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In recent years, with the development of nanomaterials, the research of drug delivery
systems has become a new field of cancer therapy. Compared with conventional
antitumor drugs, drug delivery systems such as drug nanoparticles (NPs) are expected
to have more advantages in antineoplastic effects, including easy preparation, high
efficiency, low toxicity, especially active tumor-targeting ability. Drug delivery systems
are usually composed of delivery carriers, antitumor drugs, and even target molecules. At
present, there are few comprehensive reports on a summary of drug delivery systems
applied for tumor therapy. This review introduces the preparation, characteristics, and
applications of several common delivery carriers and expounds the antitumor mechanism
of different antitumor drugs in delivery carriers in detail which provides a more theoretical
basis for clinical application of personalized cancer nanomedicine in the future.
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INTRODUCTION

According to global cancer statistics, there were 19.3 million new cancer cases and 10 million deaths
in 2020 (Sung et al., 2021). The research of cancer treatment is imperative. The most common
methods of cancer treatment include surgery, radiotherapy, chemotherapy, and targeting therapy
(Wei et al., 2017; Mun et al., 2018). First of all, the removal of tumor mass by surgery is the basic
treatment for most cancer patients; Secondly, radiotherapy and chemotherapy, as traditional cancer
treatment tools, have outstanding effects in inhibiting the rapid growth of tumors (Mitra et al., 2015).
Clinical data have shown that surgical resection in combination with radiation therapy have been a
standard strategy for primary tumors without obvious metastasis. However, in view of many strongly
aggressive tumors such as malignant peripheral nerve sheath tumors and metastatic melanoma with
a high fatality rate, the limitations of these methods are obvious in patients and could result in poor
outcomes and high relapse rates (Bishop et al., 2018; Tian et al., 2021). In order to improve the cure
and survival rate of cancer patients, the development and application of multiple drug delivery
systems as novel and more promising methods are widely used in cancer treatment. For example,
pegylated liposomal doxorubicin (DOX; Doxil®/Caelyx®) and nab–paclitaxel (PTX) (Abraxane®) as
first-generation nanomedicine drugs based on passive targeting by modulating their
physicochemical properties had been used in clinical practice. Interestingly, the second
generation of nanomedicine drugs based on active targeting has become a research hotspot of
drug delivery systems, which further opens up a new way for the clinical treatment of cancer (Wicki
et al., 2015). Targeting ligands such as peptides (Liu et al., 2014), small organic molecules (Sahu et al.,
2011; Narmani et al., 2019;Mansoori et al., 2020), and antibodies (Julien et al., 2011) have been added
to the surface of NPs selectively binding to overexpressed targeting receptors of certain tumor cells.
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Then, antitumor drugs can kill tumor cells through delivery
carriers (Sun et al., 2014; Wicki et al., 2015). In several
preclinical experiments, second generation of nanomedicine
drugs such as immunoliposomes (ILs), including anti-HER2-
ILs, anti–epidermal growth factor receptor–ILs (anti-EGFR-ILs),
anti-VEGFR2-ILs, and other antibodies-ILs have been developed.
The anti-EGFR antibody (cetuximab) was conjugated to DOX-
loaded pegylated liposomes to evaluate the curative effect on
patients with advanced solid tumors (Wicki et al., 2015).
However, lots of developed drug delivery systems, especially
the second generation of nanomedicine drugs for active
targeted therapy, have been used in early clinical trials, and
only a few of them have been approved for commercial use.
In this review, we summarize the development and application of
drug delivery systems, aiming to achieve effective delivery of
antitumor drugs and their clinical application in the future.

PREPARATION, CHARACTERISTICS, AND
APPLICATION OF SEVERAL COMMON
DRUG DELIVERY CARRIERS
In recent years, many inorganic materials (nonmetallic and
metal) and organic materials (natural polymers, liposomes,
exosomes, and dendrimer) have been studied as delivery
carriers and designed into multifunctional drug delivery
systems with the best size, shape, and surface properties to
optimize the antitumor effect (Chen et al., 2013; Sun et al.,
2014; Baetke et al., 2015; Wicki et al., 2015; Thomas et al., 2019).

Nonmetallic NPs
Silicon and carbon are the most significant nonmetallic
substances in close acquaintance with human life. Due to their
intrinsic physical/chemical properties, advantages of low cost,
and high biocompatibility, they can be used to make nanocarriers
for cancer diagnosis and treatment (Chen et al., 2013). In recent
years, nonmetallic NPs such as silicon NPs (SiNPs), porous SiNPs
(PSiNPs), graphene, and graphene oxide (GO) have emerged as a
new area especially for the development of drug delivery systems
for cancer treatment.

SiNPs are prepared by femtosecond laser ablation in deionized
water. SiNPs have lots of advantages in cancer treatment,
including biocompatibility, biodegradability, low cytotoxicity,
and genotoxicity, and can be completely degraded by cells and
tissues. In addition, SiNPs can also provide photodynamic
therapy and radiofrequency hyperthermia for cancer therapy,
due to the characteristics of room temperature
photoluminescence, singlet oxygen generation under
photoexcitation, and infrared radiation-induced and
ultrasound-induced hyperthermia. PSiNPs produced by
mechanical milling of electrochemically prepared porous
silicon have biocompatibility, biodegradability, high drug
loading capacity, and versatile surface modifications. They can
be used as dissolved nano-containers which offer a platform for
the vectorization of hydrophobic drugs with high quantities into
the pores while allowing the immobilization of the targeting
molecule on the surface of the nanoparticles (NPs) (Tamarov

et al., 2014; Tolstik et al., 2016). PSiNPs have exhibited potential
applications for cancer theranostics, such as tumor imaging,
chemotherapy, photodynamic therapy, gene therapy,
immunotherapy, and targeted therapy (Landgraf et al., 2020;
Xia et al., 2018). As shown in Figure 1, transferrin (Tf)-
conjugated PSiNPs are loaded with DOX as a new type of
glioblastoma multiforme (GBM)–targeting NPs (DOX-Tf@
PSiNPs), showing high drug loading ability. The NPs can be
combined with overexpressed Tf receptors (TfRs) on the surfaces
of the blood–brain barrier (BBB) and GBM cells, enhancing the
internalization efficiency under clathrin-mediated endocytosis,
and controlling the intracellular release of DOX. In the in vitro
BBB model, compared to free DOX, DOX-Tf@PSiNPs displays
higher cytotoxicity to GBM cells across the BBB (Luo et al., 2019).

Graphene and GO are synthesized via the Hummers’ method
(Wu et al., 2015). Graphene, a single layer of sp2-hybridized
carbon atoms arranged in a honeycomb two-dimensional (2-D)
crystal lattice, consists of a layer with a p-conjugated structure of
six atom rings, which can be conceptually viewed as a planar
aromatic macromolecule (Feng et al., 2013; Liu et al., 2013;
Mousavi et al., 2019). Graphene, its oxidized form named as
GO, has a mixed structure equipped with various oxygen-
containing functional groups (epoxy, hydroxyl, carboxylic,
carbonyl, etc.) and provides attachment sites to various
biological molecules including protein, DNA/RNA, etc. (Singh
DP. et al., 2018). Due to their unique properties, e.g., 2-D planar
structure, large surface area, chemical and mechanical stability,
superb conductivity, and good biocompatibility, graphene and
GO have been extensively highlighted as promising biomaterials
for biomedical applications, including biosensing, bioimaging,
drug and gene delivery, and photothermal therapy (PTT) in
cancer treatment. In particular, they have been extensively
studied as drug delivery systems for loading anticancer drugs
(Mousavi et al., 2019; Zhou et al., 2018). In Figure 2, GO-based
nanocarriers could deliver potent hydrophobic docetaxel (DTX)
by functionalizing with Tf-poly (allylamine hydrochloride)
(PAH), which provide targeted and specific accumulation to
TfR. Compared to nontargeted carrier and free DTX, Tf-PAH-
(GO-DTX) as a promising nanocarrier could be taken up into
MCF-7 cells in higher amounts, which enhanced significantly
higher cytotoxicity of DTX (Nasrollahi et al., 2016).

Metal NPs
As we all know, metals are natural elements on the Earth, and
their applications exist in various fields, such as industry,
agriculture, medicine, and our daily life. In terms of
nanomaterials, metals have also been used to synthesize metal
NPs (MtNPs) (Durán et al., 2016; Hurtado-Gallego et al., 2019).
AgNPs, AuNPs, ZnO NPs, Fe2O3 NPs, CuO NPs, and Al2O3 NPs
are the most common materials used to synthesize MtNPs by
mechanical attrition, laser ablation, photo reduction, chemical
electrolysis, and synthesis by organisms such as bacteria and
plants (Ahmad et al., 2010; Hanan et al., 2018; Ovais et al., 2018a;
Rao et al., 2016; Thakkar et al., 2010). MtNPs, not only have their
own characteristic physicochemical properties but also contain
antimicrobial, anticancer, catalyzing, optical, electronic, and
magnetic properties; have been widely applied in different
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FIGURE 1 | Construction, uptake, release, and efficacy of DOX-Tf@PSiNPs. (A) P-type silicon wafers are used to prepare porous silicon (PSi) films by
electrochemical etching, and PSiNPs are formed by mechanical milling. UA-functionalized PSiNPs (UnPSiNPs) conjugate Tf through a two-step EDC/NHS reaction, and
further loading DOX to form DOX-Tf@PSiNPs. (B) Nanoparticles can be combined with TfR through Tf to achieve targeting ability across the BBB into GBM cells, and
release DOX in a pH-dependent way.

FIGURE 2 | Preparation of targeted GO. GO is prepared from graphite through the tour method. The mixture of GO and DXT was stirred for 24 h at room
temperature in darkness to prepare GO-DXT. Tf-PAH is synthesized through the formation of amide linkages between COOH groups of Tf and NH2 groups of PAH
through EDC and NHS as the coupling reagents. Tf-PAH-(GO-DTX) is prepared by stirring the mixture of GO-DXT and Tf-PAH for 10 h at room temperature in darkness.
Tf-PAH-(GO-DTX) could be taken up into MCF-7 cells by targeting TfR which would exert toxic effects.
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areas, such as biology, food, agriculture, engineering, electronics,
cosmetics, and medicine; and have also been used in food and
biomedical devices (Ovais et al., 2018a). Studies have shown that
AgNPs and AuNPs are widely used in cancer research because of
their cytotoxicity (Pan et al., 2009; Rao et al., 2016). In addition to
being used alone, these NPs can also combine with biomolecular
substances such as peptides, antibodies, and DNA/RNA or
oligonucleotides, etc. (Kumar et al., 2015; Sharma et al., 2018;
Zhou et al., 2016). In Figure 3, Zhou et al. (2016) studied
AgNPs@MnO2-DOX-Apt nanoprobes based on DOX-loaded
AgNPs@MnO2 modified with the AS1411 (an antiproliferative
G-rich phosphodiester oligonucleotide) aptamer (Apt) which
could target nucleolin on the surface of HeLa cells. After being
taken up into the cells, AgNPs@MnO2-DOX-Apt could release
AgNPs and DOX through glutathione (GSH) reducing MnO2

into Mn+2. The study showed that both AgNP and DOX could
induce cytotoxicity and verified that the toxicity was mainly
caused by reactive oxygen species (ROS)–mediated apoptosis
from mitochondria. Compared with AgNPs@MnO2-Apt and
MnO2-DOX-Apt, AgNPs@MnO2-DOX-Apt had a stronger
therapeutic effect due to the synergism of AgNPs and DOX
(Zhou et al., 2016).

In biomedical research, due to high energy consumption and
low yield of physical synthesis and the participation of toxic
solvents and formation of harmful by-products in chemical

synthesis, biologically synthesized (green) MtNPs showed
advantages being economic, biocompatible, nontoxic, and
environmentally friendly for bioactive plant compounds to
improve these deficiencies (Hanan et al., 2018; Mukherjee
et al., 2013; Mukherjee et al., 2015; Ovais et al., 2018a; Ovais
et al., 2018b; Patra et al., 2015; Thakkar et al., 2010). Kumar et al.
(2015) achieved green synthesis of AuNPs using the extract of the
eggplant as a reducing agent. MET-H-AuNPs were synthesized
with MET-loaded on HA-capped AuNPs (H-AuNPs) which
could target HA receptors such as the hyaluronan receptor for
endocytosis and the cluster determinant CD44 of HepG2 cells by
HA and exhibited better cytotoxic activity than free MET. MET-
H-AuNPs regulated the cell cycle by inhibiting the expression of
Cyclin D1 and Cyclin E and induced apoptosis by upregulating
pro-apoptotic proteins Bax, Caspase 9, Caspase 3, and PARP
proteins and downregulating anti-apoptotic proteins Bcl-2, CDK-
4, CDK-6, and CDK-2. The NPs could also increase the
expression of p53 and induce cell apoptosis. This mechanism
of MET-H-AuNPs provides a theoretical basis for clinical
application in the future (Figure 4).

Natural Polymer NPs
Glycan (chitosan) or protein (albumin and ferritin) as natural
molecular materials have been often used to construct delivery
carriers (Wicki et al., 2015).

FIGURE 3 | The synthesis of AgNPs@MnO2-DOX-Apt and pro-apoptotic mechanism. (A) AgNO3 aqueous solution is added into the mixed liquor of PEG-600 and
PVP, and then AgNPs are synthesized under the conditions of stirring and heating. The AgNPs mixture added with KMnO4 is sonicated to synthesize AgNPs@MnO2

core–shell nanostructure for MnO2-modified AgNPs, and the MnO2 nanosheets can load DOX via electrostatic interactions and Mn–N co-ordinate bonds. Finally,
AgNPs@MnO2-DOX-Apt is synthesized by functionalizing the Apt onto theMnO2 nanosheets via the collaborative effects of physisorption and coordinates bonding
between the NH2-Apt and MnO2. (B) AgNPs@MnO2-DOX-Apt can enter HeLa cells through nucleolin receptor-mediated endocytosis, and release AgNPs and DOX
under the response of MnO2–GSH redox reaction which could induce ROS-mediated apoptosis.
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Chitosan (CS), a derivative of chitin, is a natural biopolymer
with biocompatibility, biodegradability, nontoxicity, antibacterial
activity, wound healing ability, and anticancer properties (Anitha
et al., 2009). Because of these properties, it has many applications
such as biomaterials for tissue engineering and wound healing,
and as carriers for drug, gene, and polypeptides deliveries (Anitha
et al., 2009). However, the poor solubility of CS in water limits its
application. In order to overcome this defect, the functional
groups of CS were modified by hydroxyl and amino groups to
form CS derivatives such as carboxymethyl CS (CMC) which
improved CS solubility by carboxymethylation as a hydrophilic
modification that has numerous biomedical applications such as
wound healing, bioimaging, tissue engineering, and drug/gene
delivery (Mohammed et al., 2017; Shariatinia, 2018).
Furthermore, CMC NPs have been obtained by ionic
crosslinking of CMC with TPP or CaCl2 (Anitha et al., 2009).
NPs prepared by CS and CS derivatives typically possess a
positive surface charge and mucoadhesive properties which
can adhere to the mucus membranes and release the drug
payload in a sustained manner. CS-based NPs have various
applications in nonparenteral drug delivery for the treatment
of cancer. CS NPs also exhibit pH-dependent drug release
because of the solubility of CS. CS derivatives alter the release
of drugs from the NPs, afford tunable drug release, and impact the
pharmacokinetic profile of the loaded drugs (Mohammed et al.,

2017). To further improve delivery efficiency and cancer
specificity, a strong emphasis has been placed on developing
CS-based NPs with active tumor-targeting ability. Active
targeting can be achieved by functionalizing CS and its
derivatives with tumor-targeting ligands, such as folic acid
(FA), antibodies, peptides, biotin, and avidin, which can
recognize and bind to specific receptors that are unique to
cancer cells (Prabaharan, 2015). As shown in Figure 5, FA-
OCMCS can construct a small interfering RNA (siRNA)
delivery system through electrostatic interaction along with N-
2-HACC. N-2-HACC can effectively pack siRNA into FA-
OCMCS which is suitable for cell internalization. Here, the
dual-targeting system FA-OCMCS/N-2-HACC/siSTAT3 NPs
prepared by electronic self-assembly is composed of FA-
conjugated OCMCS and N-2-HACC/siSTAT3, targeting the
overexpressed folate receptors on the surface of both LLC cells
and M2 type macrophages. NPs induce cell apoptosis of tumor
cells, and FA-OCMCS/N-2-HACC carriers protect siSTAT3 from
serum degradation (Chen et al., 2020).

Albumin, the most abundant plasma protein synthesized in
the liver, as an acidic and hydrophilic protein, plays an important
role among protein-based nanomaterials as a carrier for targeted
delivery of anticancer drugs which improves tumoricidal activity
(Karimi et al., 2016; Wang and Zhang, 2018). Bovine serum
albumin (BSA) is a globular non-glycosylated protein that

FIGURE 4 | Synthesis of MET-H-AuNPs and targeted antitumor pathway. H-AuNPs are synthesized with the mixture of HAuCl4, HA, and eggplant extract
irradiated under natural sunlight. After being modified by EDC/NHS reaction, H-AuNPs connect MET with the amide bond formed by stirring overnight between carboxyl
groups of HA and amine group of MET to generate MET-H-AuNPs. MET-H-AuNPs are taken up into HepG2 cells through HA receptor–mediated endocytosis and
release MET in a pH-dependent way which could induce cell cycle arrest significantly at the G2/M phase and apoptosis.
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consists of 583 amino acids, bound in a single chain with an
approximate molecular weight of 69 kDa. BSA has widely been
used in the preparation of nanomedicine due to its availability,
low cost, purification, and stability (Lamichhane and Lee, 2020).
BSA NPs, as versatile protein carriers for drug delivery, have been
shown to be nontoxic, non-immunogenic, of low cost,
biocompatible, easily metabolized in vivo, and soluble in water
(Huang et al., 2018). In general, loading BSA NPs with antitumor
drugs or therapeutic agents with different physicochemical
properties can be achieved through two ways: 1) covalent
conjugation: drugs or therapeutic agents such as curcumin
(CUR) could be covalently conjugated with amino and
carboxylic groups on BSA (Fu et al., 2016; Huang et al., 2018;
Wang and Zhang, 2018); 2) non-covalent conjugation: non-
covalent approaches, including encapsulation, hydrophobic
interaction, coordination chemistry, and electrostatic
interaction, can be performed on drugs or therapeutic agents
such as DOX, 5-FU, PTX loading (Wang and Zhang, 2018). BSA
surface engineering not only renders nanomaterials with
hydrophilic and biocompatible properties but also provides
active chemical groups for conjugating the targeted ligands,
such as FA, monoclonal antibodies, and galactose (Huang
et al., 2018; Lamichhane and Lee, 2020; Wang and Zhang,
2018). Figure 6 shows CUR-loaded galactosylated BSA NPs
(Gal-BSA-CUR NPs) developed to improve CUR solubility,
release effect, and bioavailability. The asialoglycoprotein
receptor (ASGPR), as an important target molecule for high
expression in liver cancer HepG2 cells, has a high affinity with
Gal, which could significantly facilitate cell endocytosis of Gal-

BSA-CUR NPs. As a targeted anticancer drug, the NPs can
effectively inhibit HepG2 cell proliferation and cell migration
and induce cell apoptosis. In addition, it has been proved that the
pro-apoptotic effect of Gal-BSA-CUR NPs may be related to the
inactivation of NF-κB-p65 (Huang et al., 2018).

