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a b s t r a c t

The emergence of disseminated metastasis is the leading cause of mortality in patients with malig-

nant tumor. The pre-metastatic microenvironment, including the primary tumor-derived components,

pre-metastatic niche (PMN), circulating tumor cells (CTCs), micro-metastases, and tumor immune mi-

croenvironment (TIM), are the crucial factors to initiate metastasis and form macro-metastases. It may

be a more promising strategy for directly targeting pre-metastatic microenvironment-interrelated fac-

tors and cells before they have the chance to form secondary tumors to prevent metastasis. During re-

cent years, a variety of nanosystems, with specific microstructures and functional properties, have been

devised to selectively target pre-metastatic cells components and interrelated molecular, and exhibited

strong potential on anti-metastatic therapy by absorbing and neutralizing primary tumor-derived compo-

nents, preventing establishment of the PMN, eliminating the CTCs, eradicating the micro-metastases and

modulating the TIM. In this review, we comprehensively review the emerging nanosystems based on the

pre-metastatic microenvironments. Hopefully, this review can cast new lights for early preventing and

attenuating metastatic progression.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Metastasis is one of the most threatening aspects of cancer, ac-

counting for 90% population of cancer-related deaths [1]. Among

over half of these cases, malignant tumors have developed into

metastasis upon diagnosed [2,3]. For the rest of cases, metastasis

may occur during immediate treatment, or even relapse years af-

ter recovery [4,5]. Despite advances in recent therapeutic strategies

such as chemotherapy, radiotherapy, immune-therapy, and their

combination therapy, metastatic tumor remains a great challenge

for the high biocomplexity of the processes [6]. This condition un-

derlines that the identification of specific molecular pathways and

cellular events during metastasis is essential to develop new ther-

apeutic strategies for anti-metastasis.

Invasive-metastatic development involves the dissemination of

tumor cells from primary tumor and subsequent colonization in

distant organs [7]. In the priming phase of metastasis, primary

tumors release the various secreted factors, such as extracellular

vesicles (EVs) and tumor-derived secreted factors (TDSFs), to es-
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tablish an immature PMN in distant sites. In the licensing phase,

tumor-mobilized bone-marrow-derived cells (BMDCs) and immune

cells are constantly recruited into the specific locus under the mo-

bilization of tumor secreted factors and interact with stromal cells

here to form a mature PMN with creating conditions for the suc-

ceeding survival and colonization of metastatic tumor cells. In the

initiation phase, CTCs escape from antitumor immune responses

and reach and colonize the PMN, contributing to the metasta-

sis initiation and micro-metastases formation. In the progression

phase, the PMN recruits more metastatic tumor cells, promotes the

expansion and metastasis of CTCs, and finally forms diagnostically

visible macro-metastases [8]. Therefore, as a crucial step in early

formation of metastasis, the primary tumor-derived components,

PMN, CTCs, micro-metastases, and TIM could become valuable di-

rection for successful cancer therapy. It may be a promising strat-

egy for directly targeting or neutralizing the interrelated factors

and cellar components in pre-metastatic microenvironment before

they have the chance to form secondary tumors to prevent metas-

tasis [9].

Currently, the majority of existing cancer therapies focus on

solid tumors (primary and metastatic) rather than the pre-

metastatic microenvironment. Conventional chemotherapy may de-

stroy partial CTCs for treating cancer, but chemo-drugs possess
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a relatively short blood circulation time, which decrease the effi-

ciency to kill CTCs owing to decreased exposure of CTCs to chem-

ical drugs [10]. The field of targeting PMN for the detection or

prevention of metastasis, just as a newly-emerged field, attracts

increasing attentions. The current chemotherapy lacks of selec-

tivity of anticancer drugs towards PMN. Furthermore, their clini-

cal efficacy of targeting PMN needs further validation [11]. There-

fore, finding effective targeting strategies based on pre-metastatic

microenvironment emerges an urgent need in both clinical and

academia cancer treatment.

With the rapid advancement of nanotechnology, the multifunc-

tional nanosystems have been developed to recognize and visual-

ize metastatic cells that are hard to be monitored by conventional

technology, and specifically release therapeutic agents to elimi-

nate malignant tumor cells and ultimately prolong patient sur-

vival [12]. Encouragingly, some nanosystems including Abraxane,

Genexol-PM, Caelyx and Onivyde have been approved for treating

metastatic cancer in the clinic [13]. However, these nanosystems

enter into the solid tumor through leaky tumor-associated vascula-

ture, and have demonstrated only disappointingly limited improve-

ment of therapeutic effect and survival rate in clinical practice

[14]. Different from solid tumors, PMN and micro-metastases is rel-

atively un-vascularized, thereby significantly hampering nanosys-

tems delivery to metastasis organ. Moreover, the mobility of CTCs

and hemodynamic shear stresses could dramatically influence on

the nanosystems efficacy against CTCs [15]. Therefore, the nanosys-

tems based on the pre-metastatic microenvironment are more

challenging for anti-metastatic therapy.

The development of nanotechnology primarily aiming at the

PMN, CTCs, micrometastases and TIM of early cancer metastasis

has attracted considerable attention in the last few years. The

nanosystems linked with specific targeting ligands can recognize

related molecule and cellular of pre-metastatic microenvironment

with high affinity, allowing for the direct capture using the mul-

tifunctional properties of the nanosystems [16]. In addition, some

TDSFs, EVs, PMN, CTCs, micrometastases and TIM-related cells have

been utilized to carry nanosystems suppress the development and

function of metastasis, and inspiring advances have been made to

develop novel nanosystems approaches for anti-metastatic thera-

pies [17].

In this review, we focus on the emerging nanosystems based

on pre-metastatic microenvironment with particular emphasis on

the application for absorbing and neutralizing primary tumor-

derived components, preventing establishment of the PMN, elim-

inating the CTCs, eradicating the micrometastases and modulat-

ing the TIM. Further, we systematically summarize these novel

nanosystems with unique therapeutic strategies for different pre-

metastatic phase, including aptamer-modified nanosystems me-

diated by unique tumor biomarkers (such as epithelial cell ad-

hesion molecule (EpCAM), N-cadherin, C-X-C chemokine receptor

type 1 (CXCR1), E-selectin ligands, αvβ3 integrin, carcinoembry-

onic antigen) and other metastasis-associated cytokines (such as

S100A8/A9, P-selection, CXCR4, fibrin-fibronectin complexes, very

late antigen-4, epidermal growth factor receptor), biological mem-

brane biomimetic nanosystems and bioengineered cell carriers me-

diated by high integration with organisms (such as platelet, exo-

somes, neutrophil cells, myeloid-derived suppressor cells (MDSCs)

and tumor cell self). These nanosystems are able to block metas-

tasis in early stage of cancer process. Hopefully this review can

cast new lights for preventing successful anti-cancer metastasis in

clinic.

2. The key processes in the pre-metastatic microenvironment

Development of pre-metastatic microenvironment is an ordered

pathological event which can be separated into four major phases

following sequential order (Fig. 1). Firstly, primary tumors pro-

duce the various primary tumor-derived components, including

EVs, TDSFs and related factors, which establish an immature PMN.

Then, BMDCs and immune cells are constantly recruited into the

specific locus under the mobilization of tumor secreted factors and

interact with stromal cells here to form a mature PMN. Next, CTCs

escape from antitumor immune responses, reach and colonize the

PMN leading to the initiation of metastasis, and finally form micro-

metastases and expand into macro-metastases [8].

2.1. Primary tumor-derived components

Within the primary tumor, neoplastic cells struggle against acid

environment, hypoxia, nutrient deprivation and high interstitial

pressure. Subsequently, tumor cells release more primary tumor-

derived components, including EVs, TDSFs, and other molecular

factor. Among others, TDSFs include tumor necrosis factor (TNF),

transforming growth factors (TGF) and vascular endothelial growth

factor (VEGF) that upregulate vital factors like lysyl oxidases (LOX),

S100A8/9 (calprotectin), fibronectin and matrix metalloproteinases

(MMP), all recruiting a vast array of different cell types to the PMN

[18]. Among them, S100A8/9 can induce the expression of serum

amyloid A (SAA) 3 in the pre-metastatic organs, which can act as

a positive-feedback modulator for chemoattractant secretion and

promote the accumulation of CD11b+ myeloid cells, all of which

enhanced invasion and metastasis [19]. LOX, arising from hypoxic

tumor cells, have been shown to remodel the extracellular matrix

(ECM) in PMN. Once secreted from the primary tumors into cir-

culation, LOX localized with fibronectin in pre-metastatic organs

where it served to cross-link collagen IV in basement membrane to

increase the adherence of MMP2-secreting CD11b+ myeloid cells,

which lead to invasion of the metastatic sites and further recruit-

ment of metastasizing tumor cells [20].

Tumor derived EVs, especially exosomes, have been considered

as another spearhead of PMN formation. Tumor exosomes that

contain nucleic acids and proteins educate PMN through regulat-

ing dynamic communication between cancer cells and surround-

ing factors or through transferring their contents to recipient cells

[21]. For example, tumor exosomal RNAs promote PMN formation

in lung by activating alveolar epithelial toll-like receptor 3 (TLR3),

consequently inducing chemokine secretion to recruit neutrophils

[22]. Exosome integrins can promote the upregulation of pro-

inflammatory S100 at the metastatic organ microenvironment by

the activation of Src phosphorylation [23]. Some exosome-induced

inflammatory signaling pathways are able to suppress anti-tumor

functions of the host immune system. Tumor-derived exosomes

can suppress IL-2-stimulated natural killer (NK) cells proliferation

[24]. Macrophage migration inhibitory factor (MIF) overexpressed

in pancreatic cancer exosomes can induce the release of TGF-β
from Kupffer cells in liver, which in turn facilitates the formation

of fibronectin and production of TGF-β , subsequently enhances

the recruitment of tumor associated macrophages (TAM) and neu-

trophils into the liver, facilitating the formation of PMN [25].

