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Smart nanoparticles for cancer therapy
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Smart nanoparticles, which can respond to biological cues or be guided by them, are emerging as a promising drug delivery
platform for precise cancer treatment. The field of oncology, nanotechnology, and biomedicine has witnessed rapid progress,
leading to innovative developments in smart nanoparticles for safer and more effective cancer therapy. In this review, we will
highlight recent advancements in smart nanoparticles, including polymeric nanoparticles, dendrimers, micelles, liposomes, protein
nanoparticles, cell membrane nanoparticles, mesoporous silica nanoparticles, gold nanoparticles, iron oxide nanoparticles,
quantum dots, carbon nanotubes, black phosphorus, MOF nanoparticles, and others. We will focus on their classification, structures,
synthesis, and intelligent features. These smart nanoparticles possess the ability to respond to various external and internal stimuli,
such as enzymes, pH, temperature, optics, and magnetism, making them intelligent systems. Additionally, this review will explore
the latest studies on tumor targeting by functionalizing the surfaces of smart nanoparticles with tumor-specific ligands like
antibodies, peptides, transferrin, and folic acid. We will also summarize different types of drug delivery options, including small
molecules, peptides, proteins, nucleic acids, and even living cells, for their potential use in cancer therapy. While the potential of
smart nanoparticles is promising, we will also acknowledge the challenges and clinical prospects associated with their use. Finally,
we will propose a blueprint that involves the use of artificial intelligence-powered nanoparticles in cancer treatment applications.
By harnessing the potential of smart nanoparticles, this review aims to usher in a new era of precise and personalized cancer

therapy, providing patients with individualized treatment options.
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INTRODUCTION

Cancer is a significant public health issue with a rapidly growing
incidence and mortality worldwide," leading to about 10 million
deaths annually.> Chemotherapy is presently one of the most
common anti-cancer treatments due to its high efficiency
currently.>* However, its lack of selectivity for tumor cells and
challenges in efficient drug delivery to the tumor site have led to
practical limitations. Additionally, multi-drug resistance poses
another obstacle to successful chemotherapy. The complexity of
the tumor microenvironment and individual variations further
contribute to the difficulty of developing effective treatment
options.>® To overcome these issues, the development of new
drug delivery strategies has been prompted.

Smart nanoparticles (NPs) have emerged as a promising
alternative to conventional nanoparticles for cancer therapy. Unlike
conventional nanoparticles, they can be triggered by specific
stimuli and target-specific sites with precise drug delivery.”® After
modification or stimulation by corresponding factors, these smart
nanoparticles efficiently aggregate at the target location and
release their payloads, establishing a smart treatment mode®'?
Furthermore, their capability to co-delivering therapeutics and
diagnostic reagents, which have greatly promoted the develop-
ment of theranostics and smart nanoparticles for cancer therapy.'®

; https://doi.org/10.1038/s41392-023-01642-x

Understanding smart nanoparticles requires a variety of
perspectives and perspectives that overlap. One may compare a
smart nanoparticle to a toolbox in this analogy. It has the
capability of modifying the size, shape, surface qualities, targeting,
and composition of smart nanoparticles in response to both
endogenous and exogenous stimuli produced by the cell (Fig. 1).
According to the type and application of nanoparticles, we can
interpret from the different types of nanocarriers, stimulating
factors, target modifications and payload drugs: 1) Different
nanocarriers have different structures and properties, and suitable
nanocarriers can be selected according to the nature of the drug
delivered and the needs of the treatment. For example, micelles
are suitable for the delivery of water-insoluble and amphiphilic
drugs, and liposomes can increase the cellular uptake of a variety
of drugs."*'> 2) Smart nanoparticles based on specific materials
and components of nanocarriers can respond to external and
internal stimuli, such as enzyme, pH, temperature, as well as
optical and magnetic regulation, etc. 3) Another embodiment of
smart nanoparticles is their tumor targeting characteristics by
functionalizing their surface with tumor-specific ligands (such as
antibodies, peptides, aptamer, and transferrin, etc.). 4) Unlike
traditional nanoparticles that are used to deliver chemotherapeu-
tic agents, the new generation of intelligentized nanoparticles can
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Fig. 1 Schematic illustration of smart nanoparticles for cancer treatment

also deliver different types of drugs, including small molecules,
peptides and proteins, nucleic acids and living cells. Additionally,
the proposal of computer-aided design smart nanoparticles,
integrating the cutting-edge application of artificial intelligence,
further elevates the potential and sophistication of these
ingenious nanoscale technologies. This review comprehensively
explores the multifaceted nature of smart nanoparticles, akin to a
versatile toolbox of dynamic capabilities, with boundless potential
to revolutionize drug delivery and cancer treatment, ushering in a
new era of precision medicine.

TYPE OF SMART NANOCARRIERS

The nano-scale drug carriers are fundamental to smart nanopar-
ticles. To be qualified as an ideal smart nanoparticle, it should
meet some basic criteria, such as stimulus response material or
structure, stable nanometer size, adjustable surface charge, high
encapsulation capacity, biocompatibility, degradability and low
toxicity, etc. The following emphasizes the structures, classifica-
tion, synthesis and smartness of the thirteen most reported
nanocarriers (Fig. 2): polymer-based smart nanocarriers including
polymeric nanoparticles, dendrimers, micelles; biomimetic-based
smart nanocarriers including liposomes, protein nanoparticles, cell
membrane nanoparticles; inorganic-based smart nanocarriers
including mesoporous silica nanoparticles, gold nanoparticles,
iron oxide nanoparticles, quantum dots, carbon nanotubes; other
advanced smart nanocarriers including black phosphorus and
metal-organic frameworks.

Polymer-based smart nanocarriers

Polymeric  nanoparticles. The polymeric nanoparticles with
unique properties play an important role in biomedical applica-
tions, bringing biologists, chemists, engineers, and doctors
together in unique collaborative ways. The development of
polymeric nanoparticles represents a medical revolution that has
led to major biotechnological advances in drug delivery, tissue
engineering, biomaterials, and medical device development.'®'”
The revolution demonstrated the discovery of more effective
treatments in the form of proteins, nucleic acids, and other
biologically active molecules."”® Polymeric nanoparticles have
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several advantages over non-mixed drugs, in terms of cycle time,
stability, structural decomposition, encapsulation rate, premature
release, and nonspecific release kinetics. Other advances involve
the capability of combining materials with different chemical
compositions such as organic-organic and organic-inorganic
materials to achieve synergistic properties. Currently, the most
used techniques for polymeric nanoparticles preparation are
emulsion polymerization, solvent evaporation, salting-out, dialysis
and supercritical fluid technologies. Research and development in
the aspects of synthesis methods, manufacturing process, and
mathematical models require the investigation of the mechanisms
of the controlled drug release process. It enables the creation of
tunable polymeric nanoparticle delivery systems that can sustain
drug delivery and contribute to improved drug treatment indices.
The ability to control therapeutic drug release and pluripotency of
polymeric drug delivery platforms provide many important
advantages. So far, we have already witnessed the first small
molecule-based polymeric nanoparticles for drug targeting and
controlled release from the bench to the bedside, which laid the
foundation for a variety of ongoing phase Il clinical trials to
proceed from the initial proof of concept in vitro to the in vivo
study, and to human testing.'®

A drug delivery system can be triggered by controlling local
induction of endogenous physical parameters such as electrical,
thermal, ultrasound, or magnetic energy. Therefore, there is
increasing interest in adding biological response elements to the
entire polymer design to achieve better biologically controlled
therapeutic effects. For example, poly (D, L-lactic-co-glycolic acid)
can be used to intercept most types of therapeutic drugs of
various molecular weights and can be made into particles of
various shapes and sizes. The drug release capacity of poly (D, L-
lactic-co-glycolic acid) can be adjusted by changing molecular
weight, lactide to ethyl ester ratio, and drug concentration.
Additional methyl groups in the polylactic acid side chain make
the polymer more hydrophobic than polyglutamic acid. The
increase in polylactic acid content leads to less water absorption,
thus reduces the rate of degradation.?®

Polymeric nanoparticles can be synthesized with a combination
of inorganic components, such as carbon nanotubes, polymers,
silica, metal oxide nanoparticles, and graphene. On the other side,
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Fig. 2 Nanocarriers for smart nanoparticles

organic compounds (lipids, proteins, and phospholipids) can be
mixed with natural or synthetic polymers to produce new
polymeric nanoparticles to achieve advantages over non-mixed
drugs.?’ The combination of multiple materials can change their
respective properties and produce a mixture of materials with new
unique characteristics. They can change biological distribution,
solubility and improve system stability. The materials’ ability to link
with one another can prolong blood circulation while maintaining
biological effects. For instance, synthetic tunability enables the
creation of smart nanoparticles that can simultaneously serve
several therapeutic or imaging goals by co-encapsulating various
therapeutic compounds with various release curves.*>?*> Further-
more, the smart polymeric nanoparticles exhibit a unique
combination of properties derived from biological and synthetic
materials. For example, proteins have a short half-life, low
solubility and immunogenicity, and poor stability. Protein-
polymer conjugates polyethylene glycol (PEG) have improved
their half-life, increased the physical stability, and rendered them
immune-free. ?*

Dendrimers. Dendrimers are radially symmetrical, spherical, and
nanoscale compact structures with branches or arms like trees.®
They consist of an inner layer and an outer layer. Functional
groups that are used for drug conjugation and targeting make up
the outer layer. The drug encapsulation efficiency, drug toxicity,
and controlled release mechanisms are all improved in the inner
layer.?® Dendrimers can be designed and modified in a variety of
ways to produce hundreds of different molecules with specific
properties and functions. The preparation method of dendrimers
is called “iterative methods of synthesis” that have developed over
time. There are two main approaches: “divergent” and “con-
vergent”, which were originally used to make dendrite structures.
In the first method, dendrimers grow from the inside to the
outside and build up layer after layer. In the other approach,
dendrimers grow from the outside until the core of dendrites is
joined together.?” The controllable properties of dendrimers in the
synthesis process make them have broad application prospects in
many pharmaceutical preparations. Because of their special
properties, such as nanoscale uniform size, high branching,
water-solubility, internal cavities, polyvalency, and biocompatibil-
ity, dendrimers are ideal active excipients and can improve the
solubility of insoluble drugs, reduce drug toxicity and increase
drug potency.?®

Some anti-cancer active pharmaceutical ingredients (API)
are water-insoluble and generally have moderate lipophilic
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properties, such as paclitaxel (PTX), doxorubicin (Dox), 5-
fluorouracil, camptothecin, and methotrexate. Poor drug solubi-
lity is also considered to be one of the major issues faced by drug
delivery systems. Nearly 40% of newly developed APIs are
rejected by the pharmaceutical industries without further
development, mainly due to the low water solubility.?® When
dendritic molecules are combined with the drug, it can greatly
enhance the drug’s water-solubility, so that the drug can play a
better role in the body without affecting its efficacy. For example,
Sandra et al. synthesized a carbosilane dendrimer that increases
compatibility with lipophilic cargo as well as enhances nanos-
tructures due to the highly stable, inert and lipophilic nature of
the carbosilane scaffolds.>® Moreover, the increased dendrites can
give the drug additional effects. In the presence of the blood-
brain barrier, drug delivery into the central nervous system is very
hard. However, it can be achieved by linking the drug to a poly-
amidoamine dendrimer to overcome the blood-brain barrier.3'*?
Polylysine dendrimers have the potential to be biodegradable
carriers and deliver cytotoxic drugs to solid tumors.*®* Drug
resistance, toxicity, and the mechanics of drug release in capsules
can all be overcome using dendrimers, which make them ideal
systems as smart nanoparticles for cancer therapy.>

Micelles. Polymer micelles typically range in size from tens to
hundreds of nanometers.>® It is made up of two separate parts, the
core region, which is colloidally stable, and the outer region, which
is made up of solvated hydrophilic polymer chains (also known as
the corona or shell region). While in a reverse micelle this
arrangement can be changed to a hydrophilic core and a
hydrophobic corona, micelles’ distinctive corona nucleus structure
and capabilities allow them to improve the water solubility of
hydrophobic compounds. Thus, polymeric micelles can contain
both hydrophilic and hydrophobic medicines. There are many
applications in biomedicine, such as tissue-engineered scaffolds
and drug nanocarriers.3® Polymer micelles can simply physically
encapsulate (solubilize) hydrophobic drugs in their hydrophobic
core effectively, resulting in the following advantages: (i)
elimination of drug side effects; (ii) Increase the water solubility
of hydrophobic and insoluble drugs; (iii) Control of drug release
rate; (iv) Protect drug molecules from degradation by specific
media (pH, temperature). In addition, modern synthetic chemistry
has made it possible to chemically link pharmaceuticals at the
core of micelles and the design of smart polymer micelles with
molecular specific targeting and stimulation of reactive drug
release.®” The use of long-circulating polymer micelles to target
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tumors is a potential strategy in systemic cancer therapy. Small
anti-tumor molecules such as paclitaxel are usually delivered by
these surface-modified nanoscale vesicles. Numerous studies have
shown that the enhanced permeability and retention (EPR) effects
of micelles cause them to preferentially collect in leaky circulatory
beds of solid tumors.>® Micellar solubilization can improve the
stability and bioavailability of insoluble and almost insoluble
drugs.®® The structure of some micelles can be reassembled by
changes in pH, resulting in drug release. The pH difference
between normal tissue/blood and the extracellular environment of
the tumor is intrinsic, which has been widely used in drug
sustained-release systems.*® For example, the transferrin receptor-
targeted pH-sensitive micellar system can be utilized as smart
nanoparticles to overcome multi-drug resistance and reduce side
effects of the system, so as to achieve targeted delivery of
tumors.*! The combination of folate-modified pH-sensitive system
micelle loaded the anti-tumor drug doxorubicin can effectively
reduce the systemic toxicity of doxorubicin, reduce the damage to
heart and lung tissues, and improve its anti-tumor efficacy.*? In
the stimulation-reactive nano-drug delivery system, pH-sensitive
and thermosensitive polymer micelles can take advantage of the
acidic conditions of solid tumors and photothermally induced
hyperthermia to achieve controlled drug release, which is
exceedingly suitable for chemo-photothermal therapy.** Micellar
is a kind of amphiphilic solubilizer with low toxicity and good
biocompatibility, which also has great potential as smart
nanoparticles in eye drug delivery. Micellar eye drops are more
biodegradable and biocompatible materials, which are ideal to
solve the problems of eye irritation and toxicity. Ginsenosides Rb1
micelle is a new ocular drug delivery system that has a good effect
in improving the bioavailability of diclofenac and other drugs.**
Polyoxyl 15 hydroxystearate micelle can significantly improve the
antioxidant activity of myricetin in vitro and accelerate the
membrane permeability for optical delivery of myricetin.*®