Ferritin, a cage-like protein found in almost all living
organisms, is made of 24 subunits arranged in octahedral 4-3-
2 symmetry with an outer diameter of 12 nm and inner diameter
of 8 nm, having its inner cavity connected to the outside by eight
channels formed by the symmetrical positioning of its subunits
on the shell, which allows the entry and exit of iron and other
cations (Calisti et al., 2018). Ferritin tetraeicosamer could be
reversibly disassembled at the extremely acidic pH of 2.5 or basic
pH of 13.0, and then the protein could self-assemble into a
properly folded protein nanocage at neutral pH (Palombarini
et al., 2020). Based on these nanocage properties, ferritins have
been efficiently loaded with drugs, fluorescent molecules, or
contrast agents and used as drug delivery vectors and tools for
bioimaging (Truffi et al., 2016). Ferritin has been reported to
selectively target tumor cells that overexpress the Tf receptor
TfR1 (CD71) (Calisti et al., 2018). Furthermore, mammalian
ferritins include two highly conserved subunits: the heavy
chain (H; 21 kDa) and light one (L; 19 kDa) (Palombarini
et al., 2020). Human ferritin heavy chain (HFt) as carriers,
efficiently delivering chemotherapeutics (DOX, CUR, or
siRNA) to cancer cells, had been shown (Truffi et al., 2016).
In Figure 7, HFt-MP-PAS40 is shown as a genetically engineered
human ferritin heavy chain (HFt)–based construct that is able to
efficiently encapsulate DOX, forming more stable complexes

FIGURE 5 | The construction of the NPs and dual-targeting pathways. With FA as the target ligand and OCMCS as the delivery carriers, NPs can be constructed by
electrostatic interaction to achieve the targeted delivery of siSTAT3 to tumor-associated macrophages M2. By inhibiting the expression of STAT3, the NPs can transform
M2 into M1 phenotype to inhibit tumor cells or directly deliver to tumor cells to induce apoptosis.
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(HFt-MP-PAS40-DOX) with a longer half-life in vivo, which
increases antitumor effects in comparison to the free drug in
several squamous cell carcinomas (SCCs) of the head and neck
(HNSCC) cell lines. The study also found HFt-MP-PAS40-DOX
had less cardiotoxic and higher tolerated dose in terms of safety in
vivo. High efficacy and small side effects have made it an
extremely promising nanocarrier in clinical research and
application for the treatment of tumors (Falvo et al., 2016;
Fracasso et al., 2016; Damiani et al., 2017).

Liposomes
Liposomes are vesicles which can carry both hydrophobic and
hydrophilic drugs, with one or more concentric phospholipid
bilayers separated by aqueous compartments, and have been
extensively studied for many years (Feng et al., 2017; Riaz
et al., 2018). Liposomes being biologically inert and
biocompatible have been used in the delivery of anticancer
drugs which do not cause unwanted toxic or antigenic
reactions (Bingham et al., 2010; Feng et al., 2017;
Schwendener, 2007; Wang et al., 2005). And furthermore,
liposomes can be modified with suitable ligands (peptides,
antibodies, etc.) to form targeted liposomes and use
overexpressed receptors as docking sites to deliver anticancer
drugs (Riaz et al., 2018). In Figure 8, cetuximab-ILs enhance

liposomal uptake by EGFR-positive cancer cells. An IL containing
5-FU modified by cetuximab has been developed, which can
improve the efficacy of SCC by combining anti–EGFR antibody
with a chemotherapeutic drug. Iontophoresis with ILs can
increase the penetration of 5-FU into SCCs, and it is more
effective than subcutaneous injection in reducing cell
proliferation and invasion, which has become a more
promising therapeutic strategy for SCC (Petrilli et al., 2018).

Exosomes
Exosomes are extracellular vesicles secreted by mammalian cells.
They consist of a phospholipid bilayer cell membrane, are
nanosized (50- to 100-nm) cup-shaped structures under the
transmission electron microscope (Batrakova and Kim, 2015;
Théry et al., 2002; van den Boorn et al., 2013). There are
various labeled proteins and ligand proteins on the surface of
exosomes, including ALIX, tetraspanins (CD9, CD63, CD81),
integrins, and cell adhesion molecules (CAM) that reflect their
intracellular endosomal origin, which attach to and deliver their
payload to target cells (Batrakova and Kim, 2015; van den Boorn
et al., 2013). Exosomes have stability, biocompatibility, low
immunogenicity, and low toxicity in circulation and can be
used to target disease tissues and/or organs based on their
properties and origin with specific cellular propensity

FIGURE 6 | Synthesis of Gal-BSA-CUR NPs and antitumor effect. Gal-BSA was prepared by a reductive animation technique. Then, Gal-BSA-CUR NPs were
synthesized by the desolvation method. The NPs taken up into cells through ASGPR receptor–mediated endocytosis releases CUR, which can inhibit the expression of
NF-κB-p65 in the nucleus and induce cell apoptosis.
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(Batrakova and Kim, 2015). Recently, exosome–biomimetic NPs,
constructed by exosomes as natural biomaterials and
functionalized NPs, have attracted much attention as an
effective drug delivery platform. Generally,
exosome–biomimetic NPs are fused by iterative physical
extrusion or freeze/thaw cycles, which might affect the protein
integrity on exosome membranes, interfering with cancer
therapy. Here, luminescent PSiNPs have been used to
synthesize a biocompatible tumor cell–exocytosed exosome
biomimetic PSiNPs (E-PSiNPs) as a drug carrier for targeted
cancer chemotherapy owing to their excellent drug-loading
capacity, high biocompatibility, and biodegradability.
Exosome-sheathed DOX-loaded PSiNPs (DOX@E-PSiNPs) can
be used as a carrier for DOX-targeted delivery. In vitro, DOX@E-
PSiNPs can induce low expression of multidrug-resistant protein
P-glycoprotein (P-gp), resulting in decreased cell membrane
fluidity, which enhances intracellular retention, and its
targeting ability to tumor cells is regulated by CD54 (ICAM1),
making these exhibit strong cellular uptake. Compared with free
DOX or DOX@PSiNPs, DOX@E-PSiNPs have a more excellent
cytotoxicity against cancer stem cells (CSCs). In vivo, following
intravenous injection, DOX@E-PSiNPs display enhanced tumor
accumulation, tumor penetration, and cross-reactive cellular
uptake by bulk cancer cells and CSCs, resulting in augmented
DOX enrichment in total tumor cells and side population cells,

which can further improve anticancer efficacy (Figure 9) (Yong
et al., 2019).

Dendrimer
Donald A Tomalia succeeded in making the first poly
(amidoamine) (PAMAM) dendrimers in 1979 and first
published his seminal work in 1985 (Chauhan, 2018; Tomalia,
2012). Dendrimers are a relatively new type of synthetic dendritic
polymers with three-dimensional, branched, highly
monodispersed, stepwise synthetic macromolecular nanoscopic
(1–100 nm) architecture (Singh et al., 2008; Zhang et al., 2018).
Dendrimer architecture offers a new strategy for solubilizing
water-insoluble drugs and has three main sites for drug
entrapment by using various mechanisms, including void
spaces (by molecular entrapment), branching points (by
hydrogen bonding), and outside surface groups (by
charge–charge interactions), which provides a unique
nanocontainer property for drug delivery (Chauhan, 2015,
Chauhan, 2018). It also provides a polyvalent platform to bind
multiple biological targets improving therapeutic effects, which
have been used to produce a novel nanodrug for antiviral and
anti-inflammatory treatments (Chauhan, 2015). Dendrimers
have been reported to increase transdermal permeation and
specific drug targeting (Chauhan, 2018). As a fascinating
delivery method for potential anti-inflammatory treatment

FIGURE 7 | Assembly of HFt-based constructs, DOX encapsulation, and specific tumor suppression. PAS40: a polypeptide sequence of 40 residues rich in proline
(P), alanine (A), and serine (S) residues; MP: a short motif sequence for responding to proteolytic cleavage by tumor matrix metalloproteases (MMPs). HFt-MP-PAS40 is
assembled from PAS40, MP, and HFt through genetic engineering. The protein disassembling at pH 2.5 and then reassembling at pH 7.5 is to encapsulate DOX at the
same time. PAS40 can hamper the interaction of DOX-loaded HFt with TfR1 on the surface of normal cells. MP between HFt subunit and the outer PAS polypeptide
is processed by MMPs–mediated cleavage in the tumor microenvironment to remove PAS so that unmasked HFt can be specifically taken up by TfR1 overexpressed in
tumor cells. In addition to a part of DOX that is pH (5.5)-dependent released/translocated in the cytoplasm and then diffuses to the nucleus, most of it is released by
degradation of HFt in the nucleus, which ultimately leads to HNSCC damage.
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strategies, dendrimers have successfully delivered indomethacin
via transdermal routes as a transdermal permeation enhancer
(Chauhan, 2018; Singh et al., 2008). However, in terms of cancer
treatment, dendrimers-based targeted delivery has been the most

widely used indispensable tool and has had high biocompatibility
with low side effects on normal cells, immune function, and blood
components, and enhanced solubility, stability, and oral
bioavailability of various antitumor drugs (Chauhan, 2015,

FIGURE 8 | Preparation of ILs and iontophoresis treatment in vitro and in vivo. (A) 5-FU liposomes were prepared by coating 5-FU with lipids according to the drug-
to-lipid ratio of 0.1 by the thin lipid film hydration method and then connected with thiolated cetuximab to form 5-FU ILs. (B) In vitro, iontophoresis with ILs increased the
penetration rate of 5-FU into the skin and accumulated in the living epidermis but did not enter the receiver components. Immunoliposome ion delivery is more effective in
treating tumors in animal models.

FIGURE 9 | Preparation and efficacy of DOX@E-PSiNPs as tumor-targeted drugs. DOX@PSiNPs are taken up into tumor cells through endocytosis and localized in
multivesicular bodies (MVBs) to prepare DOX@E-PSiNPs. With the fusion of MVBs and cell membrane, DOX@E-PSiNPs are released into the extracellular space through
exocytosis. After intravenous injection, DOX@E-PSiNPs efficiently accumulate in tumor tissues and penetrate deeply into tumor parenchyma.
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Chauhan, 2018). Trastuzumab (TZ)-grafted dendrimers were
synthesized to achieve effective delivery of DTX to human
epidermal growth factor receptor 2 (HER2)–positive breast
cancer cells and which were more selective and had higher
antiproliferation activity than HER2-negative cells. Compared
with unconjugated dendrimers, TZ-conjugated dendrimers
displayed stronger targeting and higher cellular internalization,
and also lower hemolytic toxicity and longer circulation half-life.
Furthermore, the level of ROS, the mitochondrial membrane
potential, cell cycle distribution, and the activity of caspases 3/7, 8,
and 9 of PAMAM-DTX-TZ conjugates were determined and
compared with free DTX. These findings could help to develop a
better therapeutic profile with HER2-positive breast cancer for
DTX (Figure 10) (Kulhari et al., 2016; Marcinkowska et al.,
2019a; Marcinkowska et al., 2019b).

THE ANTITUMOR EFFECT AND
MECHANISM OF DIFFERENT ANTITUMOR
DRUGS IN DELIVERY CARRIERS
At present, different kinds of antitumor drugs, such as DOX,
PTX, DTX, CUR, and siRNA, combined with a variety of delivery

carriers have been approved for clinical treatment (Wicki et al.,
2015). Other antitumor drugs such as metformin (MET) and 5-
fluorouracil (5-FU) have been widely studied in the treatment of
cancer with drug delivery systems, which have potential clinical
application value (Li et al., 2008; Aydın et al., 2020). As shown in
Table 1, a large number of studies have been carried out on the
treatment of various cancers by these antitumor drugs through
various delivery carriers, which provide valuable experience for
more long-term effective clinical cancer treatment in the future.

DOX
DOX, also known as adriamycin, is an anthracycline antibiotic
isolated from the Streptomyces peucetius spp possessing aglyconic
and sugar moieties (Carvalho et al., 2009; Chen et al., 2018). The
aglycone consists of a tetracyclic ring with adjacent
quinone–hydroquinone groups, a methoxy substituent, and a
short side chain with a carbonyl group. The sugar, called
daunosamine, is attached by a glycosidic bond to one of the
rings and consists of a 3-amino-2,3,6-trideoxy L-fucosyl moiety
(Carvalho et al., 2009). DOX induces cell death or cell growth
arrest through a variety of molecular mechanisms, including
inhibition of topoisomerase II, intercalation of DNA, and
production of free radicals. Because of its broad-spectrum

FIGURE 10 | The synthesis of PAMAM-DTX-TZ and three main modes of action. The linking of DTX to PAMAM dendrimers was done using a two-steps covalent
method. Then, PAMAM-DTX thiolated using Traut’s reagent reacted with activated TZ to synthesize PAMAM-DTX-TZ. PAMAM-DTX-TZ showed the different potential
mechanisms of cytotoxic action for breast cancer cells. The mechanism is not only associated with the blocking of the HER 2 receptor but also achieved through ROS
generation (oxidative damage → caspases 8 → caspases 3 → DNA degradation via apoptosis) or changes in mitochondrial membrane potential (mitochondria
damage → CytC → caspases 9 → caspases 3 → DNA degradation via apoptosis).
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TABLE 1 | Different anticancer drugs, chemical structures, delivery carrier, and types of cancer.

Drug Chemical structures Delivery
carrier

Type of cancer References

DOX CMC NPs Breast and lung cancers Guo et al. (2005); Shi et al. (2006); Wang et al. (2009); Cho et al.
(2010); Shen et al. (2012); Slingerland et al. (2012); Su et al.
(2014b); Rivankar (2014); Damiani et al. (2017); Ji et al. (2018); Li
et al. (2018); Xia et al. (2018); Zhang et al. (2018); Lorusso et al.
(2019); Li et al. (2020a); Nie et al. (2020); Li et al. (2021)

BSA NPs Liver cancer
HFt NPs Colon cancer
Liposomes Cervical cancer
Exosomes Ovarian carcinoma
Dendrimer Glioma
PSiNPs HIV-associated Kaposi’s

sarcoma
AuNPs
AgNPs

PTX
and DTX

CMC NPs Breast cancer Shi et al. (2012b); Maya et al. (2013); Liu et al. (2014); Qu et al.
(2014); Yang et al. (2014); Xu et al. (2017); Marcinkowska et al.
(2019a); Ma et al. (2021)

HFt NPs lung cancers
Liposomes liver cancer
Dendrimer laryngeal cancer
GO melanoma

glioblastoma
skin squamous cell
carcinoma

CUR CMC NPs Breast and lung cancers Mach et al. (2009); Shi et al. (2012a); Anitha et al. (2012b); Manju
and Sreenivasan (2012); Ranjan et al. (2013); Anitha et al. (2014);
Hatamie et al. (2015); Feng et al. (2017); Jose et al. (2018);
Malekmohammadi et al. (2018); Rahimi Moghaddam et al. (2019);
Wang et al. (2019)

BSA NPs Liver cancer
Liposomes Pancreatic cancer
Exosome Colon cancer
GO Cervical cancer
AuNPs Skin cancer

Prostate cancer
Colorectal cancer
Glioma
Osteosarcoma

siRNA CMC NPs Breast and lung cancers Greco et al. (2016); Yang et al. (2016); Chen et al. (2017);
Kamerkar et al. (2017); Haghiralsadat et al. (2018); Mendt et al.
(2018); Sun et al. (2018); Rakhit et al. (2019)

PSiNPs Liver cancer

Mitra et al. (2013); Xie et al. (2014); Yue et al. (2017); Tong et al.
(2018); Luan et al. (2019); Qu et al. (2019); Bai et al. (2020);
Pędziwiatr-Werbicka et al. (2020); Tang et al. (2020); Tao et al.
(2020); Yan et al. (2020)

GO Pancreatic cancer
AgNPs Colon cancer
AuNPs Cervical cancer
Liposomes Prostate cancer
Exosomes Colorectal cancer
Dendrimer Bladder cancer

Glioma
Osteosarcoma
Glioblastoma
Retinoblastoma

MET CMC NPs Breast and lung cancers Snima et al. (2012); Snima et al. (2014); Jose et al. (2015); Shi et al.
(2017); De et al. (2019); Lee et al. (2019); Shukla et al. (2019); Lu
et al. (2020); Yang et al. (2020); Xiong et al. (2021)

