prevent the
intrinsic pathway of apoptosis and may have a role to play in
impairing the efficacy of anticancer drugs. Potential thera-
peutic strategies targeting the Bcl-2 family members
Venetoclax (ABT-199),%” inhibitors against IAPs (LCL161)** or
the AKT pathway inhibitor (MK-2206),** epigenetic alterations
decitabine (5-aza-2"-deoxycytidin),”> and natural drugs (curcu-
min)*® should be explored to combat drug resistance.’”
Therefore, using nanotechnology in drug delivery helps to
overcome drug resistance.*® In this review, we aimed to
discuss the essential synergistic/additive mechanisms behind
various nanotechnology-based bi/tri-modalities.

2.1. Nanoplatforms for bimodal therapies

2.1.1. Chemotherapy with immunotherapy. In the past,
immunotherapy emerged as a ground-breaking development
in anticancer research that uses the host immune system to
combat cancer. However, it is frequently hindered by poor
patient response rates due to immune-related side effects
during clinical treatment.>®* Chemotherapy promotes tumor
cells to undergo an apoptotic pathway known as immunogenic
cell death (ICD) through the release of danger-associated
signals, such as high mobility binding box 1 (HMGB1) protein
and adenosine triphosphate (ATP) emitted by dying/dead cells
that strengthen the immunocompetent host’s defense against
cancer.’”' The tumor-related ICD further promotes the
expression of essential protein markers for the exposure of
additional tumor-associated antigens (TAAs) that help dendri-
tic cells (DCs) develop and expose the TAAs to T cells. Pro-
inflammatory cytokines released by tumor cells promote as
well as favor the M2 macrophages for their growth and pro-
liferation. To enhance the synergistically tumor-suppressive
effects of nanomedicine, the initiation of an intense anti-
cancer immune response triggered by ICD represents a highly
promising and feasible therapeutic approach.*” Chemotherapy
drugs have a dual influence on tumor-associated macrophages
(TAMSs); whereby they can either promote or prevent an immu-
nosuppressive microenvironment. For example, a misdirected
macrophage-orchestrated tissue-repair response can cause che-
moresistance, showing an immunosuppressive effect.
However, some drugs, like doxorubicin, can induce immuno-
genic cell death, activating adaptive immune reactions and
reducing immunosuppression. A balance between these effects
is essential for ideal potential therapeutic outcomes. It is
crucial to gain more insights into the interaction between
chemotherapy and innate immunity, specifically TAMs, which
could lead to novel combinations of immunotherapy with con-
ventional chemotherapy, resulting in an enhanced therapeutic
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ant-tumor efficacy.*> A wide spectrum of antineoplastic agents,
like doxorubicin (DOX), irinotecan, etc., trigger ICD, which
stimulates the antitumor immune responses during chemo-
therapy."* For chemotherapy-sensitized immunotherapy, a
self-assembled nanoscale oxidative stress amplifier, Cu-DON,
made by the self-assembly of DOX, copper ions (Cu®), and
NLG919 (a potent indoleamine 2,3-dioxygenase (IDO) pathway
inhibitor) through n-n stacking and coordination effects was
designed. Cu-DON NPs can suppress a tumor’s initial growth,
enhance DOX-induced oxidative stress, and inhibit indolea-
mine 2,3-dioxygenase 1 (IDO-1, an immunosuppressive
enzyme within the tumor microenvironment), hence restoring
the immune response to combat both primary as well as meta-
static tumors. When it comes to deep tumor treatment, Cu-
DON NPs have better tumor penetration than free DOX,**
which can simultaneously stimulate an effective immune
response. Arginine-modified camptothecin (CPT) prodrug
nanofibers have been designed to improve tumor penetration
through their fiber-like structure. These nanofibers can co-
deliver DNA plasmids, i.e., pshPD-L1 and pSpam1, expressing
programmed cell death ligand 1 (PD-L1) and hyaluronidase
(Haase) gene carriers. Hyaluronidase destroys the extracellular
matrix (ECM), which inhibits the growth and recurrence of
cancer by improving tumor penetration and therapeutic drug
delivery. PD-L1, a tumor cell surface protein, binds with PD-1
receptors that cause T-cell exhaustion and immune evasion.
The tumor-specific T-cell responses can be improved by sup-
pressing the expression of PD-L1, which converts anergic T
cells into tumor-reactive T cells. Therefore, combining these
two carriers can achieve a combinatorial effect.*® This new
synergistic chemo-immunotherapy strategy has the potential
to improve efficacy and offers novel perspectives for developing
self-delivering nanoplatforms for targeted cancer therapy.
2.1.2. Photothermal therapy (PTT) with chemotherapy.
PTT is a near-infrared (NIR) laser-based treatment for tumors
that transforms light energy into heat.*” This heat promotes
drug release and photothermal conversion (conversion of
absorbed light energy into heat), which can rapidly destroy
tumor cells and prevent tumor regrowth. Consequently, the
combination of PTT and chemotherapy can maximize their
benefits and offset their drawbacks, significantly enhancing
the antitumor efficacy.”® Fascinatingly, the last several years
have seen tremendous attempts to create new nanotherapy
antitumor responses by combining the synergistic action of
chemotherapy and PTT, and notable success has been
achieved in this regard. Hollow mesoporous Prussian blue
(HMPB)-based therapeutic nanoplatforms have been designed
by encapsulating the drug disulfiram (DSF) into copper-
enriched and polyvinylpyrrolidone (PVP)-decorated HMPB
nanoparticles, known as DSF@PVP/Cu-HMPB. When
DSF@PVP/Cu-HMPB accumulates in the tumor, the acidic
tumor microenvironment causes the HMPB nanoparticles to
biodegrade and release DSF and Cu®" simultaneously; this
results in the formation of cytotoxic bis(N,N-diethyl dithiocar-
bamate) copper(n) complexes (CuL,) through the DSF-Cu**
chelating reaction.*® Wu et al. determined a photothermal con-
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version efficiency of up to 35% after the doping, meaning that
DSF@PVP/HMPB could effectively and continuously produce a
large amount of heat under NIR irradiation, suggesting that
the ability to convert light energy into PVP/HMPB heat was not
damaged. Due to its extended blood-circulation half-time,
DSF@PVP/Cu-HMPB exhibited improved anticancer effects
both in vitro and in vivo, with a passive-targeting efficiency
reaching up to 7% 12 h post-injection. Laser irradiation
enhanced the anticancer effects of DSF@PVP/Cu-HMPB nano-
particles, generating highly toxic Cul,.”® Furthermore, Liu
et al. developed DSF-loaded hollow copper sulfide nano-
particles (DSF@PEG-HCuSNPs) to achieve photonic hyperther-
mia-amplified DSF chemotherapy.”* Additionally, for non-inva-
siveness and site-specific controlled drug release, Yin et al
synthesized an NIR-responsive nanoparticle using a 2D meso-
porous core/shell multifunctional theranostic nanoplatform
(Silicene@Silica) to accomplish simultaneous thermo-chemo-
therapy and the NIR laser-controlled prodrug release of banox-
antrone dihydrochloride (AQ4N).”*> Zhao et al. developed a bio-
mimetic pH-sensitive nano-system using a zeolitic imidazolate
framework 8 (ZIF8), loaded with doxorubicin hydrochloride
(DOX-HCI) and copper sulphide (CuS) and then coated with
the red cell membrane and catalase components. ZIF8 rapidly
broke down in the acidic TME, which allowed for the targeted
co-delivery of PTT and chemotherapeutics.>® The findings of
this study further validate the remarkable synergistic effects
between = PTT  and nano-based
chemotherapy.

2.1.3. Chemotherapy with photodynamic therapy (PDT).
PDT is a non-invasive, promising treatment approach for
cancer therapy that uses light to stimulate photosensitizers
(PSs) to generate cytotoxic reactive oxygen species (ROS) that
kill tumor cells by peroxiding proteins, lipids, RNA, and
DNA.>* Additionally, ROS help to initiate controlled drug
release by breaking down the covalent bioconjugation of che-
motherapeutics and photosensitizers, thus establishing a
backing for synergistic chemotherapy and PDT.>® Huang et al.
developed a photoactivatable self-assembling prodrug cocktail
(PSPC) nano-assembly for melanoma treatment, which was
made from the LNA-conjugated photosensitizer chlorine e6
(L-Ce6) and o-linolenic acid (LNA)-thioketal-cabazitaxel
(LTK-CTX) prodrug. When L-Ce6 is absorbed by tumor cells,
an excessive amount of ROS was produced under NIR
irradiation, activating cabazitaxel’s cytotoxic effects.’®
Furthermore, Wu et al. confirmed with the help of TEM that
the monomer conjugate of LTK-CTX and L-Ce6 could self-
assemble into spherical nanostructures in water, and their
miscibility with LTK-CTX resulted in PSPC nano-assemblies.
The carboxyl groups of free Ce6 restrict ROS production in
tumor cells, while the L-Ce6 self-assembled nanoparticles can
be quickly absorbed by tumor cells for effective PDT. PSPC NAs
may enhance oxidative DNA damage when combined with
ROS-activated CTX, which would eventually trigger tumor cells
to undergo cell death when excited by a laser.”> Moreover,
Wang et al developed a nano-catalytic medicine using
DOX-PEG-PS@MIL-100 nanoparticles for efficient photo-

trigger-responsive
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chemotherapy in deep tumors. These nanomedicines were
developed using pH-sensitive DOX-PEG, which breaks down
into fragments and releases PSs at the tumor sites, producing
ROS when exposed to laser irradiation. Furthermore, the
exogenous DOX-PEG could self-assemble into ultrasmall DOX
NPs, which might prove useful for chemotherapy and deep
tumor penetration.”” Collectively, these findings suggest that
nanomedicines can deliver effective on-demand photo-chemo-
therapy for deep-seated tumors with reduced adverse effects.

2.1.4. PTT with PDT. In this bimodal therapy, PTT uses
NIR light to accomplish thermal destruction, while PDT
destroys cells by photosensitization and cytotoxic ROS pro-
duction.’® The main difference between them is in terms of
the oxygen concentration, i.e., PTT is more effective in hypoxic
conditions since it does not depend on oxygen to cause cell
death, whereas PDT is less effective due to its oxygen-depen-
dent ROS production mechanism, which restricts its efficacy in
hypoxic conditions.”® Zhu et al. developed an injectable
agarose hydrogel containing Cu-Hemin and indocyanine green
(ICG), a photothermal agent, which could absorb and convert
NIR light energy provided by an 808 nm laser into thermal
energy. This results in Cu-Hemin mediating antioxidant gluta-
thione consumption and allows it to function as a photosensi-
tizer, enabling tumor cells to produce cytotoxic ROS. Hence,
the GSH level inside the TME can be successfully modulated
by PTT/PDT therapy to enhance PDT’s antineoplastic effects.®
In addition, in 2015 physiologically stable NIR plasmonic
copper sulfide nanocrystals (NCs) as a PTT material were devel-
oped by Wang et al. These NCs had high efficacy and NIR-trig-
gered PDT activity that led to the production of ROS.*'
Moreover, Fan et al. designed a methylene blue (MB)-bound
A9-aptamer-attached nanoplatform for PSMA-positive LNCaP
prostate cancer cells, which offered targeted treatment. This
nanoplatform was triggered by 785 nm NIR light, activating
PTT/PDT therapy.®* Collectively, this study defines the poten-
tial role of NIR-based systems for inducing cytotoxic effects
and may lead to the development of extremely effective bi-
modality nanotherapeutics.

