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Abstract

Metastasis is deadly and also tough to treat as it is much more complicated than the primary
tumour. Anti-metastasis approaches available so far are far from being optimal. A variety of
nanomedicine formulas provide a plethora of opportunities for developing new strategies and
means for tackling metastasis. It should be noted that individualized anti-metastatic
nanomedicines are different from common anti-cancer nanomedicines as they specifically target
different populations of malignant cells. This review briefly introduces the features of the
metastatic cascade, and proposes a series of nanomedicine-based anti-metastasis strategies aiming
to block each metastatic step. Moreover, we also concisely introduce the advantages of several
promising nanoparticle platforms and their potential for constructing state-of-the-art
individualized anti-metastatic nanomedicines.

1. Introduction

Cancer is the deadliest disease worldwide accounting for 8.2 million deaths and 14.1 million
new cancer cases in 2012. There will be over 20 million new cancer cases by 2025
according to the World Cancer Report 2014 from the World Health Organization (WHO).
One of biggest barriers in cancer treatment is tumor metastsis, which is responsible for more
than 90% of the death of cancer patients. Metastasis is an advanced progression of tumor,
and the metastatic tumor is much more complicated than the primary tumor. Anti-metastasis,
which is defined as the inhibition of any step of the metastasis cascade by metastasis
diagnosis and therapy, is therefore much different from anti-primary tumor although both of
which are involved in the treatment of cancer. Metastasis diagnosis and therapy is indeed
vitally important but challenging because of the high complexity of the biological processes
involved in metastasis. A small breakthrough in anti-metastasis might result in a major
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achievement in the clinical treatment of cancer. Only if effective broad-spectrum anti-
metastasis drugs are discovered or individualized anti-metastasis treatments work, the
survival rate of cancer patients may rise significantly.!

Current specific anti-metastasis treatments mainly bank on anti-vasculature (anti-
angiogenesis) and matrix metalloproteinase (MMP) inhibitors. Most FDA-approved anti-
metastasis drugs are classified into these two categories. However, these drugs are far from
being satisfactory in the clinic because of the non-specific toxicities resulted from the lack
of effective recognitions over the marker expression differences between metastases and
normal tissues/cells. One solution to reduce drug toxicity is the employment of
nanomedicine to optimize drug distribution, target tumour sites more efficiently, remotely
deliver agents under imaging guidance and locally release drugs on demand, which involves
the preparation of desired functional nano-carriers as well as the integration of nano-carriers
with drugs, targeting molecules and other functional elements such as imaging agents for
constructing individualized nanomedicines.

Nanotechnology is a vigorous technology defined as the manipulation of matter with at least
one dimension sized from 1 nm to 100 nm. By applying advanced nanotechnologies, a wide
range of new nanomaterials are being created. Emerging functional nanomaterials provide
new platforms for biomedical applications, arousing a new wave of biological innovation.
Especially in the field of cancer treatment and diagnosis, anti-cancer nanomedicines can be
constructed by integrating nanomaterials as carries with drugs and/or imaging contrast
agents. Nanomedicines exhibit several outstanding advantages over conventional
chemotherapeutics: 1) the enhanced permeability and retention (EPR) effect in favour of
passive tumour targeting; 2) the easy surface modification for active tumour targeting by
conjugating targeting molecules and responsive drug release by coating sensitive molecules
on the surface of nanoparticles; 3) the morphological and structural tunability at nanoscale
for endocytosis and controlled drug release; 4) the facile integration of nano-carries with
various drug molecules and imaging agents for nano-theranostics, etc. According to different
requirements for individualized therapy, nano-carriers can be tailored to obtain expected
physico-chemico-biological characteristics. For example, porous nano-structures have been
created for controlled drug release, 2~ and hierarchical porous nano-structures have been
engineered for co-delivery of different sized multi-drugs such as chemotherapeutics, genes
and proteins; 3% a hollow nano-structure enables remarkably enhanced payload of drug and
co-delivery of hydrophobic and hydrophilic drugs;’—2 whereas a rattle-type porous nano-
structure with a mesoporous shell and a functionalized fluorescent/magnetic/heavy core can
realize simultaneous drug delivery and multimodality imaging;19-12 the intracellular and
intranuclear uptake efficiencies of nanomedicines and their biodistributions can be
controlled by tuning their particle sizes and surface properties. More features and advantages
of several promising nanoparticle platforms for the construction of nanomedicines are
summarized in Section 2.

Thanks to advanced nanotechnology, many types of nanomedicines against primary tumours
have been developed, but the exploitation of anti-metastasis nanomedicines is still in its

infancy. With the diversified development of anti-metastasis strategies and the emergence of
various novel nanomaterials and nanotechnologies, we believe that the development of anti-
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metastasis nanomedicines and nanomedicine-based anti-metastasis strategies based on the
metastatic cascade would receive more attention in future anti-cancer research and practice.
This review aims to provide an overview of various hanomedicine-based anti-metastasis
strategies, and facilitate experts in the fields of chemistry, cancer biology and nanomedicine
to explore individualized anti-metastasis nanomedicines. We hope that our review could
raise more interest for oncologists, pharmacologists and chemists to drive the emerging anti-
metastasis theranostic technologies.

2. Advanced nanoparticle platforms for the construction of nanomedicines

In order to engineer individualized anti-metastasis nanomedicines, it is necessary to select
suitable nanoparticle platforms that meet the special requirement. Here we highlight several
promising nanoparticle platforms for constructing anti-metastasis nanomedicines, and
summarize their key properties, nano-structural features and therapeutic and diagnostic
advantages, as listed in Table 1.

Dendrimers are characterized by a type of 3-dimensional hyperbranched macromolecular
nano-architectures derived from the bottom-up construction method. The hyperbranched
structure of dendrimers has high internal surface area and plenty of active end groups, which
allows the encapsulation or conjugation of a variety and number of functional molecules,
such as hydrophobic and hydrophilic drugs, contrast agents and genes (Table 1). Typically,
drug molecules (CPT, DOX, PTX, etc.) are conjugated with active end groups of dendrimers
(PAMAM, PPI, PLys, etc.) to form prodrugs which are capable of stimuli-responsive (pH,
redox, enzyme, etc.) release of drugs,13-19 while the high-proportion grafting of imaging
molecules (Gd complexes, radioligands, etc.) within dendrimers favour the remarkable
enhancement of their imaging performances.20-22 It is worth noting that several diagnostic
and therapeutic nanomedicines based on polyamidoamine (PAMAM) dendrimers have been
approved by FDA for clinical trials and even commercialized, such as VivaGel®, Priostar®,
Stratus®CS AcuteCare™ and SuperFect®. Recently, Xie et al. coated two kinds of
antibodies (anti-EpCAM and anti-sLeX) onto the surface of the G6 PAMAM dendrimer and
then used the dual antibody-coated dendrimers to target the circulating tumour cells (CTCs).
They demonstrated the enhanced efficiency of CTC capture and anti-metastasis effect by
restraining CTCs and inhibiting their hetero-adhesion to blood vessels.23: 24 Moreover,
dendrimers hold another important advantage in nano-size modulation. By controlling the
generation, their sizes can be reduced to less than 3 nm in favour of their quick excretion in
vivo, while bigger ones of 7-12 nm in diameter would be retained in the blood circulation
system in favour of their blood pool imaging.2® In addition, their biodegradation and surface
charge can also been tailored by selecting suitable monomers. Kaminskas et al. used lysine
as monomer to synthesize a biodegradable polylysine dendrimer, and conjugated with DOX
via an acid labile linker. The DOX-conjugated dendrimer was administrated by inhaling to
improve the targeted therapy of lung metastases, and degraded in the lungs into low
molecular weight fragments and then cleared into the urine.1% 26 On the other hand, there
are two main drawbacks of dendrimers: 1) the product cannot be purified from side products
by the divergent method (core-to-surface gradient condensation); 2) the yield of high-
generation product is considerably low by the convergent method (fragment condensation).
These lead to high costs and consequently obstruct their commercialization.

Chem Soc Rev. Author manuscript; available in PMC 2015 October 07.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Heetal.

Page 4

Liposomes are spherical self-closed vesicles composed of a lipid bilayer shell/membrane
and an aqueous core. The unique structure allows liposomes to co-encapsulate and co-
deliver multiple sized agents, especially hydrophilic plus hydrophobic drugs respectively
encapsulated within the core and shell (Table 1).27 An excellent example is Myocet®
(liposomal doxorubicin) approved in Europe and Canada for the treatment of metastatic
breast cancer in combination with cyclophosphamide.28 Furthermore, liposomes are
considerably flexible and deformable so that they can penetrate the 10-20 um thick barrier
comprised of stacked corneocytes.29 Additionally, liposomes are also subjected to
disassembly, burst and biodegradation when suffering biomembrane and various stresses
such as heating and pressure. On the other hand, the liposomal structure often needs to be
consolidated to be stable enough for storage and in vivo delivery in order to meet clinical
requirements.39 The balance between biodegradation and stability needs to be well mastered
according to practical requirements. In addition, the outside surface of liposome can readily
be modified with targeting molecules to improve the anti-metastatic efficacy.31-34 For
example, chlorotoxin and cyclic RGD peptides were conjugated onto liposomes to target
MMP-2 overexpressed on metastatic breast cancer and integrin a,f3 for inhibiting bone
metastases, respectively,32: 33 while mannose was conjugated to target and inhibit liver
metastasis.34

Micelles are a kind of self-assembly aggregates of surfactant/amphiphilic polymer
molecules driven by thermodynamics. Therefore, a micelle contains a relatively large
hydrophobic region in the middle, allowing the loading and delivery of lyophobic drugs
(Table 1).35-38 A representative example is poly(lactic-co-glycolic acid) (PLGA)-based
nanoparticles, which are biodegradable and capable of encapsulating a number of
hydrophobic drugs.39: 40 Recently, Xu et al. constructed a new micelle with an amphiphilic
copolymer of methoxy polyethylene glycol-S-S-vitamin E succinate (mPEG-s-s-VES, PSV),
and used the micelle to load a large number of atorvastatin (a hydrophobic anti-metastatic
drug) up to 50wt.% for anti-metastasis therapy.3® In addition to high loading capacity, the
micelles also exhibited high drug encapsulation efficiency (99%) and redox-responsive drug
release profiles, which together made contribution for enhancing intratumoural drug
accumulation and blocking the lung and liver metastasis of 4T1 breast cancer.

Examples of organic nanoparticle platforms listed above for constructing nanomedicines
hold several common key advantages: 1) possess well-defined biodegradability,
biocompatibility, pharmacokinetics and pharmacodynamics; 2) several nanomedicines have
been approved for clinical use; 3) easy surface modification and targeting molecule
conjugation; 4) capable of controlled drug release and multifunctional integration. However,
very few relevant anti-metastasis nanomedicines have been proven effective in the clinic,
mainly due to: 1) lack of guidance of well-defined anti-metastatic strategies and the
reasonable engineering of anti-metastasis nanomedicines; 2) developed organic
nanoparticle-based nanomedicines have some limitations such as poor stability, drug
leakage, etc.

