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Cancer therapy represents a challenge, even with the current scientific developments. Over the years, several studies have shown that 
the application of antitumor drug nanocarriers is an efficient strategy; however, it requires further improvement. Several nanosystems 
have been developed, some of which are already in use, including liposomes. Polymer-based nanocarriers are still being adjusted 
to the peculiarities of the human body due to the biological barriers that were encountered by the first systems that were developed. 
Among them, the formation of corona proteins, clearance by the endothelial reticulum system and kidneys, activation of the immune 
system, lack of selectivity, and difficult release have been extensively studied and improved with the development of new devices. In 
this review, we explore the evolution of primary nanocarriers based on polymeric micelles and highlight the gaps that remain in this 
field to assist in the research of new systems with superior therapeutic indices.
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INTRODUCTION

The use of nanotechnology began in the 20th century.1 It is defined 
as the synthesis, handling, or application of materials with dimensions 
ranging between 1 and 100 nm and may present varied geometries 
(nanotubes, nanospheres, ellipsoids, etc.).2 

Nanoparticles (NPs) have unique properties that allow them 
to overcome physical, chemical, and biological barriers, assuming 
a prominent role in several fields, including nanomedicine.3 To 
date, more than 60,000 studies have been published related to this 
discipline, and approximately 93% of these are related to medical 
applications in humans.4

Nanomedicine involves the use of materials, drugs, and 
nanosystems to predict, prevent, diagnose, and treat diseases. One of 
its many applications is cancer treatment.3 Cancer is characterized by 
the uncontrolled multiplication of cells with genetic changes, causing 
malfunction and death of healthy cells. According to the World Health 
Organization, over the past 20 years, the number of cancer diagnoses 
has doubled, reaching 19.3 million in 2020. Currently, approximately 
one in five people are diagnosed with a type of malignant neoplasm, 
and the disease causes approximately 17% of deaths worldwide.5

Cancer treatments include targeted therapy, hormone therapy, and 
immunotherapy, depending on the type and stage of development of 
the disease.6 Targeted therapy employs certain characteristics of the 
cancer cells, such as overexpressed substances and genetic changes, to 
achieve selective treatment.6 Targeted medications can act by blocking 
cell division and the blood vessels that feed the tumor, altering the 
protein composition, stimulating the immune system, or transporting 
anticancer agents to the tumor.6

The drugs used in chemotherapy are aggressive and have low 
specificity, causing several side effects and systemic toxicity.7 Often, 
the administered active dosage becomes insufficient owing to the 
simultaneous interaction with healthy cells, and a larger amount of 
the active compound must be administered to present an efficient 
cytotoxic effect against tumor cells.4

A strategy to minimize this aggravating factor is to alter the 
pharmacokinetics of antitumor drugs with nanostructured delivery 
vehicles that can regulate their biodistribution in the body and adapt 
to the peculiarities of cancer cells, allowing selectivity in drug 
delivery.8 These systems act as carriers that trap drugs and lead them 
to the damaged cells through the biological environment, protecting 
them from degradation and allowing their facilitated passage to the 
intracellular environment, with minimal or no interaction with healthy 
cells.3 Nanocarrier selectivity can be passively achieved through 
the enhanced permeability and retention (EPR) effect or via active 
targeting with the aid of ligands (marked as (2) in Figure 1) with 
affinity for cancer cells. EPR-assisted passive targeting (denoted 
as (2) in Figure 1) is an event caused by misalignments and leaks 
in the tumor vasculature that allow the escape of nanocarriers and 
their introduction into the tissue.9 Once inside the tumor, the low 
lymphatic drainage and impaired circulation of the tissue help in 
the accumulation of the nanosystem, favoring its internalization by 
endocytosis (denoted as (3) in Figure 1). Endocytosis is a biological 
phenomenon characterized by the encapsulation of an extracellular 
body, which allows the entry of the nanocarrier through the formation 
of the endosome (denoted as (4) in Figure 1).10 

As shown in Figure 1, inside the cells, the endosomal vesicle is 
ruptured (5) by a specific characteristic of the tumor environment, 
allowing the release of the drug (6) and resulting in cell death (7). 
Endosomal escape is not guaranteed, and only a small percentage of 
the drug can act against the tumor.8,11 Research has shown that this 
leak can occur by the fusion of the nanocarrier with the membrane, 
osmotic rupture of the endocytic vesicle, swelling of the nanocarriers, 
and endocytic membrane destabilization.10

The nanomicelle size is an important factor in this regard, 
because current chemotherapy drugs possess a low molecular 
weight (<  500  g  mol-1) and degrade quickly in the bloodstream, 
losing a part of the dose administered prior to reaching the tumor.8 
Therefore, nanomicelles must have dimensions in the range of 20-
100 nm to avoid entering healthy tissues and ensure accumulation 
only in the tumors.12,13 Moreover, polymers must be biocompatible 
so that corona protein layers are not formed on their surfaces, 
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which can induce macrophage recognition during circulation and 
promote early clearance of polymers or the activation of the immune  
system.11

Among the 140 antitumor drugs, more than 60% are natural 
products or are derived from natural products, belonging to 
several structural classes, including anthracyclines, enediynes, 
indolocarbazoles, isoprenoids, and polyketides. For example, 
paclitaxel, which was initially isolated from Taxus brevifolia extract, 
can also be obtained from certain fungi such as Taxomyces adreanae; 
vincristine can be obtained from Catharanthus roseus; irinotecan, 
a derivative of camptothecin, is an active compound that can 
be extracted from the Camptotheca accuminata tree; moreover, 
doxorubicin can be isolated from strains of Streptomyces peuceticus 
(Figure 2).14

Nanocarriers can be prepared from lipids, proteins, and polymers, 
generating liposomes, inorganic NPs, and polymeric NPs (Figure 3), 
whose applications depend on their properties and synthesis 
methods.9,15

Lipids can be used to produce two types of nanocarriers: 
liposomes, formed by a lipid bilayer with an aqueous nucleus, and 
lipid NPs, composed of a lipid monolayer with a solid lipid center.15 
Liposomal nanocarriers have been commercialized for the delivery 
of vincristine, irinotecan, and doxorubicin.6,16

Figure 1. Illustration of the capture, internalization, and release of the drug in a tumor environment4 (adapted)

Figure 2. Antitumor drugs isolated from natural products14 (adapted)

Figure 3. Types of nanocarriers7,15
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The properties of metallic NPs have enabled their use as contrast 
agents and disease trackers, and are also used for photothermal 
applications and chemotherapy.17 The functionalization of their 
surfaces and their combination with different metals has expanded 
their use in breast cancer therapy. However, their toxicity requires 
more extensive evaluation.15 Recently, gold NPs were functionalized 
with polyethylene glycol (PEG) to transport and release cisplatin into 
cancerous tumors. This system allows the administration of lower 
dosages of the drug, which contributes to the reduction of side effects 
associated with this type of treatment.18

Polymeric NPs represent an important group of nanocarriers 
owing to their biodegradability and biocompatibility. They can 
trap drugs by immobilization, encapsulation, or conjugation, which 
enables the generation of different structures, mechanisms of 
direction, and drug delivery.7,15 They can be synthesized from natural 
polymers, semisynthetic materials, or synthetic materials, and may 
present hydrophilic or hydrophobic characteristics and assume the 
structures of nanospheres, nanomicelles, nanoconjugates, hydrogels, 
and dendrimers. Biopolymers are more appropriate for drug delivery 
because they have a greater affinity for biological systems and are 
easily degraded by them. However, possible changes in their structure 
for better adaptation to the biological environment may not be 
successful, thus limiting their application. Because their synthesis 
can be directed exclusively based on the conditions necessary for 
the performance of the desired function, semisynthetic and synthetic 
polymers allow their structure and physicochemical properties to be 
better adjusted to the profile of the drug, organism, and target cells.7

