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Abstract: Breast cancer, specifically metastatic breast, is a leading cause of morbidity and mortal-
ity in women. This is mainly due to relapse and reoccurrence of tumor. The primary reason for
cancer relapse is the development of multidrug resistance (MDR) hampering the treatment and
prognosis. MDR can occur due to a multitude of molecular events, including increased expression
of efflux transporters such as P-gp, BCRP, or MRP1; epithelial to mesenchymal transition; and re-
sistance development in breast cancer stem cells. Excessive dose dumping in chemotherapy can
cause intrinsic anti-cancer MDR to appear prior to chemotherapy and after the treatment. Hence,
novel targeted nanomedicines encapsulating chemotherapeutics and gene therapy products may
assist to overcome cancer drug resistance. Targeted nanomedicines offer innovative strategies to
overcome the limitations of conventional chemotherapy while permitting enhanced selectivity to
cancer cells. Targeted nanotheranostics permit targeted drug release, precise breast cancer diagno-
sis, and importantly, the ability to overcome MDR. The article discusses various nanomedicines
designed to selectively target breast cancer, triple negative breast cancer, and breast cancer stem cells.
In addition, the review discusses recent approaches, including combination nanoparticles (NPs),
theranostic NPs, and stimuli sensitive or “smart” NPs. Recent innovations in microRNA NPs and
personalized medicine NPs are also discussed. Future perspective research for complex targeted and
multi-stage responsive nanomedicines for metastatic breast cancer is discussed.

Keywords: theranotics nanoparticles; triple negative breast cancer; stimuli-responsive nanocarriers;
breast cancer stem cells; siRNA; micro RNA

1. Introduction

Breast cancer is the most frequently diagnosed cancer in women. In 2018, 2.1 million
women were diagnosed with breast cancer, and approximately one new case was diag-
nosed every 18 s [1]. Breast cancer can be regarded as a heterogeneous disease as seen
at the molecular level. Early breast cancer (when the cancer is confined in the breast or
spreads to the axillary lymph nodes) is considered curable. Improvements in breast cancer
therapeutics have led to increasing survival rate, which is more than 85% for 5 years in US.
Advanced breast cancer, which has metastasized to various organs, may not completely
be curable with currently available chemotherapeutics. The last decade has seen a rise of
targeted therapies for advanced or metastatic breast cancer considering the heterogeneity
of the disease. Recently, breast cancer therapies emphasize biologically-directed therapies,
personalized treatment, and de-escalation of the chemotherapy and treatment for reducing
the adverse effects of chemotherapeutics. Although the 5-year survival rate of advanced or
metastasized breast cancer is low (28%), the main goal of targeted therapy is to prolong
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survival, control symptoms, and lower toxicity associated with cytotoxic drugs and, in turn,
improve the quality of life [2].

1.1. Breast Cancer Classification

Breast cancer treatment is divided into two treatment options. This includes regional
treatment and systemic therapy. The stage of the cancer and its type, based on molecular
and histological classification, mainly decide the treatment options. Early breast cancer,
in stage I and II, in which the tumor is confined to the breast tissue or infected local lymph
nodes, can be cured by mastectomy and or radiation therapy. Breast cancer is commonly
recognized by the presence or absence of three major receptors on the cell surface. These are
hormone receptors such as estrogen receptor (ER), progesterone receptor (PR), and human
epidermal growth factor-2 receptor (HER2). Metastatic breast cancer (MBC) is usually
treated by chemotherapy, hormone therapy, and targeted therapy. Depending on the
molecular nature of the cancer and its origin in the breast tissue, Perou and Sorlie reported
the intrinsic classification of breast cancer in 2000 [3]. They classified breast cancer into four
subtypes: (i) Luminal A; (ii) Luminal B, both expressing ER; (iii) basal-like breast cancer; and
(iv) HER2 enriched breast cancer without ER and PR expression [3]. In clinical practice, the
surrogate classification of breast cancer is commonly used. This classification includes five
types of breast cancers classified according to varying molecular and histological differences
in breast cancer (Figure 1). This intrinsic classification shifted clinical management of the
disease from being based on tumor biology to a molecular targeted approach. Another way
of classifying breast cancer is by the presence and absence of receptors on the cell surface.
Hormone positive breast cancer consists of ER and or PR receptors, while HER2 positive
breast cancer is enriched with HER2 receptors but lacks ER and PR receptor expression.
HER2 breast cancer cannot be treated with hormone therapy. Triple negative breast cancer
(TNBC) lacks the expression of ER, PR, and HER2. This type of breast cancer cannot be
treated with hormone therapy or HER2 targeted therapy. Chemotherapy is the only current
option for the treatment of TNBC [2].

1.2. Breast Cancer Pathophysiology and Metastasis

The exact mechanism of breast cancer initiation is currently not fully delineated.
However, efforts have been made to understand breast cancer formation and progression
at the molecular level. Various models or theories are proposed for this. The cancer stem
cell model assumes that stimulation of precursor cancer stem cells triggers initiation and
progression of breast cancer. This theory also posits that cellular diversity in breast cancer
and tumor hierarchy are generated by the cancer stem cells [4]. The clonal evolution model
postulates that random mutation, along with clonal selection at the genetic level, give rise
to the cancer cellular heterogeneity commonly observed in breast cancer [5,6]. These two
models of breast cancer evolution can be interconnected by the fact that breast cancer stem
cells may evolve in a clonal evolution [7]. Molecular progression of breast cancer rises
along two divergent pathways. These are the low-grade pathway and high-grade pathway.
The low-grade pathway is characterized by changes in the gene expression for the majority
of the genes belonging to the ER phenotype and diploid or near diploid karyotypes.
The Luminal A group of breast cancer, and to some extent, Luminal B, fall into this
pathway. On the other hand, the high-grade pathway is characterized by gene alterations,
including loss of the 13q gene, gain of a chromosomal region-11q13, and amplification
of 17q12 gene. The 17q12 gene codes for HER2 in breast cancer cells. There is a high
level of gene expressions involved in cellular proliferation and cell cycle maintenance in
metastatic breast cancer [8]. HER2 positive and TNBC progress by the high-grade pathway
of cancer progression [9]. A number of genes become either mutated, amplified, or both
in various types of breast cancer. Some examples of these genes are: PIK3CA (altered
in 30% of tumors), PTEN (altered in 16% of tumors), TP53 (altered in 41% of tumors),
MYC (altered in 20% of tumors), CCND1 (altered in 16% of tumors), ERBB2 (altered in
13% of tumors), and GATA3 (altered in 10% of tumors), as reported in patients with early
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breast cancer [10]. These genes regulate important modulators of cell cycles. Breast cancer,
similar to many other cancers, represses the p53 gene, and genes for increased production
of cyclin D1 get activated. In addition, in breast cancer, pathways such as HER2, MYC,
and FGFR1, responsible for inhibition of apoptosis and sustained proliferation of cancer
cells, endure activation [11].

Figure 1. Breast cancer classification [2]. Histological and molecular characteristics of breast cancer have important
implications for cancer therapy. Hence, several classifications based on molecular and histological characteristics are
developed. The histological subtypes of breast cancer (top right) are the most frequent subtypes, including ductal carcinoma
and lobular carcinoma, which are the invasive lesions, while their prevalent counterparts are ductal carcinoma in situ
and lobular carcinoma in situ. Intrinsic subtype classification by Perou and Sorlie is based on a 50-gene expression
signature (PAM50). The surrogate intrinsic subtype classification of breast cancer is used clinically, and it is based on
immunohistochemistry and histology expression of key proteins, including progesterone receptor (PR), estrogen receptor
(ER), human epidermal growth factor receptor 2 (HER2), as well as proliferation marker Ki67. Breast cancer tumors
expressing ER and/or PR are “hormone receptor-positive”. Tumors lacking ER, PR but showing expression of HER2
are termed as “HER2 positive breast cancer”, while tumors lacking ER, PR, and HER2 are called “triple- negative breast
cancer” [2].
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Advanced breast cancer can metastasize into various organs, including the auxiliary
lymph nodes, lungs, bones, brain, liver, and peritoneal cavity. The most common metastatic
site for breast cancer is the bones. Approximately 67% of advanced breast cancer tumors
metastasize in the bones. Luminal B (79%) and Luminal A (70%) types of breast cancer have
the highest percentages of metastasis to the bones, while HER2+ and TNBC or basal-like
breast cancer have 60% and 40% probability of infecting the bone tissue. The other most
common site for breast cancer metastasis are the liver, auxiliary lymph nodes, and the
lungs. Almost 37% of advanced breast cancer can metastasize to the liver and lungs,
respectively, while the metastasis of breast cancer to the auxiliary lymph nodes varies
between 30–50%. Liver metastasis of TNBC and HER2+ is more frequent compared to
the Luminal breast cancer subtype. HER2+ has a 45% probability and TNBC has a 35%
probability of metastasizing to the liver tissue. All breast cancer subtypes except TNBC
have a higher chance for angiogenesis and infecting the auxiliary lymph nodes. However,
for the lungs, Luminal A and B have a slightly lower metastasis (25–30%), while TNBC and
HER2+ have a slightly higher chance of metastasis (45–35%) to the lungs. Metastasis of
breast cancer into vital organs, such as the lungs, liver, and brain, can severely reduce the
survival period of patients. Application of nanomedicines can definitely aid in reducing
the burden by breast cancer metastasis. Approximately 12.6% of the cancer metastasizes
to the brain tissue. In this particular metastatic site, TNBC and HER2+ (25–30%) have a
higher level of metastasis compared to Luminal A and Luminal B (5–15%) types of breast
cancer. Other less common sites of metastasis are mammary internal chain lymph nodes
(10–40%), contralateral breast (6%), and supraclavicular lymph nodes (1–4%). Figure 2
depicts various metastatic sites in breast cancer [2].

Figure 2. Illustration of common metastatic sites in breast cancer [2]. The most common metastatic sites for breast cancer
are the bones, axillary lymph nodes, liver, and lungs. Approximately 10–40% of breast cancer tumors have metastasized in
the internal mammary gland. Breast cancer can advance to distant metastatic sites depending on the molecular subtype;
for example, Luminal A, B, HER2+, triple negative breast cancer (TNBC), or basal-like breast cancer. Locoregional lymphatic
spread is sparse in TNBC compared to other subtypes, while brain metastases are more frequent in TNBC compared to
luminal tumors [2].
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2. Molecular Mechanism for Breast Cancer Resistance, Metastasis, and Relapse
2.1. Increased Drug Efflux

An elevated efflux of chemotherapeutic drugs from the cancer cells leads to lower
drug accumulation. This is the leading cause of drug resistance to chemotherapeutic
drugs [12–15]. Drug efflux transporters, also called efflux pumps, are mainly responsi-
ble for the development of multidrug resistance (MDR) in cancer cells [16–19]. Efflux
transporters belong to the ATP-binding cassette (ABC) superfamily of transporters, re-
sponsible for transport of solutes in and out of the cell membrane through energy derived
from ATP hydrolysis. The human genome contains 48 ABC genes classified into seven
subfamilies (ABCA-ABCG). Among these are ABCB1, ABCC1, and ABCG2. These trans-
porters are greatly involved in the acquisition of MDR to cancer chemotherapeutics [20–22].
Efflux transporters mainly include: (i) P-gp, an ABC sub-family-B member-1 encoded
in the human body by ABCB1 gene; (ii) BCRP, a member of the white sub-family and
ABCG member 2 encoded in the human body by the ABCG2 gene; and (iii) multidrug
resistance associated protein-1 (MRP-1), an ATP-binding cassette sub-family C member 2
encoded in the human body by the ABCC2 gene [23,24]. Figure 3 depicts various mecha-
nisms of drug resistance, including efflux pump-mediated mechanisms of MDR and efflux
pump-independent drug resistance mechanisms [25].

Figure 3. Mechanisms of drug resistance, including efflux pump-mediated mechanisms of MDR and efflux pump-
independent drug resistance mechanisms [25]. The figure depicts how efflux transporters, including P-gp, BCRP, and MRP-1,
efflux drugs and other xenobiotics from the cells. Cancer cells can develop drug resistance by increasing the expression
of drug metabolizing enzymes and, hence, inactivating the drugs. Similarly, resistance can be developed by the cells by
altering drug targets, rendering the drugs inactive. Drug compartmentalization into lysosomes causes drug inactivation
and acquired drug resistance by cancer cells [25].
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2.1.1. P-Glycoprotein

P-glycoprotein (P-gp) is also known as multidrug resistance protein-1 (MDR-1) or clus-
ter of differentiation 243 (CD243). It is also the first member of the ABC superfamily and is
responsible for efflux of xenobiotics [17,26]. P-gp is composed of two homologous halves
with 1280 amino acids. Each half consists of six hydrophobic transmembrane domains
(TMD) with an ATP binding site or nucleotide-binding domain (NBD) that hydrolyzes ATP.
ATP binding causes conformational changes in the transporter, essential for the functioning
of the transporter [27]. Over-expression of P-gp in cancer cells results in MDR. P-gp has
multiple drug binding sites on its transporter structure that bind to a variety of chemother-
apeutic drugs, including doxorubicin, etoposide, paclitaxel, and many others [28–32].
P-gp expression varies in various types of cancers. Colon, pancreas, liver, adrenal gland,
and kidney cancers demonstrate highest levels of P-gp expression, while intermediate
P-gp expression is seen in soft tissue carcinomas, neuroblastoma, and hematological ma-
lignancies. Breast, ovary, lung, and esophageal cancers initially display low P-gp levels.
But the levels of P-gp efflux transporters increases after the cancer shows resistance to the
chemotherapeutic treatment [33,34].

