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1. Introduction

Recent decades have witnessed the tremendous progress of nanobiotechnology in cancer treatment . Nano-based

drug delivery systems (DDS) are one of the most widely investigated strategies to improve the targetability of therapeutic

molecules, increase circulation time, and enhance the total bioavailability . As important constituents of nano-based

DDS, various nanomaterials like organic nanomaterials, inorganic nanomaterials, and hybrid nanomaterials have been

intensively explored in anticancer drug delivery, owing to their unique properties . The delivery of therapeutic agents

using nanomaterials holds numerous advantages over their free drug counterparts, which can not only protect the

encapsulated drugs from degradation or inactivation before reaching sites of action, but also enable the controlled drug

release in specific environments. In addition, both passive and active targeting can be achieved via the enhanced

permeability and retention (EPR) phenomenon, or by means of extra modification . Moreover, owing to the EPR effect,

nanosystems possess the ability to improve the accumulation of chemotherapeutics both as single agent and in

combination, which largely elevates the amounts of drugs in target tissue . When it comes to active targeting,

two main approaches are currently adopted to improve tumor accumulation of nanoparticles. One is to apply targeting

molecules to endow the nanosystems with targetability . The other is to modulate the protein corona of nanocarriers

to provide a “natural targeting” towards TME . In theory, nano-based DDS can be employed as an ideal vehicle in

cancer treatment. However, many obstacles still impede the wide application of nanomedicine. For instance, although the

EPR effect and active targeting approaches can modulate the biodistribution of nanomedicine to a certain extent, only a

part of nanomedicine can reach the tumor sites while the majority of them are cleared by the reticuloendothelial system

(RES) . Moreover, EPR effect tends to be more efficient in some angiogenic tumor models with leaky blood, there are

still some cases that are not suitable for EPR effect . Besides, modification using targeting ligands could potentially

compromise the stealth ability of the nano-based DDS . Therefore, other novel strategies in combination with

nanotechnology is of great necessity to achieve improved therapeutic performance.

Hopefully, cell-mediated drug delivery has become a promising approach in addressing the aforementioned limitations.

This innovative strategy takes advantage of the natural properties of various cells such as prolonged circulation time in

blood stream, specific targetability to tumor cells, the ability to cross challenging biological barriers, abundant surface

ligands, flexible morphology, and cellular signaling or metabolism . Very recently, d’Avanzo et al. reported a kind of

peptide-functionalized-liposomes that were able to selectively bind breast cancer cells, which in vitro demonstrated the

ability of the resultant liposomes to target M2-macrophages to exploit a potential hitchhiking effect in vivo, bridging the gap

between conventional nanosystems and cell-derived ones . Therefore, cooperating advanced nanomaterials with cell-

based therapies can largely strengthen the total therapeutic efficacy through maximizing the advantages of both, while

minimizing their inherent shortcomings. In this review, a number of novel DDSs, based on various cell types including

leucocytes, erythrocytes, platelets, stem cells, and adipocytes will be highlighted (Figure 1). Different cell types possess

distinctive properties, which enables their multifunctional application in personalized cancer treatment. It is discussed how

nanomaterials empower the field of cell-based treatment and how cellular characteristics improve the performance of

nanomedicine. Diverse delivery strategies that utilize living cell internalization or cell membrane-cloaking in cooperation

with multiple treatment modalities including chemotherapy, phototherapy, gene therapy and immunotherapy will be

introduced in detail. Table 1 is a summary of nanomaterials in cell-based drug delivery for cancer treatment. In addition,

compared to the existing review articles about cell-based therapies, the novelty of this review is that we comprehensively

summarize the most widely used cell types in cyto-pharmaceuticals, which highlights the combinational strategy of

innovative nanomaterials and cell-derived vectors with very latest research examples . Moreover, the current
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limitations and future orientations for cell-based therapies are also discussed in this paper to provide more detailed

instruction for the development of cell therapies.

Figure 1. Schematic illustration of the cooperation of cell-based therapies with novel nanomaterials in cancer treatment.

Table 1. Overview of the combination of nanomaterials in cell-based drug delivery systems for cancer treatment.

Type of
Living
Cells/Cell
Membranes

Combined
Nanomaterials/Applied
Targeting Molecules

Advantages Therapeutic
Agents Tumor Model Therapeutic

Performance Refs.