BSA NPs Liver cancer
Liposomes Pancreatic cancer
GO Gastric cancer
AuNPs

(Continued on following page)
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antitumor effect and low price, DOX has been widely used for the
treatment of many types of cancers (Chen et al., 2018). However,
DOX has antitumor activity and cardiotoxicity, which limits its
clinical application (Rivankar, 2014). DOX carrier has been
developed as another promising alternative method and can
reduce the frequency of drug delivery to reduce side effects by
controlling the drug release. Pegylated liposomal DOX (PLD) has
been used in clinics as an antitumor drug, which has lower
toxicity and better tolerance to a variety of tumors, including
HIV-associated Kaposi’s sarcoma, ovarian carcinoma, breast
cancer, and hematological malignancies (Slingerland et al.,
2012; Rivankar, 2014). PLD, whether used alone or in
combination with other drugs, is an option for palliative
diseases (e.g., ovarian cancer) and is a safe and effective
alternative to anthracycline or other antitumor drugs (e.g.,
platinum). PLD is an enhancement of the traditional DOX
formulation, showing reduced cardiotoxicity and improved
pharmacokinetic properties (Lorusso et al., 2019). Based on
PSiNPs conjugated with IR820 dye and DOX molecule, the
combination treatments including chemotherapy and PTT
could offer a synergistic effect to destruct drug-resistant cancer
cells with a higher therapeutic efficacy. DOX and photothermal
agents (IR820 dye) have been successively incorporated into
amine-terminated PSiNPs (NH2-PSiNPs) via electrostatic
attractions, to prepare DOX/IR820/NH2-PSiNPs
nanocomposites with a high loading amount of DOX (13.3%,
w/w) and IR820 (18.6%, w/w), respectively. Dual pH/NIR light
triggering the release of DOX molecules was found in DOX/
IR820/NH2 PSiNPs, which has been helpful in delivering DOX
molecules into drug-resistant cancer cells and then improving
their intracellular release and accumulation located in the cellular
nuclei (Xia et al., 2018). Some studies have also evaluated the
potential of CMC NPs as DOX delivery carriers, in which the
molecular weight (MW) and degree of substitution (DS) of CMC
directly affect the formation of NPs and drug release, and CMC
with high MW and DS can improve the encapsulation efficiency
of DOX and hinder the release of DOX (Shi et al., 2006). Based on
the optimization strategy of DOX delivery carrier, a novel FA-
conjugated CMC ferroferric oxide (Fe3O4)–doped cadmium
telluride quantum dot (CdTe QD) NPs (CFLM NPs) was
developed, which has a high drug-loading rate, low
cytotoxicity, and good cytocompatibility, in addition to an
encapsulated DOX to realize targeted delivery and cell imaging
(Shen et al., 2012). CFLM NPs are transported into HepG2 cells
through FA receptor–mediated endocytosis mechanism, and
they have a strong intense superparamagnetic effect and

photoluminescence (PL) property due to Fe3O4 and CdTe QD.
The magnetic delivery carrier labeled fluorescent dye could be
tracked to obtain images of migration and anchoring of DOX in
vivo. The outer CMCH shell with good functionality provides not
only protection from CdTe QD escape and fluorescent quenching
but also a potent platform for modifying FA and DOX binding
(Guo et al., 2005; Guo et al., 2006; Wang et al., 2009; Cho et al.,
2010; Shen et al., 2012). The development and application of
multifunctional DOX-conjugated PAMAM dendrimers as a
promising nanodevice for pH-responsive drug release and
targeted cancer chemotherapy has been widely reported
(Kaminskas et al., 2011; Zhang et al., 2018). Generation 5
(G5) of PAMAM dendrimers as the core carrier for DOX
has allowed functionalization of the surface with compounds
such as N-acetylgalactosamine (NAcGal) via an pH-sensitive
cis-aconitic (CA) linkage which escapes recognition by
healthy hepatocytes and liver macrophages by targeting the
asialoglycoprotein receptor (ASGPR) overexpressed on
hepatic cancer cells (Kuruvilla et al., 2017). The G5
NHAc-FA-DOX conjugates are formed with covalently
conjugated DOX onto the periphery of partially acetylated
and FA-modified G5 PAMAM dendrimers through pH-
sensitive cis-aconityl linkage to form that which are
capable of specifically targeting cancer cells via FAR-
mediated endocytosis, and exhibiting a significantly
enhanced therapeutic efficacy (Zhang et al., 2018). A study
showed 131I-antiAFPMcAb-DOX-BSA-NPs have been
successfully prepared with good monodispersion and high
radiochemical purity and confirmed the preferably
combinatorial therapeutic efficacy on hepatoma which
could significantly inhibit the hepatoma tumor growth
with the strategy of combinatorial radioimmunotherapy
and chemotherapy (Ji et al., 2018). Furthermore, based on
BSA NPs loading DOX and being modified with both
lactoferrin (Lf) and mPEG2000, a dual-targeting drug
delivery system was designed which could target the
primary brain capillary endothelial cells (BCECs) and
glioma cells (C6) and improve drug release efficiency, BBB
penetration, and targeted antitumor properties (Su Z. et al.,
2014). In addition, as a promising drug carrier with low
immunogenicity, high biocompatibility, and delivery
efficiency, exosomes isolated from A33-positive LIM1215
cells (A33-Exo) could be also used to load DOX. To target
A33-positive colon cancer cells, the A33Ab-US-Exo/DOX
complex was designed via A33-Exo/DOX combining with
A33 antibodies-coated surface-carboxyl superparamagnetic

TABLE 1 | (Continued) Different anticancer drugs, chemical structures, delivery carrier, and types of cancer.

Drug Chemical structures Delivery
carrier

Type of cancer References

5-FU CMC NPs Breast and lung cancers Anitha et al. (2012a); Anitha et al. (2014); Su et al. (2014a);
Ganeshkumar et al. (2014); Udofot et al. (2015); Ngernyuang et al.
(2016); Mani et al. (2018); Nawaz andWong (2018); Alomrani et al.
(2019); Chinnaiyan et al. (2019); Gajendiran et al. (2019); Liszbinski
et al. (2020); Mulens-Arias et al. (2021)

BSA NPs Pancreatic cancer
AuNPs Colon cancer
AgNPs Cervical cancer
Liposomes Colorectal cancer
Dendrimer Melanoma

Cholangiocarcinoma
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iron oxide NPs (US) (A33Ab-US). A33Ab-US-Exo/DOX has
excellent targeted antitumor ability and prolongs survival in
mice with reduced cardiotoxicity (Li et al., 2018).

PTX and DTX
PTX is a tricyclic diterpenoid compound naturally produced in
the bark and needles of Taxus brevifolia (Zhu and Chen, 2019).
PTX, as a mitotic inhibitor, promotes tubulin polymerization and
blocks the progression of mitosis which blocks cells in G2 and M
phases of the cell cycle resulting in cell death (Yardley, 2013; Wei
et al., 2017; Zhu and Chen, 2019). Because of its unique anticancer
mechanism, PTX is widely used for the treatment of various
cancers, including cervical, breast, ovarian, brain, bladder,
prostate, liver, and lung cancers (Wei et al., 2017; Zhu and
Chen, 2019). PTX is not only isolated from plants with low
content and at a high price but is also complex in structure and
difficult to synthesize (Nicoletti et al., 1994; de Weger et al., 2014;
Zhu and Chen, 2019). Therefore, it is urgent to develop a new
kind of taxanes. As a semisynthetic product of PTX, DTX is
produced by esterification of 10-deacetylbaccatin III, which is
isolated from the needles of the European yew tree Taxus baccata,
providing a renewable source of natural products (Pazdur et al.,
1993; deWeger et al., 2014). Moreover, DTX can promote tubulin
polymerization better than PTX and has higher cytotoxicity. It
has shown good therapeutic effect on breast, ovarian, and
non–small-cell lung cancers in clinical trials (Nicoletti et al.,
1994). Although taxanes can improve the survival rate, they
are limited in their clinical treatment of cancer due to their
low water solubility, poor selectivity, drug resistance, and side
effects (Yardley, 2013; Wei et al., 2017). In order to improve these
characteristics, it is one of the most feasible strategies to modify
PTX and DTX to construct an excellent drug delivery system.
O-CMC NPs, as the delivery carrier of drug delivery systems, are
conjugated with cetuximab (Cet) on the surface. They are used to
deliver PXL to overexpressed EGFR cancer cells (A549, A431, and
SKBR3) and show good sustained release and antitumor effects
(Maya et al., 2013). Similarly, the O-CMC NPs modified by
glycyrrhizin (GL) could specifically deliver PTX into
hepatocellular carcinoma (HCC), which results in remarkably
enhanced cytotoxicity in vitro and antitumor efficacy in vivo
compared to PTX injection and unmodified O-CMC NPs (Shi L.
et al., 2012). As the optimization strategy of targeting a single cell
line, a double-targeted drug delivery system has been proposed.
Here, based on the modification of cyclic NGR peptides (cNGR)
to DXT carrier, the double-targeted DTX-CMCS-PEG-NGR
(DTX-CPN) conjugates were successfully synthesized that
could be targeted to CD13 overexpressed HUVEC cells and
B16 cells and achieved a novel double targeting cancer therapy
in the inhibition of tumor growth and new angiogenesis (Liu
et al., 2014). The combination therapy of double-drug delivery
overcame the limitation of single-drug delivery and has become
the standard treatment in clinics (Qu et al., 2014). A study had
developed liposome-encapsulated DTX and siRNA against the
ABCG2 gene (ABCG2-siRNA) which were used in combination
therapy and could be targeted to the EGFR receptor on the surface
of Hep-2 laryngeal cancer cells by conjugating GE11 peptide,
which had significantly enhanced apoptotic effects and antitumor

activities (Xu et al., 2017). In particular, liposomes loading
vascular endothelial growth factor (VEGF) siRNA and DTX
with combination therapy and modified by the dual peptides
(angiopep-2 and tLyP-1), specifically attaching two receptors
(low-density lipoprotein receptor–related protein receptor and
neuropilin-1 receptor) for brain tumor targeting and tumor
penetration, were designed to show more superiority in
antitumor efficacy with anti-angiogenesis and apoptosis effects
compared with non-modified and single peptide–modified or
single drug–loading liposomes, which provided a strategy with
the dual peptides–guided combination therapy in inhibition of
human glioblastoma cells (U87 MG) (Yang et al., 2014). In
addition, the dual-targeting NP delivery system tLyP-1-HFt-
PTX NPs was also developed which not only improved tumor
penetration through an NRP-1–dependent internalization
pathway but also bound to tumor cells by interacting with
TfR1. Due to the dual receptor–mediated endocytosis process,
tLyP-1-HFt-PTX NPs displayed stronger intracellular uptake
efficiency and anti-invasion ability compared with HFt-PTX
NPs and PTX. The BALB/c mice model also showed that
tLyP-1-HFt-PTX had lower systemic toxicity and higher
therapeutic efficacy in vivo (Ma et al., 2021).

CUR
CUR is a polyphenolic compound extracted from the rhizomes of
Curcuma longa, which is safe, nontoxic, antioxidant,
antibacterial, anti-inflammatory, and anticancer. CUR has
been widely used in the prevention and treatment of various
cancers, including colorectal, gastric, breast, liver, esophageal,
prostate, lung, and brain cancers, and leukemia in preclinical
studies (Wei et al., 2018). However, due to its poor water
solubility and low bioavailability, its pharmacological action at
appropriate concentrations is limited. NPs as delivery carriers of
CUR can improve internalization efficiency to reduce the
required therapeutic dosages and toxicity and enhance the
bioavailability (Huang et al., 2018). Anitha developed a cancer
drug delivery of CUR-loaded N, O-CMC NPs and proved its
validity. After that, Anitha further designed combinatorial N,
O-CMC NPs based on 5-FU and CUR to enhance the antitumor
effect, which excellently improved plasma concentrations under
in vivo conditions (Anitha et al., 2012b; Anitha et al., 2014).
Hatamie et al. (2015) described green reduction and
functionalization of GO by CUR resulting in the π–π
attachment of the CUR molecules onto reduced GO (rGO)
sheets. Similarly, Malekmohammadi et al. (2018) prepared a
new sandwich-like nanocomposite as a multifunctional smart
nanocarrier for CUR-targeted delivery and cell imaging by
immobilization of AuNPs on FA-modified dendritic
mesoporous silica-coated rGO nanosheets (AuNPs@GFMS). A
low pH value and NIR laser irradiation can stimulate the release
of CUR by causing a decrease in the electrostatic and
hydrophobic interactions between CUR and the nanocarrier,
and CUR could further affect human breast cancer cells. It is
noteworthy that AuNPs can act as good PTT agents for different
cancer treatments. Hence, AuNPs can also be used as the carrier
of CUR to improve therapeutic effects in cancer by PTT (Rahimi
Moghaddam et al., 2019). Besides NPs, the combination of CUR
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and liposomes was also used to enhance the stability,
bioavailability, targeting property, and antitumor efficacy of
CUR (Feng et al., 2017). Mach et al. (2009) developed
liposomal formulation of CUR (lipo-CUR) for the first time
and determined minimum effective dose (20 mg/kg) and
optimal dosing schedule (once daily, three times per week) for
lipo-CUR in a xenograft human pancreatic cancer model. Ranjan
et al. (2013) further verified the inhibition of lipo-CUR in tumor
growth and angiogenesis in a human pancreatic tumor xenograft
model. Other studies have shown that lipo-CUR could also
effectively mitigate radiation pneumonitis, reduce fibrosis of
the lung, and sensitize murine lung carcinoma LL/2 cells to
irradiation (Shi HS. et al., 2012). Jose et al. (2018) showed
effective skin cancer treatment by the iontophoretic (0.47 mA/
cm2) method, by topical co-delivery of CUR and STAT3 siRNA
using cationic liposomes made up of DOTAP and DOPE. Dual-
functional liposomes for CUR and silk fibroin (SF) hydrogel were
reported, and the feasibility of the CUR-SF hydrogel as a sealant
administered after tumor resection was assessed (Laomeephol
et al., 2020). Since hydrogel could excellently be used for tumor
recurrence and metastasis prevention as a thermosensitive filler
with in situ injectable performance, liposomal hydrogels (CSSH/
CUR-lipo gel) formed via CUR-lipo coated with thiolated CS
(CSSH) could be a promising novel drug delivery system which
effectively delayed the release of CUR and exerted an excellent
antitumor effect in vitro and in vivo (Li R. et al., 2020). In the
targeted delivery system, RGD peptide or FA-modified CUR-lipo
had been developed and proved to be an optimized carrier for
targeting antitumor drug based on CUR (Wang et al., 2019;
Mahmoudi et al., 2021). Finally, CUR could increase exosomal
transcription factor 21 (TCF21) to suppress exosome-induced
lung cancer (Wu et al., 2016) and upregulate exosomal miR-21
affecting angiogenic phenotype (Taverna et al., 2016). CUR could
also reverse breast tumor exosomes-mediated immune
suppression of NK cell tumor cytotoxicity (Zhang et al., 2007).

siRNA
RNA interference (RNAi), as an important cancer treatment
technology, can specifically and selectively knockdown the
expression of target genes to silence the function of oncogenes
(Rao et al., 2009; Lee et al., 2016; Xiao et al., 2017). siRNA as a
cancer treatment can mediate the RNAi effect by suppressing the
expression of the carcinogenic genes via selectively targeting the
mRNA. Its drug delivery system has been designed to achieve the
best anticancer effect (Lee et al., 2016; Singh A. et al., 2018). Using
systemically delivered siRNAs, KRAS as a target of KRAS siRNA
was silenced which regulated cellular proliferation and survival in
lung and colon adenocarcinoma treatment (Pecot et al., 2014;
Ying et al., 2016). Chen et al. (2017) developed novel redox-
sensitive oligopeptide liposomes for co-delivery of PTX and
survivin siRNA, which could inhibit PTX-induced
upregulation of survivin expression, and further recovered the
sensitivity of the 4T1 breast cancer cells to PTX. Dual-modified
cationic liposomes by angiopep-2 and RNA Apt A15 also loaded
with PXT and survivin siRNA could bind highly expressed low-
density lipoprotein receptor–related protein (LRP) on the surface
of the BBB and track CD133+ glioma stem cells, which effectively

promoted apoptosis induced by co-delivery of PTX and survivin
siRNA (Sun et al., 2018). Yang et al. (2016) described a novel
siRNA targeting system that combined features of thermal and
magnetic dual-responsive liposomes with cell-permeable peptides
(CPPs)–siRNA conjugates (siRNA-CPPs). Magnetic fluid Fe3O4

could be used to thermally trigger siRNA-CPPs release, and
siRNA-CPPs had a much stronger cell penetration ability than
siRNA. However, due to the instability of liposomes, PEGylated
liposomes were developed to improve in vivo stability of siRNA
(Haghiralsadat et al., 2018). In addition, compared to liposomes,
exosomes exhibit a superior ability to deliver RNAi and suppress
tumor growth. Engineered exosomes could carry oncogenic
KRASG12D siRNA or shRNA into human pancreatic
orthotopic tumors that suppress KrasG12D expression, inhibit
advanced metastatic disease, and increase overall survival
(Kamerkar et al., 2017; Mendt et al., 2018; Rakhit et al., 2019).
Exosomes isolated from human embryonic kidney 293 cells
(HEK293) and mesenchymal stem cells that transport PLK-1
siRNA to bladder cancer cells in vitro and those isolated from
bovine milk that deliver bcl-2 siRNA to human pancreatic cancer
Panc28 and human colorectal cancer HCT-116 cells result in
selective gene silencing, both of which have been reported (Greco
et al., 2016; Tao et al., 2020). Targeting peptide tLyp-1-–modified
exosomes by tLyp-1-lamp2b plasmids–loading SOX2 siRNA
isolated from HEK293 cells have been proved to have high
transfection efficiency into lung cancer and cancer stem cells
which were able to knockdown the target gene SOX2 of cancer
cells and reduce the stemness of cancer stem cells (Bai et al.,
2020). CMC, as a carrier, functionalized with some groups such as
guanidine group or polyethylene glycol (PEG) to optimize
biofunctions, can deliver siRNA functionalized with polymer
such as fluorescein isothiocyanate–CS hydrochloride or poly-
β-amino ester to cancer cells (Xie et al., 2014; Tang et al., 2020;
Yan et al., 2020). As a feature of optimizing biofunctions, PSiNPs
with polyethyleneimine (PEI) capping were designed to achieve
high-capacity loading of siRNA (92 µg of siRNA/mg PEI-PSiNPs)
and optimize release profile (70% released between 24 and 48 h)
(Tong et al., 2018). Structurally flexible triethanolamine (TEA)
core PAMAM dendrimers, as stable NPs protecting siRNA from
enzymatic degradation, were able to deliver Hsp27 siRNA
effectively into prostate cancer (PC-3) cells and enhance
cellular uptake of siRNA. Silencing of the hsp27 gene could
induce caspase3/7–dependent apoptosis and inhibit PC-3 cell
growth in vitro (Liu et al., 2009). It is noteworthy that
glycyrrhetinic acid (GA) as a targeting ligand functionalized
PEG–polyamidoamine dendrimer (dendrimer)–nano-GO
conjugate efficiently delivered VEGFa siRNA into liver tumor
tissues, eventually inhibiting the growth of the tumor tissue with
enhanced targeting capability and no obvious pathological
changes, which showed great promise in being used as an
excellent nanocarrier in achieving clinical benefits (Qu et al.,
2019). Based on the high stability of MtNPs, among them, AgNPs
can be further modified by carbosilane dendrons as carriers of
anticancer Bcl-xl siRNA which have surface activity. A marked
increase in the hydrodynamic diameter of complexes
accompanied by higher PDI values suggests the formation of
AgNPs-Bcl-xl siRNA. Complexation with AgNPs provides
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protection of Bcl-xl siRNA from the action of RNase (Pędziwiatr-
Werbicka et al., 2020). Yue et al. (2017) prepared various
formulations of siRNA-conjugated AuNPs based on cores of
13-nm spheres, 50-nm spheres, and 40-nm stars. The size of
the AuNP cores can influence cellular uptake and intracellular
distribution of siRNA. PEI or PEG can usually be used to cap
AuNPs and form stable complexes with siRNA (Mitra et al., 2013;
Luan et al., 2019). The co-delivery complexes of EGFP siRNA and
DOX were synthesized from the electrostatic interaction between
positively charged EGFP siRNA-AuNPs-PEI and negatively
charged poly-(lactic-co-glycolic acid)-DOX which resulted in a
substantial downregulation of EGFP expression and intracellular
accumulation of DOX (Kumar et al., 2017). At last, Guo et al.
(2016) synthesized two novel AuNPs, namely AuNPs-PEG-Tf
and AuNPs-PEI-FA, to enhance cell-specific uptake, with the
purpose of providing efficiency for the siRNA delivery systems in
the treatment of prostate cancer.