Emerging inorganic nanoparticle platforms provide a good opportunity to overcome these
issues and even play more unique roles in fighting against metastasis. Compared with
organic nanoparticles, inorganic ones have relatively higher biophysicochemical stability. In
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addition, inorganic nanomaterials have many more unique physical properties, such as
optical, electrical, magnetic and thermal properties and solubility/ionization ability, and also
possess considerably varied nanostructures (Table 1), such as hollow (porous) nano-spheres,
nano-tubes, nano-rattles, nanoflowers, nano-cages, nano-sheets, nano-rods, etc. These
features are of remarkable values for expanding the structures, functions and performances
of nanomedicines based on inorganic platforms. These advantages are introduced through
several advanced inorganic nanoparticle platforms as follows.

Gold (Au) nanoparticles have two most attractive characteristics for biomedical
applications: 1) the surface multivalent coordination; 2) the surface plasmon resonance
(SPR) effect. The surface multivalent coordination with thiolates, carboxylates and amines
allows facile surface conjugation with drug and targeting molecules to realize controlled
drug release and targeted drug delivery.#1-45 The SPR effect has been successfully used for
photothermal therapy (PTT). By adjusting the surface/size/shape of Au nanoparticles, their
plasmon absorption wavelengths can be tuned to the near-infrared (NIR) range, allowing
NIR PTT (Table 1). Especially AuroLase® Au nanoshell (100-130 nm) developed by Halas
and coworkers was approved for the PTT of human head and neck cancers by FDA in 2008,
and was further authorized for PTT of human primary and metastatic lung tumours in
2012.46 Furthermore, the nanocages (30-50 nm) developed by Xia group have a smaller
particle size and a hollow core—porous shell structure, and have therefore been utilized for
controlled drug release and combined PTT—chemotherapy.4’ Recently, we developed a kind
of Au bellflower with high photothermal conversion efficiency (PTCA ~74%), which is
higher than most other Au nanoparticles of different sizes and shapes (nanoshell 13%;
nanorod 22%:; hexapod 29.6%; nanocage 63%).48 Therefore we believe that the Au
bellflower and other gold-based nanomaterials with high PTCA will have great potential for
PTT. Besides therapy functions, Au nanoparticles also exhibit intriguing diagnosis
performances in NIR-photoacoustic (NIR-PA), NIR-photothermal (NIR-PT), CT, two-
photon luminescence (TPL) and optical coherence tomography (OCT) imaging, etc.41 49-56

Superparamagnetic iron oxide nanoparticles (SPIONSs) have several advantages as a
nanomedicine platform: 1) excellent MRI T, contrast; 2) the magnetothermal effect for
hyperthermia therapy; 3) the superparamagnetism for magnetic targeting; 4) good
biodegradability (acid soluble).57-65 Ferumoxides (Feridex®, 120-180 nm) and
Ferucarbotran (Resovist®, 45-60 nm) were two dextran-coated SPIONs approved as MRI
contrast agents for imaging liver lesions, but currently both are actually off the market,
possibly owing to limited application on liver tissue and lack of tumour targeting.
Subsequently, dextran-coated SPION Ferumoxtran-10 (Combidex®) with a smaller size
(29.5 nm) and a longer plasma half-life (25-30 h) was designed to accumulate in the
lymphatic system. Ferumoxtran-10 was therefore approved for the diagnosis of metastatic
lymph nodes (LNSs) in bladder cancer patients by MRI. Birkhduser et al. recently
demonstrated that ferumoxtran-10-mediated diffusion-weighted MRI reliably detected
metastases in normal-sized LNs in at least two-thirds of their patients, which were
undetectable by other imaging modalities.52 Recently, we prepared octapod SPIONSs (edge
length of 30 nm), which exhibit an ultra-high transverse relaxivity value (679.3+30
mM~1s71), indicating that the octapod SPION is an much more efficient T, contrast agent
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for in vivo MRI and small tumour detection in comparison with conventional ones and thus
holds great promise for highly sensitive, early stage and accurate detection of cancer.53 In
addition, a synergistically enhanced T;-T, dual-modal contrast agent could be obtained by
doping SPION with Gd in favour of highly accurate diagnosis with self-confirmation
information.%4 85 It is worth noting that SPION can be integrated with other nanoparticle
platforms such as mesoporous silica nanoparticles (MSNSs), carbon and Au nanoparticles to
construct multifunctional nano-structures for multimodal imaging, diagnosis and therapy
(Table 1).11,65-68

Mesoporous silica (or silicon) nanoparticles (MSNSs) possess some unique advantages: 1)
extensive mesoporosity with tunable pore size (2-20 nm) in favour of controlled drug
release; 2) high surface area and large pore volume supporting high payload of drugs; 3)
tunable particle size (10-1000 nm) and facile surface functionalization benefiting targeted
delivery; 4) flexible nano-structure, excellent biocompatibility and biodegradability (Table
1).85.97 The hollow MSN, in particular, has a super-high payload of drug, typically more
than 1 gram drug per gram silica, and has therefore been used to enhance the loading
capacity of various anti-metastatic drugs and genes, such as silibinin, DOX and siRNA,
significantly improving their anti-metastatic efficacies.%-100 Furthermore, it is facile to
integrate MSNs with other functional agents/nanomaterials into a single nanoparticle for
multimodal diagnosis and therapy (Table 1).11: 64-68.97 \we recently used rattle-structured
MSNSs to construct a variety of multifunctional theranostic nanomedicines.10: 86. 89 \wiesner
group developed silica-based Cornell dots (C dots, Cy5@silica-PEG) with a diameter of ~7
nm for imaging, and received the approval from FDA for a first-in-human clinical trial in
2010.101 Their initial studies claimed the biosafety of C dots as they exhibited in vivo
stability, no toxic or adverse events and distinct renal excretion after injection for 2
weeks.102 These encouraging human data pave the way for clinical applications of other
silica-based nanoparticles. Indeed, MSNs have entered preclinical studies in Shi and Tang
groups desiring further advances toward clinical use.87- 88. 103

Carbon nanoparticles, including carbon nanotubes (CNTSs), nano graphene oxide (NGO) and
mesoporous carbon nanoparticles (MCNSs), have two unique advantages for constructing
nanomedicines: 1) super-high surface area for drug delivery and therapy; 2) efficient NIR
optical absorption for NIR-photothermal (NIR-PT) imaging and therapy (Table 1). Owing to
their unique molecular structure of alternant (only six-membered carbon ring) polycyclic
aromatic hydrocarbon, CNTs and NGO can absorb a large amount of aromatic molecular
drugs and many photosensitizers, such as DOX, CPT and porphyrins, via the non-covalent
7— stacking interaction, exhibiting a super-high drug loading capacity.>* Moreover, their
NIR optical absorption property has also been developed for NIR-PT imaging and therapy,
which only requires a low energy NIR laser to generate a relatively high thermal energy
owing to high photothermal conversion efficiencies.*®>->1 Furthermore, functional
molecules/nanoparticles such as SPION, MSN and Au nanoshell can be attached/coated on
the surface of nano carbon materials to construct multifunctional nanoparticle

platforms.95: 104,105 | addition, hollow MCNs with better hydrophilic capability for
biomedical application have also been developed.52: 53 106
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Each nanomaterial has its specific advantages and also disadvantages for constructing
nanomedicines. Frequently, complex architectures, typically organic-inorganic nano-
composite, are necessary to obtain more and better performances.107-112 For example,
PEGylation of nanomaterials has proved to be an effective method for improving drug
delivery and therapeutic efficacies; hyperbranched structures are designed to provide
multifunctional groups for enriching properties of nanomaterials and integrating their
advantages, such as encapsulation of insoluble drugs and imaging agents, cleavable linking
of pro-drugs, conjugation of targeting moiety;107. 108 the coating of a lipid bilayer on the
external surface of inorganic nanoparticle is used to integrate properties and advantages of
liposomes;110. 111 the framework incorporation is used to adjust the biodegradability of
nanomaterials, such as organosilicon.3 112

3. Biological characteristics and mechanisms of tumour metastasis

It is well-known that tumour metastasis involves the completion of a complex succession of
cytobiological events termed the metastasis cascade, which can be divided into no less than
seven steps: 1) primary tumour cells invade the surrounding basement membrane and cross
extracellular matrix (ECM) and stromal cells; (2) intravasate into blood/lymphatic vessels;
(3) circulating tumour cells (CTCs) are transported through the vasculature; (4) arrest at
distant tissue sites; (5) extravasate into the parenchyma of distant tissues; (6) adapt to
survive in the foreign microenvironments of distant tissues; (7) seed, proliferate and
colonize to generate metastases.113 In the view of macroscopically spatial alternation and
key milestones, we reduce the metastasis cascade into three main stages: 1) pre-metastatic
initiation (steps 1-2); 2) metastasizing dissemination (steps 3—4); 3) metastasized
colonization (steps 5-7). In principle, the interruption of any one of these steps in the
metastasis cascade will lead to the failure of metastasis, illuminating many trials to conquer
tumour metastasis. Therefore aiming at these three main stages, we emphasize our train of
thought for anti-metastasis: development of individualized anti-metastasis strategies to
intercept each metastasis stage and fight pre-metastatic (Section 4), metastasizing (Section
5) and metastasized (Section 6) tumours. The following three sections will dissect and detail
the biological characteristics of various stages of metastatic progress, and meanwhile
propose a series of individualized anti-metastasis strategies by virtue of hanomedicine
engineering.

4. Blocking and combating the initiation of metastasis from the primary

tumour by nanomedicines

Anti-metastasis is much more difficult than anti-primary tumour as reflected by more
powerful lethality of metastases and higher mortality of metastatic patients. Therefore, it is
ideal to block and combat the initiation of metastasis from the primary tumour in the early
stage, which involves the early theranostics of primary and metastatic tumours. Two
essential but significant aspects need to be addressed: recognition of hallmarks for targeted
therapy; high-resolution imaging for early diagnosis. Nanomedicines have proven to play
important roles in these two aspects. Invasion as the first stage of metastasis therefore
becomes the anti-metastasis frontier, and the primary tumour environment (TME) is not only
educable to promote invasion by tumour cells but also reeducable to block invasion.114-116
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Based on these two characteristics of invasion, we here propose two corresponding anti-
metastasis nanomedicine strategies: 1) combating invasive cancer cells and 2) re-educating
the primary TME, for blocking and combating the initiation of metastasis from the primary
tumour by nanomedicines. These two strategies will be unfolded as follows.