Biomimetic smart nanocarriers
Liposomes. Liposomes are amphipathic nanoparticles with mem-
brane like structure based on phospholipids, which are composed
of a phosphate-based hydrophilic head and a fatty acid-based
hydrophobic tail. The cell-like structure of liposomes allows it to
fuse with cell membranes, and intelligently improve the cellular
uptake of drugs. Medications that are lipid-soluble can be
imbedded in lipophilic membranes, while medications that are
water-soluble can be trapped in the bilayer core. Multi-lamellar
vesicles and uni-lamellar vesicles are two different forms of
liposomes based on the number of bilayers and the size of the
liposomes. Large uni-lamellar vesicles and small uni-lamellar
vesicles are the two other subgroups of uni-lamellar vesicles.*®
There are numerous ways to make liposomes, including detergent
dialysis techniques, solvent injection techniques, reverse phase
evaporation techniques, and thin-film hydration techniques.*’
Conventional techniques have numerous drawbacks. Some
innovative technologies, such as supercritical fluid technologies,
supercritical anti-solvent techniques, and supercritical reverse-
phase evaporation techniques, have been developed to overcome
those restrictions.*®

Traditional liposomes have a number of issues, including as
instability, inadequate drug loading, rapid drug release, and
shorter blood circulation durations. Functionalization of conven-
tional liposomes could make them smarter. PEG ylation helps
liposomes escape the reticuloendothelial system and have a
longer blood circulation time.** Smart liposomes that have been
functionally changed are also sensitive to a variety of internal and
external stimuli, such as enzyme transformations, pH changes,
redox reactions, microwaves, ultrasound, and light.>*>' A liposome
that has been radioligand functionalized is referred to as a
radiolabeled liposome. Radiolabeled liposomes can be used to
both identify the tumor and treat it while also determining the
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bio-distribution of liposomes in the body.>? For example, Hansen
et al. prepared a ®*Cu-labeled liposome (®*Cu-liposome) that can
be used for combined PET/CT imaging in rats and dogs, and can
achieve the chemotherapy effect of Caelyx loaded liposomes.>
Liposomes are potential as smart nanoparticles in the co-delivery
of chemotherapeutic medicines, imaging agents, gene agents, or
anticancer metals in addition to delivering imaging agents
alongside chemotherapeutics.®® Lipid nanoparticle (LNP) have
been found to co-delivery of Cas9 mRNA, focal adhesion kinase
(FAK) siRNA, and sgRNA to improve both tumor delivery and gene
editing efficacy.>®

Protein nanopatrticles. In addition to being present in soy, milk,
cereals, and proteins can also be found in egg white, bovine
serum, and human serum. Protein-based nanoparticles provide a
number of benefits, including simple synthesis, a high binding
capacity for different medications, non-toxicity, non-immunogeni-
city, biocompatibility, biodegradability, and plasma half-life.>6~>%
Protein nanoparticle surfaces have functional groups that make it
simple to bind targeted ligands and other surface alterations as
smart nanoparticles.’®*?%% Albumin is one of the most important
proteins in plasma and has been used in various therapeutic
applications over the past few decades. When used against
neuroblastoma cell lines, dox-loaded human serum albumin
nanoparticles were found to have superior in vitro anticancer
activity to the pure drug.®’ The successful targeting of human
prostate cancer cell lines by PTX-loaded bovine serum albumin
nanoparticles, which are created using a dissolving process and
decorated with folic acid, has been observed.®? Through
advantageous, noncovalent reversible binding, protein nanopar-
ticles act as a natural transporter of hydrophobic compounds,
facilitating their transit in bodily fluids and release at the cell
surface. Additionally, protein can interact with the glycoprotein
receptor and facilitate the transcytosis of molecules that are
bound to albumin.®® The first commercially available drug licensed
by the Food and Drug Administration (FDA) that has demon-
strated notable efficacy in the treatment of metastatic breast
can?g:r is called Abraxane, which has a diameter of about 130
nm.

Cell membrane nanoparticles. Conventional nanoparticles con-
tinue to face a number of difficulties, including quick blood
circulation clearance, simple immune system recognition, and low
target site accumulation.®® Due to the numerous proteins that are
present on the surface of cell membranes, cell membrane coating
has become recognized as a viable means of overcoming these
limitations.5*®> Cell membrane-coated nanoparticles (CMCNPs)
are a biomimetic technique used to create therapeutic devices
that have a nanoparticle core covered with a membrane
generated from various cell sources, including cancer cells, stem
cells, platelets, or white blood cells.?*5” The common method for
the preparation of CMCNPs is the isolation of plasma membrane
from different cell sources and incorporation of core nanoparticles
into membrane vesicles. Due to the properties of their customized
nanomaterials and advanced smart nanoparticles for cancer
therapy, these biomimetic CMCNPs have recently attracted a lot
of interest.?® For instance, platelet membrane-coated nanoparti-
cles with Dox loaded into the inner nanoparticles and tumor
necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) put
onto the outer membrane have been successfully created. In an
animal model with a subcutaneous tumor and a metastatic site,
the results demonstrated that platelet membrane-coated nano-
particles exhibited the strongest anticancer activity.®®

Inorganic smart nanocarriers

Mesoporous silica nanoparticles. Mesoporous materials contain
pores with diameters between 2 and 50 nm, as defined by the
International Union of Pure and Applied Chemistry (IUPAC).”® In
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order to refer to zeolite-silica gel compositions with clearly defined
and consistent porosity, the term mesoporous silica nanoparticle
(MSN) was first used forty years ago. Because of their homo-
geneous and adjustable pore size (2-6 nm), tunable particle size
(50-300 nm), large surface area, high pore volume, and biocom-
patibility, MSNs are extensively investigated. A smart nanocarrier
must have configurable pore size and tunable particle size, which
enable the loading of pharmaceuticals with various molecular
forms. For grafting various functional groups on MSNs, the high
surface areas of the interior surface (pores) and external surface
are ideal. Nanocarriers are a great option since they adhere to
cancer cells through the EPR effect and are biocompatible.”! There
are mainly two types of MSNs, mesoporous silica nanoparticles,
and hollow or rattle-type mesoporous silica nanoparticles.” Both
the soft template method and the hard template method can be
used to create those MSNs.

Due to hemolysis of human red blood cells, nonspecific binding
to human serum protein, and phagocytosis of macrophages
produced from the human monocytic leukemia cell (THP-1) line,
conventional MSNs have short blood circulation half-lives.
PEGylation can produce stealth behavior, helping to counteract
such effects.”? Grafting co-polymers onto the surfaces of smart
MSNs enables control over their pore apertures. Gatekeepers are
grafted co-polymers. The poly(N-isopropylacrylamide) grafted
hollow MSN allows the nanochannels access the internal hollow
reservoir to be switched between “open” and “closed” states by
regulating the temperature, allowing on-demand loading and
releasing of small molecules.”* Mesoporous silica nanoparticles
can have their surface altered for active targeting by adding
peptides, folate, mannose, and transferrin.”>~’” Smart MSNs have
the ability to release the loaded medications in response to a
variety of stimuli, including redox reaction, pH change, magnetic
field, temperature change, enzyme transformation, and light.”®

Gold nanoparticles. Numerous nanoparticles made from various
bulk elements, including gold, silver, copper, iron, platinum,
cobalt, etc, have been generated as a result of the ongoing
development of nanotechnology and medical science.”® These
elements are synthesized by biological or physicochemical
methods. Due to their simple production, high specific surface
area, surface plasmon resonance, stable characteristics, surface
chemistry, and multi-functionalization, gold nanoparticles are
considered as having tremendous potential in the diagnosis of
many malignancies and medication delivery. Furthermore, the
non-toxic, non-immunologic, highly permeable, and retention
effects of gold nanoparticles make them more likely to infiltrate
into the tumor site and to produce better therapeutic effects.®
Physical techniques (laser ablation, microwave and ultraviolet (UV)
irradiation), chemical, and biological techniques are the main ways
to create gold nanoparticles.®’ Under specific circumstances (pH,
temperature), chemical procedures typically make use of chemi-
cals and solvents that are hazardous to the environment and
people’s health. Biosynthesis (plant and microbial mediated) of
gold nanoparticles has a very broad prospect, and many medicinal
plants and microorganisms have the potential to produce
nanoparticles in bulk.®? A variety of gold nanoparticles, including
gold nanorods, nanostars, nanocubes, nanocages, and nano-
spheres, among others, have exceptional optical and physical
qualities that make them particularly useful in the detection and
treatment of cancer.®® They are appealing for targeted drug
delivery, photothermal therapy (PTT), photodynamic therapy
(PDT), photoimaging, biosensors, and photothermal therapy.®*
Due to their biological inertness and capacity to give superior
spatial and temporal resolution for imaging, gold nanoparticles
(nanorods, cages, and shells) are regarded as the best optical
imaging nanoparticles for cancer treatment. Injects millions of
functional gold nanoparticles into tumors at specific time points.
Upon injection, gold nanoparticles bind specifically to cancer cells
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and scatter shine, allowing the doctors to easily identify tumors
and healthy cells.®* As a result of gold nanoparticles’ near-infrared
absorption, interest in PTT has grown recently.®® Chang et al.
proposed a multifunctional nano platform based on Ti3C2-MXene
Au nanocomposite, which realized the triune of PTT/Enzyme
kinetics therapy/antitumor immune therapy, and accompanied by
photoacoustic (PA) and thermal dual-mode imaging in vivo.?’

Gold nanoparticles have a large surface area and can be utilized
to load or bind to any genetic or biological part, thereby widely
used for sensing/imaging/therapy of various targets such as
proteins, cells and nucleic acids.®® Additionally, gold nanoparticles
are amenable to modification due to their negative charge on the
surface, ease of synthesis, controllability of size and shape, and
ability to regulate surface chemistry. As a result, they can be easily
functionalized by adding a variety of biomolecules, such as drugs,
targeted ligands, amino acids, and genes, making them useful
smart nanoparticles for biomedical applications. For example, gold
nanoparticles co-modified with glutamine and lysine can generate
tumor-specific photothermal therapy by in situ generation of
photothermal agents through an intra-tumor enzyme-catalyzed
reaction.®® Gold nanoparticles labeled with tumor-homing peptide
containing isoDGR can be targeted delivery of therapeutic agents
to tumors and improve its therapeutic index.” It's crucial to note
that the surface and core characteristics of gold nanoparticles can
be tailored for specific and varied applications, such as molecular
recognition, chemical sensing, drug administration, and
imaging.”’

Iron oxide nanopatrticles. Iron oxide nanoparticles with core sizes
between 10 and 100 nm include the small manmade minerals
magnetite and maghemite. Iron oxide nanoparticles that have
been mixed with transition metals including copper, cobalt, and
nickel are also included in this group. Super para-magnetism is a
peculiar phenomenon that occurs when magnetic nanoparticles
are shrunk to 10-20 nm. Iron oxide nanoparticles are magnetized
to their saturation when a magnetic field is applied, but there is no
residual magnetism after the magnetic field is removed.”
Therefore, iron oxide nanoparticles have been applied for
enhancing the contrast in magnetic resonance imaging. There
are several ways to make iron oxide nanoparticles, including
thermal decomposition, co-precipitation, hydrothermal, sono-
chemical, micro-emulsion, and microwave-assisted synthesis
techniques.”® The one that dominates among them is chemical
synthesis.

Targeted medication delivery using stimuli-responsive polymer-
coated iron oxide nanoparticles is a hot topic of research. Phase,
solubility, and hydrophobicity conformation changes are exam-
ples of physical and chemical transitions experienced by
responsive polymers. Iron oxide nanoparticles coated with
polymers respond differently to temperature variations and pH
gradients, according to a recent study.’**> An external magnetic
field has the ability to regulate these smart nanoparticles. Since
nucleic acids have a negative charge due to the presence of the
phosphate group, cationic lipids and polymers can be added to
iron oxide nanoparticles to carry genetic material.”® Therefore, iron
oxide nanoparticles are thus part of the group of smart
nanoparticles with theranostic capabilities.

Quantum dots. With their distinctive photophysical properties,
quantum dots (QDs) are frequently constructed from hundreds to
thousands of atoms of group Il and group VI molecules.®” The
tumor might be seen while the medicine is being released at the
desired location using this nanoparticle.®® Three components
make up the majority of commercially available QDs: a core, a
shell, and a capping substance. Materials used in semiconductors
make up the core. Shells are constructed around the semicon-
ductor core using ZnS. The two layer QDs are enclosed in a cap
made of various materials.>® For a number of reasons, QD-based
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smart nanoparticles have generated a lot of attention. First, the
core size of a QD is quite small, measuring between 2 and 10 nm in
diameter. It can be used as a tracer in other drug delivery systems
because of this characteristic. Second, flexible surface chemistry
enables a range of methods for QD surface modification. Third,
QDs can monitor drug release and drug-carrying in real time
because to their photophysical capabilities.'® Either a top-down
strategy or a bottom-up strategy can be used to synthesize QDs.
Top-down processing techniques include molecular beam epitaxy,
ion implantation, e-beam lithography, and X-ray lithography.'®"
However, colloidal QDs are made by a bottom-up method called
self-assembly in solution after chemical reduction.’®?

The functionalization of conventional QDs, like that of other
smart nanoparticles, is of equal importance.'® QDs are also taken
up by the reticuloendothelial system non-specifically, as has been
observed for other nanoparticles. Without a targeting ligand,
properly PEGylated QDs can accumulate in tumor locations via the
EPR effect. Various ligands, including peptides, folate, and big
proteins, can be grafted on the QD surface to actively target a
tumor location.'® As a result of their innate fluorescence, QDs are
particularly well-known for cancer imaging. With ClSe as the core,
ZnS as the shell, manganese doping, and folic acid functionaliza-
tion, a multifunctional QD has recently been produced. It possesses
high near-infrared (NIR)-Il fluorescence efficiency of up to 31.2%
and high contrast on magnetic resonance imaging (MRI).'%

Carbon nanotubes. In the form of hollow spheres, ellipsoids,
tubes, and many other shapes, carbon nanotubes (CNTs) are a
type of fullerene, a class of carbon allotropes.'® A CNT is a
graphene sheet that has been wound up into a seamless
cylindrical tube. Single-walled CNTs (SWCNTs) and multi-walled
CNTs (MWCNTS) are the two varieties of CNTs.'®” As a result of the
CNT's significant optical absorption in the near-infrared (NIR)
region, this particle is an excellent candidate for photo-thermal
ablation. Furthermore, nanoparticles with diameters between 50
and 100 nm are easily absorbed. MWCNTs are able to cross the
barriers of different cellular compartments. A particular cellular
compartment can be localized using PEGylated SWCNTs. Carbon
black and graphite can be heated in a controlled flame
environment to create CNTs. The size, mechanical strength,
quality, and purity of the synthesized CNTs, however, cannot be
controlled by this procedure. Electric arc discharges, chemical
vapor deposition techniques, and laser ablation techniques have
been described to address the constraints of the controlled flame
environment.'® SWCNTs are more effective at delivering drugs
than MWCNTSs because their walls are more clearly defined and
MWCNTs tend to have more structural flaws.'” Due to their
excellent thermodynamic and optical properties, they are now
regarded as one of the most promising materials for cancer
sensing, bioimaging and therapeutics.