Conjugates can also be easily identified using linear polymers, 
which are nanocarriers that are covalently coupled to the drug, whose 
release is triggered by the rupture of this bond. Some tests have been 
performed with several polymers; however, thus far, the polymers that 
are predominantly used for this type of system are PEG and n-(2-
hydroxypropyl) metacrylamide copolymers. PEG is predominantly 
used in this research as it has good water solubility, absence of 
toxicity, antigenicity, immunogenicity, a flexible chain, and has 
already been approved by the Food and Drug Administration (FDA) 
as it is in phase II of clinical trials, in combination with irinotecan, 
for the treatment of gastric and metastatic breast tumors.8,19

Polymeric nanocarriers can form nanomicelles, which are 
widely used in this field because they allow the accommodation of 
hydrophobic drugs and their passage through circulation. They are 
defined as amphiphilic copolymers with hydrophilic and hydrophobic 
parts that reorganize in an aqueous medium when their critical micelle 
concentration is reached, forming structures with dimensions of 
5-100 nm. The hydrophobic chain is centralized to accommodate 
drugs with low solubility in water, generating a capsule surrounded 
by a hydrophilic layer that may or may not be functionalized with 
molecules that aid in cancer cell selectivity.8,20,21 The ability of polymer 
micelles to release, internalize, and biodistribute drugs is related to 
the properties of the polymers used, and more than one polymeric 
block can be used for better control of tumor transport and uptake.7

Currently, the FDA and European Medicines Agency, which are 
regulatory agencies of the United States and Europe, respectively, 
have approved approximately 21 nanocarriers that can be administered 
orally, intravenously, and transdermally. Of these systems, 
10  formulations were directed toward cancer therapy, and only 
2 nanocarriers were synthesized based on polymers. Approximately 
5% of the nanocarriers in the test phase are polymeric and present 
the opportunity to transport all commercialized antitumor drugs.4 

Considering the information described in this introduction, 
polymer-based nanocarriers are believed to be the best alternative for 
the development of cancer therapy. However, over the years, although 
the repatterning of systems have occurred with small modifications, 

there is little news in this regard. Thus, the objective of this work is 
to update the reader regarding the main synthesized micelle-based 
nanocarriers so that new systems can be developed without the 
limitations of previously proposed systems. Our research covers key 
polymeric antitumor drug delivery systems developed up to 2022, 
with an in-depth examination of the triggers that allow drugs to be 
delivered specifically within tumor cells.

POLYMERIC MICELLES

The first publications on the development of polymer-drug 
systems for cancer therapy were published in 1955, with a proposal 
to employ conjugates and polymeric micelles for the delivery of 
antitumor drugs.22 However, formulations only started to show 
satisfactory results in 1996 with the synthesis of micelles based on 
Pluronic, a triblock copolymer formed by poly (ethylene oxide)-
poly (propylene oxide)-poly (ethylene oxide), for the delivery of 
doxorubicin by passive targeting, resulting in 90% tumor inhibition 
and total tumor disappearance in 33-50% of animal tests.23,24

Subsequently, it was discovered that neutral polymers, such 
as PEG, could prevent opsonization and hinder clearance by the 
endothelial reticulum system, thus increasing the nanocarrier 
circulation time. One of the first polymeric micelle systems to enter 
the clinical trial phase was based on PEG and aspartic acid, with 
a part of the doxorubicin conjugated to the polymer to increase 
hydrophobicity inside the micelles, which presented a higher 
therapeutic index and slow release over a period of 8-24 h.25

A micellar system with PEG and aspartate was developed 
by the introduction of hydrazide and by combining doxorubicin 
and wortmannin, an antitumor antibiotic and enzymatic inhibitor, 
respectively, to attack MCF-7 breast cancer cells in two strands.26 
The composition allowed for the reduction of doxorubicin and 
increased the therapeutic index of treatment by the combined action 
of the drugs.26 The development of systems that allow this type of 
treatment provides, in addition to a safe delivery, greater efficiency of 
treatment due to the synergistic effect between drugs, which allows 
the reduction of the doses administered and, consequently, a reduction 
in the side effects.26

PEG-based systems with different modifications continue to be 
developed; however, studies have revealed that the continuous use 
of a formulation containing PEG can trigger an immune response, 
activating anti-immunoglobulin antibodies and increasing the rate 
of clearance of the formulation, causing a reduction in the uptake of 
the nanocarrier by tumor cells.27,28 The need to develop alternative 
systems for PEG has enabled the creation of new mycelial systems 
capable of transporting drugs without activating the immune system.

Among them, certain micelles are based on zwitterionic 
materials. They are characterized by the presence of groups with 
positive and negative charges that, depending on the proportions, 
can impart a neutral character to the structure.29 Zwitterionic 
micelles can bind water through electrostatic interactions, forming 
a hydration layer that prevents connections with serum proteins, 
promoting longer circulation, which facilitates tumor accumulation 
by EPR. However, because the affinity for tumor cells is due to a 
cationized micellar surface, which contributes to the deposition 
of the protein crown, its efficiency in cellular uptake is still in the 
process of improvement. In 2018, Ou et al.30 developed a zwitterionic 
micellar system with two block copolymers: poly (ε-caprolactone)-
block-poly (2-methacryloyloxyethyl phosphorylcholine) and poly 
(ε-caprolactone)-poly-block (β-amino ester). Preliminary studies on 
the 2-methacryloyloxyethyl phosphorylcholine (PMPC) block have 
shown its efficiency in preventing the adhesion of serum proteins 
during transport in the circulation. In this study, the combination 
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with PMPC increased the circulation time by 50%, which helped in 
the accumulation in the tumor. The rate of cell uptake significantly 
increased, which was attributed to the protonation of the β-amino 
ester block due to the acidic environment of the tumor, facilitating 
cellular internalization of the micelle.30

Nanocarriers based on natural polymers have also been studied 
owing to their superior biocompatibility, biodegradability, low 
toxicity, and immunogenicity.31,32 Chitosan is a polymer used for 
the development of nanomicelles because it is sensitive to pH and 
allows for several chemical modifications, assisting its application 
in the synthesis of block copolymers. Recently, in 2019, Niu et al.33 
proposed a thermosensitive micellar system formed by poly 
(N-vinylcaprolactam) and chitosan for the delivery of doxorubicin 
in triple-negative breast cancer therapy; that is, in the tumor 
environment, which has a relatively higher temperature, the micelles 
tend to rupture and release the drug. Chitosan offered the nanocarrier 
a second trigger for micellar rupture due to amine protonation.33

In summary, the primary issue in the use of polymers in the 
elaboration of a nanocarrier is that its surface is neutral to remain 
in circulation for a longer period, and at the same time, it can be 
easily cationized to be directed to the tumor tissue. In practice, 
this is not an easy task because, despite several studies and all the 
knowledge acquired in the last 67 years (since 1955), both directly 
using nanocarriers and based on the behavior of the human organism 
in the face of these proposals, there are still only a few formulations 
that are suitable for the safe and effective treatment of cancer with 
micelle-based therapy.