MET
MET, a biguanide drug, has a great effect in improving the
prognosis of cancer patients and preventing the occurrence of
tumors. In the past decades, some epidemiological studies have
revealed the mechanism of MET in the prevention and treatment
of a variety of cancers, including breast, prostate, pancreatic, and
lung cancers (Morales and Morris, 2015; Podhorecka et al., 2017;
Saini and Yang, 2018). The most important mechanism is that it
can reduce the expression of potential growth factors such as
insulin and IGF-1, which can stimulate the survival andmitosis of
tumor cells, and then inhibit the insulin-dependent mechanisms
in the process of growth stimulation andmetabolism. In addition,
through the activation of the AMPK signaling pathway or by
influencing chronic inflammation, cancer proliferation and
progression of insulin-independent mechanisms are restricted
(Morales and Morris, 2015). In a variety of cancer cell lines, MET
can also increase the sensitivity of chemotherapy and reduce the
side effects of chemotherapy, which can be used as adjuvant
therapy combined with other drugs (such as adriamycin and
PTX, etc.) (Morales and Morris, 2015). In addition, a large
number of studies and clinical trials have proved that MET
has good anticancer abilities alone and in combination. In
recent years, the drug delivery system of MET has been
designed with higher efficiency. Studies have shown that MET
has a high affinity to serum albumin (Rahnama et al., 2015;
Leboffe et al., 2020). Thus, MET-BSA NPs have been prepared
with the weak binding of MET to BSA governed by hydrogen
bonds and van der Waals forces using the anti-solvent
precipitation method, which is a more effective therapeutic
agent for liver tumor with insulin resistance than free MET
(Lu et al., 2020). NPs have also been used to verify the strong
association between type II diabetes and (MiaPaCa-2) pancreatic
carcinoma cell lines (Jose et al., 2015). Here, the MET carrier has
been widely studied as one of the most promising drug against
pancreatic cancer, such as O-CMC-MET NPs based on MET-
loaded O-CMC NPs. O-CMC-MET NPs can achieve a sustained
release effect through the pH-dependent drug release, prolong the
drug retention time in blood/circulation, and have blood
compatibility; although it is nonspecific, due to the inhibition

of mTOR activity in MiaPaCa-2 cells mediated by MET, the NPs
showed a dose-dependent preferential toxicity to pancreatic
cancer cells compared with normal cells (Snima et al., 2012).
O-CMC-MET NPs induce apoptosis of MiaPaCa-2 cells mainly
through the endogenous apoptotic pathway and affect cell cycle
progression by downregulating the mRNA expression of p21,
Vanin 1, and MMP9 (Snima et al., 2014). The optimized
antitumor system of O-CMC-MET NPs is further embodied in
breast cancer, which has better efficacy of the NPs compared with
free MET for MCF-7 cells in a localized manner (De et al., 2019).
MET-encapsulated positively charged liposomes (lipo-MET)
could improve dose and activity of the drug, which
significantly affected IC50 values, cell migration activity,
colony formation, and apoptosis in MDA-MB-231 and MCF-7
cells (Shukla et al., 2019). Based on surface modification of the
liposomes, herceptin-conjugated lipo-MET (Her-lipo-MET), as
targeted liposomes with enhanced specificity, displayed better
therapeutic efficacy than free MET or lipo-MET to the point of
anti-proliferation and anti-migration in in vitro BCSC cells and
increased the circulation of MET in the blood in vivo, resulting in
enhancement of the anticancer effect. In particular, Her-lipo-
MET further combining with DOX made these therapeutic
efficacies more obvious (Lee et al., 2019). Lipo-MET also
encapsulates VEGF-specific siRNAs to construct a potential
dual-functional drug delivery system for combinational anti-
oncogenic downregulation of the expression of VEGF and
enhancing antitumor effect (Shi et al., 2017). A novel
promising highly effective tumor therapy strategy has been
fulfilled by loading novel photosensitizers (IR780 or IR775)
into lipo-MET via photodynamic therapy (PDT) producing
ROS to elicit more chemical damage of tumor cells (Yang
et al., 2020; Xiong et al., 2021).

5-FU
5-FU is a fluoropyrimidine analog whose anticancer effects are
mainly caused by the inhibition of thymidylate synthase (TS) and
DNA synthesis and repair by directly incorporating its
metabolites into the DNA and RNA of cancer cells. Owing to
its low price and effective anticancer activity, 5-FU has been
widely used alone or in combination with other anticancer drugs
in the treatment of colorectal, breast, liver, pancreatic, esophageal,
and gastric cancers, etc. (Wei et al., 2018). In general, 5-FU is
administered intravenously, but its clinical application is limited
by its unwanted side effects (such as hand and foot syndrome,
mucositis/stomatitis, neutropenia, anemia, nausea/vomiting, and
cardiotoxicity) and the low therapeutic response rate of cancer
tissues. The poor accumulation of 5-FU in tumor tissues worsens
this problem, and a high dosage has to be administered for
expected efficacy. Thus, reducing the side effects by
potentiating the anticancer activity of 5-FU or improving the
accumulation of 5-FU in targeted regions seem applicable
because a lower 5-FU dosage could be employed in clinical
practice and the side effects could be accordingly alleviated.
Various nanocarriers have been developed for encapsulating 5-
FU with high loading and minimal side effects (Pan et al., 2017;
Liu et al., 2018). 5-FU–loaded N, O-CMC NPs shows an initial
burst release followed by a sustained release of 5-FU for a period
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of 48 h in vitro (Anitha et al., 2012a). The combinatorial
nanomedicine of 5-FU and CUR could reduce the dose of 5-
FU. The plasma half-life of 5-FU was improved in in vivo
conditions up to 72 h (Anitha et al., 2014). FA-modified
CMC-5-FU NPs microwave-induced through the skin and into
melanoma cells were evaluated with respect to in vitro drug
release, retention, and permeation, as well as in vivo
pharmacokinetics profiles (Nawaz and Wong, 2018). FA-
modified BSA NPs by carboxymethyl-β-cyclodextrin (CM-
β-CD) had a high encapsulation efficiency for 5-FU. 5-
Fu–loaded FA-CM-β-CD-BSA NPs were successfully
constructed as good monodispersity, negative charge, and
homogenous particle size enhancing FA receptor–mediated
intracellular uptake of the drug and downregulating ATP
levels and the expression of caspase-3 (Su C. et al., 2014).
Also, 5-FU was loaded in FA-PEG-PAMAM
(polyamidoamine) dendrimers educed hemolytic toxicity,
which led to a sustained drug release pattern as well as highest
accumulation in the tumor area in tumor-bearing mice (Singh
et al., 2008). Chinnaiyan et al. (2019) prepared 5-FU–loaded Guar
Gum–capped AuNPs (5FU-G-AuNPs) which exhibited potential
cytotoxic and apoptotic effects on MiaPaCa-2 cell lines. Based on
the combined and tumor-targeted PTT and chemotherapy,
AuNPs coupled to 5-FU were photoactivated by near-infrared
(NIR) to enable a spatial and temporal control of mild chemo-
hyperthermia targeted to the tumor nodules within the peritoneal
cavity which overcame the current off-target toxicity of
hyperthermic intraperitoneal chemotherapy in clinical practice

(Mulens-Arias et al., 2021). In order to enhance the efficacy and
minimize the side effects of 5-FU, AgNPs were often conjugated
with targeted agents such as FA or anti-EGFR antibodies, which
exerted an effective targeted therapy for some cancers such as
breast cancer, liver cancer, cholangiocarcinoma, and colorectal
cancer, in vivo and in vitro (Ganeshkumar et al., 2014;
Ngernyuang et al., 2016; Mani et al., 2018; Gajendiran et al.,
2019; Liszbinski et al., 2020). Udofot et al. (2015) reported the
cytotoxicity of 5-FU–loaded pH-sensitive liposomes in colorectal
cancer cell lines. To enhance the antitumor efficacy of 5-FU
against colorectal cancer, CS-coated flexible liposomes as a
remarkable carrier were used to retard 5-FU release which was
more effective in killing tumor cells in a sustained manner
(Alomrani et al., 2019). Handali studied different targeted
therapeutic strategies for colon cancer that liposomes
encapsulating 5-FU mediated by different targeted ligands,
such as FA and Tf could triggered the mitochondrial apoptotic
pathway by decreasing the mitochondrial membrane potential,
releasing of cytochrome c and promoting the substantial activity
of caspase 3/7 (Handali et al., 2018; Moghimipour et al., 2018;
Handali et al., 2019).

PERSONALIZEDCANCERNANOMEDICINE

Personalized medicine is a strategy to achieve individualized and
improved health care decisions via diagnosis, treatment, and
monitoring of diseases and disease treatments which takes into

FIGURE 11 | Personalized cancer nanomedicine. The nanomedicine biodistribution and target site accumulation of nanomedicine formulations labeled with
contrast agents can preselect patients on the basis of noninvasive imaging (first patient selection step). And, then, the responders of moderate/high target site
accumulation can either be assigned to nanomedicine treatment (second patient selection step). For the above two steps, the nonresponders of no/low target site
accumulation and the nonresponsive patients of reasonable target site accumulation can be allocated to treatment with conventional/alternative chemotherapy to
assure individualized and improved interventions: personalized and highly efficient disease treatment. Finally, nanomedicine treatment is repeatedly used for personalized
and highly efficient disease treatment.
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account a single patient or single-disease unique profiles,
including clinical, genomic, and environmental information, as
well as the nature of diseases including their onset, course of
progression, and response to treatment (Liu, 2012; Theek et al.,
2014). In particular, personalized medicine is common in cancer
therapy that is termed personalized oncology. The large intra-
and intertumoral heterogeneity is the major hamper to
accomplish effective cancer diagnosis and treatment. Versatile
and adaptive materials and methods (like image-guided
nanomedicine and targeted therapies) have been developed to
evaluate these diverse individual tumors and cancer cells, as well
as therapy characteristics in as much detail as possible (Liu, 2012;
Theek et al., 2014). As shown in Figure 11, image-guided
nanomedicine tracking drug delivery, drug release, and drug
efficacy perform patient prescreening to identify amenable
nanomedicine treatment for specific tumors. Nanomedicine
biodistribution and target site accumulation seem to be highly
useful to personalize tumor treatments (Lammers et al., 2012;
Theek et al., 2014). Harrington et al. (2001) that indium-
111–labeled PEGylated liposomes had significantly different
degrees of EPR-mediated tumor accumulation between
different types of tumors such as breast carcinoma, lung
tumors, and neck carcinomas (Theek et al., 2014). Clinical
case studies have shown that radiolabeled PEGylated
liposomes accumulated highly efficiently in the primary tumor
mass of a patient with Kaposi sarcoma, as well as in a number of
secondary and/or metastatic lesions, and the patient had
responded well to Doxil treatment with highly leaky, enhanced
permeability and retention (Lammers et al., 2012). In other
clinical trials, personalized nanomedicine based on nab-PTX
has also been successfully applied to improve the response
rates in breast cancer patients. And, in combination with
gemcitabine, nab-PTX increased survival in patients with
pancreatic cancer (Wicki et al., 2015). The development of
personalized cancer therapeutics based on NPs revolutionizes
the field of cancer therapy by significantly improving both the
quality and duration of a patient’s life (Sun et al., 2014).

CONCLUSION AND EXPECTATION

Drug delivery systems are considered to be one of the most
promising tools in cancer treatment, providing opportunities for
complex multifunctional and targeted strategies. The most widely
studied drug delivery systems include CMC NPs, BSA NPs, HFt
NPs, liposomes, exosomes, dendrimers, PSiNPs, GO, AgNPs, and
AuNPs. The development and application of these systems can
increase the solubility and permeability of antitumor drugs,
enhance the retention effect, prolong the circulation half-life,
improve the biological distribution, and reduce the toxicity.
Therefore, they have great research value in improving
treatment strategies for cancer patients through personalized
cancer nanomedicine. However, it is worth considering that
most of these studies are in the early stage, and their clinical
effects need to be further verified. Here, we analyze the drawbacks
of MET, PTX, DTX, DOX, CUR, 5-FU, and siRNA alone and
discuss the effective delivery and antitumor mechanism of drug
delivery systems designed by these drugs, which may realize
translating them from a preclinical level to the clinical setting.

AUTHOR CONTRIBUTIONS

GL and BL confirmed the article theme. GL, LY, GC, FX, FY, HY,
LL, and BL collected the related articles. GL, XD, JH, CC, JQ, JS,
and BL wrote the article. LY, XX, XL, and BL modified this article.
All authors have read and approved the article.

FUNDING

This work was supported by grants from the National Natural
Science Foundation of China (Nos 81871231, 81471546, and
81001346), Youth Innovation and Technology Plan of
Shandong Colleges (2019KJK016), and Science and
Technology Project of Qingdao (No 18-6-1-91-nsh).

REFERENCES

Ahmad, N., Sharma, S., Alam, M. K., Singh, V. N., Shamsi, S. F., Mehta, B. R., et al.
(2010). Rapid Synthesis of Silver Nanoparticles Using Dried Medicinal Plant of
Basil. Colloids Surf. B. Biointerfaces 81, 81–86. doi:10.1016/
j.colsurfb.2010.06.029

Alomrani, A., Badran, M., Harisa, G. I., ALshehry, M., Alshamsan, A., Alkholief, M., et al.
(2019). The Use of Chitosan-Coated Flexible Liposomes as a Remarkable Carrier to
Enhance the Antitumor Efficacy of 5-fluorouracil against Colorectal Cancer. Saudi
Pharm. J. 27, 603–611. doi:10.1016/j.jsps.2019.02.008

Anitha, A., Chennazhi, K. P., Nair, S. V., and Jayakumar, R. (2012a). 5-flourouracil
Loaded N,O-carboxymethyl Chitosan Nanoparticles as an Anticancer
Nanomedicine for Breast Cancer. J. Biomed. Nanotechnol 8, 29–42.
doi:10.1166/jbn.2012.1365

Anitha, A., Maya, S., Deepa, N., Chennazhi, K. P., Nair, S. V., and Jayakumar, R.
(2012b). Curcumin-loaded N,O-carboxymethyl Chitosan Nanoparticles for
Cancer Drug Delivery. J. Biomater. Sci. Polym. Ed. 23, 1381–1400.
doi:10.1163/092050611x581534

Anitha, A., Sreeranganathan, M., Chennazhi, K. P., Lakshmanan, V. K., and
Jayakumar, R. (2014). In Vitro combinatorial Anticancer Effects of 5-
fluorouracil and Curcumin Loaded N,O-carboxymethyl Chitosan

Nanoparticles toward colon Cancer and In Vivo Pharmacokinetic
Studies. Eur. J. Pharm. Biopharm. 88, 238–251. doi:10.1016/
j.ejpb.2014.04.017

Anitha, A., Divya Rani, V. V., Krishna, R., Sreeja, V., Selvamurugan, N., Nair, S. V.,
et al. (2009). Synthesis, Characterization, Cytotoxicity and Antibacterial Studies
of Chitosan, O-Carboxymethyl and N,O-carboxymethyl Chitosan
Nanoparticles. Carbohydr. Polym. 78, 672–677. doi:10.1016/
j.carbpol.2009.05.028

Aydın, B., Uçar, E., Tekin, V., İçhedef, Ç., and Teksöz, S. (2020). Biocompatible
Delivery System for Metformin: Characterization, Radiolabeling and In Vitro
Studies. Anticancer Agents Med. Chem. 20, 1626–1634. doi:10.2174/
1871520620666200423081235

Baetke, S. C., Lammers, T., and Kiessling, F. (2015). Applications of Nanoparticles
for Diagnosis and Therapy of Cancer. Br. J. Radiol. 88, 20150207. doi:10.1259/
bjr.20150207

Bai, J., Duan, J., Liu, R., Du, Y., Luo, Q., Cui, Y., et al. (2020). Engineered Targeting
tLyp-1 Exosomes as Gene Therapy Vectors for Efficient Delivery of siRNA into
Lung Cancer Cells. Asian J. Pharm. Sci. 15, 461–471. doi:10.1016/
j.ajps.2019.04.002

Batrakova, E. V., and Kim, M. S. (2015). Using Exosomes, Naturally-Equipped
Nanocarriers, for Drug Delivery. J. Control Release 219, 396–405. doi:10.1016/
j.jconrel.2015.07.030

Frontiers in Pharmacology | www.frontiersin.org October 2021 | Volume 12 | Article 73544617