2.1.5. Gene therapy with PTT. Gene therapy is a promising
approach for cancer treatment with enhanced targeting capa-
bilities and minimal adverse events. However, it often fails to
eradicate tumors and their recurrence.*> Combining gene
therapy with other therapies, like PTT/PDT using antitumor
genes and PS together, can enhance the therapeutic effects.
Nucleic acids like siRNAs/miRNAs are used in combined PTT/
PDT for achieving a synergistic effect. Hyun et al. designed a
Zn(u)-dipicolylamine (Zn-DPA) molecule for siRNA delivery. Zn-
DPA-conjugated gold nanorods (GNRs) were fabricated that
could deliver PTT and PLK1-siRNA at the same time, effectively
treating PC-3 tumors via apoptosis.®® When the Zn-DPA mole-
cule was combined with ICG and PVP polymers, it formed
nano-ICG with RGD, a peptide motif that could target angio-
genesis with prolonged tumor accumulation. The combined
PTT/gene therapy showed a reduced amount of CD31, indicat-
ing that the combined therapy was more effective at killing
tumor blood vessels.®> Furthermore, Zhang et al. developed a
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PTT/gene therapy platform using cell-penetrating membrane
peptides (CPP)-functionalized gold nanorods to load transcrip-
tion factor EB (TFEB)-siRNA, which enhanced the cell per-
meability and targeting of autolysosomes under NIR
irradiation. Due to this, drug resistance was found to be
reduced in osteosarcoma cells, resulting in an increased
efficacy of PTT. Moreover, they showed that TFEB silencing
using this platform could effectively prevent osteosarcoma
cells from metastasizing to the lungs, which was important
because TFEB is linked to autophagy and encourages the
spread of cancer.’® Thus, these studies further validated the
remarkable synergistic effects between phototherapy and
nucleic acid-mediated gene delivery. Collectively, the afore-
mentioned bimodal therapies showed improved efficacy over
monotherapy. However, it is also known that further coopera-
tive enhancement among three different treatment approaches
can lead to even more optimal treatment efficacy at substan-
tially lower doses of therapeutic agents. In the subsequent
section, we attempt to review a few trimodal treatment options
within a single nanostructure.

2.2. Nanoplatforms for trimodal therapies

2.2.1. Chemotherapy/gene therapy/PTT. Photothermal
therapy (PTT) is limited in its efficacy by the short valid range
of the laser, being 0.33 W cm ™ for the 808 nm NIR laser and
0.72 W cm™ for the 980 nm NIR laser;®” albeit chemotherapy
can be considered to complement it. Alternatively, gene
therapy is another effective method for treating cancer as it
delivers dysregulated genes into target cells. Further, a combi-
nation of these three methods could improve the therapeutic
effects against tumor progression. Shun-Duan monitored the
intracellular trafficking behavior of glioma Cé6 cells treated
with ASQ-DOX-PGEA2/p53 (Au NRs@SiO,-QD [Au nanorods,
mesoporous silica, quantum dots] denoted as ASQ, cyclodex-
trin-ethanolamine [EA]-modified poly [glycidyl methacrylate]
denoted as CD-PGEA, at 300 nm size), with and without NIR
irradiation.®® ASQ-DOX-PGEA2 with NIR irradiation exhibited
nearly 20% cell viability, implying the potential of this combi-
natorial nanotherapy to inhibit the proliferation of tumor
cells.®® Further, when the team studied the in vivo antitumor
performance of ASQ-DOX-PGEA2, they found that the tumor
volume in the single modal PTT group was larger than that in
the dual-modal PTT/Chemotherapy group, as the bimodal
group showed combined effects of the NIR-induced release of
the drug (DOX) and PTT, which was more effective for reducing
the tumor volume.®® However, it was further observed that the
tumor grew after 4 days, indicating recurrence after dual-
modal PTT/chemotherapy. However, the tumors treated with
ASQ-DOX-PGEA2/p53 and irradiation by NIR laser showed
remarkable inhibition, with the smallest tumor volume being
in this group, which indicated the greatest effects from trimo-
dal PTT/chemotherapy/gene therapy. Mechanistically, PTT
increased the temperature of the tumor tissues, and the
induced heat then triggered the detachment of CD-PGEA to
facilitate the release of doxorubicin, while gene therapy was
responsible for the escaped p53 from the cascading processes.
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2.2.2. Chemotherapy/immunotherapy/PDT. Chemotherapy
and PDT, in combination with immunotherapy, can be
achieved by compiling drugs and pyrolipids (photosensitizers)
into a single nanocarrier. Lin et al. developed a nanoscale
coordination polymer (NCP) to deliver multiple agents, namely
oxaliplatin (chemotherapy agent), pyrolipid (PDT), and immu-
notherapy using anti-PD-L1 (PD-L1-programmed cell death
ligand-1) to achieve superior anticancer efficacy in colorectal
cancer.”® NCP@pyrolipid could simultaneously kill cancer
cells and stimulate the immune system to activate immune
responses utilizing PDT/chemotherapy. NCP@pyrolipid, in
combination with anti-PD-L1 treatment, enhanced antitumor
immunity for the effective treatment of colorectal cancer.”
Also, multiple preclinical studies have witnessed a blockade of
the interaction between PD-1 and PD-L1 using anti-PD-L1,
which can revive T-cell activity against the tumor cells, thereby
further preventing its metastasis.”> The anti-tumor immunity
induced by NCP@pyrolipid in combination with anti-
PD-L1 has been demonstrated in in vivo models.”> The find-
ings elucidated that PD-L1 checkpoint blockade therapy with
chemo-immunotherapy with PDT not only enabled regression
in the primary tumor but also at distant sites, which strongly
confirmed the superiority of the trimodal treatment approach
against metastatic colorectal cancer. Jingjing Ding and team
members reported a recent advancement in the synergism of
chemotherapy, immunotherapy, and PDT, resulting in potent
anticancer efficacy. They constructed a self-activatable and
self-luminous extracellular vesicles (EVs) delivery system that
exhibited these three modalities against cancer. No nanoplat-
forms were involved in this treatment approach, and further
optimization is needed before it can be put into clinical
practice.”

2.2.3. Chemotherapy/PDT/PTT. It has been very well estab-
lished that almost all chemotherapy drugs must be aimed at
particular sites of action to attain optimal effects according to
their mechanisms of action. Therefore, in recent years, combi-
nation approaches for enhancing chemotherapy have been
explored with photodynamic therapy and photothermal
therapy by targeting different pathways in cancer cells and
with different regimens to lower drug doses. In 2016, Lin’s
group performed preclinical studies for bladder cancer with a
single PLZ4-nanoporphyrin (PNP) platform.”> PNPs are small,
approximately 25 nm in diameter, which increases their per-
meability at the tumor site. These PNPs showed a low uptake
in normal tissues but longer retention at the tumor site as they
have the bladder cancer-specific ligand PLZ4 on the surface,
which prevents the back-flow of PNP into the circulation.”®
Their findings demonstrated that the superior anti-tumor
efficacy of PNPs could be linked to the fusion of three modal-
ities, ie., chemotherapy/PDT/PTT, in a single nano-formu-
lation. Additionally, the traditional photosensitizer prodrug
5-ALA (5-aminolevulinic acid) has clinical limitations because
of its poor selectivity between cancerous and non-cancerous
tissues and longer incubation time needed to metabolize into
an active photosensitizer.”” An in vivo comparison between the
drug delivery of PNPs, PNP-DOX, and 5-ALA was carried out,
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with free 5-ALA considered as a control group. Whereas the
group that was treated with PNP-DOX activated with light
showed inhibitions of the tumors in comparison with the
control 5-ALA group, PNP-DOX-mediated phototherapy com-
bined with chemotherapy showed higher efficacy.”® Altogether,
these findings suggested the potential of monitoring drug
delivery in real-time by combining PDT, PTT, and chemo-
therapy in a single procedure and confirmed the easy trans-
lation of the PNP platform-based triple combination in clinical
application.

2.2.4. Gene therapy/immunotherapy/PDT. The combi-
nation of gene therapy with other treatments utilizing nano-
carriers, such as in PDT and immunotherapy, could result in
synergetic effects via multifunctional mechanisms. For
instance, Wang’s team demonstrated that PDT-mediated
cancer immunotherapy could be multiplied by PD-L1 knock-
down (KD) in tumor cells, for which they designed an adapt-
able micelleplex by integrating an acid-activatable cationic
micelle, photosensitizer, and small interfering RNA (siRNA).”
It has been reported that particular categories of siRNA can
block PD-1-PD-L1 interaction to augment PDT-induced
immune activity, wherein gene therapy can amplify the efficacy
of PDT-mediated immunotherapy, subsequently leading to a
superior therapeutic outcome.®® In cancer cells, siRNA tar-
geted at PDL1 was found to remarkably suppress its expression
in melanoma tumor cells through a dosage-dependent mecha-
nism. The complete eradication of B16-F10 (murine mela-
noma) tumors and effective inhibition of tumor recurrence
have been achieved by combining PDT-induced immunothera-
pies with siRNA-mediated PD-L1 KD.%!

2.2.5. Radiation therapy/chemotherapy/immunotherapy.
Radiotherapy and chemotherapy, being traditional cancer
treatments, have certain disadvantages, such as non-specific
targeting, killing of normal cells (including immune cells),
and producing toxic side effects. At present, chemotherapy
and radiotherapy cause an immunological response by
encouraging the death of immunogenic tumor cells or destroy-
ing the tumor microenvironment (TME).®”> In this way, it is
possible to promote the reconstitution of antitumor immunity
with a combination of immunotherapies and chemoradiother-
apy that minimizes side effects. Scott Antonia and co-workers
in their study hypothesized that durvalumab, an immunother-
apy agent with chemoradiotherapy, could provide clinical
benefits for treating non-small-cell lung cancer (NSCLC). They
designed a phase III PACIFIC study for comparing the I1gG1
PD-L1 inhibitor durvalumab with a placebo in stage III NSCLC
patients.®® A total 713 number of patients were randomized in
a 2:1 ratio in durvalumab and placebo groups for 42 days
after chemoradiotherapy. They found that in the placebo
group, a greater number of patients had distant relapses,
whereas in the durvalumab group, brain recurrences were
reduced. It was reported that 24.2% of the patients in the dur-
valumab group and 8.1% of the patients in the placebo group
experienced immune-mediated adverse events, due to which
15.4% of the patients from the durvalumab group and 9.8% of
the patients from the placebo group discontinued the study.®*
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Also, the patients who received durvalumab had 11 months
longer survival than those who received the placebo. In this
study, the majority of participants had less than 25% PD-L1
expression on tumor cells than participants with 25% or more
PD-L1 positive cells.®® These findings suggested that chemora-
diotherapy with durvalumab-based immunotherapy has accep-
table side effects. Thus, the potential interaction between
immunotherapy and chemoradiotherapy demands further
detailed investigation.