P-gp inhibitors can be divided into first, second, and third generation drugs, which pri-
marily block P-gp and aid reversal of MDR. First generation drugs appear less potent,
non-selective, and have a low P-gp binding affinity. High doses of these inhibitors are
required to reverse MDR. This can result in toxic side effects for the patients. Trifluoper-
azine, Cyclosporine-A, Verapamil, Quinidine and Reserpine, Tamoxifen, Vincristine, and
Yohimbine are examples of first generation P-gp inhibitors [35,36]. The inadequacies of
pharmacokinetic and pharmacodynamics of first-generation P-gp inhibitors paved the way
for the development of second generation P-gp inhibitor drugs. Similar to the first gen-
eration agents, these agents inhibit metabolism and excretion of chemotherapeutic drugs
by blocking effects of P-gp. Structural modification of first-generation P-gp inhibitors
helped in achieving a better pharmacological response, better tolerability, and reduced
toxicity. Drugs such as Valspodar (PSC 833), Dexverapamil, Biricodar citrate (VX-710),
and Dexniguldipine are second-generation P-gp inhibitors [36]. Some shortcomings of
second-generation P-gp inhibitors, such as interaction with cytochrome P450 3A4 affecting
drug pharmacokinetics were overcome in third-generation P-gp inhibitors. Zosuquidar-
LY335979, Elacridar-GF120918, Annamycin, and Mitotane (NSC-38721) are examples of
third-generation P-gp inhibitors [23]. Tariquidar can be regarded as an ideal P-gp in-
hibitor since it has demonstrated P-gp inhibition activity in cancer chemotherapy clinical
trials [37,38]. The drug was also effective in reversing MDR in chemotherapy resistant
advanced breast cancer in Phase II clinical trials [39,40], NCT00048633. Tariquidar can
be used to overcome MDR in breast cancer. Despite some clinical impact, these third-
generation P-gp inhibitors cause high toxicity. Zhong et al. demonstrated that co-delivery
of folic acid-targeted nano-erythrocyte can be utilized to overcome MDR in breast cancer
in vivo [41].

2.1.2. Breast Cancer Resistance Protein

Breast cancer resistance protein (BCRP) was first identified in a drug-resistant human
breast cancer cell line that was treated simultaneously with mitoxantrone and Tariquidar,
which are P-gp inhibitors [34,42,43]. BCRP is coded by the ABCG2 gene, and it belongs
to the ABCG subfamily of ABC transporters. BCRP is a half-transporter composed of
N-terminal NBD and a carboxy-terminal TMD containing six membrane-spanning he-
lices [44,45]. The transporter plays an important role in intercellular drug absorption,
metabolism, and excretion, as well as toxicity. It also functions as an efflux pump for trans-
port of anti-cancer drugs from the breast cancer cells to the extracellular environment, thus
granting MDR to the tumor cells. Although this transporter was initially identified in breast
cancer, it was later seen to cause MDR in most of the types of cancers [46]. Anthracyclines
can develop resistance due to BCRP expressed on breast cancer cells [42,47]. In addition
to cell membranes, BCRP is also expressed in intracellular vesicles. These vesicles gen-
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erally retain drugs, but BCRP pumps the drugs out quickly. This is another reason for
increased drug resistance due to BCRP efflux transporter [48]. BCRP is highly expressed
in side-population cells in breast cancer. These cells possess stem cell-like properties and
are mostly resistant to chemotherapy. Wiese et al. discusses BCRP/ABCG2 inhibitor
patents and how these inhibitors can have additional benefits besides counteracting MDR.
Among many inhibitors, the most promising ones are bivalent flavonoids, which have
shown broad-spectrum inhibitory activity as compared to other classes of compounds.
Bivalent flavonoids are also selective inhibitors of BCRP/ABCG2 [49].

2.1.3. Multidrug Resistance Protein

Multidrug resistance protein (MRP) is a member of the human ABC family of cell
membrane transporters known to cause MDR. This transporter was first discovered while
studying the H69AR cell line, which is a small cell lung cancer drug-resistant line [50,51].
MRP1 transporter consists of 17 TMD spanning across the cell membrane. MRP is respon-
sible for the transport of endogenous substances and xenobiotic drugs. MRP1 has been
extensively studied over the last two decades for its role in developing drug resistance
in various cancers. MRP1 is a 190 kDa protein with a P-gp transporter like core and an
additional N-terminal TMD [52,53]. A distinct feature of MRP1 is that it is a basolateral
transporter. This implies that MRP1 activity results in the movement of compounds into
cells that lie below the basement membrane. The transporter prevents drug absorption
from basolateral side and clears the drugs out of cells [54]. MRP1 can transport glutathione
(GSH), chemotherapeutic drugs, and GSH-conjugated compounds [55]. This implies that
the mechanism of transport of MRP1 is different from that of P-gp transport [55]. MRP1 is
ubiquitously expressed in most of the human tissues. Thus, it is present in most of the
tumors, including breast cancer, and plays an important role in MDR [56]. MRP1 is re-
sponsible for developing resistance to drug classes, such as vinca alkaloids, anthracyclines,
camptothecins, epipodo-phyllotoxins, platinum compounds, nucleoside and nucleotide
analogs, folate antimetabolites, and methotrexate drugs. MRP1 does not confer resistance
to all taxenes except methotrexate. Breast cancer relapse is highly linked with increase in
MRP1 activity in the tumor cells [54,57]. Resistance due to MRP/ABCC members (MRPs
1–3) is often caused by an increased efflux and leads to decreased intracellular accumulation
of anti-cancer drugs. Drug targeting of MRP transporters can help to overcome resistance
associated with breast cancer cells [58].

2.1.4. Lung Resistance Protein

Lung resistance protein (LRP) is another transmembrane protein, which is encoded by
the LRP gene. It was first discovered in non-small cell lung cancer cell line SW-1573 [59].
The protein is found in the cytoplasm and in the nuclear membrane of tumor cells. It is not
a member of the ABC superfamily of transporter proteins [60]. Primary sequence analysis
of LRP cDNA discovered that the amino acid sequence of LRP was 87.7% homologous
to the brown rat vault protein, also called the major vault protein. Vaults are organelles
broadly distributed and conserved in diverse eukaryotic cells. These organelles localize in
nuclear pore complexes and form the central plug of the nuclear complexes. These proteins
help in transport of substances in and out of the nuclear membrane. These vaults may play
a role in MDR by regulating the nucleo-cytoplasmic movement of drugs [61]. LRP protein
is overexpressed in most cancers, which results in lower accumulation of anti-cancer drugs
in the nucleus [62]. Wood et al. observed that LRP concentration in saliva of breast cancer
patients was significantly higher compared to healthy women [63]. Similar to P-gp, BCRP,
and MDRP, LRP also causes resistance to compounds including alkaloids, anthracyclines,
and epipodophyllotoxin. In addition to this, LRP also causes resistance to cisplatin and
several atypical MDR drugs [61,64].
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2.2. Breast Cancer Stem Cells

Breast cancer stem cells (BCSCs) represent a small subpopulation of breast cancer
cells that play important roles in cancer progression, metastasis, and recurrence. BC-
SCs differ from other breast cancer cells in their ability to resist treatment with the current
chemotherapeutic agents and radiotherapy [65]. Baseline BCSCs are inversely correlated
with metastatic breast cancer treatment rate and survival [66]. A growing body of research
points out to the expression of different surface markers and signaling molecules that
can be explored as possible therapeutic targets. The ability of BCSCs to promote tumor
formation is characterized by a high expression of surface marker CD44 and a low or
complete absence of surface marker CD24 (CD44+/CD24−/low) [67]. Furthermore, the po-
tential of BCSCs to metastasize is enhanced by the expression of an epithelial cell adhesion
molecule that aids in cell adhesion, proliferation, and differentiation [68,69]. Indepen-
dent of CD44+/CD24−/low expression, BCSCs with increased aldehyde dehydrogenase
1 (ALDH1) activity have been shown to exhibit tumorigenic potential. Cells that exhibit
CD44+/CD24−/low and ALDH1 phenotype have greater tumorigenic potential compared
to the cells expressing either one of the phenotypes. Cell numbers as low as 20 were enough
to promote tumor formation when injected into humanized cleared fat-pads of non-obese
diabetic (NOD)/severe combined immunodeficiency (SCID) mice [70]. Within the breast
cancer tissue, BCSCs with CD44+/CD24−/low phenotype are closely present to the invasive
edge, whereas BCSCs with elevated ALDH1 activity are primarily found in the inner
regions where hypoxia is predominant [71,72]. Current cytotoxic drugs have been shown
to increase the BCSCs population by two mechanisms: (a) affecting only non-BCSCs and,
thereby, increasing the proportion of BCSCs or (b) converting the non-BCSCs to BCSCs.
For instance, paclitaxel, carboplatin, and 5-florouracil have been shown to be effective
against non-BCSCs and increase the proportion of CD44+/CD24−/low BCSCs in various
cell lines [73,74]. BCSCs with CD44+/CD24−/low and ALDH1 phenotypes isolated from
different subtypes of breast cancer, based on molecular profiling of receptor expression
(estrogen receptor, progesterone receptor, or human epidermal growth factor receptor
2), have similar gene expression profiles [72]. This suggests that a common therapeutic
strategy can be employed to treat the BCSCs in different breast cancer subtypes.

Expression of various signaling molecules and transcription factors play an important
role in BCSCs metastasis. Tribbles homolog 3 is a protein encoded by the TRIB3 gene. Its ex-
pression was directly correlated with poor breast cancer prognosis and BCSCs stemness by
affecting the FOXO1-AKT-SOX2 pathway [75]. Activation of the Wnt/β-catenin pathway
was shown in various subtypes of breast cancer [76]. Exposure to transforming growth
factor-β1 (TGF-β1) increased the number of mammospheres in the in vitro model [77]. Sev-
eral other signaling pathways are shown to be important for BCSCs, including activation of
hedgehog, notch, nuclear factor kappa B (NF-κB), receptor tyrosine kinase, etc. [78]. There-
fore, targeting BCSCs is an important determinant in the treatment of breast cancer. Several
studies have been shown to affect the key signaling pathways and transcription factors to
decrease the BCSCs population. For instance, VS-4718 and VS-6063 potently inhibited focal
adhesion kinase (FAK) and, thereby, affected the Wnt/β-catenin pathway. Compared to
paclitaxel alone, combination treatment with paclitaxel and VS-4718 or VS-6063 resulted
in delayed tumor re-growth and metastasis in mice bearing tumors formed by patient-
derived xenografts [79]. Quisinostat, a histone deacetylase inhibitor, in combination with
doxorubicin, decreased the number of non-CSCs and BCSCs in a synergistic manner [80].
Plumbagin, a natural naphthoquinone derivative, was effective against BCSCs in endocrine
resistant breast cancer by modulating the Wnt/β-catenin pathway [81]. Hydroxytyrosol
affected the BCSCs sub-population with CD44+/CD24−/low and ALDH1 activity by target-
ing the Wnt/β-catenin and TGF pathways (30460610). The combination of tamoxifen with
napabucasin decreased stemness and rendered the cells sensitive to treatment by inhibiting
signal transducers and activators of transcription 3 (STAT3) activation [82]. Iadademstat
inhibited the formation of mammospheres induced by BCSCs in different breast cancer cell
lines and patient derived xenografts [83].
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The past two decades have seen advancements in the development of novel therapeu-
tic formulations. Several research groups have utilized the approach of using a combination
therapy to develop novel formulations to target BCSCs along with non-BCSCs and main-
tain the drugs for a longer time in circulation. For instance, the docetaxel and salinomycin
combination was formulated in polylactide-co-glycolide/D-alpha-tocopherol polyethylene
glycol 1000 succinate nanoparticles. This nanoparticle combination had a synergistic ef-
fect on the breast cancer cells and stem cells and were present in circulation for a longer
time [84]. Zileuton loaded polymeric micelles were effective against BCSCs in vitro and
in vivo [85].

