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Abstract

Check for

Cancer poses a great threat and challenge to human health. However, the most widely used chemotherapy drugs show
resistance due to various reasons, such as cellular efflux, poor targeting, obvious side effects. On the other hand, as a
new drug delivery vehicle, nanoparticles have attracted extensive attention due to their good targeting and low toxicity.
Various nanoparticles for drug delivery, including liposomes, polymer nanoparticles, micelles, drug-polymer conjugates,
dendrimers, nanoshells, magnetic nanoparticles, drug nanocrystals, and extracellular vesicles, are reviewed in this paper.
The basic property and characteristics of various nanoparticle were summarized and compared, and that strategies of
nanoparticle in reversing drug resistance of tumors were analyzed.
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Introduction

Cancer, as a disease with the highest mortality rate for
a long time, is a great challenge for human health. Drug
treatment plays a vital role in cancer treatment. Since the
first compound nitrogen mustard with anti-tumor activity
was found in the 1940s, 130-150 anti-cancer drugs have
been approved and marketed worldwide. However, different
mechanisms and different degrees of drug resistance have
become one of the most important reasons for the failure of
clinical chemotherapy [1-4]. There are many mechanisms for
drug resistance in tumors, such as reduced accumulation of
drugs in tumor cells due to cellular efflux, drug inactivation,
inhibition of cell apoptosis, increase or change of drug
targets, resistance of target proteins due to gene mutation,
changes in tumor microenvironment, and enhanced repair
of drug-induced injury [5-9]. Clinically, tumor resistance to
chemotherapeutic drugs is often associated with multiple
mechanisms, which is also one of the reasons leading to
multi-drug resistance. Based on these mechanisms, different
strategies have been proposed to reverse drug resistance,
including inhibition of over-expression of drug efflux
transporters, targeted delivery, delivery of miRNA, siRNA
and other gene drugs to regulate the tumor cell apoptosis
signaling pathway, and combined drug administration [10-15].
The practice of these strategies needs appropriate delivery
vehicles. Therefore, nanoparticles with the advantages of
small size, high delivery efficiency, and low immunogenicity
have entered the attention of researchers.

Nanoparticles refer to artificial or natural solid particles
with at least one dimension in the nanometer size (0.1-100

nm) in three-dimensional space, also known as nano dust
or nano dust. The ultra-small size of nanoparticles enables
them to have extraordinary penetration, permeability and
great specific surface area, which are not available in other
materials. As a result, they become a new type of materials,
which is expected to be applied in various fields. In the field of
drug delivery, the characteristics of nanoparticles give them
significant advantages in crossing physiological barriers such
as the gastrointestinal tract, cell uptake, and targeting, which
is expected to enhance the therapeutic effect of anticancer
drugs and reverse drug resistance. In this paper, we introduce
the basic characteristics and respective advantages of various
nanoparticles for the delivery of anticancer drugs, with
emphasis on the analysis of strategies for the realization of
drug resistance reversal by nanoparticles.

Introduction of Nanoparticles

The types of nanoparticles are diverse, and the properties
of nanoparticles with different particle sizes, shapes,
structures and even materials are also different. At present,
the nanoparticles with more studies mainly include liposomes
[16-19], polymeric nanoparticles [20], micelles [21,22], drug-
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polymer conjugates [23], dendrimers [24], nanoshells [25],
magnetic nanoparticles [26], drug nanocrystals [27], and
nanoparticles (extracellular vesicles) of biological origin [28].
The schematic diagram of the planar and three-dimensional
structure is shown in Figure 1. These different nanoparticles
have respective advantages in reversing the resistance of
anticancer drugs (Table 1).

Liposomes

Liposome is a artificial membrane. The hydrophilic head
of that phospholipid molecule in the water is insert into the
water, and the hydrophobic tail of the liposome extends
to the air to form the spherical liposome with double-layer
lipid molecules aft stirring, and the diameter is 25-1000
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Figure 1: Two-dimensional structure and three-dimensional structure diagram of various nanoparticles. A. Liposome. B. Polymer
nanoparticle. C. Micelles. D. Drug-polymer conjugate. E. Dendrimer. F.Nanoshell. G. Magnetic nanoparticles. H. Drug nanocrystals.
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Table 1: Advantage of Various Nanocrystals in Reversing Resistance of Anti-Cancer.

Nanoparticles Structure Measure Advantages in reversing resistance of anticancer
drugs

Liposome Bilayer structure 25-1000 nm Low toxicity; Low immunogenicity; Targeting

Polymer nanoparticles Core-shell structure 10-1000 nm Can improve that efficacy of drug molecule; Can
enhance drug stability

Polymer micelle Single molecular layer | 10-100 nm Targeting; Can improve the stability of insoluble

structure drugs

Drug-polymer conjugate skeleton structure 50-1000 nm High drug loading

Dendritic polymer Lineardendritic structure 10-130 nm High stability

Nano shell Hollow shell structure 10-500 nm Sustainable drug release; Flexible adjustability

Magnetic nanoparticles Core-shell structure 10-1000 nm Has special magnetic guiding property

drug nanocrystal Crystalline structure 10-1000 nm Is not restrict by encapsulation efficiency, and has
large effective drug amount; Can improve that
solubility of insoluble drug;

Extracellular vesicle Bilayer structure 30-200 nm Natural source, low immunogenicity; Is easy to be
taken up by target cell; Strong targeting
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nm. In terms of drug delivery, liposomes have the following
advantages:

Low toxicity, low immunogenicity: The liposome consists
of phospholipid and additive. The phospholipid includes
natural phospholipid (lecithin) and synthetic phospholipid
from egg yolk and soybean. The additive is cholesterol or
sterol. These components are similar to biomembrane and
have low toxicity and immunogenicity. In addition, liposomes
can deliver toxic drugs into cells through membrane fusion,
thereby reducing the non-targeted distribution of drugs in
the body and reducing their toxicity.