Neutrophil
membrane PLGA

Achieve efficient
tumor targeting,

prolong circulation
time and promote

cellular
internalization

Paclitaxel Human ovarian
adenocarcinoma

Inhibit tumor
growth and
prolong the
survival rate

Neutrophil

PEG-b-PLGA and
bacteria-secreted
outer membrane

vesicles

Improve tumor
targeting, combine
chemotherapy with

PTT

Cisplatin Murine breast
cancer

Completely
eradicate tumors

T cell

Gold nanospheres

Improve tumor
targeting through
the recognition of
tumor-associated

antigens

AuNPs Human
lymphoma

Achieve specific
tumor AuNPs
accumulation

Lipid nanocapsules
Achieve lymphoid

organ-specific
targeting

SN-38 Murine
lymphoma

Reduce tumor
burden

significantly

CAR T cell
membrane Mesoporous silica

Improve tumor
targeting, prolong

circulation time
IR780

Human
hepatocellular

carcinoma

Possess
significant

photothermal
antitumor effect

and tumor
imaging

CAR NK cell
Cross-linked
multilamellar

liposomal vesicles

Improve tumor
targeting Paclitaxel Human ovarian

cancer
Inhibit tumor

growth
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Type of
Living
Cells/Cell
Membranes

Combined
Nanomaterials/Applied
Targeting Molecules

Advantages Therapeutic
Agents Tumor Model Therapeutic

Performance Refs.

NK cell
membrane Liposome

Improve tumor
targeting, prolong

circulation time
Doxorubicin Human breast

cancer
Inhibit tumor

growth

Macrophage Liposome

Improve tumor
targeting, promote

cellular
internalization,

recruited to tumor
sites by CCL-2

Resveratrol and
Paclitaxel

Murine breast
cancer

Inhibit tumor
recurrence

Engineered
macrophage Lipopolysaccharide

Improve tumor
targeting, induce

secretion of TNF-α
Doxorubicin Human lung

cancer

Increase the
inhibitory effects
on tumor growth
and metastasis

Monocyte

Polymer Improve tumor
targeting

Conjugated
polymer NPs

(CPNs)

Murine
glioblastoma

Efficiently deliver
CPNs into

glioblastoma sites
and improve PDT

effect

N/A

Cross endothelial
barriers and

improve tumor
targeting

Doxorubicin Human
glioblastoma

Induce cancer cell
damage

Chitosan polymeric
micelles

Improve tumor
targeting N/A Murine breast

cancer

Increase NPs
accumulation

within tumor sites,
enhance

antitumor efficacy

Gold-silver nanorods
(AuNRs)

Improve tumor
targeting, promote
immunostimulation

AuNRs and CpG Murine
lymphoma

Ablate primary
tumors and elicit a
potent immunity

to prevent tumors
from metastasis
and recurrence

Erythrocyte

PLGA

Enable lung
physiology-

assisted shear-
responsive

targeted delivery

Doxorubicin Murine
melanoma

Inhibit tumor
growth and
metastasis

Iron oxide-based
super-paramagnetic

NPs

Improve tumor
targeting, prolong

circulation time

Monoclonal
antibody

mAb198.3

Human colon-
rectal cancer

Inhibit tumor
growth

Erythrocyte
membrane

DSPE-PEG-mannose

Improve tumor
targeting, possess

outstanding
mobility

Antigen
peptides self-

assembled NPs

Human breast
cancer

Promote DC
maturation and
CTL activation,

achieving broad-
spectrum breast
cancer inhibition

PLGA

Prolong circulation
time, efficiently
load and deliver

oxygen to hypoxic
tumor

Perfluorocarbon Murine breast
cancer

Promote cancer
radiotherapy

Erythrocyte-
cancer cell

hybrid
membrane

N/A

Prolong blood
circulation,

improve
targetability and

PTT effect

Melanin
nanoparticle

Human breast
cancer

Inhibit tumor
growth
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Type of
Living
Cells/Cell
Membranes

Combined
Nanomaterials/Applied
Targeting Molecules

Advantages Therapeutic
Agents Tumor Model Therapeutic

Performance Refs.

