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A B S T R A C T   

The alliance between nanomaterials and cancer therapy has revolutionized the treatment of tumor patients. After 
cardiovascular diseases, cancer is the leading cause of death, so interdisciplinary approaches should be used for 
the treatment of this malignant disease. Both treatment and early diagnosis of cancer are challenging. The mi
celles belong to lipid-based nanostructures, and they have a hydrophobic core with hydrophilic head regions. The 
current review article focuses on the application of micelles in cancer suppression. The micelles can provide a 
platform for co-delivery of non-coding RNAs and RNAi in cancer gene therapy. Both synthetic and natural 
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compounds with anti-tumor activity can be delivered by micelles. Besides, the co-delivery of drugs and genes 
mediates synergistic cancer therapy. Various kinds of smart micelles, including pH-, light-, redox- and multi- 
sensitive micellar nanostructures, can support targeted cancer treatment. The modification of micelles with li
gands such as hyaluronic acid and aptamers can enhance the selectivity of nanostructures toward tumor cells. 
The micelles can also be employed for cancer diagnosis. The combination of micelles with other nanostructures, 
such as polymeric nanoparticles, is served to improve cancer treatment. The studies demonstrate the high 
biocompatibility and safety profile of micelles. The green modification and synthesis of micelles can enhance 
their biocompatibility. Therefore, micelles can be utilized in the near future for the treatment and diagnosis of 
cancer patients.   

1. Introduction 

After cardiovascular diseases, cancer is one of the leading causes of 
death worldwide. The treatment of cancer depends on combining 
various fields, including engineering and biology. Therefore, recent 
studies have focused on the introduction of nanomedicine in cancer 
therapy [1,2]. Efforts have been made in the diagnosis and treatment of 
cancer. Imaging and morphological analysis of tissues are considered as 
some of the techniques for cancer diagnosis at early stages [3]. Magnetic 
resonance imaging (MRI), computed tomography (CT), endoscopy, and 
ultrasound are among the diagnostic tools for cancer [3]. Regardless of 
diagnosis, treatment, and management of cancer are challenging, and 
there have been efforts to develop novel therapeutic modalities for 
cancer. Nanotechnology is a new emerging field for cancer treatment 
that aims at developing and fabricating nanostructures with sizes of 
1–100 nm, and they have at least one dimension. The size and compo
sition of nanostructures can be tuned making them an appropriate 
choice in the field of medicine and biology [4]. The nanostructures can 
help in the diagnosis and treatment of various diseases, especially can
cer, and they are widely utilized for cargo delivery. The cargo can be 
gene, drug, or both, and the nanostructures are capable of encapsulating 
cargo, promoting their blood circulation time, and improving their 
therapeutic index. The nanotechnological approaches can also be 
beneficial in bioimaging and cancer immunotherapy, which have been 
in demand in recent years. Furthermore, green chemistry can contribute 
to improving the biocompatibility of nanocarriers and paving the way 
for clinical translation [5]. 

Regarding the high mortality and morbidity resulting from cancer 
and the inability of conventional treatments for this threatening disease, 
the development of nanoparticle-based strategies can significantly help 
in the cancer fight. In recent years (2023), there have been a number of 
reviews about the application of micelles in cancer therapy. However, 
their approach to investigation is limited, as they have focused on only a 
few aspects of cancer therapy, such as using micelles in cancer immu
notherapy [6], development of tumor microenvironment-responsive 
micelles [7], and using dendrimer micelles in cancer drug delivery 
[8]. However, different aspects of using micelles in cancer gene delivery, 
bioimaging, their functionalization, hybrid nanoparticles, theranostic 
application, and stimuli-responsive micellar nanoparticles have been 
ignored. Therefore, the current comprehensive review article evaluates 
these subjects to provide a detailed description of using micelles in 
cancer therapy for various purposes, from drug and gene delivery, 
chemotherapy, and immunotherapy to functionalization, theranostics, 
stimuli-responsive structures, and bioimaging. 

The current review aims to evaluate the potential of micelles in the 
treatment of cancer. At first, the structures of micelles and common 
strategies for their fabrication and synthesis are described. Then, the 
role of micelles in drug and gene delivery is highlighted, and their ability 
to provide a platform for the co-delivery of genes and drugs in syner
gistic cancer therapy is shown. Then, we focus on developing smart 
micellar nanoparticles that are responsive and can provide tumor site 
release of cargo. Then, the role of micelles in imaging, their internali
zation in cancer cells, surface modification, and biosafety profile that is 
of importance for clinical application are discussed. 

2. Structure and fabrication 

Amphiphilic molecules have well-defined domains of hydrophobic/ 
hydrophilic features. Micelles are formed by the dynamic aggregation of 
these amphiphilic molecules due to the hydrophobic effect in aqueous 
solution and the formation of hydrogen bonds [9,10]. In a normal 
micelle, the nonpolar segment of the molecule is known as a hydro
phobic tail, while the polar (hydrophilic) segment is named the head 
group [11]. The normal micelle can be dissolved in an aqueous medium. 
As the concentration of these molecules increases above a certain value 
(called the critical aggregation concentration (CAC) or the critical 
micelle concentration (CMC)), the surfactant molecules aggregate to 
form micelle aggregations [12–14]. On the other hand, hydrophobic 
sections of block copolymers (at the CAC or CMC) are so close together 
that they have minimal contact with water molecules and eventually 
form a vesicular or core–shell micellar structure [15]. One of the 
important surface properties of surfactants is CMC because it can affect 
other features such as conductivity, density, viscosity, surfactant activity 
coefficient, and osmotic coefficient. If the concentration is less or more 
than CMC, the thermodynamic properties alter significantly [16–18]. 

Different types of micelles consist of regular, reverse, and uni- 
molecular micelles (Fig. 1) [19], which generally are divided into two 
categories, including surfactant micelles (with low molecular weight) 
and polymeric micelles. Polymeric micelles are known as molecules with 
a nucleus-shell structure in the nanoscale. In the presence of an aqueous 
solvent, these materials are able to form their own micelle-shell struc
ture through the self-assembling of amphiphilic block copolymers [20]. 
The core–shell structure of polymeric micelles affects their performance 
so that the hydrophobic core is able to carry the drugs or protect their 
loaded dosage. Simultaneously, the hydrophilic shell plays the role of 
supporting, stabilizing and creating a suitable solubility of the hydro
phobic nucleus in aqueous media. 

A variety of methodologies have been proposed for the micelles 
preparation, including (i) simple dissolution, (ii) dialysis, (iii) oil in 
water emulsion, (iv) solvent evaporation, and (v) lyophilization or 
freeze-drying [21]. The direct dissolution method usually uses co
polymers with relatively high solubility in water with or without the 
drug in aqueous medium (such as deionized distilled water or buffer). In 
this method, depending on the need, other conditions such as stirring, 
heating and/or ultrasound may be added to load the drug into the 
nanomicelles. Core dehydration eventually leads to micelle formation 
[21]. For instance, poloxamers are used in this method to prepare pol
yion complex micelles (PICM). After the separate dissolution of co
polymers and drugs in aqueous media, micelles are formed with a 
suitable combination of proportions of them [22,23]. 

If the solubility of amphiphilic copolymer in water is low, the dialysis 
technique is often used to prepare micelles. In this method, various 
organic solvents (such as dimethylsulfoxide (DMSO), N,N-dime
thylformamide (DMF), acetonitrile (ACN), tetrahydrofuran (THF), 
acetone, and dimethylacetamide) are applied for dissolving polymers 
and drugs with a suitable ratio. By adding this copolymer-solvent 
mixture to the water-aqueous solvent, micelles are formed. After 
micelle formation, a dialysis technique was utilized to remove water 
media from the system. It is worth noting that the choice of solvent type 
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affects the micelle properties (viz., their micelle size, stability, and 
loading capacity of the drug). It should not be forgotten that if the 
organic solvent used in water was miscible, the dialysis time to remove 
the organic solvent should be longer [21,24–26]. If the copolymer and 
the drug are both dissolved in an organic solvent, some cosolvents (such 
as dimethylacetamide and tert-butanol) with high vapor pressure are 
exerted to fast sublimate the solvent and lyophilization (freeze-drying), 
respectively. Micelles prepared by this technique not only possess high 
dispersibility in water but also illustrate high durability/ shelf-life 
[27–29]. 

This micelle type can be prepared via the oil-in-water microemulsion 
methodology [30]. Accordingly, these micelles can be used to encap
sulate and increase the solubility of insoluble drugs. Polymeric micelles 
are usually composed of three different types of polymers, including di- 
block − block copolymers (such as polystyrene and poly (ethylene gly
col) (PEG)), three-block copolymers (such as poly (ethylene oxide)) and 
graft copolymers (such as stearic acid and G-chitosan) [20]. In contrast, 
other groups of micelles (called reverse micelles) have a hydrophilic 

nucleus and a hydrophobic crust that form through water-in-oil. Some 
drugs (such as doxorubicin as anti-tumor antibiotics) can chemically 
interact with OH functional groups of poly lactic-co-glycolic acid of a di- 
block copolymer micelles or entrap into the same micelle via physical 
interaction [31]. 

Lock copolymer micelles are classified according to the kinds of 
intermolecular forces. In fact, these intermolecular forces separate the 
nucleus segment from the aqueous medium. The longer the hydrophilic 
part forms the spherical micelle, but as the length of the nucleus extends 
beyond the corona-forming chains, it creates non-spherical structures 
such as rods and lamellae. Accordingly, lock copolymer micelles are 
divided into three main categories- amphiphilic micelles, PICM, and 
micelles due to metal complexes [32]. For instance, a copolymer of N- 
isopropyl acrylamide (NIPAAM) NIPAAM/ vinyl pyrrolidone (VP)/ 
acrylic acid (AA) can be synthesized through the free radical mecha
nism. These monomers with a molar ratio of 85.7:9.5:4.8 were applied 
along with N, N%-methylene bis-acrylamide (MBA) as a cross-linker. 
Ferrous ammonium sulphate (FAS) and/or ammonium persulphate 

Fig. 1. Different kinds of micelles [19]. The normal (A), reverse (B), and unimolecular micelles (C) are prepared from aqueous medium, organic medium, and 
amphipathic molecules. In normal micelles, the hydrophilic regions are located on the outside, while hydrophobic regions are located on the inside. In the reverse 
micelles, hydrophobic regions are located on the outside, while hydrophilic regions are located on the inside. Furthermore, A-G parts demonstrate that micelles can 
be fabricated from polymers. Part H demonstrates the formation of supramolecular micelles. 
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(APS) are usually used as initiators in the preparation process to activate 
the reaction of polymerization and achieve a good yield (>80 %). The 
polymerization process can be performed in a nitrogen atmosphere. This 
copolymer can also be lyophilized to obtain a dry powder product [33]. 
In other research, a block copolymer including PEG-block-poly(ε-cap
rolactone) (PCL) (PEG-b-PCL) was selected as biodegradable, amphi
philic, and photothermal polymeric micelles. The indocyanine green 
entrapped into the micelles forgives excellent photothermal effects and 
NIR emission to activate neurons via transient receptor potential cation 
channel subfamily V member 1 (TRPV1). Polymeric micelles containing 
indocyanine green (ICG-micelles) loaded with anti-TRPV1 antibodies 
effectively bound TRPV1 on cell membranes, and accelerated Ca2+ ion 
influx into neuronal cells was induced under NIR irradiation. Based on 
these findings, it is anticipated that the ICG micelles can serve as a novel 
noninvasive remote-activation tool for neuronal cells [34]. 

3. Drug delivery: Emphasis on chemotherapy drugs and natural 
products 

The cancer cells demonstrate unique and abnormal features 
compared to normal cells and the most well-known ones are high pro
liferation rate, cell cycle progression, and ability to migrate into 
neighboring and distant cells and tissues. These abnormal characteristics 
of tumor cells have been under attention in the field of cancer therapy. In 
fact, different kinds of anti-cancer agents, including both synthetic and 
natural products, have been developed to minimize the progression of 
tumor cells and improve the prognosis of cancer patients. The most well- 
known chemotherapeutic agents include paclitaxel (PTX), docetaxel 
(DTX), doxorubicin (DOX), and cisplatin (CP), among others, are widely 
employed for the purpose of tumor suppression. The reason for the 
development of various anti-cancer agents is the capacity of tumor cells 
to achieve resistance. However, there is still a high chance of drug 
resistance development in cancer patients, and this is one of the reasons 
responsible for chemotherapy failure and death of cancer patients 
around the world [35]. According to the presence of drug resistance, 

new kinds of anti-cancer compounds derived from nature were utilized 
in the field of cancer therapy. The naturally occurring compounds have a 
variety of benefits, including multi-targeting capacity and low adverse 
effects. Furthermore, the resistance of cancer cells to plant-derived 
natural compounds has not been reported yet. Therefore, they are 
promising agents in the field of cancer therapy [36,37]. Noteworthy, 
combination cancer therapy using natural and synthetic compounds 
with anti-tumor activity is followed to eradicate this malignant condi
tion, and it has been successful. However, complete treatment of cancer 
requires developing nanoplatforms for the delivery of these anti-tumor 
agents. In fact, the internalization of anti-cancer agents, their long 
blood circulation, and penetration via impediments such as the 
blood–brain barrier (BBB) should be improved, and nanostructures are 
of interest in this case. The present section focuses on the application of 
micellar nanostructures for the delivery of anti-cancer agents. 

3.1. Delivery of chemotherapy drugs 

The micelles have shown high potential for delivery of chemother
apeutic drugs with the purpose of tumor suppression. DOX shows 
cytotoxicity against various tumors, including lung and ovarian cancers. 
However, its efficacy should be improved in complete eradication of 
cancer cells. A recent experiment has developed micellar nanoparticles 
for DOX delivery in the treatment of ovarian and lung cancers. The 
micelles were prepared from a deblock copolymer mPEG-b-PLA and a 
graft polymer (P(HPMA-Lac-co-His)-g-PLA), and ring-opening poly
merization was used for their preparation. The resulting micelles had a 
particle size of 200 nm with high stability, so they preserved their ho
mogenous particles after 72 h incubation in physiological conditions. 
The micelles undergo swelling in an acid environment (similar to TME) 
and release their cargo. This promotes cytotoxicity of DOX by its release 
at the tumor site. The DOX-loaded micelles effectively penetrated cancer 
cells and were found in endo-lysosomes. After 24 h, DOX was localized in 
the nucleus of cancer cells to exert its anti-tumor activity. The bio
distribution study demonstrated the localization of DOX-loaded micelles 

Fig. 2. A schematic representation of the endocytic pathway followed by micelles for internalization in tumor cells and subsequent release of cargo upon endosomal 
escape. The most common strategy utilized by he nanoparticles for the internalization in tumor cells is through endocytosis. The endocytosis depends on various 
factors such as shape, size, and surface charge of nanoparticles. One of the most well-known strategies for mediating endocytosis is the modification of nanoparticles 
with ligands to provide their receptor-mediated endocytosis. The identification of receptors overexpressed on the surface of tumor cells and then, modification of 
micelles with the corresponding ligands can mediate endocytosis. Evaluation of endocytosis is of importance, since rigid nanoparticles demonstrate low internali
zation in tumor cells, while micellar display favorable internalization and subsequent modification with ligands for improving endocytosis and internalization can 
improve the potential of these structures in the delivery. Regarding the small size of micelles and their ability for the endocytosis, the micellar nanoparticles are 
promising candidates for the delivery approaches in cancer therapy. 
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in different organs, but their localization was higher in tumor tissues 
compared to spleen and liver (1.5- and 2-fold more accumulation at 
tumor site compared to spleen and liver). The in vivo experiment on 
mice revealed reduced tumor volume upon application of DOX-loaded 
micelles, and these nanostructures induced apoptosis to reduce cancer 
growth. The release of DOX from these micelles was pH-responsive to 
mimic the conditions of the tumor microenvironment (Fig. 7) [38]. In 
addition to ovarian and lung cancer cells, micelles have been employed 
for DOX delivery in the treatment of breast and cervical cancer cells. A 
recent experiment developed PCL-b-PMPC micelles using atom transfer 
radical polymerization for DOX delivery, and its modification with folic 
acid (FA) was performed. The reason for using PCL-b-PMPC in the syn
thesis of micelles is their biocompatibility, safety profile, and biode
gradability. The zwitterionic polymeric micelles comprised of aldehyde 
functional groups were prepared using self-assembly occurring between 
poly(2-methacryloyloxyethyl phosphorylcholine-b-poly(di(ethylene 
glycol) methyl ether methacrylate-co-4-formylphenyl methacrylate) 
[PMPC-b-P(DEGMA-co-FPMA)]. Then, the polymer-drug conjugate was 
obtained by grafting tirapazamine (TPZD) into PMPC-b-P(DEGMA-co- 
FPMA), which contained an imine bond responding to pH. Then, DOX, 
as an anti-cancer agent, was loaded on nanocarriers. The prepared mi
celles demonstrated a particle size of 158 nm, and upon exposure to 
mildly acidic pH 5.0, the release of DOX occurs for effective cancer 
suppression. These micelles significantly enhanced the internalization of 
DOX in tumor cells (MCF-7 and HeLa cells), and MTT assay revealed 
their high biocompatibility and low toxicity towards normal cells (L929 
cells) [39]. 