Targeting: The passive targeting of liposomes depends
on the endocytosis of cells, while the active targeting is
mainly achieved through engineering. For example, folic acid
receptor is abundantly expressed in most malignant tumor
cells and almost not expressed in normal cells. Using this,
we can design and link folic acid molecules on liposomes to
achieve targeted effects [29].

Polymer nanoparticles

The system formed by drug dispersion, encapsulation
and adsorption in polymer materials is called polymer
nanoparticles, The size of polymer nanoparticles is usually
10-10-1000 nm, Polymer materials include polyalkylene
glycol, copolymer of lactide and glycolide, poly (L-lactide),
polylactic acid, etc, [30,31]. In terms of drug delivery, polymer
nanoparticles have the following advantages:

The polymer is a nanoparticle thatimproves the properties
of the drug molecule. Compared with other nano delivery
systems, polymer nanoparticles can be functionalized more
easily and finely in terms of size adjustment and surface
modification, thereby improving the targeting of drugs to
target organs and increasing the half-life of drugs in the blood
stream [32].

The polymer nanoparticles can enhance the stability of
drugs, especially protein drugs, and avoid the loss of effective
drugamount caused by hydrolysis and leakage before reaching
the action site. This effect is achieved through a variety of
polymer-to-drug molecule fixation: The nanocapsules are
porous systems in which the drug molecules are adsorbed
in the pores without easy leakage; The nanoparticles were a
homogeneous system in which the drug was homogeneously
dispersed.

Polymer micelles

When a surfactant is dissolved in water and its
concentration increases so that the surface of the solution is
saturated that it can no longer be adsorbed, the hydrophobic
parts of many surfactant molecules (generally 50 to 150)
attract and associate with each other to form an association
called a micelle or micelle, which has various shapes such as a
sphere, a layer, a rod, and usually 10 to 10-100 nm in size. In
drug delivery, micelles have the advantage that:

Targeting: Due to their small size, micelles are more
likely to carry drug to target sites and be taken up by cells by
penetrating through various physiological barrier. Similar to
liposomes, micelles can also be actively targeted by surface

modification [33-35].

One significant advantage of micelles over other
nanoparticles is their ability to improve the stability of
poorly soluble drugs. The hydrophobic ends of the surfactant
molecules constituting the polymer micelles can be crosslinked
to form a hydrophobic inner core through the reduction of
the system free energy, and the micelles can increase the
existence of insoluble drugs in the hydrophobic inner core
and keep the stability from aggregation and settlement.

Drug-polymer conjugates

The drug-polymer conjugate model comprises a
biocompatible water-soluble polymer backbone and a
delivered drug or prodrug carried within the backbone
with a particle size between 50 and 50-1000 nm. Common
polymer materials include polyethylene glycol (PEG), N-(2-
hydroxypropyl) methacrylamide (HPMA), polyglycolic acid
(PGA) and polylactide-co-glycolide (PLGA) [36,37]. These
materials have the advantages of biodegradability and good
water solubility. In terms of drug delivery, drug-polymer
conjugates have the following advantages:

High drug loading: The polymer molecules are combined
or coupled with the drugs by covalent bonding, and the
framework structure provides enough space for the drug to
be contained, so that a larger amount of drugs can be loaded.

Dendrimers

Dendrimers, alsoknown as dendrimers, are linear polymers
with a dendrimer on each repeating unit. Dendrimers have
precise nanostructures and their synthesis methods include
divergence method and convergence method. The precise
generations and volume of dendrimers are determined by the
synthesis steps. The diameter of the dendritic polymer ranges
from 10 nm to 130 nm from GO generation to G10 generation
respectively. There are three kinds of drug loading sites for
dendrimers:

(1) Void space (through molecular entrapment); (ii) Branch
point (by hydrogen bonding); And (iii) Through an outer
surface group (charge-charge interaction) [38].

In terms of drug delivery, dendrimers have the following
advantages:

High stability: According to different generations, the
dendrimers have different diameters, thus forming a stable
rigid structure with thick core and thin end. Intermolecular
forces, hydrogen bonds, and other forces can maintain the
stability of its internal structure. In addition, the drug can be
integrated with the dendritic polymer by covalent connection,
so that the original structure of the nanocarrier is not affected,
and the stability of the nanocarrier is maintained.

Nanometer shell

Nano-shell is a new type of nanoparticles with adjustable
optical properties. It is a hollow metallic sphere, which is only
one twentieth the size of red blood cells and has a diameter
of 10-500 nm. The nano-shell can be directly formed on the
surface of the target drug by methods such as atomic layer
deposition (ALD) to complete the preparation of the drug-
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loaded nano-shell. In terms of drug delivery, the advantages
of nanoshells are:

Sustainable drug release: After the drug-loaded nano-
shells enter the plasma, due to the friction force generated
by blood flow, the pH value of the plasma and the like, the
nano-shell layers are gradually dissolved, and the drug is
gradually released, so that local high concentration and sub-
therapeutic effects are avoided.

Flexible adjustability: In the process of preparing the
nano shell, the thickness of the shell layer can be controlled
by controlling the reaction, so that the optical properties
such as the efficiency of absorbing light of the nano shell
are changed. The thickness of the nanoshell when it was
most sensitive to light could be determined by continuous
adjustment, so as to achieve a more sensitive photoresponse-
drug release [39]. In addition, the nanoshell can be directly
injected into the tumor and the tumor can be irradiated with
visible light, laser, and the like to increase the temperature,
thereby eliminating the tumor [40,41].