Platelet

Anti-CD22 antibody

Prolong circulation
time and achieve

previse delivery of
DOX to tumor cells

Doxorubicin Human
lymphoma

Inhibit tumor
growth and
attenuate

cardiotoxicity of
DOX

Anti-PD-L1 antibody
Excellent

inflammatory
targeting ability

N/A Murine breast
cancer

Reduce residual
tumor growth and

metastasis

Transferrin Effectively target
melanoma Doxorubicin Murine

melanoma

Reduce melanoma
cell growth and

inhibit tumor
progression

Platelet
membrane

DSPE-PEOz liposome

Enhance tumor
affinity and

achieve selective
drug release in

acidic
microenvironment

Doxorubicin

Murine colon
cancer, breast

cancer and
pancreatic
carcinoma

Inhibit tumor
growth

PLGA

Achieve active
targeting and

immune evasion
abilities

Doxorubicin Murine breast
cancer

Eliminate tumor
completely and

enhance
multimodal

imaging

Fe O  NPs
Promote

targetability to
tumor metastasis

Sulfasalazine Murine breast
cancer

Inhibit the
metastatic tumor

growth

BPQDs

Improve drug
loading efficiency,

enhance
biocompatibility
and targetability

Hederagenin Human breast
cancer

Inhabit tumor
growth and

decrease the side
effects of

myelosuppression

Mesenchymal
stem cell

Carbon nanotubes Improve tumor
homing ability Doxorubicin Human lung

cancer

Promote lung
cancer cell

apoptosis and
eliminate lung

tumor after
treatment

Liposome

Enhance the
intercellular

delivery of DOX
and improve tumor

targeting ability

Doxorubicin Murine colon
adenocarcinoma

Significantly
inhibit tumor
proliferation,

Suppress primary
tumor growth and
lung metastasis

Genome
engineered

mesenchymal
stem cells

PEI-coated MSNs

Increase tumor
homing ability,

reduce undesired
side effects of

anticancer
treatment

A suicide fusion
gene and uracil
phosphoribosyl

transferase

murine NMU
mammary tumor

Induce NMU
cancer cells death

Reconstituted high-
density lipoprotein

Increase
therapeutic

efficiency and
tumor targetability

pDNA encoding
TRAIL

Murine
melanoma

Induce cancer cell
apoptosis, inhibit

pulmonary
metastasis tumor

growth

Adipocyte N/A

Achieve local and
sustained release

of
chemotherapeutics

within the TME

Rumenic acid
and doxorubicin

prodrug

Murine
melanoma

Promote
antitumor efficacy,
downregulate of

PD-L1 expression
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Type of
Living
Cells/Cell
Membranes

Combined
Nanomaterials/Applied
Targeting Molecules

Advantages Therapeutic
Agents Tumor Model Therapeutic

Performance Refs.

Adipose-
derived stem

cell

Superparamagnetic
iron oxide NPs

Improve selective
delivery Paclitaxel Murine brain

tumor

Enhance
therapeutic
efficacy and

prolong survival
time

PLGA

Achieve sustained
drug release and
increase tumor
targeting ability

Pirarubicin
Human

pancreatic
cancer

Inhibit tumor
growth, induce

the apoptosis of
tumor cells, cause

minimal side
effects

Lipid droplet N/A

Promote
anticancer therapy
through metabolic

intervention

Pyrolipid Human ovarian
cancer

Inhibit tumor
growth

2. Leukocyte-Based Drug Delivery Systems

Leukocytes, also called white blood cells (WBCs), are a group of colorless cells with a nucleus, in circulation, which are

associated with innate and adaptive immune responses . Circulating leukocytes can be mainly divided into five

categories based on their morphological and bio-functional features, including neutrophils, monocytes, lymphocytes,

eosinophils, and basophils . Among the leukocytes groups, neutrophils, eosinophils, and basophils are collectively

known as granulocytes, in which numerous granules are stored and can be released from the cytosol into extracellular

space . Chemotaxis is a fundamental ability of leukocytes, which means that leukocytes can migrate towards

chemoattractants like formyl peptides, leukotrienes and complement fragments, or migrate away from chemorepellents

. When the infection, inflammation or cancer occurs, the recruitment of leukocytes can be triggered, leading to an

increasing number of leukocytes in circulation and their follow-up transmigration . Therefore, leukocytes are regarded

as promising candidates for the implementation of the treatment of inflammatory diseases and cancers. During the tumor

initiation and progression, numerous leukocytes are recruited towards tumor sites, which is known as leukocyte infiltration

and can contribute to an inflammatory tumor microenvironment (TME) . In addition to tumor-infiltration leukocytes that

play a crucial role in TME, leukocytes in circulation also have great potential for cancer treatment via serving as vehicles.

Leukocytes circulating in blood vessels are more likely to locate near the vessel wall instead of the vessel center, causing

adhesive interactions between leukocytes in circulation and endothelial cells within the inner blood vessel through

intercellular adhesion molecule-1 (ICAM-1) on endothelial cells . Interestingly, circulating tumor cells that are

essential to tumor progression and metastasis share similar migration and adhesion characteristics in blood vessels as

leukocytes, in circulation . Therefore, leukocytes can be potentially exploited as an ideal DDS for cancer treatment

(Figure 2).