4.1 Combating invasive cancer cells

In order to start the process of invasion, cancer cells must strengthen their interaction with
surrounding cells and the extracellular matrix (ECM) for motility. Several cell adhesion
proteins have been identified to be over-expressed on the surface of invasive cancer cells,
including integrins (receptors mediating cell-ECM adhesions), cadherins (transmembrane
proteins involved in cell-cell interactions), cell adhesion molecules (CAMs), etc.117 Their
corresponding ligands, including small organic molecules, peptides, proteins, antibodies and
aptamers, can be exploited as anti-invasion therapeutic agents (Cilengitide, CNTO 95,
Etaracizumab, Vitaxin, S-247, just to name a few). These agents can be loaded into
nanoparticles for efficient drug delivery and controlled release, and are also potential
targeting heads which can be conjugated onto the surface of nanoparticles for targeted drug
delivery.

A representative example is that RGD peptides as ligands of integrins are frequently used
for construction of targeted nanomedicines. Especially integrin a3 is highly expressed on
activated endothelial cells, new-born vessels and some tumour cells, but is absent in resting
endothelial cells and most normal organs, making it a suitable target for cancer
therapy.120-124 Aiming at integrin a,f3, we developed a wealth of targeted imaging and
therapy nanomedicines by integrating various nanoparticle carriers/imaging agents with
targeting ligands.118. 125-133 For example, SPIONSs were coated with cRGDyK to construct
an ultra-small SPION-cRGDyK nanomedicine (Fig. 1A1) with an overall diameter of ~8.4
nm (Fig. 1A2, hydrated ion diameter which is slightly bigger than the TEM size), and used it
to specifically target to integrin a,f3-rich tumour cells, which were readily tracked by MRI
(Fig. 1A3):118 ferritin nanocages were used to load doxorubicin (DOX) and conjugate with
RGD on the external surface (DOX@nanocage-RGD) for targeted drug delivery, showing a
longer circulation half-life, higher tumour uptake, better tumour growth inhibition and less
cardiotoxicity than free DOX.125 In addition, Murphy et al. used a liposome carrier to
construct a targeted nanomedicine (DOX@Liposome-PEG/cRGDfK) by conjugating PEG
and cRGDfK for targeting the integrin a,f3-overexpressed R40P pancreatic tumour and
loading DOX for chemotherapy (Fig. 1B1,2).11° The nanomedicine exhibited a considerably
high tumour-targeted efficacy with limited distribution in normal tissues (Fig. 1B3), and the
targeted delivery of DOX led to remarkable disruption of the pancreatic tumour vasculature
(Fig. 1B4), and thus inhibited the growth of the primary pancreatic tumour as well as the
metastasis toward the hepatic hilar lymph node (Fig. 1B5). Compared with free DOX drug,
the integrin a,ps-targeted drug delivery by liposome-based nanomedicine resulted in a 15-
fold increase in anti-metastatic activity and minimal systemic toxicity.

In order for invasive cancer cells to move forward, the ECM must be disintegrated to create
room, which is achieved mainly through the secretion of proteinases, including matrix
metalloproteinases (MMPs), ADAMs, cathepsins, etc.117 Likewise, their ligands are
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potential therapeutic agents when loaded in nanomedicines as well as targeting molecules
when conjugated on the surface of nanomedicines for targeted drug delivery, and their
enzymatic substrates can also be coated/linked on the surface of nanomedicines for
proteinase-responsive drug release. Zhang group employed an anti-invasion therapeutic
against gliomas, in which chlorotoxin (CTX, an inhibitor of MMP-2), as a targeting
molecule was conjugated on the surface of SPIONs (SPION-CTX, Fig. 2A1).134 They found
that SPION-CTX could target C6 glioma cells via binding to MMP-2 overexpressed on the
cellular surface, and the multivalent binding promoted cellular internalization of a large
portion of lipid rafts that contain surface-expressed MMP-2 and volume-regulating ion
channels (Fig. 2A2), leading to a remarkably enhanced in vitro anti-invasion rate of ~98%
compared to free CTX (~45%) (Fig. 2A3). Furthermore, they loaded reporter genes within
SPION-CTX by surface physical adsorption (SPION-DNA-CTX) for targeted gene therapy
(Fig. 2B1).135. 136 They found that SPION-DNA-CTX could enhance gene transfection
efficiency in vitro (Fig. 2B2), but was lack of in vivo targeting ability as CTX did not affect
the intratumoural accumulation of SPION-DNA-CTX (Fig. 2B3). In addition, the
intratumoural localization of nanomedicines can be monitored using MRI as SPION is an
excellent contrast agent for in vivo MRI tracking of cell invasion and migration.137

In addition, the secretion of MMPs for focally degrading the ECM is mainly achieved by
invadopodia, which are actin-based membrane foot-like protrusions expressed on invasive
tumor cells. Invadopodia have proven to pave a way for the directional movement
(intravasation and extravasation) of invasive tumor cells through focal matrix degradation.
Invadopodia are therefore identified as a therapeutic target for anti-metastasis. Some
invadopodia inhibitors, such as imatinib mesylate, sunitinib (PDGFR inhibitors),
trastuzumab, lapatinib (HER-2 inhibitors), dasatinib, saracatinib, bosutinib (SRC inhibitors),
have been developed to block tumor invasion and metastasis.138-140 However, invadopodia
inhibitors have a distinct shortcoming as they work on prophylactically blocking the further
spread of metastasis rather than the growth of formed metastasis.14! Therefore, to combine
anti-invadopodia therapy with other therapies, such as chemotherapy, will be more effective
for anti-metastasis. In this way, we predict that nanomedicines will play an active role in the
targeted co-delivery of multiple drugs (such as invadopodia inhibitor plus chemotherapeutic
drug) for improving anti-metastasis therapy efficacy.

During the invasion, invasive cancer cells must be able to squeeze themselves through
narrow spaces of the reconstructed ECM, which is generally achieved by altering the
osmotic balance between the cancer cells and extracellular space through aquaporins and ion
transporters, such as sodium-potassium-chloride co-transporter isoform-1 (NKCC1),
chloride channel-3 (CIC-3), transient receptor potential cationic channel (TRPCS6), etc.117
Moreover, the activation of transcription factors mediates cell invasion by direct interaction
or indirect signal transduction, turning on the invasive phenotype. Several transcription
factors, including NFATSs (nuclear factor of activated T cells), PAR-1 (protease-activated
receptor 1), NF-xB (nuclear factor kappa-light-chain-enhancer of activated B cells) and
STAT3 (signal transducer and activator of transcription 3), have been identified to be
involved in promoting the expression of pro-invasion proteins.117: 142, 143 Typijcally, NFATSs
can be activated by TRPC6 calcium ion channel, and then promote the expression of a
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variety of pro-invasion molecules and also facilitate angiogenesis and lymphangiogenesis.
Both cyclosporin A (CsA) and FK506 drugs (two calcineurin inhibitors) can inhibit the pro-
invasion function of NFATS by preventing NFATSs from entry into the nucleus, but also
exhibit severe toxic side effects in cancer therapy owing to the lack of targetability. In this
context, versatile nanomedicines are therefore proposed to mediate the targeted delivery of
these drugs to reduce their toxic side effects as well as to enhance their drug efficacies.

Here we summarize the evolution of invasion-targeted nanomedicines, as illustrated by Fig.
3. In the first stage, single function nanoparticle is integrated with targeting molecules to
realize a simple aim of invasion-targeted imaging or therapy (Fig. 3A). The therapy effect of
nanomedicines results from the multivalent binding and cellular internalization of lipid rafts
containing invasion-associated molecules, and thus the target points of nanomedicines are
limited to invasion-associated molecules on the surface of cancer cells. The use of nano-
carriers to encapsulate a therapeutic drug can further realize the targeted drug delivery (Fig.
3B), which has indeed enhanced the therapy efficacies of nanomedicines. Furthermore, we
propose to further enrich and strengthen alternative anti-invasion strategies by integrating a
wide variety of therapeutic drugs and targeting molecules with multifunctional nano-carriers
(Fig. 3C). A prospective anti-invasion nanomedicine will possibly hold multi-target heads
and load multi-drugs for highly efficient imaging and therapy. In such a way, nanomedicines
can be designed to hierarchically and sequentially target to vascular-to-cell-to-nuclear and
deliver various kinds of drugs and imaging agents, such as genes, chemotherapeutants,
antibodies, and even secondary targeting molecules.144

In addition to targeting molecules and therapeutic drugs, nanoparticle platforms for
constructing anti-invasion nanomedicines need to be thought over as some nanoparticles
could affect the functions of invasive cells. Zhao et al. investigated the anti-invasion activity
and mechanism of gadolinium metallofullerenol nanoparticles (f-NPs) using a tissue
invasion animal model (JF305 human pancreatic tumour xenograft model).145: 146 They
found that f-NPs not only suppressed the expression of MMPs (MMP-2 and MMP-9) via an
exocite interaction, but also inhibited their activity by intensive binding with residues near
the ligand-specific loop S1/, thereby leading to significantly less metastasis to the ectopic
site from the invasive primary tumour. Alili et al. found that dextran-coated cerium oxide
nanoparticles exhibited a cytotoxic, pro-apoptotic and anti-invasive capability against A375
melanoma cells, but no apparent toxicity against stromal cells in vitro and in vivo,147: 148
They attributed this selective anti-invasion capability to a selectively pro-oxidative property
of cerium oxide nanoparticles as they found that the intracellular ROS level in tumour cells
were increased by twofold but no increase was detected in normal cells. The selective pro-
oxidative effect of cerium oxide nanoparticle makes it promising for anti-metastasis therapy.
Moreover, cationic functionalized fullerene and hydroxyapatite nanoparticles also showed in
vitro anti-invasion activity by interfering with the activities of MMP-2 and MMP-9.149. 150
Liu et al. discovered that small citrate-capped Au nanoparticles (Au-NPs) exhibited in vitro
cytotoxic and pro-invasive effects against some types of tumour cells, which depend on the
particle size of Au-NPs and cell types. They investigated the effect of Au-NP size on the
invasion activity of lung cancer cells and found that 5-nm and 10-nm Au-NPs significantly
promoted the invasion of cancer cells but larger Au-NPs (20 and 40 nm) did not.
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Furthermore, they associated the increased invasion activity of lung cancer cells with the
upregulated expression of MMP-9 and intercellular adhesion molecule-1 (ICAM-1) by small
Au-NPs,151

4.2 Re-educating the primary tumour microenvironment (TME)

Besides tough elimination of cancer cells, gentle re-education of the primary tumour
microenvironment (TME) is another alternative strategy to block the initiation of metastasis
from the primary tumour. The TME involves cancer cells, a variety of stromal cells, their
exosomes (including cytokines and chemotactic factors), etc. Therein, stromal cells contain
endothelial cells, stromal fibroblasts and bone marrow-derived cells (BMDCs) including
macrophages, myeloid-derived suppressor cells (MDSCs), TIE2-expressing monocytes
(TEMSs) and mesenchymal stem cells (MSCs). A dynamic interplay between cancer cells and
stromal cells is well recognized: tumour cells hijack/educate normal stromal cells to become
bad.152-154 For example, normal endothelial cells, fibroblasts, macrophages and
lymphocytes are educated into tumour-associated endothelial cells (TAECS), tumour-
associated fibroblasts (CAFs), tumour-associated macrophages (TAMs) and tumour
infiltrating lymphocytes (TILS) in the TME, respectively, which not only lose their defence
functions but also support tumour progression and metastasis.1>°