Liu et al. Drug Delivery and Tumor Therapy

https://doi.org/10.1016/j.colsurfb.2010.06.029
https://doi.org/10.1016/j.colsurfb.2010.06.029
https://doi.org/10.1016/j.jsps.2019.02.008
https://doi.org/10.1166/jbn.2012.1365
https://doi.org/10.1163/092050611x581534
https://doi.org/10.1016/j.ejpb.2014.04.017
https://doi.org/10.1016/j.ejpb.2014.04.017
https://doi.org/10.1016/j.carbpol.2009.05.028
https://doi.org/10.1016/j.carbpol.2009.05.028
https://doi.org/10.2174/1871520620666200423081235
https://doi.org/10.2174/1871520620666200423081235
https://doi.org/10.1259/bjr.20150207
https://doi.org/10.1259/bjr.20150207
https://doi.org/10.1016/j.ajps.2019.04.002
https://doi.org/10.1016/j.ajps.2019.04.002
https://doi.org/10.1016/j.jconrel.2015.07.030
https://doi.org/10.1016/j.jconrel.2015.07.030
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Bingham, R. J., Olmsted, P. D., and Smye, S. W. (2010). Undulation Instability in a
Bilayer Lipid Membrane Due to Electric Field Interaction with Lipid Dipoles.
Phys. Rev. E Stat. Nonlin Soft Matter Phys. 81, 051909. doi:10.1103/
PhysRevE.81.051909

Bishop, A. J., Zagars, G. K., Torres, K. E., Bird, J. E., Feig, B. W., and Guadagnolo, B.
A. (2018). Malignant Peripheral Nerve Sheath Tumors: A Single Institution’s
Experience Using Combined Surgery and Radiation Therapy. Am. J. Clin.
Oncol. 41, 465–470. doi:10.1097/coc.0000000000000303

Calisti, L., Trabuco, M. C., Boffi, A., Testi, C., Montemiglio, L. C., des Georges, A.,
et al. (2018). Engineered Ferritin for Lanthanide Binding. PLoS One 13,
e0201859. doi:10.1371/journal.pone.0201859

Carvalho, C., Santos, R. X., Cardoso, S., Correia, S., Oliveira, P. J., Santos, M. S.,
et al. (2009). Doxorubicin: the Good, the Bad and the Ugly Effect. Curr. Med.
Chem. 16, 3267–3285. doi:10.2174/092986709788803312

Chauhan, A. S. (2015). Dendrimer Nanotechnology for Enhanced Formulation
and Controlled Delivery of Resveratrol. Ann. N. Y. Acad. Sci. 1348, 134–140.
doi:10.1111/nyas.12816

Chauhan, A. S. (2018). Dendrimers for Drug Delivery. Molecules 23, 938.
doi:10.3390/molecules23040938

Chen, C., Lu, L., Yan, S., Yi, H., Yao, H., Wu, D., et al. (2018). Autophagy and
Doxorubicin Resistance in Cancer. Anticancer Drugs 29, 1–9. doi:10.1097/
cad.0000000000000572

Chen, J., Dou, Y., Tang, Y., and Zhang, X. (2020). Folate Receptor-Targeted RNAi
Nanoparticles for Silencing STAT3 in Tumor-Associated Macrophages and
Tumor Cells. Nanomedicine 25, 102173. doi:10.1016/j.nano.2020.102173

Chen, X., Zhang, Y., Tang, C., Tian, C., Sun, Q., Su, Z., et al. (2017). Co-delivery of
Paclitaxel and Anti-survivin siRNA via Redox-Sensitive Oligopeptide
Liposomes for the Synergistic Treatment of Breast Cancer and Metastasis.
Int. J. Pharm. 529, 102–115. doi:10.1016/j.ijpharm.2017.06.071

Chen, Y. C., Huang, X. C., Luo, Y. L., Chang, Y. C., Hsieh, Y. Z., and Hsu, H. Y.
(2013). Non-metallic Nanomaterials in Cancer Theranostics: a Review of Silica-
and Carbon-Based Drug Delivery Systems. Sci. Technol. Adv. Mater. 14,
044407. doi:10.1088/1468-6996/14/4/044407

Chinnaiyan, S. K., Soloman, A. M., Perumal, R. K., Gopinath, A., and Balaraman,
M. (2019). 5 Fluorouracil-Loaded Biosynthesised Gold Nanoparticles for the In
Vitro Treatment of Human Pancreatic Cancer Cell. IET Nanobiotechnol 13,
824–828. doi:10.1049/iet-nbt.2019.0007

Cho, H. S., Dong, Z., Pauletti, G. M., Zhang, J., Xu, H., Gu, H., et al. (2010).
Fluorescent, Superparamagnetic Nanospheres for Drug Storage, Targeting, and
Imaging: a Multifunctional Nanocarrier System for Cancer Diagnosis and
Treatment. ACS Nano 4, 5398–5404. doi:10.1021/nn101000e

Damiani, V., Falvo, E., Fracasso, G., Federici, L., Pitea, M., De Laurenzi, V., et al.
(2017). Therapeutic Efficacy of the Novel Stimuli-Sensitive Nano-Ferritins
Containing Doxorubicin in a Head and Neck Cancer Model. Int. J. Mol. Sci.
18, 1555. doi:10.3390/ijms18071555

De, A., Kuppuswamy, G., and Jaiswal, A. (2019). Implementation of Two Different
Experimental Designs for Screening and Optimization of Process Parameters
for Metformin-Loaded Carboxymethyl Chitosan Formulation. Drug Dev. Ind.
Pharm. 45, 1821–1834. doi:10.1080/03639045.2019.1665060

de Weger, V. A., Beijnen, J. H., and Schellens, J. H. (2014). Cellular and Clinical
Pharmacology of the Taxanes Docetaxel and Paclitaxel-Aa Review. Anticancer
Drugs 25, 488–494. doi:10.1097/cad.0000000000000093

Durán, N., Durán, M., de Jesus, M. B., Seabra, A. B., Fávaro, W. J., and Nakazato, G.
(2016). Silver Nanoparticles: A New View on Mechanistic Aspects on
Antimicrobial Activity. Nanomedicine 12, 789–799. doi:10.1016/
j.nano.2015.11.016

Falvo, E., Tremante, E., Arcovito, A., Papi, M., Elad, N., Boffi, A., et al. (2016).
Improved Doxorubicin Encapsulation and Pharmacokinetics of Ferritin-Fusion
Protein Nanocarriers Bearing Proline, Serine, and Alanine Elements.
Biomacromolecules 17, 514–522. doi:10.1021/acs.biomac.5b01446

Feng, L., Wu, L., and Qu, X. (2013). NewHorizons for Diagnostics and Therapeutic
Applications of Graphene and Graphene Oxide. Adv. Mater. 25, 168–186.
doi:10.1002/adma.201203229

Feng, T., Wei, Y., Lee, R. J., and Zhao, L. (2017). Liposomal Curcumin and its
Application in Cancer. Int. J. Nanomedicine 12, 6027–6044. doi:10.2147/
ijn.S132434

Fracasso, G., Falvo, E., Colotti, G., Fazi, F., Ingegnere, T., Amalfitano, A., et al.
(2016). Selective Delivery of Doxorubicin by Novel Stimuli-Sensitive Nano-

Ferritins Overcomes Tumor Refractoriness. J. Control Release 239, 10–18.
doi:10.1016/j.jconrel.2016.08.010

Fu, L., Sun, Y., Ding, L., Wang, Y., Gao, Z., Wu, Z., et al. (2016). Mechanism
Evaluation of the Interactions between Flavonoids and Bovine Serum
Albumin Based on Multi-Spectroscopy, Molecular Docking and Q-TOF
HR-MS Analyses. Food Chem. 203, 150–157. doi:10.1016/
j.foodchem.2016.01.105

Gajendiran, M., Jo, H., Kim, K., and Balasubramanian, S. (2019). Green Synthesis
of Multifunctional PEG-Carboxylate π Back-Bonded Gold Nanoconjugates for
Breast Cancer Treatment. Int. J. Nanomedicine 14, 819–834. doi:10.2147/
ijn.S190946

Ganeshkumar, M., Ponrasu, T., Raja, M. D., Subamekala, M. K., and Suguna, L.
(2014). Green Synthesis of Pullulan Stabilized Gold Nanoparticles for Cancer
Targeted Drug Delivery. Spectrochim Acta A. Mol. Biomol. Spectrosc. 130,
64–71. doi:10.1016/j.saa.2014.03.097

Greco, K. A., Franzen, C. A., Foreman, K. E., Flanigan, R. C., Kuo, P. C., and Gupta,
G. N. (2016). PLK-1 Silencing in Bladder Cancer by siRNA Delivered with
Exosomes. Urology 91, 241–247. doi:10.1016/j.urology.2016.01.028

Guo, J., O’Driscoll, C. M., Holmes, J. D., and Rahme, K. (2016). Bioconjugated Gold
Nanoparticles Enhance Cellular Uptake: A Proof of Concept Study for siRNA
Delivery in Prostate Cancer Cells. Int. J. Pharm. 509, 16–27. doi:10.1016/
j.ijpharm.2016.05.027

Guo, J., Yang, W., and Wang, C. (2005). Systematic Study of the
Photoluminescence Dependence of Thiol-Capped CdTe Nanocrystals on the
Reaction Conditions. J. Phys. Chem. B 109, 17467–17473. doi:10.1021/
jp044770z

Guo, J., Yang, W., Wang, C., He, J., and Chen, J. (2006).
Poly(N-isopropylacrylamide)-Coated Luminescent/Magnetic Silica
Microspheres: Preparation, Characterization, and Biomedical Applications.
Chem. Mater. 18, 5554–5562. doi:10.1021/cm060976w

Haghiralsadat, F., Amoabediny, G., Naderinezhad, S., Forouzanfar, T., Helder, M.
N., and Zandieh-Doulabi, B. (2018). Preparation of PEGylated Cationic
Nanoliposome-siRNA Complexes for Cancer Therapy. Artif. Cells Nanomed
Biotechnol 46, 684–692. doi:10.1080/21691401.2018.1434533

Hanan, N. A., Chiu, H. I., Ramachandran, M. R., Tung, W. H., Mohamad Zain, N.
N., Yahaya, N., et al. (2018). Cytotoxicity of Plant-Mediated Synthesis of
Metallic Nanoparticles: A Systematic Review. Int. J. Mol. Sci. 19, 1725.
doi:10.3390/ijms19061725

Handali, S., Moghimipour, E., Kouchak, M., Ramezani, Z., Amini, M., Angali, K.
A., et al. (2019). New Folate Receptor Targeted Nano Liposomes for Delivery of
5-fluorouracil to Cancer Cells: Strong Implication for Enhanced Potency and
Safety. Life Sci. 227, 39–50. doi:10.1016/j.lfs.2019.04.030

Handali, S., Moghimipour, E., Rezaei, M., Ramezani, Z., Kouchak, M., Amini, M.,
et al. (2018). A Novel 5-Fluorouracil Targeted Delivery to colon Cancer Using
Folic Acid Conjugated Liposomes. Biomed. Pharmacother. 108, 1259–1273.
doi:10.1016/j.biopha.2018.09.128

Harrington, K. J., Mohammadtaghi, S., Uster, P. S., Glass, D., Peters, A. M., Vile, R.
G., et al. (2001). Effective Targeting of Solid Tumors in Patients with Locally
Advanced Cancers by Radiolabeled Pegylated Liposomes. Clin. Cancer. Res. 7,
243–254.

Hatamie, S., Akhavan, O., Sadrnezhaad, S. K., Ahadian, M. M., Shirolkar, M. M.,
and Wang, H. Q. (2015). Curcumin-reduced Graphene Oxide Sheets and Their
Effects on Human Breast Cancer Cells.Mater. Sci. Eng. C Mater. Biol. Appl. 55,
482–489. doi:10.1016/j.msec.2015.05.077

Huang, Y., Hu, L., Huang, S., Xu, W., Wan, J., Wang, D., et al. (2018). Curcumin-
loaded Galactosylated BSA Nanoparticles as Targeted Drug Delivery Carriers
Inhibit Hepatocellular Carcinoma Cell Proliferation and Migration. Int.
J. Nanomedicine 13, 8309–8323. doi:10.2147/ijn.S184379

Hurtado-Gallego, J., Leganés, F., Rosal, R., and Fernández-Piñas, F. (2019). Use of
Cyanobacterial Luminescent Bioreporters to Report on the Environmental
Impact of Metallic Nanoparticles. Sensors (Basel) 19, 3597. doi:10.3390/
s19163597

Ji, A., Zhang, Y., Lv, G., Lin, J., Qi, N., Ji, F., et al. (2018). 131 I Radiolabeled
Immune Albumin Nanospheres Loaded with Doxorubicin for In Vivo
Combinatorial Therapy. J. Labelled Comp. Radiopharm. 61, 362–369.
doi:10.1002/jlcr.3593

Jose, A., Labala, S., Ninave, K. M., Gade, S. K., and Venuganti, V. V. K. (2018).
Effective Skin Cancer Treatment by Topical Co-delivery of Curcumin and

Frontiers in Pharmacology | www.frontiersin.org October 2021 | Volume 12 | Article 73544618

Liu et al. Drug Delivery and Tumor Therapy

https://doi.org/10.1103/PhysRevE.81.051909
https://doi.org/10.1103/PhysRevE.81.051909
https://doi.org/10.1097/coc.0000000000000303
https://doi.org/10.1371/journal.pone.0201859
https://doi.org/10.2174/092986709788803312
https://doi.org/10.1111/nyas.12816
https://doi.org/10.3390/molecules23040938
https://doi.org/10.1097/cad.0000000000000572
https://doi.org/10.1097/cad.0000000000000572
https://doi.org/10.1016/j.nano.2020.102173
https://doi.org/10.1016/j.ijpharm.2017.06.071
https://doi.org/10.1088/1468-6996/14/4/044407
https://doi.org/10.1049/iet-nbt.2019.0007
https://doi.org/10.1021/nn101000e
https://doi.org/10.3390/ijms18071555
https://doi.org/10.1080/03639045.2019.1665060
https://doi.org/10.1097/cad.0000000000000093
https://doi.org/10.1016/j.nano.2015.11.016
https://doi.org/10.1016/j.nano.2015.11.016
https://doi.org/10.1021/acs.biomac.5b01446
https://doi.org/10.1002/adma.201203229
https://doi.org/10.2147/ijn.S132434
https://doi.org/10.2147/ijn.S132434
https://doi.org/10.1016/j.jconrel.2016.08.010
https://doi.org/10.1016/j.foodchem.2016.01.105
https://doi.org/10.1016/j.foodchem.2016.01.105
https://doi.org/10.2147/ijn.S190946
https://doi.org/10.2147/ijn.S190946
https://doi.org/10.1016/j.saa.2014.03.097
https://doi.org/10.1016/j.urology.2016.01.028
https://doi.org/10.1016/j.ijpharm.2016.05.027
https://doi.org/10.1016/j.ijpharm.2016.05.027
https://doi.org/10.1021/jp044770z
https://doi.org/10.1021/jp044770z
https://doi.org/10.1021/cm060976w
https://doi.org/10.1080/21691401.2018.1434533
https://doi.org/10.3390/ijms19061725
https://doi.org/10.1016/j.lfs.2019.04.030
https://doi.org/10.1016/j.biopha.2018.09.128
https://doi.org/10.1016/j.msec.2015.05.077
https://doi.org/10.2147/ijn.S184379
https://doi.org/10.3390/s19163597
https://doi.org/10.3390/s19163597
https://doi.org/10.1002/jlcr.3593
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


STAT3 siRNA Using Cationic Liposomes. AAPS PharmSciTech 19, 166–175.
doi:10.1208/s12249-017-0833-y

Jose, P., Sundar, K., Anjali, C. H., and Ravindran, A. (2015). Metformin-loaded
BSA Nanoparticles in Cancer Therapy: a New Perspective for an Old
Antidiabetic Drug. Cell Biochem Biophys 71, 627–636. doi:10.1007/s12013-
014-0242-8

Julien, D. C., Behnke, S., Wang, G., Murdoch, G. K., and Hill, R. A. (2011).
Utilization of Monoclonal Antibody-Targeted Nanomaterials in the Treatment
of Cancer. MAbs 3, 467–478. doi:10.4161/mabs.3.5.16089

Kamerkar, S., LeBleu, V. S., Sugimoto, H., Yang, S., Ruivo, C. F., Melo, S. A., et al.
(2017). Exosomes Facilitate Therapeutic Targeting of Oncogenic KRAS in
Pancreatic Cancer. Nature 546, 498–503. doi:10.1038/nature22341

Kaminskas, L. M., Kelly, B. D., McLeod, V. M., Sberna, G., Owen, D. J., Boyd, B. J.,
et al. (2011). Characterisation and Tumour Targeting of PEGylated Polylysine
Dendrimers Bearing Doxorubicin via a pH Labile Linker. J. Control Release 152,
241–248. doi:10.1016/j.jconrel.2011.02.005

Karimi, M., Bahrami, S., Ravari, S. B., Zangabad, P. S., Mirshekari, H.,
Bozorgomid, M., et al. (2016). Albumin Nanostructures as Advanced
Drug Delivery Systems. Expert Opin. Drug Deliv. 13, 1609–1623.
doi:10.1080/17425247.2016.1193149

Kulhari, H., Pooja, D., Shrivastava, S., Kuncha,M., Naidu, V. G.M., Bansal, V., et al.
(2016). Trastuzumab-grafted PAMAMDendrimers for the Selective Delivery of
Anticancer Drugs to HER2-Positive Breast Cancer. Sci. Rep. 6, 23179.
doi:10.1038/srep23179

Kumar, C. S., Raja, M. D., Sundar, D. S., Gover Antoniraj, M., and Ruckmani, K.
(2015). Hyaluronic Acid Co-functionalized Gold Nanoparticle Complex for the
Targeted Delivery of Metformin in the Treatment of Liver Cancer (HepG2
Cells). Carbohydr. Polym. 128, 63–74. doi:10.1016/j.carbpol.2015.04.010

Kumar, K., Vulugundam, G., Jaiswal, P. K., Shyamlal, B. R. K., and Chaudhary, S.
(2017). Efficacious Cellular Codelivery of Doxorubicin and EGFP siRNAMediated
by the Composition of PLGA and PEI Protected Gold Nanoparticles. Bioorg. Med.
Chem. Lett. 27, 4288–4293. doi:10.1016/j.bmcl.2017.08.037