Magnetic nanoparticles

Magnetic nanoparticles are nano-sized particles, generally
composed of a magnetic core composed of metal oxides such
as iron, cobalt, nickel and a high-molecular polymer/silicon/
hydroxyapatite shell layer wrapped outside the magnetic
core, with a size of 10-1000 nm. It is different from other
types of nanoparticles due to its special properties such
as magnetism. The most common nuclear layer is made of
Fe,O, or y-Fe,O, with super paramagnetic or ferromagnetic
properties, with magnetic orientation (targeting). Under the
action of the external magnetic field, it can achieve directional
movement, convenient positioning and separation from the
medium. The most common shell layer is composed of high-
molecular polymers. The active groups coupled on the shell
layer can combine with a variety of biomolecules, such as
protein, enzymes, antigens, antibodies, nucleic acids, and so
on, to achieve its functionalization. In terms of drug delivery,
magnetic nanoparticles have the following advantages:

Has special magnetic guidance: The materials of the
magnetic nanoparticles comprise metal compounds, so that
the magnetic nanoparticles can be purposefully and targeted
enriched in tumor tissues under the action of an external
magnetic field or a magnetic field in vivo [42,43].

Magnetic nanoparticles can interact with alternating
magnetic fields to convert electromagnetic energy into
thermal energy. Based on this feature, after the targeted
delivery of magnetic nanoparticles to the tumor site, the
application of an alternating magnetic field can increase the
temperature of the nanoparticles to kill the tumor cells [44].

Drug nanocrystals

Drug nanocrystals refer to pure solid drug particles present
as crystals with an average particle size of not more than 1000
nm. Compared with the nanocarrier drugs listed above, the
most unique advantage of nanocrystals is that they are not
constrained by the encapsulation efficiency: The drugs are
directly nanocrystallized without the need of using carrier

materials, so there is no problem of encapsulation efficiency
or drug loading [45]. In addition, the advantages of diverse
dosage forms, controllable particle size, and easy mass
production make nanocrystals occupy an important position
in the research and development of nano drug delivery. In
terms of drug delivery, the advantages of nanocrystals are:

And that effective drug load is large. Except for a small
amount of stabilizer, drug nanocrystals were mainly
composed of drugs, and their drug content at the same grade
size was greater than that of other kinds of nanoparticles
composed of drugs and carriers. In addition, the higher
crystal density further increases the actual drug content of
the nanocrystalline drug.

Improve the solubility of insoluble drugs: Amorphous
particles in nanocrystalline drugs have the special advantage
that their saturated solubility is much higher than that of
crystalline drugs at the same particle size, which can greatly
improve the bioavailability. Smaller particle size and larger
specific surface area of nanocrystals are also beneficial to
improving the solubility of poorly soluble drugs.

Extracellular vesicles

Extracellular vesicles are collectively referred to the tiny
vesicles with membrane structures actively secreted by
cells, and almost all cells will secrete EVs [46]. In 1983, the
vesicles smaller than 50 uM secreted by reticulocytes during
maturation were found to have protein transport function.
Since then, the delivery of EVs has attracted increasing
attention and become a research focus in the field of drug
delivery. According to the difference in size, biological
characteristics and formation process, EVs is mainly divided
into three categories: Exosomes, microvesicles and apoptotic
bodies. In which exosomes with a diameter in the range of
40-200 nm and microvesicles in the range of 200-1000 nm
have a function of transferring mRNA, miRNA and protein to
receptor cells. Unlike the synthetic nanoparticles described
above, extracellular vesicles are of biological origin and offer
unique advantages in drug delivery:

Low immunogenicity: EVs are derived from natural
biological cells and are biocompatible and biodegradable, with
lower toxicity and immunogenicity than other nanoparticles.
By contrast, the structure of EVs is similar to that of liposomes
which are also lipid bilayer, but the components of EVs are
more similar to its parent cells, so it is not easy to be captured
by the immune system in the recipient organism, thus
ensuring the release of drugs after reaching the target site.

And is easy to be taken up by target cell. EVs has a
phospholipid bilayer structure, which is the same as that of
biological target cells, so it is easy to achieve endocytosis
through the mobility of the membrane. In addition, EVs often
has a biological recognition ligand on the surface, which
can recognize each other with the receptor to promote cell
uptake; The small size of EVs is also one of the reasons for its
easy uptake by cells.

Strong targeting: EVs derived from a particular parental
cell line have tropism for their cognate cells. The ability of
EVs to target tumor cells is significantly enhanced compared
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to liposomes of comparable size, which is associated with
optimized EVs internalization by receptor ligand binding on
the receptor cells. EVs itself is rich in miRNA, and many tumors
have characteristic miRNA expression down-regulation, so
using EVs to deliver miRNA to target tumor sites is an ideal
solution.

Mechanism of Nanoparticles Reversing Drug
Resistance

Reducing cellular efflux

Tumor resistance is largely related to the expression of
(membrane transporter) resistance-related proteins. Various
drug resistance protein genes represented by ATP-binding
cassette (ABC) transporter family expel drug molecules out of
cells to reduce drug accumulation by expressing membrane
transporters such as P-gp, MRPs, and TfR, thereby directly
affecting the efficacy of drug therapy [47-50]. Specifically,
many studies have shown that using nanoparticles as drug
delivery vehicles can reverse drug efflux [51-53]. Figure 2
shows the conformational changes of P-gp when transporting
drugs and various pathways for reversing the action of P-gp.