In the past few years, most of studies on anti-metastasis have focused on the inherent
migratory capability of cancer cells. However, the therapeutic strategies directly aimed at
cancer cells frequently led to multidrug resistance (MDR) owing to intertumoural and
intratumoural heterogeneities, which actually fosters the metastases. By comparison, stromal
cells in the TME have less heterogeneity and higher genetic stability, and have recently
found to be vitally important in promoting tumour invasion and metastasis. The TME-
targeted anti-metastasis strategy may therefore have more probability to avoid the generation
of genetic variation and MDR and obtain more stable therapeutic outcomes, consequently
garnering specific attention recently.156 Due to some successful stories about normalization
of cancer cells by modulating/reprogramming the microenvironment, a concept of “re-
education of the TME” was proposed as a new anti-metastasis strategy to fully reverse the
pro-tumourigenic TME and recreate a suppressive microenvironment, which is expected to
effectively block the initiation of metastasis from the primary tumour.152

As demonstrated in Fig. 4, a wide range of therapeutic agents have been exploited to battle
the initiation of metastasis from the primary tumour by re-educating the primary TME.
Based on the pro-metastatic mechanisms of tumour-associated stromal cells (TASCs), three
leading reeducation strategies were summarized as anti-angiogenesis and anti-
lymphangiogenesis,1>7: 158 repolarization of TAMs!15: 159 and immunomodulation,160-166
and some relevant reeducation agents were shown in Fig. 4.

The normalization of tumour vasculature, solid stress and extracellular matrix structure can
make contributions to normalizing the TME for advancing delivery of anti-cancer
nanomedicines.167-169 Jain et al. found that anti-angiogenesis therapy by combined use of
antiangiogenic agents such as anti-VEGFR2 antibody can transiently normalize tumour
vasculature and thus enhance the size-dependent tumour delivery efficiencies of molecular/
nano-medicines, improving the therapy outcome.170-173 Besides, targeted NO gas therapy
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can also normalize the tumour vasculature, and thus improved tumour oxygenation and
response to radiation treatment.174. 175

The repolarization or re-education of TAMs can be achieved by inhibiting CSF-1R, TNFa
and STAT3.115.159 For example, Zhang et al. used liposomal nanoparticles to encapsulate
an STAT3 inhibitor (hydrazinocurcumin), and effectively delivered the drug into solid
tumours to suppress STAT3 activity and re-educate TAMSs.176 This formula successfully
reversed the phenotype of TAMs and regulated the crosstalk between tumour cells and
TAMs through inhibiting STAT3 signalling, inhibiting breast tumour proliferation,
angiogenesis and pulmonary metastasis in vivo.

Moreover, the recruitment and expansion of immune cells can be blocked by inhibiting
several critical cytokine axes: CXCR2, CXCR4, CSF-1R and KIT.177-179 As mentioned
above, therapeutic agents such as antibodies and antagonists can be delivered for therapy
using nano-carriers, and can also be developed as targeting heads to mediate targeted
delivery of drug molecules and imaging agents. For instance, we have successfully
radiolabeled CXCR4 antagonist peptides to track CXCR4 expression on metastatic tumour
models by PET.180-183 He et al. also conjugated an anti-CXCR4 mAb onto SPION for MRI
of pancreatic cancer.18 Chittasupho et al. conjugated a CXCR4 antagonist (LFC131) on
PLGA nanoparticles and loaded anti-cancer drug DOX to construct a targeted anti-cancer
nanomedicine, which enhanced drug efficacy and lowered non-specific cytotoxicity to
normal cells.185

Additionally, the anti-PD-L1 immunotherapy has attracted much attention lately.160-165
Broad expression of PD-L1 (the predominant ligand for programmed cell death-1 receptor)
on many types of tumour cells and lymphocytes including T cells, B cells, dendritic cells
and macrophages in the TME mediates the immunosuppression effect (Fig. 5A).166
MPDL3280A (a human Fc-optimized anti-PDL1 mAb) was engineered to target PD-L1 for
inhibiting the binding of PD-L1 to PD-1 and freeing/reversing tumour-infiltrating cytotoxic
T lymphocytes (CTLs) in the TME to kill tumour cells locally (Fig. 5B).162: 163 Most
importantly, MPDL3280A exhibited a few, low-grade toxicities and adverse events but high
tolerability in the treatment of metastatic bladder and lung cancers, and consequently
received FDA’s Breakthrough Therapy designation in June 2014.162. 163 |t s expected that
the immunotherapy effect of anti-PDL1 mAb can be further improved and its toxic side
effects can also be reduced by targeted drug delivery with nanomedicines, as evidenced by
some other immunotherapeutic nanomedicine formulas. For example, Park et al. constructed
an immunotherapeutic nanomedicine (nLG-SB+IL-2) by using liposome (nanolipogels,
nLGs) to co-encapsulate a hydrophobic transforming growth factor- (TGF-) inhibitor
SB505124 and a hydrophilic interleukin-2 (IL-2), as shown in Fig. 6A.186 The nLG-SB
+IL-2 formula can deliver these two drugs in a sustained fashion to the TME of a mouse
model of B16/B6 melanoma (Fig 6B), activated both CD8" T cells and natural killer (NK)
cells in the TME (Fig. 6C and D), and thus resulted in enhanced immunotherapy efficacy
compared with free drugs and single drug-loaded nanoformulas (Fig. 6E). Moreover, drug
toxicities to normal tissues were remarkably reduced as indicated by the increase in the
survival rate (Fig. 6F), and metastasis was also suppressed to a certain extent (Fig. 6G).
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Although a wide range of therapeutic agents are already available for educating the TME, a
single agent is limited to work on only a small part, not all of TASCs in the TME. Therefore,
the combined administration of multiple TME-educated drugs will be necessary for TME
therapy. Moreover, high attention should be paid to the combination of TME therapy and
tumour cell-directed therapies such as chemotherapy and radiotherapy, which may yield
more robust outcomes than either therapy alone.187 Based on this rationale, nanoparticle
platforms (Table 1) holding high surface areas and cavity volumes, especially hollow core-
mesoporous shell nanoparticles (nMSNs), can be utilized to encapsulate a variety and
number of drug molecules.”: 86. 188, 189 Moreover, sizes of hollow pore, mesoporous shell
and mesopores are tunable in favour of controlling the whole particle size, the drug loading
capacity and the drug release rate.190: 191 Furthermore, a therapeutic nano-core(s), such as
Au, Pd and Fe304 nanoparticles, can be facilely integrated into an hMSN particle to
construct a rattle-structure. In this way, other therapy modules such as thermotherapy,
radiotherapy and HIFU therapy can be further combined with TME therapy and
chemotherapy.®’ In addition, multifunctional nanomedicines can be engineered to realize the
targeted delivery and controlled release of therapeutic drugs to the TME, which is important
to reduce toxic side effects of drugs and enhance drug efficacies.

5. Intercepting circulating tumour cells by nanomedicines for diagnosis

and therapy

5.1 Intercepting CTCs in the blood system

After detaching from primary tumours, metastatic tumour cells will travel a long way in
blood and/or lymphatic circulation systems before lodging at a new location, which are
therefore named circulating tumour cells (CTCs). CTCs have two main circulating routes:
circulation in blood vessels (BV) and lymphatic vessel-to-blood vessel (LV-to-BV)
circulation, including sentinel lymphatic node-to-blood vessel (SLN-to-BV) circulation and
distant lymphatic node-to-blood vessel (DLN-to-BV) circulation, as demonstrated in Fig. 7.
Aiming at these routes, several strategies by virtue of nanomedicine engineering are
correspondingly proposed to intercept CTCs en route for diagnosis and therapy of metastasis
according to the characteristics of routes and the CTCs.

Most of CTCs would be mechanically arrested en route by the capillary bed of distant
organs, and the liver, lung and bone therefore become the common sites of tumour
metastasis.192 These common sites of intensively arresting CTCs provide the potential
windows to kill them. In addition, the escaped CTCs from the capillary bed could also
survive partly, leading to the various sites of metastases according to the metastatic
heterogeneity.193 It was found that less than 0.01% of CTCs can survive during the blood
circulation to produce metastases, but they indeed account for more than 90% cancer-related
deaths.19* Therefore, to find effective approaches to intercept and kill these surviving CTCs
is important to block metastasis.

In order to intercept CTCs, the identification of their molecular characteristics is of critical
importance. So far, some major advances have been made in this aspect. Some over-
expressed antigens on CTCs derived from various common tumours have been identified
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and even quantified, and many corresponding antibodies have also been developed, as
summarized in Table 2. Therein, epithelial cell adhesion molecule (EpCAM) tends to be
over-expressed on most types of CTCs, and therefore becomes the most versatile target.
Furthermore, these important immunologic features can be well utilized for immuno-
mediated imaging, diagnosis, separation and therapy of CTCs by combination with
nanotechnology.

We summarized a variety of diagnosis and therapy methods (Table 3), all of which are
mediated by immunoreactions on CTCs. Among them, the most mature methodology is
probably magnet separation-based diagnosis/detection, which is addressed by conjugation of
specific antibodies on magnetic nanoparticles. The CellSearch™ based on ferrofluid
nanoparticle-anti-EpCAM antibody conjugate is a most successful commercial product for
CTC detection/diagnosis, and is also the only system approved by the US FDA for clinical
practice in metastatic breast, colorectal and prostate cancer. The CellSearch™ has high
sensitivity and reproducibility for CTC diagnosis, and also enables CTC quantification,
which benefits from the relatively high sensitivity and specificity of conjugated anti-
EpCAM antibody to CTCs. However, one major limitation of the CellSearch™ is potential
false-negativeness owing to the heterogeneity of EpCAM expression between tumour
subtypes and the down-regulation of EpCAM during epithelial-to-mesenchymal transition
(EMT).206-208 A optimized combination method is introduced to further enhance the
accuracy of CTC diagnosis by combination of multiple antibodies on a single
nanoparticle.204 209, 210 Additionally, the speed of CTC separation can be improved by
using nanoparticles of stronger magnetism.197. 203, 204

In addition to magnetic nanoparticles for magnet separation-based diagnosis, some other
functional nanoparticles, mainly inorganic ones such as Au, Bi, Si and silica nanoparticles,
have also been used to realize photoacoustic, fluorescence, SERS and high-resolution X-ray
imaging as well as photothermal and X-ray irradiation therapies by virtue of
immunoreactions. Au nanoparticles, including nanorods, nanoshells and nanoroses, have
been developed for synchronous photoacoustic, SERS and high-resolution X-ray diagnosis
and photothermal therapy of CTCs, while Bi nanoparticles can be used for synchronous X-
ray diagnosis and irradiation therapy of CTCs. Inspired by general anti-cancer strategies
against primary tumours, we propose the multi-modal combination diagnosis and therapy
strategy for intercepting and killing CTCs by proper design of multifunctional nanoparticle
platforms, as illustrated in Fig. 8. For example, the rattle-structured nanotheranostic systems
can be facilely constructed by integrating mesoporous shell with functional magnetic/
fluorescent/heavy core (e.g. Au/Ag nanorod, Pd nanosheet, GO nanosheet, UCNP and
Fe304 nanoparticle, etc.), and are used to combine a variety of diagnosis and therapy modes,
such as photothermal/magnetothermal/radiosensitizing/chemical/photodynamic/HIFU
therapies and MRI/fluorescent/photoacoustic/CT diagnoses.®”

Furthermore, most of the existing detection and separation methods involve ex vivo
operation, while the therapy of CTCs needs in vivo administration. Therefore, two separate
operations lose the efficacy and increase the complexity. However the above-proposed
nanotheranostic systems will be able to monitor the outcome of CTC therapy in vivo, in situ
and in real time (Fig. 8), and greatly enhance the diagnosis and therapy efficacies.
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Moreover, when the diagnosis result is found to be positive, the therapy function can be
designed to be triggered by external stimuli, such as magnetic/photo/radio fields (Fig. 8).