The interest in using nanostructures for the delivery of anti-cancer 
agents emanates from the low efficacy of chemotherapeutic agents in 
clinical courses. Although cisplatin is widely applied in clinical trials, 
the efficacy of this drug can be improved using micellar nanoparticles. 
The polymeric micelles have been prepared from sodium poly(α-l-glu
tamic acid)-graft-methoxy-polyethylene glycol (PLG-G-PEG5K) to 
encapsulate cisplatin and vinorelbine. Then, these drug-loaded micelles 
were embedded into liposomes through a reverse evaporation strategy 
to develop co-drug-loaded liposomes containing egg phosphatidyl lipid- 
80/cholesterol/DPPG/DSPE-mPEG2000 at a molar ratio of 52:32:14:2. 
In addition to the uniform size distribution, the nanocarriers had 162.97 
nm particle size along with zeta potential of − 13.02 mV. These nano
carriers exerted a synergistic impact in the treatment of lung cancer 
along with improving the half-life of drugs. Due to the EPR effect, they 
increased the accumulation of drugs at the tumor site [40]. These studies 
highlighted the fact that cancer cell suppression can be boosted using 
micelles for cancer drug delivery. One of the new highlights in tumor 
treatment is affecting cancer stem cells (CSCs). Overall, CSCs possess 
self-renewal capacity, and they can differentiate into cancer cells. The 
CSCs are responsible for an enhanced population of tumor cells and also 
cancer recurrence. Therefore, anti-cancer agents targeting CSCs have 
been developed. Niclosamide (NSC) is an anti-tumor agent developed to 
target CSCs. A recent study has developed micellar nanoparticles for the 
delivery of NSC in colorectal cancer suppression. Based on this experi
ment, self-assembled polymeric micelles were modified with CD44v6 
ligand and then, NSC was loaded into nanostructures. The colorectal 
cancer cells with CD44v6 overexpression had high stemness character
istics that are due to the upregulation of factors such as CXCR4 and 
ALDH1A, and they demonstrated high sphere formation capacities. The 
micelles showed high encapsulation efficiency, as much as 93.7 % and 
they were internalized in HCT116 cells for targeted delivery of NSC. The 
in vivo experiment on mice revealed that intravenous injection of NSC- 
loaded micelles significantly reduced the number of circulating tumor 
cells [41]. 

The polymeric micelles modified with HDLDBC-bMPA and HDLDBC- 
bGMPA have been developed for the co-delivery of CP and chloroquine 
in the treatment of cervical and lung cancers. This combination exerted a 
synergistic impact and improved the potential of anti-tumor agents in 
apoptosis induction and cell cycle arrest, and all of them were boosted 

using micellar nanostructures [42]. Taking everything together, it ap
pears that drug resistance is an increasing challenge in cancer therapy 
[43,44], and using micelles as nanocarriers is highly recommended to 
boost the potential of anti-tumor agents. 

The internalization of anti-cancer agents is significantly enhanced by 
micelles, and this increased cellular uptake is one of the factors 
responsible for boosted efficacy of anti-tumor agents. The micelles have 
high stability and enhance the half-life of anti-cancer agents. Further
more, micelles promote blood circulation of anti-cancer agents and, by 
providing sustained release, achieve complete eradication of tumor 
cells. The micelles can provide a nano platform for the co-delivery of 
anti-cancer agents, and their selectivity towards tumor cells can be 
improved via surface modification, for instance, by folic acid (FA). Be
sides, micelles are important for preventing drug resistance in cancer, 
and their distribution seems to be higher in tumor tissues compared to 
normal tissues [45–55]. A potential reason for the application of mi
celles in cancer drug delivery is the high biosafety and biocompatibility 
of these structures, further improving their future clinical application. In 
addition, the micelles have favorable biodistribution, and they can 
mainly accumulate in the tumor site. Further functionalization increases 
their cancer-targeting specificity. Since the micelles have a small size, 
they can also be encapsulated by other nanocarriers such as liposomes. 
Moreover, along with drug delivery, other nanoparticles, such as gold 
and iron oxide nanoparticles, can be loaded in micelles to provide drug 
delivery and phototherapy in acceleration tumor ablation. 

3.2. Delivery of natural products 

The most important challenge of naturally occurring compounds is 
their low bioavailability, which restricts their therapeutic index. Cur
cumin is a phytochemical with anti-cancer activity and the capacity for 
apoptosis induction, cell cycle arrest, and migration inhibition. How
ever, nanostructures are vital for improving the anti-cancer activity of 
curcumin. The micelles have been developed for curcumin delivery in 
cancer treatment. A recent experiment prepared polymeric micelles 
from HPMA-Bz via nanoprecipitation method, and curcumin was loaded 
on micellar nanostructures. The curcumin-loaded micelles showed par
ticle sizes of 38, 48 and 59 nm with an encapsulation efficiency of 90 %, 
91 % and 94 %. The curcumin release from micelles occurred after 24 h 
at a level of 22–49 %. The curcumin-loaded micelles induced cell death 
in tumor cells. The in vivo experiment on mice revealed enhanced half- 
life of curcumin after intravenous administration and showed high sta
bility. Noteworthy, low bioavailability and high clearance of curcumin 
from blood are attributed to the interaction of curcumin and blood cells, 
and based on the function of micelles in enhancing curcumin bioavail
ability, it can be concluded that micelles reduce the interaction of cur
cumin with blood cells [56]. Another study has prepared reversible 
disulfide crosslinked micelles from mPEG-PLA-LA4 for curcumin de
livery in colon cancer suppression. The prepared micelles had a particle 
size of 24.6 nm with a spherical shape. The micelles promoted the 
bioavailability of curcumin and maintained its levels in blood circula
tion. The enhanced accumulation of curcumin at the tumor site by mi
celles led to colon cancer inhibition, and it exerted a synergistic impact 
with anti-PD-1 antibody in cancer immunotherapy [57]. Curcumin has 
the ability to regulate other cell death mechanisms, including ferroptosis 
[58], autophagy [59], and immunogenic cell death [60]. These path
ways can be related to immunotherapy, which is a potential strategy in 
cancer suppression. Therefore, the role of curcumin-loaded micelles in 
the regulation of cell death pathways for improving cancer immuno
therapy in human cancers should be evaluated. 

Another study evaluated the potential of curcumin-loaded micelles 
in breast cancer therapy. The micellar nanostructures were prepared 
from mPEG-PCL deblock copolymers via the nanoprecipitation method. 
The curcumin-loaded micelles had a particle size of 81 nm with a zeta 
potential of − 11.5 mV, showing their high biocompatibility. The mi
celles had a loading efficiency of 20.65 % and encapsulation efficiency 
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of 89.32 %, making them appropriate options in cancer drug delivery. 
The plasma level of curcumin was significantly increased after delivery 
by micelles by 52.8, 4.63, and 7.51-fold compared to curcumin solution. 
The in vivo experiment revealed enhanced blood circulation of curcu
min and its increased therapeutic index in breast cancer suppression 
[61]. In another attempt, curcumin was conjugated to starch via an acid- 
labile ester linker, and then, they were self-assembled into micelles. The 
micelles had a particle size of 69.1 nm with a zeta potential of − 27.8 mV, 
showing their high stability. These micelles improved the bioavailability 
of curcumin, and this was responsible for their increased cytotoxicity 
against tumor cells [62]. Although the studies have mentioned the po
tential of micelles in improving the pharmacokinetic profile of curcumin 
in cancer therapy, the underlying molecular pathways have been 
ignored. Curcumin has a pleiotropic function in the regulation of mo
lecular pathways, including PTEN, PI3K/Akt, non-coding RNAs, and 
other major pathways that their regulation by micelles, and the changes 
should be highlighted. 

The interesting point is that natural compound-loaded micelles are 
capable of inducing cell death in drug-resistant cancer cells and sup
pressing their progression. Quercetin is a naturally occurring compound 
that can suppress the progression of breast and ovarian tumor cells. An 
experiment has prepared polymeric micelles from Pluronic polymers, 
P123 and P407, and P407 and TPGS via the thin film hydration method. 
The resulting quercetin-loaded micelles demonstrated a particle size of 
37 nm, drug loading efficiency of 8.75 %, and encapsulation efficiency 
of as much as 87.48 %. The micelles enhanced the solubility of quercetin 
and provided prolonged release. The micelles were stable, and they 
suppressed tumor progression. Noteworthy, the progression of drug- 
resistant cancer cells was also suppressed by quercetin-loaded micelles 
[63]. Based on these studies, naturally occurring compounds are effec
tive in cancer treatment in vitro; however, their potential decreases in 
vivo, and their half-life and blood circulation time are low. They cannot 
accumulate in tumor sites, and their internalization in cancer cells is not 
enough. Therefore, micelles are suggested due to their biocompatibility, 
stability, and ability to increase intracellular accumulation of anti-tumor 
compounds (both synthetic and natural agents) (Fig. 8 and Table 2) 
[64–75]. Such a strategy is also beneficial in clinical studies since the 
therapeutic efficacy of natural products has been under question due to 

their pharmacokinetic profile. Regarding the high safety of micelles, 
they are potential candidates for the delivery of natural products in the 
treatment of cancer patients. 

4. Gene delivery by micelles 

The abnormal or dysfunctional genes are responsible for the devel
opment of various diseases in humans, and gene therapy is a promising 
strategy for mediating the proper function of genes. Proper gene therapy 
appears to be difficult in cancer therapy due to the mild acidic pH of the 
tumor microenvironment (TME) which can affect the function of genes 
and the presence of intracellular and extracellular barriers that limit the 
efficacy of gene therapy. Laser irradiation, electroporation and sono
poration are utilized for cell membrane disruption to enhance the 
entrance of genes into cells. Furthermore, evasion or suppression of the 
immune system can be regulated during gene therapy [87]. As there are 
many limitations for gene therapy for in vivo experiments, including 
circulation in blood and internalization in cancer cells, nanocarriers 
have always been under attention to solve aforementioned problems by 
encapsulating and protecting genes, increasing their internalization in 
tumor cells and providing long blood circulation. The current section 
focuses on the function of micelles for the delivery of genes in cancer 
therapy. 

4.1. RNA interference 

The process of RNA interference (RNAi) is associated with gene 
silencing and reduced expression of targeted genes. The most well- 
known tools employed for RNAi are small interfering RNA (siRNA) 
and short hairpin RNA (shRNA), and their delivery by micelles is ideal 
for the purpose of gene therapy and cancer treatment. Most of the ex
periments have focused on siRNA delivery for the purpose of cancer 
suppression. However, there are also studies showing that shRNA can be 
delivered by micelles in cancer treatment. An experiment has prepared 
polymeric hybrid micelles for the purpose of siRNA delivery in lung 
cancer treatment. The micelles were prepared using linoleic acid (LA) 
conjugation to PEI and mPEG, as well as two other amphiphilic poly
mers, including PEI-LA and mPEG-LA. Then, survivin-siRNA was loaded 

Table 1 
The surface-modified micelles for targeted cancer therapy.  

Nanocarrier Ligand Particle size (nm) 
Zeta potential (mV) 
Encapsulation 
efficiency (%) 

Cancer type Remarks Refs 

Polymeric micelles Folic acid 120 nm 
7.7 mV 
48 % 

Liver 
cancer 

Elimination of 80 % of cancer cells 
Receptor-mediated endocytosis 

[139] 

Prodrug micelles Hyaluronic 
acid 

188 nm 
− 17.54 mV 

Lung 
cancer 

Apoptosis induction 
Receptor-mediated endocytosis 

[140] 

PCL-PEG/TPGS micelles d-fructose 38.4 and 57.1 nm Breast 
cancer 

Internalization via caveolae-dependent, clathrin-independent, and 
macropinocytosis-independent pathways 

[141] 

PEO-poly(ester) micelles P18-4 peptide 52.2 nm Breast 
cancer 

The enhanced cellular uptake by tumor cells and receptor-mediated endocytosis 
may be involved in this process 

[142] 

Dextran-octadecanoic 
acid micelles 

Sialic acid 54.53 nm Hepatoma SA-mediated endocytosis to improve internalization in cancer cells [143] 

PEG-PLA micelles TAT peptide 20 nm 
+5.94 mV 

Breast 
cancer 

The increased internalization in tumor cells shows the role of surface 
modification with ligands in effective cargo delivery by micelles 

[144] 

Polymeric micelles α-Conotoxin 
ImI 

19.3 nm 
− 1.5 mV 
98 % 

Lung 
cancer 

Preferential accumulation in tumor cells via receptor-mediated endocytosis [145] 

DOCA micelles Hyaluronic 
acid 

− Breast 
cancer 

Internalization in tumor cells via CD44 receptor-mediated endocytosis [146] 

TPGS2K/HDP mixed 
micelles 

Folic acid 170 nm 
− 11.81 mV 
80 % 

Breast 
cancer 

Rapid drug release after endosomal escape and penetration into tumor cells via 
endocytosis 

[147] 

TPGS conjugated 
chitosan micelles 

Transferrin 14.83 nm 
− 1.02 mV 
86.6 % 

Glioma Enhanced cellular uptake due to receptor-mediated endocytosis [148]  
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on self-assembled polymeric micelles for targeted delivery to lung can
cer cells. Due to the enhanced uptake of siRNA in tumor cells, a 
remarkable reduction was observed in the expression level of the sur
vivin gene to suppress cancer proliferation and sensitize them to cell 
death [88]. Based on the function of genes, they can be targeted by 
related siRNAs loaded in micelles. Breast CSCs rely on the upregulation 
of the AKT2 gene. Hence, developing AKT2-siRNA can suppress the 
progression of breast CSCs. For this purpose, polymeric micelles were 
prepared using Pluronic F127 and polyplexes. Then, AKT2-siRNA con
jugated with cationic PEI was attached to micelles. Two kinds of breast 
cancer cells, including MCF-7and MDA-MB-231 cells, were chosen, and 
they were exposed to AKT2-siRNA-loaded polymeric micelles; the re
sults showed that siRNA-loaded micelles have a capacity to reduce AKT2 
gene expression to impair stemness of breast cancer and decrease their 
proliferation and invasion [89]. 

The application of micelles for siRNA delivery has made it possible to 
obtain promising results in vivo, while naked siRNA has low capacity in 
animal models. An experiment prepared polymeric micelles from PEG-b- 
PLL and then modified them with cRGD peptide. The resulting micelles 
had siRNA-binding segments containing thiol. The siRNA-loaded poly
meric micelles were used for the treatment of cervical cancer. The mi
celles had different particle sizes, and the largest size was 194 nm with a 
zeta potential of − 1.99 mV. The cRGD-modified siRNA-loaded poly
meric micelles effectively decreased gene expression in vitro, and due to 

their modification with cRGD peptide, they showed high cellular uptake 
and internalization in cervical cancer cells that are of importance for 
improving gene silencing capacity. After intravenous injection in animal 
models, siRNA-loaded polymeric micelles showed high stability in blood 
circulation, and they preferentially accumulated in tumor tissues to 
suppress the progression of cervical cancer [90]. 

As siRNA has an anionic nature, micelles should have a positive 
charge for conjugation with these nucleic acid drugs. A recent study 
conjugated cationic PEI to PEG-conjugated VEGF-siRNA to suppress the 
progression of prostate cancer. The siRNA-loaded polymeric micelles 
demonstrated a particle size of less than 100 nm, and they showed high 
biocompatibility, as they did not induce any detectable immune 
response in animal models. The siRNA-loaded polymeric micelles 
accumulated in tumor tissues, and they were able to suppress cancer 
growth in vivo upon intravenous and intertumoral administration 
(Fig. 3) [91]. The modification of micelles with polymers can affect their 
capacity for siRNA delivery. For this purpose, a study prepared poly
meric micelles from PEG-b-pDPB and pD-b-pDPB, and then, the effect of 
PEGylation on the capacity of micelles for siRNA delivery was evaluated. 
It was found that modification of micelles with low molecular weight 
PEG reduces internalization in breast tumor cells, but it mediates 
endosomal escape and promotes cytoplasmic bioavailability. On the 
other hand, modification of micelles with high molecular weight PEG 
improves blood circulation time [92]. Based on these studies, it appears 

Table 2 
The micellar nanoparticles in delivery of anti-cancer agents.  

Nanostructure Particle size (nm) 
Zeta potential (mV) 
Encapsulation efficiency or drug 
loading (%) 

Anti-cancer 
agent 

Cancer type Remarks Refs 

Folate-targeted polymeric 
micelles 

79.2 nm 
− 8.5 mV 
12.6 % (DOX) 
1.7 % (SIS3) 

Doxorubicin 
SIS3 

Breast cancer Increased circulation time in blood 
Preferential accumulation at the tumor site 
Sensitizing tumor cells to DOX chemotherapy 
Targeting folate receptor 

[76] 

β-cyclodextrin-grafted 
micelles 

34.5 nm 
− 2.39 mV 
Near to 100 % for both drugs 

Doxorubicin 
Conferone 

Breast cancer Exerting synergetic impact 
Apoptosis induction via the intrinsic pathway 

[55] 

Prodrug micelles 110.5 nm 
55.8 % 

Paclitaxel 
Doxorubicin 

Breast cancer High stability 
Enhanced cellular uptake 
High biocompatibility 
Increased cytotoxicity 

[74] 

Folate-modified micelles 10–200 nm 
− 20.5 mV 
Up to 97 % 

Metformin 
Paclitaxel 

Breast cancer Improving cytotoxicity against cancer cells and increased 
cellular uptake in tumor cells 

[77] 

Micelles 85.3 nm 
96.9 % (silibinin) 
97.6 % (docetaxel 

Docetaxel 
Silibinin 

Breast cancer Increased stability in blood circulation and releasing drugs at 
the tumor site 
High cellular uptake and biocompatibility 
Enhanced cytotoxicity 

[78] 

Self-assembled micelles 278.6 nm 
+41.6 mV 
96 % (wogonin) 
52 % (rapamycin) 

Rapamycin 
Wogonin 

Breast cancer Prolonged release of wogonin 
Increased sensitivity to rapamycin 
High biocompatibility and stability 

[79] 

Soluplus/TPGS mixed 
micelles 

63.73 nm 
− 1.26 mV 
Up to 95.8 % 

Docetaxel 
Piperine 

Liver cancer Synergistic impact and suppressing tumor progression in 
vitro and in vivo 

[80] 

Polymeric micelles 55 nm 
− 2.7 mV 
87 % (methotrexate) 
86.5 % (chrysin) 

Methotrexate 
Chrysin 

Breast cancer Improved performance of chemotherapeutic agents 
Suppressing tumor progression in vitro and in vivo 

[81] 

Micellar nanoparticles 519.7 nm Doxorubicin 
Wortmannin 

Breast cancer Increased tumor uptake and suppressing cancer progression 
in vitro and in vivo 

[82] 

Polymeric micelles 129.8 and 118.6 nm 
12 mV 

Paclitaxel 
Disulfiram 

Breast cancer Suppressing drug resistance and reducing the viability of 
tumor cells 

[83] 

Copolymer micelles 122 nm 
− 16.3 mV 
82 % 

Paclitaxel 
trans-retinoic 
acid 

Lung cancer Preventing tumor growth in vivo and enhancing survival of 
animal models 

[84] 

Polymeric micelles 41–44 nm 
99.5 % 

Paclitaxel 
Honokiol 

Breast cancer Reducing the expression level of P-gp 
Inhibiting migration and invasion in vivo 
Drug release at the tumor site 

[85] 

Polymeric micelles 80–90 % Paclitaxel 
Cisplatin 

Breast and ovarian 
cancers 

Improving cytotoxicity against tumor cells [86]  
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Fig. 3. (a-c) Preparation of siRNA-loaded micelles with a cleavable bond, (d-f) Biodistribution of micelles at targeted tissue. Reprinted with permission from [91] 
from Elsevier. 
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that micelles are able to enhance the impact of siRNA in gene silencing 
in vitro and in vivo, and it is of importance for suppressing cancer 
progression [93–95]. Similar results have been obtained for shRNA, 
showing that micelles are capable of increasing intracellular uptake and 
efficiency of shRNA in gene silencing. However, studies are limited, and 
more experiments are required in this case to show the true potential of 
micelles in shRNA delivery and gene silencing for the purpose of cancer 
treatment (Fig. 4) [96]. Regarding the negative charge of siRNA, loading 
these genetic tools in polymeric micelles with a positive charge is sug
gested to develop stable complexes in cancer gene therapy. 