Nanoparticles can deliver drug efflux transporter
inhibitors to directly reverse drug efflux, including but not
limited to organic polymers [54]; Chemical [55,56]; SiRNA
and other gene drugs [57-59]. Transporter inhibitors can
silence ABCB1, ABCC and other genes to down-regulate the
expression of P-gp and MRPs and reverse the drug efflux.
Nuclear factor kB (NF-kB) is highly correlated with P-gp

expression. Chemotherapy drugs such as doxorubicin and
paclitaxel can activate NF-kB [60]. The chemotherapeutic
sensitizer pyrrolidine dithiocarbamate (PDTC) can inhibit
P-gp expression by inhibiting the high activity of NF-kB
spontaneously or activated by chemotherapy drugs [61].
Based on this, Xu Cheng, et al, [56] delivered PDTC through
polymer nanoparticles, and the results showed that compared
with blank nanoparticles and free PDTC group, PTDC-NP could
effectively inhibit NF-kB nuclear translocation and down-
regulate P-gp expression. RNA interference technology (RNAI)
refers to the highly conservative phenomenon of efficient
and specific degradation of homologous mRNA induced
by double-stranded RNA (dsRNA) in the evolution process
[62]. The use of RNAI technology can specifically eliminate
or shut down the expression of genes associated with drug
efflux transporters, and nanoparticles are an ideal vehicle
for implementing this technology in reversing the resistance
of anticancer drugs. Bao-an Chen, et al. [57] designed short
hairpin RNA (shRNA) directly targeting the target sequences
of MDR1 mRNA (nucleotides 3491-3509, 1539-1557 and
3103-3121) to be delivered to K562 cells through magnetic
ferroferric oxide nanoparticles. FCM method detected that
the shRNA-containing nanoparticles had higher accumulation
in K562 cells than the blank nanoparticles.

Nanoparticles can carry drugs around the efflux signaling
pathway of tumor cells. Due to their extremely small size and
large specific surface area, the drug-loaded nanoparticles
can be ingested by cells through a passive diffusion process,
thereby avoiding the activation of efflux signaling pathways. In
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addition, nanoparticles such as liposomes, polymer micelles,
and extracellular vesicles can enter cells through endocytosis
and then release drugs due to their good fat solubility, which
can greatly increase the content of drugs in cells. Sandeep
Kumar Vishwakarma, et al. [63] synthesized and transfected
sorafenib-gold nanoconjugates (SF-GNP) with an average
particle size of only 7nm into a HepG2 drug-resistant cell
model, and transcriptional expression analysis showed
that after treatment with SF-GNP nanoconjugates. A highly
reduced expression of ABCG2 was observed in SF-resistant
HepG2 cells from the corresponding colonies (P < 0.0001),
suggesting that SF-GNP entry into cells did not activate the
efflux signaling pathway in SF-resistant HepG2 cells.

P-The drug efflux process of gp is an active transport
process, which needs to consume energy. The energy is
also consumed in the process of drug-loaded nanoparticles
being swallowed into cells. Therefore, nanoparticles can
directly compete with P-gp for ATP to inhibit its transport
function. Jing Miao, et al., [64] compared the toxicity of free
paclitaxel and paclitaxel-loaded solid lipid nanoparticles on
drug-resistant MCF-7 cells. Cell uptake experiments showed
that the percentage of cell uptake of SLN-loaded PTX was
significantly increased compared with that of free paclitaxel.
In addition to ATP competition, nanoparticles can also deliver
substrates of certain drug efflux transporters that bind to the
transporters and competitively inhibit drug efflux. Therefore,
according to the structural characteristics of P-gp binding
sites, compounds can be targeted designed to competitively
bind to P-gp or to simultaneously deliver more than two
drugs, one of which acts as a competitive inhibitor of P-gp to
reverse the efflux of the other drug. The main problem with
this strategy today is the control of the amount of drug.

P-gp expression in cells is limited. When the amount of
drugs entering cells is large, the transport function of P-gp

reaches saturation, and the bioavailability of drugs increases
sharply in a short time to the level of killing tumor cells.
Nanoparticles can deliver larger amounts of drug compared
to free administration to achieve this strategy. However, this
strategy needs to be further refined in view of the potential
and uncontrolled toxicity of drug overdoses.

Combined dosing

In tumor chemotherapy regimens, using only one drug
may cause various problems such as insufficient efficacy,
high toxicity, and easiness in leading to drug resistance, and
thus more than two drugs are often used in combination. The
combination strategy of antineoplastic agents is to improve
efficacy without increasing overall toxicity and reducing the
potential for resistance. A large number of clinical studies and
treatment results provide strong evidence for better tumor
treatment effects with combined drugs [65-70]. However,
excessive toxicity, drug interaction, and unsatisfactory
synergy due to different pharmacokinetic properties of
different drugs limit the practice of combined drugs in clinical
chemotherapy. As a tiny drug-carrying system with rich drug-
carrying space, nanoparticles can complete the joint delivery
of a variety of antitumor drugs with its excellent permeability,
targeting and accurate control of the drug content ratio.
Figure 3 is a structural diagram of the dendrimer PAMAM
loaded with multiple drugs simultaneously.

Paclitaxel resistance often occurs, leadingtochemotherapy
failure. Combined use of P-gp inhibitors can reverse paclitaxel
resistance. Liang Zou, et al., [71] used PEG-PAMAM dendritic
polymer nanoparticles to jointly deliver paclitaxel and borneol
with P-gp inhibition. The same fat-soluble paclitaxel and
borneol were loaded into the hydrophobic core of PAMAM
by nano-precipitation. Compared with PAMAM loaded
with paclitaxel alone, the nanoparticles loaded with the

Hydrophobic drug

Figure 3: Structural pattern of 3.PAMAM loaded with multiple drugs simultaneously.
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combination drug showed more significant tumor inhibition.
Due to the encapsulation effect of the nanoparticles, the
pharmacokinetic behaviors of paclitaxel and borneol in
A2780/ PTX tumor-bearing nude mice were similar, which
was conducive to the synergistic antitumor effect of the two.