Figure 2. Schematic demonstration of the properties of various leukocytes and their functions in antitumor therapies.
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2.1. Neutrophils

Neutrophils are the most abundant leukocytes with unique nuclear morphology and defined granule content, which are a

kind of myeloid cells that are sourced from immature neutrophil precursors in the bone marrow . In addition, neutrophils

play a crucial role in the immune response against infection and inflammation. Under infectious and inflammatory

conditions, the life span of neutrophils is significantly extended, which allows neutrophils to persist for a sufficient period to

express cytokines, release bioactive molecules such as granules, and mediate the recruitment of other immune cells .

More importantly, not only the release process of neutrophils from the bone marrow to circulation, but also the mobilization

of neutrophils to inflammatory and tumor niches, are involved in neutrophil chemotaxis, that is mediated by chemokine

receptors and integrin adhesion receptors expressed on neutrophils . In addition to chemotaxis capacity, another

important characteristic is neutrophil extracellular traps (NET) formation, whose process is also described as NETosis.

NETosis is, in fact, a type of cell death of neutrophils which differs from neutrophil necrosis and apoptosis. In infection,

inflammatory disorder niches and TME, NETosis occurs companied by release of intracellular contents, such as

chromatin, granules of neutrophils, and carried cargoes . Taken together, neutrophils have great potential to be an

excellent drug delivery carrier with tumor targeting nature and drug release ability within TME for cancer therapy.

A variety of nanomaterials have been utilized in DDS in cooperation with neutrophils for cancer treatment. One approach

to apply neutrophils as a drug delivery vector is to construct biomimetic drug loaded nanoparticles (NPs) with neutrophils

membrane coating. PLGA, fully named as poly (lactic-co-glycolic acid), is a widely used polymer due to its high

biocompatibility and biodegradability . Moreover, formulation based on PLGA can achieve a sustained drug release

behavior for periods up to 6 months, and up to 19 formulations involved in PLGA material have been approved by FDA

. Wang et al. developed PLGA-based NPs that were coated with a neutrophil membrane to carry the chemotherapeutic

compound paclitaxel (PTX) for ovarian adenocarcinoma treatment . PTX was preloaded in the PLGA core, then the

core was encapsulated by the membrane of neutrophils which was further modified with a tumor necrosis factor-related

apoptosis-inducing ligand (TRAIL). The developed system, named TNM-PN, displayed great serum stability and could

release PTX in a sustained manner in vitro. Moreover, TRAIL on TNM-PN surface promoted the uptake of TNM-PN by the

SKOV3 cells while the neutrophil membrane coating enabled TNM-PN to escape immune elimination as well as prolong

their circulation in vivo. In vitro experiments showed that TNM-PN could selectively bind with inflamed human umbilical

vein endothelial cells (HUVECs) and in vivo results demonstrated the specific biodistribution and high accumulation of

TNM-PN at tumor sites, both indicating the excellent targeting capacity of the constructed nanocomplexes that is a

product of the neutrophil membrane clocking. More crucially, SKOV3 tumor-bearing nude mice in TNM-PN treatment

group showed significant tumor inhibition compared with other groups, confirming the excellent targeting capacity,

successful drug release and high antitumor efficiency of TNM-PN.

Apart from the neutrophil membrane cloaking strategy, another approach to employ neutrophil in drug delivery is the

hitchhiking strategy, which means that living neutrophils can pick up NPs and transport them. Based on this concept, Li et

al. established a pathogen-mimicking NP, called nano-pathogenoids (NPNs), which could be recognized and internalized

by neutrophils, due to the immune response to fight pathogen of neutrophils . NPNs were in a core–shell structure and

prepared from cisplatin and photothermal transducer polymer PBIBDF-BT, loaded PEG-b-PLGA mi-cellar NPs, encrusted

with outer membrane vesicles (OMVs), which were secreted from Escherichia coli bacteria. Hence, NPNs with pathogenic

features could be recognized and internalized by neutrophils in circulation. Additionally, neutrophils could retain the

chemotaxis ability after the uptake of NPNs, for which NPNs were capable of hitchhiking neutrophils in circulation to arrive

at inflamed issue. Upon photothermal therapy (PTT), numerous tumor cells were killed, accompanied by TME

inflammation and follow-up neutrophils recruitment and inflation. Therefore, NPNs could be transferred and accumulated