4.2. Non-coding RNA 

The non-coding RNAs (ncRNAs) comprise a large part of the human 
genome, and they have received much attention in recent years due to 
their regulatory roles in biological events and their capacity to affect 
proliferation, migration, angiogenesis, and differentiation in normal 
cells. The role of ncRNAs in cancer can be tumor-suppressor and 

oncogene, and based on their function, the expression level of these 
factors changes in tumor progression. The microRNAs (miRNAs) are the 
most well-known members of ncRNAs, and they obtain their function in 
the cytoplasm by embedding into an RNA-induced silencing complex 
(RISC). The miRNAs reduce the expression of target genes by binding to 
3́-UTR region of the target. There have been efforts for the delivery of 
miRNAs by micelles in cancer therapy. An experiment applied micelles 
for miRNA-34a and BI6727 as PLK1 inhibitors in the treatment of 
pancreatic cancer. The self-assembled polymeric micelles were prepared 
from PEG-B-PAEBEA, and they had a particle size of 100 nm, drug 
loading efficiency of 100 %, and can provide a stable complex of miRNA- 
34a and micelles. The in vitro and in vivo (systemic administration) 
experiments revealed the potential of micelles in promoting the efficacy 
of miRNA-34a and volasertib in cancer suppression, increasing plasma 
levels and accumulation at the tumor site. The results showed that a 
combination of miRNA-34a and volasertib exerts synergistic tumor- 
suppressor activity in reducing the progression of pancreatic cancer 
cells and is able to induce G2/M arrest and prevent colony formation 

Fig. 4. Preparation of micelles and their entrance into tumor cells to release MMP-9-shRNA and DTX for a combination of chemotherapy and gene therapy. Reprinted 
with permission from [96] from Elsevier. 

W. Gao et al.                                                                                                                                                                                                                                    



Chemical Engineering Journal 495 (2024) 153438

10

capacity of pancreatic cancer cells [97]. Another study has developed 
polymeric hybrid micelles for miRNA-34a and irinotecan delivery in 
colorectal cancer suppression. The irinotecan is a suppressor of topo
isomerase enzymes and is beneficial in preventing the replication of 
colorectal cancer cells. The DSPE-PEG and PEI-PLA polymers were used 
for developing polymeric micelles and then, irinotecan and miRNA-34a 
were loaded on micelles. The resulting polymeric hybrid nanostructures 
had a particle size of 170–200 nm, a zeta potential of − 11.65 mV, and an 
encapsulation efficiency of as much as 91 %. The miRNA-34a release 
from micelles in colorectal cancer cells leads to a significant decrease in 
growth and metastasis and affects expression levels of Bcl-2 and mTOR 
pathways. Then, the way is paved for irinotecan to exert its tumor- 
suppressor activity [98]. Furthermore, miRNA-34a-loaded micelles 
sensitize prostate cancer cells to chemotherapy [99]. 

The miRNA-205 is another factor loaded on micelles for the treat
ment of pancreatic cancer. For this purpose, cationic polymeric micelles 
were prepared from mPEG and PCC and then, they were used for de
livery of miRNA-205 and gemcitabine. The resulting nanocarriers had a 
particle size of 62.1 nm and a zeta potential of 14.15 mV. These nano
carriers released cargo in a prolonged manner and for more than 10 
days. They demonstrated transfection efficiency of more than 90 % and 
promoted stability of miRNA in serum. These improvements, along with 
an increase in cellular uptake, led to a significant decrease in the pro
gression of pancreatic cancer cells [100]. Therefore, micelles are 
promising nanocarriers for the delivery of miRNAs in cancer therapy 
[98], and future experiments should focus on the deliver
y of lncRNAs and circRNAs by micelles in cancer suppression. Figs. 5–7 
provides a schematic representation of micelles for gene delivery. 

In addition to siRNA and non-coding RNAs, there are also other 
factors that contribute to the genetic modulation of cancer such as 
shRNA and CRISPR/Cas9 system. Regarding shRNA, the mechanism of 
action is similar to siRNA, and therefore, the same result can be 

obtained. However, CRISPR has the ability to both downregulate and 
upregulate targeted genes (siRNA can only downregulate gene expres
sion), and it is a better system for cancer therapy. However, CRISPR/ 
Cas9 size is high, and it may affect further biological effects of micelles, 
including their cellular internalization, blood circulation, and phago
cytosis by the reticuloendothelial system. 

5. Cargo co-delivery: Gene and drug 

In order to maximize the potential for cancer suppression, micellar 
nanoparticles have been developed for the co-delivery of genes and 
drugs. Recently, anionic dextran-coated micelles were designed for the 
delivery of camptothecin and survivin-shRNA in colon cancer therapy. 
The selectivity of micelles towards colon cancer cells was improved via 
AS1411 aptamer modification. The modification of micelles with 
dextran is beneficial in decreasing particle size by preventing aggrega
tion. After dextran modification, the particle size of micelles was 
decreased from 160 nm to 131 nm. However, aptamer modification 
enhanced size to 235 nm, and zeta potential was –22 mV. The drug- and 
shRNA-loaded micelles penetrated into colon cancer cells via endocy
tosis, and by mediating survivin down-regulation, apoptosis (38 %) 
occurred, and cancer cells were sensitized to chemotherapy [101]. 
However, as genes have an anionic charge, it is suggested to synthesize 
cationic nanostructures to provide a stable complex. In an effort, pul
lulan was used for the synthesis of cationic micelles, and lipophilic 
deoxycholic acid and PEI were grafted into the backbone of pullulan. 
The resulting nanocarriers had a particle size of 160.8 nm, a zeta po
tential of 28 mV, with an encapsulation efficiency of 84.05 %. Then, 
DOX and p53 genes were loaded on micelles for breast cancer therapy. It 
was found that micelles provide prolonged delivery of DOX, which im
proves its anti-tumor activity. Furthermore, p53 gene delivery induces 
apoptosis in cancer cells and sensitizes breast tumor cells to DOX 

Fig. 5. Micelles for the purpose of gene delivery. The micelles provide cytoplasmic release of genes after entrance into cells and endosomal escape to affect gene 
expression in the nucleus in regulating proliferation, apoptosis, and cell cycle progression in tumor cells. Several underlying molecular pathways are targeted by these 
micelles in cancer therapy, including Bcl-2, mTOR, Akt, and survivin, to impair the survival of tumors. 
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chemotherapy [85]. As micelles have a capacity for miRNA delivery 
[86], further studies can show how the co-delivery of miRNAs and drugs 
by micelles can be beneficial in combination cancer therapy. 

Noteworthy, most of the experiments have focused on the co- 

delivery of drugs and siRNA in synergistic cancer therapy [102]. As 
discussed in the previous section, PLK1 overexpression significantly 
enhances the progression of tumor cells. Co-delivery of DOX and PLK1- 
siRNA appears to be beneficial in breast cancer treatment and reducing 

Fig. 6. (a) The preparation of polymeric micelles from mPEG-b-PLA polymers and their anti-cancer activity. (b) and (c) The biodistribution of micelles and their 
accumulation in tumor tissue. (d) The highest accumulation of micelles was observed in tumor tissue after 6 h, and then their accumulation decreased after 72 h. 
After tumor tissue, the highest accumulation of micelles was observed in the kidney. Reprinted with permission from [38] from MDPI. 
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its progression [103]. Another study also focused on the delivery of DOX 
and PLK1-siRNA using micelles, and in this case, polymeric micelles 
were prepared from poly(styrene-alt-maleic anhydride), and then, DOX 
and siRNA were loaded. The resulting micelles had a particle size of 
14–30 nm, and they localized in the cytoplasm of breast tumor cells, 
leading to a significant decrease in the proliferation rate of tumor cells 
[104]. In addition to synthetic drugs, micelles have been applied in the 
co-delivery of curcumin and siRNA. The self-assembled micelles were 
prepared from chitosan and cholesterol. The resulting nanostructures 
had a particle size of 165 nm with a zeta potential of + 24.8 mV. The 
micelles were penetrated into lung tumor cells via clathrin-mediated 
endocytosis, and they were stable for more than one month at 4 ◦C. 
Therefore, they can be considered as promising nanocarriers in lung 
tumor therapy [105]. Similar to DOX, PTX resistance is an increasing 
challenge and delivery systems are of importance for boosting its anti- 
tumor activity. The overexpression of survivin stimulates PTX resis
tance in ovarian tumor cells. The multifunctional micelles loaded with 
survivin-siRNA and PTX sensitize ovarian tumors to cell death [106]. 
Based on the experiments, it appears that micelles can provide stable 
platforms for the co-delivery of genes and drugs, and their clinical 
application should be considered in the next steps [53,107–111]. 
Table 3 provides a summary of micelles for co-delivery of genes and 
drugs in cancer therapy. 

6. Functionalized micelles: Boosting cell internalization 

A newly emerging field in improving the selectivity of nano-scale 
delivery systems is to identify receptors overexpressed on the surface 
of cancer cells and then find an antibody capable of binding to the re
ceptors. Then, surface modification of nanostructures with ligands can 
be performed to design receptor-targeted nanocarriers. For instance, 

CD44 shows overexpression on the surface of most tumor cells, such as 
breast and lung cancer cells. Hyaluronic acid (HA) has the capacity to 
bind to CD44 receptors, and surface modification of nanostructures with 
HA mediates selective targeting of cancer cells overexpressing CD44. 
The same strategy has been employed to increase the selectivity of mi
celles towards cancer cells. The glioblastoma multiform is one of the 
most malignant brain tumors, and various anti-cancer agents, including 
gemcitabine and honokiol, have been employed for its treatment. 
However, the drugs should cross over BBB to enter into the brain and 
reach the tumor site. An experiment has prepared micelles for the co- 
delivery of honokiol and lauroyl-gemcitabine in glioblastoma therapy. 
The drug-loaded micelles were modified with HA to improve their 
selectivity. The in vitro and in vivo studies revealed that drug-loaded 
micelles suppress colony formation of glioblastoma cells, and nano
carriers promote the anti-tumor activity of honokiol and gemcitabine. 
The drug-loaded micelles reduced tumor volume in mice and enhanced 
the survival of animal models. Proliferation inhibition and apoptosis 
induction are followed by drug-loaded micelles in suppressing glio
blastoma progression. Notably, surface modification of micelles with HA 
led to selective targeting of glioblastoma cells overexpressing CD44 re
ceptors and subsequent internalization in tumor cells via receptor- 
mediated endocytosis [116]. Another study synthesized cationic mi
celles from amphiphilic ferrocenium-tetradecyl. Then, micelles were 
modified with HA that had a particle size of 117 nm with a zeta potential 
of + 51.8 mV. DOX as an anti-cancer agent was loaded in HA-modified 
micelles, and drug loading efficiency was 5.97 %. The modification of 
micelles with HA changed their zeta potential, and it was in the range of 
− 25.7 to − 12.3 mV. These DOX-loaded HA-modified micelles effec
tively suppressed tumor progression in vitro and in vivo and were able to 
internalize in tumor cells due to targeting CD44 receptors [117]. Hence, 
surface modification of micelles with HA appears to be a promising 

Fig. 7. Micelles for the purpose of drug delivery. Both synthetic and phytochemicals can be delivered by micelles in cancer therapy to enhance biocompatibility, 
promote intracellular accumulation, provide combination cancer therapy, and prevent drug resistance development. 
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strategy for boosting tumor suppression capacity [118]. 
It is worth mentioning that the interaction between cell surface re

ceptors and their ligand can stimulate the progression of tumor cells 
(both proliferation and metastasis). Therefore, surface modification of 
micelles with ligands not only promotes selectivity but also prevents 
cancer cell progression. A new experiment has shown that modification 
of micelles with MCP-1 peptide can target CCR2-overexpressed cancer 
cells. Furthermore, micelles were conjugated with KLAKLAK to induce 
apoptosis in tumor cells. These micelles had a particle size of 12–14 nm 
with zeta potential up to 16.2 mV. The MCP-1-modified micelles inter
acted with CCR2 on the surface of melanoma cells. The KLAK peptide 
was able to stimulate cell death, and in vivo experiments revealed a 
significant decrease in cancer progression up to 34 % after intravenous 
administration of micelles. Furthermore, after the interaction of MCP-1- 
modified micelles with the CCR2 receptor, the infiltration of tumor- 
associated macrophages and cytotoxic T lymphocytes in TME showed 
an alteration, confirming the dual function of targeting receptors [119]. 

Another kind of ligand that can be employed for surface modification 
of micelles is aptamers. As single-stranded oligonucleotides, aptamers 
are produced via the SELEX method, and they have a high affinity to
wards their targets that is of importance for enhanced internalization 
[120]. A recent study has developed polydiacetylene micelles via click 
and hybridization method and their surface modification with aptamer 
(anti-Annexin A2 sequence) has been performed. This modification 
significantly promoted intracellular accumulation of micelles in breast 
cancer cells [121]. Such a strategy is beneficial in elevating the anti- 
tumor activity of drugs. The DOX-loaded polymeric micelles were syn
thesized for pancreatic cancer therapy, and they had a particle size of 
132.9 nm, encapsulation efficiency of 60 %, drug loading efficiency of 
18.11 %, and zeta potential of − 24.45 mV and –33.30 mV. The XQ-2d 
aptamer was used to modify DOX-loaded polymeric micelles, and 

results showed that aptamer modification is associated with deep tumor 
penetration and subsequent increase in cytotoxicity of DOX against 
pancreatic cancer cells [122]. 

As mentioned in previous sections, nanostructures are beneficial in 
improving the bioavailability and anti-tumor activity of natural com
pounds. The polymeric micelles were prepared from methoxy- 
polyethylene glycol-poly(d,l-lactide), and then curcumin was loaded 
on nanocarriers. At the next step, modification of micellar nano
structures with transferrin (Tf) was performed. The Tf-modified curcu
min-loaded micelles had a particle size of 132.16 nm and an 
encapsulation efficiency of 88.27 %. The micelles provided prolonged 
release of curcumin, improving its anti-tumor activity, and it was found 
that Tf-modified micelles have higher cellular uptake compared to non- 
targeted micelles in liver and cervical cancer cells. The potential of 
curcumin in apoptosis induction and reducing colony formation 
increased by Tf-modified micelles [123]. Another experiment also 
modified vitamin E/lipid-based polymeric micelles with Tf with a par
ticle size of 114.2 nm and zeta potential of –22.8 mV. Similarly, Tf- 
modified micelles showed high internalization in cervical and liver 
cancer cells, and these stable nanocarriers elevated the anti-tumor ac
tivity of curcumin [123]. Taking everything into account, it appears that 
micelles have the capacity for cancer suppression via cargo delivery, and 
they boost the efficacy of anti-cancer drugs. They are stable and have a 
great safety profile. The current section revealed that surface modifi
cation of micelles is another approach to improving the potential of 
micelles in cargo delivery, increasing cellular uptake, and decreasing 
tumor growth in vitro and in vivo [47,124–128]. 

When the modification of nanostructures occurs, their internaliza
tion in cancer cells changes. In previous sections, it was shown that 
micelles can internalize in tumor cells. The most important pathway for 
micelles to enter tumor cells is endocytosis. A recent experiment has 

Table 3 
The micelles for co-delivery of genes and drugs in cancer therapy.  

Nanocarrier Cargo Particle size (nm) 
Zeta potential (mV) 
Encapsulation 
efficiency (%) 

Cancer type Remarks Refs 

Micelles Docetaxel 
anti-nucleostemin 
siRNA 

42 nm 
− 12.8 to 15 mV 

Prostate cancer Modification with TAT peptide and DCL ligand promotes the selectivity 
of micelles toward tumor cells 
Reducing expression level of nucleostemin 
Proliferation suppression 

[112] 

Self-assembled 
micelles 

Doxorubicin 
PLK-1 siRNA 

82.2 nm 
26.1 mV 
8.6 % /w 

Breast cancer Increasing stability of nanocarriers by coating via bovine serum 
albumin 
Cargo release in response to pH 5 and GSH 
Exerting synergistic impact and suppressing tumor progression in vitro 
and in vivo 

[103] 

Cholesterol-grafted 
chitosan micelles 

Curcumin 
siRNA 

165 nm 
24.8 mV 

Lung cancer The capacity of nanocarriers in condensing siRNA and curcumin 
High stability and cellular uptake by lung cancer cells 
Internalization in tumor cells via clathrin-mediated endocytosis 

[105] 

Tri-layer micelles Gemcitabine 
NF-κB siRNA 

Up to 217.3 nm 
27.5 mV 
99 % 

Breast and pancreatic 
cancers 

Enhanced cytotoxicity against tumor cells 
Reducing NF-κB expression 
Apoptosis induction and reducing migration of cancer cells 

[108] 

Dendrimer micelles Doxorubicin 
MDR1 siRNA 

349.3 nm 
6.59 mV 

Breast cancer Surface modification of nanoparticles with 2C5 as a monoclonal 
antibody results in specific targeting of cell-surface-bound nucleosomes 
Increased cellular uptake and suppressing tumor progression in vitro 
and in vivo 

[109] 

LDL-coupled micelles Paclitaxel 
siRNA 

24.36 nm 
− 1.34 mV 

Breast cancer Increased cargo release at mild acidic pH 
Lysosomal escape of nanoparticles via proton sponge effect 
Synergistic impact between gene and chemotherapy 

[113] 

Chitosan-coated 
micelles 

Paclitaxel 
MDR1 siRNA 

171.6 nm 
93.92 % 

Breast cancer Increased cellular uptake due to LDL modification and binding to 
receptors on cell surface 
Protection of siRNA against phagocytosis degradation 
Reducing MDR1 expression and down-regulating P-gp expression 
Suppressing tumor growth in vitro and in vivo 

[114] 

Self-assembled 
micelles 

Narciclasine 
ULK1 siRNA 

99 nm 
28.5 mV 

Hepatocellular 
carcinoma 

Cargo release at tumor microenvironment 
Suppressing protective autophagy 
Apoptosis induction and decreasing proliferation rate 

[115] 

Polymeric micelles Docetaxel 
MMP-9 shRNA 

163.5 nm 
22.7 mV 

Breast cancer Release of the drug at the tumor site 
Suppressing the growth rate of tumor cells 
Increasing cellular uptake 

[96]  
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produced self-assembled micelles from heparosan and deoxycholic acid 
conjugates (HSDs) for delivery of DOX. The micelles significantly 
enhanced the accumulation of DOX in cancer cells, and it was found that 
micelles penetrate into laryngopharyngeal cancer cells via clathrin- 
mediated endocytosis that is energy-dependent (Fig. 2) [129]. 

