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ABSTRACT

Drug repurpose or reposition has recently been recognized as a high-performance strategy for
developing therapeutic agents for cancer treatment. This approach can significantly reduce the risk
of failure, shorten R&D time, and minimize cost and regulatory obstacles. On the other hand,
nanotechnology-based delivery systems have been extensively investigated in cancer therapy due
to their remarkable ability to overcome drug delivery challenges, enhance tumor specific targeting,
and reduce toxic side effects. With increasing knowledge accumulated over the past decades,
nanoparticle formulation and delivery have opened up a new avenue for repurposing drugs and
demonstrated promising results in advanced cancer therapy. In this review, we summarize recent
development of nano-delivery and formulation systems based on soft (i.e. DNA nanocages,
nanogels and dendrimers) and condensed (i.e. noble metal nanoparticles and metal-organic
frameworks) nanomaterials, as well as their theranostic applications in drug repurpose against

cancer.
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This review provides an account of soft and condensed nanoparticles and nanoformulations for

cancer drug delivery and repurpose.



1. Introduction

Cancer, characterized by abnormal growth and spread of cells in many forms, has been one of the
most devastating heath concerns for decades. Cancer accounts for an estimated 9.6 million deaths
in 2018 M, making it the second leading cause of mortality, surpassed only by heart disease. Great
strides have been made in recent years in medicine and technological advances. American Cancer
Society reported a consecutive decline of cancer death rate since 1992 in the United States for all
types of cancer and an overall decrease of 27% since its peak in 1991 [2). A decade of research has
shed new light on the underlying biology of cancer and has shifted the treatment paradigms
towards a new era of cancer therapeutics.

Traditional cancer treatments such as chemotherapy, radiotherapy, and hormone therapy
require high doses of drug in the tumor region with limited tumor-targeting specificity, resulting
in non-selective biodistribution, damage to healthy cells or tissues, undesired cardiotoxicity and
drug resistance of cancer cells -, In contrast, novel approaches such as tumor-receptor targeting,
controlled drug delivery, intracellular drug targeting, gene delivery, and triggered drug release,
along with continuous development in cancer drug discovery have established a valuable new set
of modalities for cancer treatment ], Considering the huge cost associated with high risk of
failure, significant labor and time consumption for a new drug discovery, which requires on
average 13 years of research and $1.8 billion in spending to reach a clinical application,
repurposing of an approved drug for new applications has become a viable alternative in cancer

drug development 5]

. Although the repurposed or reformulated drugs still require rigorous
clinical trials and regulatory approval, their risk of failure will be significantly lower than a

completely new chemical entity. Furthermore, as many preclinical and clinical studies data are



available, the total development time and cost could be greatly reduced as a result of repurposing
[10,11].

Recent research advances in nanomaterials and nanotechnology have spurred the
development of cancer treatment, especially in tumor-targeting drug delivery, diagnosis (imaging)
and nanomedicine 1?7, Nanoparticles (NPs) exhibit a high surface-to-volume ratio, facile surface
functionalization, good bioavailability, enhanced permeability and retention (EPR), and a size-
dependent ability to cross the blood brain barrier (BBB), rendering them versatile nanocarriers

[16=18] "Conjugation of NPs with

with improved drug penetration and accumulation at tumor sites
ligand-specific biomarkers such as peptides, enzymes, antibodies and DNA/RNA aptamers is a
potent therapeutic approach to achieve precise targeting of cancer cells and high cancer treatment
efficacy with minimal adverse effects to healthy cells [!%?°]. The properties of NPs and the drug
release kinetics can be well controlled by altering the size, geometry, surface function and
composition of the NPs, as well as the physicochemical conditions of their surrounding

[21,22

environments 1. In addition, NPs can serve as effective delivery vehicles to overcome the poor

solubility and biocompatibility of many anticancer drugs, allowing novel nanoformulations (NFs)

of anticancer drugs that have been historically unsuitable for cancer treatment 5231,
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Schematic. This review aims to provide the state-of-the-art in the use of soft (dendrimers, nanocages,
nanohydrogels) and condensed (noble metal, silica, magnetic, and MOF) nanoparticles for cancer drug

delivery and repurpose. NPs: nanoparticles. MOF: metal-organic framework.

Building on the collective promises, a wide variety of NPs have been extensively
investigated and applied in pathological conditions and clinical trials [**]. Encapsulation drugs into
soft NPs such as dendrimers, protein/DNA nanocages and nano-hydrogels prevents the drugs from
hydrolysis or degradation, and greatly improves the solubility and bioavailability of anticancer
drugs. Condensed NP-based drug delivery systems of noble metals, silicon, silica, or iron oxide
with distinct physicochemical properties have shown great success in enhanced photothermal
effects, X-ray and magnetic resonance imaging [!*. Metal-organic NPs (MONs) have recently
drawn much attention in drug delivery due to their excellent porosity and tailorable compositions
(23] In the light of the remarkable advancements in cancer therapeutics using NPs and NFs, herein
we present a review on major classes of soft/condensed NPs and NFs as novel cancer drug delivery
systems and repurposing agents, in sections 2-4, and project in section 5 future opportunities for
therapeutic innovations in cancer treatment (Schematic). Collectively, we wish to recapitulate the
state-of-the-art nanotechnologies for novel drug delivery and better repurposed drug agents that

may potentially be transformed into advanced cancer therapeutics.

2. Soft Nanoparticle Drug Delivery

The recent emergence of nanomedicine has promoted a great need for the development of NPs-
based drug delivery. Formulating novel nanomaterials to improve their systemic circulation and
tissue targeting remains a major challenge in nanomedicine. Longer circulation can result from

uptake resistance through the mononuclear phagocytic system (MPS) that is comprised of the liver



and the kidney. Once reaching the systemic blood system, NPs may be recognized by the MPS as
foreign substances and consequentially be eliminated. It is therefore essential to formulate NPs
whose interactions with MPS organs and macrophages are well understood. Upon entering a
biological fluid, the physicochemical properties of most formulated NPs are altered via the
formation of a protein corona ), consequently resulting in altered NP aggregation and biological
identity [*7). The physicochemical properties of NPs also influence their early interaction with the
host’s defense systems, leading to different clearance mechanisms in vivo ?®!. The size and charge
of the NPs play critical roles in this nonspecific binding process. For example, cationic particles
are more sensible to negatively charged proteins such as glycans and phospholipids. A highly
positive charge engenders interaction with the net negatively charged cell membranes to provoke
cell destabilization, causing leakage of cytoplasmic proteins. A neutral surface charge of NPs can
avoid macrophages uptake and consequently extend their circulation time *°!. Larger NPs are taken
up more rapidly by the liver than smaller NPs. However, NPs smaller than 10 nm are eliminated
quickly via glomerular filtration in the kidneys 1.

Typically, the formulation of drug nanocarriers for cancer therapy meets two major
requirements - drug encapsulation and drug release. Encapsulation of drugs in the inner cavity of
a NP may avoid their pre-release until reaching the targeted tumor site and reduce the drug side
effects. Stimulus-responsive drug release in a tumor microenvironment is necessary for cancer
drug delivery. Soft polymeric NPs have recently become the interest of many investigations due
to their potential for delivering any type of drugs. Hydrophilic, lipophilic, small and big
chemotherapeutic molecules all can be encapsulated into soft NPs. Guo et al. reported that the
softer the NPs, the better their drug delivery to tumors !, Tumor accumulation of soft NPs can

result in a high drug release consequently increasing their therapeutic efficacy. Soft NPs deform



easily with modifications such as temperature and pH 2! and are ideal templates for NP
formulation since they enable interactions with drugs. Most soft NPs are biomimetic and

metabolized in the human body.

2.1 Drug delivery with dendrimers

Dendrimers are soft synthetic macromolecules composed of a central core with numerous branches
stemming out of the core and repeating terminal groups in the outer layers. Constituted of a polar
core and a polar shell, dendrimers are also termed as “unimolecular micelles” 2. The shape and
size of dendrimers can be controlled by coupling the repeating units that form their layered
architecture, or “generations”. Each dendrimer possesses up to 10 or more generations, displaying
an increasing diameter with increasing number of generations **l. The dendrimer core can entrap
drug molecules, while the dendrimer surface groups can conjugate with functional molecules or
ligands. Dendrimers are characterized by their aqueous solubility, good biocompatibility,
biodegradability and general controllability, and these soft nanomaterials can enter cells via
endocytosis even without carrying any drug molecules. Moreover, dendrimers are suitable for
conventional drug administration through intravenous, intranasal, transdermal or ocular routes 41,
The applications of dendrimers are diverse, ranging from delivery of chemotherapeutics and
imaging to photodynamic therapy, boron neutron capture and cancer gene therapy **!. Dendrimers
are synthesized with chemical methods to render different generations with a narrow molecular
weight distribution, uniform size and shape, and multivalent surface groups (Figure 1).

Dendrimers have been developed as theragnostic agents combining therapeutics and diagnostics

in a single carrier for personalized medicine.
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Figure 1. A dendrimer system of tunable physical properties for versatile biomedical applications.
These unique features depicted here are represented by a PAMAM-DTPA (Gd) system (G0-G9) that was
developed as a magnetic resonance imaging (MRI) contrast agent. Reproduced with permission from

reference %), Copyright 2013, American Chemical Society.

Dendrimer synthesis can be performed with the divergent method where the formulation
starts from the dendrimer core to the terminal groups 7!, or the convergent method where the
dendrimer core is integrated at the last step %] along with other approaches such as double
exponential growth 3% click chemistry % and “Lego” chemistry [!!. In addition, dendrimers can
improve the solubility and bioavailability of their encapsulated drugs >**]. Drugs are stored in the
inner pockets of the dendrimers through hydrogen bonds, hydrophobic or electrostatic interactions,
or conjugated to the dendrimer surface groups. Chemotherapeutic drugs like doxorubicin (DOX)
and tamoxifen can be encapsulated by dendrimers ***3! via hydrogen bonding between the drugs
and the -NH groups in the dendrimer interior. In addition, cationic dendrimers allow the fixation

of a large amount of negatively charged drugs by electrostatic interactions with surface amino



groups. This surface ionic interaction was observed to be a major factor in the solubilization of

(4] In the following section we summarize the more commonly used

hydrophobic drugs
polyamidoamine (PAMAM) with an ethylenediamine core, poly(propylene imine) (PPI) with a
1,4-diaminobutane core and Poly-L-lysine (PLL) with a Boc-1-Lys(Boc)-OH benzhydrylamide

core 471,

2.1.1 PAMAM dendrimers

PAMAM dendrimers, first reported by Tomalia in 1985, are mostly employed for drug delivery
7, This class of dendrimers possesses strong hydrophilicity, biocompatibility and non-
immunogenicity. PAMAM are synthesized by a divergent method in which methyl acrylate and
ethylenediamine are used as the branching units, and their terminated groups contain amines (for
full generations) or carboxyls (for half generations) [**). Generally, high-generation (G4 or higher)
PAMAM dendrimers provide a large space to encapsulate drugs via physical or chemical

(491, Numerous studies have shown that the binding, release and biocompatibility of

interactions
PAMAM can be attributed to their surface amines %!, and modifications of the terminal
functionalities of PAMAM may therefore improve their encapsulation efficiency,
pharmacokinetics, solubility, toxicity, stability as well as drug release efficiency [*2. Multiple anti-
cancer drugs have been loaded within PAMAM, including cisplatin 331, DOX ¥, adryamicin,

[55

methotrexate 13! and 5-fluorouracil 1!,

2.1.2 PPI dendrimers
Poly(propylene) imine (PPI) dendrimers were first formulated by Meijer et al. in 1993 7 via a
divergent method. Compared with PAMAM, PPI are more hydrophobic since they possess alkyl

chains in their branching units from propylene imine monomers [*® and are smaller due to the



shorter branching units. Shao et al. compared the drug loading ability, release behavior and
cytotoxicity of G3 PAMAM and G4 PPI dendrimers [*®! using phenylbutazone as a model drug.
G3 PAMAM dendrimers were advantageous in solubility and drug release and were one order of
magnitude less toxic than G4 PPI dendrimers to MCF-7 and A549 cells (Figure 2A). Maculewicz
et al. modified the surface of PPI dendrimers with maltose residues (PPI-m) and loaded the
dendrimers with cytarabine ), a drug of nucleoside analogues (NAs) commonly used to treat
acute myeloid leukemia, acute lymphocytic leukemia and lymphomas. The PPI-m dendrimers
enhanced acute cytotoxicity against a myeloid leukemia cell line 1301 in comparison with free
cytarabine. Thus, PPI-m dendrimers improved the stability of NAs and efficiently delivered the

active drug directly to cancer cells.
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Figure 2. Drug delivery with dendrimers. A. Comparation between PAMAM and PPI dendrimers. I)
Molecular structures of PAMAM (left) and PPI (right) dendrimers. II) Drug-loading capacities of G3
PAMAM and G4 PPI dendrimers determined by a gradient-feed method °*!. Copyright 2011, Dove Medical

Press Ltd. B. A dendrimer nanosystem based on a self-assembling amphiphilic dendrimer bearing
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radionuclide terminals for PET imaging of tumors. I) A self-assembling amphiphilic dendrimer bearing
radionuclide terminals for PET imaging of tumors. II) A radiolabeled dendrimer for PET imaging of various
tumors, where ['*F] FDG is a clinical gold standard for PET imaging in oncology and orange arrows
indicated tumor positions . Copyright 2018, National Academy of Sciences.