During the engineering of CTC nanotheranostics, several key factors must be considered.
For example, 1) blood flow could influence the detection and enrichment of CTCs, and
nanoparticles therefore have to be sensitive enough to be captured by the detector and/or
collector; 2) to avoid the non-specific capture of reticuloendothelial system, “a stealthy coat”
such as PEG possibly needs to be dressed; 3) in the case of CTC enrichment for
nanotheranostics, pre-enrichment of nanoparticles needs to be avoided before nanoparticles
seize CTCs.

One major advantage of immune-mediated methodology is that the CTC-identifying
efficacy and versatility of nanomedicine can be improved by combining multiple antibodies
on a single but multifunctional nanoparticle, which depends on the existing knowledge of
molecular characteristics of CTCs and nanotechnology. Both false-positive (the wrong
identification of epithelial-like non-tumour cells as tumour cells) and false-negative (the
wrong identification of tumour cells as non-tumour cells) may still occur, owing to the lack
of effective discrimination of epithelial markers between epithelial-like non-tumour cells
and tumour cells and the metastatic heterogeneity of tumours which may inconstantly
express given markers. This conveys the present challenge in the recognition of tumoural
markers with high sensitivity (true-positive) and specificity (true-negative).2%8 In addition,
the proportion of CTCs is extraordinarily small (only several CTCs per 1 mL whole blood),
and the current isolation technologies cannot obtain sufficient numbers of CTCs, limiting the
understanding of their biological features. Recently, Tseng et al. developed a new type of
nanostructure-embedded microchips to improve the isolation efficiency of CTCs.211 They
pioneered a unique concept of “NanoVelcro” cell-affinity substrates coated with anti-CTCs
antibodies. The first-generation NanoVelcro chip composed of a silicon nanowire substrate
(SiNS) showed a higher sensitivity compared with CellSearch™-212. 213 |n conjunction with
the use of the laser micro-dissection technique, second-generation NanoVelcro chips
(NanoVelcro-LMD) realized single-CTC isolation.214 215 By grafting thermoresponsive
polymer brushes onto SiNS, third-generation NanoVelcro chips have demonstrated the
capture and release of CTCs at 37 °C and 4 °C, respectively, allowing for the rapid
purification of CTCs.216

5.2 Intercepting CTCs in the lymphatic system

In addition to the blood system, the lymphatic system is another important route of
metastasis. The absence of hepatic first-pass effect leads to easier survival and dissemination
of CTCs in the lymphatic system. The over-expression of some lymphangiogenesis factors
such as VEGF-C by tumour cells causes the expansion and lymphangiogenesis of lymphatic
networks around tumours, facilitating the spread of tumour cells towards the lymphatic
system.217-220 The drainage of angiogenesis/lymphangiogenesis factors induces
angiogenesis/lymphangiogenesis in SLNs and DLNs,22! forming a LV-to-BV route for
metastasis, as illustrated in Fig. 7. Most of CTCs entering the lymphatic system mainly
accumulate in the SLN since the lymphatic system lacks a central pump, while a small
number of CTCs can also spread to DLNs, even to the blood system (Fig. 7). Owing to the
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interconnections of blood and lymphatic systems, CTCs are frequently synchronously
disseminated into these two systems.222 Therefore to intercept and kill CTCs in the
lymphatic system is also an important aspect of anti-metastasis.

Organic nanoparticles such as emulsions, liposomes, polymeric nanoparticles and nano-
capsules can play an important role in intercepting and killing CTCs in the lymphatic system
due to their natural lymph-targeting properties, e.g. through phagocytosis as a major uptake
mechanism.223-225 |n order to increase the lymph-targeting efficiency, the decrease of
particle size and various surface modifications to nanoparticles have proven to be effective,
e.g. PEGylation, galactosylation, immunization, surface coating with poloxamines/
poloxamers/polyethyleneglycols, etc.226-231 Recently, Kaminskas et al. used PEGylated
polylysine dendrimers (Fig. 9A1) to target the lymphatic system for delivering a model
chemotherapeutic (methotrexate, MTX) through subcutaneous administration.232 The PEG-
MTX-conjugated nanomedicine D-MTX(OH) was easily absorbed from the subcutaneous
injection site via the lymph and about 30% dose/g node was retained in sentinel lymph
nodes (Fig. 9A2), while free MTX alone was not absorbed into the lymph. Targeted delivery
of chemotherapeutic MTX killed about 70% of the CTCs in the lymph (Fig. 9A3), and also
inhibited the growth of lymph node metastases (Fig. 9A4). However, a large proportion of
nanoparticles in other normal lymph nodes and a large number of macrophages were also
killed non-specifically, which was possibly a result of the lack of targetability to the CTCs
in the lymph and might cause potential toxicity. In order to diagnose SLN metastasis, we
developed a MSN-based nanomedicine (Dye@MSN@Gd@84Cu) with triple-modal imaging
capability by embedding/conjugating near-infrared dye ZW=800, Gd-based contrast agent
(Gd-DTPA) and positron-emitting radionuclide $4Cu within the MSN (Fig. 9B1).233 The
constructed nanomedicine can visualize tumour draining SLNs in a 4T1 tumour metastatic
model up to 3 weeks (Fig. 9B2) through near-infrared fluorescence (NIRF), magnetic
resonance (MR) and positron emission tomography (PET) (Fig. 9B3-5). More importantly,
tumour SLNs (T-SLNs) showed significantly stronger signals than normal ones (N-SLNs) at
all the examined time points after subcutaneous or intravenous injection of nanomedicine
(Fig. 9B3,5), indicating the preferred enrichment of nanomedicine in the T-SLNs. However,
the injected nanomedicines also entered into the blood circulation and were subsequently
captured by the liver, possibly owing to absence of adhesion/targetability to the CTCs in the
SLNs.

The existing strategies of nanomedicine for anti-CTCs in the lymphatic system are all based
on lymph-targeted delivery of anticancer drugs and imaging agents. However, the lymph-
targeted delivery of anticancer drugs cannot guarantee no toxic side effect resulted from the
non-specific drug release outside of CTCs or SLNs. Therefore, we propose a dual targeting
strategy to construct LN- and CTC-targeted nanomedicines by conjugating specific
antibodies or ligands as targets of CTCs, as illustrated in Fig. 10. Such LN- and CTC-
targeted nanomedicines are expected to improve the sensitivity, specificity and efficacy of
anti-CTCs in the lymphatic system. Moreover, the multi-modal combination nanotheranostic
strategy mentioned in Section 5.1 may also be adequate for intercepting and killing CTCs in
the lymphatic system besides those in the blood system with multifunctional nanoparticles.
In addition, inorganic nanoparticle platform-based anti-CTC nanomedicines appear to be
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more suitable for use in the blood system owing to their special physicochemical properties
and their higher stability, while organic nanoparticle platform-based anti-CTC
nanomedicines are possibly more efficient to target the lymphatic system and have
prolonged retention. It is expected that the integration of multifunctional inorganic
nanoparticle(s) into organic nanoparticle platform or the organic coating/encapsulation of
inorganic nanoparticle(s) will make nanomedicines more powerful and versatile in targeted
theranostics of CTCs in the lymphatic system.234 Therefore, it is desirable to select and
integrate suitable nanoparticle platforms for constructing high-efficacy anti-CTCs
nanomedicines according to individualized requirements.

metastases (secondary) tumours by nanomedicines

After surviving in circulation systems, a very small number of CTCs tend to extravasate into
the parenchyma of distant tissues (denoted as disseminated tumour cells, DTCs) and then
form metastatic tumours. This process can be divided generally into three micro-steps:
solitary cells, pre-angiogenesis micro-metastatic tumours, and vascularized macro-metastatic
tumours. In principle, the interdiction of any micro-step in this progress can overcome
tumoural metastases. Present alternative therapy routes include anti-proliferation and anti-
growth of metastatic cells, anti-angiogenesis and anti-lymphangiogenesis.23> However once
these DTCs survive in the foreign microenvironment of distant tissue, they will further
evolve to become much more stubborn so that it is almost impossible to control their speedy
proliferation and growth by present therapy routes. Therefore, it is better to battle the DTCs
(termed “seeds™) by enhancing counteraction of the pre-metastatic niche (PMN, termed
“soil”). The following Section will introduce and extend this anti-metastasis strategy based
on nanomedicines.