The surface-modified micelles can enter cancer cells via receptor- 
mediated endocytosis [131]. For instance, it has been shown that HA- 
modified curcumin-loaded micelles penetrate cancer cells via CD44- 
mediated endocytosis [132]. It appears that all kinds of endocytic 
mechanisms can participate in the intracellular uptake of micelles in 
tumor cells, but the role of some of them is more prominent. It has been 
reported that heparosan polysaccharide-based micelles are promising 
carriers for DOX delivery in various cancers (breast, lung, melanoma, 
and gastric cancers). It was found that these micelles mainly penetrate 
cancer cells via clathrin-mediated endocytosis and macropinocytosis, 
while other pathways, including micropinocytosis, clathrin-mediated 
endocytosis and clathrin/caveolae-mediated endocytosis also 
contribute to the penetration of micelles in tumor cells [133]. The sur
face modification of micelles with folate leads to their internalization in 
cancer cells via receptor-mediated endocytosis [134,135]. Based on 
these experiments, it can be concluded that micelles have the capacity to 
enter into cancer cells via endocytosis, and when they are modified with 
ligands, their internalization occurs via receptor-mediated endocytosis 
[136–138]. Table 1 provides a summary of micelle internalization into 
tumor cells via endocytosis. 

7. Immunotherapy 

The field of cancer immunotherapy appears to have started in the 
1950s when specific tumor antigen was reported using a chemical- 
induced tumor model [149]. The field of immunotherapy has provided 
significant promises for the treatment of cancer, especially advanced 
tumors [150]. Pre-clinical studies have shown the capacity of immu
notherapy in cancer suppression, and a high number of clinical studies 
are currently being performed on cancer immunotherapy [151]. Based 
on the experiments, it seems that micelles can be employed for cancer 
immunotherapy. A recent experiment has focused on targeting tumor- 
associated macrophages (TAMs) present in TAM for the purpose of 
cancer immunotherapy. The polymeric micelles were prepared from 
ACP and PPP blocks, and they showed particle size of 117.6 nm and 
110.1 nm, zeta potential of − 11.3 mV and − 28.8 mV, and encapsulation 
efficiency of 53.4 % for DOX and 63.6 % for R837. The DOX as a 
chemotherapeutic agent and R837 as an immunomodulator (imiqui
mod) were loaded on polymeric micelles to suppress cancer progression. 
After intratumoral and intravenous administration, drug-loaded poly
meric micelles suppressed the progression of breast cancer animal 
models. The released R837 mediated the maturation of TAMs to provide 
anti-tumor immunity and prevent immunosuppression in breast cancer. 
The released DOX, induced cell death in breast cancer and provided 
simultaneous chemo-/ and immuno-therapy [152]. However, it should 
be mentioned that TAMs have both tumor-suppressor and tumor- 
promoting functions. It has been reported that TAMs can induce 
immunosuppression and promote the progression of melanoma cells. 
The calcium crosslinked polymeric micelles were prepared for intra
tumoral delivery of M− CSF, and the results revealed that tumor growth 
in vivo decreases due to anti-tumor immune response mediated by 
cytotoxic T cells and the capacity of TAMs in immunosuppression is 
prohibited [153]. This dual function of macrophages emanates from 
their polarization. Overall, there are two kinds of macrophages: M1 
polarized and M2 polarized macrophages. The high levels of M2 mac
rophages in TME are in favor of tumor progression, while M1 macro
phages prevent tumor growth [149,154,155]. A recent study employed 
self-assembled micelles prepared from DACH-Pt(II) conjugation PKS 
copolymer to deliver platinum-based drugs in colorectal cancer 
immuno-/chemo-therapy. The drug-loaded micelles had a particle size 
of 120 nm and a zeta potential of − 16.9 mV. Increasing the length of PKS 

significantly promotes the drug-loading capacity of polymeric micelles, 
and they showed biodistribution in tumor tissue. In order to improve the 
hydrophilicity of micelles, lysine molecules were embedded into mi
celles, and they provided endosomal escape. These drug-loaded micelles 
promote levels of reactive oxygen species (ROS) to mediate apoptotic 
cell death and decrease the expression level of CD47. Furthermore, 
micelles stimulated M1 polarization of macrophages and provided 
phagocytosis of tumor cells for cancer immunotherapy (Fig. 8) [156]. 

The micelles are of importance for improving the efficacy of immu
notherapeutic strategies for cancer suppression. The T cell response is 
induced in cancer immunotherapy, and for this purpose, antigen/adju
vant should reach the tumor site. However, the biodistribution of anti
gen/adjuvant at the tumor site is poor. The polymeric hybrid micelles 
were prepared from PCL-PEG and PCL-PEI, and then, Trp2 peptide and 
CpG oligodeoxynucleotide as adjuvants were loaded on micellar nano
particles. The micelles demonstrated good properties, including particle 
size up to 82.45 nm, zeta potential of + 18.23 mV, and encapsulation 
efficiency of 98 % for Trp2 and CpG. After subcutaneous administration, 
the CpG/Trp2-loaded micelles accumulated in lymph nodes, and low 
cytotoxicity was observed towards dendritic cells. They induced activity 
of cytotoxic T lymphocytes and were beneficial in improving anti-tumor 
immunity against melanoma [158]. Therefore, it appears that significant 
progress has been made in introducing immunotherapy for cancer, 
[159–162] and different checkpoint inhibitors and agents capable of 
regulating immune cells in TME have been developed. However, there 
are still problems associated with the delivery of immune treatments and 
their localization at the tumor site. Hence, the biodistribution of such 
immunomodulatory compounds should be improved, and due to their 
safety profile, high loading efficiency, and targeted release at the tumor 
site, micelles can be considered ideal candidates in this case (Fig. 9). 
Table 4 provides a summary of micellar nanoparticle application in 
cancer immunotherapy applications. 

8. Stimuli-responsive micelles 

Tremendous attention has been received in the field of materials 
science for imaging, diagnosis, and treatment of different types of cancer 
in the recent decade [170]. A specific focus has been paid to the design 
and synthesis of nanoscale materials that are able to increase the anti
cancer drugs’ efficiency and targeting. The final goal is to know where 
and when the nanomaterials are in need throughout the body [171]. An 
effective strategy to achieve this goal is to utilize stimuli-responsive 
nanomaterials, which are triggered by different biological signals 
(endogenous) or external stimuli (exogenous). The external stimuli are 
light, ultrasound, magnetic field, ultraviolet, etc., and the innate triggers 
are enzymes, pH, redox, glucose, etc [172]. Among the mentioned 
stimulators, pH, redox, and light-responsive micelles have been studied 
more, and so these are covered in this section. Moreover, another sub
category has also been discussed on the multi-responsive micelles in 
cancer therapy, as this family of micelles is in an ever-increasing 
development because of their multi-functionality and higher efficiency. 

8.1. pH responsive micelles 

Biomaterials functionalized with pH-sensitive groups are of partic
ular interest in cancer therapy as they undergo swelling, membrane 
disruption, and degradation once the change in the pH of their micro
environment has occurred. Generally, the mentioned functionalization 
groups contain either amine or carboxylic acid. It is worth mentioning 
that various pH’s represent different pathologies and intracellular en
vironments. Once a material undergoes endocytosis, it will experience a 
gradient pH from nearly neutral to acidic (6–6.8) in the endosomes and 
even much more in the lysosomes (5) [173]. Moreover, in the case of 
inflammation and cancer (tumor’s site), the local sites have an acidic pH, 
which is significantly different from a healthy tissue, and this situation 
provides an opportunity to aim these targets with biomaterials 
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responsive to pH. Regarding to physicochemical properties of micelles, 
which are self-assembled from amphiphilic polymers, this class of ma
terials is capable of loading hydrophobic anticancer drug molecules into 
its inner core followed by performing a sustained release over time or 
even burst release due to the change in pH. Another plus for micelle 
carriers is their stable structure and appropriate size, both of which lead 
to longer blood circulation time and so better accumulation in the tu
mor’s site because of the enhanced permeation and retention (EPR) 

effect [174]. In recent years, different types of pH-sensitive micelles 
have been developed [175–177]. A pH-sensitive copolymer composed of 
polylactic acid and poly(β-amino ester) was synthesized capable of 
forming polymeric micelles to load doxorubicin for cancer therapy. 
Notably, the pH-sensitive agent of this carrier was poly(β-amino ester) 
with a pKb of 6.2, above which it is insoluble due to deprotonation, but 
below this value, it undergoes protonation followed by being soluble in 
the medium. The doxorubicin-loaded micelles significantly prevented 

Fig. 8. (a-c) The potential of prepared nanomicelles for regulating TME components is that, in this way, micelles affect the polarization of macrophages to prevent 
immunosuppression. The self-assembled micelles were prepared from DACH-Pt(II) conjugation PKS copolymer, and in addition to increasing ROS production, they 
mediate endo-/phagosomal escape. The increase in ROS generation by micelles reduced CD47 expression while it increased apoptosis. Reprinted with permission 
from [157] from Elsevier. 

Fig. 9. Micelles in cancer immunotherapy. The targeted accumulation of micelles in lymph nodes and enhancing infiltration of cytotoxic lymphocytes in TME 
promote anti-tumor immunity can be observed. Furthermore, micellar nanoparticles induce M1 polarization of macrophages to elevate immunity. 
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the proliferation of HepG2 cells while showing high biocompatibility 
towards healthy cells [178]. A self-assembled drug delivery system 
based on poly(β-amino ester) and stearate-modified hyaluronic acid was 
designed against ovarian cancer. Paclitaxel drug was loaded through the 
micelle, and the results implied that the drug-loaded carriers were 
effectively accumulated through the tumors with desirable anticancer 
activity and also the carrier exhibited high cytotoxicity against SKOV-3 
cells [179]. A recent study has also taken advantage of the pH- 
responsivity of poly(β-amino ester) to come up with a new micelle-like 
drug delivery system through Michael-type step polymerization. The 
system consisted of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine- 
N-[methoxy(polyethylene glycol)], which has been conjugated to poly 
(β-amino ester). Through fluorescence spectrophotometry, the critical 
micelle concentration was found to be 4.5 mg L-1 which is potentially 
suitable for drug delivery applications. Upon the change in the pH, the 
carriers’ size and distribution were altered, and the drug release study 
revealed the pH-dependent behavior of the micelles [174]. Nonetheless, 
other pH-responsive groups have been adopted for the development of 
self-assembled micelles. One of these groups is poly(2-azepane ethyl 
methacrylate) which was bridged to poly(2-methacryloyloxyethyl 
phosphorylcholine) to have both prolonged circulation time and pH 
responsivity in the tumor medium. Regarding the zwitterionic phos
phorylcholine groups in the structure of poly(2-methacryloyloxyethyl 
phosphorylcholine), this polymer is highly resistant to protein adsorp
tion, culminating in an acceptable biostability during the treatment time 
[180]. Another innovative drug delivery system that has been designed 
for metastatic breast cancer was based on paclitaxel-loaded poly
ethylene glycol and poly[(1,4-butanediol)-diacrylate-β-N,N-diisopropy
lethyl-enediamine]. The drug-loaded micelle was then encapsulated into 
a Ly6Chi monocyte-based vector. This vector is an immune cell that can 
actively home to the tumor environment. The micelle exhibited about 
10-fold more cytotoxicity to 4 T1 cells than Taxol. It is noteworthy that 
the targeting ability of the Ly6Chi vector is not related to either the EPR 
effect or the tumor morphology (Fig. 10) [181]. 

8.2. Redox responsive micelles 

Under some specific pathological conditions like cancer, some moi
eties, including reduced glutathione (GSH) and ROS are overexpressed 
through the affected cells. Nanomaterials equipped with redox-sensitive 
linkages are able to liberate their cargo in the site of action due to the 
breaks in the linkages. Notably, the concentration of GSH is high 
throughout the cancerous cells and this content is nearly two-fold 
compared to the surrounding medium outside of the cell. Moreover, 
ROS is another factor even reinforcing the secretion of GSH because the 
cells try to encounter ROS and so produce more GSH (seven-fold) [182]. 
Therefore, the modification of drug delivery systems with redox- 
responsive moieties has aroused considerable enthusiasm for targeted 
cancer therapy. 

Based on the conjugation of different types of anticancer drugs with 
polymeric micelles through disulfide linkages, various redox-responsive 
micelles have been designed for cancer therapy. It is important to notice 
that chemotherapy is inhibited by multidrug resistance and hence more 
effective strategies have been taken. Paclitaxel, along with siRNA, was 
co-loaded into a micellar system, which was activated through intra
cellular redox. The main aim of the co-delivery was to target polo-like 
kinase 1 and increase the therapeutic efficacy for multidrug-resistant 
cancer therapy. The redox-responsive nature of the delivery system 
allowed the activation of adenosine triphosphate-depletion action. 
Moreover, the dual release of paclitaxel and siRNA together culminated 
in more effective tumor growth inhibition than adopting only one of 
those agents [158]. A GSH-responsive core-crosslinked micellar system 
with tunable swelling properties was designed for multidrug resistance 
cancer therapy. The efficacy of the drug carrier was tested against drug- 
sensitive and drug-resistance cancer cells. A significant decrease in the 
IC50 of drug-resistant cancer cells was observed after being treated with 
the doxorubicin-loaded micelles. Moreover, the decrease was even more 
intensified when verapamil, as a P-glycoprotein inhibitor, had been 
loaded with doxorubicin into the micelles [183]. As it was mentioned, 
the high level of GSH is accompanied by an excessive amount of ROS in 
the tumor microenvironment, but most of the studies have designed 

Table 4 
The micellar nanoparticles for the purpose of immunotherapy in cancer.  

Nanoparticles Cargo Particle size (nm) 
Zeta potential (mV) 
Encapsulation 
efficiency (%) 

Cancer type Remarks Refs 

Polypeptide-based micellar 
nanoparticles 

CH223191 as an 
AhR inhibitor 
Anti-CD28 

162.6 nm 
31.7 mV 

Breast cancer AhR down-regulation leads to reduced immunosuppressive activity and 
suppresses cancer invasion 
Exerting synergistic impact between AhR inhibitor and anti-CD28 in 
cancer immunotherapy 

[163] 

Polymeric micelles 6-thioguanine − Melanoma Decreasing the number of circulating myeloid-derived suppressor cells 
Increased anti-tumor immunity in animal model 

[164] 

HCtSA-OVA micelles − 86.27 and 105.41 
nm 
22.95 and 18.57 
mV 

Melanoma Surface modification of micelles with dendritic cell membrane to 
provide a vaccine with accumulation in lymph nodes and boosting anti- 
tumor immunity 

[165] 

Polymeric micelles IDO 
PD-L1 

43 nm Lung and 
breast cancers 

Accumulation in the tumor site 
Migration of micelles to lymph nodes 
Suppressing tumor growth 
Providing both immunotherapy and photothermal therapy 

[166] 

Polymeric (PEOz-PLA) mixed 
micelles 

Antigen ovalbumin 
CL264 (TLR 
agonist) 

54.2 nm 
− 20.7 mV 

− Rapid accumulation at lymph nodes 
Carboxylated nanoparticles internalized in cells via scavenger receptor- 
mediated endocytosis 
Induction of CL264 in endosomes leads to anti-tumor immune response 
Mediating endosomal escape 
Boosting MHC I antigen presentation 
Accelerating antigen release 

[167] 

Mannose modified stearic 
acid-grafted chitosan 
micelles 

− 94.16 nm 
11.84 mV 

Melanoma Capturing endogenous antigens and promoting antigen uptake by 
dendritic cells for cancer immunotherapy 
Mediating anti-tumor responses by CD4 + and CD8 + T cells 

[168] 

Polymeric micelles Short peptide 
antigens 

100–200 nm Melanoma GSH leads to the cleavage of disulfide bonds to mediate the release of 
pristine antigens and overexpression of co-stimulatory molecules 
Stimulation of CD8 + T cells to induce anti-tumor immunity 

[169]  
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micellar systems responsive to either GSH or ROS, and the need for a 
more effective system responsive to both stimuli can be felt [184,185]. A 
recent study has reported the synthesis and anticancer potential of a 
dual-responsive micellar delivery system. Gemcitabine, as an anticancer 
drug, was loaded into the micelle through a disulfide bond. The drug 
release through physiological conditions was very low (3.33 %), while in 
the exposure of GSH and ROS (0.1 % H2O2), the drug release reached up 
to 90 % after 48 h. The in vitro and in vivo studies revealed the efficacy 
of the dual-responsive micellar delivery system with the antitumor 
ability and minimum side effects [162]. 