2.2. Establishment of PMN

BMDCs and interrelated immune cells continuously migrated

into secondary organs in response to TDSFs and EVs secreted by

primary tumor, which interact with stromal cells here to form a

mature PMN with creating conditions for the succeeding survival

and colonization of metastatic tumor cells. BMDCs are one of the

most critical cell types of the tumor microenvironment, which can

be selectively recruited to PMN before tumor cells arrived [26].

Myeloid-derived suppressor cells (MDSCs) are a heterogeneous

group of myeloid cells with immunosuppressive properties in con-

sist of myeloid progenitor cells and immature myeloid cells. MD-
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Fig. 1. Formation of the pre-metastatic microenvironment. (I) Primary tumor secrete a variety of tumor-derived components, including TDSFs, EVs and other factors, which

have impact on various pre-metastatic organs. (II) Regulatory/suppressive immune cells including myeloid-derived suppressor cells (MDSCs), T regulatory (Treg) cells, tumor

associated macrophages (TAMs), and neutrophils are mobilized from the bone marrow and recruited to pre-metastatic organs in response to TDSFs and EVs. (III) The action

of BMDCs helps to create niches by modulating micro-environment through processes including extracellular matrix remodeling, immunosuppression, inflammation, and

vascular hyper-permeability. (IV) CTCs in blood vessel arrive and colonize at the fertile PMN and form micro-metastases. Some of them could come back to the primary

tumor according to the tumor self-seeding model.

SCs and immune cells (including Treg cells, TAMs, and tumor-

associated neutrophils (TANs)) are recruited into secondary organs

together by tumor cell-derived factors and components, and these

cells and factors facilitate the establishment of immunosuppres-

sive microenvironment in PMN [27]. Increased expression of pro-

metastatic proteins in MDSCs including Bv8, MMP, S100A8/9 pro-

motes more effective tumor cells extravasation, infiltration and

proliferation in PMN [28].

2.3. Colonization of CTCs in the PMN

During metastasis, CTCs migrating away from primary tumor

must penetrate basement membrane, invade through ECM and

then intravasate into the circulation to finally spread into PMN

[29]. The well-established niches with a suitable microenviron-

ment support the seeding, colonization, and outgrowth of CTCs,

leading to initiating metastasis and forming micrometastases and

macrometastases. It is understood that NK cells can target and de-

stroy tumor cells in blood. However, tumor cells in blood can in-

duce platelets aggregation and forming a physical “cloak” which

defend them from immune elimination. Activated platelets can

promote endothelial interaction to enable CTCs extravasation and

form metastasis [30]. Simultaneously, CTCs can also interact with

neutrophils and the association between them drives cell cycle

progression within the blood and increases the metastatic poten-

tial of CTCs. These forming neutrophils/platelets-cloaking CTCs ag-

gregates protect CTCs in bloodstream from physical stress and host

immune attack, and promote cancer metastasis [31]. In addition,

the pre-recruited neutrophils in PMN can release neutrophil ex-

tracellular traps (NETs) to facilitate tumor cells extravasation to

metastasis organs [32].

2.4. Formation of micrometastases

Every metastatic tumor starts as a single or small clusters of

micrometastatic cells [33]. Most CTCs are destroys or intercepted

or keep dormant due to the hostile microenvironment and only

0.02% would eventually survive in bloodstream, form detectable

metastases [34]. These tumor cells exist as disseminated tumor

cells (DTCs) or further form micrometastatic foci. The DTCs are fol-

lowed by a long period of dormancy and are “seeds” that poten-

tially form metastasis. Further studies found that these dormant

DTCs are cancer stem cells (CSCs) or keep stem-like characteris-

tics, which would remain a non-proliferative or quiescent state,

resist chemotherapy and survive longer in the host tissues until

being triggered to re-emerge by suitable “soil” of PMN [35,36].

Immunosuppression and chronic inflammation of the PMN sup-

port the micrometastases development with contributing to ECM

remodeling and tumor angiogenesis due to the secretion of sup-

portive growth factors and MMPs from MDSCs and metastasis-

associated macrophages (MAMs) [37]. Moreover, some secreting

cytokines from primary tumor can act on stromal cells and BMDCs,

and provide remote support to the newly established foci. Acti-

vated stromal cells, such as fibroblasts, would generate inflamma-

tory inducers and proteases, which are able to facilitate epithelial-

cell proliferation or stimulate angiogenesis and activate dormant

tumor cells [35,38].

3. Strategies targeting pre-metastatic microenvironment

At the primary site, tumors cells produce primary tumor-

derived components (TDSFs, EVs and related factors, which cause

the mobilization of various BMDCs and immune cells in TIM to

metastatic organs, and establish PMN. Then, CTCs escape from

antitumor immune responses and reach and colonize the PMN,

resulting in the initiation of micrometastases. The PMN recruits

more metastatic tumor cells and finally forms diagnostically visi-

ble macro-metastases [8]. Therefore, primary tumor-derived com-

ponents, PMN, CTCs, micrometastases and TIM appears to be

a crucial target in the early stage of metastasis formation. It

could be a potential strategy for directly targeting pre-metastatic

microenvironment-interrelated factors and cells before they have

the chance to form secondary tumors to prevent metastasis.

3.1. Absorbing and neutralizing TDSFs and EVs

Primary tumors secreting TDSFs and EVs is the initial step trig-

ger tumor metastasis. Developing corresponding treatment strate-

gies for this stage would help block metastasis process from the

source. Some novel nanosystems able to absorb and neutralize

TDSFs and EVs have be developed to interrupt metastatic processes

for cancer treatment (Table 1).

Tumor derived EVs, especially exosomes, have been consid-

ered as another spearhead of PMN formation. Capturing onco-

genic exosomes in circulation can also prevent PMN establish-
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Table 1

The nanosystems for absorbing and neutralizing TDSFs and EVs.

Nanosystems Drug Target ligand Disease model Refs.

The mesoporous silica nanoparticles functionalized with EGFR-targeting aptamers None EGFR-targeting aptamers A549 lung cancer [39]

The gold nanocages coated with platelet and neutrophil hybrid cell membrane Doxorubicin and

indocyanine green

Neutrophils and platelet

hydrid membranes

4T1 breast cancer [40]

Neutrophil-mimicking nanoparticles by coating neutrophil membranes None Neutrophils membranes 4T1 breast cancer and

B16F10 melanom

[41]

ment. Xie et al. prepared specific mesoporous silica nanoparticles

(NPs) that identify and bind oncogenic exosomes that overexpress

surface epidermal growth factor receptor (EGFR) biomarkers [39].

The nanosystems-exosomes conjugates traversed hepatobiliary lay-

ers and into bile duct rapidly, thereby eliminated circulating levels

of tumor-derived exosomes and subsequently prevent the forma-

tion of metastasis. In another study, the platelet-neutrophil hybrid

membrane-bionic nanocages were devised to capture and elimi-

nate the migrating oncogenic exosomes completely, thus improv-

ing the immunosuppression of tumor microenvironment. In vivo on

mice, the multifunctional nanocages showed exosomes capture ef-

ficiency of 65.71% and successfully inhibited the tumor metastasis

[40].

MDSCs are major immune-responses modulators in cancer.

They can be recruited to assisting in the construction of PMN

and facilitate tumor immune escape through multiple mechanisms.

Therefore, disrupting the myeloid expansion and trafficking into tu-

mor sites help to restore the antitumor immunity in the tumor

microenvironment. Based on this tendency, a nano-sponge coated

with neutrophil membrane was developed to disrupt the expan-

sion, recruitment, and activation of polymorphonuclear MDSCs. It

inherited major membrane receptors from neutrophils which ab-

sorb and neutralize key growth factors and chemokines, and subse-

quently reduce the accumulation of MDSCs in peripheral lymphoid

and tumor tissues. Furthermore, combining the nanosystems with

the programmed death-1 (PD-1) immune checkpoint blockade im-

prove the infiltration and function of anti-tumor immune cells for

improved cancer therapy [41].

3.2. Preventing establishment of PMN

The PMN refers to a supportive and receptive micro-

environment through a complex succession of changes to form the

future sites of metastasis, or the prepared “soil” for the recep-

tion of the CTCs, thus sustaining tumor growth in the distant sites

and facilitating metastasis [8]. In recent years, the area of target-

ing PMN for detecting or preventing metastasis has just emerged

and attracts increasing attentions. Because targeting the host mi-

croenvironment, a less dynamic and more easily predictable sys-

tem, may offer a superior alternative therapeutic strategy for pre-

venting and delaying cancer progression [42]. The PMN is com-

posed of a complicated micro-environment, including ECM pro-

teins, stromal cells, inflammatory immune cells, tumor-derived ex-

osomes, and selective homing molecules. Liu and Cao proposed

that the unique characteristics of the PMN enable the niche to sup-

port the survival and colonization of metastatic tumor cells, includ-

ing immunosuppression, inflammation, angiogenesis/vascular leak-

age, lymph-angiogenesis, organotropism, and reprogramming [8].

Thus, targeting the PMN-promoting factors to monitor, remodel

and prevent PMN establishment and consequently inhibit metas-

tasis could probably be a more effective approach for cancer di-

agnostic and therapeutic. Nanosystems based on the characteris-

tics of tumor microenvironment, owing to their special physical

and chemical properties, have been widely applied in cancer imag-

ing and targeted therapy [43,44]. These functions can be combined

with various therapeutic drugs to block key functional factors in

the PMN. Currently, some novel nanosystems have be developed to

prevent the formation and function of the PMN for anti-metastasis

treatment (Table 2).