2.3. Epithelial to Mesenchymal Transition (EMT)

BCSCs with different phenotypes, including the CD44+/CD24−/low phenotype, have been
shown to exhibit features of epithelial mesenchymal transition [77]. Epithelial mesenchymal
transition (EMT) is a process that converts polarized epithelial cells into mesenchymal
cells, which have an increased ability to migrate, produce extracellular matrix components,
and metastasize [86]. The process involves activation of multiple signaling pathways and
transcription factors [87]. BCSCs with the CD44+/CD24−/low phenotype isolated from
primary human breast cells showed a higher expression of vimentin, zinc finger E-box-
binding homeobox 1 (ZEB1), ZEB2, and matrix metalloproteinase-1, which are indicative
of EMT [72].

The notch pathway is extensively studied as a regulator in breast cancer EMT. Activa-
tion of the notch pathway induces the expression of the phosphatidylinositol 3-kinase/protein
kinase B pathway, which play an important role in cell growth and proliferation by in-
ducing the transcriptional activity of NF-κB [88]. NF-κB promotes EMT by affecting the
downstream effectors, including MMP-9, VEGF, Cyclin D1, and Survivin [89,90]. The role
of NF-κB in EMT is demonstrated by decreasing metastatic potential of epithelial cells in
the presence of NF-κB inhibitor [91].

Cytokines are often released by the tumor cells and play important roles in regulating
EMT. Irradiation of epithelial cells induces the production of interleukin-6, which activates
the JAK/STAT pathway to induce the expression of various downstream effectors that
promote EMT [92]. Tumor necrosis factor-α (TNF α) promotes metastasis and induces EMT
in breast cancer cells by inducing the expression of Twist1 [93]. Transforming growth factor-
β (TGF β) pathway is commonly associated in EMT in breast cancer. Hypoxia is commonly
associated with EMT initiation in breast cancer. Hypoxia induces the expression of HES1
and HEY1 effectors via activation of Notch2. Upregulation of these effectors decreases the
expression of E-cadherin, which is an important feature of EMT [94]. Hypoxia also affects
the expression of cadherins to promote EMT via the expression of cyclooxygenase-2 [95].

MicroRNAs (MiRs) also play an important role in regulating EMT in breast cancer.
For instance, downregulation of MiR-190 is frequently present in breast cancer tissues and
shown to promote EMT and metastasis [96]. MiR-27a promotes EMT in breast cancer cells
by affecting the expression of F-box and WD repeat domain containing 7 [97].

3. Nanotherapeutics

Novel drug delivery technologies encapsulating chemotherapeutics are extensively
explored to target and treat cancer [98,99]. Nanocarriers, such as nanoparticles, liposomes,
and micelles have been employed for cancer targeting, treatment, diagnosis, and imag-
ing [100]. Chemotherapy mostly involves use of small molecular hydrophobic drugs that
can be rapidly cleared from the tumor site due to their small molecular weight. This can
result in lower circulation half-life and sub-therapeutic concentrations at the tumor site.
Hydrophobic chemotherapeutic drugs can also pose a problem for their formulation since
these require alcohol-based solvents for their dissolution. In addition, such chemothera-
peutic agents are administered through the intravenous (i.v.) route and have difficulty with
effective dissolution and release of the drug from the tumor site [101,102]. Gene therapies,
such as siRNA, microRNA, or oligonucleotides for cancer treatment, suffer from systemic



Int. J. Mol. Sci. 2021, 22, 4673 10 of 41

degradation when administered without a nanoparticle-based system. Nucleases present
in the blood circulation can easily degrade naked siRNA and gene therapy products and
significantly reduce their t 1/2 (<15 min) [103]. Nanocarrier-based drug delivery systems
protect the chemotherapeutic agents from systemic degradation and allow targeted delivery
to the tumor cells by active tumor-targeting. Nanocarriers not only protect chemotherapeu-
tic drugs by its encapsulation but also protect the body from the toxic side effects of the
chemotherapeutic drugs [104–106].

3.1. Passive Targeting

Tumors that grow more than 1–2 mm require blood vasculature for their nourish-
ment supply. Such vasculature is often leaky and disorganized [107]. Tumor cells secrete
vascular endothelial growth factor (VEGF) and other growth factors, such as matrix met-
alloproteinases (MMPs), bradykinin (BK), prostaglandins (PGs), and nitric oxide (NO),
which promote surrounding endothelial cells for angiogenesis [108–111]. This leads to
active accumulation of nanocarriers in the tumor site and subsequent release of payload
due to leaky vasculature and lower lymphatic drainage. This phenomenon is called the
enhanced permeability and retention (EPR) effect, first discovered by Matsumura and
Maeda [112]. Exploiting the EPR-effect, nanocarriers can attain high drug concentrations at
the tumor site and reduce toxic effects of the chemotherapy drugs on other organs. Nearly
all types of nanocarriers, such as nanoparticles, liposomes, micelles, dendrimers encapsu-
lating small molecules, proteins, peptides, and nucleotides, are capable of achieving the
EPR effect [113,114]. Nanoparticles can accomplish sustained drug release at tumor tissue
without overburdening the cells with large doses of chemotherapy. This passive targeting
strategy can help to overcome MDR, commonly seen in resistant cancer cells [115,116].
Table 1 summarizes passive drug targeting-based nanomedicines currently undergoing
evaluation [25]. Figure 4A illustrates passive drug delivery by the EPR effect [25].

Table 1. Passive drug targeting-based nanomedicines currently undergoing evaluation [25].

Nanomedicines Chemotherapy
Drug Payload

Overcoming Drug
Resistance by Tumor Type Study Type Reference

Cationic liposomes Paclitaxel MRP1 siRNA Bcap-37—human breast cancer In vitro [117]

Cationic polymeric
nanoparticles Doxorubicin MDR1 siRNA MCF-7—human breast cancer

expressing P-gp In vitro [118]

Nanomicellar
amphiphilic
dendrimer

Doxorubicin Bypassing
ATP-efflux pumps

MCF-7R—DOX-resistant
human breast cancer In vivo [119]

Non-ionic
surfactant-based
vesicle (niosome)

Doxorubicin Bcl-2 and
ABCG2 siRNAs

MDA-MB-231—human breast
cancer 231-CSCs human breast

cancer stem
In vivo [120]

PDPA/TPGS
micelles Doxorubicin Vitamin E derivate

(TPGS)
MCF7/ADR—DOX-resistant

human breast cancer In vivo [121]

PEG-PBC micelles Doxorubicin Lapatinib MCF7/ADR—DOX-resistant
human breast cancer In vivo [122]

PLGA
nanoparticles Doxorubicin

Protamine—cell-
penetrating pep-

tide

MCF7/ADR—DOX-resistant
human breast cancer In vivo [123]

Polypeptide
cationic micelles Docetaxel Bcl-2 siRNA MCF-7—human breast cancer

overexpressing Bcl-2 In vivo [124]

TPGS containing
nanoemulsion Paclitaxel Vitamin E

derivate (TPGS)
MCF-7/ADR—human breast
cancer overexpressing P-gp In vivo [125]
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Figure 4. Drug targeting strategies: (A) passive drug delivery by the enhanced permeation and retention (EPR) effect and
(B) active drug delivery mechanisms [25].

3.2. Active Targeting

The EPR effect is effective in drug delivery and passive targeting of vascularized
tumor tissue. Targeted drug delivery for avascular tumor cells, such as metastatic breast
cancer, pancreatic, and prostate cancers, is challenging. Actively targeted nanocarrier
systems utilize certain receptors that are overexpressed on cancer cells compared to nor-
mal cells for selective delivery of chemotherapeutic agents to the cancer cells. Actively-
targeted nanocarriers can accommodate antibodies, peptides, polymers, DNA aptamers,
and small molecules for selective detection and uptake into the cancer cells [126–129].
Among such targeting agents, antibody-targeting possesses high selectivity and specificity
for breast cancer cells. Trastuzumab (anti-HER2 monoclonal antibody)-targeted magnetic
polymersomes were able to target bone-metastasis in an HER2 positive mice breast can-
cer model [130]. NPs conjugated with trastuzumab were developed for active targeting,
drug release, and imaging of metastatic breast cancer cells [131]. Monoclonal antibody
conjugated superparamagnetic iron oxide NPs (SPIONs) were able to target the neu re-
ceptor in primary breast tumors in vivo [132]. Although, monoclonal antibodies can be
a good tool for tumor-targeting, their large size can possess a formulation hurdle and
alter NPs pharmacokinetic and pharmacodynamics properties. An equally effective al-
ternative for antibody targeting can be the use of peptides. Arginylglycylaspartic acid
(RGD) peptide [133–135], tumor metastasis targeting (TMT) peptide [136], P-selectin bind-
ing peptide [137], octreotide [138,139], and chlorotoxin [140] are some examples of pep-
tides frequently used for targeting metastatic breast cancer. Integrin receptors present on
breast cancer cells, specifically αvβ3 integrin receptor, mediates breast cancer metastasis.
Cyclic RGD peptides target αvβ3 integrin receptors and, thus, can be useful for breast
cancer tumor targeting. Chain-shaped SPIONs modified with RGD peptide resulted in
superior targeting of αvβ3 integrin receptors due to the SPIONs’ geometrically enhanced
multivalent docking. This resulted in reduction of lung and liver metastasis of breast
cancer in vivo [134]. RGD peptide functionalized NPs can be a useful tool to delivery
chemotherapy drugs, such as Doxorubicin (DOX) and Paclitaxel (PTX) [141,142]. Figure 4B
illustrates cancer cells targeting achieved by active drug delivery mechanisms [25].

Hyaluronic acid (HA) is a naturally occurring ligand for cluster of differentiation-44
(CD44) receptors. CD44 is overexpressed on cancer cells, which aids in cell migration and
invasion. HA functionalized NPs benefit in developing nanocarriers that demonstrate pref-
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erential tumor accumulation [143]. Zhang et al. demonstrated that HA-modified cationic
nanoparticles might be promising in vivo for overcoming CYP1B1-mediated breast cancer
MDR [144]. Wang et al. also demonstrated that HA grafted PEI-PLGA nanoparticles encap-
sulating gambogic acid and TRAIL plasmid were effective in treating TNBC in vivo [145].
Small molecules, such as bisphosphonates, AMD3100, and folic acid, established breast
cancer tumor targeting. Bisphosphonates, such as alendronate, are used for the selective
delivery of therapeutic nanocarriers to the bone microenvironment. Alendronate coated
PLGA nanoparticle-encapsulated curcumin and bortezomib demonstrated higher local-
ization, tumor reduction, and better imaging by these MPs in vivo in bone metastatic
model of breast cancer [146]. C-X-C chemokine receptor type 4 (CXCR4) is overexpressed
on metastatic breast cancer cells. AMD3100 is an antagonist to CXCR4 receptor and can
actively target breast cancer cells. Zevon et al. demonstrated that short wave infrared
(SWIR) emitting nanoprobes decorated with AMD3100 are able to preferentially accumu-
late in CXCR4 positive lung metastatic of breast cancer lesions when injected in an in vivo
lung metastatic model of breast cancer [147]. Folic acid targets 4T1 breast cancer cells,
which have the ability to metastasize to the lung, liver, bone, lymph nodes, and brain.
Selenium NPs coated with folic acid showed potent antiproliferative effect against 4T1
cells in vivo [148]. Table 2 depicts the actively-targeted nanomedicines to overcome drug
resistance and improve efficacy in breast cancer [25].

Table 2. Recent progress in overcoming cancer drug resistance in breast cancer by using actively-targeted
nanomedicines [25].