2.1.3 PLL and CCD dendrimers

Poly(lysine) (PLL) dendrimers are mostly asymmetrical with amino acid lysine in their core and
branching units and amines as terminal residues. PLL dendrimers as nanocarriers possess an innate
antiangiogenic efficacy without loading any therapeutic drug ®!. Cationic PLL dendrimers
associated with DOX led to a deeper penetration in 3D tumor spheroid models tested with DU145
prostate cancer cells [®%, utilizing the small size (<10 nm) and surface positive charge of the
dendrimers 19364 Compared with free DOX, the PLL dendrimers-DOX complexes elicited
significant tumor suppression after a single intravenous injection.

Despite their great potential for drug delivery, the usage of dendrimers is limited by their
hemolytic and toxic effects due to the type of the core and especially the strong cationic charge of
the surface end groups [%°]. The surface of dendrimers can be easily modified either to improve
tumor targeting or attach an imaging agent. Conjugating polyethylene glycol (PEG) with
dendrimers has been a common method to enhance circulation and tumor accumulation via the
EPR effect %1, Besides, carbosilane copper dendrimers (CCDs) are newly formulated NPs
having chloride and nitrate ligands on the surfaces for cancer therapy [*’!. Concerning cytotoxicity,
dendrimers with chloride ligands were more efficient than those with nitrate. CCDs have the ability
to distinguish tumor cells from normal cells and show significant cytotoxicity. Philippe et al. [®¥]
recently formulated a self-assembled nanosystem for positron emission tomography (PET)
imaging, based on an amphiphilic dendrimer which had multiple PET reporting units at its

terminals. Combining dendrimeric multivalence and EPR-mediated passive tumor targeting, this
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nanosystem demonstrated superior imaging sensitivity and specificity (Figure 2B). Starpharma
has developed PEGylated PLL dendrimers surface-attached with docetaxel, namely,
DEP® docetaxel [31b]. This formulation is currently in Phase II clinical trials for lung and prostate
cancers. The phase 1 results demonstrated a remarkable capacity of the dendrimers in delivering
drugs by reducing the latter’s life-threatening and dose-limiting toxicity. The NF displayed a

superior anti-cancer activity than free docetaxel.

2.1.4 Dendrimer-like polymers

Nano-star polymers consist of several linear polymer chains connected to a central core. Their
physicochemical properties can be tailored by branched polymer arms of specific functionality (6%,
Besides, the stimulus-responsive micellization properties and high drug-loading efficiency enable
nano-star polymers controllable nanocarriers for drug delivery. Depending on configuration and
composition differences, star polymers can be divided into two categories: homo-arm star
polymers possessing symmetric arms with identical chemical composition and structure, and
miktoarm polymers consisting of at least two different arm species with different compositions or
molecular weights [®). Among these, amphiphilic star polymers with a hydrophobic core and
hydrophilic chains have been investigated extensively as nanocarriers for drug delivery. Such
amphiphilic structures can self assemble in aqueous solutions to form nano-ordered micelles and
encapsulate hydrophobic drugs or poorly soluble molecules into the core. The core segments of
the star polymers are usually biodegradable to avoid drug accumulations for a long term. Chong
et al. investigated a series of PLGA-AAA-(mPEG): miktoarm star polymers possessing
monomethoxy poly(ethylene glycol) (mPEG) of 2 kDa with different molecular weights of

poly(lactide-co-glycolide) (PLGA) arms. Miktoarm star polymers PLGA-AAA(MPEG)2 with low

molecular weight of PLGA(4.6 kDa) self-assembled into stable nanomicelles, while PLGA17.0-
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AAA(MPEG): and PLGA43.4-AAA(mPEG)2 formed stable NPs. All of them exhibited a dual-

stage drug release and a great potential for hydrophobic drug delivery %!, Alonso-Cristobal et al.

synthesized an amphiphilic star-shaped block copolymer with branched poly(e-caprolactone) as
the hydrophobic core and branched poly(ethyleneglycol) as the hydrophilic corona !, Liu et al.
designed a cyclodextrin derivative (CD-PLLD) consisting of a cyclodextrin core and poly(l-lysine)
dendron arms to achieve simultaneous delivery of hydrophobic anticancer drugs DOX and MMP-

9 siRNA plasmid gene in vivo [,

2.2 Drug delivery with ferritin-based protein nanocages
Ferritin, a ubiquitously expressed protein observed in bacteria, archaea and eukaryotes for the
purpose of iron storage, is an archetypal example of protein-based NPs and one of the most

(73], In

investigated proteins. The inner cavity of ferritin can store up to 4,500 Fe (III) atoms
eukaryotes, a spherical ferritin nanocage consists of 24 self-assembled subunits of heavy and light
peptide chains. Two types of ferritin, H-ferritin and L-ferritin are formed by heavy (H; 21 kDa)

[74

and light (L; 19 kDa) chains, respectively 4. To enter cells, H-ferritin binds with transferrin

receptor 1 (TfR1) [ or the T-cell immunoglobulin domain and mucin domain-1 (TIM-1) [76],
while L-ferritin binds with scavenger receptor class A member 5 (SCARAS) [7>77 Naturally, the
inner cavity of ferritin is loaded with iron. When expressed in iron-free conditions, a hollow cage
of apoferritin is rendered. The iron core can be removed with suitable reducing and chelating
agents such as sodium dithionite and EDTA, or BIPY 8], Apoferritin has cavities in the center to
accommodate molecular cargos and serve as a biological template for NPs "), Indeed, NPs

constructed by the heavy chains of ferritin (HFn) have been in development for drug delivery,

exploiting overexpression of TfR1 in most tumor cells for endocytosis. Moreover, ferritins are
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characterized by their biodegradability, water solubility, versatile functionalization and drug
loading capacity ®%81 and have been developed for oncology drug delivery thanks to their stability
and excellent particle uniformity (outer diameter of 12 nm, inner cavity of 8 nm) [¥2. This size is
perfect to avoid elimination by the kidney (>10 nm) and can take advantage of the EPR to increase

tumor-targeted drug delivery.

Various studies have used ferritin as a drug delivery platform by encapsulating therapeutics
drugs and integrating targeting molecules on its surface. According to electrostatic gradient
calculations, the outer surface of ferritin is positive, and the inner surface is negative [**!, Ferritin
drug loading can be achieved via pH-induced disassembly/reassembly ¥4, diffusion through the
surface pores, and direct conjugation of drugs to the ferritin surface. The ferritin nanocage can be
disintegrated at pH 2 and the subunits can be reconstituted at pH 7.4 391 thereby avoiding pre-
release during systematic circulation. The uniform size of the nanocage ensures high
reproducibility of cargo encapsulation. In addition, the presence of eight hydrophilic 3-fold pores
and six hydrophobic 4-fold pores in the protein shell facilitates the entry and exit of iron and other
cations ®%l. The surface of an apoferritin cage has abundant amines, which can be modified
genetically or chemically to conjugate targeted ligands to entail multifunctionality and versatility
to ferritin. Compared with other protein nanocarriers, ferritin can withstand temperatures up to 80-
100 °C and pH 3-10. Upon binding TfR1 on the cell surface, the H-ferritin-TfR1 complex is
internalized following receptor-mediated endocytosis. The acidification of endosomes can trigger
a gradual release of the ferritin cargo. Furthermore, payload release can be controlled via a pH
trigger [¥7], temperature %), reactive oxygen species (ROS) ¥ (Figure 3A) or ultrasound °1.

Ferritin has been studied extensively as a carrier for drug delivery since 2005 P!, For

cancer therapy, ferritin nanocages have been loaded with small molecules such as DOX 2],
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cisplatin ®*! and daunorubicin. Encapsulation of cancer drugs in apoferritin enhances their tumor
accumulation and cytotoxicity due to targeted release. Ferritin-based lung inhalation delivery
system has been designed to improve lung mucus penetration and enhance targeting of lung tumor

4, Ferritin nanocages with PEGylation penetrated airway mucus and the tumor tissue

tissue
barrier. The newly formulated NPs showed a selective uptake by cancer cells, and drug release
was activated upon cell uptake. Ferritin-based drug delivery crossed the blood brain barrier (BBB)
to target brain tumor ! due to the high expression of TfR1 in both brain endothelial and glioma
cells. Surface shell modification is a common strategy to improve the performance of ferritin NPs.
For example, DOX was encapsulated within an apoferritin nanocage equipped with a gold (Au)

%1 The nanocage displayed a

nanoshell to achieve multi-stimuli responsive drug release
photothermal effect due to surface plasmon resonance (SPR) associated with the Au nanoshell,
increasing its sensitivity for changes in pH and temperature to improve tumor drug release. In a
separate study, Prussian Blue-modified ferritin NPs (PB-Ft NPs) 7l fused the photothermal
conversion property of PB with the tumor targeting capacity of ferritin. The PB-Ft NPs inhibited
the growth of murine breast cancer cell line (4T1) and improved the therapeutic activity of
gemcitabine (GEM) by increasing ROS production, thereby implicating the NPs as a tumor
chemotherapeutic sensitizer and a photothermal therapy reagent. Furthermore, to avoid the short

plasma half-life (~2 h) associated with most protein-based NPs 18!l

, an albumin binding domain
(ABD) has been fused to the N-terminus of HFn for half-life extension **. The anti-tumor drug
DOX was encapsulated in the ABD-HFn complex, and pharmacokinetics characterizations
indicated a significantly prolonged plasma half-life of ~17.2 h.

Apoferritin NPs can also target cell lines expressing epidermal growth factor receptor

(EGFR) after incorporating targeting ligands on their surfaces. Oxaliplatin-loaded apoferritin has
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been conjugated with panitumumab (AFPO) [*®. The anti-cancer activity of AFPO has been
confirmed after great tumor accumulation into cells overexpressing EGFR and release of
oxaliplatin. Moreover, apoferritin surface functionalized with folic acid (FA) enhanced its cellular

uptake via FA-receptor-mediated endocytosis 1%,

Table 1. Recent ferritin-based drug delivery for cancer treatment.