3.2.1. Inflammation microenvironment-based nanosystems

Local inflammatory microenvironment is one of the indispens-

able drivers for PMN establishment [8]. Tumor-derived cytokines

and exosomes can promote the release of the pro-inflammatory

mediator S100 family of proteins in PMN [45,46]. S100 proteins

(S100A9) can induce the inflammatory microenvironments through

nuclear factor-κB (NF-κB) signaling pathway activation, which fa-

cilitates PMN formation in inflamed tissues and accelerate metas-

tasis progress [46,47]. Furthermore, other metastasis-associated in-

flammation mediated by up-regulated interleukin-6 (IL-6) and ac-

tivated signal transducer and activator of transcription-3 (STAT3)

also contributes to the establishment of PMN [48]. Therefore, the

formation of inflammatory micro-environments is an essential pro-

cess for the development of PMN and thereby for the survival and

proliferation of CTCs [49].

It is verified that the improvement of the PMN with regu-

lating anti-inflammatory components is an effective strategy for

tumor metastatic detection and therapies. S100A8/A9 can serve

as a reliable marker applied to the non-invasive imaging and

reported the purposes of antibody-based single-photon emission

computed tomography (SPECT) for S100A8/A9 detection in vivo

[50]. Systemic S100A8/A9 SPECT imaging reflected condition of a

metastasis-permissive microenvironment and allowed for evalua-

tion of immunosuppressive status in pre-metastatic organ. More-

over, the chemokine receptor CXCR4 has also been used as a prog-

nostic biomarker in facilitating breast cancer metastasis and tar-

geting therapy [51]. Zhao et al. have reported the design and appli-

cation of CXCR4-targeted gold nanoclusters doped with 64Cu and

grafted with a targeting ligand AMD3100, which monitor upreg-

ulated CXCR4 earlier in premetastatic lung with higher sensitiv-

ity, and can act as a potential platform for detection of metas-

tasis at early stage [52]. Recently, Jiang et al. developed PMN-

targeted micelles loaded with two anti-inflammatory drugs (met-

formin and docosahexaenoic acid) to amend the pre-metastatic in-

flammatory microenvironment and inhibit cancer metastasis (Fig.

2) [53]. The functionalized micelles are enveloped with fucoidan

which has high affinity P-selection for targeting PMN. The combi-

nation of metformin and docosahexaenoic acid can inhibit the ex-

pression of MMP9, S100A9 and fibronectin, and modulate multiple

inflammatory pathways to powerfully suppress the metastasis of

primary tumor in murine models. Notably, the therapeutic strat-

egy that early intervention against the PMN with targeted anti-

inflammatory drugs might afford a novel direction for metastasis

prevention in cancer therapies.

3.2.2. MDSCs-based nanosystems

BMDCs is essential for the development of PMN, which can

be selectively recruited to PMN before tumor cells arrived and

thereby participate in the establishment of PMN microenviron-

ment as a non-resident cellular component [8]. BMDCs expressing

vascular endothelial growth factor receptor-1 (VEGFR-1) and very

late antigen-4 (VLA-4) reach metastatic sites and establish a suit-

able microenvironment for tumor cells. VEGFR-1-positive BMDCs
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Table 2

The nanosystems for preventing establishment of PMN.

Nanosystems Drug Target ligand Disease model Refs.

Metformin and docosahexaenoic acid hybrid micelles decorated

with fucoidan

Metformin,

doco-sahexaenoic acid

Fucoidan 4T1 breast cancer [53]

Heparin-tocopherol succinate nano-particle modified with

phenylboronic acid

Doxorubicin, and

α-galactosyl-ceramide

Phenyl-boronic acid B16F10 melanoma [60]

MDSCs membrane coated iron oxide nanoparticle Fe3O4 MDSC membrane B16-F10 melanom [61]

Neutrophil-mimicking nanoparticles by coating neutrophil

membranes

Carfilzomib Neutrophils

membranes

4T1 breast cancer [70]

Bovine serum albumin nanoparticles conjugated with siRNA and

coated with exosome membrane

S100A4 siRNA Exosome membranes 4T1 breast cancer [78]

Anti-EGFR aptamer decorated mesoporous silica nanoparticles None Anti-EGFR aptamer lung carcinoma A549

cells

[39]

Gold nanocage decorated with the platelet and neutrophil hybrid

membrane

Doxorubicin and

indocyanine green

Platelet and neutrophil

membrane

MDA-MB-231 and 4T1

breast cancer

[40]

Doxorubicin-loaded hydroxyapatite multi-mode nanoparticles

modified with functional peptide combination

Doxorubicin, α-helical

peptide KLA

CREKA peptide 4T1 breast cancer [83]

hematopoietic progenitor cells (HPCs) were found to form clus-

ters at metastatic sites. Peng et al. developed a high-affinity pep-

tidomimetic ligand, LLP2A, for the activated conformation of VLA-

4 [54]. Accordingly, Shokeen et al. developed a 64Cu-labeled LLP2A

for positron emission tomography (PET) imaging. The PET imaging

can visualize BMDCs reorganization and extension noninvasively in

vivo to detect the progression of the PMN and further provide an

effective diagnostic approach that could act on key intervention

point in the tumor treatment process [55].

MDSCs are a heterogeneous population of immature myeloid

cells with immunosuppressive properties which accumulate in

cancer patients and appear at the early stages of PMN and are

the critical determinants in the progression of PMN [56]. The MD-

SCs exhibit different biological functions which can induce vascular

permeability and alter ECM to the influence of systemic immune

that promote metastatic progression [56]. Suppressing MDSCs re-

cruitment in early stage is beneficial for PMN elimination. In one

study, the C5a/C5aR1 axis was found to contribute to premetastatic

angiogenesis through the regulation of MDSCs, and C5aR1 block-

ade combined with antiangiogenic vaccines reduces lung metas-

tasis via inhibiting the growth of primary breast tumors, reduc-

ing lung angiogenesis and increasing lung T cell infiltration [57].

In addition, Lu et al. found that, after surgical resection of pri-

mary tumor, low-dose adjuvant epigenetic therapy improve the

premetastatic microenvironment and suppresses both the devel-

opment of metastatic site through its selective effect on MD-

SCs [58]. Long et al. have devised a heparin-tocopherol succinate

nanoparticle that can suppress early pulmonary recruitment of

granulocytic myeloid-derived suppressor cells (GMDSCs) through

preventing their extravasation by suppressing P-selectin/PSGL-1-

mediated adhesion between GMDSCs and vascular endothelial cells

[59]. Furthermore, the intensive immune response mediated by α-

galactosyl-ceramide could be helpful in extended suppression of

metastatic cancer and postoperative recurrence. The self-delivery

nanoparticle offers a powerful platform to improve anti-metastasis

therapies by interfering with establishment of PMN. In postoper-

ative metastasis mouse models, the survival time of mice in the

self-delivery nanoparticle-treated group was prolonged by 1.9-fold

in comparison to the PBS-treated group, and nearly 40% of mice

survived to the 55th day. Yu et al. constructed iron oxide mag-

netic nanoparticles coated with MDSCs membrane for tumor imag-

ing and photothermal therapy. The bioinspired nanosystems could

reduce the uptake rate by murine macrophages and escape host

immune clearance. MRI instrument demonstrated that the mouse

injected with MDSCs membrane-coated nanoparticles yielded a

fortified dark image at the tumor site and have high tumor ac-

cumulation. The treatment with them could significantly induce

macrophage state switch from M2 to M1, synergize immunogenic

cell death, for enhanced antitumor immune response upon laser

irradiation in C57BL/6 melanoma mice model [60]. We speculate

that the MDSCs camouflaged nanosystems might be applied to tar-

get metastatic niche due to their capacity to successfully be re-

cruited in premetastatic microenvironment.

3.2.3. Immune cells-based nanosystems

Tumor cell-derived chemokines and cytokines recruit the pre-

metastatic microenvironment cellular components containing MD-

SCs, macrophages, Treg cells, and TAN into distal metastatic organs,

and these immune cells facilitate tumor metastasis by supporting

PMN establishment [61,62]. Recent research have reported that a

large amounts of neutrophils play a vital part in the early phase

of the PMN establishment [63]. Initially, tumor-secreted compo-

nents and granulocytic myeloid cells (precursors of neutrophils)

are mobilized by hypoxic TDSFs and initiate the PMN formation

[64]. Then, neutrophils together with CTCs are constantly recruited

to the PMN, in response to the inflammatory signals of the niche

[65,66]. Hijacking neutrophils has become an effective strategy

for in vivo using nanoparticles to deliver therapeutics into tu-

mor [67,68]. Kang et al. devised a nanosized neutrophil-mimicking

nanoplatform coated with neutrophils membranes onto polymer

nanoparticle cores [69]. They inherited the integral membrane pro-

teins on surface of neutrophils and exhibited the capacity of target-

ing both CTCs and PMN. The nanosystems loaded with carfilzomib

can promote selective CTCs apoptosis in blood, suppressed the for-

mation of pulmonary nodules, and induced growth inhibition and

apoptosis in metastatic mice models. Identification of new niche

functions will contribute to expand the range of therapeutic op-

tions.

3.2.4. Exosomes-based nanosystems

Tumor-derived EVs probably depart away from their original

position to serve as underlying regulators for establishing PMN,

the EVs that comprise genetic material, proteins and lipids con-

tribute to the formation of PMN by regulating dynamic exchanges

between cancer cells with pericellular environment or by hori-

zontally delivering their contents to receptor cells [70]. Numerous

current researches focus on exosomes, a nanosized vesicles (30–

100nm diameter) that are encapsulated by a lipid bilayer. They

contain fibronectin on external surface, which promoted interac-

tion with target cells via heparin sulfate [71], and exosomal small

nuclear RNA increased the expression of MMP-9 and fibronectin

in PMN, thus facilitating neutrophils recruitment [72]. Therefore,

tumor-secreted exosomes are considered main drivers in the de-

velopment of PMN and crucial mediators of cancer cell-immune

cell communication [73]. The exosomes can not only upregulate

inflammatory factors, induce immune suppression, enhance angio-
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Fig. 2. The multifunctional micelles loaded with metformin and DHA (FucOMDs) for PMN-targeting and modification. Copied with permission [53]. Copyright 2019, American

Chemical Society.

genesis and vascular leakage, but also determine organotropism

metastasis and facilitate ECM remodeling [74].