6.1. Soil- and seed-targeted nanomedicine therapy

During the metastatic colonization of DTCs, a metastasis-favoured environment, termed
PMN, is co-created by DTCs and stromal cells in the secondary site as well as exosome of
tumour and stromal cells in the primary tumour, including chemoattractants,
metalloproteinases, chemokines, cytokines, etc.236 According to the popular seed and soil
theory of metastasis, the PMN and the DTCs are identified as the soil and seeds,
respectively.237 The principal strategy for battling metastatic tumours is to destroy the soil
and meanwhile Kill seeds in the early stage of metastasis. As for destroying the soil, the
reprogramming/re-education of stromal cells in the secondary site is clinically thought to be
much better than the simple depletion of them since the microenvironment is capable of
normalizing tumour cells.152 As demonstrated in Fig. 11, a variety of agents have been
developed to destroy the soil, including EGFR and VEGFR inhibitors for anti-angiogenesis
and anti-lymphangiogenesis (EGFR mAb, Bevacizumab (VEGF mAb)),23¢ CSF-1R/CCR?2
antagonists (CCL2 mAb, CSF-1R inhibitor) and TNFa inhibitors (CD40 mAb) for
repolarization and re-education of tumour-associated macrophages,115: 159, 239-241
immunomodulators (FoxP3 mAbcam, CD25 mAb (Treg cells), IL-12 mAb, IL-10 mAb
(TAMs, MDSCs)) for anti-inflammation and activation of immune responses,193: 242-246
matrix metalloproteinase inhibitors (MMP-2 mAb, MMP-3 mAb, MMP-9 mAb) for damage
to metastatic niche,247- 248 etc. However, effective wide-spectrum anti-metastatic drugs are
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rarely available and general anti-cancer chemotherapeutics are inefficient, or even cause
resistance, owing to difference of hallmarks between primary tumours and metastatic
tumours. Moreover, the lack of on-site and specific targeting of some therapeutics, such as
most metalloproteinase inhibitors (MPIs) and anti-angiogenesis agents, has frequently led to
severe toxic side effects, or even unexpected effects of advancing metastasis.248

The high payload, soil-targeted delivery and responsive release of these agents in the pre-
metastatic niche (the soil) by using nanomedicines is expected to be capable of more
efficient damage to soil and seeds as well as avoidance/depression of toxic side effects of
drugs which are derived from their non-specific inhibitions over the whole body (Fig. 11).
Xu et al. encapsulated interluekin-12 (IL-12) into chitosan—tripolyphosphate (CS-TPP)
cross-linked nanoparticles to build a CS-TPP/IL-12 nanoformula for liver metastasis-
targeted drug delivery and immunotherapy (Fig. 12a1).24? Liver-localized CS-TPP/IL-12
nanomedicine was able to release IL-12 in a sustained and acid-responsive way, exhibiting a
relatively low toxicity compared with free drug administration. Moreover, systemic delivery
of the CS-TPP/IL-12 nanomedicine more efficiently induced the recruitment and tumour
infiltration of natural killer T (NKT) cells, and consequently reduced the number and
volume of colorectal cancer (CRC) liver metastasis foci compared to treatment with free
IL-12. In addition, the IL-12 loading capacity of CS-TPP was considerably low (no more
than 0.1 pg/mg) owing to the competition between TPP and IL-12 for electrostatic
adsorption of chitosan (Fig. 12al). A higher payload may be achievable using other
advanced nano-carriers with high surface areas or/and hollow nano-structure, such as
hMSNs, GO and Au nanocage, which will benefit the decrease of drug use amount and the
enhancement of drug delivery and therapy efficacies.4 250-252

A range of receptors and antigens over-expressed on CTCs (the closest precursor of DTCs)
and intratumoural vasculature are potential targets of seeds and soil, and thus corresponding
targeting ligands (Table 2) can be used to conjugate nano-carriers for targeted drug delivery.
Cancer-associated proteases (CAPs), which play important roles in the establishment of the
soil, are drug therapeutic targets as well as targets for responsive drug delivery and release.
For instance, Zhang et al. coated a MMP substrate peptide (Pro-Leu-Gly-Val-Arg, PLGVR)
onto the surface of MSN carrier to realize MMP-responsive drug delivery (Fig. 12b1).253
After exposure to the MMP-rich PMN, MMP responsive hydrolysis of PLGVR led to
undressing of the outermost protective layer (Fig. 12b2) and uncovering of RGD motif,
which mediated the targeted delivery of nanomedicine into tumour tissue and cells (Fig.
12b1C). Then glutathione triggered the release of encapsulated drug inside tumour cells by
cleaving disulfide chains (Fig. 12b1D). Moreover, a multistage nanoparticle delivery system
was also constructed by using gelatin to encapsulate 10-nm nanoparticles into 100-nm ones
in order to enhance the penetration of drugs into tumour tissue. The 100-nm delivery system
was accumulated around the leaky regions of the tumour vasculature by the EPR effect, then
degraded by CAPs such as MMP-2 in the tumour microenvironment, and subsequently
released 10-nm nanoparticles for imaging and therapy. It was demonstrated that the MMP-2
activation of the multistage nanoparticles facilitated delivery into the dense collagen matrix
of tumour.2%4
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It should be noted that there are both overlapping and difference in anti-metastatic strategies
for blocking primary and metastasis tumours (Sections 4 and 6). The overlap lies in similar
anti-invasion/anti-intravasation and anti-angiogenesis methodologies. The two FDA-
approved anti-metastatic drugs (angiogenesis and MMP inhibitors) can therefore play
important roles separately or cooperatively in both primary and metastatic sites. However,
the degrees of intratumoural vascularization in these two sites are somewhat different:
primary tumour has a well-developed vasculature, while metastasized tumour has virtually
no vasculature or just a developing vasculature. The immature vasculature might provide a
good chance for anti-angiogenesis, while such metastasis tumours are so small that they
cannot be readily detectable clinically by the present medical technologies. After a
metastatic tumour grows up, it becomes extremely difficult to treat, and therefore it is
necessary to realize the early diagnosis of metastasis.2>> Some nano-probes with high-
resolution imaging capability, such as SPIONs for enhanced MRI and perfluorocarbon nano-
emulsions for enhanced US imaging, can provide a chance to improve the outcome of early
metastasis diagnosis.2°6-260

6.2. Tumour-homing cells-mediated delivery of nanomedicines

Homing is a specific multistep process, which was first described in the lymphocyte re-
circulation.281 In a typical homing process, lymphocytes preferentially migrate from blood
into specific tissues and secondary lymphoid organs, and return to the blood via lymph
vessels and the thoracic duct, which is mediated by the interaction between lymphocyte
homing receptors on lymphocytes and vascular addressins on endotheliocytes.262 Likewise,
tumour-homing is also a complex and multistep process in which many types of cells travel
from distant locations to a tumour site. Similar to the metastatic cascade of tumour cells,
homing cells may be activated, intravasate, travel through the circulation, extravasate,
migrate and undergo phenotypic changes when reaching the tumour site finally.263 Based on
the homing property of tumour-homing cells, cell therapy and metastatic diagnosis have
been developed for anti-cancer, especially anti-metastasis, by using tumour-homing cells as
vehicles to deliver therapeutic and imaging agents. Cell therapy strategies based on
nanomedicine-loaded tumour-homing cells (termed “tumour-homing nanomedicines™) are
potentially attractive as nanomedicines can be facilely engineered to be taken up by cells
temporarily and also capable of controlled excretion from cells, as demonstrated by Fig. 13.
Furthermore, tumour-homing cells have an inimitable inherent targetability to metastatic
tumour sites compared with existing active and passive molecular targeting technologies.264
By combining the advantages of tumour-homing cells and nanomedicines, high anti-
metastasis therapeutic outcomes are expected.

Tumour-homing cells include mesenchymal stem cells (MSCs), monocytes (including
derived tumour-associated macrophages), T cells, etc. These cells are homeostatically
recruited from circulation systems into primary tumour and metastatic sites to establish
tumour-favouring microenvironments, and can therefore be employed as vehicles of
nanomedicine for targeted delivery (Fig. 13). Several typical examples of tumour-homing
anti-metastasis cells-nanomedicines are introduced according to the type of cells as follows.
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MSCs are well known to be inherently tumour-homing and immunosuppressive, and can
also be isolated, cultured and expanded. These salient features render them especially
suitable delivery vehicles for cell therapy of tumours. MSCs are capable of specifically and
efficiently homing to primary and metastatic tumours from different administration routes.
Loebinger et al. labelled MSCs with SPIONSs to track MSCs and localize lung metastases by
MRI.285 Their results indicated that i.v.-injected SPIONs-labelled MSCs could be tracked in
vivo to multiple fresh lung metastases using MRI. NIR optical, MR, and PET multimodal
imaging of metastases was realized by using MSNs as a versatile carrier platform to load
Gd/%4Cu/zw800 and MSCs-mediated delivery of nanomedicines.26 It was also found that
iron-based magnetic nanoparticles not only can label MSCs and track their fate by MRI, but
also can enhance the tumour-homing capacity of MSCs by actively increasing the
expression of chemokine receptor CXCR4 without the need for genetic modification.267 In
addition, Kim et al. developed a kind of hollow MnO-coated MSNs to label MSCs through
electroporation, and used them to successfully monitor the fate of transplanted MSCs in vivo
over 14 days by MRI.268 Furthermore, Zhang et al. used pDNA-encapsulated polymer
nanoparticles to transfect MSCs for expression of cytomegalovirus-thymidine kinase, which
could induce a cell suicide effect by injection of ganciclovir. Almost all gene transfected
MSCs were lodged in the lung area after systemic delivery and were also capable of
migrating to metastatic nodules areas in the lung after 3 days. There the suicide effect of
gene recombinant MSCs in the presence of ganciclovir caused sufficient bystander effect on
lung metastases.269

Macrophages can be recruited into tumour sites and then educated to become tumour-
associated macrophages (TAMS), which secrete intermediates to inhibit immunity and assist
intravasation and extravasation of metastatic tumour cells, homing to metastatic sites.
Therefore, macrophages may be ideal vehicles for targeting metastatic sites in principle.2’0
Ikehara et al. used macrophages to deliver 5-FU/SPIONs-loaded liposomes to metastatic
tumour sites, and the SPIONSs could play theranostic roles for MRI and hyperthermia
therapy at the tumour sites, and effectively control the peritoneal metastasis.2’* However, it
was also found that majority of macrophages were entrapped by the reticuloendothelial
systems (including lung, liver and spleen) prior to arriving metastatic sites, leading to a low
homing efficiency.272 But their monocyte precursors are highly mobile and can home
directly to metastatic sites, and might therefore be a better choice for cell therapy compared
with macrophages.2”3 Choi et al. used monocytes to deliver gold nanoshells into tumour
sites for photothermal therapy.274 275 They demonstrated that gold nanoshells, especially
silica-coated ones, were capable of phagocytosis by monocytes in vitro, and gold
nanoshells-loaded monocytes homed and infiltrated tumour spheroids after in vivo injection.
Specifically, the homed gold nanoshells mediated a localized photothermal therapy upon
exposure of tumour spheroids to a NIR laser, owing to the high NIR-photothermal efficacy
of gold nanoshells.

T cells were also explored as vehicles for delivery of vectors for anticancer cell therapy,
especially immunotherapy owing to their ability to induce nanomedicines-activated anti-
tumour immune response.276: 277 Several types of nanoparticles (Al,O3 NPs, Fe30,@Zn0O
NPs, CNTs-polymer NPs and Lipid NPs) have been conjugated with antigens or loaded with
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cytokines to construct nanomedicines/nanovaccines, which efficiently presented tumour
antigens or appropriate immune-stimulatory signals via cytokines to T-cells to elicit a potent
anti-tumour immune response.278-282 These nanovaccines-immunized T-cells could provide
long-lasting therapeutic effects against tumours and metastases. In the case of
immunotherapy, T cells are not only cell vehicles of nanomedicines but also therapeutic
cells activated by nanomedicines. In addition, Au nanoshells and nanoparticles were also
developed for theranostics (NIR-photothermal therapy and imaging) of metastatic tumours
by T cell-mediated delivery.283: 284 The efficiency of T cell-mediated delivery of
nanomedicines to tumours increased considerably compared to nanomedicines alone.
However, their biodistribution results demonstrated that a large amount of nanomedicines
also accumulated on multiple other sites including bone, liver, spleen and lung. To enhance
the homing efficiency of carrier cells, the external manipulation of these cells through
nanomedicines is desirable. In this context, we used Fe30,@SiO5 core/shell nanoparticles to
label NK cells, monitored the movement of labelled cells by MRI, and manipulated them to
target tumour sites by an external magnetic field.28°> We found that the tumour-infiltrating
rate of NK cells was enhanced by 17-fold through the FesO4@SiO, nanoparticle loading
and magnetic field guidance, and the killing activity of NK cells was still maintained after
the loading of nanoparticles. This approach could inspire future efforts to enhance the
tumour-targeting efficiency of nanomedicine-carried tumour-homing cells via the external
manipulation of functionalized nanomedicines.