3. Challenges appended by
multimodal nanotherapy

It is now a well-established fact that the growth and dissemina-
tion of cancer is regulated by the complex TME,*>*® which is
composed of two major environments, ie., the cellular and
physiological microenvironments.®” The cellular microenvi-
ronment involves bone marrow-derived antigen-presenting
cells (APCs, e.g., DCs), tumor-associated macrophages (TAMs),
cancer-associated fibroblasts (CAFs), and cancer stem cells
(CSCs), which can self-renew and promote tumor growth, and
therapy resistance.®®%° Whereas the physiological microenvi-
ronment consists of chronic/cyclic hypoxia (due to abnormal
blood vessels and uncontrolled tumor cell proliferation
leading to altered oxygen tension within the tumor vascula-
ture), an acidic environment (due to insufficient blood supply
and tumor cells glycolytic metabolism), and an alteration in
various metabolic pathways (such as amino acid metabolism,
increase in glucose uptake/lactate fermentation due to acti-
vated mitochondria under aerobic environment) etc.°"*!
Within the TME, the co-existence and dynamic communi-
cation of tumor cells with the extracellular matrix (ECM),
stromal cells recruited from the bone marrow/surrounding
tissues (e.g., fibroblasts), immune cells (e.g., macrophages,
resident microglia), lymphatic and vascular endothelial cells,
pericytes, inflammatory mediators, such as soluble factors
(e.g., cytokines, chemokines), and ECM-degrading enzymes
(e.g., matrix metalloproteases [MMPs]) etc. drive the pro-
gression, recurrence, drug resistance, and immunosuppression
tumor milieu.”*"%°

Moreover, these complex interactions further promote neo-
vascularization to meet the oxygen and nutrient demands, and
to provide optimal growth conditions for cancer cells to grow
and metastasize. Increasing evidence has shown that the
abnormal blood vessels, high interstitial fluid pressure (IFP)
within the tumor tissue, leaky vasculature, disorganized endo-
thelial cells and peri-cellular cells with loose gap junctions,
hypoxia, and acidic microenvironment, etc., can limit the effec-
tiveness of conventional therapy.”® Thus, the TME is con-
sidered a “viable target” because it largely determines the fate
of anticancer treatment (Fig. 2). For instance, a limited pene-
tration and retention of the therapeutic agent into the tumor
tissue due to increased IFP, the hypoxic environment reducing
the sensitivity of tumor cells to chemo-drugs, and the impaired
cytotoxic functions of immune cells due to the acidic micro-

This journal is © The Royal Society of Chemistry 2024

View Article Online

Review

environment, etc. determine the impact of the TME on thera-
peutic outcomes.®” In later sections, we briefly discuss how
nanotechnology-based multimodal strategies are addressing
these challenges to improve the anticancer effect of
treatments.

3.1. Multimodal nanoplatforms targeting tumor vasculature
and neovessels

To reach the rapidly proliferating cancer cells in solid tumors,
therapeutic agents must enter the tumor neovessels, permeate
the vessel wall, and ultimately migrate through the tumor
interstitium.’® The past decades have witnessed the rapid
development of anticancer nanomedicines targeting the tumor
vasculature to penetrate deeper into the tumor tissue for survi-
val improvement and to enhance the treatment efficacy. In
2019, Li and co-workers reviewed various TME-responsive
nanotherapeutics smartly manipulating the tumor vasculature
in the context of improving therapeutic efficacy.’® TME-sensi-
tive nanotherapeutic strategies are based on an inhibition of
vascular endothelial growth factor and its receptors (VEGF/
VEGFR), the use of antiangiogenic compounds to regulate the
structural and functional abnormalities of tumor blood
vessels, the destruction of tumor endothelial cells, and the
local depletion of tumor-associated platelets (TAPs), etc.'*
These strategies induce and trigger intratumoral thrombosis to
block the blood supply to the tumor and suppress tumor pro-
gression in various cancers, like melanoma, lung, and ovarian
cancers. Novel strategies, such as DNA origami-based throm-
bin-loaded nanorobots (nanorobot-Th) shielded from circulat-
ing platelets/plasma fibrinogen with ligand functionalization
(e.g., AS1411 aptamer) for the selective targeting of nucleolin
receptors overexpressed tumor endothelial cells inducing
thrombosis and the occlusion of tumor-associated blood
vessels for precise anticancer therapy, have been discovered
recently."”'%* Similarly, surface-modified nanotherapeutics
recognizing specific receptors, such as transferrin (TfR), low-
density lipoprotein (LDR), lactoferrin, o,f;-integrin, have been
used to improve tumor retention and accumulation in
different cancers. For instance, various tumors have shown
100-300 times high folate compared to endogenous levels
along with overexpression of the folic acid receptor in the
tumor vasculature; therefore, strategies involving folate-func-
tionalized nanotherapeutic targeting of the TME have been
widely investigated to improve antitumor effects. However, the
existence of various anatomical and physiological barriers,
such as the blood-brain barrier (BBB) and phagocytic clear-
ance (reticuloendothelial system [RES] uptake), still present
tremendous challenges in successful systemic delivery into
tumors of the brain and central nervous system. Likewise,
although the surface modification/functionalization strategies
of nanotherapeutics have shown enormous advantages, the
efficient delivery of chemotherapeutics to the tumor tissue is
still restricted due to the intrinsic characteristics of the TME.
For instance, the constitutive expression of targeted ligands
(e.g., EGFR, TfR) in normal cells/tissue leads to the uptake of
functionalized nanocarriers by non-malignant cells, thereby
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Fig. 2 Schematic illustration showing different challenges imposed by the tumor microenvironment for effective anticancer treatment and how the multi-
functionality of nanotechnology-based combined therapy aims to resolve them. This figure encapsulates the complex challenges posed by the tumor
microenvironment (TME) and the multifunctional approach of nanotechnology-based combined therapy to address them. The left segment depicts the
TME, divided into a normal and a hypoxic TME. The hypoxic TME, characterized by leaky blood vasculature, is actively targeted by gold nanoparticles
(AuNPs). It shows hypoxia-induced epithelial-mesenchymal transition (EMT), where hypoxia-inducible factor 1-alpha (HIFlalpha) activates factors like
TWIST, SIP1 (SMAD-interacting protein 1), and ZEB1 (zinc finger E-box-binding homeobox), inhibiting EMT. Additionally, AuNPs inhibit factors like VEGF
(vascular endothelial growth factor), FGF2 (fibroblast growth factor 2), and APLN (apelin), thereby inhibiting angiogenesis. The central segment illustrates
the dual strategy of nanoparticle targeting, enhancing the precision and efficacy of the therapy. The extreme right segment shows nanoparticles and
photodynamic therapy (PDT) using near-Infrared (NIR) light, working in tandem for more effective tumor cell killing.

inducing potential off-target toxicities. Therefore, technologi-
cal improvement and novel multifunctional anticancer treat-
ment approaches that improve the drug’s therapeutic index
with minimal off-target events are truly required. Recently,
various combinatorial approaches, such as selective and loca-
lized temperature-induced cancer cell killing with chemo/
radio-therapy, have been studied widely. Herein, we attempted
to review these approaches with a special emphasis on target-
ing the tumor vasculature and neovessels below.

3.1.1. Thermal ablation-based targeting vasculature niche.
As discussed previously, the combination of nanoparticles
with thermal therapy (e.g., hyperthermia) and chemotherapy
offers promising advantages, like target selectivity, specificity,
and non-invasive theranostic modalities. The FDA has
approved various antibodies/small molecules functionalized
with hyperthermic nanoparticles for cancer therapy. For
instance, Avastin® (bevacizumab antibody targeting VEGFR in
the colon, NSCLCs, breast cancers) and Herceptin® (trastuzu-
mab antibody targeting human epidermal growth factor-2
[HER2] in breast cancer)."®® Moreover, these multimodal nano-
platform-based chemotherapies intrude deeply into the tumor
tissue without affecting normal cells/tissue and enhance their
cytotoxicity to cancer cells. However, the destruction of tumors
near large neovessels is not possible due to the limited
thermal dose delivered to the target site because of the heat
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dissipation caused by blood perfusion. Therefore, a promising
solution to augment this thermal effect is to alter the blood
flow without increasing the energy deposition before heating,
and this can be achieved by using hyperthermia with adjuvant
targeting of the tumor vasculature (e.g., with anti-vascular
agents like interleukin-o, tumor necrosis factor-o [TNF-a], pros-
taglandin-E, etc.). For instance, in 2006, Visaria et al. demon-
strated the augmentation of breast cancer thermal therapy
using systemic PEGylated gold nanoparticles-assisted tumor
necrosis factor-alpha (TNF-a) delivery. Their findings
suggested the combined effect of hyperthermia and the anti-
vascular agent could prevent tumor regrowth through vascular-
mediated cancer cell death compared to hyperthermia
alone.'®® Interestingly, recent findings have suggested that vas-
cular targeting alters the neovessels architecture (increasing
neovascular permeability) through remodeling/maturation of
TME, thereby reducing its hypoxic environment via correcting
pressure gradient disparity and improving the permeability
and retention of the active agent in the tumor interstitium.
Various agents that can selectively improve tumor neovascular
permeability and increase intravascular coagulation have been
investigated to enhance the anticancer effects, such as TNF-q,
an inflammatory cytokine with a potent anticancer effect.
Despite the significant potential of TNF-« in the selective tar-
geting of tumor neovascular permeability, its clinical use has
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been limited due to severe off-target toxicities after systemic
administration (maximum tolerated dose is 8-10 pg kg™,
which is 10-50 times less than the effective dose needed to
exert cytotoxicity).'® However, in 2007, Farma and co-workers
demonstrated direct evidence of the selective induction of
tumor neovascular permeabilization using a colloidal gold-
bound TNF-a nanoplatform with similar antitumor efficacy
but at lower doses compared to that of conventional TNF-a
therapies. Thus, by augmenting the neovascular permeability,
the system has the potential to improve the selective delivery
of chemotherapeutics into the tumor interstitium followed by
tumor cell necrosis through intravascular coagulation with
acidosis/ischemia.’®® Furthermore, combining vascular dis-
rupting agents (VDAs) with nano-based thermal ablation was
reported to be more effective in multimodal prostate cancer
therapy, suggesting a potential role of VDAs-conjugated
nanotherapy in preconditioning the tumor vasculature for
further clinical translation."”’”