8.3. Light-responsive micelles 

Adopting light as an external stimulus gives an opportunity to 
remotely activate light-responsive agents and take control over the 
release of entrapped drug molecules, resulting in improved therapeutic 
efficacy while avoiding drug leakage in off-target tissues or organs. 
Generally, ultraviolet (UV) and near-infrared (NIR) are two widely 
applied light sources for biomedical applications; the former has weak 
penetration and leaves undesirable effects on healthy tissues [186], 
whereas the latter is extensively applied rooting in its merits like higher 
penetration with minimal side-effects, simple operation, and good 

controllability [187]. 
Triggered by UV, a study has come up with an ultrasensitive UV- 

responsive micellar drug delivery system. To minimize the negative ef
fects of UV, short-term irradiation (10 s) was applied, which resulted in a 
rapid and complete release of entrapped doxorubicin from the micelles 
due to the disruption of UV-sensitive linkers (maleimide-anthracene) 
[188]. Apart from the role of light on the drug release rate, NIR irradi
ation can be employed for photothermal (PTT) and photodynamic 
therapies (PDT). PTT relates to the adoption of an agent that is capable 
of converting light to heat, followed by an increase in the local tem
perature where it had been incorporated [189]. This type of treatment is 
of particular interest mainly because it can be used for each type of 
cancer without being worried about having multidrug resistance. It is 
worth mentioning that PTT is in clinical trials with very promising re
sults, including the ablation of 94 % of prostate tumors of patients un
dergoing this type of treatment [190]. On the downside, this therapy 
approach has some challenges that should be addressed, including the 
low heat conversion efficiency, weak accumulation of PTT conventional 
agents throughout the tumor, recurrence of the tumor after PTT mon
otherapy, etc. [191]. As one of the prominent advantages of micelles is 
their accumulation throughout the tumor’s structure via the EPR effect, 
their combination with PTT and PDT agents can be an effective strategy 
in cancer therapy. 

A light-responsive multifunctional micellar system was designed 
based on indocyanine green, gambogic acid, poly(ethylene glycol), and 
thioketal. The micelle showed excellent tumor accumulation and great 
NIR conversion; applying 808 nm irradiation was synchronized with the 
formation of ROS and an increase in the tumor’s temperature. Moreover, 
the irradiation caused the release of gambogic acid into the tumor’s 
cells. The combination of chemo- and PTT therapy resulted in an 
excellent tumor inhibition rate (97.9 %) of breast cancer models (4 T1 in 
a mouse model) (Fig. 11) [189]. 

Another type is PDT, which is the same as PTT, but it produces ROS 
locally as the result of light irradiation, and the excessive ROS causes the 
cancer cells’ viability to decrease significantly [192]. Nearly one century 
has passed since the discovery of this therapeutic approach with 
numerous benefits such as insignificant invasiveness, high selectivity in 
the tissue of tumor, and low cytotoxicity [193]. In this approach, there is 
a photosensitizer, and after being irradiated with a specific wavelength 
of light, its ground state will be excited and form a short-lived singlet 
state followed by being turned into a long-lived triplet state. Through 
the interaction of intracellular molecules with the photosensitizer 
(triplet state), the ROS, including hydrogen peroxide, etc., will be 
generated, and these products are highly toxic to cancer cells [194]. 
There are some problems revolving around PDT therapy through mi
celles, one of which is insufficient release of photosensitizers from the 
micelles, and another one is related to the hypoxic region of the tumor 
microenvironment [129,195]. It is critical to bear in mind that the ef
ficacy of PDT therapy is highly dependent on the oxygen concentration, 
and due to the existence of hypoxic regions, specifically in the sites 
distanced from the blood vessels, PDT cannot reveal its therapeutic ef
fects in these regions [196]. To address the insufficient release of 
photosensitizer agents, a dual-step irradiation strategy was applied. 
Chlorin e6, as the photosensitizer, was loaded into the micelles 
composed of methoxypolyethylene glycol and thioketal. After the co- 
incubation of micelles with cancer cells, a short-time irradiation was 
applied to stimulate the liberation of chlorin e6, and the next irradiation 
was applied 2 h later for a longer time. This two-step strategy drastically 
enhanced the generation of singlet oxygen culminating in more effective 
cancer therapy [195]. A new platform has been designed against hyp
oxic tumors. The ruthenium-containing micelles contained red-light- 
cleavable moieties, and the drug release was oxygen-dependent. The 
results revealed that the micelles could successfully reach the hypoxic 
regions with efficient tumor growth inhibition [129]. Another challenge 
of NIR-activated nanomaterials is the need for prolonged NIR irradia
tion, which is accompanied by undesirable effects on healthy tissues. A 

Fig. 10. Tumor targeting through using the drug-loaded micelle encapsulated 
into Ly6Chi monocytes. (a) A scheme on the self-assembly of the pH-sensitive 
micelles and PTX loading followed by being entrapped into Ly6Chi mono
cytes. The carrier was endocytosed through the tumor cell, and the loaded 
monocytes fused with lysosomes and dissociated under the acidic condition 
inside, releasing the cargo. (b) The accumulation release rate (%) of PTX from 
various samples through different pHs. (c) The relative tumor volume after 
being treated with different samples. (d) The excised tumors at the end of the 
experiment were treated with different samples. (e) The change in the body 
weight during the experiment. ***p < 0.001. Abbreviations: paclitaxel (PTX), 
PTX-loaded micelle (PM), the PM-loaded monocyte (PM@MC), the blank 
micelle-loading monocyte (BM@MC). Reprinted from [181] with permission 
from Wiley. 
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fast-ignited micellar system has recently been developed for the rapid 
release of loaded drugs once the irradiation has applied. The erbium- 
doped micelles exhibited a hydrophilicity conversion just after 5 min 
NIR irradiation which led to a complete disruption of micelles followed 
by a fast release of doxorubicin. Moreover, the irradiated NIR caused the 
production of NO by which the P-glycoprotein-mediated doxorubicin 
efflux was diminished (Fig. 12) [197]. 

8.4. Multi-responsive micelles 

Recapitulating more than one stimulus-responsive agent in a plat
form has the potential to increase the efficacy, accuracy, and flexibility 
of cancer therapy. The multi-responsive materials may consist of some 

linkages and/or materials responsive to both internal/external stimuli 
[189]. In response to dual or multiple stimuli, different delivery systems 
have been designed and synthesized, and these combinatory triggers are 
as follows: endosomal and lysosomal pH, pH/GSH, pH/redox, and 
metalloprotease/pH, etc. [176,198]. One step further is to add some 
exogenous stimuli, such as magnetism, light, ultrasound, etc., to those 
endogenous ones to increase the precision of drug release at the tumor’s 
site. Apart from drug release into the tumor’s microenvironment, these 
external-based stimuli-responsive agents can play their role, like 
increasing the local temperature in response to an external magnetic 
field, ultrasound, and light (NIR, UV, etc.). In the case of ultrasound- 
responsive nanomaterials, they can affect cancerous cells through 
different mechanisms when exposed to ultrasound waves, including 

Fig. 11. A multifunctional micellar system with synergistic chemo- and PTT therapies for aggressive breast cancers. (a) A schematic of the production and potential 
application of GA@PEG-TK-ICG PMs towards breast cancers. (b) Assessment of intratumoral temperature and (c) in vivo thermal images of tumor-bearing (4 T1) mice 
after being exposed to 808 nm NIR irradiation with different samples. (d) The tumor volume after being treated with different samples with and without laser 
irradiation. *, **, and *** stand for P < 0.05, P < 0.01, and P < 0.001, in turn. (e) The photographs related to the excised tumors after 20 days of treatment with 
different samples. Abbreviation: gambogic acid (GA), poly (ethylene glycol) (PEG), thioketal (TK), indocyanine green (ICG), polymeric micelles (PMs), and heptyl 
(Hep). Reprinted from [189] with permission from Elsevier. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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cavitation and temperature increase. Nonetheless, the magnetic- and 
light-responsive materials are capable of raising the cells’ temperature 
to a level at which cell death occurs [199]. It is worth mentioning that 
the type of cell, the temperature, and the time of applying heat are the 
main governing factors when it comes to hyperthermia-based therapies. 
When the local heat rises up to 43◦C, different compartments of cells, 
such as membrane fluidity, undergo a change in their function. Main
taining the temperature would be synchronized with an alteration in the 
cell’s shape and cytoskeleton, and the cell morphology changes to 
round- and flattened-like morphology depending on the type of cell 
[200]. 

A dual-sensitive micellar delivery system responsive to pH and redox 
has been synthesized through an amine epoxy ‘’click’’ reaction at room 
temperature. The existence of disulfide linkages in the inner structure of 
micelles provides a compact core–shell architecture in normal situations 
while rapidly liberating the entrapped drug molecules once exposed to 
reductive agents. The tertiary amine groups are responsible for releasing 

the cargo at mildly acidic conditions of the tumor environment [201]. A 
schematic of the responsivity of the proposed delivery system shows 
how demicellization occurs in the exposure of pH, redox, and pH/redox. 
As the combination of external and internal stimuli has been reported to 
have more efficacy, hencemore attention has been devoted to micelles 
responsive to both of them [176]. A pH- and NIR-responsive micelle- 
based delivery system was reported for multidrug-resistance breast 
cancer therapy. At physiological conditions, the micelles showed a 
particle size of 30 nm, while in a mildly acidic medium, the micelles 
dissociated and liberated the drug molecules. Moreover, after NIR irra
diation, the tumor penetration of micelles was significantly enhanced 
and the drug’s release was found to be tuned with the hyperthermia 
effect. The combination of pH- and NIR-responsivity led to an inhibition 
in the growth of MCF-7/ADR breast cancer in vivo [202]. A triple- 
stimuli (pH, redox, and light) nanocarrier was designed for precise 
cancer therapy. A smart drug release was observed when the nanocarrier 
was exposed to the pH and reduction stimuli, and the release rate was 
boosted when the NIR irradiation was applied. The in vivo results 
implied that the multi-responsive micelles exhibited improved cellular 
uptake and tumor accumulation, and the hyperthermia caused a fast 
phase transition followed by a tumor ablation because of the synergistic 
effect of thermo- and chemotherapy [176]. 

9. Bioimaging and theranostic approaches 

The importance of imaging in cancer diagnosis and therapy is clear to 
the community. The nanomaterials equipped with imaging agents are 
capable of getting valuable information about the targeted tissue on the 
one side and tracking the treatment efficacy on the other side. The mi
celles’ clinical applications as the matrix for imaging agents’ delivery 
are based on the unique features of these self-assembled materials. After 
the administration of contrast agents-loaded micelles, the imaging 
agents are supposed to delineate the targeted tissue/organ on the im
ages. The most reputable and widely used diagnostic agents are radio
active metals, magnetic metals, and organic iodine for scintigraphy, 
MRI, and CT, respectively. It has been revealed that micellar systems are 
able to carry all the diagnostic agents with great clinical outcomes. 
There are some requirements when it comes to the design of micelles for 
contrast agent’s delivery. The micellar shell should protect the agent 
from the reticuloendothelial system, thus preventing rapid clearance 
from the blood circulation, and as the particle size has a pivotal role in 
the destiny of the carrier, it must be taken into consideration. 

As a medical imaging technique, MRI is being widely applied in 
medicine for diagnosis and follow-up of a disease using strong magnetic 
fields to form images related to the body organs [203]. Various MRI 
agents have been incorporated into the different types of micelles for 
imaging purposes among which Gd-chelates are of particular interest. A 
peptide amphiphile micelle modified with Gd chelator diethylene
triaminepentaacetic acid (DTPA) was developed for MRI imaging. The 
micelles morphology was found spherical and cylindrical and the his
tology studies revealed that no necrosis took place. All the micelles were 
cleared through the reticuloendothelial system and renal clearance, as 
the complete removal of Gd-chelates may be problematic [204]. Gd- 
DTPA as a T1-weighted MRI agent, along with an anticancer cancer, 
was encapsulated through a polymeric micelle system for simultaneous 
diagnosis and therapy. The tumor contrast enhancement occurred when 
the administration of micellar carriers through the hepatic artery had 
been performed [205]. A diagnostic platform consisting of 89Zr-, and 
Fe3+-labeled polymeric micelle has been fabricated for MRI and positron 
emission tomography. This study has made a comparison between the 
labeled micelles and Gd-based contrast agents [206]. It is known that 
because of rapid renal clearance of Gd-based agents, they are considered 
safe. However, their combination with micelles raises concern as there 
would be a risk for cytotoxicity. Generally, the particles with a size of 5 
to 6 nm are excreted through renal, and the Gd-chelates micelles size is 
beyond that. Hence the liver and spleen would take them up, followed 

Fig. 12. A fast drug release from self-assembled micelle after NIR irradiation 
for efficient cancer therapy. (a) The process of self-assembly of the micellar 
delivery system, and (b) the rapid disruption of micelles once the NIR has been 
applied, followed by the liberation of entrapped drug molecules and NO gen
eration. (c) The drug is released from different samples with and without NIR. 
(f) The changes in the tumor volume of mice up to 14 days of treatment with 
saline, UCNPs-CW/DOX@P-DASA (1), UCNPs-CW/NG/DOX@P-DASA (2), and 
doxorubicin (3) with and without NIR irradiation for 5 min. Abbreviations: 
doxorubicin (DOX), upconversion nanoparticles (UCNPs), UCNPs modified with 
IRDye®800CW (UCNPs-CW), donor–acceptor Stenhouse adduct (DASA), and 
nitroglycerin (NG). Reprinted from [197] with permission from Elsevier. 
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by an increase in Gd in the tissues; the accumulation of Gd-based agents 
can induce long-term cytotoxicity [207,208]. Similar to conventional 
Gd-chelates, the Fe-labeled micelles had T1-contrast and did not induce 
nephrogenic systemic fibrosis, restricting the clinical applications of Gd- 
based agents. Through anticipation made in this study, it was mentioned 
that the Fe-labeled micelle was safe as deferoxamine is clinically 
approved, and the amount of Fe was less than the cytotoxicity threshold. 
The imaging potential of 89Zr-Fe3+-labeled polymeric micelle was also 
assessed, and the tumor lesions were detected through the body via 

positron emission tomography, and besides yielding high-resolution 
images through MRI, this technique revealed the intratumoral distri
bution of nanoparticles [206]. An anticancer drug-loaded triblock 
polymeric micelle comprised of hydroxamic acid chelating iron 
throughout the structure was formed as a theranostic platform. The 
integrity of micelles was drastically improved as the result of iron 
incorporation and also the circulation pharmacokinetics of loaded drug 
was extended compared to the free drug. Speaking of MRI imaging, the 
paramagnetic properties of iron culminated in contrast in the tumors; 

Fig. 13. A smart micellar platform for concurrent cancer therapy and imaging. (a) An illustration of micelles preparation along with (b) its drug and iron oxide 
nanoparticles release in the exposure of GSH. (c) The drug release behavior from different samples with and without being exposed to GSH. (d and e) MRI phantom 
and r1 values related to each sample with and without exposure to GSH. ***p < 0.001. (g and h) The TEM micrographs and the scheme related to each micrograph 
show how GSH causes the dissociation of micelles and the release of anticancer drug molecules and the MRI agents. Abbreviations: Poly(acrylic acid) (PAA), PAA- 
coated ultrasmall paramagnetic iron oxide nanoparticles (USPIO NPs), doxorubicin (DOX), nanovesicles (NVs), and poly(ethylene glycol)-poly(propylene sulfide)-SS- 
poly(ethylene glycol) (PEG-PPS-SS-PEG). Reprinted from [210] with permission from Elsevier. 
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the iron-stabilized micelles accumulated through the tumor tissue, and 
that was the reason why a sufficient contrast in MR imaging was pro
vided. The biomarker imaging can also be obtained through positive 
magnetic resonance contrast of the iron-stabilized micelles for clinical 
applications [209]. Tracking the treatment efficacy is of great impor
tance as step by step, the inhibition of tumor growth can be observed if 
the treatment is effective [173]. A smart GSH-responsive theranostic 
micellar system encapsulating doxorubicin as an anticancer drug and 
superparamagnetic iron oxide nanoparticles as the MRI contrast agent 
was synthesized for synergistic cancer therapy and imaging. The plat
form gives an opportunity to release the cargo and the iron oxide 
nanoparticles (T1 contrast agents) once it has been exposed to GSH in the 
tumor microenvironment, culminating in the eradication of the 
cancerous cells and tracking the treatment procedure (Fig. 13) [210]. 

As a non-invasive technique, fluorescence imaging is another tech
nique by which the visualization of biological processes, tissues, and 
organs can be performed. At a certain wavelength, the luminescence 
agent absorbs light or electromagnetic radiation resulting in the emit
ting light [211]. To increase the benefits of this technique in bioimaging, 
the agent or probe must be hydrophilic with desirable solubility in 
water, photostable, and biocompatible. This is the case particularly in 
the wavelengths above 500 nm, a photostable probe would decrease the 
auto-fluorescence emitted through bio-tissues [211]. A pH-responsive 
‘on-off’ folate-modified polymer micelle with theranostic potential was 
designed. To endow the delivery system with fluorescence imaging, 
quantum dots were incorporated and a comparison has been made be
tween the non-targeted and targeted accumulation in the tumor tissue. 
By only adopting fluorescence imaging, the tracking of nanoparticles 
was possible [212]. Somewhere else a nanomicelle as a bio-probe was 
reported for image-guided cancer therapy. It was composed of perylene 

diimide as the fluorescence agent and block copolymer poly(D,L- 
lactide)-b-poly(ethyl ethylene phosphate). The distribution of nano
micelles was tracked through ex/in vivo fluorescence imaging. After 
intravenous injection of nanomicelles, in vivo fluorescence images from 
the treated mice were taken up to 4 h, and it is visible that the tissue 
penetration depth of nanomicelles was limited [213]. On the downside, 
this may be the main disadvantage of this technique. Another challenge 
regarding conventional molecular probes for cancer diagnosis is their 
‘always-on’ feature restricting their abilities in diagnosis as different 
cancer types have complex environments and a variety of targeting ef
ficiencies. A color-convertible responsive hydrogen peroxide (H2O2) was 
synthesized to address this challenge. The micelle bio-probe was 
designed as a way to delineate tumor tissue from the normal ones 
through fluorescence imaging. The distinguished advantage of this 
system over the rest is its color-convertible nature; in the exposure of 
H2O2, the micelles undergo a change in the fluorescence color from blue 
to green, and as H2O2 is significantly higher in tumors than the normal 
tissue, we can only see the images in green when it represents the tumor 
[214]. This strategy increases the accuracy of diagnosis and holds a 
promising potential in theranostic applications (Fig. 14). 