To provide CNTs smart properties, they can be chemically or
physically functionalized."™ To boost solubility, circumvent the
reticuloendothelial system, and reduce toxicity, PEGylation is a
crucial step.111 For instance, the cyclosporin A (CsA) was
conjugated to an amine-terminated phospholipid-PEG chain
attached on SWCNTs via a cleavable ester bond and demonstrated
the possible potential of PEGylated SWCNT-based systems for CsA
delivery."'? Recent studies exhibited that functionalized CNTs can
overcome the blood-brain barrier.''®> CNTs have shown promise in
carrying plasmid DNA, small interfering ribonucleic acid, antisense
oligonucleotides, and aptamers.'' It can be utilized for thermal
ablation of cancer areas in addition to gene delivery.'”® As
diagnostic instruments for the early identification of cancer,
functionalized CNTs can also be used.''®

Other advanced smart nanoparticles

Except for the above smart nanoparticles that could be a benefit
for cancer therapy, there are also some recent developed
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advanced smart nanoparticles such as black phosphorus (BP),
metal-organic framework (MOF), topologically heterogeneous
nanoparticles and so on that have attracted more and more
attention due to their unique properties and great potential for
cancer therapy.

Black phosphorus. Due to its distinct physical, chemical, and
biological qualities, BP was originally created in 1914 and has
since garnered a lot of interest.''”” The most stable allotrope of
phosphorus is BP. Individual phosphorus atoms are in the sp*
hybridization state in BP, which results in wrinkled layers that are
stacked vertically and attracted to one another by weak van der
Waals interactions. Traditionally, BP can be prepared by miner-
alization routes, high-pressure routes, and mechanical milling
techniques.''® High-energy mechanical milling (HEMM) is the
most commonly utilized method for the fabrication of BP
nanoparticles, which have excellent biocompatibility and biode-
gradability for biomedicine."” It is widely known that BP has
outstanding photothermal properties when exposed to NIR
radiation, which opens up a wide range of applications for it as
smart nanoparticles for cancer photoacoustic (PA) imaging and
PTT."° For instance, the solventless HEMM approach was used to
successfully prepare water-soluble and biocompatible PEGylated
BP nanoparticles with a high yield. The resulting PEGylated BP
nanoparticles have a homogeneous size, high biocompatibility,
photostability, and the capacity to generate heat from NIR light,
making them appropriate as a novel nanotheranostic agent for
photothermal therapy and PA imaging of cancer.'?'

MOF nanopatrticles. MOFs are made of organic molecules that act
as linkers and one or more types of metal ions.'*? Due to the
versatility of its chemical composition, there are many types of
MOFs such as zeolite-like structures (ZIF) using imidazoles as
ligands, polymorphism in MOFs (MIL), MOFs with alkaline earth
metals (AEPF), and MOFs with rare earth as the metal center (RPF)
using benzenecarboxylated acids (HKUST).'?? The solvothermal
method, coprecipitation methods, mechanochemical methods,
microwaves, and sonochemical methods are the common
methods for the preparation of MOFs.'?? As hybrid crystalline
porous biomaterials, many attempts have been made to utilize
MOFs as smart nanoparticles in drug delivery systems due to their
adjustable pore shape and size, ultrahigh surface area, and
versatile functionalities.*> However, the limitations of physiologi-
cal instability and the cytotoxicity of MOFs from toxic metal ions
have limited their drug delivery applications.'** As a result,
combining MOFs with functional materials provides a novel
approach to creating multifunctional hybrids for cancer therapies
like PDT, PTT, immunotherapy, chemotherapy, and combination
therapy, among others."> An endogenous copper metal-organic
framework nanoenzyme has been demonstrated to mediate the
synergistic interaction between H,S-activated NIR PTT and
chemodynamic therapy in the successful treatment of colon
cancer, according to a recent study. By avoiding the introduction
of cargo, this endogenous biomarker-triggered “turn-on” techni-
que to produce therapeutic molecules in situ could greatly
simplify the construction of nanomedicine and hold significant
promise for the targeted treatment of colon cancer.'?

Topologically heterogeneous nanopatrticles. Topologically hetero-
geneous nanoparticles including many different types, such as
core-shell nanoparticles, Janus nanoparticles, hybrid nanoparticles
and so on.'”’ The core-shell nanoparticles have a core region and
a shell region, where each region can have different properties.
For example, the core can encapsulate the therapeutic agent,
while the shell can provide stability, control release, or offer
targeting ligands."?® Janus nanoparticles are composed of two
distinct regions or materials, often with different physicochemical
properties. These nanoparticles can be designed to have different
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Fig. 3 The endogenous and exogenous stimuli of smart nanoparticles for cancer therapy

drug-loading capacities, surface functionalities, or release profiles
on each side."®® Hybrid nanoparticles combine different materials
or structures to create topological heterogeneity. For example, a
nanocarrier might incorporate both polymeric and lipid compo-
nents, each with unique characteristics to optimize drug loading,
stability, and targeting."*® The topological heterogeneity nano-
particles offer several advantages for drug delivery in cancer
therapy. It allows for precise control over drug loading, release
kinetics, and targeting efficiency.'®' These advanced nanoparticles
with topologically heterogeneous structures have promise for
overcoming biological barriers, improving therapeutic efficacy,
and minimizing side effects in cancer therapy.'3?

STIMULI

The smart nanoparticle functions much like a toolkit. Smart
nanoparticles can modify their form, structure, solubility, surface
charge, self-association, or dissociation behaviors in response to
internal and external stimuli (Fig. 3), which can increase
endosomal escape, promote cellular uptake, or cause payload
release.’®® There are two ways to make nanoparticles respond to
internal or external stimuli: first, to use nanomaterials with
responsive effects, such as gold nanoparticles sensitive to light
and heat; second, to modify the nanoparticles by polymerizing or
linking functional groups with responsive effects.'>*'3> Next, we
will explain the principles of a variety of endogenous and
exogenous stimuli used in smart nanoparticles.

Endogenous stimuli
pH. The pH-responsive nanoparticles against the tumor extra-
cellular and intracellular stimuli are the most widely investigated to
date. Almost all solid tumors are prone to speeding up the rate of
glycolysis by generating a bulking amount of lactic acid to provide
adequate energy for tumor cells. This truncated pathway is also
known as the Warburg effect of converting glucose directly into
lactic acid.'*® Therefore, the acidic microenvironment of the tumor
is the origin of the design of pH-responsive smart nanoparticles.
The extracellular pH of tumor mass is slightly acidic between 6.5
to 7 and the intracellular pH is slightly higher than normal tissues

Signal Transduction and Targeted Therapy (2023)8:418

and other biological fluids. However, some intracellular compart-
ments are more acidic, like endosomes (pH ~5-6.5) and lysosomes
(pH ~4.5-5)."*” Therefore, the significant pH gradient between the
tumor and other physiological tissues is a possible approach to
synthesize and modify pH-responsive smart nanoparticles. Gen-
erally, two basic perceptions define the mechanism of the pH-
responsive nanoparticles, such as the cleavage of chemical bonds
and nanocarrier protonation.”® Chemical bonds of pH-responsive
linkers disassemble at acidic pH and release the drug in the tumor
microenvironment. So far, various pH-sensitive linkers or bonds
have been reported, such as hydrazones, amides, orthoesters, and
vinylesters.'3° The pH-sensitive linkers allow the conjugation of
drugs and polymers through pH-dependent conformational
changes to intelligently deliver the therapeutic agent in the
desired location and avoid systematic toxicity.'*® Moreover, smart
pH-sensitive nanoparticles can also change their surface charge at
different pH levels and the process is known as a charge reversal
strategy, which can increase the cellular absorption of drugs in the
low-acidic tumor environment.

Enzyme. Enzymes are widely present in the tissues and organs to
maintain the normal operation of human body."*' The tumor
microenvironment exhibits aberrant expression of enzymes such
as matrix metalloproteinases, cathepsins, phospholipases, and
oxidoreductases because tumor cells grow more quickly than
other normal organs and require more enzymes for functional
support.'? The up or down-regulation of enzymes has attracted
the attention of researchers. The development of enzyme-
responsive nanoparticles for targeted therapy of tumor micro-
environment is another effective strategy for nanoparticle
intelligence which could release the payload into the desired
target.'*® The following will exhibit several typical enzymes used
in enzyme-response smart nano-therapeutic strategies.

Cancer cell invasion and metastasis have long been facilitated
by matrix metalloproteinases (MMPs), whose expression and
activation have risen in nearly all human malignancies.'** There-
fore, MMPs are feasible targets for enzyme-responsive smart
nanoparticle design. MMP is one of the most studied proteases in
the intelligent delivery system of anti-tumor drugs. However, not
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all matrix metalloproteinases have tumor-promoting effects. For
example, MMP-3 and MMP-8 have been found to inhibit tumor
angiogenesis in skin cancer. If MMPs are used as an intelligent
strategy for the treatment of cancer therapy, it is necessary to
clearly understand the expression and role of individual MMPs in a
specific cancer context.'*?

Cathepsin B is a cysteine protease that is widely expressed in
lysosomes and is involved in the conversion of proteins there.
However, studies have indicated that cancer patients have higher
levels of its protein and activity.'*® The role of cathepsin B in cells is
to drive caspase-dependent apoptosis and promote tumor inva-
sion, metastasis and angiogenesis.'” According to earlier research,
cathepsins are most active in an acidic environment and are
released in an active state when the pH of the environment around
the cell is below a certain level."*®%° This provides a direction for
the design of intelligent nanoparticles with dual response of pH
and enzyme. In addition, cathepsins E, L, S, and K can also be used
as targets for the enzyme response of smart nanoparticles.'°

Urokinase is a serine protease, which is also known as urokinase
plasminogen activator (uPA). The binding of uPA and its receptor
(uPAR) will help activate the serine protease plasminogen to
become plasmin. Afterwards, start a series of proteolytic cascade
reactions to break down the extracellular matrix’s components
and encourage tumor invasion and metastasis.'*>'>' Additionally,
the uPA-uPAR connection triggers signals that promote tumor-
promoting gene expression and cell survival and proliferation.'>?
Unlike normal tissues, uPA and uPAR levels are constitutively
increased in majority of cancer types.'>*'>* thus, uPA and uPAR
are often considered as attractive enzyme stimulation response
target for smart nanoparticles.

Phospholipase can hydrolyze phospholipids into fatty acids and
other lipophilic substances. It is overexpressed in infectious
diseases, inflammation and peripheral areas of tumor invasion.
Secretory phospholipase A2 (sPLA2) is the most studied, aberrant
expression of human group A (hGIIA), Il (hGlll) and X (hGX)
sPLA2s has been associated with the pathology of colorectal,
breast, gastric, oesophageal, ovarian and prostate cancers, which
provide the potential for phospholipase to be designed as a
stimulator in releasing drugs responsively.”>>'*® In addition,
hyaluronidase, y-Glutamyltranspeptidase, prostate-specific anti-
gen, Trysin, B-galactosidase, Azoreductase, etc. are also used in
enzyme-stimulated response smart nano-delivery systems.'>”~162

Redox. The redox-responsive system is another promising
approach for endogenous stimuli-based smart delivery of
therapeutic agents. Tumor cells have relatively high oxidative
stress compared to healthy cells due to the presence of reactive
species. The reactive oxygen (ROS) is the by-product of aerobic
metabolism, including superoxide dismutase, glutathione (GSH),
and hydrogen per-oxide.'®*'®* In particular, GSH is four times
higher in tumors than in healthy tissues, and its intracellular
concentration (2-10 mM) is thousands of times higher than in the
extracellular compartment. This unique internal environment
provides the feasibility of a redox-responsive smart nano-
delivery system. The currently constructed smart delivery system
mainly contains redox stimulants such as disulfide bonds,
diselenide bonds, succinimide-thioether bonds and “trimethyl-
locked” benzoquinone.'®> Among them, the redox-responsive
delivery system containing disulfide bonds that can be cleaved by
GSH is studied extensively.

For the delivery of chemotherapeutic drugs to treat cancer, many
redox-responsive nanoparticles have been investigated recently,'®
including polymers, micelles, MSNs, siRNA, proteins, and liposomes
for the controlled delivery system in cancer therapy.'®”'®®

Exogenous stimuli

Temperature. Since diseased/tumor tissues have the physiologi-
cal characteristics of higher temperature (40-42 °C) than normal
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tissues (37°C)."° One of the exogenous stimulation factors for
cancer treatment that has been the subject of the most research is
the temperature- or thermos-responsive medication delivery
system. The payload of a thermo-responsive smart medicine
carrier device typically remains at room temperature and is
released only when exposed to high temperatures.

The lower CST (critical solution temperature) (LCST) and the
upper CST (UCST) are the two primary properties of thermo-
sensitive materials employed in thermally responsive smart
nanosystems.'’® Thermally responsive polymers are a key
component of these systems, which are subjected to a distinctive
volume phase transition to become hydrophobic or hydrophilic at
different temperature.'””’ When below the LCST, the polymer
becomes insoluble, above LCST, temperature-responsive poly-
meric nanoparticles with cellulose derivatives such as carbox-
ymethyl cellulose (CMC) can cause a transition from hydrophilic to
hydrophobic and triggers the release of the payload.