Analogous in size and function to synthetic nanoparticles, ex-

osomes display distinct advantages, rendering them the potential

candidates for drug carriers. Due to the inherent biological prop-

erty of exosomes from diverse metastasis-associated cells, they can

transport various chemotherapeutic agents or siRNAs to accurately

destroy tumor cells [75,76]. Zhao et al. have developed cationic

bovine serum albumin (CBSA) conjugated S100A4 siRNA (siS100A4)

and exosomal membrane coated nanoparticles that are composed

of a CBSA/siS100A4 core and an exosomal membrane shell [77].

siS100A4 can silence S100A4 expression and suppress tumorigen-

esis. The existence of exosomal membranes could improve the de-

livery of therapeutic siS100A4 to PMN in the lung and enhance

the adhesion of nanosystems to the lung in a postoperative lung

metastasis mouse model.

3.2.5. Fibrin-fibronectin complexes-based nanosystems

Tumor nets contained a meshwork of fibrin-fibronectin (FB-

FN) complexes, which were almost undetectable in normal tis-

sues [78,79]. However, the overexpression of FB-FN was found in

PMN, which demonstrated metastatic formation in distal secondary

sites [80,81]. Even more importantly, unlike biomarkers that could

change over time and space and thereby decrease targeting ef-

ficiency, FB-FN has been shown to be overexpressed throughout

the cancer progression, from avascular multicellular aggregates to

mature tumor tissues. Thus, the peptide which has high affinity

for FB-FN was exploited as the active targeting module to deco-

rate the functional nanosystems for targeting therapy [80]. Further,

Xiong et al. developed a peptide-modified hydroxyapatite multi-

mode nanosystem loaded with doxorubicin (Dox) to achieve tumor

metastasis therapy [82]. The in vivo imaging in metastatic 4T1 or-

thotopic tumor model revealed that the nanosystem had effective

drug delivery capacity targeting to micro-metastasis and cathep-

sin B-triggered intracellular mitochondria and nuclei dual-targeted

therapy could improve tumor suppression efficacy of Dox.

3.3. Eliminating CTCs

The clinical usefulness and prognostic significance of CTCs has

been recognized in a wide variety types of cancer [83]. Molecu-

lar characterization of CTCs is helpful to monitor and predict the

response to ongoing therapy [84]. Although CTCs detection have

become a proven technique in early screening, monitoring of can-
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Table 3

The nanosystems for eliminating CTCs.

Nanosystems Drug Target ligand Disease model Refs.

Nanoparticles formulated with copolymer and decorated with

SYL3C

Ursolic acid SYL3C 4T1 breast cancer [87]

Dual-targeting nanoparticles by decorated with K237 peptide and

Ep23 aptamer

Paclitaxel RNA aptamer Ep23 4T1 breast cancer [88]

Gold nanoparticles dispersed in an acid-responsive the nanofiber

film

Doxorubicin Epithelial cell adhesion

molecule antibody

MCF-7 breast cancer [89]

Targeted liposome-loaded microbubbles Propidium iodide N-cadherin antibodies HMB2 melanoma [93]

pH-sensitive nanoparticles linked with a targeting peptide. Cisplatin CXCR1 targeting

peptide.

Osteosarcoma [96]

Microtube surfaces with immobilized halloysite nanotubes and

E-selectin functionalized liposome

Doxorubicin E-selectin COLO 205 and KG-1a [97]

Silica nanoparticles coated with platelet membrane along with

surface conjugation of TRAIL

TRAIL Platelet membrane

protein

MDA-MB-231 breast cancer [98]

Platelets membrane-coated core-shell nanovehicle TRAIL and doxorubicin Platelet membrane

protein

MDA-MB-231 breast cancer [99]

Redox-responsive paclitaxel-loaded micelle Paclitaxel PSN peptide, platelet MDA-MB-231 breast cancer [100]

Nano-scale liposomes conjugated with E-selectin adhesion

protein

TRAIL E-selectin, leukocytes Prostate cancer [106]

Nanoscale liposomes conjugated with TRAIL TRAIL Natural killer cell SW620 colon cancer and

B16F0 melanoma

[107]

Engineered CTCs to generate and release TNF-α TNF-α Engineering tumor

cells

4T1 breast cancer Mammary

adenocarcinoma, Lewis lung

carcinoma, and melanoma

[110]

cer progression and treatment, and indication of cancer relapse, ef-

fective neutralization of CTCs for preventing metastasis remains a

clinical challenge. The key reasons are that high mobility proper-

ties of CTCs and shear stresses generated by the flow of blood have

a dramatic impact on the nanosystems efficacy against CTCs. Cur-

rently, designing nanosystems rationally by virtue of unique mark-

ers of CTCs and metastasis-accessory cells have become an effec-

tive strategy to target CTCs for anti-metastatic therapy (Table 3).

3.3.1. Unique CTCs markers-based nanosystems

EpCAM is overexpressed on various cancers including colon,

lung, prostate, ovarian, breast and gastric cancer, and is the

most favored biomarker exploited for the positive-enrichment of

CTCs [85]. In the Food and Drug Administration (FDA) approved

Cellsearch® system, anti-EpCAM antibodies have been binded onto

the magnetic beads’ surface to capture CTCs from the peripheral

blood [86]. Liu et al. have devised nanosystems modified with an

aptamer SYL3C which can be bound to the EpCAM for promot-

ing the anti-tumor-metastasis delivery of ursolic acid [87]. Further-

more, to combine the functions of CTCs neutralization and primary

tumor damage, Yao et al. have utilized a RNA aptamer Ep23 for

binding capability to EpCAM sensitively and devised a neovascu-

lature and CTCs dual-targeting nanosystem. In 4T1 metastasis mice

model, the nanosystem displayed the capacity of CTC-targeting and

neutralization effect [88]. To deal limited encounter between CTCs

and nano-delivery system, Wang et al. developed a novel compos-

ite nanofiber film with a CTCs enrichment function to prevent the

viability [89]. In this system, gold nanoparticles functionalized with

Dox were mixed in solution of acid-responsive polymeric materi-

als to synthesize the nanofiber film. The composite nanofiber film

could capture 36.70% of the fluid tumor cells in 30min at a fluid

rate of 1.00 μL/min, and it is expected to be applied as an im-

planted device to reduce the viability of CTCs.

Mesenchymal cadherins were one of the vital factors that in-

duce cell motility and invasiveness [90]. N-Cadherin and vimentin

are both expressed in mesenchymal cells and serve as markers

for detecting mesenchymal CTCs [91]. In one study, Geers et al.

reported liposome-loaded microbubbles which couple N-cadherin

antibodies to liposomes and subsequently load such constructs to

microbubbles [92]. Such targeted delivery systems can specifically

adhere to N-cadherin-expressing HMB2 cells, and deliver propid-

ium iodide into the target cells. It may find application as thera-

nostics devices aimed for eliminating CTCs specifically in blood.

CXCR1, a specific receptor for IL-8, mainly modulated immune

inflammatory response [93]. Some studies reported that CXCR1

played an essential role in tumor metastasis [94]. Han et al. have

found that CXCR1 was overexpressed and correlated with the can-

cer stem cells (CSCs) and have designed a pH-responsive magnetic

nanoparticle modified with CXCR1 targeting peptide [95]. The out-

ermost layer of mesoporous silica nanoparticles was coated with

polyacrylic acid to alleviate burst release and control cisplatin re-

lease in the acidic microenvironment of solid tumors. The nanosys-

tems exhibit synergistic anti-tumor interaction through precise tar-

geting of CXCR1 on CTCs and cisplatin delivery.

CTCs could adhere to selectin proteins along inflamed endothe-

lium during the progression of metastasis through overexpression

of E-selectin ligands on their surface. Mitchell et al. assessed the

viability of utilizing immobilized selectin proteins as a targeting

treatment for CTCs. Further, they developed a combination de-

vice of E-selectin functionalized liposomes and a biomimetic mi-

crotube to target and capture CTCs under shear flow [96]. The

nanostructured surfaces consisting of functionalized liposomal Dox

could enhance COLO 205 and KG-1a cancer cells recruitment

for chemotherapeutic drug delivery, concurrently also suppressing

healthy cells adhesion and uptake of therapeutic intended for CTCs.

3.3.2. Platelet-based nanosystems

Biomimetic strategies have been paid increasing attentions in

drug delivery applications to increase therapeutic effect on cancer

metastasis. The cell-mediated nanocarriers are highly integrated

with organisms because they originate from their own cells and

possess unique metastasis-targeting capability, they can target a

specific location and release the drug specifically, thereby reduc-

ing unnecessary stimulation to the body [97].

Inspired by the adhesion effect of platelets to CTCs-associated

microthrombi, silica nanoparticles were functionalized with

platelet membrane along with surface conjugation of TNF-related

apoptosis-inducing ligand cytokine (TRAIL) [98]. The bionic

nanoparticles incorporated into CTCs-associated microthrombi in

lung vasculature and significantly reduced cancer metastasis in

lung metastasis model. Similarly, Hu et al. devised a platelets

membrane-coated nanovehicle for sequential and site-specific

delivery of extracellularly active protein and intracellular small-
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Fig. 3. (A) Scheme of the functional micelles preparation and (B) in vivo tumor targeting effect of micelles at different stages (mM: mmol/L). Copied with permission [100].