Active targeting link

Cancer cells have specific overexpressed receptors that can 
be used to target nanocarriers to the tumor cells. Thus, the next 
generation of nanomicelles is based on the introduction of molecules 
that function as specific ligands for certain overexpressed receptors in 
tumor cells. Functionalization of the carrier surface with these binders 
allows active targeting and, consequently, a higher rate of cellular 
internalization of the nanosystem by endocytosis.8,11

Several studies have reported the efficiency of folic acid, 
hyaluronic acid, antibodies, transferrin, and aptamers as potential 
ligands for active targeting of tumors.34 In 2009, Wang et al.35 
developed a micellar system composed of PEG-block-poly 
(D, L‑lactide) functionalized with tripeptide Arg-Gly-Asp (RGD) with 
a high affinity for integrin receptors overexpressed in cancer cells. The 
micelles were grafted with a fluorescent probe to monitor the path 
traveled, resulting in a high rate of targeting of the test cells.35 Until 
then, only a few studies had been performed on polymeric micelles, 
representing a good opportunity to leverage research focusing on 
nanocarriers that are adjustable to the necessary treatment. A similar 
study was conducted by Nasongkla et al.36 in 2004 with cyclic RGD 
coupled to the surface of caprolactone and PEG-based micelles 
for the delivery of doxorubicin, in which the internalization was 
30 times greater than that in the system without the targeting device.36 
Although these ligands presented superior results, as with the PEG-
based systems, an immune response in the body was triggered when 
nanocarriers with the drug were administered for a certain period; 
therefore, it was necessary to develop new targeting systems.37

Polyamines represent a viable and promising alternative to 
overcome this issue; they are endogenous molecules that participate in 
various events in the body and are overexpressed in tumors, possessing 
an exclusive polyamine transport system (PTS) that is also more active 
in the tumor environment, and as such can be used for active targeting. 
Formulations using polyamines as ligands in phase I/II clinical trials 
have been tested against canine lymph node cells.38 Chen et al.,34 

in 2019, proposed micelles formed by using poly(lactic acid) and 
poly(2‑ethyl-2-oxazolin) (PEOZ) di-block polymers functionalized 
with spermine, which is a polyamine that is abundant in living 
organisms and binds with the PTS; spermine is overexpressed in 
cancer cells and prevents the connection of other polyamines, thereby 
promoting tumor apoptosis. The micelles carried paclitaxel, and the 
drug delivery was stimulated by the tumor pH by dissociating the 
PEOZ block that was protonated at the endosomal pH.34

Research has also focused on the development of new acceptors, 
such as the binding of DUP-1, a peptide composed of 12 amino 
acids, which binds specifically to cells present in prostate tumors 
that are negative for prostate specific membrane antigen.39 In 2016, 
Jing et al. used the linker to develop a dual-directional system,40 and 
in 2019, Wang et al.41 used it for the synthesis of polymeric micelles 
responsive to reactive oxygen species based on methoxy-PEG-b-poly 
(l-lysine) and vitamin E; both systems were used for the delivery of 
doxorubicin.41

Tumor receptors often agglomerate and disturb ligand–receptor 
interactions. Therefore, double functionalization with different 
ligands has been applied to promote the targeting of different 
overexpressed receptors in tumor cells.42

Several types of cancer cells exist, all with their peculiarities and 
different mechanisms of action, generating cancer with variations 
in strength and speed of progression. Therefore, when designing a 
polymer-based micellar system, one should consider the types of 
cancer cells to be targeted as well as their key characteristics to ensure 
the efficiency of the formulation. Another point to be considered is 
the human organism itself, which has different defense mechanisms 
and reactions to the same drug, depending on the individual.

Stimulated release

Although micellar nanocarriers are a promising alternative in 
cancer therapy, several biological barriers remain that interfere with 
their performance, such as interactions with proteins and lipoproteins, 
in addition to changes in the critical concentration of micelles when 
introduced into the body, which can cause early disassembly and 
release at nonspecific sites in the body.9 The introduction of certain 
molecules called crosslinks that establish covalent bonds with 
micelles can reduce this premature rupture and allows disassembly 
at strategic sites, such as in tumor tissue. The cleavage of the bond 
between the micelle and the crosslinks can be triggered by specific 
characteristics of the tumor environment, such as pH, temperature, 
redox potential, enzymes, and even exogenous molecules.43

Tumor cells exhibit variations in temperature (40-42 °C), 
lipid metabolism, amino acids, increased glycolysis, changes in 
redox homeostasis, and overexpression of certain enzymes. Tumor 
environments also present slightly acidic pH because of lactic acid 
accumulation (pH of 6.2-7.2), with some organelles exhibiting 
a higher acidity, such as endosomes (pH of 5-6) and lysosomes 
(pH of 4-5), owing to increased aerobic glycolysis.7,44 

The pH-triggered release can be programmed by the introduction 
of polymers with donor groups and electron receptors, such as weak 
acids and bases, that can destabilize the nanocarrier.45 Polymers 
containing carboxylic acids such as poly (glutamic acid)46 and poly 
(lactic acid-co-glycolic acid)11 are appropriate because carboxylate 
protonation reduces electrostatic interactions, thereby promoting 
leaks in the structure of the nanocarrier. The use of polymers 
containing imidazole or amine has also presented superior results in 
the controlled release of medications; when protonated, they promote 
micelle rupture, in addition to assisting in the active targeting of 
tumors because cationized groups have a greater affinity for cancerous 
tissues.47
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Ma et al. (2018) proposed a micellar system composed of 
PMPC and poly (L-lysine) linked to doxorubicin and 4-carboxy 
benzaldehyde by the terminal nitrogen of an amino acid. Drug 
delivery was triggered by the breakdown of the imine bond an acidic 
pH, promoting the release of 80% of the drug in a period of 48 h.48

The tumor environment has glutathione (GSH) concentrations 
of approximately 2-10 mM in relation to a healthy environment 
with only 2-20 μM. This difference in GSH concentration alters 
the redox potential of the tumor medium, functioning as a stimulus 
for redox reactions that are responsible for drug release. The use of 
disulfide bonds in nanocarriers is an attractive strategy in certain 
studies because, by the action of GSH, these bonds are reduced to 
sulfhydryl groups and the encapsulated drug is released. The insertion 
of disulfide bonds in the polymeric nanocarrier can be incorporated 
directly with a binder containing them or indirectly by the oxidation 
of sulfhydryl groups.44,49

In 2019, Zhang et al.50 investigated a system with pH-conditioned 
delivery and a tumor-like redox potential. The micelles were designed 
with a poly(caprolactone)-based core and cystine surrounded by PEG 
to increase permeability by circulation. The nanocarrier delivered 
paclitaxel to 4T1 cells by reducing disulfide binding through the 
action of GSH mediated by a GSH-transferase enzyme (GST), 
which promoted the breakage and release of 98% paclitaxel in 144 h. 
Micellar rupture was intensified with the value of the endosome pH 
through cleavage of the imine bond, reducing the delivery time of the 
same percentage of the drug to 70 h.50 A similar study was conducted 
by Li et al.51 in 2019, wherein prodrug systems were developed using 
micelles with a PEG hydrophilic cover and a hydrophobic center 
of camptothecin coupled with poly (N-propargyldiethanolamine 
3,3′-dithiopropionate) (PPD), which also responded to the pH and 
GSH of the tumor environment for the delivery of doxorubicin.51 
Multi-stimulated release is another factor that is being increasingly 
considered in this field, as it allows a higher rate of delivery and 
endosomal escape, which may increase the therapeutic index and 
contribute to a reduction in treatment time. Some recent proposals for 
nanocarrier systems based on polymeric micelles have been compiled 
and are listed in Table 1S in the supplementary material.

The proposed nanocarriers with an efficient polymeric system 
and ligands can contribute ideally as an additional type of treatment; 
however, attention should also be focused on choosing the right 
resource; although a quick release for certain patients can offer more 
resource options, its benefit for the body must also be considered. 
However, if long-term release for tumor containment can result in 
death, a shorter release period would be beneficial.