at inflamed tumor tissue as the in vivo results showed, displaying great tumor targeting ability after PTT. In vitro results

also revealed that neutrophils could achieve NET formation to release carried contents when they were treated with

phorbol myristate acetate mimicking inflammatory condition, and the re-leased NPNs and cisplatin were still active to

cause EMT6 cell death. More crucially, in vivo results showed that, once the neutrophil containing NPNs reached the

tumor niche, NPNs were sufficiently released and were taken up by EMT6 tumor cells. Finally, this PTT, in combination

with neutrophil-mediated chemotherapy, contributed to a 60% tumor-free rate and a 97% tumor growth inhibition, which

completely eradicated all tumors after repeated treatment in EMT6-bearing mice.

2.2. Lymphocytes

Lymphocytes are the second largest subtype of leukocytes in human, taking up about 30% of the population . The main

subsets of lymphocytes, including T lymphocytes (T cells), B lymphocytes (B cells), and natural killer cells (NK cells), have

an essential effect on host immunity and perform their individual function against virus-es, bacteria, and tumor cells, due

to their different roles in the immune system. For cancer treatment, lymphocytes or engineered lymphocytes have gained
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increasing concerns because of the rapid development of cancer immunotherapy . T cell is a critical participant of the

adaptive immune system in response to a broad array of antigens mediated by T cell receptors . CD8  T cells, known

as cytotoxic T lymphocyte (CTL), and CD4  T cells, also named helper T cells, are two important subsets of T cells, which

are considered as the principal weapons of immunity against cancer . T cells are capable of homing to the TME where

tumor-associated antigens exist . Unlike T cells, NK cells can directly kill cancer cells by secreting cytokines and

perform their cytotoxic effect with no demand of the previous encounter with the antigen . Moreover, NK cells are

members of the innate immunity system and can recognize the target antigen, independently from major histocompatibility

complex I (MHC-I). Based on NK cell receptors regulation, NK cells are capable of realizing the identification and targeting

of cancer cells . Moreover, both T cells and NK cells have been engineered to express chimeric antigen receptors

(CARs) with tumor specificity, which promotes their efficacy and empower their functions . Therefore, T cells and NK

cells show great potential to mediate drug delivery for cancer therapy.

2.2.1. T Lymphocytes

Drug transportation based on T cells have been investigated and several types of drug delivery platform have been

proposed. One of the developing approaches of the T cell-based drug delivery strategy is to load drugs into T cells.

Steinfeld et al. compared two normal loading methods of T cells’ incorporation with doxorubicin (DOX)-laden magnetite

NPs, including electroporation and endocytosis. It was concluded that endocytosis by a smooth coincubation process was

an effective method of drug uptake into cells, along with a reduced death rate of T cells . In light of this, Kennedy et al.

applied an endocytosis method by colocalization of gold nanospheres (AuNPs) to be loaded into T cells, which

demonstrated a high loading efficiency as well as no influence on viability and function of T cells. Both in vitro and in vivo

studies confirmed that AuNP-loaded T cells retained their homing ability to tumor sites and achieved specific tumor AuNPs

accumulation, displaying the potential to promote the effect of AuNPs-based phototherapy .

Apart from loading therapeutic agents or NPs inside cells, attachment of NPs on the surface of T cells is an alternative

approach to develop T cell-based drug delivery vehicles. Liposome is an ideal nanomaterial incorporated with T cells due

to convenient functionalization with thiol-reactive group for covalent attachment to exofacial thiols on T cell surfaces,

based on disulfide bond formation. Wayteck et al. constructed a siRNA-loaded liposome coupled to the surface of CTL .

The pyridyldithiopropionate (PDP)-functionalized lipids were incorporated in liposomes bilayer to form PDP-liposome that

could couple with free thiol groups highly expressed on CTL mem-brane via a disulfide bond formation. The formed

disulfide bond could respond to re-duction stress such as glutathione, a common reducing agent that is abundant within

the TME, allowing the detachment of liposome from CTL surface. In vitro results demonstrated that the coupling of

liposome to CTL surface was reversible, and the coupling ability could be improved by T cell activation correlated with

CD25 receptor expression. More importantly, liposome coupled CTLs could proliferate and cause cytotoxic effect against

targeted tumor cells, indicating that the surface attachment did not affect cell proliferation and function. On account of this,

another study by Huang et al. showed that polyclonal T cells expressed lymph node-homing receptors incorporated with

lipid nanocapsules (NCs) could act as efficient carriers with active targeting ability to lymphoma cells . The lymph node-

active targeting ability is crucial because lymphoma is unlike solid tumors, which lack the EPR effect, making the potent

therapeutic agent SN-38 display poor pharmacokinetics. In this study, SN-38 was entrapped into NCs containing

multilamellar lipid which could covalently bind to free thiols at T cell surface by the formation of a thioether bond. The NCs-

functionalized polyclonal T cells could migrate to the lymphoid organs where lymphoma cells resided, which was achieved

by organ-specific targeting rather than tumor-specific targeting. In a disseminated lymphoma mice model, this T cell-based

DDS reduced tumor burden significantly owing to the enhanced delivery of SN-38 to tumor cells.