Nanomedicine Ligand (Target) Payload Tumor type Study Type Reference

Eudragit RL100
nanoparticles

Hyaluronic acid
(CD44 receptor)

Mitoxantrone
Quercetin and

Hesperetin

MCF-7, A2780p and
A2780/ADR—human breast,

ovarian and resistant ovarian cancer
In vitro [149]

Cationic star-
block terpolymer

Folic acid
(Folate receptor)

Doxorubicin Bcl-2
siRNA MCF-7—human breast cancer In vitro [150]

Lys-LA conjugates Hyaluronic acid
(CD44 receptor) Doxorubicin MCF-7/ADR—DOX-resistant

human breast cancer In vivo [151]

Nanoparticles IF7 peptide (Annexin 1) Paclitaxel MCF-7/ADR—multidrug-resistant
human breast cancer In vivo [152]

PEG-PLA/PHIS-
PEG pH

sensitive micelles

Folic acid
(Folate receptor) Doxorubicin MCF-7/ADR—multidrug-resistant

human breast-cancer In vivo [153]

PEG-b-PGAH-b-PEI
nanomicelleplexes

Folic acid
(Folate receptor)

Doxorubicin MDR1
siRNA

MCF-7/ADR—multidrug-resistant
human breast cancer In vivo [154]

α-TOS-TPGS Hyaluronic acid
(CD44 receptor) Docetaxel MCF-7/ADR—multidrug-resistant

human breast cancer In vivo [155]

PLGA-PEG
nanoparticles Folate (Folate receptor) Docetaxel PI3 K/Akt

inhibitor
MCF-7/ADR—multidrug-resistant

human breast cancer In vitro [156]

Pluronic pH
and redox

responsive micelles

Folic acid
(Folate receptor) Doxorubicin MCF-7/MDR—multidrug-resistant

human breast cancer In vivo [157]

Core-shell
nanomicelles

Folic acid
(Folate receptor)

Doxorubicin MDR1
siRNA

MCF-7/ADR—DOX-resistant
human breast cancer In vivo [158]

PCDA-PEG
nanoparticles Biotin (Biotin receptor) Doxorubicin Curcumin MCF-7/ADR—multidrug-resistant

human breast cancer In vivo [159]

4. Nanomedicine to Overcome Drug Resistance in Breast Cancer

As discussed in the earlier sections, nanoparticulate drug delivery systems have been
employed in the treatment of breast cancer for improving the efficacy of several chemother-
apeutic agents. In addition to enhanced efficacy, nano-chemotherapeutics overcome drug
resistance of the tumor and reduce the toxicity associated with the anti-cancer agents.
Other advantages associated with nanoparticles include loading combination drugs in the
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same carrier, high drug loading, and controlled release. To date, several anti-cancer drugs
have been encapsulated into nanocarriers, such as lipid nanoparticles, polymeric nanopar-
ticles, lipid polymer hybrid nanoparticles, and micelles. Most widely encapsulated anti-
cancer agents include DOX, PTX, and docetaxel. The majority of these carriers are still
in pre-clinical stages; however, products such as Abraxane® (paclitaxel loaded albumin
nanoparticles; Bristol Meyers Squibb), Doxil® (doxorubicin loaded in liposomes; Baxter),
and BIND-014 (docetaxel loaded polymeric nanoparticles, Bind Therapeutics) are in clin-
ical use, and several other nanocarriers are in various stages of clinical trials [160–162].
In addition to these, several other agents have also been encapsulated into nanocarri-
ers for improved efficacy. The sections below summarize the progress on the use of the
nanocarriers for the treatment of metastatic breast cancer.

4.1. Doxorubicin

Doxorubicin (DOX) is an anthracycline based anti-cancer antibiotic that acts by inhibit-
ing topoisomerase II enzyme or reducing the oxidative stress in cancer cells. Clinical use of
DOX is limited due to its dose-dependent cardiotoxicity. To date, DOX has been encapsu-
lated into several nanocarriers that can be broadly classified as (i) inorganic nanoparticles
(gold, silver, iron oxide, and others), (ii) organic nanoparticles (lipids and polymers),
and (iii) integrated nanoparticles. Among these, inorganic nanoparticles have shown
efficacy only in preclinical studies. Organic nanoparticles loaded with DOX include lipo-
somes, polymeric nanoparticles, dendrimers, micelles, single-walled carbon nanotubes,
and nano-diamonds with success in clinical studies [160,162]. Among the nanoparticles
in development, liposomal DOX and pegylated liposomal DOX have been evaluated in
phase II and phase III studies and marketed for clinical use. Encapsulation of DOX into
liposomes can lead to alteration of tissue distribution and pharmacokinetics resulting in
increased therapeutic index compared to conventional doxorubicin. Pegylated liposomes
loaded with DOX can evade the mononuclear phagocyte system, resulting in prolonged
half-life and increased circulation time of the liposomes. Apart from liposomes and pegy-
lated liposomes, preclinical studies conducted with other nanocarriers have significantly
enhanced the efficacy of DOX [163]. For example, in one study, nanodiamonds loaded
with doxorubicin significantly reduced the drug efflux and tumor growth, along with in-
creased apoptosis and inhibition of lung metastasis compared to conventional doxorubicin
treatment in breast cancer [164,165].

Kaminskas et al. were successful in >95% reduction of lung metastasis with pegylated
poly-lysine based dendrimers loaded with doxorubicin [166]. In another study, chlorotoxin-
conjugated liposomes loaded with doxorubicin significantly inhibited the growth of 4T1
tumors in mice and prevented the lung metastasis [140]. In addition, doxorubicin poly-
meric micelles prepared using poly-L-lactide-PEG and poly-L-histidine-PEG and poly
(acrylic acid)-g-PEG graft copolymers significantly reduced tumor growth and metastasis
in mice with 4T1 tumors [167,168]. Polymer-lipid hybrid nanoparticle systems have also
been proven to enhance the uptake and retention of doxorubicin in multidrug-resistant
breast cancer cells. These studies claim that polymer-lipid hybrid nanoparticle systems suc-
cessfully bypass the P-gp efflux transporters on the membrane of cancer cells, resulting in
protection against drug resistance [169]. Sun et al. prepared DOX loaded low molecular
weight heparin (LMWH) based LMWH-Cholesterol (LHC) conjugates for intravenous
delivery. The nanoparticulate system had a longer circulation time compared to doxoru-
bicin alone, and in vitro results confirmed that the nanoparticles were more effectively
taken up by 4T1 cells and showed a stronger anti-metastatic effect by cell invasion and cell
migration compared with doxorubicin alone [170]. It is also reported in the literature that
nanoparticulate based drug delivery systems enhance the efficacy of combination drugs.
Shuhendler et al. co-encapsulated doxorubicin and mitomycin C into a polymeric lipid hy-
brid nanoparticle system and achieved synergistic effects with the combination compared
to single drugs. Results showed that nanoparticles killed the cancer cells at 20–30 times
lower doses compared to single drugs [171]. In another study, a polymer-lipid hybrid
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nanoparticle system co-encapsulating doxorubicin and GG918 (Elacridar) significantly
enhanced the uptake of the drugs compared to single agents [172].

4.2. Paclitaxel

Paclitaxel (PTX) is a lipophilic anti-cancer drug isolated from the Pacific yew tree
(Taxus brevifolia). PTX is a hydrophobic anti-cancer compound, widely used as a first
line agent for the treatment of breast cancer. To enhance the solubility of PTX, it is formu-
lated as Taxol® (Bristol Meyers Squibb, New York, NY, USA), containing Cremophor EL
and dehydrated ethanol (50:50, v/v) as solubilizing agents. However, this formulation
is associated with side effects such as hypersensitivity, neuropathy, and neurotoxicity.
Therefore, a nanocomplex (Abraxane®) was developed using serum albumin and marketed
as Abraxane® [173]. Abraxane® is a solvent free formulation containing an albumin-bound
form of paclitaxel. Advantages include delivery of paclitaxel at higher doses over a shorter
infusion time, enhanced endothelial transport, and prevention of hypersensitivity reac-
tions [174–176]. Several other formulations, such as liposomes, polymeric nanoparticles,
polymeric micelles, nanocrystals, and others, have been developed to enhance the efficacy
of PTX [177]. Tang et al. developed vitamin E (VE)-albumin core-shell nanoparticles loaded
with PTX for enhancing the efficacy in multidrug-resistant breast cancer. The nanoparticu-
late formulation evaluated in the study showed stronger cytotoxicity and increased accu-
mulation in breast cancer cells. In addition, an in vivo study in a xenograft model showed
higher anti-cancer activity with nanoparticles compared to solution formulation [173].
In another study, PTX-loaded folate-conjugated cyclodextrin nanoparticles enhanced the
uptake of PTX via receptor-mediated endocytosis. The folate-conjugated nanoparticles
were better tolerated in the breast cancer model with significant reduction in tumor burden
and can be considered a promising alternative to other PTX formulations [178]. Pegy-
lated PTX nanocrystals prepared using the antisolvent precipitation technique showed
higher stability and significantly better antitumor activity (82% tumor reduction; p < 0.05)
compared to PTX nanocrystals [177]. Xu et al. significantly enhanced the anti-cancer
activity of PTX by incorporating it into solid lipid nanoparticles in MCF7 and MCF7/ADR
cell lines. Encapsulation of PTX into solid lipid nanoparticles successfully reversed the
multidrug resistance by evading the efflux pumps in drug-resistant cells [179]. In addition
to these formulations, co-encapsulation of PTX with other drugs into nano-formulations
significantly enhanced the anti-cancer activity of the compounds in metastatic/multidrug-
resistant breast cancer cells. The co-encapsulated drugs include curcumin, lonidamine
ceramide, and antagomir-10b [180–183].

4.3. Docetaxel

Docetaxel is a lipophilic anti-cancer agent derived from a European yew tree (Taxus
baccata). It is a cytostatic agent that acts by reversibly binding to microtubules, promoting
transitory structure stabilization and, ultimately, causing cell cycle arrest [184]. Oliveira da
Rocha et al. prepared solid lipid nanoparticles loaded with docetaxel using Compritol 888
ATO as the solid lipid. Encapsulation of docetaxel into solid lipid nanoparticles resulted in
100× reduction of IC50 and enhanced uptake into the cells compared to docetaxel alone.
In addition, in vivo efficacy studies showed that docetaxel loaded solid lipid nanopar-
ticles exhibited higher anti-cancer activity with significant reduction in tumor volume
(p < 0.0001) and prevention of lung metastasis [184]. In another study, polymeric mi-
celles loaded with docetaxel were prepared using poly (D, L-lactide)1300-b-(polyethylene
glycol-methoxy)2000 (mPEG2000-b-PDLLA1300). Polymeric micelles showed similar effi-
cacy in terms of growth suppression of primary tumors but greater chemotherapeutic
efficacy against breast cancer metastasis compared to docetaxel alone [185]. Similar tu-
mor reduction was observed in another study, where docetaxel was encapsulated into
polymeric micelles (NC-6301) prepared using poly (ethylene glycol)-poly(aspartate) block
copolymer [186]. Xu et al. developed a shrapnel based liposomal system with reduction
and enzyme sensitive properties loaded with docetaxel. Liposomes were prepared using
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methoxy polyethylene glycol-peptide-vitamin E succinate and were sensitive to matrix
metalloproteinases in the tumor microenvironment for the release of docetaxel. Compared
to docetaxel alone, increased distribution of docetaxel was observed in lungs and tumors of
4T1 tumor-bearing mice. In addition, tumor growth and pulmonary metastasis were inhib-
ited due to enhanced docetaxel induced apoptosis and the reduced metastasis-promoting
protein expression [187]. Similar reduction of tumor growth, enhanced uptake, and pre-
vention of metastasis with docetaxel was achieved with other nano-formulations, such as
nanoliposomes [188], albumin conjugates [189], Ecoflex® nanoparticles [190], and human
serum albumin nanoparticles [191]. In addition to these formulations, co-encapsulation
of docetaxel with other drugs into nano-formulations significantly enhanced the anti-
cancer activity of the compounds in metastatic/multi drug-resistant breast cancer cells.
The co-encapsulated drugs include quercetin [192], IGF-1R siRNA [193], cisplatin [194],
miRNA-34a [195], cMET siRNA [196], and thymoquinone [197].

4.4. Other Drugs

In addition to PTX, docetaxel, and DOX, nanoparticulate systems have also been
reported for the delivery of drugs such as adriamycin [198], saporin [199], wedelolac-
tone [200], curcumin [201], irinotecan [202], siRNA [203], succinobucol [204], cisplatin [205],
probucol [206], artemisinin [207], and silibinin [208]. These studies suggest that loading
these drugs into nanoparticulate drug delivery systems has significantly enhanced their
therapeutic potential in metastatic breast cancer. This improvement provides great oppor-
tunity for easily encapsulating several other anti-cancer drugs approved by the USFDA
into nanoparticles. Such nanocarriers can deliver drugs at higher concentrations specif-
ically to the tumor site. Tumor targeting delivery may reduce toxicity to healthy cells.
However, the binding domain of efflux transporters present inside the cell membrane.
Therefore, once the drug is released from the nanocarriers in the cytoplasm, it can be
refluxed out unless an inhibitor is present. If nanocarrier-mediated delivery surpasses
the transporters’ efflux capacity, it may achieve some fruitful results. However, it cannot
overcome drug resistance.