The temperature-responsive smart nanoparticles using poly-
meric, nanogel, and organic or inorganic materials for anti-cancer
therapy have gained attention in recent years. Poly N-isopropyl
acrylamide (PNIPAM) is the most widely used temperature-
responsive polymer with the advantage of low LCST (32 °C) in
an aqueous solution and becomes hydrophobic above LCST.'”?
And PNIPAAM copolymerization with other monomers, such as N,
N-dimethyl acrylamide (DMAAm), will adjust the LCST,'”* thereby
adjusting the hydrophobic interaction and optimizing the
temperature -sensitive carrier.

Light. The use of light in the treatment of diseases is a very
significant discovery. Phototherapy is a method of preventing and
curing diseases by using visible and invisible light from sunlight
and artificial light sources. Since they can provide geographic and
temporal control of the release of the encapsulated medicines on
demand via light irradiation, photo-responsive smart nanoparti-
cles have gained significant interest as controlled drug delivery
systems in the field of cancer smart nanoparticle therapy.'”* And
light sources include visible light, UV, or NIR. The method of
realizing the critical parameters for the control of structures and
functions of nanomaterials are precisely dependent on the light
intensity, wavelength, and exposure time

Photo-responsive smart nanoparticles are mainly by loading
photosensitive components. According to the different light
response mechanism, there are four kinds of light sensitive
groups: 1) photocleavage group, such as o-nitrobenzyl and
coumarin-based groups, etc. 2) photoisomerization group, such
as azobenzenes and spiropyran. 3) photo-induced rearrangement
group, such as 2-diazo-1,2-naphthoquinone. 4) photocrosslinking
group, such as coumarin, cinnamoyl, anthracene, etc.'’>'”® The
photocleavage type drug delivery system contains a photo-
fragmentation group, which undergoes a chemical bond cleavage
reaction under UV or NIR irradiation, which causes the structure of
the drug delivery system to change and release the drug. The
photoisomerization type drug delivery system contains a photo-
isomerization group. Azobenzene is a typical representative of
photoisomerization molecules. Under the stimulation of UV light
(300-400 nm), azobenzene can be transformed from the trans to
the cis conformation, and under the stimulation of visible light
(>400 nm), the transformation from cis to trans conformation. The
trans-cis conformational transition of this photoisomerized mole-
cule can cause changes in the internal structure of the
corresponding drug-loaded nanocarriers, and achieve the effect
of light-controlled drug release. The photorearrangement type
drug delivery system contains a photorearrangement group, and
its photochemical reaction changes the internal structure of
the drug delivery system under light stimulation, causing the
nanoparticles to swell and disintegrate to release the cargo. The
drug delivery system containing photocrosslinked molecules can
undergo photocrosslinking or photolysis reaction under suitable
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illumination, which destroys the stability of the drug delivery
system to achieve light-triggered drug release. To conclude, light
as an easily controllable external stimulus for the controlled
release of drugs in smart nano-delivery systems is very promising.

Ultrasound. The role of ultrasound technology in disease
diagnosis and treatment has been clinically recognized. Since it
can accurately focus on a target location, ultrasound provides
greater spatiotemporal control and the inherent qualities of safety,
non-invasiveness, tunable frequency, and deep tissue penetration.
As a result, it has become a common external trigger approach for
cancer treatment."’”'7® The biological effects of ultrasound
include thermal, mechanical, cavitation, thixotropic and acoustic
impulse effect. The thermal effect, mechanical effect and the
radiation force generated by ultrasound enhance the transient
tissue permeability and are the reasons for stimulating the release
of carrier drugs.'”” Moreover, the thermal and mechanical effect
are the basis of ultrasonic-responsive smart nanoparticles.

Ultrasound-responsive smart nanoparticles have their ability to
enhance ultrasonic -contrast so that they can be used for imaging
diagnosis and promoting image-guided drug delivery. Addition-
ally, the capacity to release medicines pulsatility on demand in
response to ultrasound stimulation and to increase the perme-
ability of physiological barriers such the stratum corneum, vascular
endothelium, and the blood-brain barrier (BBB).'®® In addition,
since ultrasound has the characteristics of thermal response, it can
be used for the construction of dual-response smart nanosystems
of thermal and ultrasound.

Electric field. Electric field is a non-invasive stimulating factor,
which helps to improve the efficiency of drug treatment. Electric
fields have been used clinically for the treatment of cancer. For
example, electric field treatment of glioblastoma has been
approved by the US FDA, indicating that it is feasible to introduce
electric fields to cancer treatment.'®' Therefore, the electric field
response system is a promising exogenous stimulation method for
the intelligent delivery of cancer.

High-intensity exogenous electric fields have the ability to
directly affect the permeability of cellular membranes, which can
be employed as a stimulant for drug administration.'”® It also
includes triggering the conductive polymer or implantable
electron transport device when an electric potential is applied,
such as changing the physical properties of the conductive
polymer to release the payload. Common conductive polymers
include polypyrrole (PPy), polyaniline along its derivatives
poly(3,4-ethylenedioxythiophene) (PEDOT), which are widely used
because of their biocompatibility and ability to convert electrical
energy into mechanical energy.'®'8 Other polymer composites
or conductive fillers, such as carbon nanotubes, graphene and
metal nanoparticles, can also be added.'®*

Magnetic field. The detection and treatment of disorders,
including cancer, have made extensive use of magnetic resonance
imaging (MRI). Due to their biocompatibility, biodegradability,
simplicity in synthesis as co-precipitates or microemulsions, and
ease of customization and functionalization for particular pur-
poses, magnetic systems have a very broad range of uses. With
the rapid development of functional nanomaterials, many non-
invasive and efficient cancer diagnosis and treatment methods
have been developed. The target location can be easily reached
by magnetic nanoparticles (MNPs), which are tiny and have a large
specific surface area.'®® MNPs are therefore anticipated to develop
into a possible medication delivery mechanism. The use of
magnetic external stimulation to intelligently control the release
of payload in magnetic nanoparticles is a research hotspot in
the field.

The MNPs in tumor tissues act as transducers in the magnetic
stimulation response drug release system, converting hysteresis
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loss or relaxation loss into heat when an external alternating
magnetic field is applied. As a result, the magnetic response
intelligent nano system has two treatment procedures. The first
technique uses magnetic fields to assist drug targeting, whereas
the second uses magnetic fields to cause hyperthermia.'®¢'%8 |n
addition, the magnetic nanosystem can be used as a nano-scale
imaging probe, which contributes to early diagnosis.'®

Magnetic-responsive drug delivery systems usually assembled
paramagnetic and superparamagnetic nanoparticles in polymer
scaffolds to promote the accumulation of anti-cancer drugs in
tumors under a permanent magnetic field. Among different
inorganic nanomaterials, MNPs have been widely employed for
tumor targeting.'® In particular, superparamagnetic iron oxide
nanoparticles (SPIONs) have been widely used with magnetite
(Fe304) or maghemite (Fe,O3) as a magnetic core and core-shell
structure conjugated with polymer or silica on the outer
surface.””’ Iron oxide nanoparticles (IONPs) have attracted
considerable interest due to their outstanding magnetic proper-
ties, biocompatibility, low toxicity, and biodegradability. These
SPIONs have the advantage of producing heat in the local tumor
environment by applying an external alternating magnetic field
(AMF). In recent years, AMF's role as a promising therapeutic
modality that raises the localized temperature and consequently
releases the loaded drug in a spatiotemporal manner has attracted
significant scientific attention.'?

TARGET

So far, the accumulation of nanoscale therapeutic agents at tumor
sites has largely relied on the EPR effect caused by tumor vascular
extravasation.'”® A large number of passive targeting strategies
based on the EPR effect have been studied to improve drug
efficacy and reduce systemic toxicity. However, because tumor
blood flow and vascular permeability are significantly varied from
each other, the EPR effect may not be beneficial for all solid
tumors.'®* Besides, the EPR effect in humans is not as effective as
in rodents. Different from passive targeting strategy, ‘missile-like’
nanoparticles for active tumor-targeting is more charming. There
are a variety of specific receptors on the surface of tumor cells
(such as antibodies, peptides, transferrin, folic acid, etc.). Specific
ligands can be modified on the surface of nanoparticles, and the
specific binding between the receptors and their corresponding
ligands can realize the active targeted drug delivery (Fig. 4).

Antibody modification

For the diagnosis and therapy of illnesses, antibodies are known
target-specific reagents. In the field of smart drug targeting, active
targeting based on tumor surface-specific antibodies has always
attracted attention, and cancer-targeted antibodies have been
clinically proven to be successful. We aim to provide a
comprehensive overview of the antibodies currently used for
surface modification of nanocarriers.

Epidermal growth factor receptor (EGFR) antibody. EGFR is a cell
surface receptor expressed in many different types of cells,
especially overexpressed in cancer cells.'”> Researchers have
shown that the overexpression of EGFR is closely related to the
differentiation and migration of cancer cells. Cetuximab is a
chimeric monoclonal antibody that selectively binds to EGFR,
which can effectively block the activation of EGFR and its
downstream signaling pathways, thereby inhibiting EGFR-related
development and cancer progression.'”® Cetuximab is currently
the most commonly used anti-EGFR antibody for surface
modification of nanocarriers. McDaid et al. used cetuximab as a
targeting agent for camptothecin-loaded polymer nanoparticles
to act on EGFR overexpression and cytoxan (CTX)-resistant cancer
cells. The results confirmed that the CTX coupled nano drug
delivery system enhanced the ability of NPs to target the cell
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Fig. 4 Tumor-specific target modification of smart nanoparticles categorized by aptamer, antibody, peptide, folic acid and transferrin

surface by interacting with EGFR.'®> More studies have also
proven that the CTX-modified nano-drug carrier system has better
targeting and exerts a stronger tumor suppressor effect.'?¢~198

Vascular endothelial growth factor (VEGF) antibody. In the process
of tumor progression, tumor vascularization provides blood supply
for the rapid growth of tumors and the potential for metastasis.
Among active targeting strategies, targeting tumor angiogenesis
has been a research hotspot in recent years. VEGF is an angiogenic
protein that is overexpressed on various tumor cells to increase
the vascularization and vascular permeability of tumor tissues.
Therefore, targeting VEGF has attracted great attention. The VEGF
ligand is used to couple with the drug delivery system to guide
the drug delivery system to accumulate on tumor tissues and
adhere to tumor cells, aiming to enhance targeting and improve
treatment efficiency. Liu et al. prepared VEGF (ab68334) antibody-
modified paclitaxel-loaded multi-block polymer nanoparticles
(VPNP), and evaluated the efficiency of target ligand coupling.
Nanoparticles modified by VEGF antibody can promote the
adhesion of VPNP to tumor cells and mediate internalization,
showing more cell uptake and higher cytotoxicity.'*®

Vascular endothelial growth factor receptor (VEGFR) is over-
expressed on the surface of a variety of tumor cells and in situ
neovascularization, and it is also a potential target for tumor
therapy. Liu et al. developed a VEGFR-mediated drug delivery
system. They modified the lipid carrier with anti-VEGFR-2 anti-
body, which can effectively deliver docetaxel (DTX) to the tumor
vasculature and tumor, and inhibit tumor growth.®°

Human epidermal growth factor receptor (HER) antibody. Human
epidermal growth factor receptor 2 (HER2) is a member of the
ErbB family of receptor tyrosine kinases. It is highly expressed in
about 30% of breast cancers and 20% of ovarian cancers, and is an
effective target for clinical treatment of breast cancer. Chen et al.
used the Fab’ fragment of humanized anti-HER2 monoclonal
antibody (rhuMAbHER2) to couple with PE38KDEL-loaded poly-
lactic acid-glycolic acid (PLGA) nanoparticles. The use of Fab’
fragments helps the antibody-modified NPs to better penetrate
into solid tumors. The results also show that the modified
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nanoparticles have better anti-tumor activity in vivo and in vitro
against breast cancer overexpressing HER2.%°"

Trastuzumab (TAB) is also a typical anti-HER2 antibody. Niza
et al. used TAB to modify Dasatinib-encapsulated nanoparticles to
target HER2 overexpressing breast cancer cells.?®? Fu et al. also
used TAB to modify lipopolymer hybrid nanoparticles loaded with
cisplatin (CIS) and 5-fluoropyrimidine (5-FU), providing a new
tumor treatment strategy with higher efficacy and fewer side
effects.?*

Fibroblast growth factor receptor 3 (FGFR3) antibody. FGFR3 is a
transmembrane protein that is overexpressed in about 20% of
advanced bladder cancers and leads to the development of
aggressive tumors. At present, FDA has approved several FGFR
inhibitors for the clinical treatment of cancer.?**?% In addition, the
use of antibodies that actively bind to the FGFR3 antigen can not
only achieve therapeutic effects, but also effectively target bladder
cancer cells. For example, Hortelao et al. used anti-FGFR3 coupled
with PEG-modified mesoporous silica nanoparticles to show
higher internalization efficiency for bladder cancer multicellular
spheroids and induce stronger cytotoxicity.?*®

P-glycoprotein (P-gp) antibody. Tumor cell multidrug resistance
(MDR) is one of the main reasons leading to the failure of
chemotherapy. It is currently recognized that the main mechanism
of MDR work is the efflux of p-glycoprotein (P-gp). P-gp is an
energy-dependent transporter that can transport many com-
pounds with different structures out of the cell in the reverse
direction. P-gp is overexpressed in tumor drug-resistant cells, and
the P-gp antibody-modified nano-drug carrier system provides a
targeted strategy for efficiently capturing such cells. Ma et al.
proposed a P-gp antibody-modified porous hydrogel particle for
capturing drug-resistant tumor cells, and the results showed that it
can adsorb more drug-resistant tumor cells. This strategy gives the
hydrogel material the ability to efficiently capture and detect
drug-resistant tumor cells.>*’

Prostate-specific membrane antigen (PSMA). PSMA is a transmem-
brane glycoprotein that is overexpressed on prostate cancer cells
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and is a recognized biomarker for prostate cancer. Cho et al.
developed a multifunctional nanosystem to modify the paclitaxel-
loaded composite nanocarrier with anti-prostate-specific mem-
brane antigen (anti-PSMA). The composite nanoparticles were
successfully targeted to the LNCaP cells with the targeted receptor
PSMA and the tumor area in vivo and in vitro.?%®

Ephrin type-a receptor 3 (EPHA3). EPHA3 is a membrane-
associated receptor that is overexpressed in the stroma and
vasculature of gliomas, but not in normal tissues®® It is a
functional target for the treatment of glioblastoma (GBM). Chu
et al. developed EPHA3 tyrosine kinase antibody-modified PLGA
NPs for targeting glioblastoma. The uptake of anti-EPHA3
modified NPs in cells was significantly enhanced, and showed a
higher distribution in the brain, indicating that anti-EPHA3 has a
brain-targeting effect.?'°

Glypican-3 (GPC3) antibody. GPC3 belongs to the heparan sulfate
proteoglycan family. It is a cell surface glycoprotein in which
heparan sulfate glycosaminoglycan chains are covalently linked to
the protein core. GPC3 is overexpressed in Hepatocellular
carcinoma (HCCQ) tissues, but not in the liver of healthy adults.
This specificity makes GPC3 suitable as a tumor antigen for
targeted therapy.?'" Many anti-GPC3 monoclonal antibodies
target the GPC3 molecule that recognizes the HCC cell membrane
structure, leading to antibody-mediated endocytosis. Tang et al.
developed an Anti-GPC3 Monoclonal antibody (mAb) (Clone 9C2)
modified sorafenib-loaded polymer nanoparticles (NPs). The GPC3
molecule on the surface of HepG2 cells can mediate the
endocytosis of NPs, so that the cells can more effectively enrich
mAb-modified NPs and exert a higher tumor suppressor effect.?'?