Here we highlight several potential advantages of using tumour-homing cells as vehicles for
delivery of nanomedicines as compared with the direct delivery of nanomedicines: 1) unique
inherent targetability to primary and metastatic tumour sites; 2) immunosuppression and
escape from the capture of RES; 3) high tumour penetrability; 4) high and various payloads
for theranostics. However, there are also several aspects that need to be paid attention to: 1)
nanomedicines would have no cytotoxicity to tumour-homing nanomedicines-delivered
cells, but can responsively show cytotoxicity after being delivered to tumour sites; 2)
nanomedicines would not leak out of tumour-homing cells during homing; 3) nanomedicines
would maintain or even enhance the migratory and homing ability of tumour-homing cells.
In addition, there will be significant challenges in the translation of tumour-homing cells-
based nanomedicine delivery strategies. Especially, the biodistribution, kinetics and
biosafety of nanomedicines-loaded tumour-homing cells have been rarely investigated. As
shown in Table 4, we summarized the reported anti-cancer nanomedicines that were
delivered by a variety of tumour-homing cells. It can be found that there remain many
blanks worthy of study, especially on engineering of tumour-homing cells and
nanomedicines for high tumour-targeting efficiency and theranostic multifunction and
organic integration of them. Moreover, many other excellent platforms of drug delivery
carriers (graphene nanosheets, hMSNs, hMCNs, hMOSNs, multifunctional rattle-structured
MSNs, etc.) and imaging agents (UCNPs, QDs, etc.) can be good candidates to construct
multifunctional nanomedicines and integrate them with cell platforms for multimodal
imaging and combination therapy.52: 53 97, 98, 286, 287
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7. Summary and perspectives

In conclusion, compared with free drug, nanomedicine has several distinguished features
and advantages: 1) targeted delivery will enable the optimized distribution of drugs, elevated
drug availability, and consequently reduced toxic side effects of drug; 2) the encapsulation
of drugs favours the protection of its activity from biodegradation prior to reaching the
tumour foci; 3) the enhancement of drug loading and delivery efficiencies can help minimize
the dosage of drug; 4) sustained drug release corresponds to suppressed drug concentration
fluctuation and decreased frequency of drug administration, while stimuli-responsive drug
release ensures suppression of nonspecific leakage of drug in normal tissues and blood and
thus reduce the toxic side effects of drug; 5) nanoparticles are capable of mediating
transmembrane transport of encapsulated drug, and thus preventing drug excretion and
favouring drug localized accumulation; 6) facile multifunction integration allows the
combination of multimodal imaging, diagnosis and therapy; and 7) multifunctional
nanoparticles possessing specific physicochemical properties can be developed for a range
of therapy and imaging studies, such as PTT, PDT, HTT, PTI, Al, FI, MRI, PET, etc. The
FDA office of pharmaceutical science announced that the trend in the development of
nanomedicines is to make the nanoparticles multifunctional and controllable by external
signals or local environments.3%° Owing to facile multifunction integrability and a variety of
unique physicochemical properties and theranostic functions, more nanomedicines based on
inorganic nanoparticle platforms will be developed and play an significant role in anti-
metastasis. In addition, the biological effect/safety of nanomedicine is also an important
aspect that needs to be addressed, which involves biocompatibility (including toxicity, blood
and tissue compatibility) and pharmacokinetics (including biodistribution, biodegradation,
retention, excretion, clearance, blood circulation). Especially for some emerging
nanomedicines based on inorganic nanomaterials, their biological effects are urgently
needed to be investigated systematically but in a standardized and uniform way.

Aiming at the metastatic cascade, a variety of individualized anti-metastasis strategies by
engineering nanomedicines are presently available (Fig. 14). A range of multifunctional
nanoparticles are optional for constructing the desired nanomedicines, typically capable of
the multi-targeted co-delivery of multi-drugs and imaging agents. These state-of-the-art
nanomedicines will benefit many aspects of metastasis treatments: 1) high-resolution and
accurate localization of lesions, early and less burdensome treatments, increased chances of
recovery via cancer imaging and early diagnosis; 2) enhanced therapy efficacies, decreased
drug dosage and administration frequency, and reduced toxic side effects on healthy tissues
by targeted delivery and stimuli-responsive/localized/sustained release of largely loaded
various therapeutics, intrinsic therapies of nanoparticles and combination of various therapy
methods; 3) the combination of diagnosis and therapy.

Extraordinarily strong resistance of metastases to treatments accounts for failure of various
anti-metastasis therapies. The resistance of cancer follows the evolutionary and biological
logic, where the resistance of metastasis to treatments ever-increasingly strengthens with the
progression of metastasis as well as the intervention of therapies. As the immunity system of
human body is already considerably powerful, the vitality and resistivity of metastasis
should be much stronger. Only relying on existing routine therapy strategies, even relatively
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efficient radiochemotherapy and surgical excision, the treatment of metastasis will not
succeed. In this context, immunotherapy is extensively thought as the optimal choice for
treatment of metastasis at present because its mechanism is to stimulate/strengthen the
immunity of human body or/and selectively disable the immunosuppression of the tumour
microenvironment for thoroughly killing rare tumour metastatic cells by immune cells,
rather than simply and directly struggling against metastatic tumour cells like most of other
therapies against primary tumours. Therefore, immunotherapy will result in much lower
toxicity on normal tissues and suppressed resistance of metastasis. However currently, a
main problem of immunotherapy is the non-specific immunotoxicity owing to the off-target
effect. Therefore, targeted nanomedicines will play an important role in reducing the
immunotoxicity of immunotherapy. In addition, with the assistance of other therapies, such
as chemotherapy, radiotherapy, PDT and thermotherapy, the anti-metastasis efficacy of
immunotherapy will be amplified by attacking tumour metastatic cells from multiple angles.

Based on the same evolutionary theory of cancer, human body exhibits a considerably
strong immune defence mechanism to eliminate more than 99.99% of tumour cells.
Therefore it is wise to further enhance the immunity function of human body for blocking
the remaining 0.01% of CTCs from seeding in the soil (the pre-metastatic niche). Prior to
seed germination, there is a better chance for nanomedicine-based therapy to block the
completion of metastasis, indicating the significance of therapy of CTCs.

In summary, the metastatic cascade leaves us many opportunities to intervene, where
advanced nanomedicines will play an important role. At the same time, anti-metastasis is
also considerably challenging but significant. With the rapid development of
nanotechnology and the emergence of various nanomaterials, more advanced and effective
anti-metastatic nanomedicines are expectable to be engineered in the future.
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Figure 1.
(A) SPION-cRGDyK nanomedicine for integrin a,p3-targeted imaging and diagnosis: (Al)

Schematic structure of ultra-small SPION-cRGDyK nanoparticle; (A2) HRTEM image of
the iron oxide nanoparticle; (A3) MRI cross-section patterns of U87MG tumour mice treated
with SPIONSs without (control) and with (NPs) RGD targeting.118 Reproduced with
permission from ref. 118, Copyright 2008 American Chemical Society. (B)
DOX@Liposome-PEG/cRGDfK nanomedicine for integrin a,f3-targeted therapy: (B1)
Schematic structure of the DOX@Liposome-PEG/cRGDfK nanomedicine; (B2) TEM image
of the nanomedicine; (B3) Distributions of the nanomedicine in R40P pancreatic tumour,
where the green colour represents the nanomedicine binding; (B4) The vascular disruption
in the mouse model treated with control and nanomedicine samples; (B5) Anti-primary
tumour and anti-metastasis efficacies of the nanomedicine.1® Reproduced with permission
from ref. 119, Copyright 2008 National Academy of Sciences, USA.
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Figure 2.
(A) The SPION-CTX anti-invasion nanomedicine: (A1) Scheme of interaction between the

SPION-CTX nanomedicine and MMP-2 on the cellular surface; (A2) Difference of surface
and total MMP-2 expression of tumour cells after nanomedicine treatment; (A3) C6 glioma
cell invasion inhibition effects in vitro.134 Reproduced with permission from ref. 134,
Copyright 2009 Wiley-VCH. (B) The SPION-DNA-CTX anti-invasion nanomedicine: (B1)
Structure of SPION-DNA-CTX; (B2) Transfection of GFP-encoding DNA to C6 xenograft
tumours using the SPION-DNA-CTX anti-invasion nanomedicine; (B3) Nanomedicine
delivery to C6 xenograft tumours monitored by MRI.135 Reproduced with permission from
ref. 135 Copyright 2010 American Chemical Society.
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Figure3.
Evolving invasion-targeted nanomedicines: (A) single function nanoparticle-based

nanomedicine for invasion-targeted imaging or therapy; (B) multifunctional nanoparticle-
based nanomedicine for targeted drug delivery; (C) versatile nanomedicine for multi-
targeted delivery of multi-drugs and imaging agents.
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Figure4.
Re-education of the primary tumour microenvironment (TME) with nanomedicines to block

the initiation of metastasis. Nanomedicines can be engineered to co-load multiple drugs with
different functions and co-deliver them to tumour for synergetic re-education of the TME
containing cancer cells, stromal cells and their exosomes by various routes including anti-
angiogenesis, anti-lymphangiogenesis, repolarization of TAMs and immunomodulation.
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Dendritie cells

(A) The anti-PD-L1 immunotherapy of cancer by blocking PD-L1/PD-1 pathways in the
TME.166 Reproduced with permission from ref. 166, Copyright 2011 Nature Publishing
Group. (B) Co-localization of PD-L1 (red) and markers (green) of tumour-infiltrating
immune cells and tumour cell by immunofluorescence staining.163 Reproduced with
permission from ref. 163 Copyright 2014 Nature Publishing Group. (C) CT images of a
bladder cancer patient before and after the 2-cycle treatment with MPDL3280A had almost
complete remission.162 Reproduced with permission from ref. 162, Copyright 2014 Nature