Resistance in some cancers is associated with specific
signaling pathways. Studies have shown that the resistance
of 5-FU to colorectal cancer is related to the down-regulation
of human DNA MutS homologue 2 (hMSH2) by miR-21
[72], and this resistance can be overcome by co-delivery of
the restored dysregulated miRNA with anticancer drugs.
Gaofeng Liang, et al., [73] co-packaged 5-FU and miR-21i
into engineered exosomes by electroporation to evaluate
in vitro reverse resistance of HCT-116 human colon cancer
resistant cell line. The combination group showed a higher
rate of apoptosis (42.3%) compared to the delivery of miR-
21i alone (12.6%) or 5-FU alone (26.2%). The overexpression
of T-type Ca2+ channel has been confirmed to be the key
factor for drug resistance in HepG2 hepatoma cells. To solve
this problem, Jie Zhao, et al., [74] constructed silicon dioxide
(LSC) nanoparticles to co-deliver Ca* channel siRNA and
doxorubicin (Adr). The results of cell mechanism research
have shown that compared with the single delivery of ADRs,
the introduction of siRNA effectively reduced the level of Ca?
in GO/G1 cells, thus increasing the intracellular accumulation
of ADRs. The results of antitumor experiments in vitro
confirmed this mechanism.

Tumor micro environment has an important impact on
drug chemotherapy. Heterogeneity of the micro environment
of some tumors, such as hypoxia and insufficient blood supply,
will hinder the transport of drugs in the blood vessels of tumor
tissues, leading to drug resistance. Therefore, normalizing
tumor blood vessels with nanoparticles is one of the
mechanisms for reversing drug resistance. The antimalarial
drug chloroquine (CQ) has been shown to normalize blood
vessels. CQ can reduce tumor hypoxia, enhance intra-tumor
chemotherapy drug delivery, and inhibit tumor invasion and
diffusion [75]. Tingting Lv, et al., [76] coadministered the CQ
and the anti-EGFP agent ERL and co-encapsulated the two
by a PAMAM dendrimer, thereby reversing the resistance to
EGFR mutations in NSCLC.

Lipid rafts are microstructural domains rich in cholesterol
and sphingomyelin on the plasma membrane. It was about 70
nm in size, and it was a dynamic structure, located in the outer
small page of the plasma membrane. Studies have shown
that drug-resistant cancer cells have high levels of cholesterol
and sphingomyelin on their plasma membrane, which are
extremely easy to form lipid rafts. This high-density structure
hinders the drugs from entering the cells [77,78]. Targeted,
combined use of lipid-lowering drugs may help chemotherapy
drugs to break through this obstacle. In order to ensure that
chemo therapy drugs can pass the "road" opened by lipid-
lowering drugs in time, the use of nanoparticles to deliver
the two in the same time and space is an ideal strategy. Bin
Du, et al., [79] studied the therapeutic effect of doxorubicin
(DOX) and simvastatin (SV)-co-loaded poly (lactic-co-glycolic
acid) nanoparticles (SV/DOX@TPGS2k-PLGA nanoparticles)
on drug-resistant colon cancer. SV can consume cholesterol

used for the synthesis of lipid rafts and destroy the lipid raft
structure, increasing the intracellular accumulation of DOX.

Analysis of major tumor tissues excised from tumor-
bearing nude mice after 14 days of treatment showed that
after 14 days of treatment with SV/DOX@TPGS2k-PLGA
nanoparticles, tumor growth rates in nude mice decreased to
0.5%, significantly lower than those in the DOX group (7.1%),
the SV group (5.6%), the DOX@TPGS2k-PLGA group (2.7%),
the SV@TPGS2k-PLGA group (4.2%), the TPGS2k-PLGA group
(7.6%), and the saline group (8.1%). This indicates that the
combined delivery of anti-lipid rafts and chemotherapeutic
drugs with nanoparticles has the potential to reverse drug
resistance of tumors.

Increase the solubility and stability of insoluble
drugs

Some natural or synthetic drugs have anti-tumor activity,
but many of them have unsatisfactory chemotherapy effect
due to poor water solubility and stability. Nanoparticles can
improve their solubility and stability by encapsulating the
drug. Take the insoluble compound paclitaxel as an example.
Free paclitaxel has low solubility and poor stability in aqueous
solution system, and may undergo aggregation, settlement
and other phenomena. Paclitaxel is delivered encapsulated in
liposomes or polymeric micelles, and the drug is encapsulated
in the hydrophobic core of the nanoparticles, thereby
increasing its solubility and stability. Huan Yang, et al., [80]
constructed paclitaxel-loaded ethylene glycol chitosan
nanoparticles. As a polymer shell, ethylene glycol chitosan
had high water solubility and could stably carry paclitaxel to a
target site, where it was dissolved to release the drug.

Making poorly soluble drugs into amorphous nanocrystals
is another strategy to improve their solubility [81,82]. Miriam,
et al., [83] adopted the water-wet bead milling method to
prepare amorphous indomethacin nanoparticles, and the
prepared nanosuspension reduced the crystallinity of the
drug particles, thereby improving the saturated solubility.
5.2-fold increase in amorphous indomethacin nanoparticles
compared to original indomethacin. Correspondingly, the
solubility of indomethacin nanocrystals was only 2.6 times
higher than that of the original drug.