Year Ferritin nanoparticles Cancer type tested Findings References
2019 Prussian blue and Breast cancer 4T1 cells Chemo-photothermal o7
gemcitabine-loaded line combination therapy
ferritin
2019 DOX-loaded apoferritin ~ Hepal-6cells line Multi-stimuli responsive 196]
surface-modified with drug release (pH,
gold nanoshell temperature)
2018 Benzothiazole Breast, renal and High drug loading of 380 191
ovarian cells line molecules per apoferritin
cage
2019 Ellipticine-loaded UKF-NB-4 Therapeutic efficacy for (100}
apoferritin neuroblastoma cells neuroblastoma treatment
2018 Oxaliplatin-loaded Colorectal cancer Targeting tumor cells 98]
apoferritin conjugated overexpressed with
with panitumumab epidermal growth factor
receptor (EGFR)
2018 Epirubicin-loaded MCE-7 breast cancer ~ Improving cellular uptake 8]
apoferritin surface- cells of apoferritin

modified with folic acid

Iron oxide NPs formulated within a ferritin cage have been exploited in targeted drug

[101

delivery and bioimaging of cancer cells 1'°!l. Lin et al. developed a multifunctional imaging system

with Cy5.5 conjugated to a matrix metalloproteinase (MMP) cleavable peptide and a BHQ-3

102

quencher 192 Kitagawa et al. demonstrated dual near-infrared fluorescence (NIRF) and MRI

(193] " An arginine-glycine-aspartic acid (RGD) targeting moiety has been

imaging of tumor
incorporated to ferritin for imaging vascular inflammation and angiogenesis. Compared with

conventional nanocarriers, ferritin nanocages are safe and biocompatible materials for theranostics.

Lately, the theranostic efficiency of Gd- and curcumin-encapsulated apoferritin (Apo-CUR-Gd)

16



[77

was evaluated on cancer stem cells [77]. This theranostic complex improved the bioavailability of

curcumin and tumor targeting, impaired the cell viability and self-renewal of tumor spheres, and

consequently led to diminution of tumor volume in mice.
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Figure 3. Apoferritin and DNA nanocages in drug delivery. A. Apoferritin nanocage for ROS/pH-
controlled drug delivery to breast cancer. I) Schematic for DOX@AFt-RB synthesis, where Aft denotes
apoferritin and RB represents photosensitizer rose bengal. The drugs release occurs at low pH and with
laser radiation. IT) In vivo fluorescence imaging showed no specific localization for the free near-infrared
dye IR783 group. However, DOX@AFt-RB showed a good tumor targeting effect and exhibited stronger
fluorescence in the tumor regions *°!. Copyright 2018, American Chemical Society. B. DNA polyhedra
encapsulated AuNPs to form core-shell structures (AuNP@cages). The number of AuNPs encased by a

104

DNA cage depended on the inner volume of the DNA cage . Copyright 2014, American Chemical

Society.

2.3 Drug delivery with DNA nanocages

DNA nanocages entail several functions such as drug delivery, imaging and biosensing. DNA-
based drug delivery can target tumor site, enter cancer cells, oppose enzymatic degradation and
defeat multidrug resistance. There are two major types of DNA nanocages: pure DNA

nanostructures and hybrid DNA nanostructures of 10 to 100 nm in size. Specifically, pure DNA

17



nanostructures include DNA polyhedrons, DNA nanoribbons, DNA module assemblies, DNA
nanoflowers and DNA origamis, while hybrid DNA nanostructures encompass DNA-inorganic

NP hybrids, DNA-lipid hybrids and DNA-polymer hybrids.

DNA-based drug delivery enhances tumor accumulation because of the EPR effect. In
addition, self-assembly, biocompatibility and biodegradability are notable advantages of DNA
nanocages over other nanocarriers. DNA nanocages can be assembled via: (1) a one-pot approach
in which the cages are manufactured all at once, (2) modular assembly in which multiple
components are first synthesized then integrated inside the target DNA nanocages, (3) hierarchical
self-assembly in which a specific DNA tile sticks to higher-order DNA structures and (4) DNA
origami in which a long single-stranded scaffold is folded into a desired cage structure by the
addition of short complementary staple strands [1%],

DNA nanocarriers are smart delivery devices for molecular cargos. DNA nanocages can
also serve as a host to encapsulate existing NPs. The guest-host interaction between DNA
nanocages and inorganic NPs is a viable strategy to combine properties intrinsic to DNA and
characteristics of inorganic NPs. AuNPs were successfully incorporated within polyhedral DNA

nanocages and formed a DNA cage core-like structure ['%! (Figure 3B). The DNA nanocages as

a host ensured a controllable release of AuNPs.

2.4 Drug delivery with nano-hydrogels

Nanohydrogels have recently been explored for cancer drug delivery. Hydrogels are molecules
formed of hydrophilic polymer chains that are flexible, biocompatible and biodegradable 0],
Hydrogels can be grouped according to the types of polymers, methods of synthesis, stimuli-

responsiveness, or the nature of cross-linking for establishing the three-dimensional network of

the polymer chains. Nanohydrogel-based NPs may be prepared from natural materials such as
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proteins, polysaccharides and DNA to ensure biocompatibility, or from the polymerization of
synthetic monomers to entail good functionality. Mixing natural and synthetic polymers can render
biohybrid hydrogels ['971%] Hydrogels can also be classified into chemical and physical hydrogels,
where chemical hydrogels involve covalent cross-linking, while physical hydrogels are built upon
the self-assembly of polymer chains via hydrogen bonding or hydrophobic interaction. Physical
hydrogels can be synthesized with a reversible process using pH, solvent or temperature. Owing
to their rich content in water, hydrogels acquire their high biocompatibility and biodegradability
[19] Hydrogels are sensitive to environmental changes such as pH, temperature, ionic strength and
light, which can result in their compression or swelling leading to drug release. Nanohydrogels
combine the advantages of hydrogels and NPs. Their swelling ability, for example, depends on the
number of ionic groups. The elasticity of nanohydrogels is necessary to resume their original shape
after the discharge of force applied during synthesis. Nanohydrogels are mostly formed with
natural polymers such as chitosan, cellulose, alginate, pectin, dextran and hyaluronic acid (HA).
However, synthetic nanohydrogels can be formulated with poly(vinyl alcohol) (PVA),
poly(ethylene oxide) (PEO), poly(ethyleneimine) (PEI), and poly(vinyl pyrrolidone) (PVP)
approved by FDA as nonantigenic in nature [''%. Nanohydrogels gels can be formulated by various
approaches, most notably by emulsion polymerization, where free radical polymerization has been

used as the process methodology.

Drug loading in nanohydrogels is based on covalent and noncovalent interactions, or
physical entrapment. The nanoscale of nanohydrogels allows them to avoid elimination by the
kidney and the liver, thereby increasing their blood circulation. Longer circulation further enables
the use of drugs at a lower dose, which is desirable for drug delivery U2 Interestingly,

nanohydrogels are able to incorporate a large amount of either hydrophilic or hydrophobic drugs

19



within the spaces in the polymeric chains. They are known not only for their rapid drug delivery,

[113] Recently, Becher

especially hydrophobic drugs, but also for their ability to reach deep tissues
et al. developed a new hybrid nanohydrogel drug delivery platform based on laponite nanodiscs
(Figure 4) "%, This newly formulated nanohydrogel encapsulated several cancer drugs with an

efficient drug cocktail delivery system. The facile formulation rendered a significant anti-tumor

activity and a lower cytotoxicity.
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Figure 4. Nanohydrogel-based drug delivery platform against MCF-7 cells. A. Schematic for
nanohydrogel synthesis using a nanoemulsion template procedure. The dynamic light scattering (DLS) data
showed the size distribution of nanohydrogels in the range of 80-180 nm. B. The swell and burst processes
of nanohydrogels occurring at pH 5.5. C. Confocal fluorescence microscopy (CFM) images showed that
nanohydrogels were mainly distributed in the kidney and liver but no change of biochemical markers in

these organs was observed. Scale bar = 50 pm "', Copyright 2018, American Chemical Society.

Drug repurposing is a strategy to provide a novel therapeutic indication from an existing

drug which failed its original indication. There are many approaches to repurpose a conventional
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drug such as pharmacological analysis, retrospective clinical analysis, genetic association,
pathway mapping, signature matching and molecular docking!'!l. As many studies have indicated,
changing the route of drug administration from the original mode is a method for drug repurposing.
This strategy can improve the bioavailability and avoid the original side effects by encapsulating

(115-120] "Notably, this system can deliver the repurposed drugs

the repurposed drug within NPs
alone or combined with other drugs to enhance the therapeutic index with a single nanocarrier that

is important in drug repurposing. In that regard, soft NPs may guide advancement in drug

repurposing for cancer diagnostics and treatment.

3. Condensed Nanoparticles for Drug Delivery and Cancer Therapy

Condensed NPs such as noble metal, silicon, silica and iron oxide have drawn much attention in
drug delivery and cancer therapy. Their improved solubility, biocompatibility, customized surface
and multi-functionality enable them to interact with complex cellular functions for improved

121-123] Here, we review typical

therapeutic efficiency, leading to wide biomedical applications |
condensed NPs and their applications in drug repurposing, delivery and cancer therapy

improvement.

3.1 Noble metal nanoparticles

Noble metal NPs are widely used in biomedical applications owing to their unique physical and
chemical properties, such as ease of synthesis, facile surface modification and good
biocompatibility. Noble metal NPs can be easily functionalized with various biomolecules or
biocompatible polymers, such as peptides [**], enzymes !?%!, antibodies '?! and DNA/RNA

aptamers ['?7] to form noble metal NP-biomolecular conjugates. The biomolecules introduced to
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noble metal NPs surfaces can specifically target different types of cells, thereby enabling the NPs
to act as therapeutic carriers or chemotherapeutic agents. In addition, noble metal NPs possess a
unique optical property of localized surface plasmon resonance (LSPR), which arises when
incident light with specific wavelength couples with the oscillation frequency of the electrons on
noble-metal NP surface to induce a strong absorption band and enhance photo-to-heat conversion
[128.129] 'The optical properties of noble metal NPs can be easily tuned via designed geometry, size
and composition, to restrict LSPR absorption band into the near infrared (NIR) range where native
tissues and water molecules have minimal absorption and scattering, leading to maximum tissue
penetration of light and strong photothermal effects to improve the cancer therapy *%. Gold, silver
and platinum are most investigated noble metal materials in biomedical research. In particular,
AuNPs have been employed for cancer therapy and diagnostics, AgNPs for antibacterial, and Pt-
NPs for scavenging ROS to catalyze biological reactions. In the following sections, we present

noble metal NP-based drug repurposing and delivery systems for cancer treatment 311,

3.1.1 Noble metal nanoparticles for anticancer/non-anticancer drug repurposing

Platinum-containing drugs, such as cisplatin, carboplatin and oxaliplatin, are most widely
exploited chemotherapeutic agents for cancer treatment due to their electro-catalytic properties.
However, undesired side effects including nephrotoxicity, neurotoxicity, ototoxicity, bone marrow
suppression and drug resistance are major restrictions in their use ['*?), It is therefore of urgency to
develop a new generation of anticancer drugs with good selective toxicity on tumor cells and to
mitigate drug resistance. Repurposing existed anticancer/non-anticancer drugs and enhancing drug
efficiency by incorporating NPs have proven to be one of the powerful tools to overcome clinical

drug resistance.
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DOX is a commonly used chemotherapeutic drug for the treatment of breast cancer,
leukemia and lymphoma 331, DOX intercalates with DNA and suppresses macromolecular
biosynthesis in cancer cells. However, undesirable traits restrict the clinical use of DOX in the
treatment of brain cancer. First, the BBB is impermeable to almost all the anti-cancer drugs '3,
Even though DOX has demonstrated potent cytotoxicity to glioma cells, its impenetrability to the
BBB and short plasma half-life yield poor performance in brain tumor treatment. Etame et al. used
an in-vitro model to investigate the size-dependent EPR effect of AuNPs (4-24 nm) with the
surface modification of PEG of various chain lengths (1000-10,000 Da in M.W.), where the
smallest AuNPs modified with low M.W. PEG displayed an optimum permeation of the brain
microvasculature!'*!. Dhar et al. demonstrated the concentration-related cytotoxicity of DOX-
loaded-gellan gum-reduced AuNPs in human glioma cell lines. Compared to free DOX that relies
on passive diffusion, the improved drug uptake by endocytosis of DOX-load AuNPs rendered
increased cytotoxicity and inhibition of cancer cell viability in vitro [, Cheng et al. demonstrated
transactivator of transcription (TAT) peptide-modified AuNPs (5 nm) as an efficient platform for
anti-cancer drug delivery across the BBB. The accumulation of TAT-modified PEGylated AuNPs
(TAT-AuNPs) in brain tumor was dramatically increased in vivo compared to PEGylated AuNPs
due to TAT-mediated transcytosis. In addition, TAT-AuNP-DOX did no harm to healthy organs,
and no morphological changes of the tissues were observed in 6 weeks while the AuNPs were
cleared through renal excretion. The DOX-conjugated TAT-AuNPs delivery system showed
enhanced cytotoxicity and cellular uptake in several glioma cell lines than free DOX in vitro and
in vivo 134 (Figure 5A).