10. Hybrid nanoparticles 

Polymeric micelles with an amphiphilic nature are known as self- 
assembled nanomaterials capable of encapsulating hydrophobic moi
eties in their inner core while having a hydrophilic shell on the outer 
layer when dispersed in an aqueous medium. As these carriers can 
improve the stability of encapsulated cargo followed by providing a 
sustained/targeted release, considerable attention has been given to 
them for biomedical applications [215]. It is worth mentioning that to 

Fig. 14. Micelles for the purpose of bioimaging. As micelles demonstrate a high accumulation rate in the tumor site, they can be considered promising agents for the 
purpose of imaging. Furthermore, there are a number of biomarkers associated with each type of cancer that can be used for diagnosis of cancers. 
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endow these micellar systems with stealth behavior, poly(ethylene 
glycol) (PEG) as the first strategy is in the micelles’ structure and 
observable in most studies, among which PEG-poly(lactic acid), PEG- 
poly(lactic-co-glycolic acid), and PEG-poly(ε-caprolactone) can be 
enumerated [216–218]. Although some of them, such as PEG-block-poly 
(aspartic acid) loaded with doxorubicin, are in the clinical trial (phase 
two), there are still challenges on the downside [219]. The major 
obstacle to those micellar delivery systems is the reticuloendothelial 
system; despite the fact that PEG provides a long circulation through the 
bloodstream, the content of micelles entering the tumor microenviron
ment is still limited. Speaking of numbers, nearly 95 % of administered 
micelles fail to reach the tumor and find themselves in the liver and 
spleen, and only the rest (5 %) accumulate in the tumor thanks to the 
EPR effect [220]. Another limitation relates to the non-degradability of 
PEG, which causes limited drug release [221]. 

In order to reinforce the antitumor efficacy of micelles, turning mi
celles with singular-functionality towards multi-functionality is needed, 
and this pluro-functionality is dependent on the type of used polymers 
and/or some other extra agents [215,222]. It is noteworthy that single 
micellar systems’ potential for antitumor activity is limited, and in order 
to overcome these restrictions, developing a new class of micellar sys
tems called hybrid is inevitable [215]. Hybrid micelles relate to those 
systems composed of either two different block co-polymers or a single 
polymer combined with an extra agent, such as inorganic nanomaterials. 
The hybridization culminates in a micellar structure with improved 
stability and multifunctionality thanks to each component involved. 
Moreover, even if it is possible to develop a multifunctional micellar 
system with a single polymer, the synthesis procedure can be compli
cated and time-consuming, but hybrid micelles provide an easier 
approach to recapitulate the desirable properties into one package 
[223]. In this section, the hybrid micelles role in cancer therapy is 
covered; these systems have been formed from either two different 
polymers or combined with other agents. 

As mentioned before, the PEGylation alone is not good enough to 
concurrently prolong the micelle’s circulation time and accumulation in 
the tumor’s structure. Moreover, the weak degradation rate of PEG was 
another obstacle to the PEGylated micelles’ anti-tumor efficacy. To 
address those problems, a hybrid micellar system composed of PEG-poly 
(L-lactic acid) (PEG-PLLA) and poly(aminoethyl ethylene phosphate) 
(PAEEP)-PLLA was designed for anticancer purposes. In contrast to 
PEGylated micelles, the hybrid one resulted in a prolonged circulation 
time and the accumulation of micelles in the liver and spleen was 
decreased. Speaking of anti-tumor activity, the penetration of hybrid 
nanoparticles into the tumors increased, followed by faster drug release 
inside because of a higher degradation rate of PAEEP in endo- and 
lysosome than PEGylated micelles. In this study, a comparison has been 
made between the tumor growth inhibition of PEG-PLLA and the hybrid 
and it turned out that the latter had 84.5 % while the former inhibited 
the tumor growth by about 44.5 % [215]. A theranostic hybrid micellar 
platform consisting of two diblock co-polymers—polyethylenimine- 
polycaprolactone and Gd-DTPA-PEG-polycaprolactone was developed. 
The hybrid nature of micelles led to escape from endo- and lysosome, 
followed by liberating the entrapped drug molecules in the nucleus. 
Besides doxorubicin, microRNA-34a was encapsulated in the inner side 
of the hybrid micelle, and its release downregulated cyclin D1, CDK6, 
Bcl-2, and Bax expression on the one hand and inhibited the breast 
cancer cells’ migration and proliferation on the other hand. Nonetheless, 
the Gd-chelates, which were conjugated to the hybrid micelles, 
improved MRI contrast to solid tumors [224]. Somewhere else, an 
upconvertable compound was combined with a photosensitizer agent 
(Ce6) for chemo-photodynamic therapy. The micelle was designed to be 
ROS-responsive and composed of PEG-b-poly-(propylene sulfide); the 
micelles were co-assembled with NaErF4:Tm@NaYF4 to yield the 
hybrid system. At very low power laser density, excessive ROS was 
generated, leading to the fast release of entrapped drug molecules in the 
cancer cells. Moreover, in the exposure of 980 nm irradiation, significant 

antitumor activity was obtained thanks to the synergistic effects of 
chemo- and photodynamic therapy [225]. 

Multifunctional hybrid micelles composed of a mono-, di-, and/or 
triblock copolymer plus one or more inorganic compounds are of 
particular interest in cancer imaging and therapy. The role of inorganic 
compositions in the hybrid structure is to induce imaging, hyperthermia, 
endowing the carrier targetability, etc. Calcium phosphate is one of 
those inorganic compounds incorporated in the various micellar plat
forms, rooted in the antitumor activities it has shown [226]. Moreover, 
calcium phosphate-based nanomaterials have been found to improve 
biocompatibility and biodegradability, and they have desirable perme
ability [227,228]. A hybrid micellar system comprised of PEG, poly 
(glycerol sebacate), and hydroxyapatite as the most reputable member 
of the calcium phosphate family, was applied for cancer therapy. The 
hydroxyapatite in the structure was found to interact with carboxylic 
acid groups of PEGylated poly(glycerol sebacate) through calcium ions. 
The interaction resulted in three advantages for the hybrid system
—appropriate chemical stability, targetability, and sustained release 
ability. Through optimizing the synthesis parameters—the concentra
tions of hydroxyapatite and PEGylated poly(glycerol sebacate)—ho
mogenous hybrid nanoparticles in the range of 20–30 nm were 
successfully synthesized. The in vivo results implied that the hybrid 
system loaded with doxorubicin showed a high antitumor efficacy while 
leaving no adverse effects [165]. Calcium phosphate-based micelles 
combined with PEG, polyanion block co-polymers, and Gd-DTPA were 
used for theranostic applications. A dramatic accumulation of nano
particles in the tumor’s microenvironment was observed which is 
beneficial to MRI through making a distinguishable contrast [223]. 

Hyperthermia is one of the well-known therapeutic approaches in 
anticancer treatments. Regarding the applied temperature, a desirable 
range was reported from 41 to 46◦C. Below the minimum value, there 
would not be any effect on the cancerous cells (low efficacy) and above 
the maximum value, is beyond the tolerance of healthy cells, undergoing 
necrosis. The mentioned range can be considered safe as the eradication 
of cancer cells takes place while the healthy cells are left intact. 
Hyperthermia-based therapies can be performed through techniques, 
one of which is by adopting magnetic agents that are responsive to an 
external magnetic field, and the other one is through using a light- 
responsive material capable of turning light into heat. A magnetic 
polymeric micellar system was formed by embedding super
paramagnetic iron oxide in the inner side of self-assembled poly(sty
rene27-b-acrylic acid120) P(S27-b-AA120). The platform was found to 
be promising in magnetic-responsive hyperthermia-based therapies 
[229]. The synergistic effect of chemo- and phototherapy was adopted 
through a multifunctional light-responsive micelle formulation. Upon 
being exposed to NIR irradiation, not only did the micelles generate 
ROS, but they also converted the light into heat, resulting in an increase 
in the local heat. The combination of photodynamic and photothermal 
therapies with chemotherapy could be an effective approach towards 
multidrug-resistant tumors (Fig. 15) [222]. 

11. Conclusion and remarks 

The increasing evidence reveals that cancer treatment requires an 
interdisciplinary approach, otherwise it will be difficult to find an effi
cient treatment. The present review revealed that micelles are efficient 
nanocarriers in the treatment of various cancers and this has been 
confirmed by various experiments. Various gene therapy approaches 
using RNAi (siRNA and shRNA) and non-coding RNAs are used in cancer 
suppression. However, their efficiency could be improved by the 
employment of micelles to increase their internalization in tumor cells 
and suppress cancer progression. There is no study about the delivery of 
the CRISPR/Cas system by micelles that can be the focus of future ex
periments. In addition, synthetic and natural compounds such as 
doxorubicin, paclitaxel, docetaxel, curcumin, and quercetin can be 
delivered by micelles in cancer therapy. Micelles improve the 
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bioavailability of drugs and promote their therapeutic index. Nano
platforms provided by micelles mediate the co-delivery of drugs and 
genes in synergistic cancer suppression. The TME remodeling can be 
affected by micellar nanoparticles which regulate the infiltration of 
immune cells and modulate their interaction with tumor cells. Besides, 
micelles can enhance anti-tumor immunity by promoting the infiltration 
of T cells. Although micelles are promising candidates in cancer therapy, 
their selectivity towards tumor cells can be improved using surface 
modification. The modification of micelles with aptamers, hyaluronic 
acid, and peptide leads to increased internalization of micelles in cancer 

cells, mainly via receptor-mediated endocytosis. 
Conventional micellar drug delivery systems are categorized in the 

passive targeting group, which means no control is possible once the 
injection has done. Their anticancer potential depends mainly on the 
physicochemical properties of the micelle, including particle size, sur
face groups, etc. The research trend has steered spontaneously to smart 
and more functional systems as those traditional ones did not seem to 
overcome the main challenges in the field. Stimuli-responsive micellar 
systems as smart delivery carriers deserve to substitute the conventional 
ones because they are able to undergo a change in the size, surface 
charge, etc., and exhibit enhanced tumor targeting, effective perme
ability, localized drug release, etc., upon being exposed to various 
stimuli. There has been considerable attention devoted to single- 
stimulus micelles, while multidrug-resistant tumors and targeting hyp
oxia regions of tumors are huge hurdles in cancer therapy requiring 
more potent approaches. Multistimuli-responsive micelles can be a 
promising alternative to both the conventional and single-stimulus 
systems; recapitulating external and internal stimuli agents into one 
system gives an opportunity to yield a system with more potency. Be
sides active targeting, imaging is another feature that is being increas
ingly used in the micelles. The existence of an imaging agent has the 
potential to delineate the image of the targeted organ and track the 
therapy in each step. The combination of imaging and therapeutic fea
tures gives birth to theranostic micelles. Therefore, equipping a micellar 
carrier with imaging ability is an added value to take into account. It is 
critical to bear in mind that micellar delivery systems are generally 
considered appropriate for cancer therapy as some of them are already 
being used clinically. Based on the research trendline, it is anticipated 
that the multifunctional micelles gradually find their way through 
clinical trials. However, taking complete control over all the stimuli 
agents simultaneously is still limited and requires more time to become 
fully practical. 

It was previously mentioned that micelles are able to mediate EPR in 
human cancers because of leaky vasculature, allowing the nano
structures to accumulate at the tumor site due to the size and surface 
characteristics. The EPR effect is promising in the field of cancer therapy 
due to the increasing specificity of the nanostructure-based therapeutics 
and reducing systemic toxicity. Pre-clinical studies have highlighted that 
an increase in the accumulation of nanoparticles in the tumor site due to 
the EPR effect can improve therapeutic outcomes in animal models. 
However, there are some challenges in the clinical studies. The tumor 
vasculature heterogeneity among patients and the presence of physio
logical barriers, including interstitial fluid pressure, can decrease the 
accumulation of the nanostructures at the tumor site. Therefore, the 
issues in the clinical studies should be considered to design more 
appropriate micelles for the EPR effect and enhancement in tumor 
accumulation. 

As a final direction, the application of biomimetic nanoparticles in 
the treatment of human cancers has shown an ascending trend in recent 
years. For the micelles, a number of studies have applied biomimetic 
micelles in cancer therapy and drug delivery approaches [230–232]. 
However, many of the aspects have been ignored, including biomimetic 
micelles responding to redox, the engineering of cell membranes for 
responding to enzymes in the TME, using various kinds of membranes 
obtained from tumor cells, macrophages, cancer-associated fibroblasts, 
and red platelet cells and comparing their efficacy in cancer therapy, the 
exact mechanism of internalization in tumor cells, changes in the size 
and zeta potential as well as encapsulation efficacy that can be 
comprehensively evaluated in the upcoming studies. 
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Fig. 15. A multifunctional light-responsive hybrid micellar system for syner
gistic chemo- and phototherapy. (a) The procedure by which the ternary 
micelle composed of a pH-responsive diblock co-polymer, Gd-coordinated the 
photosensitizer agent (Ce6) and doxorubicin was prepared. (b) A schematic of 
the multifunctionality of robust micelles against multidrug-resistant tumors. (c) 
The distribution of doxorubicin in the various organs of tumor-bearing mice. (d) 
Light-converting potential of different samples to heat in vivo (Ce6 dose = 2.5 
mg/kg (LD) and 5 mg/kg (HD). (e) The photographs relating to the tumor- 
bearing mice and the excised tumors at the end of the study; the white ar
rows show the tumors. (f) The tumor growth inhibition curves related to 
different samples; the red arrows show the time intervals at which the micelles 
had been injected. It is noteworthy that when the tumors reached 2000 mm3, 
the mice were sacrificed. The samples codes: 1 to 7 in turn attribute to PBS, 
PDPC, DOX, PDOX, PDOX/PDPC, PDPC + Laser, and PDOX/PDPC + Laser. 
Abbreviations: poly(ethylene glycol)-block-poly(diisopropanol amino ethyl 
methacrylate cohydroxyl methacrylate) (PDPA), Ce6-conjugated PDPA micelles 
(PDPC), doxorubicin (DOX), and the pluronic prodrug of doxorubicin (PDOX). 
Reprinted from [222] with permission from ACS. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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[127] Ł. Lamch, J. Kulbacka, M. Dubińska-Magiera, J. Saczko, K.A. Wilk, Folate- 
directed zinc (II) phthalocyanine loaded polymeric micelles engineered to 
generate reactive oxygen species for efficacious photodynamic therapy of cancer, 
Photodiagn. Photodyn. Ther. 25 (2019) 480–491, https://doi.org/10.1016/j. 
pdpdt.2019.02.014. 

[128] T. Zhang, G. Li, S. Li, Z. Wang, D. He, Y. Wang, J. Zhang, J. Li, Z. Bai, Q. Zhang, 
B. Liu, Q. Zhao, Y. Liu, H. Zhang, Asialoglycoprotein receptor targeted micelles 
containing carborane clusters for effective boron neutron capture therapy of 
hepatocellular carcinoma, Colloids and Surfaces B, Biointerfaces 182 (2019) 
110397, https://doi.org/10.1016/j.colsurfb.2019.110397. 

[129] W. Sun, Y. Wen, R. Thiramanas, M. Chen, J. Han, N. Gong, M. Wagner, S. Jiang, 
M.S. Meijer, S. Bonnet, Red-light-controlled release of drug–Ru complex 
conjugates from metallopolymer micelles for phototherapy in hypoxic tumor 
environments, Adv. Funct. Mater. 28 (39) (2018) 1804227. 

[131] W. Guo, L. Deng, Z. Chen, Z. Chen, J. Yu, H. Liu, T. Li, T. Lin, H. Chen, M. Zhao, 
L. Zhang, G. Li, Y. Hu, Vitamin B12-conjugated sericin micelles for targeting 
CD320-overexpressed gastric cancer and reversing drug resistance, Nanomedicine 
(Lond.) 14 (3) (2019) 353–370, https://doi.org/10.2217/nnm-2018-0321. 

[132] C. Teng, B. Zhang, Z. Yuan, Z. Kuang, Z. Chai, L. Ren, C. Qin, L. Yang, X. Han, 
L. Yin, Fibroblast activation protein-α-adaptive micelles deliver anti-cancer drugs 
and reprogram stroma fibrosis, Nanoscale 12 (46) (2020) 23756–23767, https:// 
doi.org/10.1039/d0nr04465b. 

[133] L. Qiu, X. Shan, M. Long, K.S. Ahmed, L. Zhao, J. Mao, H. Zhang, C. Sun, C. You, 
G. Lv, J. Chen, Elucidation of cellular uptake and intracellular trafficking of 
heparosan polysaccharide-based micelles in various cancer cells, Int. J. Biol. 
Macromol. 130 (2019) 755–764, https://doi.org/10.1016/j. 
ijbiomac.2019.02.133. 

[134] W. Hong, H. Shi, M. Qiao, X. Gao, J. Yang, C. Tian, D. Zhang, S. Niu, M. Liu, 
Rational design of multifunctional micelles against doxorubicin-sensitive and 
doxorubicin-resistant MCF-7 human breast cancer cells, Int. J. Nanomed. 12 
(2017) 989–1007, https://doi.org/10.2147/ijn.S127417. 

[135] Z. Ma, P. Hu, C. Guo, D. Wang, X. Zhang, M. Chen, Q. Wang, M. Sun, P. Zeng, 
F. Lu, L. Sun, L. She, H. Zhang, J. Yao, F. Yang, Folate-mediated and pH- 
responsive chidamide-bound micelles encapsulating photosensitizers for tumor- 
targeting photodynamic therapy, Int. J. Nanomed. 14 (2019) 5527–5540, https:// 
doi.org/10.2147/ijn.S208649. 

[136] M. Theerasilp, P. Chalermpanapun, P. Sunintaboon, W. Sungkarat, N. Nasongkla, 
Glucose-installed biodegradable polymeric micelles for cancer-targeted drug 
delivery system: synthesis, characterization and in vitro evaluation, J. Mater. Sci. 
- Mater. Med. 29 (12) (2018) 177, https://doi.org/10.1007/s10856-018-6177-7. 

[137] Y. Yang, Y. Li, K. Chen, L. Zhang, S. Qiao, G. Tan, F. Chen, W. Pan, Dual receptor- 
targeted and redox-sensitive polymeric micelles self-assembled from a folic acid- 
hyaluronic acid-SS-vitamin E succinate polymer for precise cancer therapy, Int. J. 
Nanomed. 15 (2020) 2885–2902, https://doi.org/10.2147/ijn.S249205. 

[138] W. Ma, Q. Guo, Y. Li, X. Wang, J. Wang, P. Tu, Co-assembly of doxorubicin and 
curcumin targeted micelles for synergistic delivery and improving anti-tumor 
efficacy, European journal of pharmaceutics and biopharmaceutics : official 
journal of Arbeitsgemeinschaft fur Pharmazeutische Verfahrenstechnik e.V 112 
(2017) 209-223. https://doi.org/10.1016/j.ejpb.2016.11.033. 