SMART DELIVERY

Over the years, several studies have been conducted in this 
discipline, but only a few formulations based on polymeric micelles 
have shown a higher therapeutic index in vivo when compared to 
free drugs. Polymeric nanocarriers still act only as a palliative 
treatment because their targeted delivery action exhibits a small 
but significant increase in terms of efficiency with respect to the 
side effects owing to the biological mechanisms of capture and 
degradation. Therefore, it is necessary to develop nanocarriers that 
modulate the biological environment and target cells by adapting 
their geometry, size, and coating to obtain a therapeutic index that 
is higher than the existing one.52 This line of research is currently 
underway. Recently, polymeric nanocarriers have been used to 
deliver more efficient but more toxic assets, such as monomethyl 
auristatin E, a derivative of the antimitotic peptide dolastin extracted 
from the mollusk Dolabella auricularia, which achieve greater 
tumor inhibition without the toxicity.53,54

Currently, the biggest challenge in this field is combining 
technologies developed in a single nanocarrier and maintaining their 
stability in the bloodstream. Nanocarriers are associated with two or 
more discoveries in the area to increase system performance.

pH-stimulated release

In 2020, Palanikumar et al.11 proposed a biodegradable and 
biocompatible micellar nanosystem formed by the hydrophobic 
center of polylactic-co-glycolic acid (PLGA) and a bovine serum 
albumin (BSA) hydrophilic cover functionalized with acidity-
triggered rational membrane (ATRAM) peptide for the transport of 
doxorubicin-triphenyl phosphonium (Dox-TPP) (Figure 4).11 This 
chemotherapeutic agent is derived from doxorubicin, which acts on 
enzymes and binds to deoxyribonucleic acid to prevent cancer cells 
from reproducing. Dox-TPP, developed in 2014 by Han et  al.,55 
exhibits approximately four times higher cytotoxicity than free 
doxorubicin and superior effectiveness against breast cancer, acting 
preferably in the mitochondria.55

ATRAM is a pH-sensitive synthetic peptide formed by a 34 amino acid 
sequence (GLAGLAGLGLLEGGLGLGLGLLEGLWLGLELEGN), 
developed in 2015 by Nguyen et al.56 It can direct and assist in the 
internalization of the nano-conjugated system because, in acidic 
environments such as tumors, glutamic acid is protonated and 
hydrophobicity is increased, promoting greater affinity for lipid 
bilayers of cells. Its incorporation into the lipid membrane, followed 
by endocytosis, occurs with a change in the conformation of the 
unstructured peptide to a helical conformation at physiological pH. 

Although the mechanism of internalization of ATRAM is still in 
the elucidation phase, its high therapeutic index in preliminary tests 
makes it beneficial for cancer cell death.57

ATRAM coupling to the surface of BSA occurs through the 
formation of a peptide bond between lysine residues present in 
albumin and the ATRAM peptide terminal nitrogen by a reaction 
with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC). 
Carbodiimides are well known for their application in peptide 
synthesis, aiding in the activation of carbonyl to couple the amines 
and generate amides. The choice of carbodiimide depends on the 
medium and its solubility in water.58

As shown in Figure 5, the mechanism of this coupling reaction 
of the ATRAM peptide with a lysine albumin residue (1) begins 
with the protonation of EDC (2), increasing the electrophilicity 
of the carbonylated carbon. The carboxylate oxygen (3) attacks 
the electrophilic carbon of the carbodiimide (4), forming the 
O-acylisourea intermediate (5), which, despite being highly reactive, 
has a short half-life. Thus, the reaction proceeds with the help of 
N-hydroxysuccinimide (NHS) (6), which leads to the formation of 
the NHS ester (7), a soluble intermediate that is reactive with amines 

Figure 4. Doxorubicin-triphenyl phosphonium structure11 (adapted)
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and has a longer half-life, allowing the reaction to achieve higher 
yields.58 Upon activation of the carbonyl group, the amine group (8) 
donates a pair of electrons to the carboxylic groups of the carbon, 
establishing a bond with the amine. Simultaneously, the ester bond 
breaks, producing isourea and an amide (9), which is a polymeric 
conjugate for drug transport.58,59 

The influence of ATRAM on cell uptake was evaluated via 
fluorescence confocal microscopy and flow cytometry in MCF-7 
cells for breast cancer, and the results indicated approximately seven 
times greater internalization at a pH of 6.5, when compared to that 
of the nanocarrier without the ligand, within 4 h.

The PLGA-BSA-ATRAM NP exhibited good solubility and 
stability, retaining the drug in a healthy cellular environment and 
releasing it only at low pH through the acid hydrolysis of the ester 
bond present in PLGA. The acid hydrolysis of ester bonds is well 
known and has been exploited. As shown in Figure 6, it initially 
occurs by the activation of the carboxylic carbon through the 
protonation of the carbonyl oxygen present in PLGA (10). The 
electrophilic carbon undergoes a nucleophilic attack from water, 
and consecutively, the electron pair of the C=O bond migrates to the 
protonated oxygen (11). Subsequently, the carbonyl is restored in 

the posterior intermediate (12), releasing the H+ ion, which receives 
a pair of electrons from the oxygen attached to the glycolic acid 
(GA) moiety (13). The next intermediate (14) undergoes cleavage 
of the C-GAOH bond, releasing the GA residue (15). Finally, the 
intermediate (16) is deprotonated and the carbonyl is restored, 
resulting in lactic acid residues (17).11,60

The use of PLGA NPs as carriers of antitumor drugs is well 
established.61 However, in 2015, Esfandyari-Manesh et al. proposed 
the functionalization of the PLGA surface by albumin through a 
peptide bond to avoid opsonization of the system.62 In this study, the 
characterization of the nanocarrier was performed via transmission 
electron microscopy (TEM), zeta potential analysis, and infrared 
spectroscopy, and micelles with a diameter between 105 and 130 nm 
with a 10 nm thick layer of albumin were observed. The quantification 
of the corona protein on the surface of the nanocarrier was verified, 
presenting a significantly lower concentration in relation to the system 
without albumin, which prevented its formation. The pH-triggered 
release was simulated, yielding a detachment of 45% of the drug at 
a pH of 5.8 and 79% over 24 h at a pH of 5, which are the values 
observed in the initial and late endosomes, respectively. 

The research group performed an additional evaluation correlating 
the release of the drug with the concentration of GSH, obtaining a 
detachment of 47% of Dox-TPP. This can be explained by the reported 
affinity between albumin and GSH.63,64 

Release stimulated by redox potential

In 2020, Yang et al.42 developed amphiphilic micelles for the 
first time with a hydrophobic center of vitamin E succinate (VES) 
functionalized by folic acid (FA) and hyaluronic acid (HA), which 
act as specific ligands for the folate receptor (FR) and CD44 receptor, 
respectively, with delivery triggered by GSH. VES is harmless to 
healthy cells and is of great importance to the body. However, it is 
significantly toxic to cancer cells and aids in the containment of tumor 
growth by inducing apoptosis and inhibiting metastasis.65 The system 
accommodated paclitaxel, which is a chemotherapy drug with low 
solubility and high toxicity, which is derived from Taxus brevifolia. 
It is an alkaloid that inhibits mitosis and the performance of enzymes 
in the production of proteins necessary for cell reproduction.