The failure of DOX in colorectal cancer (CRS) treatment is mainly due to the development

of drug resistance and cardiotoxicity. Although DOX is an efficient chemotherapy drug for CRS
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at advanced stages, high dosage of the drug used in the therapy can result in multidrug resistance
of CRS. Accordingly, DOX loading onto AuNPs provides a possible way to improve the therapy
in CRS. The high surface-area-ratio and facile molecular modification of AuNPs enable a tunable
dose adherence of the loaded drug and controllable drug release. Lee et al. found that immobilized
oligonucleotides (ONT) on the surface of AuNPs (13 nm) provided numerous binding sites and
greatly increased DOX loading through intercalation. The DOX-loaded AuNPs (DOA) elicited
significant cytotoxicity at relatively low concentrations and slow drug release (only 28% of DOX
was released after 100 h). The enhanced local drug release can greatly prevent high dose-induced
drug resistance!'*7]. Benyettou et al. coated AgNPs with DOX and alendronate (Ald) to investigate
their anticancer activity in HeLa cell lines. Ald is a potent bisphosphonate that can not only
synergistically act with DOX to enhance the antitumor effect, but also provide an attachment for
DOX on AgNPs through the ammonium group. Acidic environments can induce hydrolysis of the
imine-linkage between DOX and Ald, leading to drug release. This synergistic drug delivery
platform entailed reduced drug dosing, minimized toxicity to normal tissues, and prevented drug
resistance [138],

DOX-induced heart failures are another important constraint for the utility of DOX in
cancer therapy *). Compared with other organs, the heart is more vulnerable to increased
oxidative stress. Indeed, DOX-induced cardiotoxicity is one of the most serious side effects related
to ROS-induced oxidative stress. PtNPs can reduce intracellular ROS and decrease the risk of
chemotherapy drug-induced oxidative stress in normal tissues and alleviate cardiotoxicity. Yang
et al. constructed cRGD-coated porous Au@Pt bimetallic for DOX delivery. The ROS-scavenging

activity of Au@Pt has been demonstrated in vivo, where porous Au@Pt NPs alleviated DOX-

induced oxidative stress and reduced the risk of cardiomyopathy during chemotherapy ). Yusof
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et al. examined the antioxidant effect of PtNPs in lung cells and found that PtNPs reduced ROS
generation and decreased cellular oxygen species, which suggested that PtNPs could sustain
oxidation and stimulate lung liquid clearance in the treatment of lung diseases 11,

Curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione), a polyphenol
derived from turmeric of the Curcuma longa, has long been used as both a food and a medicine
over 4,500 years in Asia. Ancient Indians used curcumin to treat common infections induced by

[142,193]  Numerous in vitro and in vivo studies have

wounds, bites, burns and skin diseases
demonstrated various pharmacological activities of curcumin, such as anti-inflammatory,
antioxidant, antibacterial, antifungal and antiviral properties. Curcumin has attracted increased
attention since 1990s, when Aggarwal et al. reported the potential anticancer effect of the
polyphenol U*4. Although curcumin exhibits significant biological properties, its therapeutic
applications are greatly restricted due to its poor bioavailability, low solubility, rapid systemic
elimination, and limited targeting specificity. Loading curcumin on metal NPs, especially AuNPs,
has been demonstrated effective to improve the biocompatibility of curcumin due to the low
toxicity and high bioavailability of AuNPs !4l Gangwar et al. reported that PVP could be used to
facilitate the conjugation of curcumin with AuNPs and improve the solubility of curcumin in water
[146] " Sindhu et al. prepared curcumin-conjugated AuNPs (cAuNPs) at room temperature and
solubilized curcumin without using any external agent. The cAuNPs displayed good stability and
non-toxicity to human blood cells at micromolar concentrations 147!, Garg et al. used a curcumin
extract to reduce silver ions by encapsulating curcumin in the AgNPs. Curcumin induced
cytotoxicity to tumor cells in a dose-dependent manner and elicited a greater antitumor effect than

plain curcumin ['*31. AgNPs improved the bioavailability and enhanced the anticancer activity of

curcumin towards cancer cell lines. Compared to widely used physical- and chemical synthesis
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protocols which require considerable time and cost with relative low yields and usually involve
chemical reducing agents such as citrate, borohydride and non-biodegradable polymers, using
biological synthesis methods provide more effective and environment-friendly ways to rapidly
synthesize biocompatible noble metal NPs.

Temozolomide (TMZ) is a chemotherapeutic agent used in the clinical treatment of various
cancers, especially melanoma and glioblastoma. Increased interest in TMZ has been generated due
to the chemoresistance of cancer cells to conventional cisplatin-related drugs. Hamzawy et al.
developed AuNPs and liposome-embedded AuNPs (LGNPs) as drug carriers for TMZ to treat
urethane-induced lung cancer in a BALB/c mouse model through intratracheal inhalation and
proved an enhanced drug efficacy associated with reduced systemic toxicities of TMZ-loaded
AuNPs (TGNPs) and liposome-embedded TGNPs (LTGNPs). AuNPs increased cell penetration,
thereby inducing apoptosis and necrosis in lung cancer cells due to ROS generation and cellular

glutathione regulation !+,

3.1.2 Anti-cancer properties of noble metal nanoparticles
Apart from corporation with anti-cancer drugs, some noble metal NPs have their own antitumor
properties. AgNPs have been investigated against human hepatoma 3% lung cancer ['>!), breast

152

cancer 12 and cervical carcinoma cells and proven to possess tumor inhibition and antitumor

effects ['33], Franco-Molina et al. observed a dose-dependent cytotoxic effect of colloidal silver on
MCF-7 breast cancer cells through induction of apoptosis, but not on normal PBMC cells '3,
Guo et al. found that PVP-coated AgNPs possessed an anti-leukemia activity via ROS generation

and silver ion release ['>). Asharani et al. reported that the reaction between H202 and AgNPs was

causative to induce silver ion release in vivo through chemical reaction: 2Ag + H202 + 2H™ —
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2Ag" + 2H20, where standard reduction potential £o = 0.17 V. The released Ag" ions interacted
with thiol-containing proteins and molecules in the cytoplasm, cell membranes and inner
membranes of mitochondria, resulting in lipid peroxides and increased cell membrane permeation.
It has been found that cell membrane damage can cause leakage of cytoplasmic contents and
eventual necrosis, lysosomal membrane damage can lead to cathepsin release and induce apoptosis,
while mitochondria damage can impair electron transfer, inhibit adenosine triphosphate (ATP)
synthesis, increase ROS generation, and DNA damage and cell death (Figure 5B) [153:156-138]
PtNPs were non-toxic at therapeutically relevant concentrations, whereas laser irradiation enabled
PtNPs to efficiently kill human cancer cells. The surfaces of irradiated individual PtNPs of 50-70
nm in size rose up to 900 K due to their good thermal stability, whereas gold nanoshells (AuNSs)
underwent a structural change when temperature reached around 400 K!*?1. Small-sized Pt
nanoclusters (~2.5 nm) could efficiently overcome the chemoresistance and heterogeneous
stemness of HCC cells by modulating genes related to the cell cycles and DNA damage pathways.
[160] peptide-coated PtNPs induced significantly more toxicity than cisplatin against liver cancer
cells, but had little effect on other cancer or non-cancerous cells even with increased particle
internalization. The higher oxidative state in liver cancer cells provided a high ROS concentration,
which oxidized inert Pt° to Pt" to render cytotoxicity and DNA damage, determined by combined

high cellular uptake and an oxidative environment 1611,

3.1.3 Noble metal nanoparticles for cancer therapy improvement
PDT is a form of photochemotherapy that involves the use of light, photosensitizers and oxygen.
Basically, photosensitizers absorb light energy of specific wavelengths and generate singlet

oxygen (102) and ROS, such as superoxide anions (O%"), hydroxyl radicals (OH) and hydrogen
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peroxide (H202), at the cost of surrounding oxygen in the tissue. The ROS are highly reactive and
can cause protein oxidation and DNA damage to induce cell death. Traditional photosensitizers
usually have poor solubility and selectivity toward tumor tissue. Besides, common activation is
usually located in the UV and visible range which are mostly absorbed by tissue. Noble metal NPs-
based drug delivery systems can overcome these limitations and greatly improve PDT.
Photosensitizers coupled with noble metal NPs exhibit targeted accumulation in only tumor cells,
leading to minimal normal tissue damage. Tunable near-infrared (NIR) absorption of noble metal
NPs can adjust the activation of PDT into the NIR range, thereby leading to efficient tissue
penetration. Kautzka et al. combined PDT and chemotherapy by developing a gold-loaded
liposome-based drug delivery system with Rose Bengal (RB), a photosensitizer in PDT, and DOX.
The bilayer liposomes loaded with AuNPs (3-5 nm) significantly enhanced ROS generation than
liposomes loaded with RB alone under 532 nm light illumination. Gold-loaded liposomes with RB
and DOX showed increased cytotoxicity to human colon adenocarcinoma cells (HCT116), and
DOX release was controlled by light illumination 2],

Photothermal therapy (PTT) is another cancer treatment based on energy conversion from
NIR light into heat and generation of heat for tumor ablation. AuNPs are excellent PTT agents due
to their unique and tunable SPR absorption. By changing the shape, size, morphology and structure,
AuNPs-based PTT can be tuned to NIR where light absorption by hemoglobin and water in tissue
is minimized to achieve tumor disruption %%, Compared with AuNPs, Au nanorods (ANRs) have
stronger plasmonic properties owning to their two localized surface plasmon bands corresponding
to longitudinal resonance and transverse resonance along the long and short axes of the ANRs,
respectively. The transverse plasmon resonates at ~520 nm, while the longitudinal plasmon

resonates in NIR depending on the ANR aspect ratio. Increased ANR aspect ratio induced
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enhanced light scattering and red shifts of the longitudinal band [!**165] Furthermore, the higher
surface-to-volume ratio of AuNRs improved drug loading than AuNPs [, Like AuNPs, AgNPs
can also convert photon energy to thermal energy via SPR. Besides, the thermal conductivity of
silver is 429 Wm™ K, the highest among all metals. Chitosan-coated silver nanotriangles (Chit-
AgNTs) served as a photothermal agent against human non-small lung cancer cells (NCI-H460).
The NPs displayed a strong NIR resonance at 724 nm and generated hyperthermia to destruct
cancer cells.