Epithelial cell adhesion molecule (EpCAM) antibody. EpCAM is a
highly expressed marker in cancer, especially in circulating tumor
cells (CTC), and is closely related to poor prognosis.?'? Therefore, it
is an interesting strategy to capture CTC based on anti-EpCAM
antibody-modified nanomedicine. Li et al. used Anti-EpCAM
antibody to modify reduced graphene oxide (rGO) films, which
showed extreme sensitivity to CTC, and could efficiently capture
CTC from fresh whole blood, with high specificity and low
background.?'® In addition to the above specific ligand modifica-
tions, a variety of tumor cell surface markers such as CD44, CD47,
CD20, CD147, CD31 have been identified as effective targets for
specific and selective anti-tumor therapy.?'*'® These proteins are
involved in tumor proliferation, invasion and metastasis, and play
a pivotal role in tumor occurrence and development. Numerous
studies have used their corresponding antibodies to modify the
nano-drug carrier system to target-specific tumor cells or vascular
endothelial cells, so that the drugs can be more accumulated and
taken up, and they can play a more effective anti-tumor effect.

Peptide modification

In the process of tumor occurrence and development, many
important molecular targets have been discovered, and the
development of specific diagnostic and therapeutic drugs
targeting tumors has attracted much attention. Peptide is a
tumor-specific ligand, usually composed of less than 50 amino
acids. It has small size, high affinity, good stability, easy
modification and low immunogenicity.?'’” It has attracted more
and more attention in the field of tumor diagnosis and treatment.
We summarized the peptides currently used to modify nanome-
dicine (Table 1), and introduced the main peptides in detail.

RGD peptide. The a,B3 integrin receptor plays an important role
in signal transduction. The receptor is highly expressed on the
surface of tumor cells and activated endothelial cells and new
blood vessels in tumors, and has been proven to be an effective
target for tumor therapy. RGD peptides have high affinity with
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avf33 integrin receptors, which makes RGD a unique molecular
ligand targeting tumor. The use of RGD peptides to modify
nanocarriers is currently the most extensive peptide modification.
The basic sequence of RGD peptides is arginine-glycine-aspartic
acid (Arg-Gly-Asp). Peptides used as nano-modifications also
include cRGD, c(RGDyK), c(RGDyC, c(RGDfK), RGDfC, RGDC, RGD-
N3. Gao et al. used RGD polypeptide to modify bisulfite-
zinc'"dipicolylamine (Bis(DPA-Zn)-RGD). Due to the new blood
vessel targeting properties of RGD, Bis(DPA-Zn)-RGD can be
selectively delivered to tumor sites. In the tumor environment, it is
assembled with ultra-small Au-ICG nanoparticles to form R/Au-ICG
nanoclusters in situ. The newly developed gold nanoclusters can
penetrate the blood-brain barrier and use its high photothermal
effect to inhibit the growth of brain tumors in mice.*'® Liang et al.
used cyclic Arg-Gly-Asp acid (c(RGDyC)) peptides to modify
fluorescent gold nanoclusters for cancer radiotherapy. Based on
the targeting properties of c¢(RGDyC) to avp3 integrin-positive
cancer cells and good biocompatibility, it avoids serious damage
to surrounding normal tissues caused by enhanced radiother-
apy.2'? In sum, the modification of RGD peptides is mainly to
enhance the tumor targeting of the payloads.

C16Y peptide. C16Y peptide is also a targeting peptide of a,Bs
integrin. Negishi et al. used C16Y peptide to modify liposomes
(C16Y-L) and tested its targeting ability in vivo and in vitro
analysis. Its cellular uptake in colon 26 cells is higher than that of
liposomes, and it can specifically attach to tumor slices. In vivo
studies have found that C16Y-L not only accumulates in tumor
tissues, but also in tumor blood vessels. This proves that C16Y
peptide has specific tumor targeting.**°

Angiopep-2 peptide. Angiopep-2 is also a targeting peptide.
Angiopep-2 has high affinity with low-density lipoprotein receptors
(LPRs) overexpressed on the surface of blood-brain barrier
endothelial cells and GBM cells, and is considered a target effective
ligand for glioma. Liu et al. used Angiopep-2 peptides to modify the
red blood cell membrane as the outer shell, and citraconic anhydride
grafted poly-L-lysine (PLL-CA) as the intermediate layer for siRNA
delivery (Ang-RBCm-CA/siRNA). This functionalized nanocomposite
can penetrate through the blood-brain barrier and enhance the
accumulation and retention of SiRNA in tumors. Provides an effective
and multifunctional platform for GBM targeted gene therapy.?'

A54 peptide. In a phage display random peptide library, the A54
peptide is a peptide that binds to hepatic carcinoma. For the
human hepatoma cancer cell line BEL-7402, it is the most effective
peptide. Therefore, the A54 peptide is used as a target ligand for
hepatic cancer. Zhang et al. have synthesized A54-TPGS (Poly-
ethylene glycol 1000 vitamin E succinate) through esterification,
and combined with calcium phosphate nanoparticles to form a
multifunctional drug-carrying system, which has higher tumors
tissue homing characteristics and longer tumor tissue residence
time.”?2 Du et al. developed a PEGylated stearic acid grafted
chitosan micelle (PEG-CS-SA), and A54 peptide was used as a
targeting ligand to functionalize the PEG-CS-SA micelle. It exhibits
special internalization ability for liver cancer cells in vitro, and has
a high distribution ability in liver and liver cancer tissues in vivo. It
can more effectively inhibit tumor growth and reduce toxicity.?**

EGFR peptide. EGFR is overexpressed in a variety of highly
aggressive tumors and is a promising target for tumor therapy.
The modification of targeting ligands for EGFR has attracted great
attention. Chernenko et al. designed an EGFR targeting ligand
peptide, termed G11, to modify PEG-PLGA di-block copolymers.
Compared with the cellular uptake of nontargeted nanoparticles,
EGFR polypeptide-modified nanoparticles are rapidly internalized
in ovarian cancer cells, leading to significant intracellular
accumulation.??*
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HER2 is a useful target for the therapy of breast and ovarian
cancer, as was already mentioned. The only HER2 targeted
medication for the treatment of breast cancer that has received
FDA approval is HER2 cyclic peptide. It can specifically recognize
low concentrations of HER2 receptors, so HER2 peptides can be
used as tumor cell-specific peptides ligand. Chen et al. prepared a
hyaluronic acid (HA)-based pH-responsive mixture micelle, mod-
ified with Her2 peptide, which can reach the tumor site more
effectively and has good tumor killing activity.?*®

Interleukin-13 (IL-13) peptide. IL-13 is a cytokine that binds to two
receptor chains. It is highly expressed in a variety of malignant
tumors, but the expression level in normal tissues is very low or
undetectable. IL-13 has been developed as a tumor-specific
targeting ligand. As a targeting ligand, proteins such as IL-13 have
the disadvantages of large molecular weight, variability, and
difficulty in manipulation. IL-13 peptide (IP) is a 32-amino acid
peptide that is easy to synthesize and is an effective strategy for
targeting IL-13 receptors. For the first time, Wang et al. used IP as a
glioma targeting ligand to modify MSN, as a new type of carrier to
deliver doxorubicin, which can significantly increase drug uptake

by U251 cells and accumulate in the nucleus, enhanced
targeting.?%®
T7 peptide. Transferrin receptor (TfR) is highly expressed on the

surface of cancer cells. Therefore, the transferrin receptor is also
the most common target receptor for drug delivery systems. T7
peptide is a heptapeptide with high binding affinity to TfR. T7
peptide modified smart drug carrier has attracted widespread
attention in the field of drug delivery. Zhang et al. used T7 peptide
modified liposomes as a carrier for transporting HER2 inhibitors,
which can actively target breast cancer tumors and reduce the
toxicity to normal tissues.*?” Gao et al. also confirmed that T7
peptide-modified polymers exhibited higher cell uptake efficiency
and rapid endosomal/lysosome escape ability in breast cancer
MCF-7. Targeted delivery mediated by transferrin receptor
produces the greatest tumor suppressor effect in vivo.??®

APRPG peptide. Angiogenesis is closely related to tumor growth
and metastasis, and targeted angiogenesis has shown significant
anti-tumor efficiency in cancer treatment. Therefore, the research
of targeted angiogenesis drugs has attracted much attention.
Wang et al. prepared APRPG polypeptide modified poly(ethylene
glycol) polylactic acid (PEG-PLA) nanoparticles to encapsulate
angiogenesis inhibitors, using APRPG peptides to specifically
target the over-expressed a,fs integrin during tumor angiogen-
esis, and more conducive to the effective load to inhibit tumor
angiogenesis.?*°

More targeting peptides are introduced in Table 1. In addition,
the modification of cell-penetrating peptides is another category
in smart nano-delivery systems. Cell-penetrating peptides (CPPs)
are cationic short peptides with specific conserved sequences,
which have the ability to transport payload into cells.*° Next, we
introduce several cell penetrating peptides.

TAT peptide. TAT peptide is the most widely used CPP in drug
delivery. The TAT peptide is derived from the protein transduction
domain of the human immunodeficiency virus Tat protein. The 11
amino acids YGRKKRRQRRR of Tat is the smallest sequence that
leads to cell penetration. TAT can not only penetrate cell
membranes efficiently, but can also carry macromolecular drugs
that are 100 times larger than Tat across cell membranes. This
feature has potential applications in the delivery of large
molecules such as peptide or protein drugs. Kanazawa et al. used
TAT peptides to modify mesoporous silica nanoparticles to form a
multi-layer nanocomposite for the co-delivery of doxorubicin and
siRNA. The modification of the TAT peptide gives the drug the
ability to penetrate various biological barriers, thereby effectively
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and selectively delivering siRNA and DOX to the cytoplasm and
nucleus, respectively.®*'

TD peptide. TD is a biologically stimulating peptide that is used
to enhance skin penetration. Compared with cell penetrating
peptides that promote the binding of drugs through the stratum
corneum into living skin cells and keep the drugs in the skin, TD
has the advantage that it can temporarily open the paracellular
pathway and promote the drug to pass through the skin
completely. Zou et al. prepared TD-modified vemurafenib-loaded
liposomes (Vem-TD-Lip). After modification, the penetration
amount of Vem in the cell was significantly increased. This shows
that2'3l'£) peptide promotes the delivery of Vem-TD-Lip on the
skin.

Octaarginine (R8) peptide. R8 is a cationic peptide containing
basic amino acid residues. It is a promising cell penetrating
peptide, which can promote transportation across the absorption
barrier by forming an electrostatic bond with the negatively
charged part of the cell membrane. Singh et al. synthesized an
octaarginine (RRRRRRRR)-oxaliplatin conjugate through a specific
heterobifunctional linker, which can quickly and successfully
deliver oxaliplatin to colon cancer cells, showing quite high
resistance tumor activity.?>3

In addition to targeting peptides and cell penetrating peptides,
some biologically active peptides used as therapeutic peptides
also provide exciting alternatives for tumor treatment. Smith et al.
lipidated bioactive peptides modified with cell penetrating
peptides (Tat-POSH-C), and then they self-assembled into poly-
peptide amphiphilic micelles (PAMs) driven by hydrophobicity,
that is, the therapeutic peptides themselves assemble into
nanogels bundle. Finally, the C10.36 aptamer was loaded on the
surface of the micelle. This therapeutic peptide strategy induced
significant peptide toxicity in human lymphoma cells.**

Compared with single-peptide modification, double-peptide
modification can endow smart nanocarriers with more functions,
which has also aroused great interest. RGD-Ns (cyclo (Arg-Gly-Asp-
d-Phe-Lys(Azide))) can target tumor’s avB3 integrin receptor,
Beclin 1 derived peptide is a functional peptide that can bind to
Class Il phosphatidylinositol 3-kinase (PI3KCIIl)/Vps34, initiate
cancer cell autophagy. Zhou et al. prepared melanin-like
polydopamine nanoparticles modified with RGD-N3 and Beclin 1
double peptide for the treatment of breast cancer, which
significantly promoted the autophagy activity of cancer cells.?*
Yang et al. used three peptides to modify gold nanoparticles
(GNP). The targeting peptide RGD promotes the absorption of NP
on the cell surface. The cell penetrating peptide NLS has a nuclear
localization signal and promotes nuclear transmission. The third
Peptides (pentapeptides) cover the surface of GNP, protect GNP
from being bound by serum proteins, and also stabilize the GNP
complex. The modification of the tripeptide showed a 5-fold NP
uptake and effective nuclear localization.?*®

Aptamer modification
Nucleic acid aptamers are single-stranded oligonucleotides
(ssDNA or ssRNA), which can be folded into a unique tertiary
structure to identify its target.*” Since 1990, Tuerk’s and Szostak’s
groups firstly selected highly specific aptamers through a process
called “systematic evolution of ligand by exponential enrichment”
(SELEX).*823° Research on aptamer-mediated targeted drug
delivery systems has caused A strong interest. At present, high-
affinity aptamers recognize more than 900 different targets,
including cytokines, growth factors, proteases, immunoglobulins,
cell surface receptors, and cell adhesion molecules. 240241

The targeting mode of the aptamer is similar to that of antibody
modification, but the aptamer has attractive advantages: 1) Low
immunogenicity: the aptamer has no Fc region, which avoids the
interaction with immune cells or other specific cells; 2) Small
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molecular weight: The molecular weight of the aptamer is usually
between 6 and 30 kDa, which is much smaller than the molecular
weight of the antibody (about 150 kDa), which is more conducive
to penetration into the deep layer of the tumor; 3) aptamer
production does not need any biological system, and it is easier to
carry out large-scale production with low inter batch variation; 4)
High stability: aptamers have higher stability than proteins in
biological fluids, and can be denatured and re-denatured many
times without losing activity.?*? It can be seen that aptamers are a
less restrictive alternative to antibodies with high affinity to the
target and have great potential in cancer treatment. Various
promising nucleic acid aptamer nanomedicine systems have been
reported for drug therapy, gene therapy and tumor imaging. We
will introduce recent developments in aptamers used in targeted
drug delivery systems.