3.1.2. Near-IR selective thermal ablation. Targeting tumor
vasculature using NIR (650-900 nm)-based phototherapy (PTT/
PDT) cancer nanotherapy (composed of photosensitive agents,
e.g., porphyrin, phthalocyanine, chlorin, anthraquinone, light
source, and/or oxygen) is an emerging class of anticancer treat-
ment. The technique involves the formation of singlet oxygen
and/or the generation of ROS through intersystem crossing
upon photoirradiation (i.e., transition of the activated excited
singlet state of a photosensitive molecule to the excited triplet
state). Although tumor accumulation of the nano-transducer
(i.e., PTT/PDT-based carrier of therapeutic agents) is mediated
by the EPR effect, often the compromised tumor vasculature
and leakiness promote the toxicity on luminal/endothelial
target cells, such as RBCs, platelets, causing collapsed blood
vessels and thrombosis. Additionally, the penetration of nano-
transducers is significantly hindered by the impaired blood
supply and IFPs during tumor progression, leading to an
incomplete therapeutic response. To overcome these chal-
lenges, phototherapy was preconditioned with various strat-
egies, such as selective receptor-mediated targeting of the
tumor vasculature, increasing the vessel permeability without
inducing vessel occlusion, and modulation of the vessels by
antiangiogenic and hyperthermic (42 + 1 °C) effects. These co-
therapies were found to augment the nanotherapeutic extrava-
sation and retention through selective endothelium permeabi-
lization. For instance, the co-therapy of PTT and hyperthermia
not only caused the focal and efficient conversion of photon
energy to thermal energy for the ablation of adjacent tumor
cells but also triggered the necrosis of hypoxic cancer cells.
Furthermore, this unique co-therapy approach stimulates the
generation of various nanomaterials to improve treatment
efficiency through multi-mechanisms, such as gold nano-
particles (nanorods, nanocubes, nanoshells), graphene oxides
nanoparticles, palladium nanosheets, single/multi-wall carbon
nanotubes, transition metal ion-based nanostructures (sulfide,
oxide nanocrystals), and porphyrin-based nanostructures (por-
physomes, nanoporphyrins). For instance, Zhen et al. in 2014
demonstrated that RGD-mediated targeted delivery coupled
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with photosensitizer (ferritin)-based different nanoparticles
(albumin, iron oxide, and quantum dots) could augment the
EPR effect linked with endothelium selectivity, leading to
increased vessel leakiness without inducing occlusion against
various tumor xenograft models such as 4T1, human U87MG,
PC-3, and MDA-MD-4355."°® Another preclinical study on
VEGF-functionalized PEGylated Au nanoshells reported the
potential of PTT-based VEGF targeting in vascular disruption
as a valuable adjuvant therapy with chemotherapy and radi-
ation and also as an alternative to conventional antiangiogenic
therapies for brain tumors.’® However, the impact of these
anti-vasculature PTT-based tumor ablation treatments are
affected by other crucial factors, such as the tissue oxygen
levels, nutrients transport into the tumor interstitium, long-
term survival outcomes, and the influence of nanoparticles
localization on the temperature difference between the tumor
and normal brain tissues. Therefore, these challenges demand
future investigations for the development of more effective
PTT therapy for cancer of the brain. Furthermore, Li et al. in
2018 discovered the combined anticancer effect of mild-
hyperthermia and low-dose antiangiogenic agent (sunitinib,
an FDA-approved tyrosine kinase inhibitor)-loaded PEGylated
reduced graphene oxide nanoparticles (RGO-PEG) in a 4T1
breast tumor mouse model. Surprisingly, they found that the
anti-vascular PTT therapy decreased the tumor distribution of
RGO-PEG, probably due to the variation in the response of
different tumors to antiangiogenic therapy. These findings,
however, contradicted the previous findings on the potential
effect of vasculature-modulating co-therapy in tumor inhi-
bition. Conclusively, they suggested that vasculature-modulat-
ing therapy does not necessarily improve the efficacy of PTT,
probably as the intratumoral distribution of nanoparticles and
spatiotemporal heat deposition during combination treatment
are largely affected by the tumor heterogenicity and extent of
PTT thermal energy penetration (periphery vs. center). Thus,
this study highlights the need for a detailed understanding of
nanoparticles and light intervals, doses, fluence/irradiance
rates, and the variation in tumor responses to anti-angiogenic
therapy to PTT-based antitumor therapeutic
efficacy."*°

In 2008, the first PTT nanoparticles (AuroShell® Particles)
entered into clinical trials. Moreover, two different clinical
trials (NCT01679470 and NCT00848042) of AuroLase Therapy
(composed of PEGylated silica-cored Au nanoshells) for
efficacy evaluation in primary and metastasis lung cancer, and
refractory head and neck cancer revealed the potentially
improved tumor accumulation of the PTT-based nanoparticles.
Besides, the recent development of novel photothermal nano-
platforms, such as copper selenide (Cu,_,Se) nanocrystals
(strong NIR optical absorption, high molar extinction coeffi-
cient, i.e. 7.7 x 10" em™ M™' @ 980 nm), and radioisotopic
doping of CuS nanoparticles with copper-64 (half-life of ~12 h)
enhanced the photothermal stability and succeeded in the
integration of PTT with other imaging modalities, i.e., positron
emission tomography (PET), magnetic resonance imaging
(MRI), to improve real-time treatment monitoring™**~**

improve
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3.1.3. Ultrasound-based tiny bubbles promoting vascula-
ture targeting. Recent years have witnessed the emergence of
combinatorial anti-vasculature/antiangiogenic therapy as non-
invasive multimodalities to monitor tumor vasculature
changes (e.g.,, abnormal perfusion, vascular permeability,
microvascular blood volume), accumulation of the nanothera-
peutics during vessel wall interactions, inflammation, primary/
secondary metastasis (because vascular density is correlated
with metastasis), and to access the tumor response to the
therapy. In this regard, contrast-enhanced ultrasound (CEU)
functionalized with tiny bubbles (e.g., micro/nanobubbles) has
been recently investigated for the non-invasive assessment of
tumor vascular phenotypes to predict the susceptibility of
novel anti-vascular/antiangiogenic  therapies.'*>™*'”  For
instance, in 2003 Ellegala and co-workers developed endo-
thelial integrins (a,f3) receptor-targeted echistatin (ligand with
an RGD binding motif that has affinity for integrin receptors)-
conjugated microbubbles as a non-invasive antiangiogenic
ultrasound therapy against glioma. The intravital microscopy,
histology, molecular, and perfusion CEU imaging used in this
study reported increased interstitial pressure, spatial variations
in oxygen and pH influence on tumor growth and necrosis,
and changes in microvascular blood volume that were further
correlated with tumor progression. In addition, the study
revealed upregulated angiogenic activity at the outer margin of
the tumor, microvascular sprouting from adjacent normal
brain parenchyma (due to signal enhancement from micro-
bubbles in non-neoplastic parenchyma improving the sensi-
tivity to detect small/early-stage tumor and metastases), and a
radial gradient in RBC velocity with the tumor growth (due to
decreased glioma microcirculation blood flow). Taken
together, these findings suggested the potential of ultrasound-
based microbubble targeted therapy for the assessment of
angiogenic responses in the early development of malignant
brain tumors. This platform can be further used in monitoring
angiogenic phenotypes in different tumor stages and types as
theranostic modalities."'® Subsequently, several generations of
microbubbles targeting commonly overexpressed vasculature
receptors/molecules/peptides were investigated to improve
microbubble binding, interaction, and microvasculature/angio-
genesis visualization. For instance, first-generation (single tar-
geted), second-generation (dual targeted, e.g., VEGFR2 and
a,Ps-integrins), and third-generation (triple targeted, e.g,
surface molecules found in activated platelets, endothelial
cells, like P-selectin, vascular adhesion molecule-1, and over-
expressed receptors, like VEGFR2 and o,fB;-integrins) etc. have
been shown to enhance tumor vasculature contrast relative to
the surrounding tissue, thereby improving the assessment of
vessels for predicting treatment responses against various
cancers, 19120

More recently, anti-vascular ultrasound therapy (AVUS) was
implemented by several research teams for potential loco-
regional targeting of the tumor vasculature using low-intensity
unfocused ultrasound (1-3 MHz) in combination with micro-
bubbles. In this approach, US stimulates microbubbles at their
resonance frequency, resulting in transient disruption of adja-
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cent endothelial cells and tumor vasculature vessel supply
(slowing down the blood flow due to the disorganized and tor-
tuous vasculature) and ultimately leading to the ischemia/
necrosis of neoplastic cells. However, achieving a uniform
treatment response is challenged by heterogeneity in the
tumor vasculature, the mixture of early and late mature tumor
blood vessels that varies between tumors and the stages of pro-
gression, and the variation in vessel functionality (i.e., ~50%
of disorganized and tortuous vessels do not support the blood
flow)."”**** To overcome these challenges, Sultan et al. in
2021 reported repetitive subsequent treatment targeting hepa-
tocellular carcinoma (HCC) vessels at different intervals so
that tumors with initial incomplete/poor responses due to the
angiogenesis/formation of neovessels during different stages
of tumor growth could be targeted in subsequent treatment
sessions. Their study showed that although AVUS efficacy
could be improved significantly when applied in repetitive
regimes, after several days, the tumor ages and started losing
its vascularity, making the treatment less effective together
with possible long-term treatment-associated side effects.">*

3.2. Multimodal nanoplatforms in therapy resistance

Although technological refinements have brought great
improvements in conventional anticancer therapy, tumor
recurrence and treatment resistance have remained a chal-
lenge, especially in the advanced stage of cancer. Treatment re-
sistance CSCs (alternatively known as tumor-initiating cells
[TICs]), although their origin is not yet completely understood,
are believed to have evolved from adult stem/progenitor cells
that have mutated or from differentiated tumor cells that have
obtained stemness characteristics through dedifferentiation
due to acquired genetic/epigenetic mutations. Singh and
Settleman, in their review, highlighted the important mecha-
nisms regulating CSC functions in therapy resistance.'”’
Collectively, various mechanisms, such as epithelial-mesench-
ymal transition (EMT), a high expression of MDR/detoxifica-
tion proteins (e.g., aldehyde dehydrogenase [ALDH]), a dor-
mancy of CSCs (e.g., residual endogenous tumor cells are a
relatively quiescent subset of the population with stemness
that can lead to tumor recurrence through highly proliferating
a transient population generation), resistance to DNA damage-
induced cell death (e.g., ROS-mediated oxidative DNA damage,
promoting DNA repair via anti-apoptotic signaling cascades,
like P13K/Akt, Wnt/b-catechin, Notch), hypoxia and hypoxia-
inducing factor signaling pathways (HIFs) via the upregulated
expression of HIF-1a, IL-6, CSC marker genes (Oct4, EXH2,
Nanog, VEGF), epigenetics histone modification (e.g., H3K27
in pancreatic cancer), and DNA methylation (e.g., MGMT
methylation in brain cancers, loss of DNA mismatch repair
gene [hMLH1] via hypermethylation of its promoter gene, e.g.,
in breast and ovarian cancer) etc. regulate the functions of
CSCs in promoting drug resistance and tumor recurrence."®
Interestingly, the two most popular theories, i.e., “cancer stem
cell theory” (CSC theory) and “seed-soil theory”, provide the
basis of the “CSC niche”, with the CSC in tumor tissue termed
as the “seed” and specific microenvironment that helps to
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flourish CSCs acting as the “soil”."*”'*® In 2007, Dalerba et al.
reviewed the potential of the CSC niche for promoting the
initiation, progression, invasion, metastasis, recurrence, and
therapy resistance. The CSC niche was revealed to dominate
self-renewal, the proliferation/differentiation of CSCs through
signals received from the TME, overexpression of the MDR
transporter, dysregulation of multiple signaling pathways,
modulation of inflammatory cytokines and growth factors
secretion profile for ECM remodeling, and various types of
supportive cells (CAFs, macrophages). Moreover, this conduc-
tive TME further promotes tumor heterogeneity (a histological
hallmark of cancer), which in turn confers different responses
to treatment.'”® Thus, conventional chemotherapy is not
sufficient for the complete eradication of CSCs since they
differentiate into new cancer cells, promoting the development
of metastasis or recurrence through tumor cell dissemination/
invasion in the flourishing microenvironment nature through
the CSC niche."° Recently, novel strategies, such as nanoplat-
forms targeting CSCs organelles (mitochondria), CSCs proto-
oncogenes, and tumor suppressor genes (e.g., SOX2, NANOG,
¢-MYC) were investigated to kill CSCs and destroy the CSC
niche for the effective management of cancer."*'™** Duan
et al., in 2021, meticulously reviewed the recent advances and
developments in smart drug-delivery strategies against
CSCs."** The combination of more than two drugs (e.g., thiori-
dazine, doxorubicin, polyphenolic compounds [e.g., curcu-
min], all-tarns-retinoic acid [ATRA], salinomycin, siRNAs
(target NOTCH-1), etc.), and combination of two or more
ligands (targeting surface biomarkers [CD33, CD44, CD133],
ligand-interacting domain through nuclear receptor [NF-kb],
multifunctional nanoparticles targeting more than two ligands
(hyaluronic acid, peptide, antibodies) in response to different
internal/external stimuli) have been studied for the elimin-
ation of the bulk tumor, as well as CSCs through different
mechanisms. These include, the inhibition of ATP-binding
cassette transporters, oncogenes (RNA interference) silencing,
and modulation of the CSC niche by targeting key signaling
pathways, etc. to induce the differentiation/apoptosis of
CSCS.1357138