High atomic number and adsorption coefficient enabled AgNPs to serve as a contrast agent
in X-ray imaging and track the distribution of therapeutic agents. Shi et al. exploited combined
graphene oxide (GO) and AgNPs to develop a NIR-triggered drug delivery system for X-ray
imaging-guided photothermal therapy. The release of DOX loaded on the NPs could be controlled
by NIR radiation. X-ray imaging showed a whitening effect at the tumor sites after 3 h injection
of GO@Ag-DOX-NGR, suggesting a great potential of AgNPs for bioimaging %7/,

Traditional electrochemical therapy (EChT) is a relatively inexpensive clinical cancer
treatment method, utilizing destructive electrolysis induced by low-voltage direct current (DC)
passing through electrodes. Here the electrodes are inserted into the tumor to induce localized pH
variations and ROS to kill the cancer cells. EChT is not selective, however. A DC electric field
can cause ion segregation harmful to biological tissue. Recently, Gu et al. first combined PtNPs
with an electronic current and conceptualized electrodynamic therapy (EDT) to improve the
efficacy of cancer therapy. The EDT method efficiently treated cancer and killed large sized
tumors (over 500 mm?) in vivo based on the electro-driven catalytic reaction of PtNPs under a
square-wave alternating current (AC) (Figure 5C). The applied AC induced PtNPs-catalyzed

water molecules to decompose in the presence of chloride ions on PtNPs, leading to cytotoxic
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hydroxyl radicals and ROS production. In addition, the harmful electrolysis products generated
during PtNPs-catalyzed dissociation reactions can be neutralized under AC. PtNPs and ROS-based
therapeutics, such as PDT, are usually inefficient because the hypoxic tumor environment cannot
provide enough oxygen for ROS generation. However, PtNPs-based EDT generated ROS via
PtNPs-catalyzed water decomposition, showing increased efficiency in tumor treatment and a
great potential in local ablation of solid tumors with diminishing side effects 6%,
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Figure 5. Tumor therapeutics with AuNPs, AgNPs and PtNPs. A. BBB penetration and tumor
targeting of TAT-Au NP-DOX delivery in an intracranial U87 glioma mouse model. I) Confocal images of
mouse brain tissues 24 h after [.V. injection showed DOX accumulation in a mouse brain after TAT-Au-
NP injection. No DOX accumulation was observed when the free DOX was injected; II) Schematic
illustrating the mechanism of AuNP-mediated therapeutic and diagnostic efficacy in brain tumors. III)
Images of tissue samples with Haemotoxylin and Eosin (H&E) and silver enhancement staining from the
TAT-AuNP-DOX-treated mice 6 weeks post injection !**. Copyright 2014, John Wiley & Sons. B.
Anticancer properties of AgNPs. 1) Eclipta prostrata (Ep)/Alternanthera sessilis(As) synthesized AgNPs
triggered ROS production in A431 skin carcinoma cells. II) In vitro ROS detection through flow cytometry
and fluorescence microscopy after being treated with different agents, where PE means the respective plant
extracts ["*®!. Copyright 2016, American Chemical Society. C. In vivo electrodynamic treatment showed
that PtNPs combined with square-wave AC had the most effective tumor growth inhibition compared with
AC or PtNPs treatment only. I) A scheme illustrating tumor treatment using wraparound electrodes. II)
Average tumor volume growth curves of mice for four different treatment groups (n = 5 per group). III)
Photographs of 4T1 tumor-bearing mice before and after EDT treatment with PtNPs for 30 days !¢,
Copyright 2019, John Wiley & Sons.

3.2 Porous silicon-based nanoparticles
Porous silicon-based NPs, mainly consisting of porous silicon NPs (PSiNPs) and mesoporous
silica NPs (MSNs), have attracted much attention for applications in drug delivery, biosensing,
cancer treatment and immunotherapy over the past decades ['®. Several remarkable structural and
biomedical properties of PSiNPs and MSNs make them ideal materials for developing
multifunctional drug delivery systems and cancer therapy platforms:
(1) High surface-to-volume ratio. Porous structure provides a large surface area (up to 700-
1000 m?/g) and a high pore volume (1cm?/g) [!7°] enabling improvement of drug loading.
(2) Tunable porosity and pore size. The pore diameters of PSiNPs and MSNs can be precisely

controlled to match the size of loaded molecules. Mesopores of 2-50 nm are most widely
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studied for drug delivery. In addition, MSNs possessing long-range ordered porous
structure allow well-controlled drug loading and release 17!,

(3) Versatile surface modifications. The surfaces of PSiNPs and MSNs can be easily modified
with various functional groups due to the presence of silanol groups on the pore surfaces,
which provide further interaction points with adsorbed molecules or drugs and allow the
design of multifunctional drug delivery systems with controllable site specific targeting,
drug loading, particle stability and drug release !'7].

(4) Excellent biocompatibility and tunable biodegradability. The degradation of PSiNPs
involves oxidation of Si to SiO and hydrolysis of Si-O bonds to orthosilicic acid (Si(OH)4)
that is nontoxic to the human body and can be filtered by the kidney '], The degradation
kinetics can be precisely controlled through structural design and surface modification.

Taken together, the above advantages warrant broad applications of PSiNPs in biomedicine and

biomaterials research. In the next section, we focus on the utilities of PSiNPs and MSNs for

enhanced cancer drug delivery and cancer therapy.

3.2.1 Porous silicon-based nanoparticles for hydrophobic drug delivery

The application of nanotechnology combining with porous materials, such as mesoporous carbon,
porous alumina and porous titanium, has been recognized as a most effective method to overcome
the poor solubility and biocompatibility of many anticancer drugs ['’4l. PSiNPs and MSNs are the
most commonly used nanomaterials to help improve drug solubility and bioavailability. Spatial
confinement of porous structures can help reduce drug particle size, a key parameter influencing
the solubility of drugs and maintaining drugs in a non-crystalline state. Wang et al. developed a

core-shell mesoporous silica NP (csMSN)-based nanodrug delivery system to increase the
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dissolution of paclitaxel (PAC) and improve its anticancer effect on human lung cancer. In vitro
drug dissolution assay revealed that cumulative dissolution of PAC was 85.68 £2.585% at 1 h for
PAC-csMSN, comparison with the dissolution rate of 27.83 + 3.724% for nonconjugated PAC
powder. The ICso value of PAC-csMSN (30.74 + 5.175 ng/ml) were four-time lower than that of
PAC group (125.9 + 3.762 ng/ml), indicating improved PAC absorption in the lungs to promote
apoptosis by PAC-csMSN [!7°], Nasab et al. used MSNs capped with a pH-sensitive biopolymer
(CS-MCM-41) to enhance the transport of curcumin and investigated its anticancer property
against US7MG glioblastoma cancer cell line. The higher toxicity of CS-MCM-41 than free
curcumin indicated enhanced accumulation of curcumin in cancer cells 176!,

Celecoxib (CEL) is a nonsteroidal anti-inflammatory drug (NSAID) commonly used for
the treatment of pain and inflammation caused by osteoarthritis, juvenile arthritis, rheumatoid
arthritis and ankylosing spondylitis. CEL has been regarded as a promising drug for cancer
treatment but its application is limited to model drug research due to poor water solubility. Zhu et
al. incorporated CEL into the pores of 3D face-centered cubic mesoporous silica (FMS) to develop
a delivery system, and investigated the effect of pore size (16.0, 6.9, and 3.7 nm) on the dissolution
rate in vitro. The dissolution rate of CEL form FMS gradually increased as the pore size increased
due to increased escape of CEL from pores of larger sizes ['77]. Similarly, Sahika et al. investigated
the loading and release of CEL on SBA-15 mesoporous silica with surface functions of APTES
grafted SBA-15-A and boron doped SBA-15-B particles. The loading of CEL increased in hexane
because the nonpolar solvent did not compete with the highly hydrophobic drug. The drug release
ability was found to be influenced by pH - more acidic CEL was increasingly soluble in an alkaline

medium 1781,
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3.2.2 Surface modification to enhance targeting and drug release of porous silicon-based

nanoparticles
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Figure 6. Different drug release mechanisms of porous silicon-based NPs. A. pH-induced drug release
due to a pH-sensitive polymer '”!. Copyright 2018, Elsevier. B. Schematic of the behavior of dual-
responsive NPs in aqueous medium "%, Copyright 2015, American Chemical Society. C. Schematic
representation of GSH-sensitive HMSiO, NPs 8!, Copyright 2018, Elsevier. D. Schematic representation
of enzyme-induced MSNs [#21. Copyright 2015, American Chemical Society.

Although drug release can be modulated by changing the pore size, pore volume and particle shape
of nanocarriers, much effort has been spent on achieving controllable drug delivery to target site
by PSiNPs and MSNs via gate keepers. The gates keep loaded particles inside the pores and only
open upon the stimuli of pH, temperature, redox and enzymes. Xu et al. constructed a pH-

controlled multidrug delivery system containing DOX and PTX. DOX was loaded into the core of
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PSi coated with poly (beta-amino ester) (PAE), while PTX was encapsulated into the external layer
of pluronic F-127 ((EO)9s(PO)67(EO)9s) coated on the surface of the PSi NPs. Under physiological
conditions (pH 7.0), PTX was first released. After internalization of NPs by cancer cells in acidic
microenvironments, DOX was released due to the pH sensitivity of PAE. Early released PTX
sensitized the microenvironments to overcome the delivery barriers of DOX and improved the
delivery efficacy. In addition, the pluronic F127 layer has been demonstrated to overcome drug

171 Yu et al. presented ROS-responsive drug delivery

resistance in cancer cells (Figure 6A) |
system ROSP@MSN based on 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) benzyl acrylate
modified polymers (ROSP) coated on silica NPs. With the highly temperature-sensitive copolymer,
DOX was loaded rapidly as temperature increased, and locked inside the MSNs above the lower
critical solution temperature (LCST). Upon the stimulus of H202, the hydrophobic H20:-
responsive monomer in the copolymer backbone was oxidized into hydrophilic acrylate, causing
the LCST of polymer to rise above 37 °C and DOX release from the pores of MSNs. The release
of DOX was controllable by the amount of H2O: (Figure 6B) ['*°!. Similarly, Tamarov et al. chose
PSiNPs coated with a thermal responsive NIPAm-based polymer as drug carriers. The polymer
kept the loaded drugs inside the pores of PSi below LCST and released them when the nanocarriers
were heated above its LCST. Infrared radiation (IR) and radiofrequency (RF) radiation were used
to provide the heat and control the drug release 331,

Degradable SiO2NPs have also been investigated as drug delivery systems. Since the
concentration of glutathione (GSH) in intracellular microenvironment is significantly higher than
in extracellular fluids (~100-1,000 times), redox-responsive drug delivery systems incorporating

the disulfide bond have been constructed based on GSH-induced S-S bond degradation.

Moghaddam et al. investigated the DOX release profile of tunable glutathione GSH-sensitive
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biodegradable hollow MSNs containing disulfide linkages (S-S) in the outer shells in MCF-7 cells.
The NPs were degraded in the presence of intracellular GSH (~10 mM) (Figure 6C) '8!, Cheng
et al. designed a drug delivery carrier based on rotaxane-modified MSNs. Multifunctional
rotaxanes on MSNs were fabricated by using alkoxysilane tether, a-cyclodextrin (a-CD) and
multifunctional peptides. The conjugated oligopeptides were composed of three functional
segments, including a cell-penetrating peptide of seven arginine (R7) sequence, an enzyme-
cleavable peptide of GFLG, and a tumor-targeting peptide of RGDS. When incubating the DOX-
loaded MSNs with tumor and normal cells, the multifunctional NPs targeted tumor cells via
specific interaction between RGDS and integrin receptor avB3 overexpressed on tumor cells,
followed by penetrating cell membranes with the aid of R7 sequence. Upon cellular uptake, drug-
loaded MSNs released encapsulated drug quickly due to the breakage of GFLG peptide cleaved

by cathepsin B, thereby resulting in an enhanced antitumor activity (Figure 6D) 182,

3.3 Magnetic iron oxide nanoparticles

Magnetic iron oxide NPs have been extensively studied for drug delivery and cancer therapy due
to their unique magnetic property and excellent biocompatibility. Tumor targeting strategies based
on the magnetic response of iron oxide NPs under a magnetic field has been widely attempted.
Recently, there has been an increased focus on drug repurposing and magnetic-enhanced

therapeutic efficiency, as reviewed in the section after.