4.5. Combination Chemotherapy

The rationale for combining chemotherapeutic small molecular drugs is centered
on targeting various biochemical pathways to overcome MDR, specifically in heteroge-
neous tumors such as breast cancer [209]. Targeting a specific mechanism with a single
chemotherapy drug can lead to activation of alternative metabolic pathways. This fre-
quently contributes to emergence of MDR [210]. This therapy is based on combining and
delivering chemotherapy drugs that work by non-overlapping molecular mechanisms,
thus, reducing MDR occurrence and maximizing tumor killing [211]. This concept of using
combination chemotherapy to improve the clinical efficacy with reduced clinical toxicity
has greatly evolved in the last decade. Preclinical studies demonstrate that chemotherapy is
most effective when administered in combinations aiming to achieve additive or synergistic
effect and reduce MDR [115,116,211].

Combining various chemotherapy drugs in multifunctional nanocarriers in a pre-
determined ratio can achieve effective and predictive delivery of the drugs at the tumor
site. Coupled with tumor active targeting, enhanced uptake and lower off-target effects
are evident [212–214]. Tang et al. demonstrated that co-delivery of epirubicin and pacli-
taxel, encapsulated in estrone-targeted PEGylated nanocarriers, significantly suppressed
tumor growth in vivo in MCF-derived mouse model with minimal toxicity [215]. Paclitaxel
and cisplatin encapsulated in poly (2-oxazoline) polymeric micelles showed improved
drug release, drug loading, pharmacokinetics, and efficacy in MDR breast cancer LCC-6-
MDR orthotopic tumor model and MDR human ovarian carcinoma xenograft tumor [216].
pH-sensitive micelles encapsulating docetaxel and silibinin displayed enhanced higher
toxicity, cellular uptake, and stronger anti-metastasis effect in mouse breast cancer cell line
4T1. 4T1 tumor-bearing mice, when treated with the micelles, demonstrated inhibition
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on breast cancer growth and metastasis [217]. Dong et al. showed that co-delivery of
paclitaxel and gemcitabine by peptide targeted PLGA NPs had improved anti-cancer effect
and reduction in systemic toxicity compared to the free drugs in vivo [218].

Co-delivery of Docetaxel and Thymoquinone entrapped in chitosan targeted lipid
nanocapsules resulted in enhanced chemotherapeutic efficacy in MCF-7, MDA-MB-231 cells,
and resistant human breast cancer cells [219]. Lu et al. demonstrated that co-delivery of
Cyclopamine and Doxorubicin in albumin NPs could target primary breast tumors, tar-
get the metastatic lymph nodes, and simultaneously inhibit the tumor metastasis in vivo.
This study also showed that the NPs could reverse Doxorubicin resistance in breast cancer
chemotherapy [220]. Lan et al. engineered paclitaxel and capsaicin prodrug micelle for
breast cancer drug delivery. The co-drug loaded micelles demonstrated superior in vivo
antitumor activity in mice and reduced the tumor growth rate [221]. Co-delivery of berber-
ine and doxorubicin using PLGA NPs demonstrated enhanced in vivo anti-cancer activity
and kinetics in Sprague-Dawley rats [222]. Wang et al. demonstrated that co-delivery of
paclitaxel and honokiol in pH-sensitive polymeric micelles can suppress MDR in TNBC.
The micelles demonstrated P-gp inhibition, pH-triggered drug release, and MMPs inhi-
bition in vivo in mice model of TNBC [223]. In combination therapy, one agent can act
as a competitive inhibitor for efflux transporter allowing a second anti-cancer agent to
be retained its anti-cancer effect. For example, in a paclitaxel and cisplatin combination
where cisplatin can inhibit efflux of paclitaxel or vice versa. Similarly, when epirubicin and
paclitaxel are combined, epirubicin can act as an efflux inhibitor, increasing the intracellular
levels of paclitaxel. Such combination targeted therapy can produce therapeutic efficacy by
overcoming drug resistance.

4.6. Nanotherapeutics for Triple Negative Breast Cancer

TNBC is characterized by low expression of ER, PR, and HER2 receptors [224]. TNBC is
unresponsive to conventional chemotherapy due to the lack of molecular targets and
aggressive phenotypes. Hence, NPs based chemotherapeutics can be an effective alternative
for targeting certain receptors on TNBC and providing effective drug delivery to the cancer
cells [225]. Multifunctional NPs having abilities such as (i) targeted drug delivery and (ii)
noninvasive imaging for tumor cells, and uptake of nanotherapeutics, such as theranostics
NPs, hold great potential toward the development of novel TNBC nanotherapeutics [225].
Certain receptors, such as CD44, are overexpressed on TNBC cells. HA, being a ligand
for these receptors, can be suitable for active targeting of NPs to treat TNBC [226–229].
CXCR4 is another receptor overexpressed on TNBC cells. Similar to CD44, the CXCR4
receptor is also involved in the growth, metastasis, and progression of TNBC. Plerixafor
(or AMD3100) is a small molecule ligand for the CXCR4 receptor. Plerixafor targeted
NPs demonstrated improved cellular accumulation and uptake in MDA-MB-231 cells and
improved siRNA-mediated gene silencing in vivo [230]. Urokinase plasminogen activator
receptor (uPAR) was also explored as a target for TNBC. Peptide targeting uPAR decorated
NPs constructed from PLGA polymer were developed for delivering two antisense miRNA
(antimir-10b and antimiR-21). These NPs showed higher TNBC tumor inhibition in vivo
than the scrambled peptide decorated NPs [231].

Many nanotherapeutics, such as liposomes, micelles, solid lipid NPs, polymeric NPs,
and dendrimers were investigated for improving bioavailability and reducing clearance
in TNBC. In recent years, combinatorial nanotherapeutics have shown advantage over
traditional single treatments for TNBC treatment in preclinical studies. In this therapy,
different molecules, small molecules, or gene therapy were loaded into the NPs [231,232].
Layer-by-layer NPs loaded with siRNA and DOX were studied by Deng et al. The scientists
observed a silencing of MRP-1 by the siRNA. This caused an increase in efficacy of DOX
four-fold in vivo. This caused a rapid decrease in tumor volume by eight times with
minimal to no toxic effects [232]. Combinatorial drug therapy can also involve combination
of small molecule chemotherapeutics with photothermal therapy. Such NPs systems
are called “theranostics”. Such systems can simultaneously treat, diagnose, and image
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cancer tumors in one single NP system. Theranostics is a multipurpose system in which a
localized NIR laser illumination can generate heat to inhibit TNBC tumors and allow release
of cisplatin from cisplatin loaded gold nanorods. These nanorods with a photothermal and
chemotherapy combination demonstrated suppression of TNBC metastases to the lungs
in vivo [233]. A layer-by-layer NP was engineered for systemic co-delivery of DOX and
siRNA. SiRNA was deposited by alternating films of poly-L-arginine. It was observed
that bilayers on NPs surface were able to load up to 3500 siRNA molecules. This greatly
enhanced the serum t1/2 of the siRNA [232]. Meng et al. demonstrated that co-delivery
of DOX and P-gp inhibiting siRNA encapsulated in mesoporous silica NPs allowed them
to overcome drug resistance in vitro in MCF-7/MDR cells and in vivo in MCF-7/MDR
xenograft model in nude mice [234]. This study is the first detailed analysis of breast
cancer heterogeneity in the tumor microenvironment and the efficacy of siRNA delivery
systems in vivo [234]. Parvani et al. developed a lipid ECO-based NP delivering β3
integrin siRNA (ECO/siβ3). The β3 integrin is linked to epithelial-mesenchymal transition
(EMT) and metastasis in GTNBC and many other cancers as well. ECO/siβ3 NPs were
modified by targeting with an RGD peptide via a PEG spacer for enhanced siRNA uptake
and accumulation in TNBC cells. The RGD-targeted ECO/siβ3 NPs alleviated primary
TNBC tumor burden and significantly inhibited metastasis in vivo in MDA-MB-231 TNBC
induced mice [235]. Su et al. constructed a “triple punch” NP system for TNBC treatment
with a combination of three drugs, each serving a different purpose. Indocyanine green
(ICG), paclitaxel (PTX), and survivin siRNA were encapsulated into a thermosensitive
NP system. Controlled release of PTX in TNBC tumor was triggered by laser irradiated
ICG, which produced local hyperthermia. Survivin siRNA can show remarkable inhibition
of tumor metastasis. When combined with chemotherapy, it can enhance the sensitivity
of TNBC tumor cells to chemotherapy [236]. This “triple punch” NP system exhibited
remarkable antitumor activity due to the combinatory effects of photothermal therapy,
chemotherapy, and gene therapy having low drug doses, which were effective in reducing
MDR [237]. Figure 5 discusses the results of in vivo antitumor activity of “triple punch”
NPs in a xenograft model of human breast cancer in BALB/c athymic nude mice [237].

4.7. Stimuli Responsive Drug Release

Stimuli-responsive drug delivery systems (DDS) can release their payload on exposure
to external stimuli, such as physical, chemical, or biological responses. Stimuli responsive
or “Smart” DDS can achieve target-activated release of the drug in the vicinity of the tumor
or tumor cells. This enables reduction of systemic toxicity by chemotherapeutic agents and
limiting exposure of healthy tissues to the cytotoxic drugs. Exploitation of physiological
differences between tumor tissue and healthy tissue aids in the design of stimuli-responsive
DDS. Stimuli-responsive DDS can further be classified as internal stimuli assisted and
external stimuli assisted drug release [25].

4.7.1. Internal Stimuli Assisted Drug Release

Inherent differences between the normal tissue and tumor microenvironment are
present, which can be explored and utilized for engineering an internal stimulus as-
sisted DDS.
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Figure 5. In vivo antitumor activity of NPs. (A) Antitumor activities of various drug formulations in a xenograft model
of human breast cancer in BALB/c athymic nude mice. Mice bearing MDA-MB-231 tumors (~0.1 cm3) were treated with
different reagents (n = 5). The treatment schedule was indicated by black arrows for intravenous injection and red arrows
for the laser irradiation. (B) The expression of survivin in tumor tissues detected by Western blot 2 days after the second
injection. (C) Representative H&E sections of tumors after treatment with saline, PTX, NP-PTX, NP-PS, or NP-IPS + Laser.
Red arrow, karyolysis; blue arrow, abundant pykonosis; black arrow, coagulative necrosis. The tissue sections were 5 µm
thick. Scale bars, 50 µm. (D) Infrared thermographic maps of tumors after laser irradiation for 8 min and maximum
temperature profiles of the irradiated tumor areas of nude mice treated with NP-ICG, ICG, NP, or saline [237].

pH-Responsive Drug Release

The pH of the tumor microenvironment is remarkably different from the surrounding
healthy tissues. pH conditions in the tumor site are more acidic (pH 6.5–7.2) than in the
healthy neighboring tissue (pH ~ 7.4). In addition, pH of the endosomes and lysosomes
is typically even more acidic (pH 4.5–6.8) than the tumor microenvironment. These dif-
ferences in the pH can be harnessed for pH-responsive drug release from the DDS in
tumor tissue [238–241]. Several studies have shown the benefit of this strategy at the
preclinical level for effective delivery and drug release of the stimuli-sensitive DDS in
the tumor tissue. Jia el.al. established pH responsive multifunctional mesoporous silica
NPs with co-delivering TET, an MDR reversal agent, and PTX for breast cancer treatment.
These NPs demonstrated a significant inhibition of breast cancer cell proliferation and
a P-gp-dependent MDR reversal in MCF-7/ADR cells [240]. Li et.al developed a poly-
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mersome constructed from amphiphilic polypeptide-based pH-sensitive block copolymer
encapsulating DOX and verapamil. This DDS showed reversal of MDR in MCF-7/ADR
breast cancer cells [242]. Liu et al. developed a pH-sensitive, dual functionalized acid
micelle, which could deliver PTX to breast cancer tumors and also result in reversal of MDR.
The micelles were targeted with HA. HA is the ligand for CD44 receptors, overexpressed
on metastatic breast cancer cells. The hyaluronic acid-deoxycholic acid (HA-DOCA)-His
micellar delivery system used in this study had dual properties. HA provided active target-
ing while DOCAS lipid polymer caused endosome pH-triggered drug release. Cytotoxicity
of PTX in HA-DOCA-His micelles in drug-resistant breast cancer (MCF-7/MDR) was
improved significantly. In addition, MDR-overcoming in MCF-7/MDR cells was observed
compared to Taxol treatment. Interestingly, PTX loaded in the HA-DOCA-His micellar sys-
tem was more effective in breast cancer inhibition in MCF-7/Adr tumor-bearing mice [243].
In addition, Figure 6 portrays the in vivo antitumor activity of Taxol, PTX/HA-DOCA,
and PTX/HA-DOCA-His nanomicelles in a MDR human breast carcinoma MCF-7/Adr
tumor model [193].