The nanoparticles can firmly encapsulate the drug in
it by virtue of its tight structure, to ensure that the drug is
stable on the way of transportation to the target site, and
does not leak, be hydrolyzed, enzymatically inactivated, or
undergo aggregation and settlement. There is evidence that
the nanoparticles with crosslinked structure have a stronger
ability to improve drug stability [84-86], which is related to
therigid and dense space formed by the crosslinked structure.
Nieves Iglesias, et al., [87] showed that the core crosslinked
nanocarriers had excellent drug retention capacity (> 90%)
and could significantly increase the stability of camptothecin
in physiological media. The covalent bonds formed during
the reticulation between the hydrophobic segments of the
polymer in the core and the crosslinking agent DMDOO
are the key to the stability of the nanoparticles in the high
dilution solution.
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Increase drug targeting

Another important cause of tumor resistance is the failure
of targeted therapy. Poor targeting directly results in reduced
accumulation of drugsin cells, and the resulting poor targeting
is related to such factors as pharmacokinetic properties as
drug absorption and distribution, increase in the content of
drug-targeting enzymes, and change or increase in the action
targets of drugs. Compared with common preparations, drug-
loaded nanoparticles could easily cross various biological
barriers such as the blood-brain barrier and the blood-retina
barrier and allow the targeted enrichment of drugs. There are
two ways for nanoparticles to achieve the targeting effect:
Passive targeting and active targeting. Passive targeting refers
to the targeting achieved due to physiological endocytosis
after the drug or drug delivery system enters the body. The
distribution of the passively targeted nanoparticles in vivo is
mainly dependent on the particle size. The internal diameter
of the smallest capillary in the human body is about 5 um, and
the drug-loaded nanoparticles are in the nanometer level.
Therefore, the nanoparticles administered by injection are
not easy to block blood vessels, and can be targeted to liver,
spleen, and bone marrow. However, the accurate interaction
between drugs and tumor tissue targets by passive targeting
is limited, so the current targeting of nanoparticles focuses
on active targeting. Active targeting refers to the structural
modification of nanoparticles so that they can specifically
identify target cells, so that drugs can be directionally
delivered to the target area to play a role. According to the
different recognition methods, there are two main targeting
mechanisms for nanoparticles: Receptor-mediated [88-91]
and antigen-antibody mediated [92-95]. Figure 4 shows the
passive and active targeting of nanoparticles.

Folate receptor (FR) is overexpressed in tumor cells, and
its expression in some types of cancer cells is even 100-300
times higher than that in normal cells [96], so it is considered
as a biomarker of tumors. The modification of folic acid on

the surface of nanoparticles enables them to obtain the
ability to target the folate receptor. Dandan Wang, et al.,
[97] investigated the targeting ability of folic acid modified
albumin nanoparticles loaded with siRNA to leukemia cancer
cells. To enhance the targeting effect, all-trans retinoic acid
was also administered to selectively enhance the expression
of tumor cell FRB. The fluorescence intensity of tumor areas
treated with FA-targeted NPs or non-targeted NPs was
compared, and it was found that the fluorescence intensity
of the targeted group was significantly higher than that of
the non-targeted group, and the fluorescence intensity of the
targeted group in other non-tumor tissues was very weak,
indicating that folate-modified albumin nanoparticles had a
high degree of tumor targeting under the coordination of all-
trans retinoic acid, and achieving this effect was related to
both size-dependent passive targeting and folate receptor-
mediated active targeting.

Somatostatin  receptor is highly expressed in
neuroendocrine tissue tumors, and lanreotide (LT) has been
found to specifically bind to the somatostatin receptor SSTR
[98,99]. Based on the receptor-mediated mechanism in
active targeting, Hanh, et al., [100] designed methotrexate-
lanreotide hybrid polymer nanoparticles. Lanreotide on the
surface of the nanoparticles could induce the nanoparticles
to specifically bind to tumor cells with positive somatostatin
receptor SSTR. The results of the in vivo distribution
study showed that the fluorescence intensity of LT-MTX
nanoparticles in tumor sites was brighter than that of non-
targeted nanoparticles, which verified this point.

Under the stimulation of antigen, the body produces
antibodies from B lymphocytes-an immunoglobulin that
can specifically bind to antigen. The antibodies have the
characteristics of strong specificity, high sensitivity, and easy
preparation. Therefore, the nanoparticles modified with
antibodies can be loaded with drugs to target and enrich
in tumor cells. Bis ((S)-3- methylmorpholino) pyrido [2,3-D]
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Tk
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targeting; (C) Antigen-antibody targeting in active targeting.

fi- —

\f

pre;

3

Figure 4: Nanoparticle passive targeting and active targeting schematic (A) Passive targeting; (B) Receptor-ligand targeting in active
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pyrimidin -7- yl) -n-methylbenzamide (AZD-2014) is a potent
competitive inhibitor of ATP with inhibitory potential on
tumor cells, but a targeted nanodelivery system is needed to
transport it to tumor areas to avoid normal tissue damage.
Xiaolong Tang, et al., [101] designed an anti-CD20 antibody
(rituximab)-coated AZD-2014-PLGA-PEG (AB-NPS AZD-2014)
nanoparticle drug loading system. Rituximab can specifically
bind to CD20 highly expressed experimental tumor cells. Flow
cytometry results show that the uptake rate of rituximab-
modified nanoparticles is about four times that of unmodified
nanoparticles, which can significantly improve the anti-tumor
effect.

Changing the pharmacokinetic behavior of drugs
in vivo

The development of tumor resistance is largely related
to the pharmacokinetic behavior of drugs in vivo. Less drug
absorption, insufficient or unstable release, short retention
time, and rapid elimination will all reduce the effective drug
amount acting on tumor cells. As ideal drug delivery vehicles
for new strategies to reverse drug resistance, such as gene
therapy and targeted therapy, nanoparticles can improve the
pharmacokinetics of drugs in vivo.