Emerging evidence suggests that integrating nanomaterials
with multimodal strategies to track and target CSCs is an
important step forward to improve the efficacy of anticancer
therapy."*® We reviewed the role of CSCs in tumor recurrence
and progression with a special emphasis on novel nanoplat-
forms targeting CSCs and their microenvironment, as shown
in Fig. 3. Magnetic hyperthermia has been studied since 1957
to treat tumors. Several magnetic materials have been investi-
gated for inducing hyperthermia, in which magnetic iron
oxide, magnetite (Fe;0,4), and maghemite (y-Fe,O;) have been
reported to be well tolerated in clinical studies.'*® In this
context, Sadhukha and co-workers in 2013 demonstrated the
localized killing of CSCs by Pluronic F127 stabilized super-
paramagnetic iron oxide nanoparticles (SPIO-NPs, 185 nm
size) under exposure to an AMF (alternating magnetic field
commonly used to generate heat via Néel relaxation or
Brownian relaxation-based mechanism) in breast tumor
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models. Their findings suggested that magnetic hyperthermia
reduced/eliminated the CSC subpopulation in A459 and
MDA-MB-231 treated cells through the induction of acute
necrosis via ROS generation. The SPIO-NPs induced localized
hyperthermia through various mechanisms such as the inhi-
bition of overexpressed efflux transporters (P-gp and breast
cancer resistance protein [BCRP]), reduction in mammosphere
formation (quantitative indicator of CSC subpopulation),
decreased ALDH activity (marker for colony formation),
delayed tumorigenicity (ability to initiate a tumor in xenotrans-
plantation in nude mice), and induction of late apoptosis/
necrosis (LDH measurement). They also demonstrated that the
generation of heat by SPOI-NPs could decrease the ROS scaven-
ging ability of CSCs, thereby increasing their susceptibility to
ROS, and this could be a possible mechanism for CSC
killing.'*' Furthermore, a step-forward receptor-mediated tar-
geting approach was used to target overexpressed CD44 recep-
tors on CSCs in head and neck cancer using CD44-SPIO-NPs.
The program cell death in CSCs and a significant inhibition of
tumor growth with necrotic areas around the magnetic fluid
within the tumor tissue were found after nanoparticle treat-
ment in various in vitro/in vivo studies.'*? Likewise, these mag-
netic nanoparticle platforms were further expanded for more
than one functionalized targeting (e.g., for anticancer agents,
like doxorubicin, and tumor-targeting aptamers, like AS1411)
and for high magnetization structures using diisopropylamine
(reducing agent with surface stabilization properties)-based
polymeric magnetic nanocarriers as a promising theranostic
modality against image-guided breast cancers.'**'**
Interestingly, in 2013, Burke et al. developed nanoparticles
(carbon nanotubes)-mediated localized PTT against “triple
negative” (HER2, estrogen, and progesterone receptors) breast
cancer stem cells (CD44"8"/CD24'") that are recognized as
the most difficult to treat. The beauty of this carbon nanotube
(CNT) system is its efficient antenna behavior, i.e., absorbance
under electromagnetic radiation and thermal conductance.
The study showed that the CNTs generated localized and hom-
ogenous heating at the target tumor site upon tissue-specific-
transparent NIR/radiofrequency (RF) energy stimulation. The
thermal energy of the nanotubes promoted membrane per-
meabilization and the necrosis of CSCs, simultaneously elimi-
nating the bulk tumor as studied in the in vitro/in vivo breast
cancer model.'*> Furthermore, Mayer et al. in 2006 systemati-
cally assessed the effect of combinations of drugs, such as flox-
uridine + irinotecan (1:1), cytarabine + daunorubicin (5:1),
and daunorubicin + cisplatin (1:10), and found that these
combinations were synergistic only at their molar ratios men-
tioned above used in the in vitro studies; however, the other
ratios were noted to be antagonistic/additive. The study high-
lighted the importance of a judicious consideration of the
optimized synergistic molar ratio of combination treatment
agents and their delivery sequence, ie., simultaneously or
sequentially at the target site, to achieve the maximum thera-
peutic benefits.*® However, differences in the physico-
chemical and kinetics properties of two drugs (e.g., solubility,
half-life) and variation and slow degradation of the polymer
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Fig. 3 Schematic representation showing cancer stem cells (CSCs) and nanocarriers targeting the CSCs in combination with other antineoplastic
agents. The figure depicts the process of the metastasis of cancer cells from a primary organ to a secondary organ, represented in the top left.
Adjacent to this, we see a cancer stem cell from the primary organ, its differentiation, and the ineffectiveness of conventional therapies, leading to
tumor growth and metastasis. In contrast, CSC-specific therapies lead to tumor regression. The bottom section of the figure showcases various
nanodrug-delivery systems, their targeting strategies, and therapeutic applications, with a focus on nanoparticles targeting CSCs.

matrix (e.g., PLGA-NP, PLLA-NP, mPEG-PCL micelles, poly[alkyl
cyanoacrylate] NP) can cause non-specific release of the
loading cargo and affect the ratiometric delivery of the co-
loaded drugs through nanocarriers.*” In this regard, various
on-demand and controlled-release nanoparticles and adjuvant
multimodal therapies have been investigated in the past few
years to improve the synergistic ratiometric delivery of combi-
natorial therapy."****° For instance, pH-responsive core-shell
nanoparticles (PDCP-NPs, 160 nm size and —30 mV zeta poten-
tial) co-loaded with a 3 : 1 molar ratio of curcumin (loaded into
an inner core composed of vitamin-E succinate-grafted polyly-
sine, i.e., VES-g-e-PLL) and DOX (loaded into the outer shell
composed of poly-y-glutamic acid-DOPA, i.e., y-PGA-DOPA)
were formed by a Michael addition/Schiff-base crosslinking as
a mussel-inspired surface modification to target CSCs and the
bulk tumor simultaneously. The NPs were pH sensitive; that is,
at physiological pH (pH 7.4), the core-shell structure of
y-PGA-DOPA shielded the cationic-curcumin core cargo,
whereas, at the acidic pH (pH 5) of the glioma, they cast their

6342 | Nanoscale, 2024, 16, 6330-6364

shed off and were re-exposed to release the cargo in a con-
trolled manner for better tumor tissue penetration. The study
carefully investigated the optimal molar ratio of curcumin and
doxorubicin for their synergistic effect against CSCs-enriched
glioma spheres for their antitumor effect. Furthermore, to
improve the BBB targeting ability of the core-shell NPs, they
were coupled with an ultrasound-targeted microbubble
destruction (UTMD) technique. Overall, the optimal combi-
nation of dual drugs-loaded trigger-responsive polymeric
materials-based NPs with ultrasound-mediated BBB destruc-
tion technology exhibited a significant inhibition of CSCs,
delayed glioma spheroids growth, and suppressed invasion of
the glioma in both in vivo and in vitro studies.">!

Recently, various inorganic nanoplatforms with high
absorption cross-sections with the ability to convert external
energy, like radiofrequency, ultrasound, magnetic field, laser,
microwave, etc., into heat to improve thermo-chemotherapy
have been studied by various research groups."*'** NIR-sensi-
tive photothermal nanoparticles (e.g., gold nanoparticles/nano-
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rods/nanocages/nanoshells [AuNP/AuNR/AuNC/AuNS], carbon
nanocrystals [NCs], fullerenes [e.g., polyhydroxy-fullerenes,
carboxy-fullerenes], palladium nanosheets [PdNS], and copper-
based nanostructures) have been extensively investigated due
to their unique spatiotemporal properties. Upon laser
irradiation, the dissipation of light energy is not only used as a
heat source for the thermal ablation of tumors but also used
to mediate controlled cargo release coupled with added tech-
nological advantages, such as high spatiotemporal resolution,
high light-scattering intensity in the NIR region, and photo-
stability for optical and photothermal applications in cancer
treatment.'*'>® Lately, localized surface plasmon resonance-
based gold nanoplatforms (LSPR-AuNPs) have been used as
anticancer therapy. The interactions between photons-elec-
trons and electrons—-electrons generate heat due to the electro-
magnetic mode associated with the collective oscillation of
free electrons in conduction bands. This heat can be further
used to improve the field/contrast in image-guided anticancer
therapies, such as in hyperthermia, photoacoustic tomogra-
phy, optical coherence tomography, and two-photon lumine-
scence imaging."*® For instance, Xu et al. in 2014 reported that
non-covalent methods, such as polyelectrolyte adsorption, are
more suitable for photothermally triggered cargo release due
to the relatively weaker interactions between nanocarriers and
encapsulated drugs compared to other methods for chemical
functionalization (e.g., thiol modification, mesoporous silica
coating) for loading anticancer drugs into the gold nano-
structure. This study investigated the combined effect of
hyperthermia and chemotherapy against breast CSCs, wherein
they adopted a layer-by-layer technique to modify the salino-
mycin-loaded AuNRs with a polyelectrolyte bearing anionic
poly (acrylic acid) and cationic quaternary ammonium groups
(e.g., polydiallyldimehylammonium chloride [PDC]) to reduce
the cytotoxicity of CTAB and to facilitate the higher and selec-
tive uptake of the cargo by breast cancer stem cells in MCF7
cells. Their findings reported that suitable tuning of the gold
nanostructure provides a new strategy for the synergistic and
multimodal targeting of CSCs selectively and is encouraging in
the battle against therapy resistance and cancer recurrence."””
Taken together, hyperthermia therapy, ultrasound-mediated
microbubble therapy, and laser irradiation-based controlled
drug delivery have attracted intensive research attention as com-
binatorial therapies with chemotherapy and radiation. The inte-
gration of thermal ablation and chemotherapy in a single
photothermal nanoplatform has been proven to be very effective
in optimizing the anticancer treatment efficacy, with minimal
off-target effects. Multimodal nanoplatforms, compared to the
conventional hyperthermia and chemotherapy, have several
potential advantages, such as enabling site-specific, on-
demand, and trigger-responsive controllable drug release for
theranostic applications, and offer innovative prospects to
address the current “one remedy fits all” issue. However, the
safety and toxicity of these multimodal approaches (discussed
in a subsequent section) could undoubtedly be a major concern
that needs to be addressed to make these experimental investi-
gations more translational in the future.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Review