As shown in Figure 7, first, the VES (18) undergoes amidation 
with cystamine (CYS) (23). This process occurs with the activation 
of the VES (18) carbonyl by EDC (19) in the presence of NHS (21) 
via the carbodiimide reaction, generating VES-CYS conjugate (24). 
Triethylamine was used to increase the pH and assist in the NHS exit; 

Figure 5. Coupling mechanism of ATRAM to PLGA-BSA via carbodiimide reaction57,58

Figure 6. Mechanism of PLGA cleavage in acid medium for drug release11,60
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at an acidic pH, the amino group of the amino acids is protonated 
and becomes less reactive, while the hydrolysis of the NHS ester is 
also slower.58

Then, as shown in Figure 8, the HA (25) is activated by EDC 
and it receives the VES-CYS (24) conjugate in one of the carbonyls 
bound to the CYS terminal nitrogen coupled to VES, which forms 
the HA-CYS-VES (HSV) conjugate (27).42 

Additionally, as shown in Figure 9, the terminal carbonyl of 
FA (28) is activated with the aid of N,N’-dicyclohexylcarbodiimide, 
and the ethylene diamine nitrogen donates a pair of electrons to the 
carbonyl carbon, generating FA-NH2 (31), which reacts with the HSV 
conjugate (27) to form the amphiphilic polymer FA‑HA‑SS‑VES 
(FHSV) (32).42 

The polymer reached a critical micelle concentration of 
15.78 mg L-1, a relatively low value that contributed to the stability of 
the micelles in the blood circulation, providing safe transport for the 
drug.42 The currently marketed drug Taxol® was used as a comparative 
standard, releasing approximately 80% paclitaxel at pH 7.4 (pH of 
healthy blood circulation) in a period of 12 h. This indicates that only 
20% of paclitaxel will reach the tumor, with higher doses required to 
achieve the desired cytotoxic effect. The FHSV micelles exhibited 
a release of approximately 41% at the same pH and period, causing 
the amount of drug delivered to tumor cells to be tripled.42 

Despite the favorable results of nanocarriers, their effectiveness 
is compromised by the differences in the body of each patient, which 
may develop into a means to eliminate the system before the target 
is reached. In this study, targeting through the affinity of more than 
one linker for different receptors helped in circumventing biological 
processes, performing what is called intelligent delivery. 

Tests with 10 mmol L-1 GSH were also performed in a medium 
similar to that of the tumor, with a cumulative release of 92.4% for the 
nanosystem when compared to the 76.8% release of free paclitaxel in Figure 7. VES-CYS synthesis42

Figure 8. HSV synthesis42
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a 60 h period. The cytotoxicity against MCF-7 cells (a type of tumor 
cell with overexpressed CD44 receptor and FR of the nanocarrier 
with paclitaxel, when compared to that of the commercial drug, was 
considerably higher, allowing for a reduction of approximately 77% of 
the administered dose. This can be explained by the presence of GST, 
which promotes nucleophilic attack of reduced GSH on substrates 
containing electrophilic sulfur atoms, such as the FHSV polymer. 
In this reaction, as shown in Figure 10, the sulfur of the sulfhydryl 
group present in the reduced GSH (33) donates an electron pair to 
the disulfide bond of the polymer (32), promoting the rupture of this 
bond and forming sulfhydryl groups in the polymer. This causes the 
rupture of this polymer and, consequently, of the micelle, releasing 
the drug, polymeric residues (34 and 35), and oxidized GSH (36) 
into the intracellular medium.66,67

Multi-stimulated release

The development of nanocarriers with disassembly triggered 
by more than one stimulus represents one of the most promising 
strategies in this field, as these nanocarriers allow for greater 
efficiency of therapy through both accelerated and prolonged delivery. 

Li et al.51 synthesized a novel prodrug nanocarrier based on a 
camptothecin derivative, PEG2000-N3, and PPD for the transport 
of doxorubicin with pH-responsive release and a high concentration 
of GSH.51

To prepare this nanocarrier, three synthetic precursors were 
obtained and synthesized separately: PEG2000-N3 (41), camptothecin 
derivative (47), and PPD (50). As shown in Figure 11, to synthesize the 
first precursor, two reactions are performed: tosyl chloride (OTS) (37) 
is reacted with PEG2000 (38) to produce PEG2000-OTS (39), 
which is reacted with sodium azide (40) in the second step to form 
PEG2000-N3 (41). Subsequently, in the second multistep reaction, 

the camptothecin derivative (47) containing a disulfide bond and an 
azide group is obtained. The third precursor is PPD (50), a polymer 
produced through a chemoenzymatic reaction, which was developed 
in 2018 by the same research group. Finally, in the fourth reaction, 
PEG2000-N3 (41) and the camptothecin derivative (47) were coupled 
to PPD (50) through a click reaction to produce the nanocarrier (51). 
PEG was added to provide a hydrophilic-hydrophobic balance to 
the system, which was positioned in the outer layer of the micelle.51

The preparation of prodrug nanocarriers has been gaining ground 
in recent years, and their use in combined chemotherapy allows the 
reduction of the administered doses, thus attenuating the side effects of 
the treatment and improving their efficiency owing to the synergistic 
effect of drug therapy that presents different action mechanisms while 
hindering the resistance to medication.68

In this study, the authors characterized the degree of polymerization 
and the occurrence of the click reaction via H1 nuclear magnetic 
resonance spectroscopy, which demonstrated a ratio of 1:0.56:0.38 
for PPD, camptothecin, and mPEG2000, respectively. The micelles 
self-assembled at a critical concentration of 6.08 mg L-1 and were 
characterized by fluorescence spectrometry, dynamic light scattering, 
zeta potential, and TEM, resulting in an average diameter of 
31.7 ± 1.8 nm and low polydispersity with a load of 20% doxorubicin. 
The measured zeta potential value was −1.15 ± 0.23 mV, which is 
close to neutrality, and therefore may corroborate the prolonged 
circulation and higher rate of accumulation by EPR.

The release of drugs triggered by GSH in the intracellular tumor 
medium was programmed to occur in two parts of the nanosystem. First, 
the disruption of the S–S bond was introduced into camptothecin by the 
previous reaction in various stages with 2,2’-dithiodiethanol, allowing 
the drug to be decoupled from the polymer. Then, in the PPD structure, 
the rupture of the micelle and release of both drugs were promoted. The 

Figure 9. FHSV polymer synthesis42

Figure 10. Mechanism for reducing disulfide binding65,67
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Figure 11. Multi-stimulated delivery nanocarrier reaction51

number of drugs dispensed was simulated in vitro, yielding 17 and 10%, 
respectively, for doxorubicin and camptothecin under physiological 
conditions over a period of 72 h. Under tumor conditions, the release 
rates were approximately 73 and 72%, respectively, in the same period. 
In cytotoxic tests performed on healthy and HepG2 cancer cells, the 
prodrug nanocarriers loaded with doxorubicin exhibited a 123.9% 
greater synergistic effect, 127% more selectivity, and 36.8% reduction 
in IC50 when compared to those of free drugs. Cell uptake was also 
higher, with a 30% higher internalization rate in cancer cells owing to 
endocytosis-mediated intake. 

In these works, it is possible to verify that a system already 
known as the nanocarrier up to the PLGA base and even the PEG 
can present superior performance when performing specific changes 
that fulfill a limitation. The merging of approaches is also a feature 
that continues to produce satisfactory results and further research on 
this should be encouraged.

CONCLUSIONS AND PERSPECTIVES

The studies conducted in recent years offer ample opportunities 
to continue advancing research in the field of nanomedicine, focusing 
on the limiting factors of each system and the reproduction of its 
positive points.

It is known that an ideal nanocarrier must have a neutral and 
easily cationized surface, and that surface ligands can increase the 
rate of internalization; however, even with this prior knowledge, 
there are still formulations that are easily detected by the immune 
system, which are then cleared out by the organism in a short time. 
This implies that important information about previous research 
and the functioning of the human organism may not be reaching 
researchers as it should.