Publishing Group.
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(A) Construction of nLG-SB+1L-2 nanomedicine by co-encapsulating
SB505124@cyclodextrins and IL-2 in PEGylated liposome; (B) Demonstration of
nanomedicine (green) and released drug (red) diffusions within the subcutaneous melanoma
tumour by time-resolved intravital two-photon laser scanning microscopy after intravenous
injection; (C) Absolute number of CD8* T cells present in per number of tumours; (D)
Absolute number of NK cells per number of tumours; (E) Tumour masses after treatment for
seven days; (F) Survival rates of mice after treated for seven days; (G) Number of metastatic
tumours (0.5-2 mm in diameter) in lungs of mice 14 days after initiation of treatment.186
Reproduced with permission from ref. 186, Copyright 2012 Nature Publishing Group.
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5.2 Nanomedicine strategies
for intercepting CTCs
in the lymphatic system
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Figure7.
Metastasis routes of CTCs via two circulation systems.
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Figure8.
Multi-modal nanotheranostics of CTCs in the blood circulation system with multifunctional

targeting nanomedicines. Multiple antibodies as listed in Table 2 can be selected to co-
conjugate on the nanomedicine to enhance the accuracy of individualized CTC detection.
Multifunctional nanoparticle platforms, especially rattle-structured ones, can be used to
realize in vivo theranostic of CTCs by combining a variety of diagnosis and therapy modes,
such as photothermal/magnetothermal/radiosensitizing/chemical/photodynamic/HIFU
therapies and MRI/fluorescent/photoacoustic/CT diagnoses.
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Figure9.
(A) Lymph-targeted drug delivery using the dendrimer-based nanomedicine. (A1)

Construction of the D-MTX(OH) nanomedicine; (A2) Confocal fluorescent image of a
popliteal lymph node bearing MAT metastases (red-labelled) 3 days after subcutaneous
injection of green-labelled D-MTX(OH) into the inner heel of rats; (A3) Cytotoxicity of the
D-MTX(OH) nanomedicine to lymph node cells 8 days after treatment of rats bearing
popliteal lymph node-resident metastases of MAT 13762 111B carcinoma; (A4) Anti-
metastasis efficacy of the nanomedicine against popliteal lymph node-resident metastases of
MAT 13762 111B carcinoma.234 Reproduced with permission from ref. 234, Copyright 2014
Elsevier. (B) Imaging and diagnosis of the SLNs of metastasis. (B1) Construction of the
Dye@MSN@Gd@°%*Cu nanomedicine; (B2) Retention of the nanomedicine in T-SLNs and
N-SLNs of a 4T1 tumour metastatic model after subcutaneous administration; (B3) NIRF
imaging, (B4) MRI and (B5) PET imaging of SLNs in the 4T1 tumour metastatic model
after injection of the nanomedicine.233 Reproduced with permission from ref. 233, Copyright
2012 Elsevier.
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Figure 10.
Nanotheranostics of CTCs in the lymphatic circulation system with multifunctional dual-

targeting nanomedicines. The dual-targeting nanomedicines can be engineered to target
lymphatic nodes (LNs) and enter the lymphatic circulation system firstly, and then target the
CTCs in the lymphatic circulation system. The dual-targeting will enable the diagnosis and
responsive therapy of CTCs in the lymphatic circulation system.
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Figure 11.
Soil- and seed-targeted delivery of nanomedicines for battling the pre-metastasis in the early

stage of metastases. Besides targeting the seeds (DTCs) through optimized immuno-
mediated recognition (Table 2), nanomedicines can be engineered to simultaneously target
and destroy the soil (the pre-metastatic niche, PMN) by various routes including the
repolarization of TAMs, the immunomodulation of stromal cells, the inhibition of MMPs,
anti-angiogenesis and anti-lymphangiogenesis, where the synergistic therapy via the co-
delivery of multi-drugs is applicable.
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Figure 12.
(a) Targeted delivery of CS-TPP/IL-12 nanomedicine: (al) Construction of nanomedicine

by electrostatic co-assembly of CS, TPP and IL-12; (a2) Evaluation of the metastasis
immune response by Hematoxylin-Eosin immunohistochemical staining of hepatic
metastasis immunoreactive cells in CRC hepatic metastasis model mice treated with free
IL-12 and CS-TPP/IL-12 nanomedicine; (a3) The number and volume (a4) of hepatic
metastasis in mice treated with CS-TPP carrier, IL-12 drug, CS-TPP/IL-12
nanomedicine.24® Reproduced with permission from ref. 249, Copyright 2012 Elsevier. (b)
MMP-responsive drug delivery of the envelope-type MSN nanomedicine. (b1) Construction
and responsive mechanism of nanomedicine: (A) functionalization protocol; (B) constructed
nanomedicine; (C) undressing of PASP in response to MMP at a tumour site; (D) RGD-
mediated uptake; (E) glutathione-triggered drug release inside the cell; (F) apoptosis of
tumour cells. (b2) Undressing/release of the PASP protection layer in the presence of
MMP-2 (l) or MMP-2 plus MMP inhibitor (a).253 Reproduced with permission from

ref. 253, Copyright 2013 American Chemical Society.
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Figure 13.
Tumour-homing cells-mediated delivery of nanomedicines to the metastatic site for

theranostics of metastases. Nanomedicines can be loaded into or conjugated with tumour-
homing cells, such as MSCs, T cells, monocytes and macrophages, and then delivered into
metastases by the tumour-homing for diagnosis and therapy of metastasis.
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Figure 14.
Summary of multifunctional anti-metastatic nanomedicines and nanomedicine-based anti-

metastasis strategies aiming at each stage of the metastatic cascade.
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Examples of nanoparticle platforms with advantages for constructing nanomedicines.

Basic Elem. | Nanostructures Material Properties | Therapeutic/Diagnostic Advantages
Organic High surface area; High payloads of drugs and imaging
Small nano-size; agents;20: 21
Controllable Controlled drug release!3 16. 7
biodegradation;
AT Functionally
Dendrimer Composite PEG-Dendrimer integratable;?0-23. 28
Difficult to purify or
lowyield
Soft, deformable; Multi-drug co-loading and co-
Biodegradable; delivery;™
Functionally Controlled drug release’*-73
integratable;2°
Poor stability®®
Liposome PEG-Liposome
Biodegradable; Loading of hydrophobic drugs;3% 36
Functionally Controlled drug release36 74
integratable;*0 74
Poor stability’®
Micelle PEG-Micelle
Au y & . Biochemically inert; | NIR-photothermal therapy;*6-48. 76, 77
e i ENH Structurally. Drug delivery, controlled release;8: 7
; &) > Eﬁ%i?ﬁ;%'ﬁ' NIR-photothermal imaging;&°
Au Nanorod, Nanotube, Nanoshell, Nanorattle, Nanocage, inte ratable)il’ 66, 67 NIR_—phO_tO&COuStIC imaging;8!
9 CT imaging;82
Two-photon luminescence imaging;83
’ , = Optical coherence tomography
¥ o XK@
Nanorose, Nanoplates, AuCu Pentacle, Bellflowers
Fes04 g Biodegradable®’ Magnetothermal therapy;8: 50
Magnetic targeting;5°
. MR|61—65
Nanosphere, Octapod, SPION@Au nanorattle
Si, SiO, Biodegradable; Drug delivery, controlled
@ Biocompatible; release;8%: 90, 91
= 4 SthCtgf?)'I'y Ultrasound imaging;%2
nm expandable; imaging® %
MSN/PSi, hMSN, Rattle-type MSNs, Dual-pore MSN, Fuﬂcﬂonany Fluarescence imaging
) _. integratable;
: . High surface area;
L CYS@5I0-PIG  Si@5I0: Large pore
MSN capsule, Cdot,  SiQD volume?? 85-89
¢ Biochemically inert; | NIR-photothermal therapy;4%-51

H
s

CNT, CNT@AuNanorod, Gb nanosheet, hMCN

sf,
@ p— ﬁ’z‘.i;:- =
Vamp &%

Functionally
integratable;
High surface
area® %

Drug delivery, controlled release;>2-54
NIR-photoacoustic imaging;>®
Fluorescence imaging>®
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Table 3

Immuno-mediated diagnosis and therapy of CTCs through multifunctional nanomedicines.

Page 53

Aims

Approaches

Multifunctional Nanomedicines

Ref.

Ex vivo Diagnosis

Fluorescence imaging

Ferrofluid nanoparticles-anti-EpCAM antibody (CellSearch™);
Fe@C-anti-EpCAM antibody;
SPION-anti-HER2 antibody;

RITC-silica nanoparticles-MUC1 monoclonal antibody

195, 196

197

198

199

Fluorescence and dark-field
imaging

SPION@Au nanoshell-anti-EpCAM/anti-HER2/anti-EGFR/anti-CK antibodies

200

Photoacoustic imaging

CNT@Au nanoshell-folate

201

SERS assay

Au nanoparticles-anti-EGFR antibody

202

High-resolution X-ray imaging

Au nanoparticles;

Bi nanoparticles-folate

203

204

In vitro Therapy

Photothermal therapy

Au@Si nanowires-anti-EpCAM antibody

205

X-ray irradiation therapy

Bi nanoparticles

204
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Table 4
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Tumour-homing nanomedicines for cell-mediated therapy and imaging of primary tumours and metastases.

Nanomedicines

Tumour-Homing Cells

MSCs

M acrophages

T Cells

Therapy of Metastases

Spermine-Pullulan copolymer-pDNA for
suicide gene therapy of pulmonary
metastases26

Liposomes-5FU/SPIONs for
chemo-hyperthermal therapy
of peritoneal metastasis?’!

Au nanoshells for photothermal
therapy of metastatic melanoma283
Al,O3 NPs-antigens for
immunotherapy of metastatic
cancers?’®

Therapy of Primary
Tumours

Silica nanorattle-DOX for chemotherapy
of the U251 glioma tumour?88

Hollow silica NPs-Pp18 for PDT therapy
of breast tumours?8®

PMMA nanoparticles-TPPS for PDT
therapy of osteosarcoma??

Au nanoshells for

photothermal therapy of
gliomas27. 275, 291, 262

Fe30,4,@Zn0O NPs-antigens for
cancer theranostics by
immunotherapy and MRI1280
CNTs@polymer-cytokines for
immunotherapy of tumours28!
Lipid NPs-cytokines for
immunotherapy of lung and bone
marrow tumours282

SPIONSs for hyperthermal therapy
of tumours?%3

BC NPs-peptides for Boron
neutron capture therapy294

Imaging of Metastases

SPIONs for MR imaging of lung
metastases?6°

MSNs-Gd/4Cu/zwW800 for NIR optical,
MR, PET multimodal imagings of the
orthotopic U87MG glioblastoma
xenograft and tumour draining SLNs and
tumour metastasis diagnosis266

Ferromagnetic iron-oxide
nanocubes (FIONs) for MR
imaging of metastatic lymph
nodes?%®

Imaging of Primary
Tumours

Au nanocages for photoacoustic imaging
of glioblastoma2®

SPION@AUNPs for theranostics of
hepatocellular carcinoma by MRI and
photothermal therapy?%”

SPIONs for MR imaging of
tumours?298 299
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