3.3.1 Magnetic iron oxide nanoparticles for drug repurposing
Artemisinin (ART), an endoperoxide-containing lactone isolated from artemisinin annua, has been

widely used to treat human malaria. In recent years, the potential antitumor properties of ART and
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its derivatives, such as dihydroartemisinin (DHA), artemether (ATM), arteether, artemisone,
artesunate (AS) and artesunate (AS), have been verified. Repurposing ART and its analogs to
cancer treatment has become an emerging area of focus. Fe*'-associated cleavage of the
endoperoxide bridge (R-OO-R’) contributes to the cytotoxicity and anti-cancer properties of ART
due to the generation of ROS and other cytotoxic free radicals based on Fenton reactions, wherein
Fe?*/Fe* catalyzes disproportionation of H202 and increases oxygen radical species. No apparent
side effects like drug resistance have been observed for ART, an advantage over conventional
chemotherapy drugs. However, the clinical application of ART has been greatly hampered due to
its poor water solubility and fast metabolism. Furthermore, iron-induced cleavage of endoperoxide
requires a large amount of Fe?* while Fe*" in cancer cells is deficient. Thus, simultaneous delivery
of ART and Fe?" into cancer cells may be an effective strategy for enhancing the anti-cancer
capacity of ART. Chen et al. developed a composite platform with Fe3O4 nanocrystals as the core
and mesoporous silica as the shell for ART delivery, and investigated the anti-cancer effect of
ART against HeLa cells. Iron oxide NPs were degraded in acid environments after being
internalized by HeLa cells, releasing Fe*" to non-enzymatically cleave the endoperoxide bridges

[184] Ding et al. loaded ART on porous iron oxide

of ART and kill tumor cells via ROS generation
magnetic superparticles (MSP). After accumulated at the tumor sites in a weakly acidic
microenvironment, the magnetic core of MSP@ART@P nanodrug dissolved and released Fe*".
To verify the effect of Fe?" on the cytotoxicity of ART, MSP was replaced by mesoporous SiO>
(MSNs) and no cytotoxicity of ART-loaded MSNs was measured, indicating that the Fe?
generated from MSP played a key role in the anti-cancer property of ART '3, Gao et al.

synthesized ART-coupled magnetic liposomes encapsulated with Fe3O4 NPs and cisplatin

(cCRGDAFePt@NPs) for high drug loading and better synergy. The Fe*"/Fe’* released from Fe3O4
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NPs in acid lysosomes not only activated Fe-dependent ART but also sensitized cisplatin via
catalyzing H202 induced by cisplatin, leading to a significantly enhanced anticancer efficiency %),
Zhang et al. used mesoporous Fe3O4 for ART delivery, where HA coated on the NPs markedly
avoided their aggregation and improved tumor targeting. When HA-mFe3O4/ART reached the
tumor sites, pH-responsive bonds broke to simultaneously release Fe’" and ART !'¥7), Similarly,
Wang et al. reported the ferrous ion-dependent cytotoxicity of DHA (Figure 7A). Novel
Fe304@C@MIL-100(Fe) (FCM) NPs (MIL=Materials of Institute Lavoisier)) were developed to
synchronously deliver DHA and Fe (III) in HeLa cells. The outer MIL-100(Fe) layer containing
abundant Fe (III) rendered a pH-responsive degradation to release DHA and Fe (III), which was
subsequently reduced to ferrous ions to react with DHA and ultimately led to bursts of intracellular
ROS and enhanced DHA cytotoxicity. In addition, the antitumor effects of the nanoconstructs were

enhanced by an externally applied magnetic field (Figure 7B) 188!,
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Figure 7. Magnetic iron oxide nanoparticles for drug repurposing. A. Schematic of tumor cell targeting
of DHA-loaded FCM NPs assisted by an external magnetic field and the anticancer mechanism of the DHA
delivery by intravenously injection of DHA@FCM. B. Tumor inhibition ratio of the corresponding group
(D), body weights of mice for varied time periods for 25 days after the different treatment (II), weights of
dissected tumor tissues 25 days after treatment (I1I), photograph of mice selected from each group randomly
25 days after treatment (IV), and excised tumors from different mice groups 25 days after treatments (V)

(1881 Copyright 2016, Elsevier.
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3.3.2 Magnetic iron oxide nanoparticles-enhanced cancer therapy
(1) PTT therapy
Compared with conventional therapeutic approaches, PTT provides more precise spatial-temporal
selectivity by controlling its NIR light source and improving tumor targeting to minimize normal
tissue damage. To improve PTT efficacy, phototherapeutic agents used in PTT should have high
photothermal energy conversion, low toxicity and high tumor targeting capacity. It is desirable to
combine PTT with a noninvasive imaging technique, such as fluorescence (FL) or MRI, to directly
monitor the location and distribution of phototherapeutic agents at tumor sites. Superparamagnetic
iron oxide NPs (Fe304 NPs) have been widely explored in PTT due to their low toxicity to healthy
tissues and capacity in in vivo MRI.

To perform PTT in mice bearing C6 glioblastoma, Wang et al. constructed magnetic Fe3Oa
NP cores covered by a fluorescent carbon shell (~3.4 nm). The resultant BFNPs enabled dual FL
bioimaging and MRI. Fe3O4 NPs in BFNPs provided a contrast enhancement for T2-weighted MRI
in vivo, while the fluorescent carbon shell gave rise to confocal fluorescence signal. In addition,
the strong NIR absorption of BFNPs enabled efficient conversion of NIR light energy to heat and
served as phototherapeutic agents to PTT for tumor treatment [!%]. Chen et al. noted that highly
crystallized iron oxide NPs (HCIONPs) showed a significantly enhanced PTT efficiency than
commercial magnetic NPs due to the former’s preferred lattice plane orientations. A 885 nm diode
laser was employed to treat SUM-159 cancer cells at a power of 2.5 W cm 2, inducing complete
tumor regression without relapse over a three-month period. In addition, the injected NPs were

cleared via urinary excretion, thereby avoiding long-term toxicity.
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(2) PDT therapy

PDT involves light-responsive photosensitizers which interact with molecular oxygen and
generate toxic ROS after exposure to light of specific wavelengths. However, tumor hypoxia in
imperfect vascular system usually cannot provide enough Oz for ROS production, thereby
hampering PDT efficacy. As mentioned above, Fenton reaction can serve as a novel platform to
enhance the ROS generation and improve PDT efficacy. Mesoporous Fe3O4 NPs can constantly
release Fe?" and interact with ART to generate significant amount of ROS. Moreover, due to the
alternating magnetic field (AMF)-heat transfer characteristics of mFe3O4NPs, AMF irradiation
could enhance the antitumor activity of particles by converting electromagnetic waves into heat
and promoting ROS generation to enhance PDT !"¥7], Therapeutic agents delivered by magnetic
NPs can be controlled by an external magnetic field (MF) applied to the tumor, inducing enhanced
drug accumulation in targeted tumor regions for improved cancer therapy. Indeed, Li et al. used
magnetic-responsive PEG-coated iron oxide nanoclusters (IONCs) to deliver a therapeutic agent
chlorin €6 (Ce6). IONC-PEG-Ce6 shifted the excitation peak of Ce6 to NIR region, allowing for

enhanced NIR adsorption and PDT effects %!,

(3) Magnetic hyperthermia therapy (MHT)
Conventional hyperthermia aims to raise the temperature of tumor tissue to 40—43 °C for cancer

911 However, damage to healthy tissue is inevitable. Magnetic hyperthermia

cell destruction [
(MHT) is a promising method to overcome this issue due to its ease in tumor targeting. Magnetic
NPs can convert magnetic energy to thermal energy upon exposure to an external alternating

magnetic field (AMF). Espinosa et al. combined MHT and PTT to achieve a better therapy using

iron oxide nanocubes. Iron oxide nanocubes displayed significantly increased heat generation
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under a moderate laser power (0.3 W cm2) and an AFM (520 kHz, 25 Mt) !92. Compared with
light or infrared radiation, the penetration depth of low frequency alternating magnetic field was

much higher, inducing much deeper tissue destruction 131941,

4. Metal-Organic Nanoparticle Drug Delivery

4.1 Introduction

The prior sections have reviewed the therapeutic potentials of soft materials and noble-metal NPs.
Both classes of nanocarriers have been extensively used for drug delivery. Metal-organic hybrid
materials, in comparison, are less explored systems. Historically, metal-organic interaction has
been a concern in biopharmaceutics and formulation design. For example, the poorly soluble
complex formed by calcium ions and tetracycline antibiotics is known to affect the drug absorption
and reduce their bioavailability.

Recently, metal-organic NPs (MONs) have received increased attention as drug delivery
systems. These hybrid materials are formed through complexation between metal ions and organic

ligands. Several different terms have been used in literature to describe this type of materials,

195] [196]

including metal-organic framework (MOF) [ metal-organic nanodrug complex ,
coordination polymer ['71 coordination complex ['®!1 and nano metal-organic framework
(NanoMOF) %1 among others. Metal ions function as an electron acceptor and form coordination
with ligands containing electron donors (e.g., N, O and S). MOFs are supramolecular frameworks
synthesized using ligands with multiple bonding points. However, ligands with a single bonding

point have also been used; in this case, the metal/ligand complex may further assemble into NPs

through non-coordination bonds such as hydrophobic interaction, hydrogen bonding, and others.
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Despite minor differences, MONs have demonstrated unique advantages for drug delivery
and share common features: (1) A variety of metal ions and organic ligands can be selected to
prepare MON s of diverse structure, size, morphology and surface properties. The physicochemical
properties of MONs can be fine-tuned for controlled drug release and targeted drug delivery. The
large surface area of MONSs, porous MOFs in particular, can provide a high drug loading capacity.
MON:Ss are superior to many other porous solids such as mesoporous silica, which suffers from low
drug loading capacity and premature drug release. Also, the drug release profile of MONSs can be
adjusted by modifying drug-carrier interaction or by controlling the degradation of the MONSs; (2)
Many MONSs are biodegradable materials due to the relatively weak bonding between metal ions
and ligands. The selection of biocompatible building blocks (i.e. ligands and metal ions) and
appropriate synthesis methods can further improve the biocompatibility of MONSs; the latter will
address safety concerns and pave the way for biomedical applications; (3) The flexibility in the
design of MONSs allows construction of multifunctional delivery systems with additional
functional components, including tumor targeting ligands, imaging agents, etc.

Unlike the polymeric delivery carriers which usually possess no pharmacological effects,
MONSs will not only serve as “insert” delivery carriers but also function as active therapeutic agents.
Bioactive MONSs can be designed in several ways: (1) Metal ions may have an anticancer efficacy.
The metal-organic complex prepared with pharmacologically active metal ions can be used as an
anticancer agent. A good example is the platinum-based complexes. Many organic ligands have
been used to complex with platinum and generated multiple anticancer agents including cisplatin,
carboplatin, oxaliplatin, among others; (2) Many metal-organic complexes have been prepared by
using active drug molecules as organic ligands. A high drug loading capacity can be achieved since

the active drug is a part of the metal-organic complex. It can also provide extended drug release.
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For example, bisphosphonate drugs have been used to prepare calcium-bisphosphate complexes
[200-202]: (3) The complex formation may lead to enhanced pharmacological performance through

synergistic effects. For example, copper dithiocarbamate has demonstrated a significantly better

anticancer effect than its precursors (i.e., copper ion or dithiocarbamate) 12031,

4.2 Delivery of anticancer drugs and repurposed drugs with MONSs
As a novel delivery system MONs have been explored for the delivery of anticancer drugs such as

[188] " artemisinin [2°7), doxorubicin and

cisplatin 2942051 paclitaxel [29>206] " dihydroartemisinin
fluorouracil. Here we review MONSs used for delivering representative chemotherapy drugs (e.g.,

doxorubicin, fluorouracil) and repurposed drugs (e.g., disulfiram, bisphosphonate, metformin and

curcumin).