Copyright 2019, Wiley Publishing Group.

molecule drugs. The overexpressed P-selection on the platelets

membrane is able to specifically recognize CD44 receptors over-

expressed in CTCs and subsequently trigger TRAIL/Dox-induced

apoptosis signaling pathways [99].

Although platelets membrane-based nanosystems have been

used for targeting CTCs, the isolated membrane was not differ-

ent from internal activated platelets, which may attenuate its in-

teraction with tumor cells. Consequently, we have devised a pa-

clitaxel (PTX)-loaded micelle modified with PSN peptide to target

activated platelets (Fig. 3) [100]. PSN peptide is capable of specif-

ically bind to P-selectin which is a receptor present in platelet α
granules, and PSN-modified nanosystems possessed strong affin-

ity to activated platelets [101]. Utilizing platelets as a “bridge”

for interaction with tumor cells, the functional micelles easily ad-

here to activated platelets, then capture and eradicate CTCs in

blood circulation to block dissemination and inhibit the progres-

sion of metastasis. Recently, Xu et al. proposed a new strategy with

block tumor-specific platelet functions to prevent platelet adhesion

around CTCs and suppress distant metastasis. In this study, a tumor

microenvironment-responsive nanoparticle was devised to release

nitric oxide (NO) and was able to specifically co-deliver the NO and

the PTX into tumor sites, and simultaneously suppress platelets ad-

hesion around CTCs to prevent distant metastasis [102].

3.3.3. Immune cells-based nanosystems

The inflammatory neutrophils show a CTCs adhesive capacity

during the multiple processes in the metastatic cascade [103]. They

can interact with CTCs and increase their metastatic potential. Us-

ing this process, Kang et al. have designed a nanosized neutrophil-

bionic nanosystem to alleviate the metastatic burden by targeting

CTCs [104]. In another study, the platelet and neutrophil hybrid

membrane nanocages were developed to simultaneously capture

and clear the CTCs [40]. In the breast tumor mouse model, the

hybrid membrane nanosystems could completely suppress primary

tumor and effectively prevented tumor metastasis. Notably, al-

though the treatment modalities of cell membrane-based nanosys-

tems to target and eliminate invading tumors is extensively stud-

ied, their clinical potential cannot be fully achieved without re-

producible technologies to reliably manufacture large-scale, high-

quality and low-cost cellular products. Unlike traditional pharma-

ceutical manufacturing, these products are living organisms that

can change with every process manipulation.

It is another attempt for tumor therapy that liposomes are in-

tegrated into the circulating cells and blood components that bind

to CTCs, thus inducing the apoptosis of CTCs. Wayne et al. have

demonstrated an strategy by liposomes conjugated with E-selectin

adhesion protein and Apo2L/TRAIL that attach to the surface of

leukocytes and rapidly eliminate CTCs in blood circulation [105].

Such an approach could be applied to inhibit the tumor metasta-

sis in prostate cancer model, by highly diminishing the number of

CTCs. Similarly, Chandrasekaran et al. described a therapeutic strat-

egy to target and kill tumor cells by functionalizing NK cells with

liposomes conjugated with TRAIL, an antibody against NK1.1 anti-

gen expressed on murine NK cells [106]. The functional NK in the

tumor draining lymph nodes, creating super NK cells with continu-

ous retention time, effectively inhibits the dissemination of cancer

cells from primary tumor to lymphatic system.

3.3.4. Tumor self-targeting based nanosystem

A tumor “self-seeding” phenomenon is discovered in multi-

ple experimental models. CTCs can metastasize from primary or

metastatic lesions to the peripheral blood and then return to their

origin to re-infiltrate tumor by sensing attractive signals from

the tumor. The process of “self-seeding” selects a more aggres-

sive cancer cell population and requires little additional adapta-

tion of CTCs to the recipient microenvironment [107,108]. Accord-

ing to this phenomenon, Dondossola et al. used tumor cells as

vehicles to directly transmitted TNF-α to primary and metastatic

tumors through engineered tumor cells to achieve “tumor self-

targeting” [109]. They genetically engineered CTCs from mouse

mammary adenocarcinoma, Lewis lung carcinoma, and melanoma

cells to generate and release TNF-α. The “armed” tumor cells can

specifically home to tumors sites through a process of tumor self-

seeding and release TNF, induce tumor vasculature damage and

subsequently lead to tumor cell apoptosis. The study validates

that genetically modified CTCs could serve as targeted delivery of

anti-cancer drugs. In a clinical context, the unique paradigm can

be translated into applications potentially utilizing patient-derived
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Table 4

The nanosystems for eradicating micrometastatic foci.

Nanosystems Drug Target ligand Disease model Refs.

A biomembrane camouflaged nanomedicine containing

polydopamine and ammonia borane

Dopamine and H2 4T1 cell membrane 4T1 breast cancer [114]

PVP-covered Mg2Si nanoparticles loaded with telazamine Telazamine None 4T1 breast cancer [115]

RGD-decorated lipid-polymer hybrid nanoparticle Diacidic

norcantharidin

RGD peptide MDA-MB-231, LM2 and

SUM159

[118]

Iron oxide nanospheres and drug-loaded liposome linked

into a linear, chain-like assembly

Dox Cyclic RGD peptide 4T1 breast cancer [130]

Micellar nanocarriers incorporating platinum(II) Platinum(II) Neovasculature Colon adenocarcinoma C-26 [125]

PS 80-based amphiphilic polymer nanocarrier Paclitaxel PS 80 Brain metastasis of 4T1 breast

cancer

[134]

Oligomannose-coated liposome None Peritoneal macrophages Gastric cancer [135]

Surface decorated maghemite nanoparticles Iron Carcinoembryonic antigen LS174T and HCT116 CRC [132]

CTCs as self-targeted vectors for drug delivery. Notably, the injected

tumor cells could give rise to new risks of neoplastic lesions.

3.4. Eradicating micrometastatic foci

Every metastatic tumor starts as a single micro-metastatic cells

or small avascular population of cells [33]. The awakening of mi-

crometastatic cells is the key step in metastasis, and if we could

mitigate the survival of residing dormant DTCs/CSCs or main-

tain them in a dormant state, the genuine breakthrough in anti-

metastasis therapy could be achieved.

To date, the unique structures and material properties of

nanoscaled vehicles have been developed to exploit the deliver

various drugs to solid tumor lesions via “size effect” [110]. Re-

markably, the size effect is restricted to vascularized type of tu-

mors with diameters of more than 4.6mm [111]. Nevertheless, mi-

crometastases are mostly small tumor cell clusters with poor vas-

cularization and angiogenic dormancy at a diameter of 1-2mm,

thereby remarkably hindering nano-delivery to micro-metastases

[112]. Encouragingly, diverse targeting schemes and ligands have

been exploited to direct nanosystems to micrometastases sites for

enhanced therapeutic responses (Table 4).

3.4.1. Stem-like neoplastic cells-based nanosystems

The cancer cells with stemness features play a substantial role

in neoplastic recurrence, metastasis and drug resistance. The tu-

mor cells in distant organs usually exist as DTC, CSC, and/or mi-

crometastases before they develop into overt metastasis. These sin-

gle cells or small clumps of cells can keep dormant, maintain cell

stemness, and have the capability of evading the treatment [113].

In order to target such micro-metastatic cells, eradicating these

dormant cells before they awaken or keeping them dormant in-

definitely could be potential direction for cancer treatment.

Zhang et al. designed a synergistic nanosystems combined

polydopamine-mediated photothermal therapy (PTT) and ammonia

borane-mediated hydrogen therapy. The hyperthermia during the

process of PTT lead to inflammatory responses, which could awake

distant dormant tumors, however, the ammonia borane could re-

duce inflammation to inhibit distant dormant tumot by releasing

H2 in tumor microenvironment [114]. In another study, Chen et al.

developed a Mg2Si nanoparticle covered by polyvinyl pyrrolidone

(PVP) for regulating cell-dormancy gaseous microenvironment. In

mouse 4T1 breast tumor xenograft model, these magnesium sili-

cide nanoparticles could be activated by the mildly acidic microen-

vironment, create an anaerobic gaseous environment via oxygen

consumption and further induce anaerobic cell dormancy in solid

tumors. Meanwhile, the released tirapazamine kill dormant tumor

cells by the bioreductive cytotoxicity [115].

Wnt/β-catenin signaling pathway was shown to play a pivotal

role in the maintenance of tissue homeostasis by regulating self-

renewal of normal stem cells. This pathway is involved in ma-

lignant transformation, and associated with tumor aggressiveness,

metastases and poor clinical outcome [116,117]. Li et al. reported an

RGD-decorated lipid-polymer hybrid nanoparticles for triple neg-

ative breast cancer (TNBC)-targeted delivery [118]. This nanosys-

tem is able to recognize and bing integrin α5 overexpressed in

TNBC cells and in vivo imaging analysis showed that it can accu-

mulated more significantly and remained much longer than un-

modified nanoparticles in experimentally-induced lung metastatic

tumor in nude mice. It is loaded diacidic norcantharidin reduced

nude mouse orthotopic mammary TNBC tumor growth and metas-

tasis via down-regulating β-catenin.

3.4.2. Tumor vessel-based nanosystems

The metastatic progression is mediated with metastatic cells,

their surrounding stroma and the inflammatory microenvironment

by promoting angiogenesis [119–121]. Due to vascular permeability

induced by inflammatory microenvironment which involves both

intraendothelial transport and interendothelial leakage of macro-

molecules, the rapid retention and accumulation of nanosystems

in the preangiogenic micrometastases could be promoted by sys-

temically administration. Taking advantage of this unique physio-

logical trait, Wu et al. developed a polymeric micelle incorporat-

ing the parent complex of oxaliplatin for targeting micrometas-

tases and vascularized macrometastases [122]. The novel delivery

systems demonstrated selective accumulation into tumor sites and

high anti-tumor activity in diverse cancer models [123–126], and

are under evaluation in phase I clinical stage.