Nanoparticles can increase drug oral acceptance [102-
105]. The traditional chemotherapeutic agents are mainly
administrated by intravascular route. Compared with oral
administration, oral administration can make patients have
better compliance and reduce adverse reactions. However,
poor oral absorption and low oral bioavailability must be
solved. Nanoparticles can cross the intestinal mucosal
barrier by virtue of their small size, and their mechanisms
include either permeation from the intercellular space or
passive transport. In addition, the fat-soluble nanoparticles
easily adhere to the cell membrane and internalize by
endocytosis to increase cellular uptake of the drug. Eun Suh
Kim, et al., [106] designed quercetin-loaded nanoparticles
with mucoadhesive properties, and the intestinal cell model
formed by coculture of Caco-2 and HY-29 cells proved that
the nanoparticles promoted the uptake of quercetin into
intestinal epithelial cells. Enhance the ability of the drug to
transport across the membrane and across the intestinal
barrier; Xiaomin Qian, et al., [107] attached a cell-penetrating
peptide TAT to granzyme B, and then encapsulated the
granzyme B in polymer nanocapsules, thereby improving
its transmembrane transport efficiency. The shape of
nanoparticles is also an important factor affecting the ability
of nanoparticles to cross the physiological barrier, Cheng
Bao, et al., [108] demonstrated that adjusting the shape
and rigidity of a-lactalbumin nanotubes could enhance their
ability to cross the intestinal mucus and cell barriers.

Nanoparticles have sustained and controlled release
effects [109-112]. After some pharmaceutical preparations
enter the body, the blood drug concentration is unstable
or the minimum effective concentration cannot be reached
due to the unstable and continuous release. Therefore,
nanoparticles can provide a drug storage space and achieve
slow and controlled drug release through a specific response
mechanism. Some excipients are almost not affected by

the slight changes in blood pH. The drugs encapsulated
by nanoparticles can be released continuously, stably and
slowly in tumor microenvironment simulation solutions
with different pH [113]. The release of some nanoparticles
is related to the environment, which can be used to design
the drug-loaded nanoparticles with pH-responsive release. G.
Deepa, et al., [114] explored the in vitro release of cytarabine
nanoparticles loaded with chitosan as the scaffold. They
found that the release rate of chitosan nanoparticles was
related to pH: Under low pH conditions, the protonation
of amino groups in chitosan polymers would lead to the
enhanced repulsion between chains and the increase in pore
size, thus accelerating the release of drug. On the contrary,
under alkaline conditions, the release of drug was slow, and
the sustained release could reach 72 h.

Nanoparticles can prolong the retention time and half-
life of drugs in vivo [115-118]. Pulmonary drug delivery can
prolong the retention time of drug in blood due to its large
absorption surface area and high permeability of epithelium.
Taking advantage of the fact that microparticles with a size
of 1-5um can be deposited at the bottom of the lung and
reach the alveolar, it is possible to design nanoparticles of
corresponding size to encapsulate the drug and extend the
time of circulation in the blood through lung absorption. In
the research by Kang Liu, et al., [119] compared with single
and combined intravenous administration of paclitaxel (PTX)
and (QUE), nanoparticles with the particle size of 1-5 pm can
significantly increase the blood circulation time of PTX and
QUE, with the half-lives of PTX and QUE extending from 0.32h
and 1.13h to 3.58h, respectively.

As the nanocarrier, liposome has the characteristics of
non-toxicity, no immunogenicity, degradation, and sustained
release, which have been mentioned above, However, the
traditional liposome composed of lecithin and cholesterol
is a thermodynamically unstable system, which limits its
application. There were many destructive factors to liposomes
in blood: High density lipoprotein (BCD) was the main
component that destroyed liposomes; apolipoprotein was
easy to fall off from BCD and bind to liposome phospholipid;
BCD and liposome were easy to occur, and they exchanged
with phospholipid, and liposome membrane formed pores.
At the same time, the liposome activates the complement
system in blood and finally forms a tapping membrane
complex, and hydrophilic channels appear in the liposome
membrane, causing drug leakage and massive entry of water
and electrolyte, and finally permeating and cracking the
liposome. Serum albumin and liposome phospholipid combine
to form a complex to reduce the stability; Phospholipases in
blood can hydrolyze phospholipids, and the strength of this
reaction is determined by the structure of phospholipids.
After entering the circulatory system, most of the unmodified
liposomes were transferred to the liver and spleen and
other regions rich in mononuclear phagocyte system, and a
small amount was taken up by the lung, bone marrow and
kidney. The hepatocyte membrane receptor recognizes the
negatively charged groups of phospholipids directly exposed
to the surface, so that the liposomes are first swallowed by
the hepatocytes. These factors combined to make the half-
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Table 2: Some marketed or in clinical trials of nano-preparations.

Name of drug Active ingredient | Dosage formroute | Year of  Marketing Company Remarks
of administration Listing status

Doxil® Adriamycin Injection; 1995 RX Sequus pharmaceuticals RLD
Intravenous injection

Rapamune® Sirolimus Tablet; Oral 2000 RX PF prism CV RLD

Emend’ Aprepitant Capsule; Oral 2003 RX Merck RLD

Tricor® Fenofibrate Tablet; Oral 2004 RX Abbvie RLD

Triglide® Fenofibrate Tablet; Oral 2005 RX Skyepharma AG RLD

Megace ES® Megestrol Suspension; Oral 2005 RX Endopharms inc RLD

Liporaxel’ paclitaxel Solution; Oral 2016 RX Haihe Biopharma Listed in Korea

Rybelsus® Semaglutide Tablet; Oral 2019 RX Novo RLD

Table 3: Report of Major Adverse Reactions of Listed Nano-particles.