Kuruvilla, S. P., Tiruchinapally, G., ElAzzouny, M., and ElSayed, M. E. (2017).
N-Acetylgalactosamine-Targeted Delivery of Dendrimer-Doxorubicin Conjugates
Influences Doxorubicin Cytotoxicity and Metabolic Profile in Hepatic Cancer Cells.
Adv. Healthc. Mater. 6, 1601046. doi:10.1002/adhm.201601046

Lamichhane, S., and Lee, S. (2020). Albumin Nanoscience: Homing
Nanotechnology Enabling Targeted Drug Delivery and Therapy. Arch.
Pharm. Res. 43, 118–133. doi:10.1007/s12272-020-01204-7

Lammers, T., Rizzo, L. Y., Storm, G., and Kiessling, F. (2012). Personalized
Nanomedicine. Clin. Cancer Res. 18, 4889–4894. doi:10.1158/1078-0432.Ccr-
12-1414

Landgraf, M., Lahr, C. A., Kaur, I., Shafiee, A., Sanchez-Herrero, A., Janowicz, P.
W., et al. (2020). Targeted Camptothecin Delivery via Silicon Nanoparticles
Reduces Breast Cancer Metastasis. Biomaterials 240, 119791. doi:10.1016/
j.biomaterials.2020.119791

Laomeephol, C., Ferreira, H., Kanokpanont, S., Neves, N. M., Kobayashi, H., and
Damrongsakkul, S. (2020). Dual-functional Liposomes for Curcumin Delivery
and Accelerating Silk Fibroin Hydrogel Formation. Int. J. Pharm. 589, 119844.
doi:10.1016/j.ijpharm.2020.119844

Leboffe, L., di Masi, A., Polticelli, F., Trezza, V., and Ascenzi, P. (2020). Structural
Basis of Drug Recognition by Human Serum Albumin. Curr. Med. Chem. 27,
4907–4931. doi:10.2174/0929867326666190320105316

Lee, J. Y., Shin, D. H., and Kim, J. S. (2019). Anticancer Effect of Metformin in
Herceptin-Conjugated Liposome for Breast Cancer. Pharmaceutics 12, 11.
doi:10.3390/pharmaceutics12010011

Lee, S. J., Kim, M. J., Kwon, I. C., and Roberts, T. M. (2016). Delivery Strategies and
Potential Targets for siRNA in Major Cancer Types. Adv. Drug Deliv. Rev. 104,
2–15. doi:10.1016/j.addr.2016.05.010

Li, D., Yao, S., Zhou, Z., Shi, J., Huang, Z., and Wu, Z. (2020a). Hyaluronan
Decoration of Milk Exosomes Directs Tumor-specific Delivery of Doxorubicin.
Carbohydr. Res. 493, 108032. doi:10.1016/j.carres.2020.108032

Li, L. S., Ren, B., Yang, X., Cai, Z. C., Zhao, X. J., and Zhao, M. X. (2021).
Hyaluronic Acid-Modified and Doxorubicin-Loaded Gold Nanoparticles and
Evaluation of Their Bioactivity. Pharmaceuticals (Basel) 14, 101. doi:10.3390/
ph14020101

Li, R., Lin, Z., Zhang, Q., Zhang, Y., Liu, Y., Lyu, Y., et al. (2020b). Injectable and In
Situ-Formable Thiolated Chitosan-Coated Liposomal Hydrogels as Curcumin

Carriers for Prevention of In Vivo Breast Cancer Recurrence. ACS Appl. Mater.
Inter. 12, 17936–17948. doi:10.1021/acsami.9b21528

Li, S., Wang, A., Jiang, W., and Guan, Z. (2008). Pharmacokinetic Characteristics
and Anticancer Effects of 5-fluorouracil Loaded Nanoparticles. BMC Cancer 8,
103. doi:10.1186/1471-2407-8-103

Li, Y., Gao, Y., Gong, C., Wang, Z., Xia, Q., Gu, F., et al. (2018). A33 Antibody-
Functionalized Exosomes for Targeted Delivery of Doxorubicin against
Colorectal Cancer. Nanomedicine 14, 1973–1985. doi:10.1016/
j.nano.2018.05.020

Liszbinski, R. B., Romagnoli, G. G., Gorgulho, C. M., Basso, C. R., Pedrosa, V. A.,
and Kaneno, R. (2020). Anti-EGFR-Coated Gold Nanoparticles In Vitro Carry
5-Fluorouracil to Colorectal Cancer Cells. Materials (Basel) 13, 375.
doi:10.3390/ma13020375

Liu, F., Li, M., Liu, C., Liu, Y., Liang, Y., Wang, F., et al. (2014). Tumor-
specific Delivery and Therapy by Double-Targeted DTX-CMCS-PEG-
NGR Conjugates. Pharm. Res. 31, 475–488. doi:10.1007/s11095-013-
1176-3

Liu, J., Cui, L., and Losic, D. (2013). Graphene and Graphene Oxide as New
Nanocarriers for Drug Delivery Applications. Acta Biomater. 9, 9243–9257.
doi:10.1016/j.actbio.2013.08.016

Liu, S. (2012). Epigenetics Advancing Personalized Nanomedicine in Cancer
Therapy. Adv. Drug Deliv. Rev. 64, 1532–1543. doi:10.1016/j.addr.2012.08.004

Liu, W., Zhu, Y., Wang, F., Li, X., Liu, X., Pang, J., et al. (2018). Galactosylated
Chitosan-Functionalized Mesoporous Silica Nanoparticles for Efficient colon
Cancer Cell-Targeted Drug Delivery. R. Soc. Open Sci. 5, 181027. doi:10.1098/
rsos.181027

Liu, X. X., Rocchi, P., Qu, F. Q., Zheng, S. Q., Liang, Z. C., Gleave, M., et al. (2009).
PAMAM Dendrimers Mediate siRNA Delivery to Target Hsp27 and Produce
Potent Antiproliferative Effects on Prostate Cancer Cells. ChemMedChem 4,
1302–1310. doi:10.1002/cmdc.200900076

Lorusso, D., Sabatucci, I., Maltese, G., Lepori, S., Tripodi, E., Bogani, G., et al.
(2019). Treatment of Recurrent Ovarian Cancer with Pegylated Liposomal
Doxorubicin: a Reappraisal and Critical Analysis. Tumori 105, 282–287.
doi:10.1177/0300891619839308

Lu, Z., Qi, L., Lin, Y. R., Sun, L., Zhang, L., Wang, G. C., et al. (2020). Novel
Albumin Nanoparticle Enhanced the Anti-insulin-resistant-hepatoma Activity
of Metformin. Int. J. Nanomedicine 15, 5203–5215. doi:10.2147/ijn.S253094

Luan, X., Rahme, K., Cong, Z., Wang, L., Zou, Y., He, Y., et al. (2019).
Anisamide-targeted PEGylated Gold Nanoparticles Designed to Target
Prostate Cancer Mediate: Enhanced Systemic Exposure of siRNA,
Tumour Growth Suppression and a Synergistic Therapeutic Response in
Combination with Paclitaxel in Mice. Eur. J. Pharm. Biopharm. 137, 56–67.
doi:10.1016/j.ejpb.2019.02.013

Luo, M., Lewik, G., Ratcliffe, J. C., Choi, C. H. J., Mäkilä, E., Tong, W. Y.,
et al. (2019). Systematic Evaluation of Transferrin-Modified Porous
Silicon Nanoparticles for Targeted Delivery of Doxorubicin to
Glioblastoma. ACS Appl. Mater. Inter. 11, 33637–33649. doi:10.1021/
acsami.9b10787

Ma, Y., Li, R., Dong, Y., You, C., Huang, S., Li, X., et al. (2021). tLyP-1 Peptide
Functionalized Human H Chain Ferritin for Targeted Delivery of Paclitaxel.
Int. J. Nanomedicine 16, 789–802. doi:10.2147/ijn.S289005

Mach, C. M., Mathew, L., Mosley, S. A., Kurzrock, R., and Smith, J. A. (2009).
Determination of Minimum Effective Dose and Optimal Dosing Schedule for
Liposomal Curcumin in a Xenograft Human Pancreatic Cancer Model.
Anticancer Res. 29, 1895–1899.

Mahmoudi, R., Ashraf Mirahmadi-Babaheidri, S., Delaviz, H., Fouani, M. H.,
Alipour, M., Jafari Barmak, M., et al. (2021). RGD Peptide-Mediated Liposomal
Curcumin Targeted Delivery to Breast Cancer Cells. J. Biomater. Appl. 35,
743–753. doi:10.1177/0885328220949367

Malekmohammadi, S., Hadadzadeh, H., Farrokhpour, H., and Amirghofran, Z.
(2018). Immobilization of Gold Nanoparticles on Folate-Conjugated Dendritic
Mesoporous Silica-Coated Reduced Graphene Oxide Nanosheets: a New
Nanoplatform for Curcumin pH-Controlled and Targeted Delivery. Soft
Matter 14, 2400–2410. doi:10.1039/c7sm02248d

Mani, G., Kim, S., and Kim, K. (2018). Development of Folate-Thioglycolate-Gold
Nanoconjugates by Using Citric Acid-PEG Branched Polymer for Inhibition of
MCF-7 Cancer Cell Proliferation. Biomacromolecules 19, 3257–3267.
doi:10.1021/acs.biomac.8b00543

Frontiers in Pharmacology | www.frontiersin.org October 2021 | Volume 12 | Article 73544619

Liu et al. Drug Delivery and Tumor Therapy

https://doi.org/10.1208/s12249-017-0833-y
https://doi.org/10.1007/s12013-014-0242-8
https://doi.org/10.1007/s12013-014-0242-8
https://doi.org/10.4161/mabs.3.5.16089
https://doi.org/10.1038/nature22341
https://doi.org/10.1016/j.jconrel.2011.02.005
https://doi.org/10.1080/17425247.2016.1193149
https://doi.org/10.1038/srep23179
https://doi.org/10.1016/j.carbpol.2015.04.010
https://doi.org/10.1016/j.bmcl.2017.08.037
https://doi.org/10.1002/adhm.201601046
https://doi.org/10.1007/s12272-020-01204-7
https://doi.org/10.1158/1078-0432.Ccr-12-1414
https://doi.org/10.1158/1078-0432.Ccr-12-1414
https://doi.org/10.1016/j.biomaterials.2020.119791
https://doi.org/10.1016/j.biomaterials.2020.119791
https://doi.org/10.1016/j.ijpharm.2020.119844
https://doi.org/10.2174/0929867326666190320105316
https://doi.org/10.3390/pharmaceutics12010011
https://doi.org/10.1016/j.addr.2016.05.010
https://doi.org/10.1016/j.carres.2020.108032
https://doi.org/10.3390/ph14020101
https://doi.org/10.3390/ph14020101
https://doi.org/10.1021/acsami.9b21528
https://doi.org/10.1186/1471-2407-8-103
https://doi.org/10.1016/j.nano.2018.05.020
https://doi.org/10.1016/j.nano.2018.05.020
https://doi.org/10.3390/ma13020375
https://doi.org/10.1007/s11095-013-1176-3
https://doi.org/10.1007/s11095-013-1176-3
https://doi.org/10.1016/j.actbio.2013.08.016
https://doi.org/10.1016/j.addr.2012.08.004
https://doi.org/10.1098/rsos.181027
https://doi.org/10.1098/rsos.181027
https://doi.org/10.1002/cmdc.200900076
https://doi.org/10.1177/0300891619839308
https://doi.org/10.2147/ijn.S253094
https://doi.org/10.1016/j.ejpb.2019.02.013
https://doi.org/10.1021/acsami.9b10787
https://doi.org/10.1021/acsami.9b10787
https://doi.org/10.2147/ijn.S289005
https://doi.org/10.1177/0885328220949367
https://doi.org/10.1039/c7sm02248d
https://doi.org/10.1021/acs.biomac.8b00543
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Manju, S., and Sreenivasan, K. (2012). Gold Nanoparticles Generated and
Stabilized by Water Soluble Curcumin-Polymer Conjugate: Blood
Compatibility Evaluation and Targeted Drug Delivery onto Cancer Cells.
J. Colloid Interf. Sci. 368, 144–151. doi:10.1016/j.jcis.2011.11.024

Mansoori, B., Mohammadi, A., Abedi-Gaballu, F., Abbaspour, S., Ghasabi, M.,
Yekta, R., et al. (2020). Hyaluronic Acid-Decorated Liposomal Nanoparticles
for Targeted Delivery of 5-fluorouracil into HT-29 Colorectal Cancer Cells.
J. Cell Physiol 235, 6817–6830. doi:10.1002/jcp.29576

Marcinkowska, M., Stanczyk, M., Janaszewska, A., Sobierajska, E., Chworos, A.,
and Klajnert-Maculewicz, B. (2019b). Multicomponent Conjugates of
Anticancer Drugs and Monoclonal Antibody with PAMAM Dendrimers to
Increase Efficacy of HER-2 Positive Breast Cancer Therapy. Pharm. Res. 36,
154. doi:10.1007/s11095-019-2683-7

Marcinkowska, M., Stanczyk, M., Janaszewska, A., Gajek, A., Ksiezak, M., Dzialak,
P., et al. (2019a). Molecular Mechanisms of Antitumor Activity of PAMAM
Dendrimer Conjugates with Anticancer Drugs and a Monoclonal Antibody.
Polymers 11, 1422. doi:10.3390/polym11091422

Maya, S., Kumar, L. G., Sarmento, B., Sanoj Rejinold, N., Menon, D., Nair, S. V.,
et al. (2013). Cetuximab Conjugated O-Carboxymethyl Chitosan Nanoparticles
for Targeting EGFR Overexpressing Cancer Cells. Carbohydr. Polym. 93,
661–669. doi:10.1016/j.carbpol.2012.12.032

Mendt, M., Kamerkar, S., Sugimoto, H., McAndrews, K. M., Wu, C. C., Gagea, M.,
et al. (2018). Generation and Testing of Clinical-Grade Exosomes for Pancreatic
Cancer. JCI Insight 3, 99263. doi:10.1172/jci.insight.99263

Mitra, A. K., Agrahari, V., Mandal, A., Cholkar, K., Natarajan, C., Shah, S., et al.
(2015). Novel Delivery Approaches for Cancer Therapeutics. J. Control Release
219, 248–268. doi:10.1016/j.jconrel.2015.09.067

Mitra, M., Kandalam, M., Rangasamy, J., Shankar, B., Maheswari, U. K.,
Swaminathan, S., et al. (2013). Novel Epithelial Cell Adhesion Molecule
Antibody Conjugated Polyethyleneimine-Capped Gold Nanoparticles for
Enhanced and Targeted Small Interfering RNA Delivery to Retinoblastoma
Cells. Mol. Vis. 19, 1029–1038.

Moghimipour, E., Rezaei, M., Ramezani, Z., Kouchak, M., Amini, M., Angali, K. A.,
et al. (2018). Transferrin Targeted Liposomal 5-fluorouracil Induced Apoptosis
via Mitochondria Signaling Pathway in Cancer Cells. Life Sci. 194, 104–110.
doi:10.1016/j.lfs.2017.12.026

Mohammed, M. A., Syeda, J. T. M., Wasan, K. M., and Wasan, E. K. (2017). An
Overview of Chitosan Nanoparticles and its Application in Non-parenteral
Drug Delivery. Pharmaceutics 9, 53. doi:10.3390/pharmaceutics9040053

Morales, D. R., and Morris, A. D. (2015). Metformin in Cancer Treatment and
Prevention. Annu. Rev. Med. 66, 17–29. doi:10.1146/annurev-med-062613-
093128

Mousavi, S. M., Hashemi, S. A., Ghasemi, Y., Amani, A. M., Babapoor, A., and
Arjmand, O. (2019). Applications of Graphene Oxide in Case of
Nanomedicines and Nanocarriers for Biomolecules: Review Study. Drug
Metab. Rev. 51, 12–41. doi:10.1080/03602532.2018.1522328

Mukherjee, S., Dasari, M., Priyamvada, S., Kotcherlakota, R., Bollu, V. S., and Patra,
C. R. (2015). A green Chemistry Approach for the Synthesis of Gold
Nanoconjugates that Induce the Inhibition of Cancer Cell Proliferation
through Induction of Oxidative Stress and Their In Vivo Toxicity Study.
J. Mater. Chem. B 3, 3820–3830. doi:10.1039/c5tb00244c

Mukherjee, S., B, V., Prashanthi, S., Bangal, P. R., Sreedhar, B., and Patra, C. R.
(2013). Potential Therapeutic and Diagnostic Applications of One-step In Situ
Biosynthesized Gold Nanoconjugates (2-in-1 System) in Cancer Treatment.
RSC Adv. 3, 2318. doi:10.1039/c2ra22299j

Mulens-Arias, V., Nicolás-Boluda, A., Pinto, A., Balfourier, A., Carn, F., Silva, A. K.
A., et al. (2021). Tumor-Selective Immune-Active Mild Hyperthermia
Associated with Chemotherapy in Colon Peritoneal Metastasis by
Photoactivation of Fluorouracil-Gold Nanoparticle Complexes. ACS Nano
15, 3330–3348. doi:10.1021/acsnano.0c10276

Mun, E. J., Babiker, H. M., Weinberg, U., Kirson, E. D., and Von Hoff, D. D. (2018).
Tumor-Treating Fields: A Fourth Modality in Cancer Treatment. Clin. Cancer
Res. 24, 266–275. doi:10.1158/1078-0432.Ccr-17-1117

Narmani, A., Rezvani, M., Farhood, B., Darkhor, P., Mohammadnejad, J., Amini, B.,
et al. (2019). Folic Acid Functionalized Nanoparticles as Pharmaceutical Carriers
in Drug Delivery Systems. Drug Dev. Res. 80, 404–424. doi:10.1002/ddr.21545

Nasrollahi, F., Varshosaz, J., Khodadadi, A. A., Lim, S., and Jahanian-Najafabadi, A.
(2016). Targeted Delivery of Docetaxel by Use of Transferrin/Poly(allylamine

Hydrochloride)-Functionalized Graphene Oxide Nanocarrier. ACS Appl. Mater.
Inter. 8, 13282–13293. doi:10.1021/acsami.6b02790

Nawaz, A., andWong, T.W. (2018). Chitosan-Carboxymethyl-5-Fluorouracil-Folate
Conjugate Particles: Microwave Modulated Uptake by Skin and Melanoma Cells.
J. Invest Dermatol. 138, 2412–2422. doi:10.1016/j.jid.2018.04.037