A defective PI3K/AKT/mTOR signaling pathway is known to cause MDR and cancer
metastasis. Yin et al. designed a pH-sensitive nanocomplex co-delivering PTX and a siRNA
metastatic breast cancer. The siRNA could silence the Akt expression in metastatic breast
cancer 4T1 cells. PTX-loaded micelle/siAkt nanocomplex (PMA) was able to downregulate
P-gp, upregulate Caspase-3 expression, cause Akt gene downregulation, and knockdown
in 4T1 cells. In addition to the excellent in vitro results, PMA also demonstrated efficacy
and safety in vivo. In 4T1 tumor-bearing mice, PMA achieved a 94.1% tumor inhibition and
suppressed 96.8% lung metastases of breast cancer. The nanocomplex PMA had very low
toxicity and did not cause lesions in normal organs [244] (Figure 7). Cheng et al. developed
a pH sensitive micelle from a pH-sensitive polymer (POT) encapsulating DOX. The micellar
system contained α-tocopheryl succinate, which is known to generate reactive oxygen
species (ROS) in cancer cells. DOX-loaded POT micelles possessed highest drug accumula-
tion and the strongest tumor growth inhibition in breast cancer induced mice [245]. In ad-
dition, the micelles could induce higher percentage of apoptosis at the tumor site without
damage to healthy tissues and reduced breast cancer metastasis in vivo [245]. Cheng et al.
observed similar results in NPs co-delivering DOX and pyrrolidinedithiocarbamate (PDTC).
PDTC acts as a chemosensitizer and can efficiently silence P-gp expression while increas-
ing intracellular drug levels by inhibiting the NF-κB pathway [246,247]. The researchers
designed pH-sensitive NPs that were based on poly (ortho ester urethanes) copolymers.
These copolymers had ortho-ester bonds that are stable in a neutral pH environment but
rapidly degrade under mildly acidic conditions [248,249]. Results from this study, such as
monolayer and multicellular spheroid (3D) experiments, demonstrated that PDTC was
able to reverse MDR, enhance intracellular DOX accumulation, and downregulate P-gp
expression. This resulted in higher DOX-induced apoptosis in MCF-7 and MCF-7/ADR
cell lines. Higher DOX accumulation and greater tumor growth inhibition up to 83% was
seen in MCF-7/ADR bearing-mice treated with the NPs [250].
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Figure 6. In vivo antitumor activity of Taxol, PTX/HA-DOCA, and PTX/HA-DOCA-His micelles in a multidrug-resistant
human breast carcinoma MCF-7/Adr tumor model with saline as a control group. (A) Relative tumor volume changes of
different treatments with time past first injection (mean ± SE, n = 5). * p < 0.05, ** p < 0.01 (PTX/HA-DOCA-His micelles
vs. other treatment). (B) Changes of body weight in mice following different treatments. (C) Measured tumor weights
after excision, plotted as relative tumor weight ratio. Tumor growth inhibition rate (IR, %) was calculated as: (1- (mean
tumor weight of drug treated group/mean tumor weight of saline treated group)) × 100. (D) Histological analyses of tumor
tissues treated with saline, Taxol solution, PTX/HA-DOCA, and PTX/HA-DOCA-His micelles collected on day 20 using
H&E staining [243].
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Figure 7. Anti-metastasis effect of different formulations in 4T1 tumor-bearing mice. (A) Images of the lungs at day 25.
(B) Quantitative analysis of the pulmonary metastatic nodules at day 25. The yellow circles indicate metastatic nodules on
the lungs. (Scale bar: 1 cm) Data are shown as mean ± SD (n = 5). * p < 0.05 and *** p< 0.001 [244].

4.7.2. Redox-Responsive Drug Release

The redox potential of glutathione (GSH) is often used for intracellular stimuli respon-
sive drug release from DDS or prodrugs. Intracellular concentration of GSH in cancer cells
is ~10 mM, which is very high compared to its concentration (~2 µM) in the extracellular
milieu [251]. Thus, this difference between tumor and normal cells can be harnessed by
DDSs for effective delivery and release of cytotoxic agents in the tumor microenviron-
ment. Disulfide bonds can be reduced to thiol bonds by GSH present in tumor cells [252].
Thus, a DDS with a disulfide bond in their structure can accelerate the release of the
chemotherapeutic agent in the tumor tissue by activation by intracellular GSH. This also
results in reduced toxicity to other healthy tissues due to insufficient GSH mediated drug
release [253–256]. A recent study demonstrated that redox and pH-sensitive podophyl-
lotoxin (PPT) prodrug micelles could be used for reversing MDR in breast cancer. The
micelles were designed to target transferrin receptors. The drug was covalently bonded
to T7-peptide (Pep) through a disulfide bond. In vivo results of the micelles showed
enhanced antitumor activity against MCF-7/ADR xenograft mice compared to the con-
trol group [257]. Rajendrakumar et al. developed a theranostic nanoassembly, having
combinatorial therapies coupled with real-time monitoring, for breast cancer treatment
and diagnosis. The HA-stabilized redox-sensitive polyplex (HART) encapsulated DOX
intercalated Bcl-2 shRNA. HART nanoassembly could achieve CD44-mediated intracellular
uptake in MCF7 breast cancer cells and redox-responsive drug-gene release. The HART
nanoassembly also contained a dual MRI contrast (T1/T2) agent and demonstrated efficacy
in vitro [258]. Qiao et al. designed a redox-triggered micelle encapsulating mitoxantrone
prodrug for overcoming MDR in breast cancer. An in vitro cytotoxicity study on MDA-MB-
231/MDR cells demonstrated inhibition of growth and development of resistance in TNBC.
In addition, the redox-sensitive micelles showed stronger antitumor activity in xenograft
mice with minimal side effects [259]. Li et al. designed a micelle system from polymer
containing a disulfide bond, encapsulating PTX and dasatinib. The co-loaded micelles
demonstrated good cytotoxicity and sensitivity towards MCF-7/ADR cells [260]. Figure 8A
illustrates mechanisms for internal stimuli assisted drug release [25]. We have also devel-
oped hyaluronic acid (HA) decorated mixed nanomicelles encapsulating paclitaxel (PTX)
and P-gp inhibitor ritonavir (RTV). HA was conjugated to poly (lactide) co-(glycolide)
(PLGA) polymer by disulfide bonds, (HA-ss-PLGA). Addition of RTV inhibits P-gp and
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CYP3A4 mediated metabolism of PTX, preventing MDR and sensitizing the cells towards
PTX. In vitro uptake and cytotoxicity study in MBC, MCF-7, and TNBC MDA-MB-231
cell lines demonstrated effective uptake of the nanomicelles and drug PTX compared to
MCF-12A (normal breast) cells, while cell viability assay indicated 75% survival in MCF-
12A cells compared to 25% in MCF-7 cells after treated with HA-PTX + RTV NMF for
72 h. An in vitro potency determination indicated reduction in mitochondrial membrane
potential and decrease in reactive oxygen species in breast cancer cell lines, indicating
effective killing of the cancer cells while sparing healthy cells. Therefore, stimuli sensitive
and redox responsive nanomicelles, along with HA targeting and RTV, can effectively serve
as a chemotherapeutic drug delivery to overcome MDR in breast cancer [261].

Figure 8. Drug triggering and release mechanisms of internally-activated (A) and externally-activated (B) drug release [25].
Stimuli sensitive drug release can be classified as internal-activated drug release and external activated drug release.
Mechanisms including (i) activation of drug by change in pH, (ii) activation of drug by intracellular cancer enzymes,
and (iii) redox-activated drug release are some of the prominent mechanisms for internal target-activated drug release.
Some mechanisms most commonly used in research studies for external stimuli-responsive are (i) thermal activation,
(ii) ultrasound activation, (iii) magnetic field activation (ultrasound mediated activation), (iv) electromagnetic radiation
activation, and (v) magnetic force activation. These can aid or cause drug release of chemotherapeutic agents near the tumor
site [25].

4.7.3. External Stimuli-Responsive DDS

External stimuli-responsive DDS includes release of payload by physical triggers, such
as temperature [262,263], electromagnetic stimuli such as photodynamic therapy [264],
ultrasound [265], electric field [266], and applied mechanical force [267]. Jose et al. devel-
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oped temperature-sensitive liposomes encapsulating tamoxifen and imatinib drugs for
breast cancer treatment. The temperature-sensitive liposomes demonstrated more than
80% drug release within 30 min in MCF-7 and MDA-MB-231 breast cancer cells when
temperature was increased to 39.4 ◦C [268]. A temperature-sensitive phase-change hy-
drogel containing tamoxifen (Tam-Gel) indicated effective local release of the hormone
agonist in ERα-positive breast cancer. The hydrogel demonstrated sol-gel transformation
at room temperature. The hydrogel decreased the intra-hepatic growth of breast cancer
metastasis and reduced tumor growth in vivo [269]. Biocompatible piezoelectric NPs
were capable of targeting and stimulating HER2-positive breast cancer cells. These NPs
were activated by externally delivered ultrasound stimulus. These externally stimulated
NPs significantly reduced proliferation in vitro by inducing cell cycle arrest. These NPs
were able to lower breast cancer proliferation by upregulating inward rectifier-potassium
channels by meddling on Ca2+ homeostasis. Additionally, these NPs also were effec-
tive by increasing expression of the gene encoding for Kir3.2 [270]. A couple of studies
reported use of ultrasound-responsive DDSs delivering PTX for MDR in breast cancer.
The first study demonstrated the development of ultrasound-sensitive nano liposomes
encapsulating PTX and Bcl-2 siRNA. These liposomes effectively partitioned into the vascu-
lature and tumor tissue by external low-frequency assisted ultrasound stimuli and allowed
enhanced intracellular accumulation of PTX and Bcl-2 siRNA [271]. The second study
reported the development of multifunctional microbubbles laden with oxygen and PTX.
These microbubbles were highly effective in reversing MDR and reducing tumor size
in vivo in human ovarian cancer xenograft mice model [272]. Oxygen supplied through
these microbubbles could decreased expression of HIF-1α and of P-gp due to increased
tumor oxygenation [272]. Figure 8B illustrates mechanisms of externally activated drug
release [25].

4.8. Breast Cancer Stem Cell Targeting Nanotherapeutics

Cancer stem cells (CSCs) are a subpopulation of cells found in tumor tissue with
capabilities of self-renewal, differentiation, and tumorigenicity [273]. CSCs also play a key
role in tumor metastasis and MDR. Targeting this population of cells in a tumor can be
explored as a therapeutic strategy to reduce tumor progression, metastasis, tumor relapsing,
and MDR. However, targeting CSCs is likely challenging due to the heterogeneous nature
of the cancer and difficulty in targeting and selective inhibition of CSCs by currently
available therapeutics. CSCs can be characterized from other cancer cells by expression
of surface markers such as CD44, CD133, and CD24 [274]. CD44 binds to HA present in
the extracellular matrix (ECM) and aids in attachment of CSCs to the ECM. This causes
proliferation and migration of CSC [275]. Breast cancer stem cells (BCSCs), similar to
CSCs, are relatively resistant to conventional cancer therapies targeting the tumor bulk.
CD44+/CD24− phenotype is considered a characteristic of BCSCs. Innovative approaches
targeting BCSCs and the various pathways regulating BCSCs have demonstrated promising
results in preclinical settings [276–278].

Hormone positive breast cancers expressing ER and/or PR are further divided into
Luminal A and Luminal B types. In these types, expansion and migration of BCSCs are due
to PR-induced receptor activator of the NF-κB ligand (RANKL) and ER-induced paracrine
FGF/FGFR/Tbx3 signaling pathway [279,280]. This suggests that breast cancer therapies
need to be developed not only targeting breast cancer cells but also BCSCs. Karthik et al.
demonstrated that mTOR inhibitors, such as rapamycin, everolimus, and PF-04691502
(a dual PI3K/mTOR inhibitor), in combination with tamoxifen, showed significant im-
provement and tumor shrinkage of ER-positive breast cancer [281]. The mTOR of such can
result in shrinkage of the cells [281]. The mTOR pathway and cyclin D-CDK4/6 complex
play significant roles in the regulation of BCSCs activity [281,282]. Gao et al. incorporated
docetaxel and salinomycin in NPs for targeting breast cancer cells and BCSCs. Such NPs
could maintain the synergistic ratio of the drugs, demonstrating higher tumor targeting
and antitumor activity in vivo [84].
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HER2 positive breast cancer has an aggressive biologic behavior and frequently results
in metastasis. HER2 targeting agents, such as trastuzumab, lapatinib, pertuzumab, and
trastuzumab emtansine (T-DM1), have greatly improved clinical outcomes for patients
with HER2-positive breast cancer. Trastuzumab was not effective in targeting BCSCs
that had low surface HER2 receptors. Hence, they utilized trastuzumab emtansine (T-
DM1), an antibody drug conjugate, along with trastuzumab on CD44+/CD24−/HER2−

BCSCs. The study demonstrated that BCSCs were sensitive to T-DM1 [283]. Although,
HER2-targeting agents like T-DM1 display high efficacy initially, most patients eventually
develop resistance [284,285]. Li et al. showed that salinomycin lipid hybrid anti-HER2 NPs
could target HER2-positive breast CSCs and cancer cells. These NPs reduced the breast
tumor formation rate and BCSCs more effectively in vivo than non-targeted nanoparticles
or salinomycin alone [286]. Salinomycin NPs decorated with EGFR and CD133 aptamers
also effectively targeted osteosarcoma cells and BCSCs. It also inhibited tumor growth
more than other controls in osteosarcoma-bearing mice [287]. Targeting CXCR1/2 receptors
reduced BCSC activity in HER2 positive breast cancer ex vivo in metastatic and invasive
human breast cancers [288]. TNBC has the highest percentage of BCSCs compared to the
other breast cancer subtypes.