(1) Chemotherapy drugs

I. Doxorubicin

MON:Ss of different compositions have been explored as delivery systems of DOX, through the high

affinity of DOX with metal ions as well as other interactions of DOX with organic ligands. MONs

composed of multiple different metal ions and ligands were studied by several research groups. For

example, Horcajada et al. synthesized porous iron(IlI)-based metal-organic frameworks as nanoscale

delivery systems for DOX and other drugs 2°!. The use of MONs can overcome some common issues

associated with traditional nanocarriers such as poor drug loading efficiency and rapid drug release.
Many DOX-loaded MONs demonstrate pH-sensitive drug release, showing minimal drug

leakage at pH 7.4 and rapid drug release in acidic tumor environments. PAA@ZIF-8 was prepared

by assembling ZIF-8 frameworks on the surface of polyacrylic acid NPs. DOX was loaded after
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the MON synthesis [?°”), DOX was also encapsulated with a “one-pot” process, in which drugs
were loaded during the MON synthesis. For this method, DOX was dispersed within ZIF crystals
(2101 A similar method was used to prepare Fe- and Zn-based MOFs with 1,3,5-
Benzenetricarboxylic acid (H3 BTC) as the organic ligand for DOX delivery. Since DOX was
dispersed within the MOF crystals, the drug loading was independent of MOF surface properties.
Also, the release of DOX from Fe-BTC was slower than from Zn-BTC, mainly due to the stronger
binding affinity between DOX and Fe-BTC than with ZN-BTC '!!. pH-sensitive DOX-loaded
MONS could also be synthesized by mechanically grinding Gadolinium(III)-based MOFs 2121 A
dual pH- and redox-sensitive DOX delivery system was synthesized through the surface
modification of nanoscale MOF MIL-101. Because of the presence of a pH-sensitive benzoic
imine bond and a redox sensitive disulfide bond, drug release was triggered by the acidic tumor
environment and intracellular reducing environment ?!*!, The pH-sensitive delivery of DOX was
also achieved with MONs with carboxylatopillar[5]arene switches 2! MIL-100(Al) metal
organic gel 231 Cr’"-based metal-organic gel [>'%] AS1411 aptamer modified ZIF-8 [!7],
BSA/DOX coated with a MOF shell >3] and a Fe(bbi) system [>!°].

The release of DOX from MONSs can be induced by other tumor-specific triggers. ATP-
responsive hydrogel coated UiO-68 MONSs (composed of Zr ions and amino triphenyl dicarboxylic
acid) released drugs in response to high levels of ATP in tumor cells (Figure 8) ?2%!. In another
study, UiO-68 MONs were modified with nucleic acids containing a sequence complementary to
microRNA-21 or microRNA-221 over-expressed in cancer cells. These microRNAs in the cancer
cells displaced nucleic acids on the surfaces of MONs and led to the release of DOX 22!, Similarly,
with surface modified with a VEGF-specific aptamer, MONSs released DOX triggered by VEGF

overexpressed in tumor cells 12221,
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Figure 8. Stimuli-responsive nucleic acid-based polyacrylamide hydrogel-coated metal-organic

framework nanoparticles for controlled release of DOX. A. I) Synthesis of ATP-responsive
DNA/polyacrylamide-hydrogel-coated NMOFs loaded with a dye or DOX. II) Schematic mechanism to
unlock the hydrogel-coated NMOFs and release the load via the formation of ATP—aptamer complexes. B.
Representative phase-contrast and fluorescence images showed cell apoptosis after being treated with I)
unloaded hydrogel-coated NMOFs, 11) DOX-loaded NMOFs capped with (1)/(2) duplex units, and III) cells
treated with DOX-loaded hydrogel-coated NMOFs 22°1. Copyright 2017, John Wiley & Sons.

Multifunctional MONSs have been designed for DOX delivery. Zhao et al. synthesized UiO-
66 MONSs containing Fe3Os4 as a theranostic agent for cancer diagnosis and treatment. The Fe3O4
core served as a MRI contrast agent and DOX was loaded onto the UiO-66 MOF assembled on
the surface of the Fe3Os core through the coordination interaction between DOX and the Zr(iv)
centers of UiO-66 ?2%]. Bian et al. used MOF NPs of a triple modal imaging capability (e.g.,
fluorescence imaging, magnetic resonance, X-ray) for delivering DOX for cancer diagnosis and
treatment 2241, ZIF-8 MONSs coated onto gold nanorods were used for photo-thermal and
chemotherapy, where the release of DOX was triggered by pH and NIR light. In addition, NIR
[225]

irradiation as a photo-thermal therapy may have a synergistic effect with DOX chemotherapy

Liu et al. synthesized a nanoscale zirconium-porphyrin MOF containing high contents of porphyrin
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and DOX for imaging-guided chemotherapy and photodynamic therapy ??°!. In another study, a
DOX-loaded zirconium-based MOF was used for microwave thermal therapy ?”l. MOFs have
also been modified with tumor-targeting moieties including HA [?*], a mitochondria targeting

molecule 2?71 and folate ?!°1.

I1. Fluorouracil

Fluorouracil (FU) belongs to a family of chemotherapy drugs also known as anti-metabolites,
which possess similar structures as endogenous molecules. The anticancer effects of FU rely on
its ability to stop DNA replication and repair in cancer cells. FU has been used for treating breast
cancer, colon cancer, stomach cancer, and others. Two zirconium-based MONs (e.g., MOF-808
and NH2-UiO-66) were explored as delivery systems for FU, where FU was attached to the
surfaces of MONs through coordination interactions between the COOH groups of the FU
molecules and Zrs clusters. Surface functionalization enhanced tumor cell uptake of MONs
through active targeting 2?°!. [[Dy2(H20)3(SDBA)3;J(DMA)s] were synthesized with 4,4'-
sulfonyldibenzoic acid (SDBA) and N,N-dimethylacetamide (DMA) using a solvothermal
method. FU was loaded with a simple impregnation method [2**). Other MOFs used for the delivery
of FU include MOFs synthesized with 3,5-bis((4'-carboxylbenzyl)-oxy)benzoic acid and N,N-
dimethylformamide [>*!!, metal-organic polyhedra prepared with a “click” chemistry ?*%), zinc-
based MOFs 2331 Zng(0)2(CDDB)s(DMF)4(H20) microporous MOFs 234 zirconium-based
MOFs with supramolecular gates [2*>23¢1 and engineered magnetic ZIF-90 NPs [2*7), In another
study, core-shell structured NPs composed of NaYF4:Yb**, Er’** up-conversion NP core and ZIF-
8 MOF shell was prepared. FU was loaded through absorption and was released in a pH-responsive

manner. This NP can be used for cell imaging due to its luminescence property. Also, the surface
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modification with folate enhanced tumor targeting [**3]. Gao et al. designed a multifunctional NP,
Fe-MIL-53-NH2-FA-5-FAM/5-FU, through the post-synthesis modification of Fe-MIL-53-NH:
MOF. It contained 5-FU as a drug, 5-carboxyfluorescein (5-FAM) as a fluorescence probe, FA as
a tumor targeting agent, and Fe-MIL-53-NH2 MOF as a magnetic contrast agent *°). The same
group also reported a similar delivery system, UIO-66-NH2-FA-5-FAM/5-F, which contained same

functional components but a different MOF core 4%,

(2) Repurposed drugs

I. Disulfiram

Disulfiram (DSF) is an alcohol-aversion drug used for treating alcohol dependence for over sixty
years. Recently, DSF has been repurposed as an anti-cancer agent and showed excellent anticancer
activities in combination with copper ions (Cu?"). DSF/Cu can inhibit the proteasome/poly-Ub
degradation pathway by targeting p97 segregase adaptor NPL4 2412431 The complex formed by
copper and DDC, Cu(DDC)a, is a promising anticancer agent. Yet, it is challenging to develop a
clinically useful formulation of Cu(DDC)2 because of its poor water solubility. Recently, Metaplex
technology or PRCosomes has been developed to prepare an injectable Cu(DDC)2 liposome
formulation with a high drug concentration and a loading efficiency [2*#*%31. However, the
preparation of PRCosome involves complicated fabrication and purification, and is therefore
problematic for large-scale manufacturing. Accordingly, Chen et al. developed a SMILE
(stabilized metal ion ligand nanocomplex) technology to prepare Cu(DDC)2 NPs 2% In this
method, aqueous solutions of copper ions and ligands (DDC) were rapidly mixed to form an
insoluble Cu(DDC)2 complex. The complex assembled into NPs stabilized by amphiphilic

stabilizers such as 1, 2-distearoyl-sn-glycerol-3-phosphoethanolamine-poly(ethylene glycol) 2000
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(DSPE-PEG), D-a-tocopherol polyethylene glycol 1000 succinate (TPGS), and methoxy
poly(ethylene glycol) 5000 -b-poly(L-lactide) 5000 (PEG-PLA). The SMILE technology utilizes
a simple formulation and a straightforward preparation process, thus can be easily scaled-up for
mass production. The SMILE technology can prepare Cu(DDC)2 NPs with a high drug
concentration and has a great potential for clinical use. Cu(DDC)2 NPs prepared with the SMILE
technology demonstrated potent anticancer activities in different cancers, including drug resistant

prostate cancers (Figure 9A).

I1. Bisphosphonate

Bisphosphonate drugs originally used for metabolic bone diseases have recently been repurposed
for cancer treatment. For example, alendronate (ALN), an amino-bisphosphonate, has been widely
used for osteoporosis, solid tumor bone metastases and myeloma bone disease. Alendronate was loaded
into Zr-based MON s using the Zr-O cluster as the drug anchorage. The synthesized AL-MONs showed
more efficient inhibition of cancer cells than free drugs . Li et al. developed a method to prepare
zoledronic acid-calcium complex NPs with a reverse microemulsion method. They systemically
investigated the influence of different formulation and process parameters such as surfactant,
reaction time and temperature, ratio as well as nature of the oil phase and water phase. They further
incorporated the zoledronate-calcium complex into DSPE-PEG NPs. This NP formulation showed
enhanced delivery of drugs into orthotropic mammary tumors 2°%-2°!1, The same group also loaded
zoledronate-calcium NPs into PLGA NPs, further functionalized with octadecanoic acid-
hydrazine-polyethylene glycol (2000). This delivery system showed a minimal burst release of
zoledronate, enhanced toxicity in cancer cells as well as macrophages. In vivo experiments showed

that this NP formulation reduced drug accumulation in bone, enhanced tumor targeting, and had a
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better anticancer efficacy than free drugs 22!, In another study, calcium bisphosphonate NPs were
synthesized to deplete tumor-associated macrophages and enhance cancer radiotherapy (Figure
9B) "], Briefly, calcium bisphosphonate NPs were prepared with a water-in-oil emulsion method.
Then, the NPs were further modified with 1,2-dihexadecanoyl-sn-glycerol-3-
phosphocholine(DPPC), cholesterol and 1,2-distearoyl-sn-glycerol-3-phosphoethanolamine-N-
(methoxy(polyethylene glycol)-5000). Both *™TC and **P were incorporated into this NP system
for bioimaging and radiotherapy. The bisphosphonate NPs effectively inhibited angiogenesis,
promoted normalization of tumor vasculature, and improved the radiotherapy efficacy. Au et al.
prepared calcium zoledronate MONs containing folate. This system demonstrated more potent

anticancer activities than free zoledronate >*%,
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Figure 9. MOFs for drug repurposing. A. I) Schematic showing preparation of Cu(DDC), NPs with the
SMILE Technology. II) Treatment of Cu(DDC), NPs induced formation of cytoplasmic vacuoles and cell
paraptosis ?®). Copyright 2018, American Chemical Society. B. Scheme illustrating the 99mTc
radiolabeling of CaBP-PEG NPs for tracing the in vivo fate of the NPs and CaBP(32P)-PEG NPs for
synergistic combination radioisotope therapy with tumor-associated macrophages depletion **”), Copyright
2018, American Chemical Society. C. Curcumin (CCM)-loaded redox-responsive metal-organic
framework nanocarriers for anticancer drug delivery. I) Schematic of redox-responsive degradation of
CCM@MOF-M(DTBA) in tumor cells for cancer therapy. In vivo antitumor efficiency of CCM@MOF-
Zr(DTBA) in mice bearing HeLa xenograft tumors. 1I) Digital photographs of mice after 14 days of
treatment with saline (control), free CCM, and CCM@MOF-Zr(DTBA) ). Copyright 2018, American

Chemical Society.