New trends have recently emerged in the synthesis of polymeric 
nanocarriers employing supramolecular chemistry to develop micelles 
with a simpler disruption process and moderate drug entrapment, 
resulting in the requirement of less effort for intracellular delivery. 
However, satisfactory results have not yet been obtained and further 
studies using this approach are required.

The application of nanotechnology to medicine is a 
multidisciplinary area, and this may be one of the barriers to obtaining 
an ideal nanocarrier. One of the biggest obstacles to the development 
of an ideal nanocarrier is the difficulty in predicting the behavior 
of this nanotechnological product in terms of their interaction and 
reception in a human organism.

To design an efficient antitumor drug delivery system, in-depth 
knowledge is required of not just the synthesis processes, polymers, 
human metabolism, or medicine, but of all these areas. The fusion of 
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all of these aspects is the basis for the construction of a drug that can, 
in fact, not only contain cancer, but also cause its regression and cure.

SUPPLEMENTARY MATERIAL

Table 1S with the caption “The main systems used in the 
fabrication of the polymeric nanocarriers” and Table 2S with a 
small glossary are freely available at http://quimicanova.sbq.org.br, 
in PDF format.

ACKNOWLEDGMENTS

This work was supported by the Instituto de Pesquisas de 
Produtos Naturais Walter Mors (IPPN) at the Universidade Federal 
do Rio de Janeiro (UFRJ) and the Instituto de Química (INQUI) 
at the Universidade Federal de Mato Grosso do Sul (UFMS). We 
would like to thank also André Cotinguiba for the artwork for the 
cover of this issue.

REFERENCES

	 1.	 Martin, J. D.; Cabral, H.; Stylianopoulos, T.; Jain, R. K.; Nat. Rev. Clin. 
Oncol. 2020, 17, 251. [Crossref]

	 2.	 https://www.iso.org/obp/ui/#iso:std:iso:ts:80004:-1:ed-2:v1:en:sec:2.4, 
accessed in December 2022.

	 3.	 Kudirat, S. O.; Tawakalitu, A.; Saka, A. A.; Kamaldeen, A. O.; T, B. M.; 
Tijani; Oladejo, J.; Journal Nanomedicine 2019, 6, 85. [Crossref]

	 4.	 Chariou, P. L.; Ortega-Rivera, O. A.; Steinmetz, N. F.; ACS Nano 2020, 
14, 2678. [Crossref]

	 5.	 https://www.iarc.who.int/news-events/latest-global-cancer-data-cancer-
burden-rises-to-19-3-million-new-cases-and-10-0-million-cancer-deaths-
in-2020/, accessed in December 2022.

	 6.	 https://www.cancer.net/navigating-cancer-care/how-cancer-treated/
personalized-and-targeted-therapies/what-targeted-therapy, accessed in 
December 2022.

	 7.	 Avramović, N.; Mandić, B.; Savić-Radojević, A.; Simić, T.; 
Pharmaceutics 2020, 12, 1. [Crossref]

	 8.	 Parveen, S.; Arjmand, F.; Tabassum, S.; RSC Adv. 2019, 9, 24699. 
[Crossref]

	 9.	 Khan, M. I.; Hossain, M. I.; Hossain, M. K.; Rubel, M. H. K.; Hossain, 
K. M.; Mahfuz, A. M. U. B.; Anik, M. I.; ACS Applied Bio Materials 
2022, 5, 971. [Crossref]

	10.	 Smith, S. A.; Selby, L. I.; Johnston, A. P. R.; Such, G. K.; Bioconjugate 
Chemistry 2019, 30, 263. [Crossref]

	11.	 Palanikumar, L.; Al-Hosani, S.; Kalmouni, M.; Nguyen, V. P.; Ali, L.; 
Pasricha, R.; Barrera, F. N.; Magzoub, M.; Commun. Biol. 2020, 3, 1. 
[Crossref]

	12.	 Irvine, D. J.; Dane, E. L.; Nat. Rev. Immunol. 2020, 20, 321. [Crossref]
	13.	 Matsumura, Y.; Adv. Drug Delivery Rev. 2008, 60, 899. [Crossref]
	14.	 Demain, A. L.; Vaishnav, P.; Microb. Biotechnol. 2011, 4, 687. [Crossref]
	15.	 Chenthamara, D.; Subramaniam, S.; Ramakrishnan, S. G.; 

Krishnaswamy, S.; Essa, M. M.; Lin, F. H.; Qoronfleh, M. W.; Biomater. 
Res. 2019, 23, 29. [Crossref]

	16.	 Lee, C.-T.; Huang, Y.-W.; Yang, C.-H.; Huang, K.-S.; Curr. Top. Med. 
Chem. 2015, 15, 1491. [Crossref]

	17.	 Liu, J.; Huang, J.; Zhang, L.; Lei, J.; Chem. Soc. Rev. 2021, 50, 1188. 
[Crossref]

	18.	 González-López, M. A.; Gutiérrez-Cárdenas, E. M.; Sánchez-Cruz, 
C.; Hernández-Paz, J. F.; Pérez, I.; Olivares-Trejo, J. J.; Hernández-
González, O.; Cancer Nanotechnol. 2020, 11, 1. [Crossref]

	19.	 Heep, G.; Almeida, A.; Marcano, R.; Vieira, D.; Mainardes, R. M.; 
Khalil, N. M.; Sarmento, B.; Int. J. Biol. Macromol. 2019, 138, 244. 
[Crossref]

	20.	 Sulttan, S.; Rohani, S.; J. Pharm. Sci. 2022, 111, 2378. [Crossref]
	21.	 Li, J.; Chen, S.-L.; Hou, Y.; Yuan, Q.; Gan, W.; Phys. Chem. Chem. Phys. 

2022, 24, 12465. [Crossref]
	22.	 Jatzkewitz, H.; Z. Naturforsch 1955, 10, 27.
	23.	 Batrakova, E. V.; Dorodnych, T. Y.; Klinskii, E. Y.; Kliushnenkova, E. 

N.; Shemchukova, O. B.; Goncharova, O. N.; Arjakov, S. A.; Alakhov, 
V. Y.; Kabanov, A. V.; Br. J. Cancer 1996, 74, 1545. [Crossref]

	24.	 Alakhov, V.; Klinski, E.; Li, S.; Pietrzynski, G.; Venne, A.; Batrakova, 
E.; Bronitch, T.; Kabanov, A.; Colloids Surf., B 1999, 16, 113.  
[Crossref]

	25.	 Nakanishi, T.; Fukushima, S.; Okamoto, K.; Suzuki, M.; Matsumura, 
Y.; Yokoyama, M.; Okano, T.; Sakurai, Y.; Kataoka, K.; J. Controlled 
Release 2001, 74, 295. [Crossref]

	26.	 Bae, Y.; Diezi, T. A.; Zhao, A.; Kwon, G. S.; J. Controlled Release 2007, 
122, 324. [Crossref]

	27.	 Henry, C. E.; Wang, Y. Y.; Yang, Q.; Hoang, T.; Chattopadhyay, S.; Hoen, 
T.; Ensign, L. M.; Nunn, K. L.; Schroeder, H.; McCallen, J.; Moench, 
T.; Cone, R.; Roffler, S. R.; Lai, S. K.; Acta Biomater. 2016, 43, 61. 
[Crossref]

	28.	 Rampado, R.; Crotti, S.; Caliceti, P.; Pucciarelli, S.; Agostini, M.; 
Frontiers in Bioengineering and Biotechnology 2020, 8, 166. [Crossref]

	29.	 De Oliveira, J. F. A.; Scheffer, F. R.; Landis, R. F.; Teixeira Neto, É.; 
Rotello, V. M.; Cardoso, M. B.; ACS Appl. Mater. Interfaces 2018, 10, 
41917. [Crossref]