Extravascular metastases are often preceded by metastatic tu-

mor cells that reside inside the lumen of vessels [127,128]. CTCs

can utilize the adhesion molecules of the leukocyte adhesion cas-

cade to adhere to the endothelium in the future metastatic sites.

After initial colonization, micrometastases proceed to proliferate by

constructing their own microenvironment [127]. Therefore, target-

ing the endothelium associated with micrometastasis is a novel

approach used to transport the drug cargo. Peiris et al. devised

a vascular-targeting nanoparticle for accurately detection of mi-

crometastases [129]. Furthermore, they designed a multicompo-

nent nanochain utilizing a RGD peptide to specifically bind inte-

grin αvβ3 receptor, which can get access to and be deposited at

4T1 micrometastatic sites [130]. Considering that expression of in-

tegrin αvβ3 plays central role in the progression of metastasis in

melanomas, prostate, pancreatic and cervical cancers [131], target-

ing integrin αvβ3 appears to be a proper candidate for micro-

metastasis therapy of other types of cancer.

3.4.3. Unique cancer markers-based nanosystems

Monitoring micrometastasis appearance by detecting the

biomarkers has been proved to help define the standardized clin-

ical treatment and management protocols of patients. Detecting
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Table 5

The nanosystems for modulating TIM.

Nanosystems Drug Target ligand Disease model Refs.

Fully synthetic nanoparticle-antibody with Janus structure None G3 peptide (WGWSLSHGYQVK) 4T1 breast cancer [136]

A platelet-PD-L1 antibody conjugate Anti-PD-L1 Platelet B16-F10 melanom and

4T1 breast cancer

[137]

Engineered platelets from megakaryocyte progenitor cells

expressing the PD-1

PD-1 Platelets from megakaryocyte

progenitor cells

B16-F10 melanom [138]

CTCs which express carcinoembryonic antigen (CEA) is associated

with overall survival of the colorectal cancer patients. The devel-

oped nanomaterial device consist of surface decorated maghemite

NPs, which can target CEA-overexpressed tumor cells and be used

as a diagnosis and treatment tool for cancer micrometastasis [132].

Moreover the chemokine receptor CXCR4 can also been used as

a target which localizes to lung metastatic lesions due to abun-

dant expression on highly motile cancer cells. For example, Zevon

et al. devised human serum albumin NPs loaded with rare-earth

that were capable of specifically accumulating sub-tissue tumor

microlesions in a metastatic model, which have a maximum depth

of 10.5mm [133].

3.4.4. Others

In the different sites of micrometastases, different delivery

strategies need to be customized according to the different phys-

iological environment. In brain metastasis of breast cancer, the

blood brain barrier (BBB) prevents most chemotherapy drugs en-

tering into the metastatic lesions in brain. He et al. developed

NP coated with polysorbate 80, which can facilitate NP to cross

the BBB [134]. The result confirmed the nanoparticles extravasated

from brain microvessels and delivered successfully the paclitaxel

into micrometastasis lesions in the brain. For specifically target-

ing peritoneal micrometastasis with low dose administration, Mat-

sui et al. designed a novel nanosystem for specific delivery of an-

titumor agents to initial metastatic lesions of the peritoneal cav-

ity in the gastric cancer using peritoneal macrophages as cellular

vehicles by carrying liposomes coated with oligomannose [135].

Oligomannose-coated liposome-incorporated macrophages can se-

lectively accumulate in the micrometastatic foci formed by gastric

cancer cells.

3.5. Modulating TIM

The various immune cells and cytokines secreted in the TIM

play crucial roles in metastatic progression of tumor. At the pri-

mary tumor site, tumor cells evade host anti-tumor immune re-

sponses through immune escape mechanisms and remotely initi-

ate the PMN for cell disseminations. TDSFs and EVs could facilitate

MDSCs and other immune cells to migrate to potential PMN and

remodel immune microenvironment. Further, the CTCs in blood re-

cruit immune cells to facilitate their survival in circulation and

help to form micrometastases. Therefore, to achieve the effect of

immunotherapy, the nanosystem can be engineered with immune

modulatory agents to remodel the TIM, block the immune check-

points or regulate immune responses to improve the efficacy of

anti-tumor therapy (Table 5).

MDSCs are major modulators of immune responses in cancer

metastasis. They can be recruited to assisting in the construction

of PMN and facilitate tumor immune escape. Therefore, disrupt-

ing the myeloid expansion and trafficking into metastatic sites help

to restore the antitumor immunity in the tumor microenviron-

ment. In one study, a fully synthetic nano-antibody was devised

to replace immunotherapy-based monoclonal antibody. The novel

nanoparticle-antibody possesses a Janus structure which is deco-

rated with targeting ligands on one “face” and Fc-mimicking lig-

ands on the opposite “face” [136]. Systemic injection of MDSCs-

targeting nanoparticle-antibody can efficiently target and deplete

circulating MDSCs in TNBC mice models and enable T cells and

Natural Killer cells infiltration into tumors to enhance anticancer

immunity.

The discovery of programmed cell death-ligand 1 (PD-L1)/PD-

1 immune-suppressive checkpoint has led to a surge in new in-

vestigational therapies for the tumor immunotherapy. The neutral-

ization of the signals can improve the capacity of T cell immune

responses to eradicate tumor cells. Gu et al. conjugated the anti-

bodies against PD-L1 to the surface of platelets for blocking the

immune checkpoints in CTCs and suppressing post-operative tu-

mor recurrence and metastasis [137]. The platelet-PD-L1 systems

could be activated into platelet-derived microparticles with anti-

PD-L1, thereby transporting to the residual micrometastases and

CTCs in the blood circulation. Furthermore, these authors geneti-

cally engineered platelets from megakaryocyte progenitor cells to

produce platelets of PD-1, thereby accumulating within the tumor

surgical wound, reinvigorating CD8+ T cells, and enhancing cancer

immunotherapy after surgery [138].

4. Clinical implications

Although anti-metastasis therapy targeting pre-metastatic mi-

croenvironment is still at a relatively early stage, it opens up many

exciting novel opportunities for the development of new diag-

nostic and therapeutic strategies. As discussed earlier in this re-

view, the nanosystems that can directly neutralize primary tumor-

derived components, prevent the PMN establishment, eliminate the

CTCs or micro-metastases, or modulate the TIM may be easier to

cure than treating already established metastatic tumors. Currently,

some drugs that potentially could target PMN are already available,

such as denosumab and volociximab [139]. An antiangiogenic drug,

TSU68, can prevent the progression of hepatic metastases by in-

hibiting chemokine (C-X-C motif) ligand 1 (CXCL1) expression in

the pre-metastatic sites [140]. CellSearchTM technology based on

antibody-coated magnetic nanoparticles has been approved by FDA

for CTCs detection. These studies have all demonstrated that tar-

geting various cellular and molecular components involved in pre-

metastatic micro-environments development may be a powerful

direction for inhibiting metastasis progression.

Many encouraging accomplishment have been achieved in the

direction of nanosystems for pre-metastatic microenvironment in

recent years, however, great challenges remain be resolved prior to

their clinical application. Given the clinical translation and large-

scale production of nanosystems, biomaterials need to be biocom-

patible, biodegradable and bioabsorbable, and their preparation ap-

proaches should also be reliable and well-established. Moreover,

the unanticipated off-target toxicity also results in clinical failure.

Hence, the mechanisms of identification and interaction between

nanosystems and target sites need to be better identified for fur-

ther effective optimization. We should also pay more attention

on the physical characteristics of nanovsystems, including parti-

cle sizes, polydispersity index, zeta-potential during their prepara-

tion and chemical modifications, which can greatly influence their

fate in vivo. Despite progress in animal studies, tremendous efforts
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are still required to realize the effective targeting and treatment of

metastatic tumors with nanotechnology for clinical translation.

5. Conclusions and perspectives

Mortality after progression of cancers to a metastatic disease

is mainly caused by the absence of effective therapies. Despite

great strides made by nanotechnology in treating primary tumors,

targeting tumor metastasis has not been very successful due to

the complexity of metastasis [141–143]. Because primary tumor-

derived components (Evs, TDSFs), PMN, CTCs, micrometastases and

TIM-interrelated cells and factors play pivotal roles in the pro-

gression of metastasis, developing novel strategies based on pre-

metastatic microenvironment for treatment of the cancer metasta-

sis at early stages is realistic.

Nanosystems that specifically bind to exosomes or absorb cell

cytokines in blood have shown potential advantages in prevent-

ing cancer metastasis. Although the progression of cancer metas-

tasis is blocked to some extent, a combination of chemotherapy or

immunotherapy is required if good treatment results are achieved.

CTCs have acted as an efficient biomarker and a means of study-

ing the process of metastasis. These unique biomarkers or unique

cells that bind specifically to CTCs, have been designed to nanosys-

tems for specific targeting of CTCs. The strategy that neutralizing

CTCs in the blood may represent a new paradigm for the interven-

tion of metastases in distant organs. Monitoring and treatment of

PMN and micrometastases would promote to optimize the prop-

erly timepoint of clinical intervention, prevent metastatic devel-

opment before overt metastasis formation. Specific cellular com-

ponents such as S100A8/A9, CXCR4, VLA-4, have bene regarded as

potential biomarkers of the formation of PMN. These biomarkers-

based nanosystems have been developed and exhibit excellent

PMN-binding capacity. In addition, they also provide more optional

approaches for preventing and controlling cancer metastasis, such

as preventing the production of PMN-facilitating components, dis-

rupting the inflammation niche, inhibiting recruitment of MDSCs,

disrupting crosstalk among the local stroma, BMDCs, or immune

cells within PMN, and re-activating of anti-tumor immunothetapy.