TNBC has no hormone receptors or HER2 receptors, hence, developing targeted
therapies for such cancer is challenging. Chemotherapeutic drugs are the only ones used
for TNBC. Although patients show positive cancer reduction initially, they later develop
resistance and relapse occurs. This is the reason for the very low 5-year survival rate of
TNBC. BCSCs having CD44+/CD24− tumor-initiating and self-renewing capacities are
primarily responsible for TNBC resistance and relapse [289]. Hence, novel innovative
therapies that target TNBC stem cells, along with the susceptible cells, are badly needed.
BCSCs demonstrate interconvertible epithelial-like or mesenchymal-like states. HA is a
ligand for CD44 receptors overexpressed on BCSCs. HA-conjugated pH-sensitive NPs
encapsulating curcumin and PTX drugs may enhance therapeutic efficacy to MDA-MB-231
stem cells and could lower progression of TNBC in vivo [290]. Cyclophosphamide, an
inhibitor of the hedgehog-signaling pathway of CSCs and doxorubicin, was loaded into
HA-PLGA NPs, and developed for targeted therapy for CSC. These NPs diminished the
number and tumor size in vivo and reduced BCSCs [291]. Sulaiman et al. verified that dual
inhibition of Wnt and Yes-associated protein signaling in BCSCs can effectively reduce
the population of BCSCs in a human xenograft model [292]. They discovered that TNBC
patients’ samples expressed higher levels of HDAC mTORC1 genes compared to samples
with luminal breast cancer. In addition, co-inhibition of HDAC mTORC1 with valproic
acid and rapamycin, respectively, promoted ESR1 expression in TNBC cells. A cocktail of
drugs, such as valproic acid, rapamycin, and tamoxifen (ESR1 inhibitor), was significantly
decreased in human TNBC xenograft model with BCSCs population [293]. Table 3 discusses
various BCSCs targeting therapies in the clinical trials [294]. Figure 9 illustrates BCSCs and
their roles and therapeutic implications [294].
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Table 3. Breast Cancer Stem Cells (BCSCs) targeting therapies in the clinical trials [294].

Agent Target Trial Phase (Trial Number, Status) Patients (Number) Combined Therapy

Notch pathway-targeting

MK-0752 γ-secretase Phase I (NCT00756717, active) Early stage, ER-positive
breast cancer (22) Tamoxifen or AI

Phase I/II (NCT00645333, completed) Advanced or metastatic
breast cancer (30) Docetaxel

Phase I (NCT00106145, completed)
Metastatic or locally

advanced breast cancer (24)
and other solid tumors (79)

NA

RO4929097 γ-secretase Phase I (NCT01238133, terminated) TNBC (14) Paclitaxel and
carboplatin

Phase I (NCT01071564, terminated) Advanced or unresectable
breast cancer (13) Vismodegib

Phase I (NCT01149356, terminated) Advanced or metastatic
breast cancer (15) Exemestane

Phase I (NCT01208441, terminated)
Post-menopausal hormone

receptor-positive stage II/III
breast cancer (28)

Letrozole

Phase II (NCT01151449, active) Advanced, metastatic,
or recurrent TNBC (3) NA

PF-03084014 γ-secretase Phase II (NCT02299635, terminated) Advanced TNBC (19) NA

Phase I (NCT01876251, terminated) Advanced breast cancer (30) Docetaxel

Hedgehog pathway-targeting

GDC-0449
(vismodegib) Smoothened Phase I (NCT01071564, terminated) Metastatic or unresectable

breast cancer (13) RO4929097

Phase II (NCT02694224, recruiting) TNBC (40) Paclitaxel, epirubicin,
and cyclophosphamide

Wnt pathway-targeting

OMP-18R5
(vantic-
tumab)

Frizzled7 Phase I (NCT01973309, recruiting) Locally recurrent or
metastatic breast cancer (34) Paclitaxel

BCSC-targeting

Bivatuzumab
mertansine CD44v6 Phase I (NCT02254005, completed) CD44v6-positive metastatic

breast cancer (24) NA

Phase I (NCT02254031, terminated) CD44v6-positive recurrent or
metastatic breast cancer (8) NA

CSC vaccine BCSC Phase I/II (NCT02063893, completed) (completed) metastatic breast
cancer (40) NA

Multiplasmid
vaccine

CD105/Yb-
1/SOX2/

CDH3/MDM2
Phase I (NCT02157051, recruiting) HER2-negative stage III/IV

breast cancer (30) NA

Microenvironment-targeting

Reparixin CXCR1/2 Phase I (NCT02001974, completed) HER2-negative metastatic
breast cancer (33) Paclitaxel

Phase II (NCT02370238, recruiting) Metastatic TNBC (190) Paclitaxel

Phase II (NCT01861054, terminated) Early breast cancer (20) NA
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Figure 9. Breast cancer stem cell: the roles and therapeutic implications. Properties and regulation of BCSCs. This schematic
diagram represents the interactions between CSCs and the surrounding tumor microenvironment, which have a direct effect
on breast cancer cell malignancy and lead to tumor initiation, EMT, MET, metastasis, and therapeutic resistance [294].

TNBC, triple-negative breast cancer; ER, estrogen receptor; HER2, human epidermal
growth factor 2; AI, aromatase inhibitor; DLT, dose-limiting toxicity; MTD, maximum
tolerated dose; AE, adverse events; ORR, overall response rate; PFS, progression-free
survival; mPFS, median PFS; OR, objective response; pCR, pathologic complete response;
cCR, clinical complete response; OS, overall survival; NA, not applicable.

5. Recent Advancement in Breast Cancer Treatment
5.1. Targeting miRNA

MicroRNA (miRNA) are small RNAs that are about 22 nucleotides in length and
bind to the non-coding region of the target mRNA. They promote degradation or inhibit
translation and, thereby, decrease the target gene expression. miRNAs play important
roles in tumor growth, metastasis, and cancer progression. Downregulation of miR-140
decreased the inhibition on Wnt/β-catenin pathway, which increased mammosphere
formation and promoted breast cancer progression [295]. Dysregulation of miR-29b-1-
5p was involved in the development of breast cancer. Breast cancer cells exposed to
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chemotherapeutic agents released extracellular vesicles loaded with various miRNAs (miR-
9-5p, miR-195-5p, and miR-203a-3p) that promoted cancer stem cell like phenotype in
treatment sensitive breast cancer cells [296]. These studies indicate a huge potential of
miRNAs in breast cancer therapy.

Ectopic expression of miR-29-1-5p in triple negative breast cancer cell lines decreased
the number of mammospheres, migration, and invasiveness by affecting the Wnt/β-catenin
signaling pathway. Furthermore, sensitivity to paclitaxel treatment was increased in these
cell lines [297]. Dysregulation of other miRNAs, including let-7, miR-600, miR-146, etc.,
increased tumorigenic potential by affecting the Wnt/β-catenin pathway. The miR-34a
targeted the signaling molecules of Notch1 pathway to increase the sensitivity to PTX [298].
Transfection of various breast cancer cell lines with miR302/367 cluster decreased the pop-
ulation of cells in the S phase. It also affected the expression of various signaling molecules
in the canonical and non-canonical pathways that regulate TGF-β gene expression [299].
Expression of miR-127 is downregulated in breast cancer tissues and is correlated with the
patient survival. Umeh-Garcia et al. have developed a novel, bioengineered miR-127 pro-
drug (miR-127PD) that is processed to a mature form inside the cancer cells. Application of
miR-127PD decreased the viability of many triple negative breast cancer cells and increased
the sensitivity to anti-cancer drugs. Further, administration of miR-127PD intravenously
into orthotopic xenograft NOD/SCID mice resulted in a decreased tumor volume and
metastasis [300]. ALDH1 is expressed on BCSCs and is directly correlated with metastasis.
Transduction of CD44+/CD24−/low BCSCs with lenti-miR-7 has decreased the expression
of ALDH1A3, CD44, and epithelial cell adhesion marker. Further, miR-7 transduction
shrunk the tumors over time, indicating the potential for the development of new ther-
apies that are directed to affect ALDH1 expression [301]. Therefore, miR-1 plays a vital
role in mitochondrial respiration, and it is downregulated in BCSCs. Overexpression of
miR-1 resulted in the mitochondrial damage of BCSCs by repressing the mitochondrial
inner membrane organizing system and glycerol-3-phosphate dehydrogenase genes [302].
Overexpression of miR-489 increased the sensitivity of BSCSs to 5-florouracil treatment
by targeting a key anti-apoptotic protein (X-linked inhibitor of apoptosis protein) [74].
Combination of trastuzumab with miR-200 overexpression decreased the number of mam-
mospheres with CD44+/CD24−/low BCSCs population in HER2 negative and positive
breast cancer cells [303].

Exosomes are extracellular vesicles released from the cells that form an important
reservoir of various miRNAs, which are responsible for affecting the disease progres-
sion. For instance, exosomes isolated from treatment resistant breast cancer cells induced
epithelial-mesenchymal transition (EMT) [77]. EMT is a process that converts polarized in
treatment sensitive cells through the transfer of miR-155 [304]. Adipose mesenchymal stem
cell-derived miR-1236 in exosomes sensitized the breast cancer cells to cisplatin treatment
by inhibiting the Wnt/β-catenin signaling [305]. Exosomes obtained from human umbilical
cord mesenchymal stem cells exhibit inhibitory effects on the breast cancer cells in vitro
and in vivo. The effect is mediated by the transfer of miR-148b-3p from exosomes to the
breast cancer cells where it inhibits the gene expression of tripartite motif 59, which plays
an important role in the development of cancers [306].

Novel formulation approaches are explored to use miRNAs in the treatment of breast
cancer. For instance, chitosan formulation of docetaxel and anti-miR-21 had significant
effect on breast cancer cells in vitro compared to either treatment alone [307]. Herceptin-
conjugated cationic liposomal formulation of let-7-miR and CDK4 specific siRNA decreased
the cell viability and decreased the migration of SK-BR-3 cells [308].

5.2. Precision Medicine in Breast Cancer

Precision medicine utilizes technology to identify the subpopulations within a disease
group. This information is used to formulate treatment strategies that are specific to the in-
dividual. The United States introduced the precision medicine initiative in 2015, which was
aimed at collecting comprehensive medical data from one million people. The data will
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be utilized in understanding disease pathogenesis, identifying the vulnerable population,
and developing new therapeutic strategies. Breast cancer is one of the important diseases
that is being studied for precision medicine.

Treatment regimen based on the molecular profiling of estrogen, progesterone, and HER2
receptors is a common way to treat breast cancer. However, this approach does not
individualize a treatment strategy suitable for everyone. Currently, there are several
commercially available gene profiling tests that are employed to assess the disease-free
survival, risk of relapse, need for an adjuvant treatment, etc., based on gene profiling
patterns. For instance, Oncotype DX (Genomic Health, CA, USA) analyzes the gene
expression profiles of twelve genes that are recognized by the physician to determine if
the patient requires adjuvant radiotherapy [309]. Mutations in PI3K-AKT-mTOR axis were
correlated with the incidence of hormone receptor positive breast cancer [310].

miRNA profiling of serum is applied as a non-invasive liquid biopsy technique for
the identification of breast cancer subtypes [311,312]. Next generation sequencing (NGS)
is a deep sequence technique that, in parallel, sequences millions of DNA fragments to
identify signature mutations in a single day. Mutations in TP53, PIK3CA, and GATA3 are
the most common ones to monitor breast cancer progression [313]. Proteomic profiling
of breast cancer tissues and cell lines have identified certain clusters that have a higher
dysregulation of specific proteins [314]. Genome-wide association studies have identified
fibroblast growth factor receptor 2 (FGFR2) and TOX high mobility group box family
member 3 (TOX3) genes as highly associative of breast cancer [315,316]. Recently, 8q24.21
was identified as one of the loci to be associated with breast cancer [317]. Gene profiling
is also applied to identify the adverse drug reactions and predict the drug response. For
instance, screening for CYP2D6 for polymorphisms is associated with a shorter recurrence
free survival in patients after tamoxifen treatment [318]. These studies indicate the potential
bid for genomic data to stratify individuals for formulation of different treatment strategies
and advancement.