Name of drug Active ingredient

Doxil® Adriamycin Injection; Intravenous injection
Rapamune® Sirolimus Tablet; Oral

Emend’ Aprepitant Capsule; Oral

Abraxane® Paclitaxel Injection; intravenous drip
KaiLai’® Doxorubicin Injection; intravenous drip

life of traditional liposomes only ten minutes, but the birth
of long-circulating liposomes to make up for this defect.
Long-circulating liposomes can prevent many different
components in the blood, especially opsonins, from binding
to it due to the hydrophilic groups, thus reducing the affinity
with the mononuclear phagocyte system MPS, and it can
stably exist in the circulatory system and prolong the half-life
to increase the uptake of tumor tissue by itself. Jibin Guan,
et al., [120] designed a cation long-circulation liposome,
in which the cation was located in the liposome, and PEG
coverage played a protective role with the outer layer of the
liposome. The liposome had an asymmetric structure, which
was conducive to covering the surface negative charge with
the liposome, avoiding the removal of RES, and improving its
in vivo circulation time. The in vivo anti-tumor result show that
that siRNA and PTX delivered by the liposome can effectively
reverse the drug resistance of Hela tumor-bearing mice.

Discussion

This paper reviews the various types of nanoparticles
used in the field of drug delivery and their role in reversing
drug resistance in tumors. It should be noted that although
nanotechnology is an emerging discipline, and most of the
examples mentioned above are in the laboratory research
stage, with the increased attention, enrichment and
improvement of research methods, some representative
nano-preparations have been approved for marketing (Table
2). The development of these pharmaceutical preparations
is largely associated with the lack of clinical demand for
treatment of drug-resistant tumors. At the same time, it
should be noted that these preparations also had some side

Dosage form route of administration

Main adverse reactions reported

Leukopenia (which occurs in nearly half of patients);
Nausea, weakness, hair loss, fever, diarrhea, etc (> 5%)

Thrombocytopenia, anemia, fever, hypertension, etc.
(about 10%)

Constipation (7-8%), anorexia (about 3%)

Hair loss, neutropenia, ECG abnormalities, muscle joint
pain, elevated AST levels, etc. (> 20%)

Bone marrow suppression

effects, which required further research and improvement
(Table 3).

Although some problems inevitably occur in the research
and development of nanoparticles, based on the basic
characteristic of extremely small particle size, nanoparticles
show many advantages in the delivery of drugs to reverse
tumor drug resistance: The nano drug carrier can enter
capillaries through blood circulation, and can also penetrate
through the intercellular space of endothelial cells, enter
lesions, and be absorbed by cells in a pinocytosis manner,
thus realizing targeted drug administration and improving the
bioavailability of drugs. The nano carrier has smaller particle
size and higher specific surface area, can embed hydrophobic
drugs, improves the solubility of the hydrophobic drugs, and
reduces the side effect of cosolvent in conventional medicine
application. Target drug administration can be realized aft
that nano drug carrier is modified by the targeting group,
so that the drug dosage can be reduce, and the side effects
can be reduced, such as folic acid modified drug-loaded
nanoparticles, magnetic drug-loaded nanoparticles and the
like. The nanocarrier can penetrate through the restrictions
imposed by body barriers on the action of drugs, such as the
blood-brain barrier, the blood-eye barrier, and the cell biofilm
barrier, to allow the drugs to reach the lesions and improve
the efficacy.

From the point of view of the mechanism of tumor drug
resistance, the transport of drugs by drug efflux transporters
is still the most important factor leading to drug resistance
[47-50]. In response to one of the mechanisms, researchers
are constantly developing new strategies to reverse drug
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resistance from multi-pathway, multi-pathway inhibition of
drug efflux transporters. Representative signaling pathways
that mediate drug efflux transporters are NF-kB61, PKC,
and PI3 [121]. Therefore, the delivery of small biological
molecules such as mRNA, miRNA, and siRNA that can directly
act on these pathways has come into the attention of
researchers [122-125]. Compared with chemical drugs, these
bioactive small molecules have the following characteristics:
1) Small molecular weight, easy to be encapsulated; 2) Having
good biocompatibility and weak immunogenicity; 3) Direct
localization to cells for more accurate targeting; 4) It is more
susceptible to environmental factors such as temperature,
enzyme, and pH.

With the promotion of "precision medicine", small
bioactive molecules as drugs targeted treatment of drug-
resistant cancer undoubtedly has great potential and
advantages. Just as good ammunition needs a good gun
to fire, so good drugs need the most appropriate delivery
vehicles to carry them to tumor sites to exert their effects. And
nanoparticles are undoubtedly the right "guns". In conclusion,
we have reason to believe that, with the deepening of more
research, drug-loaded nanoparticles will surely play its unique
and irreplaceable role in reversing tumor drug resistance.

Conclusion

In conclusion, as a relatively emerging idea for drug
delivery, the research on drug loading by nanoparticles has
shown a sharp upward trend in the research on the reversal
of tumor drug resistance, and some studies have achieved
preliminary results. However, tumor resistance has long been
a problem, and its occurrence and development depend on
complex physiological mechanisms. Therefore, reversing
tumor resistance cannot be achieved over night, but the
development of nanoparticle as a drug carrier provides a
reliable method for achieving this goal. Looking into the
future, nanoparticles will surely play a greater role in reversing
drug resistance of tumors, and nanoparticles will also assume
more important tasks in the struggle between human beings
and cancer.
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