PSMA aptamer. The development and application of PSMA-
specific aptamers provide a potential strategy for the diagnosis
and treatment of prostate cancer. A9 and A10 aptamers are PSMA
aptamers screened by Lupold et al. Farokhzad et al. published the
first report of targeted drug delivery with nanoparticle-aptamer
bioconjugates.®*® They used PSMA’'s RNA aptamer A10 and
polymer nanoparticles to form bioconjugates, and proved that
these bioconjugates can effectively target prostate cancer
epithelial cells and be more absorbed. Compared with A10, the
second-generation RNA aptamer A10-3.2 has a higher binding
efficiency with PSMA.*** A9 aptamers have also been used in
various functional studies and have been modified on a variety of
nanocarriers including gold nanoparticles and liposomes for
targeted delivery of therapeutic drugs or genes.?* In order to
obtain a shorter RNA aptamer, William M. Rockey et al. truncated
the A9 aptamer to obtain the A9g aptamer, which improved the
stability of the aptamer and reduced the difficulty of synthesis,
while retaining the high-affinity binding ability to PSMA.**¢

However, PSMA is only overexpressed in androgen-
independent prostate cancer and cannot specifically treat
PSMA(—) cell lines. In order to treat prostate cancer more
completely, it is important to target both PSMA(+) and PSMA(-)
cell lines at the same time. The modification strategy of dual
aptamers provides a good breakthrough to solve this problem. A
peptide aptamer (DUP-1) has been identified as an aptamer for
PSMA(—).>*” Hunho Jo's team simultaneously conjugated the A10
aptamer and DUP-1 aptamer to the PEGylated gold nanostars
(Dual-AuNS) via disulfide bonds. Studies have shown that Dual-
AuNS can simultaneously target PSMA(+) and PSMA(-) cells, and
has high selectivity.**® Coincidentally, Jing et al. also prepared a
dual aptamer modified (the second-generation RNA aptamer A10-
3.2 and DUP-1) delivery system to deliver tumor suppressor genes
and doxorubicin. This system enhances drug uptake and gene
expression in prostate cancer cells.>*°

In addition to the above PSMA aptamers, more aptamers have
also been found and synthesized to target the treatment of
prostate cancer by coupling with nanoparticles.*®

Mucin 1 (MUC1) aptamer. MUCT is a mucin glycoprotein over-
expressed on some adenocarcinoma cells and is considered an
important tumor surface marker, especially breast cancer. It has been
used as a potential target for the treatment of breast cancer.>%?>!
Therefore, MUC1 aptamers, which have high specific recognition
ability with cancer cells overexpressing MUC1, are promising delivery
agents for the development of targeted nanoparticles. DNA
nanocage (DNA polyhedral nanostructure) is a nano-delivery system
based on endogenous biomolecules. Han et al. used complementary
base pairing to modify the MUC1 aptamer into tetrahedral DNA
nanocages (Td) for self-assembly to load doxorubicin. The complex
reduces the uptake rate in normal cells and improves the uptake
efficiency in breast cancer cells. This high specificity reduces systemic
toxicity and has an effective tumor suppressor effect.>?
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AS1411 aptamer. AS1411 aptamer is a 26-molecule DNA
oligonucleotide accidentally discovered by Bates et al.>>* It can
specifically bind to nucleolin, which is highly expressed on the
nucleus and on the surface of tumor cell membranes.”>* He et al.
used AS1411 aptamers to modify the multiarmed amphiphilic
cyclodextrins (CDEH) self-assembly delivery platform for protein
delivery. This nanocarrier can preferentially accumulate in tumors
and effectively inhibit tumor growth.”>> Liang et al. also used
AS1411 aptamers to modify micelles to improve their targeting
functions. The system simultaneously delivers chemotherapeutics
and genes to overcome the multidrug resistance of tumors.>¢

Anti-EGFR aptamer. The specific ligands used to modify the
nanosystem targeting the EGFR targets, in addition to the
antibodies and peptides described above, EGFR aptamers have
been successfully used to recognize EGFR-expressing cells.?*” Li
et al. used anti-EGFR aptamers combined with chitosan and
anchored into liposomes to co-deliver erlotinib and PFOB, which
can reverse hypoxia-induced drug resistance. This liposome
complex can specifically bind to non-small cell lung cancer
overexpressing EGFR, and effectively deliver the drug to the
targeted location.®

Protein tyrosine kinase (PTK) 7 aptamer. PTK7 is a transmembrane
receptor that is upregulated in many common cancers including
acute T-lymphocytic leukemia (T-ALL) and is a potential biomarker
of T-ALL.**® Sgc8 can specifically identify leukemia cells (CEM) by
recognizing PTK-7. Targeted delivery using Sgc8 aptamer mod-
ification has attracted a lot of research in the field of intelligent
drug delivery. Jin et al. used Sgc8 aptamers to modify
biocompatible DNA nanostructures to load the photosensitizer
methylene blue.?*® CEM cells show specificity and high uptake of
aptamer modified drug delivery system, which can induce
stronger antitumor activity in photodynamic therapy.

The application of aptamers has attracted more extensive
research, and more smart targeted delivery systems modified by
aptamers for cancer surface receptors have been developed. For
example, the aptamer AptHER2 for HER2 receptor, the aptamer
AraHHO001 for tumor endothelial cells, the aptamer for glucose
transporters (GLUT-1).26"262

Other targeting ligand

Folic acid modification. The folate receptor (FR) is overexpressed
on the surface of a variety of cancers, including breast, kidney,
colorectal, brain, and ovarian cancers.?*>~% Folic acid can highly
specifically bind to FR, which promote the internalization of folate-
targeted NPs into the cytoplasm through receptor-mediated
endocytosis. The acidic microenvironment of the cytoplasm
causes the separation of FR and folic acid-coupled NPs, and the
NPs were released into the cytoplasm to exert anti-tumor
effects.”®® Therefore, the targeted therapy of folic acid-modified
nanoparticles for tumors is a hot spot in the field of smart
nanoparticles. Besides, in ligand-modified active targeted drug
delivery systems, compared with antibodies, folic acid has the
following characteristics: 1) higher tumor permeability; 2) higher
self-stability, including in acidic, alkaline and solvent ; 3) Relatively
low toxicity; 4) Highly economical?®® A large number of smart
drug delivery systems based on folic acid modification have been
developed. Cui et al. coupled folic acid to amphiphilic chitosan
and wrapped it on the surface of upconversion nanoparticles
(UCNPs), and then connected it with the photosensitizer ZnPc
through hydrophobic interaction to construct a multifunctional
nanosystem. The multifunctional nanostructures have imaging
functions and can visually observe their selective aggregation in
tumor cells overexpressing folate receptors. In deep tumors, more
reactive oxygen species are generated after excitation by 980 nm
near-infrared light. Compared with conventional visible light-
activated PDT, it has a more significant tumor inhibitory effect.®’
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The folic acid-modified nanoparticles constructed by Luiz et al.
also showed 3.6 times higher cellular uptake than unmodified
nanoparticles.?®®> These results prove that folic acid-modified
nanoparticles are an excellent choice in the field of smart nano-
delivery.

Transferrin modification. Transferrin receptor (TfR) is overex-
pressed on a variety of metastatic and drug-resistant tumor cells
(including brain cells). Therefore, it can be used as a target
receptor to recognize tumor cells, and transferrin receptor has
been widely used in targeting strategies. Transferrin (Tf) can
specifically recognize TfR and can be used as a targeting moiety to
be coupled to a delivery system to achieve targeted drug delivery.
Current drug delivery systems based on Tf modification can
achieve selective cellular uptake, cross the blood-brain barrier,
limit systemic toxicity, and reverse multidrug resistance.?*®

In brain tumors including gliomas, transferrin receptors are
highly overexpressed on the surface of brain capillary endothelial
cells and tumor cells. The transferrin receptor targeting ligand has
the ability to cross the blood-brain barrier, which is currently the
main obstacle to the treatment of many brain diseases including
glioma. Receptor-mediated endocytosis and endocytosis are the
main ways for nanoparticles to cross the blood-brain barrier to
reach gliomas.®®® Liu et al. prepared transferrin (Tf) modified
magnetic nanoparticles for the delivery of siRNA (siPLK1). The
uptake of siPLK1 by U87 cells can significantly increase, improve
the BBB penetration efficiency of siPLK1 in vivo, and can
selectively accumulate in the brain tissue, thereby inhibiting the
growth of glioblastoma tumors and prolonging the survival
period.?”® The most important feature of transferrin is that it can
transport iron, which is an important cell growth regulator. Studies
have found that artesunate (AS) can be activated by iron in cells
and exert strong cytotoxicity to tumor cells in vivo and in vitro.
Therefore, Hou et al. anchored Tf on the surface of copper sulfide
nanoparticles as a targeting molecule, loaded with artesunate. The
system can specifically target tumor cells and be absorbed by
breast cancer cells through tf-mediated endocytosis, while
delivering As and iron ions to the tumor, thereby enhancing
anti-tumor activity.?”’

More studies have also proved that transferrin-coupled or
covalently linked nanoparticles endow the NPs function of
targeting tumors, which can more effectively realize the active
targeting of drugs and achieve the purpose of tumor diagnosis or
treatment. 2’27272

PAYLOAD

The ultimate goal of the development of smart nanoparticles is
that the payloads can better serve patients: enhance curative
effect, reduce toxicity and prolong survival.?’® In order to achieve
these goals, researchers and medical experts have established
various methods to overcome the inherent defects of current
drugs. With the development of modern biomedicine, the type of
payloads that can be carried by smart nanoparticles is also
becoming more diverse, including small molecule drugs, nucleic
acids, peptides, proteins and live cells, etc.

Small molecule medications were primarily the therapeutic
payload of nanoparticles decades ago. To improve drug solubility
and bioavailability, control drug release, optimize activity and
adjust pharmacokinetic properties are the initial efforts of drug
delivery for small molecule.?”” Later, as new generations of
medicines such as proteins and peptides, nucleic acids, and living
cells emerged, delivery problems also cropped up, such as the
immunogenicity and bioavailability of proteins and peptides, the
stability and intracellular transfection efficiency of nucleic acids,
and the survival rate and scalability of living cell delivery.?’8-28°
Therefore, drug delivery technology also needs to evolve to
address emerging demands in advanced cancer treatment.
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Small molecules

Small molecules are chemical drugs with molecular weight less
than 900da. Small molecule medications can quickly disperse in
biological fluid, pass various biological barriers, and cross cell
membranes due to their tiny size features. These benefits make it
possible for small molecules to move swiftly through the body’s
intricate circulatory system and communicate with practically all
tissues and cell types. But because this method is predicated on
small molecule medications dissolving readily in biological fluids,
the effectiveness of small molecule drugs that are insoluble is
likewise constrained.?®' About 90% of preclinical small molecule
candidate drugs have poor solubility, so the realization of this
process is very challenging.?®” Adjusting local microenvironment
to improve drug solubility is an important strategy to improve
drug bioavailability, especially by changing the structure of small
molecules to regulate their physical and chemical properties, so as
to improve the dissolution, diffusion or absorption properties.?®®
For example, chemical bridging such as disulfide bond can
promote the self-assembly of hydrophobic small molecule
prodrugs, so as to improve the absorption and bioavailability of
drugs.?®*

Nanoparticle and particle based systems have been used to
overcome the problem of drug solubility, enable small molecules
to be transported to their action sites, and reduce off target side
effects.?®> Nanoparticle therapy has been approved to be widely
used in cancer treatment, vaccination and other indications.?2%2%’
Appropriate charge and surface materials have greatly improved
the delivery control of nanoparticle-based therapeutic
drugs.2®82%° previous research revealed that PEG coating is a
useful technology for increasing the retention of particles in tumor
sites and extending the circulating half-life of particles.?®’ The
successful listing of pegylated liposome Doxil, the first nanopar-
ticle therapeutic drug, in 1995 proved the feasibility of this
technology.?®? Since then, substantial preclinical research has
been conducted on smart nanoparticles to solve the persistent
problems with target-specific delivery.

Proteins and peptides
Although the research of small molecule drug delivery has
established a solid foundation, the target of small molecule drugs
accounts for only 2-5% of the human genome, so the
development of other alternative therapies is necessary.??®
Peptides (2-50 amino acids) and proteins (more than 50 amino
acids) have better selectivity for human specific targets. The larger
molecular size and diverse quaternary structure enhance their
interaction with specific protein pockets, making peptides and
protein drugs have better biological activity and lower toxicity
than small molecules.?®*?°> The complex structure not only
improves the activity and selectivity of peptides and proteins,
but also increases the instability.?*® Under conventional storage
conditions, peptides and proteins are easy to degrade, and are
extremely sensitive to ubiquitin proteasome system, physiological
temperature and pH changes in vivo.>*”%° For example,
carnosine drugs that can be used for cancer treatment exist in
human blood for less than 2 min, but after self-assembly to form
nano drugs, the half-life and anti-cancer ability in vivo are
significantly enhanced.3®°

PEG modification has proven to be the most effective method
for reducing protein immunogenicity and extending its half-life.
PEG can protect immunogenic epitopes and increase a drug’s
hydrodynamic diameter, reducing renal clearance and extending
the drug’s half-life in the blood.**" In a “humanized” scaffold
model of the bone marrow, carfilzomib-loaded polymeric micelles
(CFZ-PM) based on poly(ethylene glycol)-b-poly(N-2-benzoylox-
ypropyl methacrylamide) (mPEG-b-p(HPMA-Bz) have been created
to increase the maximum tolerable dose of carfilzomib.3° Another
strategy is to introduce protease inhibitors to interfere with the
degradation process of peptides and proteins in biological fluid,
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and then adjust the microenvironment to achieve the purpose.3®
Peptides and proteins have clear size restrictions in the process of
penetrating biological barriers because of the huge size of the
molecule itself.3** It goes without saying that this encourages the
creation of penetration enhancers, which can control the
microenvironment to buffer local stomach pH or actively
accelerate the cross-cell absorption of peptides or proteins.3%
The successful launch of the first oral glucagon like peptide (GLP-
1) Rybelsus is the result of the successful application of this
strategy.”®® Controlled release technology for small molecule
therapy is also applicable to peptides. For instance, the particulate
drug library’s sustained release of the peptide hormone leupror-
elin can lower the need for subcutaneous injections, lessen side
effects, and be commercially successful (Lupron Depot).>*®
However, a prominent delivery difficulty is the use of stimulus
response delivery systems to simulate the natural regulation of
peptide and protein secretion by the host, which is particularly
important for the use of appropriate therapies to replace natural
biological processes.