In addition to intracellular loading and surface coupling, T cell membrane camouflaged NPs is the third approach for T

cell-based vector development. Ma et al. exploited a novel biomimetic nanomaterial based on CAR-T cell membrane-

cloaked mesoporous silica NPs (MSNs), aiming to deliver IR780 dye for hepatocellular carcinoma (HCC) treatment .

IR780, a photothermal agent, were encapsulated into MSNs to form a biodegradable core. IR780-loaded MSNs were

further coated by membrane derived from lentivirus transfected CAR-T cells that could express glypican-3 (GPC3)-

specific CARs which enabled CAR-T cells to target HCC tumors by recognizing GPC3 on HCC cells. Both in vitro and in

vivo results revealed that GPC3-specific CAR-T cell mem-brane camouflaged IR780-loaded MSNs (CIMs) could

selectively accumulate in HCC cells, causing a significant PTT effect for tumor ablation upon 808 nm laser irradiation.

2.2.2. Natural Killer Cells

Similar as T cells, NK cells have also been utilized to create novel cell-based drug delivery platforms in several ways .

NK92 cell line is the most extensively characterized type of NK cells and has been approved by FDA for cancer

immunotherapy . Siegler et al. constructed drug carriers based on CAR-engineered NK92 cells (CAR.NK cells), whose

surface was attached by cross-linked multilamellar liposomal vesicles (cMLVs) containing PTX . CAR.NK cells were
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generated via retroviral transduction, aiming to increase their homing ability, selectivity, and cytotoxicity towards tumor

cells. The cMLVs were functionalized with thiol-reactive maleimide head groups that could covalently conjugate with free

thiols highly expressed on NK cell surface, allowing stable attachment of cMLVs to CAR.NK cells surface. An appropriate

dose of PTX was encapsulated into cMLVs, which could kill tumor cells and showed no toxicity to CAR.NK cells.

According to in vitro experiments, cMLVs were not internalized by NK cells after attachment, and did not cause damages

on NK cells, which retained their migratory ability to chemoattractant. CAR.NK cells also released interferon (IFN)-γ; thus,

they caused specific cytotoxicity to antigen-expressed cancer cells. In SKOV.CD19 ovarian tumor-bearing mice, the

developed DDS CAR.NK.CLV could home to tumor sites and promote PTX accumulation within tumor niches, leading to

significant tumor growth inhibition.

The NK cell membrane is also regarded as candidate for NK-cell based drug de-livery. Pitchaimani et al. combined

liposomes and NK cells to newly design a kind of liposomal drug vector called NKsome through the infusion of NK cell

membrane into liposomes driven by electrostatic interactions . NK92 cells were chosen in this study also, due to their

outstanding characteristics, including easy-expansion ex vivo, broad-spectrum targeting capacity, and promoted

cytotoxicity. These fusogenic NKsomes could retain the surface receptor proteins of NK92 cells, which allowed NKsomes

to mimic properties similar to NK cells, such as tumor homing capacity and immunosurveillance of cancer cells.

Furthermore, NK cell membrane-fused NKsomes had positive charged surfaces, which enabled them to escape from

lysosomal degradation in target cells due, to the fusion property of NKsomes with the target cell mem-brane. Moreover,

this fusion property could realize accurate release of encapsulated drug inside tumor cells. In vitro investigation

demonstrated that NKsomes were stable in serum and accumulated significantly in MCF-7 breast cancer cells with

wonderful targeting efficiency; therefore, when loaded DOX into NKsomes, the constructed nanocomplexes

(DOX@NKsomes) showed superior cytotoxicity to MCF-7 cells without significant immunogenicity. In addition, in vivo

results revealed that DOX@NKsomes had longer circulation time and distributed mainly within the TME, which induced a

significant inhibitory effect on MCF-7 tumor growth.