[139] Q. Chen, J. Zheng, X. Yuan, J. Wang, L. Zhang, Folic acid grafted and tertiary 
amino based pH-responsive pentablock polymeric micelles for targeting 
anticancer drug delivery, Materials Science & Engineering C, Materials for 
Biological Applications 82 (2018) 1–9, https://doi.org/10.1016/j. 
msec.2017.08.026. 

[140] T. Yin, Y. Wang, X. Chu, Y. Fu, L. Wang, J. Zhou, X. Tang, J. Liu, M. Huo, Free 
adriamycin-loaded pH/reduction dual-responsive hyaluronic acid-adriamycin 
prodrug micelles for efficient cancer therapy, ACS Appl. Mater. Interfaces 10 (42) 
(2018) 35693–35704, https://doi.org/10.1021/acsami.8b09342. 

[141] X. Zhou, X. Qin, T. Gong, Z.R. Zhang, Y. Fu, d-Fructose modification enhanced 
internalization of mixed micelles in breast cancer cells via GLUT5 transporters, 
Macromol. Biosci. 17 (7) (2017), https://doi.org/10.1002/mabi.201600529. 

[142] S.M. Garg, I.M. Paiva, M.R. Vakili, R. Soudy, K. Agopsowicz, A.H. Soleimani, M. 
Hitt, K. Kaur, A.J.B. Lavasanifar, Traceable PEO-poly (ester) micelles for breast 
cancer targeting: The effect of core structure and targeting peptide on micellar 
tumor accumulation, 144 (2017) 17-29. 

[143] M.-L. Zhu, X.-L. Xu, X.-J. Wang, N.-N. Zhang, K.-J. Lu, J. Qi, F.-Y. Jin, D. Liu, Y.-Z. 
J.M.P. Du, Sialic-acid-anchored micelles: a hierarchical targeting device for 
enhanced tumor tissue accumulation and cellular internalization, 15(9) (2018) 
4235-4246. 

[144] Q. Shuai, Y. Cai, G. Zhao, X.J.I.j.o.m.s. Sun, Cell-penetrating peptide modified 
PEG-PLA micelles for efficient PTX delivery, 21(5) (2020) 1856. 

[145] D. Mei, L. Zhao, B. Chen, X. Zhang, X. Wang, Z. Yu, X. Ni, Q.J.D.D. Zhang, 
α-Conotoxin ImI-modified polymeric micelles as potential nanocarriers for 
targeted docetaxel delivery to α7-nAChR overexpressed non-small cell lung 
cancer, 25(1) (2018) 493-503. 

[146] Y. Liu, C. Zhou, S. Wei, T. Yang, Y. Lan, A. Cao, J. Yang, Y.J.C. Hou, S.B. 
Biointerfaces, Paclitaxel delivered by CD44 receptor-targeting and endosomal pH 
sensitive dual functionalized hyaluronic acid micelles for multidrug resistance 
reversion, 170 (2018) 330-340. 

[147] J. Zhang, X. Zhao, Q. Chen, X. Yin, X. Xin, K. Li, M. Qiao, H. Hu, D. Chen, X.J.A.b. 
Zhao, Systematic evaluation of multifunctional paclitaxel-loaded polymeric 
mixed micelles as a potential anticancer remedy to overcome multidrug 
resistance, 50 (2017) 381-395. 

[148] P. Agrawal, R.P. Singh, G. Sharma, A.K. Mehata, S. Singh, C.V. Rajesh, B.L. 
Pandey, B. Koch, M.S.J.C. Muthu, S.B. Biointerfaces, Bioadhesive micelles of d- 
α-tocopherol polyethylene glycol succinate 1000: Synergism of chitosan and 
transferrin in targeted drug delivery, 152 (2017) 277-288. 

[149] S. Chen, S.W.T. Lai, C.E. Brown, M. Feng, Harnessing and enhancing macrophage 
phagocytosis for cancer therapy, Front. Immunol. 12 (2021) 635173, https://doi. 
org/10.3389/fimmu.2021.635173. 

[150] M. Feng, Z. Zhao, M. Yang, J. Ji, D. Zhu, T-cell-based immunotherapy in 
colorectal cancer, Cancer Lett. 498 (2021) 201–209, https://doi.org/10.1016/j. 
canlet.2020.10.040. 

[151] M. Yang, J. Li, P. Gu, X. Fan, The application of nanoparticles in cancer 
immunotherapy: targeting tumor microenvironment, Bioact. Mater. 6 (7) (2020) 
1973–1987, https://doi.org/10.1016/j.bioactmat.2020.12.010. 

[152] X. Wei, L. Liu, X. Li, Y. Wang, X. Guo, J. Zhao, S. Zhou, Selectively targeting 
tumor-associated macrophages and tumor cells with polymeric micelles for 
enhanced cancer chemo-immunotherapy, J. Control. Release 313 (2019) 42–53, 
https://doi.org/10.1016/j.jconrel.2019.09.021. 

[153] K. Mao, X. Cong, L. Feng, H. Chen, J. Wang, C. Wu, K. Liu, C. Xiao, Y.G. Yang, 
T. Sun, Intratumoral delivery of M-CSF by calcium crosslinked polymer micelles 
enhances cancer immunotherapy, Biomater. Sci. 7 (7) (2019) 2769–2776, 
https://doi.org/10.1039/c9bm00226j. 

[154] R. Zhao, J. Cao, X. Yang, Q. Zhang, M.Z. Iqbal, J. Lu, X. Kong, Inorganic material 
based macrophage regulation for cancer therapy: basic concepts and recent 
advances, Biomater. Sci. 9 (13) (2021) 4568–4590, https://doi.org/10.1039/ 
d1bm00508a. 

[155] A.M. Saeedifar, G. Mosayebi, A. Ghazavi, R.H. Bushehri, A. Ganji, Macrophage 
polarization by phytotherapy in the tumor microenvironment, Phytotherapy 
Research: PTR 35 (7) (2021) 3632–3648, https://doi.org/10.1002/ptr.7058. 

[156] P.W. Shueng, L.Y. Yu, H.C. Chiu, H.C. Chang, Y.L. Chiu, T.Y. Kuo, Y.W. Yen, C. 
L. Lo, Early phago-/endosomal escape of platinum drugs via ROS-responsive 
micelles for dual cancer chemo/immunotherapy, Biomaterials 276 (2021) 
121012, https://doi.org/10.1016/j.biomaterials.2021.121012. 

[157] P.-W. Shueng, L.-Y. Yu, H.-C. Chiu, H.-C. Chang, Y.-L. Chiu, T.-Y. Kuo, Y.-W. Yen, 
C.-L.J.B. Lo, Early phago-/endosomal escape of platinum drugs via ROS- 
responsive micelles for dual cancer chemo/immunotherapy, Biomaterials 276 
(2021 Sep 1) 121012. 

[158] H. Li, Y. Li, X. Wang, Y. Hou, X. Hong, T. Gong, Z. Zhang, X.J.T. Sun, Rational 
design of polymeric hybrid micelles to overcome lymphatic and intracellular 
delivery barriers in cancer immunotherapy, Theranostics 7 (18) (2017) 4383. 

[159] Z. Su, Z. Xiao, Y. Wang, J. Huang, Y. An, X. Wang, X.J.S. Shuai, Codelivery of anti- 
PD-1 antibody and paclitaxel with matrix metalloproteinase and pH dual- 
sensitive micelles for enhanced tumor chemoimmunotherapy, Small 16 (7) (2020 
Feb) 1906832. 

[160] K. Miki, K. Nagaoka, M. Harada, T. Hayashi, H. Jinguji, Y. Kato, R.J.I.i. Maekawa, 
Combination therapy with dendritic cell vaccine and IL-2 encapsulating 
polymeric micelles enhances intra-tumoral accumulation of antigen-specific CTLs, 
Int. Immunopharmacol. 23 (2) (2014 Dec 1) 499–504. 

[161] L. Liu, H. He, R. Liang, H. Yi, X. Meng, Z. Chen, H. Pan, Y. Ma, L.J.B .Cai, ROS- 
inducing micelles sensitize tumor-associated macrophages to TLR3 stimulation 
for potent immunotherapy, Biomacromolecules 19 (6) (2018 Apr 18) 2146–2155. 

[162] T. Qin, X. Xu, Z. Zhang, J. Li, X. You, H. Guo, H. Sun, M. Liu, Z. Dai, H.J.N. Zhu, 
Paclitaxel/sunitinib-loaded micelles promote an antitumor response in vitro 

W. Gao et al.                                                                                                                                                                                                                                    

https://doi.org/10.1080/10717544.2016.1228713
https://doi.org/10.1080/10717544.2016.1228713
https://doi.org/10.1016/j.jconrel.2020.09.054
https://doi.org/10.1016/j.ijpharm.2019.04.071
https://doi.org/10.1016/j.ejphar.2020.173814
https://doi.org/10.1016/j.ejphar.2020.173814
https://doi.org/10.1007/s11095-018-2382-9
https://doi.org/10.1007/s11095-018-2382-9
https://doi.org/10.2147/ijn.S219578
https://doi.org/10.1080/09205063.2018.1483616
https://doi.org/10.1016/j.pdpdt.2019.02.014
https://doi.org/10.1016/j.pdpdt.2019.02.014
https://doi.org/10.1016/j.colsurfb.2019.110397
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0645
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0645
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0645
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0645
https://doi.org/10.2217/nnm-2018-0321
https://doi.org/10.1039/d0nr04465b
https://doi.org/10.1039/d0nr04465b
https://doi.org/10.1016/j.ijbiomac.2019.02.133
https://doi.org/10.1016/j.ijbiomac.2019.02.133
https://doi.org/10.2147/ijn.S127417
https://doi.org/10.2147/ijn.S208649
https://doi.org/10.2147/ijn.S208649
https://doi.org/10.1007/s10856-018-6177-7
https://doi.org/10.2147/ijn.S249205
https://doi.org/10.1016/j.msec.2017.08.026
https://doi.org/10.1016/j.msec.2017.08.026
https://doi.org/10.1021/acsami.8b09342
https://doi.org/10.1002/mabi.201600529
https://doi.org/10.3389/fimmu.2021.635173
https://doi.org/10.3389/fimmu.2021.635173
https://doi.org/10.1016/j.canlet.2020.10.040
https://doi.org/10.1016/j.canlet.2020.10.040
https://doi.org/10.1016/j.bioactmat.2020.12.010
https://doi.org/10.1016/j.jconrel.2019.09.021
https://doi.org/10.1039/c9bm00226j
https://doi.org/10.1039/d1bm00508a
https://doi.org/10.1039/d1bm00508a
https://doi.org/10.1002/ptr.7058
https://doi.org/10.1016/j.biomaterials.2021.121012
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0785
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0785
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0785
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0785
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0790
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0790
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0790
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0795
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0795
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0795
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0795
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0800
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0800
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0800
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0800
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0805
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0805
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0805
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0810
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0810


Chemical Engineering Journal 495 (2024) 153438

28

through synergistic immunogenic cell death for triple-negative breast cancer, 
Nanotechnology 31 (36) (2020 Jun 19) 365101. 

[163] Z. Han, C. Gong, J. Li, H. Guo, X. Chen, Y. Jin, S. Gao, Z.J.M.T.B. Tai, 
Immunologically modified enzyme-responsive micelles regulate the tumor 
microenvironment for cancer immunotherapy, Materials Today Bio. 13 (2022 Jan 
1) 100170. 

[164] L. Jeanbart, I.C. Kourtis, A.J. Van Der Vlies, M.A. Swartz, J.A.J.C.I. Hubbell, 
Immunotherapy, 6-Thioguanine-loaded polymeric micelles deplete myeloid- 
derived suppressor cells and enhance the efficacy of T cell immunotherapy in 
tumor-bearing mice, Cancer Immunol. Immun. 64 (2015 Aug) 1033–1046. 

[165] Z. Wu, X. Ma, Y. Ma, Z. Yang, Y. Yuan, C. Liu, Core/Shell PEGS/HA hybrid 
nanoparticle via micelle-coordinated mineralization for tumor-specific therapy, 
ACS Appl. Mater. Interfaces 12 (10) (2020 Feb 18) 12109–12119. 

[166] J. Peng, Y. Xiao, W. Li, Q. Yang, L. Tan, Y. Jia, Y. Qu, Z.J.A.s. Qian, 
Photosensitizer micelles together with IDO inhibitor enhance cancer 
photothermal therapy and immunotherapy, Adv. Sci. 5 (5) (2018 May) 1700891. 

[167] C. Li, X. Zhang, Q. Chen, J. Zhang, W. Li, H. Hu, X. Zhao, M. Qiao, D.J.A.a. 
m. Chen, Synthetic polymeric mixed micelles targeting lymph nodes trigger 
enhanced cellular and humoral immune responses, ACS Appl. Mater. Interfaces 10 
(3) (2018 Jan 24) 2874–2889. 

[168] X. Yang, T. Yu, Y. Zeng, K. Lian, X. Zhou, S. Li, G. Qiu, X. Jin, H. Yuan, F.J.C. 
P. Hu, Tumor-draining lymph node targeting chitosan micelles as antigen- 
capturing adjuvants for personalized immunotherapy, Carbohyd. Polym. 240 
(2020 Jul 15) 116270. 

[169] H. Ren, J. Li, G. Liu, Y. Sun, X. Yang, Z. Jiang, J. Zhang, J.F. Lovell, Y.J.A.A. 
M. Zhang, Interfaces, Anticancer Vaccination with Immunogenic Micelles That 
Capture and Release Pristine CD8+ T-Cell Epitopes and Adjuvants, ACS Appl. 
Mater. Interfaces 14 (2) (2022 Jan 6) 2510–2521. 

[170] A.P. Blum, J.K. Kammeyer, A.M. Rush, C.E. Callmann, M.E. Hahn, N. 
C. Gianneschi, Stimuli-responsive nanomaterials for biomedical applications, 
J. Am. Chem. Soc. 137 (6) (2015) 2140–2154. 

[171] S. Mura, J. Nicolas, P. Couvreur, Stimuli-responsive nanocarriers for drug 
delivery, Nat. Mater. 12 (11) (2013) 991–1003. 

[172] A.B. Cook, P. Decuzzi, Harnessing endogenous stimuli for responsive materials in 
theranostics, ACS Nano 15 (2) (2021) 2068–2098. 

[173] Y. Esmaeili, M. Khavani, A. Bigham, A. Sanati, E. Bidram, L. Shariati, A. Zarrabi, 
N.A. Jolfaie, M. Rafienia, Mesoporous silica@ chitosan@ gold nanoparticles as 
“on/off” optical biosensor and pH-sensitive theranostic platform against cancer, 
Int. J. Biol. Macromol. (2022). 

[174] X.X. Zhou, L. Jin, R.Q. Qi, T. Ma, pH-responsive polymeric micelles self-assembled 
from amphiphilic copolymer modified with lipid used as doxorubicin delivery 
carriers, R. Soc. Open Sci. 5 (3) (2018) 171654. 

[175] A. Saisyo, H. Nakamura, J. Fang, K. Tsukigawa, K. Greish, H. Furukawa, 
H. Maeda, pH-sensitive polymeric cisplatin-ion complex with styrene-maleic acid 
copolymer exhibits tumor-selective drug delivery and antitumor activity as a 
result of the enhanced permeability and retention effect, Colloids Surf. B 
Biointerfaces 138 (2016) 128–137. 

[176] M. Kanamala, W.R. Wilson, M. Yang, B.D. Palmer, Z. Wu, Mechanisms and 
biomaterials in pH-responsive tumour targeted drug delivery: a review, 
Biomaterials 85 (2016) 152–167. 

[177] G. Yan, J. Wang, L. Hu, X. Wang, G. Yang, S. Fu, X. Cheng, P. Zhang, R. Tang, 
Stepwise targeted drug delivery to liver cancer cells for enhanced therapeutic 
efficacy by galactose-grafted, ultra-pH-sensitive micelles, Acta Biomater. 51 
(2017) 363–373. 

[178] C.Y. Zhang, Y.Q. Yang, T.X. Huang, B. Zhao, X.D. Guo, J.F. Wang, L.J. Zhang, Self- 
assembled pH-responsive MPEG-b-(PLA-co-PAE) block copolymer micelles for 
anticancer drug delivery, Biomaterials 33 (26) (2012) 6273–6283. 

[179] A. Krupa, M. Descamps, J.-F. Willart, B. Strach, E.B. Wyska, R. Jachowicz, 
F. Danede, High-energy ball milling as green process to vitrify tadalafil and 
improve bioavailability, Mol. Pharm. 13 (11) (2016) 3891–3902. 

[180] Y. Cui, J. Briscoe, Y. Wang, N.V. Tarakina, S. Dunn, Enhanced photocatalytic 
activity of heterostructured ferroelectric BaTiO3/α-Fe2O3 and the significance of 
interface morphology control, ACS Appl. Mater. Interfaces 9 (29) (2017) 
24518–24526. 

[181] T. Lang, X. Dong, Y. Huang, W. Ran, Q. Yin, P. Zhang, Z. Zhang, H. Yu, Y. Li, 
Ly6Chi monocytes delivering pH-sensitive micelle loading paclitaxel improve 
targeting therapy of metastatic breast cancer, Adv. Funct. Mater. 27 (26) (2017) 
1701093. 

[182] D. Li, R. Zhang, G. Liu, Y. Kang, J. Wu, Redox-responsive self-assembled 
nanoparticles for cancer therapy, Adv. Healthc. Mater. 9 (20) (2020) 2000605. 

[183] C. Maiti, S. Parida, S. Kayal, S. Maiti, M. Mandal, D. Dhara, Redox-responsive 
core-cross-linked block copolymer micelles for overcoming multidrug resistance 
in cancer cells, ACS Appl. Mater. Interfaces 10 (6) (2018) 5318–5330. 

[184] C. Luo, J. Sun, D. Liu, B. Sun, L. Miao, S. Musetti, J. Li, X. Han, Y. Du, L. Li, Self- 
assembled redox dual-responsive prodrug-nanosystem formed by single thioether- 
bridged paclitaxel-fatty acid conjugate for cancer chemotherapy, Nano Lett. 16 
(9) (2016) 5401–5408. 