Nucleic acids

Peptide and protein drugs have greatly expanded the number of
drug targets. However, since nucleic acid medications have a
better ability to regulate gene expression, they can be utilized to
silence or repair defective genes and promote the production of
useful therapeutic genes3%’3% Due to their great sensitivity to
nuclease degradation, naked nucleic acids have a short half-life. 3%°
The human immune system is also eliminating and adapting to
exogenous RNA and DNA at the same time. Cell internalization
and endosome escape are necessary for the delivery of nucleic
acid medications into the cytoplasm (small interfering RNA and
mRNA) or nucleus (ASOs, DNA, CRISPR) in order for them to
work.3'® Therefore, chemists have creatively modified nucleic acid
bases, sugar rings, 3 ‘and 5’ ends. These modifications are resistant
to nuclease degradation, reduce immunogenicity and improve the
interaction with target cells3'"" Environmental control has been
demonstrated to enhance the intramolecular targeting of nucleic
acids in preclinical experiments. To complete endosomal escape
and cytoplasmic distribution, nucleic acid carriers, for instance, can
buffer endosomal pH or form lipid interactions with endosomal
membranes.'? Additionally, endosomal membranes have been
damaged or rebuilt using cell penetrating peptides to enhance
the intracellular delivery of nucleic acids.?'

The success of nucleic acid drugs largely benefits from the
development of drug delivery system using smart nanoparticles.
For example, Onpattro, the first siRNA drug listed in 2019, uses
lipid nanoparticles to deliver chemically modified siRNA, which
can achieve cell targeting, uptake and endosomal escape.'* Early
research demonstrated the viability of non-viral vector gene
therapy with a primary focus on cationic liposomes and lipid
nucleic acid medicines.?'® Lipid nanoparticles can efficiently load
negatively charged nucleic acids, and its surface charge enhances
cell uptake and endosomal escape.'® PEGylated, neutral, and
ionizable lipids are employed as stable carriers in lipid delivery
systems designed specifically for siRNA, despite toxicity, comple-
ment activation, and poor biological distribution also encouraging
their development.?'’3'® Because they maintain the benefits of
high loading efficiency and endosomal escape of liposomes,
ionizable cationic lipids are particularly significant. They can also
increase the transport efficiency of siRNA by lowering toxicity and
enhancing biological dispersion.>'® At present, lipid nanoparticles
are also widely used in the delivery of mRNA and other nucleic
acid drugs>' Hyaluronic acid has been attached to lipid
nanoparticles by Cohen et al. for the treatment of gliomas. Local
convection-enhanced delivery (CED) of the hyaluronic acid
functionalized lipid nanoparticles dramatically increased lifespan
in the U87-bearing mouse model. These smart nanoparticles were
employed to deliver siRNA against PLK1, which is involved in the

1
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malignant transformation of glioma cells.?’® In general, smart
nanoparticles can enhance the targeting and stability of
pharmaceuticals. The interaction between medications and
molecules, cells, and tissues in the human body can be better
managed using package modification techniques that incorporate
microenvironment modification elements made possible by smart
nanoparticles.

Living cells

Natural cell processes are used by living cells to control or carry
out important biological activities. For instance, reprogrammed
immune cells can use the immune system to treat cancer and
administer vaccinations, while microorganisms can interact with
the microbiome to control metabolic processes, chronic inflam-
matory processes, and mucosal immunity.32°322 Additionally,
living cells are modifiable. The most well-known instance is CAR
(chimeric antigen receptor) T-cells. They are genetically modified
cytotoxic T cells that target particular cancer-related antigens and
were given clinical approval in 2017.3%® In reality, CAR T-cell
treatment emphasizes the benefits and capabilities of cell therapy:
the innate capacity to target the illness site, the potent activity of
the action site, the capacity to engage the immune system
directly, and the capacity to multiply in vivo.3?* Other FDA
approved adoptive cell therapies are sipuleucel-T (Provenge, used
to treat prostate cancer) and umbilical cord blood stem cells.3?
Cells can also be designed to secrete drugs or catalyze key
biological reactions, so they can be used as warehouses for drug
factories.>?° In order to avoid these issues, Matthias et al. have
created a technique to quickly program circulating T cells with
tumor-recognition abilities. They specifically show how leukemia-
targeting CAR genes may be successfully inserted into T-cell nuclei
by DNA-carrying smart nanoparticles, resulting in a long-lasting
disease remission.>?’

The delivery of living cells also has its own unique challenges.
Cells need a far higher dose of therapeutic medications than any
other kind, so they might be swiftly trapped in lung capillaries and
removed.3?® Low permeability of cells in solid tumors is a problem
for adoptive cell therapy because of the size of living cells and the
unfavorable tumor microenvironment. This limits their current
clinical application in hematological malignancies.?*° Additionally,
the environment and host of supplied live cells play a significant
role in the survivability, durability, and maintenance of beneficial
cell phenotypes.®*® There are also practical problems related to
the large-scale production of therapeutic living cells.

With the rapid development of nanotechnology, researchers
began to have new strategies to solve these challenges, including
designing effective smart nanoparticles to improve adoptive cell
therapy for cancer treatment. Engineering therapeutic cells for
in vivo imaging, enhancing tumor infiltration and achieving
functional sustainability in vivo, and producing tumor-killing
T cells in vivo are all possible uses for multi-scale artificial
antigen-presenting cells. These cells can also be used for cell
proliferation and stimulation in vitro, increasing the transduction
efficiency of tumor targeted areas, and all of the above*'

Combination therapy

Single drug therapy based on single chemotherapy regimen is
often not ideal in clinical efficacy, the complexity of cancer makes
it necessary to develop a combination of two or more treatment
schemes to achieve better anti-cancer effect. However, how to
develop efficient and low toxicity drug combinations to effectively
control tumor growth is still a severe challenge. For instance,
gemcitabine monotherapy is the standard treatment choice for
patients with advanced breast cancer, it does not prolong the
median survival time of patients with metastatic breast cancer.
Samir et al. have developed a combination of gemcitabine-
imiquimod based on hyaluronic acid to stimulate the anticancer
activity of immune cells.>”® This study fully proves that imiquimod
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can enhance the therapeutic effect of gemcitabine by activating
immune cells using smart nanoparticles.

There are many potential benefits of using smart nanoparticles
for ratio-metric delivery of synergistic drug combination for cancer
treatment in clinical applications.3*>** For instance, ratiometric
medication combinations supplied by free solution can have their
pharmacokinetics and biodistribution altered by smart
nanoparticles-based synergistic drug combination delivery.**
Traditional free drug combinations cannot reach the tumor after
intravenous injection and fail to maintain the correct drug ratio.
Additionally, to combat cancer's multidrug resistance, smart
nanoparticles transported synergistic drug combinations into
cancer cells3* By using the ERP effect or receptor-mediated
extravasation, the smart nanoparticles build up in the tumor, bind
to tumor receptors, enter cancer cells by endocytosis, and release
medications there.**® The released medications exert synergistic
activity by moving into the nucleus, which is the location of drug
action in this situation. This results in more DNA double strand
breaks.33’

ARTIFICIAL INTELLIGENCE-POWERED NANOPARTICLES
Artificial intelligence (Al), a branch of computer science, aims to
perform complex tasks that require “human intelligence” through
computers or computer-controlled machines. There are various
subfields of Al, such as machine learning (ML), artificial neural
networks (ANN) and deep learning (DL).>*® In recent years, Al-
powered nanoparticles have emerged as a promising approach for
cancer therapy, offering potential advances in precision medicine.
Combining these nanoparticles with Al techniques has the
potential to revolutionize cancer drug delivery and design, early
cancer screening and diagnosis, and predicting drug dosage and
efficacy.

Drug delivery is one of the primary applications of Al-powered
nanoparticles. Firstly, based on omics and nanosensor technolo-
gies, accurate biomarker analysis of patient’s tumor is performed
to identify suitable patients for clinically targeted drug formula-
tions. Secondly, by implementing Al algorithms, these nanopar-
ticles can be designed to navigate intelligently through the
complex tumor microenvironment, selectively target cancer cells,
and deliver therapeutic payloads with increased precision. Dahl-
man et al. designed and optimized a high-throughput DNA
barcoding system for the detection of lipid nanoparticles carrying
specific nucleic acid barcodes in normal or tumor tissues in vivo,
which facilitates the discovery of nanoparticles targeting tumor
tissues and cells.>* Large datasets can be analyzed and processed
by Al algorithms, enabling nanoparticles to dynamically adapt and
respond to the specific requirements of individual patients.>*° This
personalized approach has the potential to improve treatment
outcomes and reduce adverse effects. In addition, Al-driven drug
delivery can act as a “navigator” to remotely transport therapeutic
agents in addition to targeting lesion location. An interesting
study combines unmanned aerial vehicle (UAV) technology and
microneedle patches to build a UAV-mediated targeted drug
delivery emergency system that not only identify the position of
patients and reach them immediately but also achieve autono-
mous drug administration to relieve symptoms.>*'

Al algorithms can also aid in the design and optimization of
intelligent nanoparticles to surmount the limitations of conven-
tional drug delivery systems and improve the efficacy of cancer
treatment. Al can optimize multiple aspects of nanoparticle
design, including nanoparticles’ size and charge, drug encapsula-
tion efficiency, interactions with biological membranes, vascula-
ture, biological fluids, and drug release kinetics through machine-
learning algorithms and computational models.>** Al can accel-
erate the discovery of novel nanoparticle formulations, predict
their behavior in the body, and optimize their properties for
specific therapeutic applications. A recent work applied ferritin
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nanocages loaded with drugs and tracers to 32 different tumor
models. Subsequently, data analysis of >67,000 individual blood
vessels was performed by image-segmentation-based machine
learning (nano-ISML) techniques to predict nanoparticle perme-
ability in the tumor vasculatures. And based on the rational design
of nano-ISML-assisted nanomedicines, genetically tailored protein
nanoparticles were developed to improve transendothelial trans-
port in low-permeability tumors and assists nanoparticles to enter
solid tumors.>*®

Moreover, nanoparticles propelled by Al can enhance the
efficacy of therapeutics through real-time monitoring and feed-
back. By integrating sensors and imaging agents into the
nanoparticle system, artificial intelligence algorithms can monitor
the response of tumors to treatment, providing valuable insights
into therapeutic efficacy and facilitating adaptive treatment
strategies. This closed-loop feedback system can maximize the
therapeutic response and overcome drug resistance by optimizing
drug delivery, adjusting dosages, and even switching therapeutic
modalities as required. The combination of Al and nanotechnol-
ogy can also be used for early cancer screening and diagnosis to
reduce the mortality rate of cancer patients. Kim et al. constructed
a nanosensor array technology to identify disease spectral
fingerprints and combined it with machine learning algorithms
to successfully distinguish between ovarian cancer patients and
healthy individuals, which can be used to predict ovarian cancer
with high sensitivity and specificity.3**

It is essential to note, however, that the application of Al-
powered nanoparticles in cancer therapy is still in its infancy, and
several obstacles must be overcome. Among these are assuring
the safety and biocompatibility of the nanoparticles, addressing
regulatory concerns, and validating the clinical efficacy through
rigorous studies and trials.

CLINICAL SETTING

To facilitate the successful translation of smart nanoparticles into
clinical applications, thorough assessment of their safety and
toxicity is imperative. Here is additional information highlighting
the importance of safety considerations in advancing smart
nanoparticles towards clinical use:

1. Preclinical evaluation: Prior to clinical trials, extensive
preclinical evaluations are necessary to investigate the
safety profile of smart nanoparticles. This involves in vitro
and in vivo studies to assess their biocompatibility, potential
toxicity, and any adverse effects on cells, tissues, and organs.

2. Systemic toxicity: Smart nanoparticles should undergo
rigorous evaluation to determine their systemic toxicity.
This includes examining their distribution in the body,
potential accumulation in organs, and any potential long-
term effects on physiological functions. It is crucial to ensure
that the nanoparticles do not induce systemic toxicity or
harm the overall health of the patient.

3. Immunotoxicity assessment: The immune response trig-
gered by smart nanoparticles is a critical aspect to consider.
Immunotoxicity studies are essential to evaluate any
immune reactions, including inflammation or immunosup-
pression, caused by the nanoparticles. Understanding the
immune implications helps determine the nanoparticles’
compatibility with the immune system and their potential
for immunomodulatory applications.

4. Targeted toxicity: Smart nanoparticles designed for targeted
drug delivery or specific therapeutic purposes should
undergo evaluations to assess their toxicity at the target
site. This involves investigating if the nanoparticles induce
any cytotoxicity or unwanted effects in the vicinity of the
target area. Ensuring localized safety is crucial for successful
clinical applications.

SPRINGER NATURE

17



Smart nanoparticles for cancer therapy

Sun et al.