	30.	 Ou, H.; Cheng, T.; Zhang, Y.; Liu, J.; Ding, Y.; Zhen, J.; Shen, W.; Xu, 
Y.; Yang, W.; Niu, P.; Liu, J.; An, Y.; Liu, Y.; Shi, L.; Acta Biomater. 
2018, 65, 339. [Crossref]

	31.	 Wang, X.; Fan, Y.; Yan, J.; Yang, M.; Chem. Eng. J. 2022, 439, 135661. 
[Crossref]

	32.	 Ferreira, M.; Costa, D.; Sousa, Â.; Bioengineering 2022, 9, 197. 
[Crossref]

	33.	 Niu, S.; Williams, G. R.; Wu, J.; Wu, J.; Zhang, X.; Chen, X.; Li, S.; 
Jiao, J.; Zhu, L. M.; J. Nanobiotechnol. 2019, 17, 1. [Crossref]

	34.	 Chen, Y.; Yang, C.; Mao, J.; Li, H.; Ding, J.; Zhou, W.; RSC Adv. 2019, 
9, 11026. [Crossref]

	35.	 Wang, Y.; Wang, X.; Zhang, Y.; Yang, S.; Wang, J.; Zhang, X.; Zhang, 
Q.; J. Drug Targeting 2009, 17, 459. [Crossref]

	36.	 Nasongkla, N.; Shuai, X.; Ai, H.; Weinberg, B. D.; Pink, J.; Boothman, 
D. A.; Gao, J.; Angew. Chem., Int. Ed. 2004, 43, 6323. [Crossref]

	37.	 Mizrahy, S.; Raz, S. R.; Hasgaard, M.; Liu, H.; Soffer-Tsur, N.; Cohen, 
K.; Dvash, R.; Landsman-Milo, D.; Bremer, M. G. E. G.; Moghimi, S. 
M.; Peer, D.; J. Controlled Release 2011, 156, 231. [Crossref]

	38.	 Tierny, D.; Serres, F.; Segaoula, Z.; Bemelmans, I.; Bouchaert, E.; Pétain, 
A.; Brel, V.; Couffin, S.; Marchal, T.; Nguyen, L.; Thuru, X.; Ferré, P.; 
Guilbaud, N.; Gomes, B.; Clin. Cancer Res. 2015, 21, 5314. [Crossref]

	39.	 Zitzmann, S.; Mier, W.; Schad, A.; Kinscherf, R.; Askoxylakis, V.; 
Krämer, S.; Altmann, A.; Eisenhut, M.; Haberkorn, U.; Clin. Cancer 
Res. 2005, 11, 139. [Crossref]

	40.	 Jing, P.; Cao, S.; Xiao, S.; Zhang, X.; Ke, S.; Ke, F.; Yu, X.; Wang, L.; 
Wang, S.; Luo, Y.; Zhong, Z.; Cancer Lett. 2016, 383, 230. [Crossref]

	41.	 Wang, Y.; Zhang, Y.; Ru, Z.; Song, W.; Chen, L.; Ma, H.; Sun, L.; 
J. Nanobiotechnol. 2019, 17, 91. [Crossref]

	42.	 Yang, Y.; Li, Y.; Chen, K.; Zhang, L.; Qiao, S.; Tan, G.; Chen, F.; Pan, 
W.; Int. J. Nanomed. 2020, 15, 2885. [Crossref]

	43.	 Li, Y.; Xiao, K.; Zhu, W.; Deng, W.; Lam, K. S.; Adv. Drug Delivery Rev. 
2014, 66, 58. [Crossref]

	44.	 Raza, A.; Hayat, U.; Rasheed, T.; Bilal, M.; Iqbal, H. M. N.; Eur. J. Med. 
Chem. 2018, 157, 705. [Crossref]

	45.	 Wang, X.; Gu, Y.; Li, Q.; Xu, Y.; Shi, Y.; Wang, Z.; Xia, M.; Li, J.; Wang, 
D.; Colloids Surf., B 2022, 209, 112164. [Crossref]

	46.	 Guan, X.; Hu, X.; Li, Z.; Zhang, H.; Xie, Z.; RSC Adv. 2015, 5, 22957. 
[Crossref]

	47.	 Alsehli, M.; Saudi Pharm. J. 2020, 28, 255. [Crossref]

https://doi.org/10.1038/s41571-019-0308-z
https://www.iso.org/obp/ui/#iso:std:iso:ts:80004:-1:ed-2:v1:en:sec:2.4
https://doi.org/10.22038/nmj.2019.06.0002
https://doi.org/10.1021/acsnano.0c00173
https://www.iarc.who.int/news-events/latest-global-cancer-data-cancer-burden-rises-to-19-3-million-new-cases-and-10-0-million-cancer-deaths-in-2020/
https://www.iarc.who.int/news-events/latest-global-cancer-data-cancer-burden-rises-to-19-3-million-new-cases-and-10-0-million-cancer-deaths-in-2020/
https://www.iarc.who.int/news-events/latest-global-cancer-data-cancer-burden-rises-to-19-3-million-new-cases-and-10-0-million-cancer-deaths-in-2020/
https://www.cancer.net/navigating-cancer-care/how-cancer-treated/personalized-and-targeted-therapies/what-targeted-therapy
https://www.cancer.net/navigating-cancer-care/how-cancer-treated/personalized-and-targeted-therapies/what-targeted-therapy
https://doi.org/10.3390/pharmaceutics12040298
https://doi.org/10.1039/C9RA04358F
https://doi.org/10.1021/acsabm.2c00002
https://doi.org/10.1021/acs.bioconjchem.8b00732
https://doi.org/10.1038/s42003-020-0817-4
https://doi.org/10.1038/s41577-019-0269-6
https://doi.org/10.1016/j.addr.2007.11.010
https://doi.org/10.1111/j.1751-7915.2010.00221.x
https://doi.org/10.1186/s40824-019-0166-x
https://doi.org/10.2174/1568026615666150414120547
https://doi.org/10.1039/D0CS00178C
https://doi.org/10.1186/s12645-020-00060-w
https://doi.org/10.1016/j.ijbiomac.2019.07.030
https://doi.org/10.1016/j.xphs.2022.03.023
https://doi.org/10.1039/D2CP01183B
https://doi.org/10.1038/bjc.1996.587.
https://doi.org/10.1016/S0927-7765(99)00064-8
https://doi.org/10.1016/S0168-3659(01)00341-8
https://doi.org/10.1016/j.jconrel.2007.05.038
https://doi.org/10.1016/j.actbio.2016.07.019
https://doi.org/10.3389/fbioe.2020.00166
https://doi.org/10.1021/acsami.8b12351
https://doi.org/10.1016/j.actbio.2017.10.034
https://doi.org/10.1016/j.cej.2022.135661
https://doi.org/10.3390/bioengenharia9050197
https://doi.org/10.1186/s12951-019-0529-4
https://doi.org/10.1039/C9RA00834A
https://doi.org/10.1080/10611860902974085
https://doi.org/10.1002/anie.200460800
https://doi.org/10.1016/j.jconrel.2011.06.031
https://doi.org/10.1158/1078-0432.CCR-14-3174
https://doi.org/10.1158/1078-0432.139.11.1
https://doi.org/10.1016/j.canlet.2016.10.003
https://doi.org/10.1186/s12951-019-0521-z
https://doi.org/10.2147/IJN.S249205
https://doi.org/10.1016/j.addr.2013.09.008
https://doi.org/10.1016/j.ejmech.2018.08.034
https://doi.org/10.1016/j.colsurfb.2021.112164
https://doi.org/10.1039/c4ra14368j
https://doi.org/10.1016/j.jsps.2020.01.004