3.3. Multimodal nanoplatforms targeting intra/extravasation,
invasion, and metastasis

The ability of primary cancer cells to spread to the neighboring
tissue and/or distant sites to seed secondary or tertiary tumors
cells is known as “metastasis”. More than 90% of tumor-
associated mortality is correlated with its degree of metastasis.
The process of tumor cell metastasis involves multidirectional
and multi-step cellular/biological events, known as the “meta-
stasis cascade”. As shown in Fig. 4, first, the cancer cells lose
their adhesion to the primary tumor cells, leading to detach-
ment and local invasion, followed by intravasation, wherein
they adhere to the vascular walls and disseminate through the
circulatory and/or lymphatic system. Subsequently, they extra-
vasate by squeezing the endothelial barrier at the distant sites.
Thereafter, they start invading and colonizing from pre-meta-
static niches to form a new micro/macro-metastasis tumor out-
growth and deposition. Various mechanisms, such as cell
polarity changes, cytoskeleton remodeling, dysregulation of
membrane protein expression, post-translation modifications,
acquired mutation, and the activation of pro-tumorigenic
immune phenotypes (M2), etc., participate in this metastasis
cascade. Also, the type of cancer, its primary site of develop-
ment, and its surrounding vasculature play important roles in
the degree and extent of metastasis events."”®'> For instance,
there exists differences in the pattern of breast and lung
cancer metastasis wherein, breast cancer remains silent for
many years, while metastasis from lung cancer can be seen
quite early on at diagnosis; moreover breast cancer commonly
metastasizes to bone but lung cancer metastasizes to visceral
organs.'®® The characteristics differences between the metasta-
sized tumor and its primary tumor (e.g., breast, renal cancer),
tumor heterogeneity, unique tumor microenvironment, the
plasticity of tumor cells, and the contribution from immuno-
suppressive players to flourish the tumor growth play impor-
tant roles in the failure of current anti-metastasis
treatment.'® ™% Conventional monotherapy approaches have
certain pitfalls (non-specificity, undesirable toxicity to normal
cells, short half-lives, poor bioavailability, MDR, etc.) that can
lead to a poor rate of success in managing metastatic tumors.
In this regard, the combination of multifunction nanoplat-
forms with other modalities may present possible solutions to
prevent the systemic dissemination of malignant cells to
control the metastasis cascades with minimal off-target events.
To combat tumor metastasis, multifunctional nanoparticles
(Fig. 4) have been designed to target the primary tumor site by
different approaches, mainly the induction of apoptosis of
tumor cells, preventing EMT, modulation of the tumor vascula-
ture and angiogenesis, inducing necrosis of drug-resistant
CSCs, and immunomodulation.'®*'® Harrison and co-workers
identified circular RNA (circRNA), cerebellar degeneration-
related protein-1 (CDR1as, involved in the promotion of tumor
cells migration and metastases) and its axis (CDR1 axis)-
mediated regulation of Golgi trafficking as responsible for
lung squamous carcinoma (LUSC) metastasis. In their study,
they developed nanoparticles loaded with miR-671-5p to
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Fig. 4 Schematic illustration of multifunctional nanotherapy targeting metastasis cascades to prevent tumor progression. The diagram illustrates
the complex process of metastasis, beginning with the tumor microenvironment on a blood vessel. It depicts how the tumor invades and evades the
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extended blood vessel connects to various organs, demonstrating the spread of metastatic cells and the targeted action of nanoparticles on
different organs affected by cancer. A specific example is a light-responsive azobenzene nanocapsule system, activated at 254 nm, that targets
metastatic prostate cancer, showcasing the potential of nanotherapy for preventing tumor progression.

silence the CDR1 axis and its antisense transcript, CDR1.
Their findings suggested the integration of circular RNA-based
immuno-nanoplatforms could promote the inhibition of the
lymphatic dissemination of metastasis cells in mice models of
LUSC metastasis to improve disease prognosis.'®®
Furthermore, the FDA-approved cetuximab monoclonal anti-
body (against EGFR in colon, head, and neck cancer) was
investigated in combination with MRI-sensitive magnetic iron
oxide nanoparticles (IONPs) in convection-enhanced delivery
(CED, a technique involving the direct infusion of a thera-
peutic agent into the target site of the brain) for reducing the
CNS metastasis and recurrence of glioblastoma (GBM). The
study demonstrated that antibody modification on the IONPs
could improve their internalization by GBM cells expressing
EGFR/EGFRVIII-expressing CSCs, thereby preventing meta-
stasis and the recurrence of brain cancer.'®’
Multistage-responsive tumor homing peptide (cRGD) deco-
rated nanoparticles co-loaded with small-size dendrimers
(dendri-graft-1-lysine conjugated doxorubicin and NIR dye ICG)

6344 | Nanoscale, 2024, 16, 6330-6364

and further modified with a stimuli-responsive nitric oxide
(NO)-donor hyaluronic acid shell are being developed to
improve tumor targeting and penetration against metastasis in
a breast cancer model. The significant suppression of tumor
growth suggested the potential of combination therapy, with
laser irradiation-induced NO-triggered release and cRGD-
mediated active targeting of the TME and hyperthermia-based
tumor tissue penetration in breast cancer management."®®
Furthermore, CSCs have the potential to home far from tumor
neovessels, leading to difficulties for anticancer drugs to reach
them, which can further contribute to the chemo/radio-
therapy resistance of both the primary and metastasis tumors,
promoting their progression and recurrence. In this regard,
various nanotherapeutic strategies targeting and diagnosing
the molecular markers expressed by these CSCs can enhance
tumor penetration in stem cell-based therapy. Drug-carrying
nanocarriers that can induce the necrosis of CSCs have been
developed in recent years to improve anticancer and anti-meta-
stasis effects. For instance, silica-based multifunctional mag-
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netic nanoparticles containing a chemo-drug (heat shock
protein inhibitor [HSPI]) with a surface decoration of a specific
antibody (CD20) against lung CSCs (i.e., CD20-HSPI and
Fe;0,@SiNP, size: 50 nm, charge: —22 mV) simultaneously
activated the combination of thermotherapy and targeted
chemotherapy. This work demonstrated the feasibility of the
development of nanoplatforms targeting CSCs for the effective
combined treatment of primary as well as metastasis
cancers.'® Another interesting combination of chemotherapy,
nanotechnology (triggered responsive, targeted-nanocarriers),
and immunotherapy with PTT/PDT/hyperthermia, etc., was
recently studied by several research groups as anti-metastasis
and antitumor therapies. Immune checkpoint blocker (ICB),
e.g., indoleamine 2,3-dioxygenase, anti-PD1/PD-L1, anti-cyto-
toxic T-lymphocytes antigen-4 (CTLA4), etc. based immu-
notherapies have emerged as a promising therapeutic
approach. The ICB works by activating cytotoxic/helper-T cells
(e.g., CD8") with the suppression of regulatory T-cells (Treg
helps in promoting the secretion of pro-inflammatory cyto-
kines in the TME) and inhibition of upregulated tumor
markers, like PD-1/PD-L1, to reduce the tumor growth. Yang
et al. in 2019 demonstrated the application of combination
and targeted stimuli-responsive chemotherapy and immu-
notherapy (PD-1/PD-L1 antibody and cRGD-functionalized
ROS-responsive PEGylated bilirubin nanoparticles [BRNP]
encapsulated with glutathione sensitive drugs, i.e., dimer-7-
ethyl-10-hydroxycamptothececin [d-SN38] and dimer-lonida-
mine [d-LND)) for the inhibition of breast cancer growth and
prevention of its lung metastasis. The improvement in CD8" T
cell/Treg cell ratio in tumor cells showed a higher immune
memory effect and prevented the lung metastasis of breast
cancer through the ROS-mediated triggered release of activata-
ble drug dimers. Their findings pave the way for nanotechno-
logy-based chemotherapy in combination with immunother-
apy using a checkpoint blockade to prevent metastasis and
primary tumor growth.'”°

Moreover, MRI visible folate-conjugated PEGylated (PEG)-
grafted-polyetherimide (PEI)-SPION nanocarriers were devel-
oped by Guo and co-workers to target oncomiRs (e.g,
miR-125b-5p reported to be associated with clinicopathological
analysis in tumor recurrence and metastasis) that regulate the
EMT transition, and CSCs-mediated invasion and metastasis
through activation of the STAT3 and Wnt/p-Catenin signaling
pathways in hepatocellular carcinoma (HCC). The orthotopic
liver HCC and subcutaneous xenograft model of HCC showed
the efficient and selective target gene transfection of hepatoma
tumor cells due to folate modification and MRI-guided in vivo
tracing for inhibiting EMT and CSCs. This study suggested the
potential of an image-guided microRNAs-based non-invasive
nanoplatform for the effective monitoring and adjustment of
treatment efficacy and a timely personalized treatment course,
respectively.'”! Several studies have reported image-guided
combinatorial nanocarriers for the disruption and prevention
of tumor cell migration and the binding of hetero-aggregates
and the endothelium, respectively, as a targeting strategy to
cease metastasis cascade.'”>'”® For instance, a microfluidics
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system coupled with a nanotechnology-based platform was
developed to study circulatory tumor cells (CTCs, biomarkers
of early-stage cancer detection in lymphatic/circulatory system)
in early metastasis, wherein the nanoparticles binding to the
CTCs resulted in a reduction and/or arrest in their migration,
thereby slowing down the metastasis spread.'’* Subsequently,
various combination therapies, such as platelet-modified bio-
mimetic PLGA nanoparticles co-loaded with the FDA-approved
photothermal ICG dye, were used to improve lymphatic CTC
adhesion and suppress lung metastasis in breast cancer mice
models.'”®

Another research group reported the targeting of “micro-
thrombi” and the “pre-metastatic niche” as promising thera-
peutic strategies to reduce tumor metastasis. For instance,
integrin peptide-modified PEGylated gold nanoparticles
(AuNP, size 22 nm) were combined with radionuclide
(Technetuim-99 m) as a theranostic platform for targeting
tumor vascular micro-metastasis in mouse breast cancer meta-
stasis model.'”® Additionally, to improve the reach of the thera-
peutic cargo to the target tumor site, various strategies, such
as active targeting (e.g., folate, cRGD conjugation, PDGFR,
mannose-6-phosphate [M6P]), trigger-responsive drug-release
systems (e.g., light-assisted phototherapy, MRI, X-ray CT, PET),
and gene therapy (e.g., promelittin-mediated CXCR4 targeting,
which is a breast cancer brain metastatic marker), etc. were
used in combination to reduce the metastasis."””*®! Recently
published promising clinical study (phase I, n = 15) findings
of the combination of a radiosensitizer with the single sys-
temic administration of gadolinium (Gd) ultrasmall nano-
particle (AGulX)-based radiotherapy in patients with brain
metastases from breast, lung, colon, and melanoma cancer
suggested the translation potential of theranostic multifunc-
tional nanoplatforms for realtime tumor therapy.'®?
Collectively, nanotechnology-aided multimodal approaches in
combination with conventional chemo/radiotherapy shed light
on the development of translational efforts in combating
tumor metastasis.