2.3. Macrophages and Monocytes

Macrophages are a type of phagocyte and can be roughly classified into M1 macrophages (classically activated

macrophages) and M2 macrophages (alternatively activated macrophages) . M1 macrophages promote immune

response against tumor cells by secretion of inflammatory cytokines with potent antitumor activity such as tumor necrosis

factor, while M2 macrophages show an anti-inflammatory function . On this account, a shift of M2 macrophages

towards M1 is in favor of tumor sup-pression. Monocytes are mononuclear phagocytes that have an important impact on

tumor growth and progression. In addition, monocytes can differentiate into a macrophages or dendritic cells (DCs) under

certain conditions . Tumor cells can generate monocyte chemoattractant protein-1 (CCL-2), also known as MCP-1,

which is able to recruit monocytes and macrophages . For this reason, monocytes and macrophages have a tumor

targeting ability that can be employed for drug delivery.

Macrophages, as a kind of inflammatory cell, have an innate chemotaxis capacity, which means that they can be driven to

inflammation by inflammatory factors such as tumor necrosis factor (TNF)-α, interleukin (IL)-10. C-C chemokine receptor

type 2 (CCR2) is expressed on macrophages in response to CCL-2, allowing the specific migration of macrophages

towards TME. In addition, an essential requirement that enables the feasibility of cell-based drug delivery is that the

loaded drug does not induce damage to carrier cells and would not be degraded inside the cell. Hence, in view of these

facts, Qiu et al. exploited a “dual-guide” drug delivery vector based on macro-phages for triple-negative breast cancer

treatment . It is essential to give chemo-therapy after surgery for triple-negative breast cancer treatment due to the

particularly high risk of recurrence. Given that a sustain inflammation occurs in tumor sites after tumor resection, drug-

containing liposomes loaded macrophages were developed for tumor targeting achieved by dual guide of tumor and

inflammation, aiming to ensure the distinguished targeting ability. Liposomes were PEGylated and modified with

octaarginine (R8), a cell penetrating peptide for promoting tumor cell penetration, to load resveratrol (Res) and PTX

simultaneously. The obtained liposomes were co-incubated with macrophages to construct the final system PTX/Res-R8-

Lip@MP without damage and polarization on macrophages. In vitro results revealed that PTX/Res-R8-Lip@MP could

migrate by nanotube formation in response to both inflammation and tumor attraction and enter into tumor cells

accompanied by the re-lease of liposomes. The released R8-modified PEGylated liposomes were taken up by tumor cells

through a “two-way delivery” mechanism—cell membrane fusion and cell penetrating—which could achieve sustained

release of therapeutic agent Res and PTX. Res could block the pro-inflammation pathway and combination of Res and

PTX could enhance inhibition of tumor initiating cells, which showed the significant anti-recurrence and anti-stemness

effect. More importantly, PTX/Res-R8-Lip@MP efficiently inhibited tumor regrowth in a 4T1 orthotopic mouse model,

avoided inflammation, and promoted tumor cell apoptosis. Besides, Guo et al. developed engineered macrophages by

anchoring lipopolysaccharides (LPS) on their surfaces to deliver DOX for lung cancer treatment . LPS, a biomolecule
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presented on outer membrane of bacterial, could induce tumor-associated macrophages towards the M1 phenotype,

which was beneficial to improve the anticancer efficiency of the proposed LM-DOX formulation. In orthotopic lung cancer

mice model, LM-DOX could migrate to tumor efficiently in response to CCL2, which facilitated the specific delivery of the

encapsulated DOX to tumor cells and the production of TNF-α through activating TAMs by LPS anchored on

macrophages. Hence, LM-DOX could achieve the release of TNF-α release from TAMs and DOX accumulation, leading to

a synergetic inhibitory effect against A549 lung cancer cells.

In addition to the examples mentioned above, Molinaro et al. described an innovative approach for the development of

proteolipid vesicles, which were derived from leukosomes for inflammation targeting . This novel leukosome platform

was constructed via reconstituting proteins derived from the membrane of J774 macrophages into phospholipids bilayer of

lipid NPs, which was based on a newly approach to com-bine traditional top–down and bottom–up methods. In brief,

membrane proteins of macrophages were isolated firstly, which then incorporated into the preparation process of thin

layer evaporation approach. Following the formation of phospholipids thin film, PBS containing proteins were used to

hydrate for constructing leukosomes. In vitro characterizations, such as fluorescence microscopy and flow cytometry, con-

firmed that critical proteins of leukocytes membrane were successfully transferred on-to the leukosomes, which enabled

leukosomes to possess wonderful targeting ability to inflamed endothelia. More importantly, in an LPS-induced ear

inflammation mouse model, leukosomes showed enhanced accumulation in the inflamed sites, and the targeting capacity

was demonstrated, related to lymphocyte function-associated antigen 1 (LFA-1) and CD45 molecules. In addition,

leukosomes could load hydrophilic, amphiphilic, and hydrophobic therapeutical compounds without affecting their

structure, shape, and size. Hence, due to the fact that TME was inflammatory, this exploited biomimetic leukocyte

proteolipid vesicles based on macrophage proteins and lipid NPs have great potential in anti-cancer targeted treatment.