Intelligent delivery of antitumor drugs mediated by polymeric nanomicelles: a review 361Vol. 46, No. 4

	48.	 Ma, B.; Zhuang, W.; Wang, Y.; Luo, R.; Wang, Y.; Acta Biomater. 2018, 
70, 186. [Crossref]

	49.	 Zhang, X.; Han, L.; Liu, M.; Wang, K.; Tao, L.; Wan, Q.; Wei, Y.; Mater. 
Chem. Front. 2017, 1, 807. [Crossref]

	50.	 Zhang, X.; Kang, Y.; Liu, G. T.; Li, D. D.; Zhang, J. Y.; Gu, Z. P.; Wu, 
J.; Biomater. Sci. 2019, 7, 1962. [Crossref]

	51.	 Li, J.; Hu, Z. E.; Yang, X. L.; Wu, W. X.; Xing, X.; Gu, B.; Liu, Y. H.; 
Wang, N.; Yu, X. Q.; Biomater. Sci. 2019, 7, 3277. [Crossref]

	52.	 Pelaz, B.; Alexiou, C.; Alvarez-Puebla, R. A.; Alves, F.; Andrews, A. 
M.; Ashraf, S.; Balogh, L. P.; Ballerini, L.; Bestetti, A.; Brendel, C.; 
Bosi, S.; Carril, M.; Chan, W. C. W.; Chen, C.; Chen, X.; Chen, X.; 
Cheng, Z.; Cui, D.; Du, J.; Dullin, C.; Escudero, A.; Feliu, N.; Gao, 
M.; George, M.; Gogotsi, Y.; Grünweller, A.; Gu, Z.; Halas, N. J.; 
Hampp, N.; Hartmann, R. K.; Hersam, M. C.; Hunziker, P.; Jian, J.; 
Jiang, X.; Jungebluth, P.; Kadhiresan, P.; Kataoka, K.; Khademhosseini, 
A.; Kopeček, J.; Kotov, N. A.; Krug, H. F.; Lee, D. S.; Lehr, C. M.; 
Leong, K. W.; Liang, X. J.; Lim, M. L.; Liz-Marzán, L. M.; Ma, X.; 
Macchiarini, P.; Meng, H.; Möhwald, H.; Mulvaney, P.; Nel, A. E.; Nie, 
S.; Nordlander, P.; Okano, T.; Oliveira, J.; Park, T. H.; Penner, R. M.; 
Prato, M.; Puntes, V.; Rotello, V. M.; Samarakoon, A.; Schaak, R. E.; 
Shen, Y.; Sjöqvist, S.; Skirtach, A. G.; Soliman, M. G.; Stevens, M. M.; 
Sung, H. W.; Tang, B. Z.; Tietze, R.; Udugama, B. N.; Scott VanEpps, 
J.; Weil, T.; Weiss, P. S.; Willner, I.; Wu, Y.; Yang, L.; Yue, Z.; Zhang, 
Q.; Zhang, Q.; Zhang, X. E.; Zhao, Y.; Zhou, X.; Parak, W. J.; ACS Nano 
2017, 11, 2313. [Crossref]

	53.	 Van der Meel, R.; Sulheim, E.; Shi, Y.; Kiessling, F.; Mulder, W. J. M.; 
Lammers, T.; Nat. Nanotechnol. 2019, 14, 1007. [Crossref]

	54.	 Park, M. H.; Lee, B. I.; Byeon, J. J.; Shin, S. H.; Choi, J.; Park, Y.; Shin, 
Y. G.; Molecules 2019, 24, 2754. [Crossref]

	55.	 Han, M.; Vakili, M. R.; Abyaneh, H. S.; Molavi, O.; Lai, R.; Lavasanifar, 
A.; Mol. Pharm. 2014, 11, 2640. [Crossref]

	56.	 Nguyen, V. P.; Alves, D. S.; Scott, H. L.; Davis, F. L.; Barrera, F. N.; 
Biochemistry 2015, 54, 6567. [Crossref]

	57.	 Nguyen, V. P.; Palanikumar, L.; Kennel, S. J.; Alves, D. S.; Ye, Y.; Wall, 
J. S.; Magzoub, M.; Barrera, F. N.; J. Controlled Release 2019, 298, 
142. [Crossref]

	58.	 Hermanson, G.; Bioconjugate Techniques, 2nd ed.; Academic Press Inc.: 
Cambridge, 2008.

	59.	 Cammarata, C. R.; Hughes, M. E.; Ofner, C. M.; Mol. Pharm. 2015, 12, 
783. [Crossref]

	60.	 Costa, P.; Pilli, R.; Pinheiro, S.; Substâncias Carboniladas e Derivados, 
Costa, B. T., ed.; EditSBQ: São Paulo, 2019.

	61.	 Fonseca, C.; Simões, S.; Gaspar, R.; J. Controlled Release 2002, 83, 
273. [Crossref]

	62.	 Esfandyari-Manesh, M.; Mostafavi, S. H.; Majidi, R. F.; Koopaei, M. 
N.; Ravari, N. S.; Amini, M.; Darvishi, B.; Ostad, S. N.; Atyabi, F.; 
Dinarvand, R.; DARU J. Pharm. Sci. 2015, 23, 28. [Crossref]

	63.	 Jahanban-Esfahlan, A.; Panahi-Azar, V.; Sajedi, S.; Food Chem. 2016, 
202, 426. [Crossref]

	64.	 Hsu, C. W.; Hsieh, M. H.; Xiao, M. C.; Chou, Y. H.; Wang, T. H.; 
Chiang, W. H.; Int. J. Biol. Macromol. 2020, 163, 1106. [Crossref]

	65.	 Duhem, N.; Danhier, F.; Préat, V.; J. Controlled Release 2014, 182, 33. 
[Crossref]

	66.	 Quinn, J. F.; Whittaker, M. R.; Davis, T. P.; Polym. Chem. 2017, 8, 97. 
[Crossref]

	67.	 Huber, P. C.; Almeida, W. P.; de Fátima, Â.; Quim. Nova 2008, 31, 1170. 
[Crossref]

	68.	 Li, Y.; Yang, H.; Yao, J.; Yu, H.; Chen, X.; Zhang, P.; Xiao, C.; Colloids 
Surf., B 2018, 169, 273. [Crossref] 

This is an open-access article distributed under the terms of the Creative Commons Attribution License.

https://doi.org/10.1016/j.actbio.2018.02.008
https://doi.org/10.1039/c6qm00135a
https://doi.org/10.1039/c9bm00009g
https://doi.org/10.1039/c9bm00425d
https://doi.org/10.1021/acsnano.6b06040
https://doi.org/10.1038/s41565-019-0567-y
https://doi.org/10.3390/molecules24152754
https://doi.org/10.1021/mp500038g
https://doi.org/10.1021/acs.biochem.5b00856.
https://doi.org/10.1016/j.jconrel.2019.02.010
https://doi.org/10.1021/mp5006118
https://doi.org/10.1016/S0168-3659(02)00212-2
https://doi.org/10.1186/s40199-015-0107-8
https://doi.org/10.1016/j.foodchem.2016.02.026
https://doi.org/10.1016/j.ijbiomac.2020.07.110
https://doi.org/10.1016/j.jconrel.2014.03.009
https://doi.org/10.1039/c6py01365a
https://doi.org/10.1590/S0100-40422008000500046
https://doi.org/10.1016/j.colsurfb.2018.05.025

	_Hlk43743236
	_Hlk44081207
	_Hlk44093306
	_Hlk100123097
	_Hlk100123554
	_Hlk100123170