Ngernyuang, N., Seubwai, W., Daduang, S., Boonsiri, P., Limpaiboon, T., and
Daduang, J. (2016). Targeted Delivery of 5-fluorouracil to Cholangiocarcinoma
Cells Using Folic Acid as a Targeting Agent. Mater. Sci. Eng. C Mater. Biol.
Appl. 60, 411–415. doi:10.1016/j.msec.2015.11.062

Nicoletti, M. I., Lucchini, V., D’Incalci, M., and Giavazzi, R. (1994).
Comparison of Paclitaxel and Docetaxel Activity on Human Ovarian
Carcinoma Xenografts. Eur. J. Cancer 30a, 691–696. doi:10.1016/0959-
8049(94)90547-9

Nie, L., Sun, S., Sun, M., Zhou, Q., Zhang, Z., Zheng, L., et al. (2020). Synthesis of
Aptamer-PEI-G-PEG Modified Gold Nanoparticles Loaded with Doxorubicin
for Targeted Drug Delivery. JoVE, e61139. doi:10.3791/61139

Ovais, M., Khalil, A. T., Ayaz, M., Ahmad, I., Nethi, S. K., and Mukherjee, S.
(2018a). Biosynthesis of Metal Nanoparticles via Microbial Enzymes: A
Mechanistic Approach. Int. J. Mol. Sci. 19, 100. doi:10.3390/ijms19124100

Ovais, M., Zia, N., Ahmad, I., Khalil, A. T., Raza, A., Ayaz, M., et al. (2018b). Phyto-
Therapeutic and Nanomedicinal Approaches to Cure Alzheimer’s Disease:
Present Status and Future Opportunities. Front Aging Neurosci. 10, 284.
doi:10.3389/fnagi.2018.00284

Palombarini, F., Di Fabio, E., Boffi, A., Macone, A., and Bonamore, A. (2020).
Ferritin Nanocages for Protein Delivery to Tumor Cells. Molecules 25, 825.
doi:10.3390/molecules25040825

Pan, G., Jia, T. T., Huang, Q. X., Qiu, Y. Y., Xu, J., Yin, P. H., et al. (2017).
Mesoporous Silica Nanoparticles (MSNs)-Based Organic/inorganic Hybrid
Nanocarriers Loading 5-Fluorouracil for the Treatment of colon Cancer
with Improved Anticancer Efficacy. Colloids Surf. B. Biointerfaces 159,
375–385. doi:10.1016/j.colsurfb.2017.08.013

Pan, Y., Leifert, A., Ruau, D., Neuss, S., Bornemann, J., Schmid, G., et al. (2009).
Gold Nanoparticles of Diameter 1.4 Nm Trigger Necrosis by Oxidative Stress
and Mitochondrial Damage. Small 5, 2067–2076. doi:10.1002/smll.200900466

Patra, S., Mukherjee, S., Barui, A. K., Ganguly, A., Sreedhar, B., and Patra, C. R.
(2015). Green Synthesis, Characterization of Gold and Silver Nanoparticles and
Their Potential Application for Cancer Therapeutics.Mater. Sci. Eng. C Mater.
Biol. Appl. 53, 298–309. doi:10.1016/j.msec.2015.04.048

Pazdur, R., Kudelka, A. P., Kavanagh, J. J., Cohen, P. R., and Raber, M. N. (1993).
The Taxoids: Paclitaxel (Taxol) and Docetaxel (Taxotere). Cancer Treat Rev. 19,
351–386. doi:10.1016/0305-7372(93)90010-o

Pecot, C. V., Wu, S. Y., Bellister, S., Filant, J., Rupaimoole, R., Hisamatsu, T., et al.
(2014). Therapeutic Silencing of KRAS Using Systemically Delivered siRNAs.
Mol. Cancer Ther. 13, 2876–2885. doi:10.1158/1535-7163.Mct-14-0074

Pędziwiatr-Werbicka, E., Gorzkiewicz, M., Horodecka, K., Abashkin, V., Klajnert-
Maculewicz, B., Peña-González, C. E., et al. (2020). Silver Nanoparticles
Surface-Modified with Carbosilane Dendrons as Carriers of Anticancer
siRNA. Int. J. Mol. Sci. 21, 4647. doi:10.3390/ijms21134647

Petrilli, R., Eloy, J. O., Saggioro, F. P., Chesca, D. L., de Souza, M. C., Dias, M. V. S.,
et al. (2018). Skin Cancer Treatment Effectiveness Is Improved by
Iontophoresis of EGFR-Targeted Liposomes Containing 5-FU Compared
with Subcutaneous Injection. J. Control Release 283, 151–162. doi:10.1016/
j.jconrel.2018.05.038

Podhorecka, M., Ibanez, B., and Dmoszyńska, A. (2017). Metformin - its Potential
Anti-cancer and Anti-aging Effects. Postepy Hig Med. Dosw (Online) 71,
170–175. doi:10.5604/01.3001.0010.3801

Prabaharan, M. (2015). Chitosan-based Nanoparticles for Tumor-Targeted Drug
Delivery. Int. J. Biol. Macromol 72, 1313–1322. doi:10.1016/
j.ijbiomac.2014.10.052

Qu, M. H., Zeng, R. F., Fang, S., Dai, Q. S., Li, H. P., and Long, J. T. (2014). Liposome-
based Co-delivery of siRNA and Docetaxel for the Synergistic Treatment of Lung
Cancer. Int. J. Pharm. 474, 112–122. doi:10.1016/j.ijpharm.2014.08.019

Qu, Y., Sun, F., He, F., Yu, C., Lv, J., Zhang, Q., et al. (2019). Glycyrrhetinic Acid-
Modified Graphene Oxide Mediated siRNA Delivery for Enhanced Liver-
Cancer Targeting Therapy. Eur. J. Pharm. Sci. 139, 105036. doi:10.1016/
j.ejps.2019.105036

Rahimi-Moghaddam, F., Sattarahmady, N., and Azarpira, N, (2019). Gold-
Curcumin Nanostructure in Photo-thermal Therapy on Breast Cancer Cell

Frontiers in Pharmacology | www.frontiersin.org October 2021 | Volume 12 | Article 73544620

Liu et al. Drug Delivery and Tumor Therapy

https://doi.org/10.1016/j.jcis.2011.11.024
https://doi.org/10.1002/jcp.29576
https://doi.org/10.1007/s11095-019-2683-7
https://doi.org/10.3390/polym11091422
https://doi.org/10.1016/j.carbpol.2012.12.032
https://doi.org/10.1172/jci.insight.99263
https://doi.org/10.1016/j.jconrel.2015.09.067
https://doi.org/10.1016/j.lfs.2017.12.026
https://doi.org/10.3390/pharmaceutics9040053
https://doi.org/10.1146/annurev-med-062613-093128
https://doi.org/10.1146/annurev-med-062613-093128
https://doi.org/10.1080/03602532.2018.1522328
https://doi.org/10.1039/c5tb00244c
https://doi.org/10.1039/c2ra22299j
https://doi.org/10.1021/acsnano.0c10276
https://doi.org/10.1158/1078-0432.Ccr-17-1117
https://doi.org/10.1002/ddr.21545
https://doi.org/10.1021/acsami.6b02790
https://doi.org/10.1016/j.jid.2018.04.037
https://doi.org/10.1016/j.msec.2015.11.062
https://doi.org/10.1016/0959-8049(94)90547-9
https://doi.org/10.1016/0959-8049(94)90547-9
https://doi.org/10.3791/61139
https://doi.org/10.3390/ijms19124100
https://doi.org/10.3389/fnagi.2018.00284
https://doi.org/10.3390/molecules25040825
https://doi.org/10.1016/j.colsurfb.2017.08.013
https://doi.org/10.1002/smll.200900466
https://doi.org/10.1016/j.msec.2015.04.048
https://doi.org/10.1016/0305-7372(93)90010-o
https://doi.org/10.1158/1535-7163.Mct-14-0074
https://doi.org/10.3390/ijms21134647
https://doi.org/10.1016/j.jconrel.2018.05.038
https://doi.org/10.1016/j.jconrel.2018.05.038
https://doi.org/10.5604/01.3001.0010.3801
https://doi.org/10.1016/j.ijbiomac.2014.10.052
https://doi.org/10.1016/j.ijbiomac.2014.10.052
https://doi.org/10.1016/j.ijpharm.2014.08.019
https://doi.org/10.1016/j.ejps.2019.105036
https://doi.org/10.1016/j.ejps.2019.105036
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Line: 650 and 808 Nm Diode Lasers as Light Sources. J. Biomed. Phys. Eng. 9,
473–482. doi:10.31661/jbpe.v0i0.906

Rahnama, E., Mahmoodian-Moghaddam, M., Khorsand-Ahmadi, S., Saberi, M. R.,
and Chamani, J. (2015). Binding Site Identification of Metformin to Human
Serum Albumin and Glycated Human Serum Albumin by Spectroscopic and
Molecular Modeling Techniques: a Comparison Study. J. Biomol. Struct. Dyn.
33, 513–533. doi:10.1080/07391102.2014.893540

Rakhit, C. P., Trigg, R. M., Le Quesne, J., Kelly, M., Shaw, J. A., Pritchard, C., et al.
(2019). Early Detection of Pre-malignant Lesions in a KRASG12D-Driven
Mouse Lung Cancer Model by Monitoring Circulating Free DNA. Dis. Model
Mech. 12, dmm036863. doi:10.1242/dmm.036863

Ranjan, A. P., Mukerjee, A., Helson, L., Gupta, R., and Vishwanatha, J. K. (2013).
Efficacy of Liposomal Curcumin in a Human Pancreatic Tumor Xenograft
Model: Inhibition of Tumor Growth and Angiogenesis. Anticancer Res. 33,
3603–3609.

Rao, D. D., Vorhies, J. S., Senzer, N., and Nemunaitis, J. (2009). siRNA vs. shRNA:
Similarities and Differences. Adv. Drug Deliv. Rev. 61, 746–759. doi:10.1016/
j.addr.2009.04.004

Rao, P. V., Nallappan, D., Madhavi, K., Rahman, S., Jun Wei, L., and Gan, S.
H. (2016). Phytochemicals and Biogenic Metallic Nanoparticles as
Anticancer Agents. Oxid Med. Cell Longev 2016, 3685671. doi:10.1155/
2016/3685671

Riaz, M. K., Riaz, M. A., Zhang, X., Lin, C., Wong, K. H., Chen, X., et al. (2018).
Surface Functionalization and Targeting Strategies of Liposomes in Solid
Tumor Therapy: A Review. Int. J. Mol. Sci. 19, 195. doi:10.3390/ijms19010195

Rivankar, S. (2014). An Overview of Doxorubicin Formulations in Cancer
Therapy. J. Cancer Res. Ther. 10, 853–858. doi:10.4103/0973-1482.139267

Sahu, S. K., Maiti, S., Maiti, T. K., Ghosh, S. K., and Pramanik, P. (2011).
Hydrophobically Modified Carboxymethyl Chitosan Nanoparticles Targeted
Delivery of Paclitaxel. J. Drug Target 19, 104–113. doi:10.3109/
10611861003733987

Saini, N., and Yang, X. (2018). Metformin as an Anti-cancer Agent: Actions and
Mechanisms Targeting Cancer Stem Cells. Acta Biochim. Biophys. Sin
(Shanghai) 50, 133–143. doi:10.1093/abbs/gmx106

Schwendener, R. A. (2007). Liposomes in Biology and Medicine. Adv. Exp. Med.
Biol. 620, 117–128. doi:10.1007/978-0-387-76713-0_9

Shariatinia, Z. (2018). Carboxymethyl Chitosan: Properties and Biomedical
Applications. Int. J. Biol. Macromol 120, 1406–1419. doi:10.1016/
j.ijbiomac.2018.09.131

Sharma, A., Goyal, A. K., and Rath, G. (2018). Recent Advances in Metal
Nanoparticles in Cancer Therapy. J. Drug Target 26, 617–632. doi:10.1080/
1061186x.2017.1400553

Shen, J.-M., Tang, W.-J., Zhang, X.-L., Chen, T., and Zhang, H.-X. (2012). A Novel
Carboxymethyl Chitosan-Based folate/Fe3O4/CdTe Nanoparticle for Targeted
Drug Delivery and Cell Imaging. Carbohydr. Polym. 88, 239–249. doi:10.1016/
j.carbpol.2011.11.087

Shi, H. S., Gao, X., Li, D., Zhang, Q. W., Wang, Y. S., Zheng, Y., et al. (2012a). A
Systemic Administration of Liposomal Curcumin Inhibits Radiation
Pneumonitis and Sensitizes Lung Carcinoma to Radiation. Int.
J. Nanomedicine 7, 2601–2611. doi:10.2147/ijn.S31439

Shi, K., Zhao, Y., Miao, L., Satterlee, A., Haynes, M., Luo, C., et al. (2017). Dual
Functional LipoMET Mediates Envelope-type Nanoparticles to Combinational
Oncogene Silencing and Tumor Growth Inhibition. Mol. Ther. 25, 1567–1579.
doi:10.1016/j.ymthe.2017.02.008

Shi, L., Tang, C., and Yin, C. (2012b). Glycyrrhizin-modified
O-Carboxymethyl Chitosan Nanoparticles as Drug Vehicles Targeting
Hepatocellular Carcinoma. Biomaterials 33, 7594–7604. doi:10.1016/
j.biomaterials.2012.06.072

Shi, X., Du, Y., Yang, J., Zhang, B., and Sun, L. (2006). Effect of Degree of Substitution and
Molecular Weight of Carboxymethyl Chitosan Nanoparticles on Doxorubicin
Delivery. J. Appl. Polym. Sci. 100, 4689–4696. doi:10.1002/app.23040

Shukla, S. K., Kulkarni, N. S., Chan, A., Parvathaneni, V., Farrales, P., Muth, A.,
et al. (2019). Metformin-Encapsulated Liposome Delivery System: An Effective
Treatment Approach against Breast Cancer. Pharmaceutics 11, 559.
doi:10.3390/pharmaceutics11110559

Singh, A., Trivedi, P., and Jain, N. K. (2018a). Advances in siRNA Delivery in
Cancer Therapy. Artif. Cells Nanomed Biotechnol 46, 274–283. doi:10.1080/
21691401.2017.1307210

Singh, D. P., Herrera, C. E., Singh, B., Singh, S., Singh, R. K., and Kumar, R. (2018b).
Graphene Oxide: An Efficient Material and Recent Approach for
Biotechnological and Biomedical Applications. Mater. Sci. Eng. C Mater.
Biol. Appl. 86, 173–197. doi:10.1016/j.msec.2018.01.004

Singh, P., Gupta, U., Asthana, A., and Jain, N. K. (2008). Folate and Folate-PEG-
PAMAM Dendrimers: Synthesis, Characterization, and Targeted Anticancer
Drug Delivery Potential in Tumor Bearing Mice. Bioconjug. Chem. 19,
2239–2252. doi:10.1021/bc800125u

Slingerland, M., Guchelaar, H. J., and Gelderblom, H. (2012). Liposomal Drug
Formulations in Cancer Therapy: 15 Years along the Road. Drug Discov.
Todaytoday 17, 160–166. doi:10.1016/j.drudis.2011.09.015

Snima, K. S., Jayakumar, R., and Lakshmanan, V. K. (2014). In Vitro and In Vivo
Biological Evaluation of O-Carboxymethyl Chitosan Encapsulated Metformin
Nanoparticles for Pancreatic Cancer Therapy. Pharm. Res. 31, 3361–3370.
doi:10.1007/s11095-014-1425-0

Snima, K. S., Jayakumar, R., Unnikrishnan, A. G., Nair, S. V., and Lakshmanan, V.
K. (2012). O-carboxymethyl Chitosan Nanoparticles for Metformin Delivery to
Pancreatic Cancer Cells. Carbohydr. Polym. 89, 1003–1007. doi:10.1016/
j.carbpol.2012.04.050

Su, C., Li, H., Shi, Y., Wang, G., Liu, L., Zhao, L., et al. (2014a). Carboxymethyl-
β-cyclodextrin Conjugated Nanoparticles Facilitate Therapy for Folate
Receptor-Positive Tumor with the Mediation of Folic Acid. Int. J. Pharm.
474, 202–211. doi:10.1016/j.ijpharm.2014.08.026

Su, Z., Xing, L., Chen, Y., Xu, Y., Yang, F., Zhang, C., et al. (2014b). Lactoferrin-
modified Poly(ethylene Glycol)-Grafted BSA Nanoparticles as a Dual-
Targeting Carrier for Treating Brain Gliomas. Mol. Pharm. 11, 1823–1834.
doi:10.1021/mp500238m

Sun, T., Zhang, Y. S., Pang, B., Hyun, D. C., Yang, M., and Xia, Y. (2014).
Engineered Nanoparticles for Drug Delivery in Cancer Therapy. Angew. Chem.
Int. Ed. Engl. 53, 12320–12364. doi:10.1002/anie.201403036

Sun, X., Chen, Y., Zhao, H., Qiao, G., Liu, M., Zhang, C., et al. (2018). Dual-
modified Cationic Liposomes Loaded with Paclitaxel and Survivin siRNA for
Targeted Imaging and Therapy of Cancer Stem Cells in Brain Glioma. Drug
Deliv. 25, 1718–1727. doi:10.1080/10717544.2018.1494225

Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A., et al.
(2021). Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 71,
209–249. doi:10.3322/caac.21660

Tamarov, K. P., Osminkina, L. A., Zinovyev, S. V., Maximova, K. A., Kargina, J. V.,
Gongalsky, M. B., et al. (2014). Radio Frequency Radiation-Induced
Hyperthermia Using Si Nanoparticle-Based Sensitizers for Mild Cancer
Therapy. Sci. Rep. 4, 7034. doi:10.1038/srep07034

Tang, Y., Liu, Y., Xie, Y., Chen, J., and Dou, Y. (2020). Apoptosis of A549 Cells by
Small Interfering RNA Targeting Survivin Delivery Using Poly-β-Amino Ester/
guanidinylated O-Carboxymethyl Chitosan Nanoparticles. Asian J. Pharm. Sci.
15, 121–128. doi:10.1016/j.ajps.2018.09.009