In this review, we summarize the current status of nanosys-

tems for targeting premetastatic microenvironment irrelated fac-

tors and cells components, and reveal that novel premetastasis-

based nanosystems can improve current therapies for tumor

metastasis. The functionalized nanosystems, including micelles, li-

posomes, polymer nanoparticles, bioinspired nanoparticles and en-

gineering cells, have been explored for directly neutralizing Evs

and TDSFs, eradicating CTCs in the circulation, preventing the for-

mation of the PMN and micrometastases and modulating the TIM.

Despite advances in animal studies, substantial efforts are still re-

quired to achieve the valid targeted therapy of metastatic tumors

with nanosystems for clinical translation. With further exploration

of the underlying molecular mechanisms promoting metastatic for-

mation and identification of their function on cancer metastasis,

the new therapeutic strategies will be provided for eliminating

metastatic disease.

Declaration of competing interest

The authors declare that they have no known competing finan-

cial interests or personal relationships that could have appeared to

influence the work reported in this paper.

Acknowledgments

This work was supported by National Natural Science Founda-

tion of China (Nos. 92059110 and 81872808), Development Fund

for Shanghai Talents (No. 2020090), FDU 2025-Excellence Program

Fund, National Key R&D Program of China (No. 2017YFE0126900),

Shanghai Municipal Science and Technology Major Project (No.

2018SHZDZX01) and ZJLab.

References

[1] G.P. Gupta, J. Massagué, Cell 127 (2006) 679–695.

[2] O. Veiseh, F.M. Kievit, R.G. Ellenbogen, M. Zhang, Adv. Drug Deliv. Rev. 63
(2011) 582–596.

[3] A. Schroeder, D.A. Heller, M.M. Winslow, et al., Nat. Rev. Cancer 12 (2011)
39–50.

[4] J.M. Ebos, C.R. Lee, W. Cruz-Munoz, et al., Cancer Cell 15 (2009) 232–239.
[5] A. Sanjuan, S. Hernandez, J. Pahisa, et al., Gynecol. Oncol. 96 (2005) 539–542.

[6] D.F. Quail, J.A. Joyce, Nat. Med. 19 (2013) 1423–1437.

[7] S. Vanharanta, J. Massagué, Cancer Cell 24 (2013) 410–421.
[8] Y. Liu, X. Cao, Cancer Cell 30 (2016) 668–681.

[9] Q. Liu, H. Zhang, X. Jiang, et al., Mol. Cancer 16 (2017) 176.
[10] N. Chen, X. Yang, Q. Wang, et al., Chem. Commun. 52 (2016) 6789–6792

(Camb).
[11] A. Zoccoli, M. Iuliani, F. Pantano, et al., Expert Opin. Ther. Targets 16 (Suppl

2) (2012) S119–S129.

[12] F. Gong, N. Yang, X. Wang, et al., Nano Today 32 (2020) 100851.
[13] C. Liang, L. Xu, G. Song, Z. Liu, Chem. Soc. Rev. 45 (2016) 6250–6269.

[14] M.A. Miller, S. Gadde, C. Pfirschke, et al., Sci. Transl. Med. 7 (2015) 183r–314r.
[15] E. Lin, T. Cao, S. Nagrath, M.R. King, Annu. Rev. Biomed. Eng. 20 (2018)

329–352.
[16] Y. Wang, H. Jia, K. Han, et al., J. Mater. Chem. B 1 (2013) 3344.

[17] T. Celià-Terrassa, Y. Kang, Nat. Cell Biol. 20 (2018) 868–877.

[18] H. Peinado, S. Lavotshkin, D. Lyden, Semin. Cancer Biol. 21 (2011) 139–146.
[19] S. Hiratsuka, A. Watanabe, Y. Sakurai, et al., Nat. Cell Biol. 10 (2008)

1349–1355.
[20] J.T. Erler, K.L. Bennewith, T.R. Cox, et al., Cancer Cell 15 (2009) 35–44.

[21] B. Costa-Silva, N.M. Aiello, A.J. Ocean, et al., Nat. Cell Biol. 17 (2015) 816–826.
[22] Y. Liu, Y. Gu, Y. Han, et al., Cancer Cell 30 (2016) 243–256.

[23] A. Hoshino, B. Costa-Silva, T.L. Shen, et al., Nature 527 (2015) 329–335.

[24] C. Liu, S. Yu, K. Zinn, et al., J. Immunol. 176 (2006) 1375–1385.
[25] B. Costa-Silva, N.M. Aiello, A.J. Ocean, et al., Nat. Cell Biol. 17 (2015) 816–826.

[26] R.N. Kaplan, R.D. Riba, S. Zacharoulis, et al., Nature 438 (2005) 820–827.
[27] J. Sceneay, M.J. Smyth, A. Möller, Cancer Metastasis Rev. 32 (2013) 449–464.

[28] C.F. Wu, L. Andzinski, N. Kasnitz, et al., Int. J. Cancer 137 (2015) 837–847.
[29] Y. Geng, J.R. Marshall, M.R. King, Ann. Biomed. Eng. 40 (2012) 790–805.

[30] M. Labelle, S. Begum, R.O. Hynes, Proc. Natl. Acad. Sci. U. S. A. 111 (2014)
E3053–E3061.

[31] H. Ye, K. Wang, Q. Lu, et al., Biomaterials 242 (2020) 119932.

[32] L. Yang, Q. Liu, X. Zhang, et al., Nature 583 (2020) 133–138.
[33] K.J. Luzzi, I.C. MacDonald, E.E. Schmidt, et al., Am. J. Pathol. 153 (1998)

865–873.
[34] L. Wan, K. Pantel, Y. Kang, Nat. Med. 19 (2013) 1450–1464.

[35] J. Massague, A.C. Obenauf, Nature 529 (2016) 298–306.
[36] O. Hen, D. Barkan, Semin. Cancer Biol. 60 (2020) 157–165.

[37] Y. Liu, X. Cao, Cancer Cell 30 (2016) 668–681.

[38] J.P. Sleeman, Cancer Metastasis Rev. 31 (2012) 429–440.
[39] X. Xie, H. Nie, Y. Zhou, et al., Nat. Commun. 10 (2019) 5476.

[40] H. Ye, K. Wang, Q. Lu, et al., Biomaterials 242 (2020) 119932.
[41] S. Li, Q. Wang, Y. Shen, et al., Nano Lett. 20 (2020) 242–251.

[42] A. Santamaria-Martínez, J. Huelsken, J. Intern. Med. 274 (2013) 127–136.
[43] Y. Guo, T. Aweda, K.C.L. Black, Y. Liu, Curr. Top. Med. Chem. 13 (2013)

470–478.

[44] E.K. Chow, D. Ho, Sci. Transl. Med. 5 (2013) 214r–216r.
[45] S. Hiratsuka, A. Watanabe, H. Aburatani, Y. Maru, Nat. Cell Biol. 8 (2006)

1369–1375.
[46] S. Hiratsuka, A. Watanabe, Y. Sakurai, et al., Nat. Cell Biol. 10 (2008)

1349–1355.
[47] A.R. Bresnick, D.J. Weber, D.B. Zimmer, Nat. Rev. Cancer 15 (2015) 96–109.

[48] J.W. Lee, M.L. Stone, P.M. Porrett, et al., Nature 567 (2019) 249–252.

[49] S.I. Grivennikov, F.R. Greten, M. Karin, Cell 140 (2010) 883–899.
[50] M. Eisenblaetter, F. Flores-Borja, J.J. Lee, et al., Theranostics 7 (2017)

2392–2401.
[51] H. Papatheodorou, A.D. Papanastasiou, C. Sirinian, et al., Pathol. Res. Pract. 210

(2014) 662–667.
[52] Y. Zhao, L. Detering, D. Sultan, et al., ACS Nano 10 (2016) 5959–5970.

[53] T. Jiang, L. Chen, Y. Huang, et al., Nano Lett. 19 (2019) 3548–3562.

[54] L. Peng, R. Liu, J. Marik, et al., Nat. Chem. Biol. 2 (2006) 381–389.
[55] M. Shokeen, A. Zheleznyak, J.M. Wilson, et al., J. Nucl. Med. 53 (2012)

779–786.
[56] H. Peinado, H. Zhang, I.R. Matei, et al., Nat. Rev. Cancer 17 (2017) 302–317.

[57] S.M. Ghouse, S.K. Vadrevu, S. Manne, et al., J. Immunol. 204 (2020) 990–1000.
[58] Z. Lu, J. Zou, S. Li, et al., Nature 579 (2020) 284–290.

[59] Y. Long, Z. Lu, S. Xu, et al., Nano Lett. 20 (2020) 2219–2229.

[60] G. Yu, L. Rao, H. Wu, et al., Adv. Funct. Mater. 28 (2018) 1801389.
[61] A.J. Giles, C.M. Reid, J.D. Evans, et al., Cancer Res. 76 (2016) 1335–1347.

[62] Y. Liu, Y. Gu, Y. Han, et al., Cancer Cell 30 (2016) 243–256.
[63] S.K. Wculek, I. Malanchi, Nature 528 (2015) 413–417.

[64] S.B. Coffelt, K. Kersten, C.W. Doornebal, et al., Nature 522 (2015) 345–348.

4167



Y. Chu, T. Sun and C. Jiang Chinese Chemical Letters 33 (2022) 4157–4168

[65] J.D. Spicer, B. McDonald, J.J. Cools-Lartigue, et al., Cancer Res. 72 (2012)

3919–3927.