[185] J. Noh, B. Kwon, E. Han, M. Park, W. Yang, W. Cho, W. Yoo, G. Khang, D. Lee, 
Amplification of oxidative stress by a dual stimuli-responsive hybrid drug 
enhances cancer cell death, Nat. Commun. 6 (1) (2015) 1–9. 

[186] L. Jiang, H. Xie, J. Chen, S. Liu, Y. Zhang, Q. Zeng, Size-dependent 2D nanoclay 
against ultraviolet B-induced damage in vitro and in vivo, Appl. Clay Sci. 190 
(2020) 105212. 

[187] A. Bigham, F. Foroughi, E. Rezvani Ghomi, M. Rafienia, R.E. Neisiany, 
S. Ramakrishna, The journey of multifunctional bone scaffolds fabricated from 

traditional toward modern techniques, Bio-Design and Manufacturing 3 (4) 
(2020) 281–306. 

[188] C.-C. Cheng, J.-J. Huang, A.-W. Lee, S.-Y. Huang, C.-Y. Huang, J.-Y. Lai, Highly 
effective photocontrollable drug delivery systems based on ultrasensitive light- 
responsive self-assembled polymeric micelles: an in vitro therapeutic evaluation, 
ACS Appl. Bio Mater. 2 (5) (2019) 2162–2170. 

[189] L. Yang, X. Hou, Y. Zhang, D. Wang, J. Liu, F. Huang, J. Liu, NIR-activated self- 
sensitized polymeric micelles for enhanced cancer chemo-photothermal therapy, 
J. Control. Release 339 (2021) 114–129. 

[190] A.R. Rastinehad, H. Anastos, E. Wajswol, J.S. Winoker, J.P. Sfakianos, S.K. 
Doppalapudi, M.R. Carrick, C.J. Knauer, B. Taouli, S.C. Lewis, Gold nanoshell- 
localized photothermal ablation of prostate tumors in a clinical pilot device study, 
Proceedings of the National Academy of Sciences 116(37) (2019) 18590-18596. 

[191] J.-J. Hu, Y.-J. Cheng, X.-Z. Zhang, Recent advances in nanomaterials for enhanced 
photothermal therapy of tumors, Nanoscale 10 (48) (2018) 22657–22672. 

[192] Z. Jafari, A. Bigham, S. Sadeghi, S.M. Dehdashti, N. Rabiee, A. Abedivash, 
M. Bagherzadeh, B. Nasseri, H. Karimi-Maleh, E. Sharifi, Nanotechnology-abetted 
astaxanthin formulations in multimodel therapeutic and biomedical applications, 
J. Med. Chem. (2021). 

[193] M.R. Hamblin, Photodynamic therapy for cancer: what’s past is prologue, 
Photochem. Photobiol. 96 (3) (2020) 506–516. 

[194] A. Bigham, V. Rahimkhoei, P. Abasian, M. Delfi, J. Naderi, M. Ghomi, F. 
D. Moghaddam, T. Waqar, Y.N. Ertas, S. Sharifi, Advances in tannic acid- 
incorporated biomaterials: infection treatment, regenerative medicine, cancer 
therapy, and biosensing, Chem. Eng. J. 134146 (2021). 

[195] K. Deng, H. Yu, J.-M. Li, K.-H. Li, H.-Y. Zhao, M. Ke, S.-W. Huang, Dual-step 
irradiation strategy to sequentially destroy singlet oxygen-responsive polymeric 
micelles and boost photodynamic cancer therapy, Biomaterials 275 (2021) 
120959. 

[196] S.S. Lucky, K.C. Soo, Y. Zhang, Nanoparticles in photodynamic therapy, Chem. 
Rev. 115 (4) (2015) 1990–2042. 

[197] Y. Zhang, X. Zhang, W. Chen, Y. He, Y. Liu, H. Ju, Self-assembled micelle 
responsive to quick NIR light irradiation for fast drug release and highly efficient 
cancer therapy, J. Control. Release 336 (2021) 469–479. 

[198] C. Hu, W. Zhuang, T. Yu, L. Chen, Z. Liang, G. Li, Y. Wang, Multi-stimuli 
responsive polymeric prodrug micelles for combined chemotherapy and 
photodynamic therapy, J. Mater. Chem. B 8 (24) (2020) 5267–5279. 

[199] N.S. Awad, V. Paul, N.M. AlSawaftah, G. Ter Haar, T.M. Allen, W.G. Pitt, G. 
A. Husseini, Ultrasound-responsive nanocarriers in cancer treatment: a review, 
ACS Pharmacology & Translational Science 4 (2) (2021) 589–612. 

[200] R. Coss, W. Linnemans, The effects of hyperthermia on the cytoskeleton: a review, 
Int. J. Hyperth. 12 (2) (1996) 173–196. 

[201] D. Li, Y. Bu, L. Zhang, X. Wang, Y. Yang, Y. Zhuang, F. Yang, H. Shen, D. Wu, 
Facile construction of pH-and redox-responsive micelles from a biodegradable 
poly (β-hydroxyl amine) for drug delivery, Biomacromolecules 17 (1) (2016) 
291–300. 

[202] H. Yu, Z. Cui, P. Yu, C. Guo, B. Feng, T. Jiang, S. Wang, Q. Yin, D. Zhong, X. Yang, 
pH-and NIR light-responsive micelles with hyperthermia-triggered tumor 
penetration and cytoplasm drug release to reverse doxorubicin resistance in 
breast cancer, Adv. Funct. Mater. 25 (17) (2015) 2489–2500. 

[203] E.K. Lim, Y.M. Huh, J. Yang, K. Lee, J.S. Suh, S. Haam, pH-triggered drug- 
releasing magnetic nanoparticles for cancer therapy guided by molecular imaging 
by MRI, Adv. Mater. 23 (21) (2011) 2436–2442. 

[204] S.P. Yoo, F. Pineda, J.C. Barrett, C. Poon, M. Tirrell, E.J. Chung, Gadolinium- 
functionalized peptide amphiphile micelles for multimodal imaging of 
atherosclerotic lesions, ACS Omega 1 (5) (2016) 996–1003. 

[205] N.Q. Vinh, S. Naka, H. Cabral, H. Murayama, S. Kaida, K. Kataoka, S. Morikawa, 
T. Tani, MRI-detectable polymeric micelles incorporating platinum anticancer 
drugs enhance survival in an advanced hepatocellular carcinoma model, Int. J. 
Nanomed. 10 (2015) 4137. 

[206] L.W. Starmans, M.A. Hummelink, R. Rossin, E.C. Kneepkens, R. Lamerichs, 
K. Donato, K. Nicolay, H. Grüll, 89Zr-and Fe-labeled polymeric micelles for dual 
modality PET and T1-weighted MR imaging, Adv. Healthc. Mater. 4 (14) (2015) 
2137–2145. 

[207] S. Langereis, N. Hijnen, G. Strijkers, K. Nicolay, H. Grüll, Research spotlight: 
multifunctional liposomes for MRI and image-guided drug delivery, Ther. Deliv. 5 
(1) (2014) 21–24. 

[208] F. Kiessling, M.E. Mertens, J. Grimm, T. Lammers, Nanoparticles for imaging: top 
or flop? Radiology 273 (1) (2014) 10–28. 

[209] S.J. Bakewell, A. Carie, T.L. Costich, J. Sethuraman, J.E. Semple, B. Sullivan, G. 
V. Martinez, W. Dominguez-Viqueira, K.N. Sill, Imaging the delivery of drug- 
loaded, iron-stabilized micelles, Nanomedicine: Nanotechnology Biology and 
Medicine 13 (4) (2017) 1353–1362. 

[210] D. Liu, Z. Zhou, X. Wang, H. Deng, L. Sun, H. Lin, F. Kang, Y. Zhang, Z. Wang, 
W. Yang, Yolk-shell nanovesicles endow glutathione-responsive concurrent drug 
release and T1 MRI activation for cancer theranostics, Biomaterials 244 (2020) 
119979. 

[211] C. Li, G. Chen, Y. Zhang, F. Wu, Q. Wang, Advanced fluorescence imaging 
technology in the near-infrared-II window for biomedical applications, J. Am. 
Chem. Soc. 142 (35) (2020) 14789–14804. 

[212] W. Wang, D. Cheng, F. Gong, X. Miao, X. Shuai, Design of multifunctional micelle 
for tumor-targeted intracellular drug release and fluorescent imaging, Adv. Mater. 
24 (1) (2012) 115–120. 

[213] M. Sun, W. Yin, X. Dong, W. Yang, Y. Zhao, M. Yin, Fluorescent supramolecular 
micelles for imaging-guided cancer therapy, Nanoscale 8 (9) (2016) 5302–5312. 

W. Gao et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S1385-8947(24)04927-1/h0810
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0810
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0815
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0815
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0815
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0815
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0820
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0820
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0820
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0820
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0825
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0825
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0825
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0830
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0830
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0830
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0835
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0835
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0835
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0835
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0840
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0840
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0840
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0840
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0845
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0845
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0845
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0845
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0850
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0850
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0850
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0855
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0855
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0860
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0860
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0865
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0865
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0865
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0865
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0870
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0870
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0870
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0875
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0875
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0875
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0875
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0875
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0880
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0880
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0880
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0885
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0885
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0885
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0885
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0890
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0890
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0890
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0895
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0895
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0895
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0900
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0900
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0900
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0900
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0905
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0905
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0905
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0905
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0910
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0910
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0915
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0915
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0915
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0920
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0920
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0920
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0920
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0925
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0925
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0925
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0930
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0930
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0930
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0935
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0935
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0935
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0935
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0940
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0940
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0940
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0940
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0945
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0945
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0945
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0955
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0955
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0960
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0960
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0960
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0960
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0965
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0965
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0970
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0970
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0970
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0970
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0975
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0975
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0975
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0975
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0980
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0980
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0985
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0985
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0985
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0990
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0990
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0990
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0995
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0995
http://refhub.elsevier.com/S1385-8947(24)04927-1/h0995
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1000
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1000
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1005
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1005
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1005
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1005
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1010
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1010
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1010
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1010
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1015
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1015
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1015
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1020
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1020
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1020
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1025
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1025
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1025
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1025
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1030
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1030
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1030
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1030
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1035
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1035
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1035
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1040
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1040
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1045
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1045
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1045
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1045
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1050
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1050
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1050
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1050
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1055
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1055
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1055
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1060
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1060
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1060
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1065
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1065


Chemical Engineering Journal 495 (2024) 153438

29

[214] Y. Huang, F. Qiu, D. Chen, L. Shen, S. Xu, D. Guo, Y. Su, D. Yan, X. Zhu, Color- 
Convertible, Unimolecular, Micelle-Based, Activatable Fluorescent Probe for 
Tumor-Specific Detection and Imaging In Vitro and In Vivo, Small (Weinheim an 
der Bergstrasse, Germany) 13(20) (2017) 1604062. 

[215] X. Liu, W. Liu, J. Lu, Q. Li, W. Han, Hybrid micelles enhance tumour therapy by 
remodelling biodistribution and improving intracellular drug release, Biomater. 
Sci. 9 (21) (2021) 7183–7193. 

[216] J. Tian, L. Ding, H. Ju, Y. Yang, X. Li, Z. Shen, Z. Zhu, J.S. Yu, C.J. Yang, 
A multifunctional nanomicelle for real-time targeted imaging and precise near- 
infrared cancer therapy, Angew. Chem. 126 (36) (2014) 9698–9703. 

[217] Y. Wang, L. Chen, L. Tan, Q. Zhao, F. Luo, Y. Wei, Z. Qian, PEG–PCL based micelle 
hydrogels as oral docetaxel delivery systems for breast cancer therapy, 
Biomaterials 35 (25) (2014) 6972–6985. 

[218] P. Lavrador, V.M. Gaspar, J.F. Mano, Bioinstructive naringin-loaded micelles for 
guiding stem cell osteodifferentiation, Adv. Healthc. Mater. 7 (19) (2018) 
1800890. 

[219] A. Varela-Moreira, Y. Shi, M.H. Fens, T. Lammers, W.E. Hennink, R.M. Schiffelers, 
Clinical application of polymeric micelles for the treatment of cancer, Mater. 
Chem. Front. 1 (8) (2017) 1485–1501. 

[220] Y.H. Bae, K. Park, Targeted drug delivery to tumors: myths, reality and 
possibility, J. Control. Release 153 (3) (2011) 198. 

[221] S. Kim, Y. Shi, J.Y. Kim, K. Park, J.-X. Cheng, Overcoming the barriers in micellar 
drug delivery: loading efficiency, in vivo stability, and micelle–cell interaction, 
Expert Opin. Drug Deliv. 7 (1) (2010) 49–62. 

[222] T. Wang, D. Wang, H. Yu, M. Wang, J. Liu, B. Feng, F. Zhou, Q. Yin, Z. Zhang, 
Y. Huang, Intracellularly acid-switchable multifunctional micelles for 
combinational photo/chemotherapy of the drug-resistant tumor, ACS Nano 10 (3) 
(2016) 3496–3508. 

[223] P. Mi, N. Dewi, H. Yanagie, D. Kokuryo, M. Suzuki, Y. Sakurai, Y. Li, I. Aoki, 
K. Ono, H. Takahashi, Hybrid calcium phosphate-polymeric micelles 
incorporating gadolinium chelates for imaging-guided gadolinium neutron 
capture tumor therapy, ACS Nano 9 (6) (2015) 5913–5921. 

[224] X. Xie, Y. Chen, Z. Chen, Y. Feng, J. Wang, T. Li, S. Li, X. Qin, C. Wu, C. Zheng, 
Polymeric hybrid nanomicelles for cancer theranostics: an efficient and precise 
anticancer strategy for the codelivery of doxorubicin/miR-34a and magnetic 
resonance imaging, ACS Appl. Mater. Interfaces 11 (47) (2019) 43865–43878. 

[225] Y. Chen, J. Ren, D. Tian, Y. Li, H. Jiang, J. Zhu, Polymer-upconverting 
nanoparticle hybrid micelles for enhanced synergistic chemo-photodynamic 
therapy: effects of emission-absorption spectral match, Biomacromolecules 20 
(10) (2019) 4044–4052. 

[226] M. Xiaoyu, D. Xiuling, Z. Chunyu, S. Yi, Q. Jiangchao, Y. Yuan, L. Changsheng, 
Polyglutamic acid-coordinated assembly of hydroxyapatite nanoparticles for 
synergistic tumor-specific therapy, Nanoscale 11 (32) (2019) 15312–15325. 

[227] Z. Liu, F. Fontana, A. Python, J.T. Hirvonen, H.A. Santos, Microfluidics for 
production of particles: mechanism, methodology, and applications, Small 
(Weinheim an der Bergstrasse Germany) 16 (9) (2020) 1904673. 

[228] G. Zan, Q. Wu, Biomimetic and bioinspired synthesis of nanomaterials/ 
nanostructures, Adv. Mater. 28 (11) (2016) 2099–2147. 

[229] C. Kaewsaneha, A. Elaissari, P. Opaprakasit, P. Sreearunothai, 
P. Tangboriboonrat, Poly (styrene-b-acrylic Acid) nanoparticles with high 
magnetic loading for magnetic hyperthermia cancer therapy, ACS Applied Nano 
Materials 4 (2) (2021) 1841–1848. 

[230] G. Liu, X. Chen, W. Zhuang, Y. Nie, K. Zhang, L. Yang, Y. Wang, Comparison of 
biomimetic block copolymer micelles as drug carriers for cancer therapy, 
J. Biomed. Nanotechnol. 13 (11) (2017) 1500–1511, https://doi.org/10.1166/ 
jbn.2017.2447. 

[231] X. Yang, T. Yu, Y. Zeng, K. Lian, X. Zhou, J. Ke, Y. Li, H. Yuan, F. Hu, pH- 
responsive biomimetic polymeric micelles as lymph node-targeting vaccines for 
enhanced antitumor immune responses, Biomacromolecules 21 (7) (2020) 
2818–2828, https://doi.org/10.1021/acs.biomac.0c00518. 

[232] G. Liu, Q. Luo, H. Gao, Y. Chen, X. Wei, H. Dai, Z. Zhang, J. Ji, Cell membrane- 
inspired polymeric micelles as carriers for drug delivery, Biomater. Sci. 3 (3) 
(2015) 490–499, https://doi.org/10.1039/c4bm00385c. 

Further reading 

[130] P. Makvandi, M. Chen, R. Sartorius, A. Zarrabi, M. Ashrafizadeh, F. Dabbagh 
Moghaddam, J. Ma, V. Mattoli, F.R. Tay, Endocytosis of abiotic nanomaterials 
and nanobiovectors: inhibition of membrane trafficking, Nano Today 40 (2021) 
101279, https://doi.org/10.1016/j.nantod.2021.101279. 

W. Gao et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S1385-8947(24)04927-1/h1075
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1075
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1075
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1080
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1080
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1080
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1085
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1085
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1085
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1090
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1090
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1090
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1095
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1095
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1095
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1100
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1100
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1105
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1105
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1105
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1110
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1110
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1110
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1110
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1115
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1115
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1115
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1115
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1120
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1120
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1120
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1120
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1125
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1125
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1125
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1125
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1130
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1130
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1130
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1135
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1135
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1135
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1140
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1140
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1145
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1145
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1145
http://refhub.elsevier.com/S1385-8947(24)04927-1/h1145
https://doi.org/10.1166/jbn.2017.2447
https://doi.org/10.1166/jbn.2017.2447
https://doi.org/10.1021/acs.biomac.0c00518
https://doi.org/10.1039/c4bm00385c
https://doi.org/10.1016/j.nantod.2021.101279

	Micelle-engineered nanoplatforms for precision oncology
	1 Introduction
	2 Structure and fabrication
	3 Drug delivery: Emphasis on chemotherapy drugs and natural products
	3.1 Delivery of chemotherapy drugs
	3.2 Delivery of natural products

	4 Gene delivery by micelles
	4.1 RNA interference
	4.2 Non-coding RNA

	5 Cargo co-delivery: Gene and drug
	6 Functionalized micelles: Boosting cell internalization
	7 Immunotherapy
	8 Stimuli-responsive micelles
	8.1 pH responsive micelles
	8.2 Redox responsive micelles
	8.3 Light-responsive micelles
	8.4 Multi-responsive micelles

	9 Bioimaging and theranostic approaches
	10 Hybrid nanoparticles
	11 Conclusion and remarks
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References
	Further reading