In a similar manner, monocytes can also be utilized as drug delivery vectors. Ibarra et al. investigated human monocyte

cells (THP-1) and murine monocytes employed for drug delivery to carry conjugated polymer NPs (CPNs) that could be

ap-plied as an outstanding photosensitizer (PS) for photodynamic therapy (PDT) . CPNs could be taken up by both

human monocyte cells and murine monocytes and showed no toxicity to monocytes without irradiation. Moreover, ex vivo

monocyte activation by LPS could improve the uptake efficiency, as well as the tumor penetration ability. In vitro results

indicated that CPN-loaded monocytes could home into and penetrate glioblastoma (GBM), spheroids, and unloaded

intracellular CPNs when monocytes differentiated into macrophages. CPN-loaded murine monocytes could cross blood

brain barrier and sufficiently accumulate in tumor sites with no cargo re-lease in blood circulation due to the monocyte

tropism introduced by GBM cells in orthotopic GL261 cells xenograft GBM mice model. In addition, Wang et al. also used

the monocytes-based vector to deliver chemotherapeutic drug DOX for GBM treatment . The obtained nano-DOX-

loaded monocytes (Nano-DOX-MC) could migrate to tumor sites due to the tropism of monocyte. GBM cells stimulated

lysosomal exocytosis of monocytes that led to the DOX unloading, followed by internalization of DOX by GBM cells. In an

orthotopic GBMU87 MG cell xenograft mice model, a high tumor targeting delivery and cancer cells damage were both

realized.

Since the aforementioned monocyte-based drug delivery platforms need ex vivo preparation, which is labor-intensive and

time-consuming, an alternative in vivo internalization strategy has been proposed for monocyte-based drug delivery. Yang

et al. demonstrated that chitosan polymeric micelles (COSA) could almost be internalized by monocytes in circulation after

being injected to mice and then delivered to tumor sites . The proposed micelles were comprised of chitosan (CO) and

stearic acid (SA) that could produce an amidation reaction between amine groups on CO and carboxyl groups on SA.

COSA micelles were able to be selectively taken up by monocytes, especially the Ly-6Chi subset monocytes, mainly via

mannose receptor-mediated mechanism and secondly by a Dectin 1 receptor-mediated mechanism. Internalization of

COSA had very low effect on both the COSA micelles and monocytes, for which the COSA could be stable, and

monocytes could preserve their intrinsic tumor-homing ability. Subsequently, COSA-loaded monocytes were recruited to

tumor sites and differentiated into macrophages accompanied by the release of cargoes, resulting in CO-SA accumulation

within tumor sites. Due to the great potential of micelles for drug loading, this monocyte-based COSA platform showed

momentous significance for cancer targeted therapy. In a similar way, Zheng et al. constructed gold-silver nano-rods

(AuNRs), incorporating CpG ligands onto their surfaces via Au–S bonds, followed by the wrap of apoptotic bodies (ABs)

that were generated by tumor cells under ultra-violet (UV) light irradiation . AuNRs were prepared and functionalized

easily through a simple process, while they could achieve significant tumor ablation directly, due to their high photo-to-

heat conversion efficiency. The resultant formulations, AuNR-CpG/ABs, were phagocytized by inflammatory Ly-6C+

monocytes with high selectivity since ABs as waste materials of cells could be recognized and engulfed by circulating

monocytes. After injected into EL4 tumor-bearing C57/BL6 mice, AuNR-CpG/Abs were driven by monocytes to

accumulate in tumor based on inherent tendency toward rapid tumor recruitment of monocytes. CpG could elicit a

significant immune response by DC maturation, proinflammatory cytokine secretion and effector T cell activation. Under
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irradiation, AuNR-CpG/Abs performed a synergistic therapy that consisted of a strong photothermal effect by AuNRs and

enhanced immunostimulation by CpG, leading to tumor ablation and metastasis inhibition.
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