[66] C. Strell, K. Lang, B. Niggemann, et al., Cell. Mol. Life Sci. 64 (2007)
3306–3316.

[67] D. Chu, Q. Zhao, J. Yu, et al., Adv. Healthc. Mater. 5 (2016) 1088–1093.
[68] D. Chu, X. Dong, Q. Zhao, et al., Adv. Mater. 29 (2017) 1701021.

[69] T. Kang, Q. Zhu, D. Wei, et al., ACS Nano 11 (2017) 1397–1411.
[70] Y. Liu, Y. Gu, X. Cao, Oncoimmunology 4 (2015) e1027472.

[71] A. Purushothaman, S.K. Bandari, J. Liu, et al., J. Biol. Chem. 291 (2016)

1652–1663.
[72] Y. Liu, Y. Gu, Y. Han, et al., Cancer Cell 30 (2016) 243–256.

[73] Z. Zeng, Y. Li, Y. Pan, et al., Nat. Commun. 9 (2018) 5395.
[74] Y. Guo, X. Ji, J. Liu, et al., Mol. Cancer 18 (2019) 39.

[75] S.E.L. Andaloussi, S. Lakhal, I. Mäger, M.J.A. Wood, Adv. Drug Deliv. Rev. 65
(2013) 391–397.

[76] H. Qi, C. Liu, L. Long, et al., ACS Nano 10 (2016) 3323–3333.
[77] L. Zhao, C. Gu, Y. Gan, et al., J. Control. Release 318 (2020) 1–15.

[78] D. Simberg, T. Duza, J.H. Park, et al., Proc. Natl. Acad. Sci. U. S. A. 104 (2007)

932–936.
[79] D. Barkan, J.E. Green, A.F. Chambers, Eur. J. Cancer 46 (2010) 1181–1188.

[80] Z. Zhou, M. Qutaish, Z. Han, et al., Nat. Commun. 6 (2015) 7984.
[81] D.F. Quail, J.A. Joyce, Nat. Med. 19 (2013) 1423–1437.

[82] H. Xiong, S. Du, P. Zhang, et al., Biomater. Sci. 6 (2018) 2591–2604.
[83] M.G. Krebs, J. Hou, T.H. Ward, et al., Circulating Tumour cells: Their Utility

in Cancer Management and Predicting Outcomes, Vol. 2, SAGE Publications,

London, 2010, pp. 351–365.
[84] C. Selli, J.M. Dixon, A.H. Sims, Breast Cancer Res. 18 (2016) 118.

[85] B.T.F. van der Gun, L.J. Melchers, M.H.J. Ruiters, et al., Carcinogenesis 31 (2010)
1913–1921.

[86] C. Alix-Panabieres, K. Pantel, Nat. Rev. Cancer 14 (2014) 623–631.
[87] J. Liu, H. Chen, G. Zheng, et al., Nanomed. Nanotechnol. Biol. Med. 12 (2016)

508–509.

[88] J. Yao, J. Feng, X. Gao, et al., Biomaterials 113 (2017) 1–17.
[89] W. Wang, Y. Cheng, Y. Li, et al., ChemMedChem 12 (2017) 529–536.

[90] M.J. Wheelock, Y. Shintani, M. Maeda, et al., J. Cell Sci. 121 (2008) 727–735.
[91] P. Balasubramanian, J.C. Lang, K.R. Jatana, et al., PLoS One 7 (2012) e42048.

[92] B. Geers, O. De Wever, J. Demeester, et al., Small 9 (2013) 4027–4035.
[93] H. Ha, B. Debnath, N. Neamati, Theranostics 7 (2017) 1543–1588.

[94] Q. Liu, A. Li, Y. Tian, et al., Cytokine Growth Factor Rev. 31 (2016) 61–71.

[95] X.G. Han, S.B. Yang, H.M. Mo, et al., Adv. Funct. Mater. 29 (2019) 1902246.
[96] M.J. Mitchell, C.S. Chen, V. Ponmudi, et al., J. Control. Release 160 (2012)

609–617.
[97] X. Gong, J. Li, T. Tan, et al., Adv. Funct. Mater. 29 (2019) 1903441.

[98] J. Li, Y. Ai, L. Wang, et al., Biomaterials 76 (2016) 52–65.
[99] Q. Hu, W. Sun, C. Qian, et al., Adv. Mater. 27 (2015) 7043–7050.

[100] Y. Zhang, X. Zhu, X. Chen, et al., Adv. Funct. Mater. 29 (2019) 1806620.

[101] E. Doolittle, P.M. Peiris, G. Doron, et al., ACS Nano 9 (2015) 8012–8021.
[102] Y. Xu, J. Liu, Z. Liu, et al., ACS Nano 14 (2020) 9780–9795.

[103] J.D. Spicer, B. McDonald, J.J. Cools-Lartigue, et al., Cancer Res. 72 (2012)
3919–3927.

[104] T. Kang, Q. Zhu, D. Wei, et al., ACS Nano 11 (2017) 1397–1411.

[105] E.C. Wayne, S. Chandrasekaran, M.J. Mitchell, et al., J. Control. Release 223

(2016) 215–223.
[106] S. Chandrasekaran, M.F. Chan, J. Li, M.R. King, Biomaterials 77 (2016) 66–76.

[107] E. Dondossola, L. Crippa, B. Colombo, et al., Cancer Res. 72 (2012) 449–459.
[108] M. Kim, T. Oskarsson, S. Acharyya, et al., Cell 139 (2009) 1315–1326.

[109] E. Dondossola, A.S. Dobroff, S. Marchiò, et al., Proc. Natl. Acad. Sci. U. S. A. 113
(2016) 2223–2228.

[110] J. Shi, P.W. Kantoff, R. Wooster, O.C. Farokhzad, Nat. Rev. Cancer 17 (2017)

20–37.
[111] Y. Matsumoto, J.W. Nichols, K. Toh, et al., Nat. Nanotechnol. 11 (2016)

533–538.
[112] A. Schroeder, D.A. Heller, M.M. Winslow, et al., Nat. Rev. Cancer 12 (2011)

39–50.
[113] A.S. Yadav, P.R. Pandey, R. Butti, et al., Front. Oncol. 8 (2018) 72.

[114] C. Zhang, D.W. Zheng, C.X. Li, et al., Biomaterials 223 (2019) 119472.
[115] C. Chen, W. Su, Y. Liu, et al., Biomaterials 200 (2019) 48–55.

[116] T.A. DiMeo, K. Anderson, P. Phadke, et al., Cancer Res. 69 (2009) 5364–5373.

[117] F. Takahashi-Yanaga, M. Kahn, Clin. Cancer Res. 16 (2010) 3153–3162.
[118] Y. Li, Y. Xiao, H.P. Lin, et al., Biomaterials 188 (2019) 160–172.

[119] A.F. Chambers, A.C. Groom, I.C. MacDonald, Nat. Rev. Cancer 2 (2002)
563–572.

[120] P.S. Steeg, Nat. Med. 12 (2006) 895–904.
[121] S. Valastyan, R.A. Weinberg, Cell 147 (2011) 275–292.

[122] H. Wu, H. Cabral, K. Toh, et al., J. Control. Release 189 (2014) 1–10.

[123] M. Murakami, H. Cabral, Y. Matsumoto, et al., Sci. Transl. Med. 3 (2011)
62r–64r.

[124] H. Cabral, N. Nishiyama, K. Kataoka, J. Control. Release 121 (2007) 146–155.
[125] M. Rafi, H. Cabral, M.R. Kano, et al., J. Control. Release 159 (2012) 189–196.

[126] H. Cabral, M. Murakami, H. Hojo, et al., Proc. Natl. Acad. Sci. U. S. A. 110 (2013)
11397–11402.

[127] L.J. Gay, B. Felding-Habermann, Nat. Rev. Cancer 11 (2011) 123–134.

[128] Q. Zhang, M. Yang, J. Shen, et al., Int. J. Cancer 126 (2010) 2534–2541.
[129] P.M. Peiris, P. Deb, E. Doolittle, et al., J. Pharm. Sci. 104 (2015) 2600–2610.

[130] P.M. Peiris, R. Toy, A. Abramowski, et al., J. Control. Release 173 (2014) 51–58.
[131] J.S. Desgrosellier, D.A. Cheresh, Nat. Rev. Cancer 10 (2010) 9–22.

[132] P.M. Da, M.F. Santos, C.M. Santos, et al., Int. J. Nanomed. 7 (2012) 5271–5282.
[133] M. Zevon, V. Ganapathy, H. Kantamneni, et al., Small 11 (2015) 6347–6357.

[134] C. He, P. Cai, J. Li, et al., J. Control. Release 246 (2017) 98–109.

[135] M. Matsui, Y. Shimizu, Y. Kodera, et al., Cancer Sci. 101 (2010) 1670–1677.
[136] J. Liu, R. Toy, C. Vantucci, et al., Nano Lett. 21 (2021) 875–886.

[137] C. Wang, W. Sun, Y. Ye, et al., Nat. Biomed. Eng. 1 (2017) 724–735.
[138] X. Zhang, J. Wang, Z. Chen, et al., Nano Lett. 18 (2018) 5716–5725.

[139] A. Zoccoli, M. Iuliani, F. Pantano, et al., Expert Opin. Ther. Target 16 (2012)
S119–S129.

[140] M. Yamamoto, H. Kikuchi, M. Ohta, et al., Cancer Res. 68 (2008) 9754–9762.

[141] C. Zheng, M. Li, J. Ding, BIO Integr. 2 (2021) 57–60.
[142] X. Huang, L. Ding, X. Liu, et al., Biomaterials 270 (2021) 120680.

[143] P. Zheng, Y. Liu, J. Chen, et al., Chin. Chem. Lett. 31 (2020) 1178–1182.

4168