Tao, H., Xu, H., Zuo, L., Li, C., Qiao, G., Guo, M., et al. (2020). Exosomes-
coated Bcl-2 siRNA Inhibits the Growth of Digestive System Tumors
Both In Vitro and In Vivo. Int. J. Biol. Macromol 161, 470–480.
doi:10.1016/j.ijbiomac.2020.06.052

Taverna, S., Fontana, S., Monteleone, F., Pucci, M., Saieva, L., De Caro, V., et al.
(2016). Curcumin Modulates Chronic Myelogenous Leukemia Exosomes
Composition and Affects Angiogenic Phenotype via Exosomal miR-21.
Oncotarget 7, 30420–30439. doi:10.18632/oncotarget.8483

Thakkar, K. N., Mhatre, S. S., and Parikh, R. Y. (2010). Biological Synthesis of
Metallic Nanoparticles. Nanomedicine 6, 257–262. doi:10.1016/
j.nano.2009.07.002

Theek, B., Rizzo, L. Y., Ehling, J., Kiessling, F., and Lammers, T. (2014). The
Theranostic Path to Personalized Nanomedicine.Clin. Transl Imaging 2, 66–76.
doi:10.1007/s40336-014-0051-5

Théry, C., Zitvogel, L., and Amigorena, S. (2002). Exosomes: Composition,
Biogenesis and Function. Nat. Rev. Immunol. 2, 569–579. doi:10.1038/nri855

Thomas, T. J., Tajmir-Riahi, H. A., and Pillai, C. K. S. (2019). Biodegradable
Polymers for Gene Delivery. Molecules 24, 3744. doi:10.3390/
molecules24203744

Tian, L., Wang, S., Jiang, S., Liu, Z., Wan, X., Yang, C., et al. (2021). Luteolin as an
Adjuvant Effectively Enhances CTL Anti-tumor Response in B16F10 Mouse
Model. Int. Immunopharmacol. 94, 107441. doi:10.1016/j.intimp.2021.107441

Frontiers in Pharmacology | www.frontiersin.org October 2021 | Volume 12 | Article 73544621

Liu et al. Drug Delivery and Tumor Therapy

https://doi.org/10.31661/jbpe.v0i0.906
https://doi.org/10.1080/07391102.2014.893540
https://doi.org/10.1242/dmm.036863
https://doi.org/10.1016/j.addr.2009.04.004
https://doi.org/10.1016/j.addr.2009.04.004
https://doi.org/10.1155/2016/3685671
https://doi.org/10.1155/2016/3685671
https://doi.org/10.3390/ijms19010195
https://doi.org/10.4103/0973-1482.139267
https://doi.org/10.3109/10611861003733987
https://doi.org/10.3109/10611861003733987
https://doi.org/10.1093/abbs/gmx106
https://doi.org/10.1007/978-0-387-76713-0_9
https://doi.org/10.1016/j.ijbiomac.2018.09.131
https://doi.org/10.1016/j.ijbiomac.2018.09.131
https://doi.org/10.1080/1061186x.2017.1400553
https://doi.org/10.1080/1061186x.2017.1400553
https://doi.org/10.1016/j.carbpol.2011.11.087
https://doi.org/10.1016/j.carbpol.2011.11.087
https://doi.org/10.2147/ijn.S31439
https://doi.org/10.1016/j.ymthe.2017.02.008
https://doi.org/10.1016/j.biomaterials.2012.06.072
https://doi.org/10.1016/j.biomaterials.2012.06.072
https://doi.org/10.1002/app.23040
https://doi.org/10.3390/pharmaceutics11110559
https://doi.org/10.1080/21691401.2017.1307210
https://doi.org/10.1080/21691401.2017.1307210
https://doi.org/10.1016/j.msec.2018.01.004
https://doi.org/10.1021/bc800125u
https://doi.org/10.1016/j.drudis.2011.09.015
https://doi.org/10.1007/s11095-014-1425-0
https://doi.org/10.1016/j.carbpol.2012.04.050
https://doi.org/10.1016/j.carbpol.2012.04.050
https://doi.org/10.1016/j.ijpharm.2014.08.026
https://doi.org/10.1021/mp500238m
https://doi.org/10.1002/anie.201403036
https://doi.org/10.1080/10717544.2018.1494225
https://doi.org/10.3322/caac.21660
https://doi.org/10.1038/srep07034
https://doi.org/10.1016/j.ajps.2018.09.009
https://doi.org/10.1016/j.ijbiomac.2020.06.052
https://doi.org/10.18632/oncotarget.8483
https://doi.org/10.1016/j.nano.2009.07.002
https://doi.org/10.1016/j.nano.2009.07.002
https://doi.org/10.1007/s40336-014-0051-5
https://doi.org/10.1038/nri855
https://doi.org/10.3390/molecules24203744
https://doi.org/10.3390/molecules24203744
https://doi.org/10.1016/j.intimp.2021.107441
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Tolstik, E., Osminkina, L. A., Matthäus, C., Burkhardt, M., Tsurikov, K. E.,
Natashina, U. A., et al. (2016). Studies of Silicon Nanoparticles Uptake and
Biodegradation in Cancer Cells by Raman Spectroscopy. Nanomedicine 12,
1931–1940. doi:10.1016/j.nano.2016.04.004

Tomalia, D. A. (2012). Interview: An Architectural Journey: from Trees, Dendrons/
dendrimers to Nanomedicine. Interview by Hannah Stanwix. Nanomedicine
(Lond) 7, 953–956. doi:10.2217/nnm.12.81

Tong, W. Y., Alnakhli, M., Bhardwaj, R., Apostolou, S., Sinha, S., Fraser, C., et al.
(2018). Delivery of siRNA In Vitro and In Vivo Using PEI-Capped Porous
Silicon Nanoparticles to Silence MRP1 and Inhibit Proliferation in
Glioblastoma. J. Nanobiotechnology 16, 38. doi:10.1186/s12951-018-0365-y

Truffi, M., Fiandra, L., Sorrentino, L., Monieri, M., Corsi, F., and Mazzucchelli, S.
(2016). Ferritin Nanocages: A Biological Platform for Drug Delivery, Imaging
and Theranostics in Cancer. Pharmacol. Res. 107, 57–65. doi:10.1016/
j.phrs.2016.03.002

Udofot, O., Affram, K., Israel, B., and Agyare, E. (2015). Cytotoxicity of 5-Fluorouracil-
Loaded pH-Sensitive Liposomal Nanoparticles in Colorectal Cancer Cell Lines.
Integr. Cancer Sci. Ther. 2, 245–252. doi:10.15761/icst.1000150

van den Boorn, J. G., Dassler, J., Coch, C., Schlee, M., and Hartmann, G. (2013).
Exosomes as Nucleic Acid Nanocarriers. Adv. Drug Deliv. Rev. 65, 331–335.
doi:10.1016/j.addr.2012.06.011

Wang, C., Ma, Q., Dou, W., Kanwal, S., Wang, G., Yuan, P., et al. (2009). Synthesis
of Aqueous CdTe Quantum Dots Embedded Silica Nanoparticles and Their
Applications as Fluorescence Probes. Talanta 77, 1358–1364. doi:10.1016/
j.talanta.2008.09.018

Wang, J., and Zhang, B. (2018). Bovine Serum Albumin as a Versatile Platform for
Cancer Imaging and Therapy. Curr. Med. Chem. 25, 2938–2953. doi:10.2174/
0929867324666170314143335

Wang, W. Y., Cao, Y. X., Zhou, X., and Wei, B. (2019). Delivery of Folic Acid-
Modified Liposomal Curcumin for Targeted Cervical Carcinoma Therapy.
Drug Des. Devel Ther. 13, 2205–2213. doi:10.2147/dddt.S205787

Wang, X. Y., Ishida, T., Ichihara, M., and Kiwada, H. (2005). Influence of the
Physicochemical Properties of Liposomes on the Accelerated Blood Clearance
Phenomenon in Rats. J. Control Release 104, 91–102. doi:10.1016/
j.jconrel.2005.01.008

Wei, Y., Pu, X., and Zhao, L. (2017). Preclinical Studies for the Combination of
Paclitaxel and Curcumin in Cancer Therapy (Review). Oncol. Rep. 37,
3159–3166. doi:10.3892/or.2017.5593

Wei, Y., Yang, P., Cao, S., and Zhao, L. (2018). The Combination of Curcumin and
5-fluorouracil in Cancer Therapy. Arch. Pharm. Res. 41, 1–13. doi:10.1007/
s12272-017-0979-x

Wicki, A., Witzigmann, D., Balasubramanian, V., and Huwyler, J. (2015).
Nanomedicine in Cancer Therapy: Challenges, Opportunities, and Clinical
Applications. J. Control Release 200, 138–157. doi:10.1016/j.jconrel.2014.12.030

Wu, H., Zhou, J., Zeng, C., Wu, D., Mu, Z., Chen, B., et al. (2016). Curcumin
Increases Exosomal TCF21 Thus Suppressing Exosome-Induced Lung Cancer.
Oncotarget 7, 87081–87090. doi:10.18632/oncotarget.13499

Wu, S. Y., An, S. S., and Hulme, J. (2015). Current Applications of Graphene Oxide
in Nanomedicine. Int. J. Nanomedicine 10 (Spec Iss), 9–24. doi:10.2147/
ijn.S88285

Xia, B., Zhang, Q., Shi, J., Li, J., Chen, Z., and Wang, B. (2018). Co-loading of
Photothermal Agents and Anticancer Drugs into Porous Silicon Nanoparticles
with Enhanced Chemo-Photothermal Therapeutic Efficacy to Kill Multidrug-
Resistant Cancer Cells. Colloids Surf. B. Biointerfaces 164, 291–298.
doi:10.1016/j.colsurfb.2018.01.059

Xiao, B., Ma, L., and Merlin, D. (2017). Nanoparticle-mediated Co-delivery of
Chemotherapeutic Agent and siRNA for Combination Cancer Therapy. Expert
Opin. Drug Deliv. 14, 65–73. doi:10.1080/17425247.2016.1205583

Xie, Y., Qiao, H., Su, Z., Chen, M., Ping, Q., and Sun, M. (2014). PEGylated
Carboxymethyl Chitosan/calcium Phosphate Hybrid Anionic Nanoparticles
Mediated hTERT siRNA Delivery for Anticancer Therapy. Biomaterials 35,
7978–7991. doi:10.1016/j.biomaterials.2014.05.068

Xiong, W., Qi, L., Jiang, N., Zhao, Q., Chen, L., Jiang, X., et al. (2021). Metformin
Liposome-Mediated PD-L1 Downregulation for Amplifying the Photodynamic
Immunotherapy Efficacy. ACS Appl. Mater. Inter. 13, 8026–8041. doi:10.1021/
acsami.0c21743

Xu, W. W., Liu, D. Y., Cao, Y. C., and Wang, X. Y. (2017). GE11 Peptide-
Conjugated Nanoliposomes to Enhance the Combinational Therapeutic
Efficacy of Docetaxel and siRNA in Laryngeal Cancers. Int. J. Nanomedicine
12, 6461–6470. doi:10.2147/ijn.S129946

Yan, L., Gao, S., Shui, S., Liu, S., Qu, H., Liu, C., et al. (2020). Small Interfering RNA-
Loaded Chitosan Hydrochloride/carboxymethyl Chitosan Nanoparticles for
Ultrasound-Triggered Release to Hamper Colorectal Cancer Growth In Vitro.
Int. J. Biol. Macromol 162, 1303–1310. doi:10.1016/j.ijbiomac.2020.06.246

Yang, Y., Xie, X., Xu, X., Xia, X., Wang, H., Li, L., et al. (2016). Thermal and
Magnetic Dual-Responsive Liposomes with a Cell-Penetrating Peptide-siRNA
Conjugate for Enhanced and Targeted Cancer Therapy. Colloids Surf. B.
Biointerfaces 146, 607–615. doi:10.1016/j.colsurfb.2016.07.002

Yang, Z., Wang, J., Liu, S., Li, X., Miao, L., Yang, B., et al. (2020). Defeating Relapsed
and Refractory Malignancies through a Nano-Enabled Mitochondria-Mediated
Respiratory Inhibition and Damage Pathway. Biomaterials 229, 119580.
doi:10.1016/j.biomaterials.2019.119580

Yang, Z. Z., Li, J. Q., Wang, Z. Z., Dong, D.W., and Qi, X. R. (2014). Tumor-targeting
Dual Peptides-Modified Cationic Liposomes for Delivery of siRNA and Docetaxel
to Gliomas. Biomaterials 35, 5226–5239. doi:10.1016/j.biomaterials.2014.03.017

Yardley, D. A. (2013). Nab-Paclitaxel Mechanisms of Action and Delivery.
J. Control Release 170, 365–372. doi:10.1016/j.jconrel.2013.05.041

Ying, H., Dey, P., Yao, W., Kimmelman, A. C., Draetta, G. F., Maitra, A., et al.
(2016). Genetics and Biology of Pancreatic Ductal Adenocarcinoma.Genes Dev.
30, 355–385. doi:10.1101/gad.275776.115

Yong, T., Zhang, X., Bie, N., Zhang, H., Zhang, X., Li, F., et al. (2019). Tumor
Exosome-Based Nanoparticles Are Efficient Drug Carriers for Chemotherapy.
Nat. Commun. 10, 3838. doi:10.1038/s41467-019-11718-4

Yue, J., Feliciano, T. J., Li, W., Lee, A., and Odom, T. W. (2017). Gold Nanoparticle
Size and Shape Effects on Cellular Uptake and Intracellular Distribution of
siRNA Nanoconstructs. Bioconjug. Chem. 28, 1791–1800. doi:10.1021/
acs.bioconjchem.7b00252

Zhang, H. G., Kim, H., Liu, C., Yu, S., Wang, J., Grizzle, W. E., et al. (2007).
Curcumin Reverses Breast Tumor Exosomes Mediated Immune Suppression of
NK Cell Tumor Cytotoxicity. Biochim. Biophys. Acta 1773, 1116–1123.
doi:10.1016/j.bbamcr.2007.04.015

Zhang, M., Zhu, J., Zheng, Y., Guo, R., Wang, S., Mignani, S., et al. (2018).
Doxorubicin-Conjugated PAMAM Dendrimers for pH-Responsive Drug
Release and Folic Acid-Targeted Cancer Therapy. Pharmaceutics 10, 162.
doi:10.3390/pharmaceutics10030162

Zhou, F., Zheng, T., Abdel-Halim, E. S., Jiang, L., and Zhu, J. J. (2016). A
Multifunctional Core-Shell Nanoplatform for Enhanced Cancer Cell
Apoptosis and Targeted Chemotherapy. J. Mater. Chem. B 4, 2887–2894.
doi:10.1039/c6tb00438e

Zhou, L., Jing, Y., Liu, Y., Liu, Z., Gao, D., Chen, H., et al. (2018). Mesoporous
Carbon Nanospheres as a Multifunctional Carrier for Cancer Theranostics.
Theranostics 8, 663–675. doi:10.7150/thno.21927

Zhu, L., and Chen, L. (2019). Progress in Research on Paclitaxel and Tumor
Immunotherapy. Cell. Mol. Biol. Lett. 24, 40. doi:10.1186/s11658-019-0164-y

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Liu, Yang, Chen, Xu, Yang, Yu, Li, Dong, Han, Cao, Qi, Su, Xu, Li
and Li. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org October 2021 | Volume 12 | Article 73544622

Liu et al. Drug Delivery and Tumor Therapy

https://doi.org/10.1016/j.nano.2016.04.004
https://doi.org/10.2217/nnm.12.81
https://doi.org/10.1186/s12951-018-0365-y
https://doi.org/10.1016/j.phrs.2016.03.002
https://doi.org/10.1016/j.phrs.2016.03.002
https://doi.org/10.15761/icst.1000150
https://doi.org/10.1016/j.addr.2012.06.011
https://doi.org/10.1016/j.talanta.2008.09.018
https://doi.org/10.1016/j.talanta.2008.09.018
https://doi.org/10.2174/0929867324666170314143335
https://doi.org/10.2174/0929867324666170314143335
https://doi.org/10.2147/dddt.S205787
https://doi.org/10.1016/j.jconrel.2005.01.008
https://doi.org/10.1016/j.jconrel.2005.01.008
https://doi.org/10.3892/or.2017.5593
https://doi.org/10.1007/s12272-017-0979-x
https://doi.org/10.1007/s12272-017-0979-x
https://doi.org/10.1016/j.jconrel.2014.12.030
https://doi.org/10.18632/oncotarget.13499
https://doi.org/10.2147/ijn.S88285
https://doi.org/10.2147/ijn.S88285
https://doi.org/10.1016/j.colsurfb.2018.01.059
https://doi.org/10.1080/17425247.2016.1205583
https://doi.org/10.1016/j.biomaterials.2014.05.068
https://doi.org/10.1021/acsami.0c21743
https://doi.org/10.1021/acsami.0c21743
https://doi.org/10.2147/ijn.S129946
https://doi.org/10.1016/j.ijbiomac.2020.06.246
https://doi.org/10.1016/j.colsurfb.2016.07.002
https://doi.org/10.1016/j.biomaterials.2019.119580
https://doi.org/10.1016/j.biomaterials.2014.03.017
https://doi.org/10.1016/j.jconrel.2013.05.041
https://doi.org/10.1101/gad.275776.115
https://doi.org/10.1038/s41467-019-11718-4
https://doi.org/10.1021/acs.bioconjchem.7b00252
https://doi.org/10.1021/acs.bioconjchem.7b00252
https://doi.org/10.1016/j.bbamcr.2007.04.015
https://doi.org/10.3390/pharmaceutics10030162
https://doi.org/10.1039/c6tb00438e
https://doi.org/10.7150/thno.21927
https://doi.org/10.1186/s11658-019-0164-y
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	A Review on Drug Delivery System for Tumor Therapy
	Introduction
	Preparation, Characteristics, and Application of Several Common Drug Delivery Carriers
	Nonmetallic NPs
	Metal NPs
	Natural Polymer NPs
	Liposomes
	Exosomes
	Dendrimer

	The Antitumor Effect and Mechanism of Different Antitumor Drugs in Delivery Carriers
	DOX
	PTX and DTX
	CUR
	siRNA
	MET
	5-FU

	Personalized Cancer Nanomedicine
	Conclusion and Expectation
	Author Contributions
	Funding
	References