18

snjjjsw s919qelq ‘elwaue wnledisod
!siso1>0quioiy] ‘aseasip [omoq Alojewwejul
‘wisejdoau [e12310]0D ‘YD ‘elwsue 3AneIad01SOd
‘awoipuAs sba| ssafisay ‘ainjie) 1esH ‘eibjeAwouqi4
yuiq ainlewsald ‘uoisusnadAH

ssau||l [ea11) ‘s1apUosip |esadiand ‘wisejdosu
1e10210]0D {UONEAISSUOD POO|q dAlRIRdOLIR
‘SwolpuAs sH3| ssa)IsaY ‘2In|iey [eudY ‘sa1dUeUBIEW
|es160jojewa ‘@inyoely diH ‘uoiuaAIalul [edIBINS
‘elwaue wnyiedlsod ‘9seasip [9moq Alojewweyu]
‘24n|1ey 1Y dJUOIYD ‘BWOIPUAS eipiedAyde)
D11e1SOYLIO [BINISOd ‘Adueubald ‘elwauy

130ued [e1d3Y ‘19dued 1sealq
ul sapouydwiA| [9UUSS SNOISdUED JO UONDRIR(QJ

ewolse|qol|b ur uonejge

|ed07 ‘Adesayy eljwiaynadAy ‘uonejqe [ewuay
SISOYAIID JDAI| IO ‘S01S

‘saunful |ejueldsuel) ‘UoIdUNY MedY ‘saseasip
Areuow|nd ‘ssowny dnyeasdued Jo Jejndoesul
10 15B3Iq IO JIA]| 110§ JUBWIdURYUS punosesyn

sIsoJ9[2s a|dnjnw Jo ‘uondiejul

|elpiedoAw 49dued 29U pue peay ‘Asdajids

Ul UOIPWWEUIOINAU ‘s9seIse1dw apou ydwA|
‘saselselaw ujeiq :buibew) ejwsue jusdYsp uol|

BWODJES dNSSI} JOS padueApe A|[ed07

SeIwaN3| snotep

uleiq Jo ‘sewodies “neasnued ‘sesiq
‘sapueubIjeWw pIjos :BuipN[DUl SI9dUBD SNOLIBA

Sewo>21esoa1sQ

ewiouR|SW IO ‘eIWLdNNI)
‘ulelq ‘ewoydwi| :Buipnpul s13dUEd SnoLIep

J3AI| 1o ‘ewouejpw ‘a1e1504d H9U pue

peay ‘dneasnued ‘bun| 4appe|q ‘sewoydwA| ‘1seaiq
‘sappueubljew pijos :buipnppul sidued SnoLiep
ueleAo

Jo ‘ewoydwiA| 1seaiq :Buipnpul s19dued Snolep

SejwaYN3| snouep

J3AI1] JO DneISeIdW
‘a1eyso.ad ‘sewoydwA| ‘ejwaxN3| ‘Isealq ‘uelieno
‘sapueubijew pijos :Buipnpdul s19dUed SNoLBA

Sseas|p deIselsw
135UBD PIjOS Ladued [e1D2I0[0D dleISseIawW
‘ejwaue pajejas Adesayiowsayd pue Jadued

(£102) Va4 195ued dp3easoued Ul ejwsue ASU3DYSP UO|

aseasip Asupnj dluoiyd yum siuaned jnpe
ul ejwiaue A>USIDYSpP UOI! JO JUSWIESI] BY)
(0L07) Y4 ‘“49dued 2160]039UAD ‘1adued ueleo |eljpyid]

J9d5ueDd [e3dal adued 1sealq
(1102) VW3 ul sspouydwA| [9U3uds SnoJadued Jo uoldalaQg

p10]|0> 350}WAXOQIED UOI|

p10j|0> 3s010NS UOJ|

SdN 9PIXO UoJl P31LOD URIIXDPAXOCIED

wioy a1subew

Ul SN dPIXO UOII P1eOd-SUR|IS OUIWY

sasaydsoniw pidi| usnnad

plojjo> 1ay1a

JAyrvwAxoqaed |onqlos asodn|bAjod uol|

(0L02) Y3 ewolse|qol|b ul uone|ge (307

(1002) Va4 juabe 1sesuod punosesyn

aseasip

(6007) Ya4 Asupnj dluoyd> yum siusned ul A>uspyap uol)
(6107)

Niel (duaadoiny
SHwWIo4u0D) IO

(8L07)

ewoudJed |[93 snowenbs pasueape A|jed07

uondnpoid UoIdI[S BIA Yleap [0
Jowiny 92UeYUS O} UOo[IRIPEl [eUIIXS YUM
paiejnwiis sapdi edoueu SpIxo winlujeH

(o13e1 W L:G) upIgniounep

VI3 (£102) vad elWSYN3| pIojaAw 31Ny

(SL02) Va4 (K1epuodas) Jadued dieasdued dijelseld|y

[(SEIILN

(6002) VW3 Buimojjoy Arewid) eW021e509]1S0 J0) JUSWIeDI |
(A1eua1) ejwayna) dnisejqoydwiA|

(z107) Va4 91nde aAnebau-swosowolyd elydjspe|iyd
(Arewnd) Jadued

oneasoued dnelselsly (Aiepuodas) Jadued
(8007) 1seauq dneiseldy (uondo ue Jou S| uoneipes 1o

VN3 (S007) a4 A196uns) usdued Bunj [|92 |[ews-uou pasueapy

(0002) VNI (A1ewnid) Jooued jseaiq dleiselsu Jo juswieal)

(9661) va4 (Arewd) ewodies sisodey pajedosse-A|H

(K1epuodas) ewoAw

s|dnnpy (Adesayiowayd 01 A1epuodss)

(9661) ewodies sisodey pajedosse-AlH (saidesayy

VN3 (S661) VA4  paseq wnunejd 01 A1epuodss) Jadued uellerQ

(pa1ejAD3d) uedaoul

:auigeselfd Jo uolnenwiioy [ewosodi]

Jewosodr]

(Pa1e1AD3d-UOU) BpIINWeHW [ewosod]

(pa1e]AD3d-UOU) BUNSLDUIA [ewosod

[9Xey|ded punog ajnJed-uiwng|y

(p31e]AD3d-UoU) UIPIgNIOXOpP |ewosodi
(pa1e]AD34-UOU) UPIgNIoUNep |ewosodi]

(Pa1e1AD34) UPIgNIOXOp [ewosod]

(10417) 1239(uLIn4 1914e109(U|

(JusbayuedLBWY) I9JOUIA

(P37 sonaubewopus) euusis

(oV yoeroueN

a21046e\) WIdYOoUeN

(Buibew

|es1pay snayiue) Anuyag

|o1Axownia4 (epayel)
osualy (DVYINY) swiayeisy

(xnnoiqoueN) AjisusH €1x1gN

(s|ear3nadewleyq

zzef) | GE-XdD SOIXAA

(pewrLusy)
86E-WI 3PAMUQO

(Wniuua|IN) 1OVdIW

(wnu1dads) oqibiepy

(duab2)) suexelqy

(NN eA3l) 1204

(usen) awoxouneq

(uassuer) xAjaed [1Ixog

uonedipui/uonedijdde paiebisaul

(1eak) jenoaddy uonedipui/uoned)dde panoiddy

Bnip/adAy spd1ied

aweN

juswWieal) pue sisoubelp Jaoued Joy parosdde Ajjediuld usaq aAey Jey3 sapiedoueu LewsS dANLIUSSIIADY T 3qel

Signal Transduction and Targeted Therapy (2023)8:418

SPRINGERNATURE



FDA:

Doxil DaunoXome Myocet

Definity

| | |

EMA: 1996 2000 2008

Abraxane

Smart nanoparticles for cancer therapy

Sun et al.
19
2009 2012 2015 2017
® ©
Y
Mepact Feraheme  Margibo Onivyde Vyxeos
2009 2018

Fig. 5 Timeline of the development of smart nanoparticles for cancer diagnosis and treatment

5. Pharmacokinetics and biodistribution: Understanding the
pharmacokinetics (absorption, distribution, metabolism, and
excretion) and biodistribution of smart nanoparticles is
essential for predicting their behavior in the human body.
This information helps assess potential accumulation in
critical organs, elimination pathways, and the overall
clearance of the nanoparticles, minimizing the risk of
toxicity and ensuring safe clinical use.

6. Long-term safety: Long-term safety assessments are vital for
the clinical translation of smart nanoparticles. These
evaluations involve prolonged exposure studies to monitor
any chronic toxicity, including the nanoparticles’ potential to
induce tumorigenic effects or chronic inflammation. Such
investigations provide crucial insights into the nanoparticles’
safety over extended periods.

7. Regulatory compliance: Compliance with regulatory guidelines
is paramount to facilitate the clinical translation of smart
nanoparticles. Regulatory authorities, such as the FDA, require
comprehensive safety data to support the approval of
nanoparticle-based therapies. Meeting the regulatory stan-
dards ensures that the nanoparticles are safe for human use
and paves the way for their successful clinical implementation.

By addressing these safety considerations, researchers and
clinicians can establish a solid foundation of evidence regarding
the safety and toxicity of smart nanoparticles. This information not
only promotes the responsible development of these innovative
technologies but also instills confidence in their potential for
clinical applications.

Several clinically approved nanoparticle formulations either by
the FDA in the United States or the European Medicines Agency
(EMA) in the European Union are used to treat a variety of cancers
at different stages (Table 2). The timeline and basic structure of
smart nanoparticles for cancer diagnosis and treatment in the
clinical setting are shown in Fig. 5. Doxil, a PEG functionalized
liposomal doxorubicin, was the first nanomedicine that has been
approved for anticancer medications (FDA in 1995).>°? Rapid
clearance is a ubiquitous challenge for nanoparticle-based drug
delivery. To increase circulation time, chemical modification with a
variety of compounds, including PEG and its derivatives can be
utilized to alter the surface of a nanoparticle. Except for Doxil and
Onivyde, most of these formulations are non-PEG.3* CPX-351
(Vyxeos) is a gel-phase bilamellar liposome nanoparticle with a
mean diameter of 107 nm and a strong negative surface potential,
which is based on the principle of ‘ratiometric’ dosing of the
cytarabine/daunorubicin combination with a molar ratio of 5:1
provides the greatest synergistic effect with the lowest antagon-
ism in vitro and in vivo.>*® This liposomal nanoparticles are
approved from US FDA for the for the treatment of adults with
newly diagnosed acute myeloid leukemia (AML) with
myelodysplasia-related changes (AML-MRC) and therapy-related
AML (t-AML).3>*” Non-liposomal nanoparticle systems that have
been approved for cancer treatment include Abraxane and
NBTXR3 Hensify.3*® These agents are either actively or passively
targeted to enhance anticancer efficiency to reduce side effects.
The reduced toxicity results from their ability to preferentially
accumulate at the tumor site and limit off-target side effects.

Signal Transduction and Targeted Therapy (2023)8:418

Due to the success of these smart nanoparticles in the clinic and
commercial field, enormous efforts continue to explore nanome-
dicines and developing new smart nanoparticles for clinically
disquisitive trials.”®” Therefore, the current clinical trials of smart
nanoparticles for cancer diagnosis and treatment are also
reviewed (Table 3). The list shows a variety of representative
nanoparticle systems that have already been active or working in
clinical trials. Some of these systems are liposomes, many of which
have similar design characteristics to approved liposome systems
(e.g., nontargeted, PEGylated, non-PEGylated, or encapsulate of a
single drug). For example, VYEXOS/CPX-351 is a combination
therapy that encapsulates a synergistic ratio of two anticancer
drugs (cytarabine and daunorubicin).>*° The aim is to use the
control of circulation and biological distribution of smart
nanoparticles to target the delivery of highly toxic anticancer
drugs. There are also many other smart nanoparticle delivery
systems in clinical trials for cancer therapy, such as nanoparticle
systems that target and stimulate responses. Despite the massive
potential of nanoparticles for future cancer diagnostic and
treatment, they are still at the relatively preliminary stages of
clinical applications. A large number of challenges remain to be
addressed to accelerate their further translations.

CONCLUSION AND FUTURE PERSPECTIVE

Smart nanoparticles can carry and release anticancer medications
at the specific areas to precisely treat cancers. The destiny of the
drug-carrying nanocarriers remains a worry, though. Conventional
nanoparticles can collect in the lungs, spleen, kidneys, liver, and
heart, depending on their chemical composition, size, shape,
specific surface area, surface charge, and presence or absence of a
shell around them. The bulk of nanoparticles collect in the body’s
important organs rather than being eliminated from the body.
Toxicology is the result of this deposition and is a major obstacle
to the success of smart nanoparticles. Animals have been used in a
large number of in vitro and in vivo toxicity studies, but there have
only been a small number of human investigations. It is yet
unknown how far toxicity study research will go.

The main obstacle to the commercialization of smart nanopar-
ticles is receiving FDA or other regulatory agencies’ approval.
Although there are many products in the works, there are very few
smart nanoparticles-based anti-cancer medications that have
received FDA approval 27 years after the first one, Doxil, was
initially disclosed in 1995. Manufacturers must demonstrate the
goods’ short- and long-term safety and efficacy for the human
body in order to receive regulatory clearance. Therefore, launching
a product with all the required procedures is very time-consuming
and labor-intensive. Sometimes the clearance process is made
more difficult by the lack of specific rules. To remove these
obstacles, contributions from the academic community, business
community, and regulatory agencies are required.

Thankfully, the advancement of artificial intelligence paves the
way for the construction of intelligent nanoparticles by making
certain circumstances more conducive. Several different kinds of
intelligent nanoparticles may be manufactured with the use of
artificial intelligence. In today’s world of current pharmacological and
therapeutic nanoparticle discovery, computer-aided nanoparticle
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design encompasses a wide variety of theoretical and computational
methodologies. Methods of computer-aided nanoparticle design
have been significant in the production of medications that are
either now used in clinical practice or are undergoing clinical studies.
Because of this, computer-aided nanoparticle design is a mix of
numerous theoretical and computational fields, such as molecular
modeling, cheminformatics, theoretical chemistry, and a number of
others. Molecular docking, dynamics, quantitative structure-activity
relationships (QSAR), and similarity searching are just a few of the
many computational methods that are utilized in computer-aided
nanoparticle design. These methodologies have been utilized for a
number of years. Despite this, these strategies are continuously
being developed and perfected. In addition, the development of
computer-aided nanoparticle design is being propelled forward by a
number of cutting-edge ideas and methods now being explored.
Examples of the second category include “big data,” artificial
intelligence, machine learning, and deep learning, amongst others.
In the process of drug discovery, every new method as well as
traditional ones are being employed in conjunction with emerging
trends like polypharmacology and drug repurposing. In the same
way as other multidisciplinary methods, computer-aided nanoparti-
cle design faces a number of challenges. These challenges include
not only the refinement of the theoretical basis, but also the rational
application of the technology (while being aware of its limitations),
as well as the education and training of those who will be utilizing
the technology.

In conclusion, a variety of smart nanoparticles are being used or
have the potential to be exploited as drug delivery systems for
advanced cancer therapies. Due to their special qualities, clinicians
are now able to provide new treatments or add them as
supplements to already-effective therapies. As this review has
demonstrated, smart nanoparticles have shown promise for devel-
oping safer and more effective cancer therapies, including targeted
drug delivery, stimuli-responsive drug release, and co-delivery of
combinational drugs. These capabilities may support long-term
perspectives and the creation of novel cancer treatment approaches.
Several novel materials are now being developed and have shown
significant promise, which is generating optimism for the new
therapeutic choices, even though some of these smart nanoparticles
haven't been successful throughout the clinical translation.
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