3.4. Multimodal nanoplatforms in the era of
immunomodulation

The cold microenvironment of cancer cells is characteristic of
malignant tumors, wherein they can evade immune cell reco-
gnition, escaping immune destruction due to complex and
multifactorial mechanisms, e.g., immunosuppressive APCs,
poor trafficking and the priming of T-cells or impaired T-cell
trafficking, exhausted or dysfunctional cytotoxic
T-lymphocytes, poor immunogenicity of tumor antigens, and
abnormal-leaky neovascularization (Fig. 5). Ni et al. in 2022
systematically reviewed the principle of immunomodulation
strategies attempting to convert the immunosuppressive cold
tumor microenvironment into a hot tumor by, ie., (1) radio/
chemo-therapy, targeted therapy (HER2, c-MET, m-TOR, EGFR,
MAPK, PARP) and oncolytic virotherapy (e.g. Talimogene laher-
parepvec, an attenuated HSV-1 expressing granulocytes macro-
phage colony stimulating factor) for targeting the release of a
tumor antigen, (2) vaccines based on targeting tumor-specific

Nanoscale, 2024, 16, 6330-6364 | 6345


https://doi.org/10.1039/d3nr06131k

Published on 12 March 2024. Downloaded on 3/1/2026 1:06:21 AM.

Review

Immunosuppressive tumour
microenvironment

Increased
Th2 cells

LAuginese
ioQ
110, kynurens, TGFA,

Agenosine

PO-L1, Butyrophiin.

Treg cells * ’
732
“ s " 9
= 110
TGF-B, PEG2, Loics
IL-4 + Retinoic Acid i‘ IE

o o iDCs

TCell
anergy Immunosuppressive molecules

Loss of T Cell
activity

CCL12, CCL3, TGF-B, IL-10, IL-6
B-Defensins, PEG2, CXCL12

P g
*Treg Cells Q M2 Cells * Regulatory locs \ e o
p T E =
T Cells Tumour * MDSCs

Natural -eﬁ~ ¥
TAMs % %

e @
'AFS e

View Article Online

Nanoscale

Real-time
therapy

Ultrasound mediated
ug

Chemotherapy e

ot VY &
Photo dmm =¥ 4

Radiation
'lg'
‘
O & .*:q

Cold tumour
Functionally inactive immune cells and CAFs
TAMs: a7

~MDCs:
* ARG 3
.- TGF-B 2 ﬁgc
o IL-10 T 2

+ ROS
reg Cells: . Breg Cells: 4
* TGFB | 7 e 11110 S B AR
T 110 ﬁ“”-’“ 4 fteract with ECM
e ¥ A
Ly ?
!, | Hot tumour

v Immune cells infiltration
« “ 4 /

T

Cancer cell apoptosis

0

Cold & Hot
tumour

Fig. 5 Schematic representation of the immunosuppressive tumor microenvironment and nanoplatform-based combination therapy for training
the immune system to promote an antitumor immune response. This figure presents a dual-sided view of the tumor microenvironment and the tran-
sition from a cold to a hot tumor. On the left, the immunosuppressive tumor microenvironment is depicted, illustrating the complex interplay
between cancer-associated inflammation, myeloid cells, and suppressive cells, such as Tregs, immature dendritic cells (iDCs), myeloid-derived sup-
pressor cells (MDSCs), and M2 macrophages. The mechanisms through which these cells inhibit T-cell responses and contribute to T-cell energy
and exhaustion are also detailed. On the right, the transformation from a cold to a hot tumor is shown, highlighting how different cancer modalities

target these tumors and induce cancer cell apoptosis.

antigen(s), Toll-like receptor agonists, cytokines-based therapy
(IFN-a) acting on immunosuppressive APCs through a tumor
antigen presentation strategy, (3) ICBs, dendritic cells-based
vaccines targeting T-cells priming, (4) genetically modified
strategies, like chimeric antigen receptor (CAR-T) cell therapy
against impaired T-cells trafficking, (5) various peptide/cyto-
kines modified stroma targeting, ant-VEGF/VEGFR therapies
for T-cells infiltration in abnormal neovascularization, (6)
improving T-cell recognition of cancer cells using bispecific
T-cells engaging antibodies (e.g., Epkinly, Columvi), and (7)
the inhibition of exhausted/dysfunctional CTLs using ant-
PD-1/PDL-1 therapy, natural killer cells-CAR-T cells therapy,
and therapy targeting CAFs and macrophages etc.'®> However,
various preclinical and clinical studies demonstrated that, due
to the complexity of the tumor microenvironment, the immu-
notherapy response/treatment effectiveness faces huge patient-
to-patient variation. Also, inflammatory reactions, tissue/organ
toxicity, hematopoietic system dysfunction, etc., limit the clini-
cal optimization of immunotherapy.'®* Therefore, to improve
the sensitivity and clinical responses, a combination of various
other therapies, such as chemotherapy, radiation, oncolytic
virus therapy, ICBs, CAFs, macrophages targeted therapy, anti-
angiogenic therapy, stroma-targeted therapy, biomarker-based

6346 | Nanoscale, 2024, 16, 6330-6364

targeting (like PD-1/PDL-1), cancer vaccines, therapy targeting
pathways connecting innate and adaptive immunity (like
¢GAG-STING), etc. with immunotherapy are under continuous
investigation. For instance, chemo-drugs, such as cyclopho-
sphamide, platinum, etoposide, topotecan, paclitaxel, cispla-
tin, and doxorubicin, can strengthen the antitumor immune
response via various mechanisms, like improving the sensi-
tivity of tumor cells to cytotoxicity mediated by NK cells, CTLs
through an upregulated expression of surface antigen (MHC-I),
and production of an antigen-specific immune response via
ICB induction, and inhibited immunosuppressive cells, such
as Treg, myeloid-derived stem cells, and alternatively activated
pro-tumorigenic M2 macrophages, etc.'®

Recent studies have mainly focused on the spatiotemporal
immune response after nanoplatform-based combination
therapies (Fig. 5), wherein drug(s) can be targeted to the tumor
site with active or passive targeting followed by the localized
killing of cancer cells through PTT, PDT, hyperthermia, and
US, etc. The localized killing of tumor cells releases TAAs, pro-
inflammatory cytokines, and non-immunogenic cell frag-
ments/intracellular substrates, thereby promoting the immune
responses and/or generating immune memory that could
prevent proliferation, metastasis, and the regrowth of
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tumors.'®®> various studies have reported that thermal thera-
pies (e.g., PTT) induce the immunogenic cell death (ICD)-
mediated killing of cancer cells, although the multifactorial
mechanisms that are involved in promoting antitumor effects
are yet to be explored. For instance, the depolarization of the
mitochondrial membrane after PTT has activated the free
radical flux and oxidation inside the cell, thereby regulating
apoptosis-mediated cell damage.'®® Additionally, other studies
have reported an altered phenylalanine metabolism after PTT
has activated various apoptosis signaling pathways (e.g:,
ACAT1, HADHA, p53, cytochrome-c, caspase, granzyme-B
signal, etc.) by different spectroscopic techniques.'®”'%®
Moreover, during PTT-based ICD, various molecules (DAMPs,
calreticulin [CRT], ATP, HMGB-1, heat shock proteins [HSPs))
are released that act as a chemical attractor to promote APC to
phagocytose dying cancer cells/their fragments via stimulating
antigen presentation to T-cells.'®>'®° Furthermore, Sweeney
et al. in 2018 explored the “thermal window” of ICD using
Prussian blue nanocarriers-based PTT in a neuroblastoma
animal model. Their study highlighted the importance of
various parameters, such as laser exposure time, frequency,
power, with optimal thermal windows affecting the ICD-associ-
ated necrosis/apoptosis.'®® In the past few years, nano-based
PTT therapy with an immunoadjuvant has been a widely used
strategy to trigger the immune response to kill cancer cells."*>
For instance, Zhoul et al. demonstrated the combination of
PTT and imiquimod (R837), an FDA-approved immunoadju-
vant, that acted on TRL-7 functionalized with bovine serum
albumin bioinspired PEGylated gold nanorods
(m-PEG-GNRs@BSA-R837) to trigger strong immune responses
against metastasis melanoma and its lung evasion due to
long-term antitumor immunity in a mice model. The trigger
immune responses were associated with the increased
secretion of antitumor inflammatory mediators (IL6, IL12,
TNF-a), maturation of DC cells, and CD8"-T cells."”?
Furthermore, localized hexapod-liked DNA, CpG oligodeoxynu-
cleotide modified gold nanoparticles-based hydrogel therapy
with PTT was reported to increase the expression of heat shock
protein-70 (HSP70, helps to reduce the heat resistance of
cancer cells and improve sensitivity to thermal therapy) along
with TNF-a, IL6, IFN-y, thereby inhibiting tumor growth and
leading to improved survival outcomes in an animal model.***
Additionally, several studies have reported that combining PTT
with two or more therapies, like chemotherapy (e.g., doxo-
rubicin) and PDT (e.g., MoS, nanosheet hydrogel co-loaded
with a photodynamic agent, i.e., PC;,A/DOX/MoS, hydrogel),
could induce a strong antitumor response to metastasis
tumors, such as 4T1 breast and CT26 colon cancer, and long-
term resistance to tumor re-challenges, suggesting establish-
ment of immunological memory against tumor relapse.'*>*¢
Interestingly, magnetic hyperthermia under AFM-based
liposomes (modified with cell-penetrating peptide [TAT] for
the targeted delivery of CSF1R inhibitor [e.g., BLZ945]) was
developed by Fang et al. in 2021 to induce the ICD-mediated
normalization of tumor neovessels, and promote
T-lymphocytes infiltration (CD8" T) to treat immunologically
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cold tumors (CT26 colon cancer). The developed system sig-
nificantly remodeled the cold tumor microenvironment
through M2 macrophages repolarization and increased CRT
expression to transmit an “eat-me” signal to dendritic cells to
relieve immunosuppression followed by activating immune
responses/memory to prevent tumor growth and recur-
rences.'”” Similarly, another research group reported a ferri-
magnetic vortex-domain iron oxide nano-rings (FVIO) system
with hyperthermia and anti-PD1 blockage therapy that could
activate the host immune response through increased CRT
expression, cytotoxic CD8"-T-cell infiltration and the downre-
gulation of MDSCs against metastasis breast cancer.'®®

Stimulatingly, many studies have shown that radiotherapy
(e.g., low dose of radiation <2 Gy per fraction) synergizes with
immunotherapy. Radiation can improve the antitumor
immune responses mediated by ICD through the release of
TAAs, like tumor neoantigens [TNAs]. These TNAs were then
taken up by APC when they move to lymph nodes, followed by
the cross-priming of T cells via various pathways, such as the
interaction between the MHC-I pathway, its co-stimulatory
signals (e.g., CD80, CD86), and the PD-L1 of APC with T cells
expressing T-cell receptors (TCRs). These activated T-cells (e.g.,
cytotoxic CD8'-T cells, cytotoxic natural killer-T cells, CD4"-T
cells) were further directed toward the primary tumor and its
distant metastatic sites via lymph nodes/lymphatic vessels/
blood, wherein they induced immune-mediated anticancer
responses to control metastasis outside of the local irradiation
field. This effect is known as the “abscopal effect”. However,
cancer cells overexpress immune-inhibitory receptors/mole-
cules (e.g., PD-L1, PD-L2 on APCs, CTLA4-on Treg cell) that
prevent T-cell mediated signal transduction. Therefore, various
antibodies against these immune-inhibitory molecules/recep-
tors have been developed in combination with nanotechnology
to reduce the immunosuppressive effect and to augment the
abscopal anticancer effect of radiotherapy. For instance, Erel-
Akbaba et al. demonstrated a significantly improved anti-
glioma effect and survival outcomes of radiotherapy followed
by cRGD-functionalized solid-lipid nanoparticles (size 24 nm,
zeta +14 mV) to deliver small interfering RNA (siRNA) against
EGFR and PD-L1 as combined targeted and immunotherapy
against glioblastoma.'®® Furthermore, Li et al used high
Z-quantum dots (e.g., PbS/CdS QDs emitting in the NIR IIB
window, i.e., 1500-1700 nm) modified with PEG, catalase, and
RGD as theranostic nanoprobes to promote ICD by triggering
the activation of DCs and T-cells mediated antitumor immune
responses against lung metastasis. They found that these
nanoprobes reduced intratumoral hypoxia-induced resistance
to radiotherapy through catalase-mediated H,0, decompo-
sition and also inhibited the infiltration of immunosuppres-
sive tumor cells (e.g., Treg, M2 macrophages). Additionally, the
abscopal effect was further augmented when these QDs were
combined with PD-1 antibody.”’® Their findings suggested
that these nanoplatforms could boost the anticancer effect of
radiotherapy combined with immunotherapy.