50



ITI. Metformin

Metformin has been approved by the FDA for treating diabetes since 1994. Recent studies showed
its potential as an anticancer agent. Metformin prolonged the survival of patients with different
types of cancers 2%, A recent study explored the delivery of metformin with MOFs 211, In this
study, MOF was synthesized by using iron(IIl) chloride as the metal ion and trimesic acid (1,3,5-
benzene tricarboxylic acid, BTC) as an organic linker. Metformin was incorporated as a building block
of this MOF via its interaction with metal ions. Furthermore, the MOF surface was modified with
sodium alginate to reduce premature drug release in acidic environments. When the formulation was
administrated orally, drug release at stomach at an acidic pH was minimized. At small intestine, the
alginate coating was expanded in response to the pH (>7), followed by drug release. This formulation

improved oral bioavailability and reduced potential adverse effects of metformin.

IV. Curcumin

Curcumin has demonstrated activities on several different signaling pathways such as the nuclear
factor k-light-chain-enhancer of activated B cells (NF-kB) and transforming growth factor-3
(TGF-P) pathways 2321, Due to poor water solubility and low bioavailability, there is a need for
appropriate formulations to enhance curcumin delivery. Several research groups recently
investigated the use of MONSs for curcumin delivery [24%2%3], Lei et al. prepared a curcumin-loaded
redox-responsive MONSs for cancer treatment. They used 4,4'-dithiobisbenzoic acid (4,4-DTBA) as the
organic ligand which could be cleaved by glutathione (GSH) overexpressed in tumor cells and facilitate
curcumin release at tumor cells **|(Figure 9C). Laha et al. developed FA-conjugated curcumin-
loaded nanoscale MONs (IRMOF-3) as a targeted delivery system for treating triple-negative breast

cancer cells [*1, This NP formulation induced cell apoptosis through the upregulation of BAX and the
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inhibition of Bcl-2. In vivo study also showed that it effectively inhibited tumor growth and prolonged

survival of mice.

4.3 Strategies for effectively loading drugs into MONs
MONSs have been used as carriers for delivering therapeutic agents including small molecules,

254-256

proteins, peptides and nucleic acids | 1. Herein, we will discuss strategies for effective drug

loading into MON:Ss.

(1) Interactions to facilitate drug loading

Drugs can be loaded into MONs through various non-covalent interactions such as coordination
bond, cation exchange and hydrogen bonding. Most drugs are loaded into MONSs through
coordination between the drug molecules and metal ions. The metal ions of MOFs function as
Lewis acids (electron acceptors) and form strong interactions with molecules having electron
donors (e.g., O, N and S). Drug molecules with phosphate groups (e.g., cidofovir, azidothimidine
triphosphate) were loaded into MOF-100 (Fe), through the interaction between Fe and phosphate
groups 2% The zinc-DOX coordination bond and electrostatic interaction played a significant role in
enhancing drug loading of polyacrylic acid@ZIF-8 NPs 2%, Procainamide HCI was loaded into porous
zinc—adeninate MOFs through cation exchange 12*’!. Paclitaxel was encapsulated into MOFs through a
hydrophobic interaction 2%, Tbuprofen was loaded into MIL-52 (Fe) through a hydrogen bond
between the hydroxyl groups of MIL-53 (Fe) and the carboxylic acid group of ibuprofen ¥, Drugs
can also be loaded through a synergistic effect of multiple interactions. For example, DOX was loaded
into a ZIF-8 MOF through a combination of the coordination bond with zinc ions and the n—r interaction

with 2-methylimidazole ligand !7),

52



(2) Different methods for drug loading

I. In situ drug loading

In this method, drugs are mixed with metal ions or ligands prior to metal/ligand complexation. The
MON formation and drug loading occur simultaneously. Many porous MOFs have tunable
structures such as pores, channels and cavities. These porous structures on the surfaces of MONs
cater for effective loading of drug cargos through different noncovalent interactions. Molecules of
different properties have been successfully loaded into MONSs via this method 234253259261 Since
drugs are loaded through noncovalent interactions, the burst release is a major drawback. Efforts
have been made to prevent the drug burst release issue and develop MONSs with stimulated drug
release properties. Tan et al. designed carboxylatopillar[5]arene-based supramolecular gates to
prevent premature drug release from nanoUiO-66-NH2 MOFs 2331, They also used a similar
strategy to prepare zirconium MOFs, in which drug release was triggered by Ca?‘, pH and
temperature [2*¢], In another study, Meng et al. prepared zirconium MOFs bearing photo-responsive
azobenzene groups to control drug release. The drug-loaded MOFs were surface-capped by f-
cyclodextrin through its binding with azobenzene. UV light caused conformational change in
azobenzene groups, dissociation of B-cyclodextrin and drug release [2%61. Post-synthesis treatments
were also used to reduce the burst release of drugs from MONSs. Orellana-Tavra et al. treated Zr-
based MOF UiO-66 with a ball mill to convert the crystal form of the MOF into the amorphous
form. The amorphous MOF demonstrated an extended release of a model drug, calcein, for more
than one month. In contrast, the crystal form MOF with the same composition showed a quick

267

drug release for only two days (7. This research group also developed partial pore collapsed
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MOFs by thermal treatment to effectively reduce premature burst release and prolong the release

time [268],

I1. Post-fabrication drug loading

Drug molecules can also be loaded into pre-formed MONSs. This method minimizes interference
with the MON formation process. Usually, drugs are loaded through non-covalent interactions
such as coordination bond, hydrogen bond, electrostatic and hydrophobic interactions. Three sites
at MONss can be potentially utilized for drug loading: functional sites in organic ligands, ligand
defects within metal nodes, and coordinately unsaturated metal sites. Wettke et al. successfully
loaded a variety of molecules bearing a His-tag into MOF utilizing the metal-histidine coordination
bond (Figure 10) *%°!, His-tag modified macromolecules were loaded onto three MOFs: MIL-88A,
Zr-fum and HKUST-1 (Cu). The binding affinity of the cargos was affected by the length of the
His-tag, environmental pH, as well as the types of metal nodes. Many recombinant proteins with
His-tags are available, thus this method can be broadly applied. In addition to non-covalent binding
through metal nodes, drug molecules can also be loaded through chemical conjugation with
functional groups available on organic ligands. Taylor-Pashow et al. modified the Fe-based
frameworks (MIL-101) with 2-amino terephthalic acids which provided functional groups for the
conjugation of a BODIPY dye and a cisplatin prodrug. Conjugated drugs were released upon the

degradation of the MONs 12041,
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generated by coordinative attachment of functional units via self-assembly **’. Copyright 2017, American

Chemical Socie

ty.

Table 2. A summary of condensed nanoparticles reviewed for therapeutic applications.

Nanoparticles Features Advanced Therapeutic Applications
Dendrimer e  Three-dimensional geometric pattern with repeated e Improvement of drug stability
branches and terminal functional group e  Cancer imaging
o e Aqueous solubility e  Antiangiogenic efficacy
e  Biodegradability e  Tumor-targeted delivery
Protein/DNA e  High drug-loading capacity e  Tumor-targeted drug delivery
nanocage e  Biodegradability e Smart drug release platforms
A e  QGreat stability e  Blood-brain barrier (BBB) penetration
W .
@:ﬂ' e  Prolong half-life of drug
e  Cancer imaging
Nanohydrogel e  Hydrophilic polymer-crosslinked 3D structures e  Tumor-targeted drug delivery
e e  Biocompatibility e  Smart drug release platforms
e  Biodegradability
e  Swell and dissolve in water
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Gold e  Facile surface modification e  Photothermal therapy
e Great biocompatibility e  Photodynamic therapy
J e  Tunable near-infrared (NIR) absorption e  Surface plasmon resonance (SPR)
e  Enhanced permeability and retention (EPR) effect e  Blood-brain barrier (BBB) penetration
Silver e  Antimicrobial, anti-inflammatory, antibacterial, e  Photothermal therapy
antifungal, antiangiogenetic, and anticancer activities e  Photodynamic therapy
O e  X-ray Imaging
e Angiogenesis therapy
Platinum e  Great catalysis properties Anticancer-drug development
e Antioxidant effects e  Hadron therapy
0 e  Anti-cancer activity e  Electrodynamic therapy
Silicon/Silica e  High surface-to-volume ratio Poorly soluble drugs delivery
e  Tunable porosity and pore size. Surface modification-enhanced tumor
e  Versatile surface modifications targeting
e  Excellent biocompatibility and tunable
biodegradability
Iron oxide e  High surface-to-volume ratio Magnetic Hyperthermia Therapy
e  Tunable porosity and pore size. e Magnetic Resonance Imaging (MRI)
0 e  Versatile surface modifications
e  Excellent biocompatibility and tunable
biodegradability
Metal-organic e  Hybrid structures e  Tumor-target drug delivery
e  Wide sources of synthetic materials e  Drug repurposing
Pz}b_ e  Flexible structure and property design Smart drug release platforms
‘& e  Controllable degradation
: e  Anticancer efficacy of metal ions

5. Conclusions and Perspectives

Drug repurposing has now emerged as a widely accepted and efficient method to accelerate new

anticancer drug development. Although repurposed drugs or reformulated drug still need to be approved

by the regulatory agencies, the drug repurpose strategy has several advantages. First, the safety profile

of approved drugs has been extensively tested therefore, and therefore the use of these drug for different

indication is less likely to fail due to the toxicity. Second, most of the preclinical studies,

pharmacokinetics, biopharmaceutics studies and toxicity have been performed in prior studies. This

could significantly save R&D cost and shorten the product development time ['!. The most successful

example of drug repurpose is thalidomide which was a withdrawn drug due to its association with birth
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defects but was repurposed to treat multiple myeloma. Novel drug delivery systems could enhance drug
delivery into tumors, achieve optimized therapeutic efficacy with negligible off-target effects. Therefore,
novel drug products may be developed through reformulation of old drugs or failed drugs with high
toxicity or other undesirable properties. Accordingly, we have performed a comparative review on a
variety of novel NPs and NFs with unique structures and physicochemical properties as advanced
therapeutics for cancer drug repurposing and delivery (Table 2). We have highlighted the impact of
nanotechnology on the fulfillment of crucial aspects in anticancer drug repurposing and delivery in the
following areas: (i) maximizing the drug efficacy with modulated bio-distribution and minimized side
effects; (i1) extending existing anti-cancer drugs to other cancer indications; (iii) identifying the anti-
tumor effects of historically non-anticancer drugs; (iv) providing different drug delivery formulations
such as oral administration, injection and inhalation of existing chemotherapeutic agents; (v) multiple

drug-loaded combinational formulation to enhance therapeutic efficacy.

Although significant progress has been made in NP and NF delivery in preclinical studies,
several challenges remain for the development of next-generation NP-based “smart” drug delivery
platforms. The physicochemical properties and biological behaviors of NPs such as biocompatibility
and size/dose-dependent toxicity should be characterized comprehensively. In addition, in-depth
understanding of the mechanisms of the interactions between NPs and their hosting biological systems
(i.e., proteins, cells, serum, tissues and organs) is critically needed to improve tumor targeting and
minimize undesired uptake by non-targeted organs. The large-scale production remains a significant
challenge for the commercialization of NPs and NFs which requires complicated fabrication. Although
many novel materials have been developed to enhance drug delivery, their clinical use is subjected to
regulatory approval. To minimize the regulatory obstacle, it is preferred to use the FDA-approved

generally recognized as safe (GRAS) excipients. It is challenging to receive substantial industry
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investment to support the clinical trials of many re-purposed drugs which are off-patent. Novel
formulations based intellectual properties will be critical for the development of repurposed cancer
medicines. With increasing investment in cancer research and clarification of nanotechnology-specific
medical regulations, NP- and NF-based drug delivery and repurposing will not only provide novel
cancer therapeutics, but also overcome the shortcomings of conventional platforms to ultimately

provide patients with safer and efficacious treatment options.
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