Different cell death mechanisms, such as autophagy, apop-
tosis, necrosis, ferroptosis, pyroptosis, and necroptosis, and/or
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crosstalk between them modulate the anticancer immune
responses. However, the crosstalk between these cell death
mechanisms influencing the anticancer therapeutic efficacy is
yet to be investigated. Interestingly, among various cell death
pathways, autophagy in combination with different nanoplat-
forms and immunotherapy was reported to be crucial in pro-
moting or inhibiting tumor cell death by TME modulation.
The three major autophagy-based mechanisms, ie.,, mTOR/
PI3K/Akt signaling pathway (upregulated in cancer, which sup-
ports tumor cells proliferation, growth, survival)) MAPK
pathway (e.g., extracellular signal-regulated kinase [ERK], C-Jun
N-terminal kinase [JNK], stress-activated protein kinase
[SAPK], p38 kinase, etc., which induce an oncolytic effect or
inhibit autophagy), and AMPK pathway (regulate energy
metabolism in cancer cells) elicit dual roles of autophagy in
immunotherapy. Different nanomaterials, such as AgNPs,
HMSNs, gold nano spikes, gadolinium oxide (Gd,Oj3), have
been reported to induce pro-death autophagy, which serves as
an important mechanism for their anticancer effect. Moreover,
they augment the antitumor effect when combined with radi-
ation and immunotherapy. For instance, gold nano spikes
(GNSs) used as radiosensitizers exhibited a protective role of
autophagy inhibiting cancer cell proliferation during radio-
therapy and boosted radiation-induced cell death by inhibiting
pro-survival autophagy.”’®' Going forward, the application of
different nano-based therapies combined with radiotherapy
and immunotherapy-inducing autophagy could be a good
therapeutic strategy to potentially augment the anticancer
effect. However, the negative role of autophagy in promoting
cancer cell survival should be carefully investigated when used
in combination with radiotherapy and immunotherapy.

4. Viability of multimodal therapy in
clinical trials

Despite the promise and encouraging outcomes shown by tar-
geted nanoparticle delivery systems in preclinical trials, only a
small percentage of nanomedicine-based approaches have
been successfully translated into clinics. Several obstacles
related to safety, efficacy, scalability, regulatory concerns, and
the dearth of similarities between preclinical models and real
tumors stand in the way of targeted nanoplatforms reaching
clinical trials.”***?° Table 1 reports some nanoparticle-
mediated drugs in combination with monotherapies as well as
multimodal therapies that have been completed, terminated,
and are currently undergoing phase I and II clinical trials.

5. Toxicities and safety issues related
to combinatorial nanotherapeutics
Nanotheranostics is an emerging and promising approach for
cancer therapy that is growing rapidly with both beneficial and

adverse effects. Although nanoplatforms are being developed
to reduce toxicity and enhance efficacy through improved
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intracellular penetration and targeted delivery, clinically
approved nano drugs still face limitations due to their poten-
tial to produce ROS, oxidative stress, fibrosis, inflammation,
and DNA damage.”*® Multiple factors, such as size, shape,
physicochemical characteristics, surface properties, and immune
response, can contribute to the toxicity of nanodrugs.’** The
physical and chemical features of nanoparticles play an important
role in defining their biocompatibility and cytotoxicity in the
body. Thus, the production and characterization of nanoparticles
for drug delivery need to be prevented from having unwanted side
effects on normal cells. In addition, the interaction of nano-
carriers with biological environments has the potential to
accumulate and form a protein corona, which can disrupt the
normal function of nanoformulations and make them useless in
inhibiting tumor progression.”** Therefore, nanotoxicology is
essential to evaluate the hazardous effects of nanoparticles on
individuals.**® For instance, carbon-based NPs are showing tox-
icity in in vitro and in vivo studies, but the findings are contradic-
tory. It has been reported that carbon nanotubes are causing
mesothelioma that is associated with asbestos, and it is due to
the shape of the carbon nanotube rather than the material.>*®
Some serious adverse events and toxicity of nanoformulations
listed in Table 1 are pulmonary toxicities, like COPD, vascular dys-
function, immunotoxicity, and genotoxicity.>*” Although nanoplat-
forms are being used to reduce toxicity, some of them have
inherent harmful effects. For example, compared to conventional
doxorubicin, PEGylated doxorubicin (Caelyx/Doxil®) reduces car-
diotoxicity but causes hand-foot syndrome, pigmentation, and
rash.**® Another nano-formulation, [albumin-bound paclitaxel
(Abraxane®)], reduces neutropenia but worsens the neuropathy in
treated patients®*®

The ever-evolving field of nanomedicine in targeted drug
delivery is expected to completely transform the medical care
system. Nevertheless, its transition to clinics has been challen-
ging, and only a few of the developed nanocarriers have made
it clinical trials so far due to safety concerns of long-term side
effects despite their immediate impact on efficacy.”*® The
development of nanomedicines faces challenges in terms of
safety and regulatory approvals. Recent advancements in drug
delivery using various nanomaterials have revealed challenges
in their use in cancer therapeutics.**' However, the surface
modifications of NPs can lower the harmful effects, such as
increasing cell viability, as shown by coating iron oxide NPs
with a polymer.*** Liposome nanoformulations, like fremovist
and feruglose, have FDA approval but are still withdrawn from
the market because of safety concerns.**?

6. Regulatory and commercialization
challenges for drug delivery using
nanoparticles in multimodal cancer
therapeutics

In addition to the challenges discussed above, the most signifi-
cant are regulatory approval and the commercialization of

This journal is © The Royal Society of Chemistry 2024
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nanomedicines, as well as the lack of specific guidelines by
the FDA.”*® Presently, the FDA’s approval process for nano-
drugs is similar to that of any other drug, and nowadays, the
criteria used are adapted from the guidelines for bulk
materials.”®* To evaluate the efficacy, safety, and tolerable
dosage range, preclinical studies are done using animal
models, and then clinical trials are carried out>** The regulat-
ory procedure for nano drugs is a protracted process that
includes Phase I trials focused on determining a safe dose, tox-
icity, and defecation in healthy individuals; Phase II extends
the evaluation of both the efficacy and safety in the target
population; and Phase III involves randomized, placebo-con-
trolled, and multicenter trials.>** After the completion of these
phases, nanodrugs can be filed for FDA approval, paving the
way for subsequent Phase 4 trials that will be conducted after
getting approval. This entire process shows that it is critical
and time-consuming to ensure the safety and efficacy of nano-
drugs.>®® Delays in the commercialization of nano drugs are
caused by regulatory decisions that depend on subjective
evaluations of risks and benefits, which take a lot of time to
complete. To reduce the issues related to nanomaterial-based
therapeutic agents, design and development strategies must
be used for cancer treatment, as regulatory approval for multi-
functional nanoplatforms is becoming more challenging. To
accelerate the assessment and approval of nanomedicines, a
complete set of rules for regulatory approval is necessary.

Moreover, a major barrier to commercializing a nanodrug
is its manufacturing, as mass production is very challenging,
but at the same time, only very small numbers of nanodrugs
are required for preclinical and clinical trial studies.>**
However, because of their potential to differ in the physical
and chemical properties of nanoformulations from batch to
batch, scale-up is quite challenging. Furthermore, the pro-
duction of nanotherapeutics is expensive due to their complex,
multiple-phase production, and high raw material costs.>** To
address this, well-planned manufacturing processes and sig-
nificant clinical benefits are required to justify the manufac-
turing costs.

7. Future perspective toward
precision therapy

In the era of anticancer therapy, nanotechnology-aided
approaches with other therapies, such as radiotherapy, immu-
notherapy, chemotherapy, and thermal ablation-based photo-
therapy/hyperthermia, hold great promise for improving thera-
peutic outcomes in clinics. Going forward, it is important to
perform detailed studies involving biomarkers-based monitor-
ing of treatment efficacy to verify their efficacy (augmentation
of tumor response) when given as part of combinatorial
therapy. Moreover, there is much work needed to understand
the actual impact of the nanoplatform-based bi/tri-modal
therapies on triggering tumor-specific immune responses.
These approaches should be assessed in well-characterized
and physiologically relevant models (e.g., 3D organoids,

This journal is © The Royal Society of Chemistry 2024
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patient-derived xenograft models) with appropriate safety and
tolerability endpoints. Undoubtedly, nanoparticles have
endowed systems with high specificity, selectivity, and con-
trolled release of the drug at the target site, which allows for
synergistic/additive effects when given in combination with
other treatments; however, the potential safety issues, such as
toxicity of inorganic nanoparticles (acute/chronic) and high
phototoxicity, limit the clinical translational of these advanced
technologies. Furthermore, personalized therapy is even more
important since the genetic basis of the disease changes con-
stantly (e.g., inter/intra tumor heterogeneity, i.e., cancer diver-
sity), inducing heterogeneous responses in each patient. A
more detailed investigation targeting the TME, tumor vascula-
ture, neo-angiogenesis, tumor immune cells crosstalk, and
clinical staging could offer better biomarker-specificity for
improved outcomes in anti-metastasis treatment. More inter-
estingly, combinatorial nanotherapies with diagnostic inter-
vention and real-time therapeutic efficacy monitoring could
pave the way for future precision-guided anticancer therapy to
accurately identify the responders to balance efficacy with
safety and cost burdens on targeted versus ineffective popu-
lations. Consequently, regulatory approval (e.g., nanoparticles
containing heavy metals that have non-degradable and long-
term toxicity concerns compared to biocompatible lipid-based
nanoparticles) and production scale-up of these biomimetic,
reproducible nanoparticles, etc.,, are great challenges in
pushing combination nanotherapy from the lab to clinics that
need more detailed investigation in the future.
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