6. Conclusions

Mechanisms of drug resistance in cancer are very complex. Molecular amendments,
tumor microenvironment (hypoxic conditions leading to vascularization), and genetic
rewriting are chief architects to cellular repair mechanisms, such as activation of DNA
repair, mutant p53, impaired apoptosis, and so on. From pharmaceutical stand points,
drug bioavailability at therapeutic concentrations in the target cancer cells is the major im-
pediment of chemotherapy. Despite many recent discoveries on therapeutic interventions,
cancer chemotherapy represents the most common treatment modalities for the disease.
Successful treatment modalities impose three to four drugs at once. Patients in early stage
of cancer respond, but due to MDR, cancer cells adapt treatment resistance and cause
a relapse by overpowering therapy [319–322]. As a result of high and complex dosing
regimens with multiple drugs, high toxicity is caused and many treatments fail. Hopefully,
current trends on targeted nano-therapeutics may overcome some of these inadequacies
and advent successful breast cancer therapy.

Author Contributions: Conceptualization, V.G. and D.P.; Sections 1–3, 4.5–4.7 and 6 contributed
by V.G. Sections 4.1–4.3 contributed by P.K.B., Sections 4.8 and 5 contributed by A.R.N., Section 6
contributed by D.P., V.G.; writing—original draft preparation, V.G. and D.P.; writing—review and
editing, D.P., and V.G.; visualization, D.P.; supervision, D.P.; project administration, V.G. and D.P.;
funding acquisition. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by School of Graduate Studies Research Grant received by
Vrinda Gote.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Int. J. Mol. Sci. 2021, 22, 4673 29 of 41

Acknowledgments: The authors would like to acknowledge the support of Russell Melchert,
Dean UMKC School of Pharmacy and Gerald Wyckoff, Head of Department, Pharmacology and
Pharmaceutical Sciences, University of Missouri-Kansas City (UMKC) and for their support with
this work.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of

incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424. [CrossRef] [PubMed]
2. Harbeck, N.; Penault-Llorca, F.; Cortes, J.; Gnant, M.; Houssami, N.; Poortmans, P.; Ruddy, K.; Tsang, J.; Cardoso, F. Breast cancer.

Nat. Rev. Dis. Primers 2019, 5, 66. [CrossRef] [PubMed]
3. Perou, C.M.; Sorlie, T.; Eisen, M.B.; van de Rijn, M.; Jeffrey, S.S.; Rees, C.A.; Pollack, J.R.; Ross, D.T.; Johnsen, H.; Akslen, L.A.; et al.

Molecular portraits of human breast tumours. Nature 2000, 406, 747–752. [CrossRef] [PubMed]
4. Vermeulen, L.; Sprick, M.R.; Kemper, K.; Stassi, G.; Medema, J.P. Cancer stem cells—Old concepts, new insights. Cell Death Differ.

2008, 15, 947–958. [CrossRef]
5. Greaves, M.; Maley, C.C. Clonal evolution in cancer. Nature 2012, 481, 306–313. [CrossRef]
6. Zhou, J.; Chen, Q.; Zou, Y.; Chen, H.; Qi, L.; Chen, Y. Stem Cells and Cellular Origins of Breast Cancer: Updates in the Rationale,

Controversies, and Therapeutic Implications. Front. Oncol. 2019, 9, 820. [CrossRef]
7. Bombonati, A.; Sgroi, D.C. The molecular pathology of breast cancer progression. J. Pathol. 2011, 223, 307–317. [CrossRef]
8. Ellis, M.J.; Ding, L.; Shen, D.; Luo, J.; Suman, V.J.; Wallis, J.W.; Van Tine, B.A.; Hoog, J.; Goiffon, R.J.; Goldstein, T.C.; et al.

Whole-genome analysis informs breast cancer response to aromatase inhibition. Nature 2012, 486, 353–360. [CrossRef]
9. Lopez-Garcia, M.A.; Geyer, F.C.; Lacroix-Triki, M.; Marchio, C.; Reis-Filho, J.S. Breast cancer precursors revisited: Molecular

features and progression pathways. Histopathology 2010, 57, 171–192. [CrossRef]
10. Nik-Zainal, S.; Davies, H.; Staaf, J.; Ramakrishna, M.; Glodzik, D.; Zou, X.; Martincorena, I.; Alexandrov, L.B.; Martin, S.;

Wedge, D.C.; et al. Landscape of somatic mutations in 560 breast cancer whole-genome sequences. Nature 2016, 534, 47–54.
[CrossRef]

11. Yates, L.R.; Desmedt, C. Translational Genomics: Practical Applications of the Genomic Revolution in Breast Cancer. Clin. Cancer
Res. 2017, 23, 2630–2639. [CrossRef]

12. Alfarouk, K.O.; Stock, C.M.; Taylor, S.; Walsh, M.; Muddathir, A.K.; Verduzco, D.; Bashir, A.H.; Mohammed, O.Y.; Elhassan, G.O.;
Harguindey, S.; et al. Resistance to cancer chemotherapy: Failure in drug response from ADME to P-gp. Cancer Cell Int. 2015,
15, 71. [CrossRef]

13. Vadlapatla, R.K.; Vadlapudi, A.D.; Pal, D.; Mitra, A.K. Mechanisms of drug resistance in cancer chemotherapy: Coordinated role
and regulation of efflux transporters and metabolizing enzymes. Curr. Pharm. Des. 2013, 19, 7126–7140. [CrossRef]

14. Wu, Q.; Yang, Z.; Nie, Y.; Shi, Y.; Fan, D. Multi-drug resistance in cancer chemotherapeutics: Mechanisms and lab approaches.
Cancer Lett. 2014, 347, 159–166. [CrossRef] [PubMed]

15. Amawi, H.; Sim, H.M.; Tiwari, A.K.; Ambudkar, S.V.; Shukla, S. ABC Transporter-Mediated Multidrug-Resistant Cancer.
Adv. Exp. Med. Biol. 2019, 1141, 549–580. [CrossRef]

16. Scarborough, G.A. Drug-stimulated ATPase activity of the human P-glycoprotein. J. Bioenerg. Biomembr. 1995, 27, 37–41.
[CrossRef]

17. Sharom, F.J. The P-glycoprotein efflux pump: How does it transport drugs? J. Membr. Biol. 1997, 160, 161–175. [CrossRef]
18. Ruth, A.; Stein, W.D.; Rose, E.; Roninson, I.B. Coordinate changes in drug resistance and drug-induced conformational transitions

in altered-function mutants of the multidrug transporter P-glycoprotein. Biochemistry 2001, 40, 4332–4339. [CrossRef]
19. Sharom, F.J. Shedding light on drug transport: Structure and function of the P-glycoprotein multidrug transporter (ABCB1).

Biochem. Cell Biol. 2006, 84, 979–992. [CrossRef] [PubMed]
20. Schmitt, L.; Tampe, R. Structure and mechanism of ABC transporters. Curr. Opin. Struct. Biol. 2002, 12, 754–760. [CrossRef]
21. Vasiliou, V.; Vasiliou, K.; Nebert, D.W. Human ATP-binding cassette (ABC) transporter family. Hum. Genom. 2009, 3, 281–290.

[CrossRef] [PubMed]
22. Ford, R.C.; Beis, K. Learning the ABCs one at a time: Structure and mechanism of ABC transporters. Biochem. Soc. Trans. 2019,

47, 23–36. [CrossRef] [PubMed]
23. Ozben, T. Mechanisms and strategies to overcome multiple drug resistance in cancer. FEBS Lett. 2006, 580, 2903–2909. [CrossRef]
24. Wei, N.; Sun, H.; Liu, G.T. Advances in the targeting ATP-binding cassette transporters to overcome tumor multi-drug resistance.

Yao Xue Xue Bao Acta Pharm. Sin. 2010, 45, 1205–1211.
25. Bar-Zeev, M.; Livney, Y.D.; Assaraf, Y.G. Targeted nanomedicine for cancer therapeutics: Towards precision medicine overcoming

drug resistance. Drug Resist Updat. 2017, 31, 15–30. [CrossRef]
26. Fardel, O.; Lecureur, V.; Guillouzo, A. The P-glycoprotein multidrug transporter. Gen. Pharmacol. 1996, 27, 1283–1291. [CrossRef]
27. Sauna, Z.E.; Kim, I.W.; Ambudkar, S.V. Genomics and the mechanism of P-glycoprotein (ABCB1). J. Bioenerg. Biomembr. 2007,

39, 481–487. [CrossRef]
28. Sharom, F.J. ABC multidrug transporters: Structure, function and role in chemoresistance. Pharmacogenomics 2008, 9, 105–127.

[CrossRef]

http://doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/30207593
http://doi.org/10.1038/s41572-019-0111-2
http://www.ncbi.nlm.nih.gov/pubmed/31548545
http://doi.org/10.1038/35021093
http://www.ncbi.nlm.nih.gov/pubmed/10963602
http://doi.org/10.1038/cdd.2008.20
http://doi.org/10.1038/nature10762
http://doi.org/10.3389/fonc.2019.00820
http://doi.org/10.1002/path.2808
http://doi.org/10.1038/nature11143
http://doi.org/10.1111/j.1365-2559.2010.03568.x
http://doi.org/10.1038/nature17676
http://doi.org/10.1158/1078-0432.CCR-16-2548
http://doi.org/10.1186/s12935-015-0221-1
http://doi.org/10.2174/13816128113199990493
http://doi.org/10.1016/j.canlet.2014.03.013
http://www.ncbi.nlm.nih.gov/pubmed/24657660
http://doi.org/10.1007/978-981-13-7647-4_12
http://doi.org/10.1007/BF02110329
http://doi.org/10.1007/s002329900305
http://doi.org/10.1021/bi001373f
http://doi.org/10.1139/o06-199
http://www.ncbi.nlm.nih.gov/pubmed/17215884
http://doi.org/10.1016/S0959-440X(02)00399-8
http://doi.org/10.1186/1479-7364-3-3-281
http://www.ncbi.nlm.nih.gov/pubmed/19403462
http://doi.org/10.1042/BST20180147
http://www.ncbi.nlm.nih.gov/pubmed/30626703
http://doi.org/10.1016/j.febslet.2006.02.020
http://doi.org/10.1016/j.drup.2017.05.002
http://doi.org/10.1016/S0306-3623(96)00081-X
http://doi.org/10.1007/s10863-007-9115-9
http://doi.org/10.2217/14622416.9.1.105


Int. J. Mol. Sci. 2021, 22, 4673 30 of 41

29. Mayur, Y.C.; Padma, T.; Parimala, B.H.; Chandramouli, K.H.; Jagadeesh, S.; Gowda, N.M.; Thimmaiah, K.N. Sensitization of
multidrug resistant (MDR) cancer cells to vinblastine by novel acridones: Correlation between anti-calmodulin activity and
anti-MDR activity. Med. Chem. 2006, 2, 63–77. [CrossRef]

30. Lagas, J.S.; Fan, L.; Wagenaar, E.; Vlaming, M.L.; van Tellingen, O.; Beijnen, J.H.; Schinkel, A.H. P-glycoprotein (P-gp/Abcb1),
Abcc2, and Abcc3 determine the pharmacokinetics of etoposide. Clin. Cancer Res. 2010, 16, 130–140. [CrossRef]

31. Vaidyanathan, A.; Sawers, L.; Gannon, A.L.; Chakravarty, P.; Scott, A.L.; Bray, S.E.; Ferguson, M.J.; Smith, G. ABCB1 (MDR1)
induction defines a common resistance mechanism in paclitaxel- and olaparib-resistant ovarian cancer cells. Br. J. Cancer 2016,
115, 431–441. [CrossRef]

32. Lal, S.; Wong, Z.W.; Sandanaraj, E.; Xiang, X.; Ang, P.C.; Lee, E.J.; Chowbay, B. Influence of ABCB1 and ABCG2 polymorphisms
on doxorubicin disposition in Asian breast cancer patients. Cancer Sci. 2008, 99, 816–823. [CrossRef]

33. Choi, Y.H.; Yu, A.M. ABC transporters in multidrug resistance and pharmacokinetics, and strategies for drug development.
Curr. Pharm. Des. 2014, 20, 793–807. [CrossRef]

34. Chen, Z.; Shi, T.; Zhang, L.; Zhu, P.; Deng, M.; Huang, C.; Hu, T.; Jiang, L.; Li, J. Mammalian drug efflux transporters of the ATP
binding cassette (ABC) family in multidrug resistance: A review of the past decade. Cancer Lett. 2016, 370, 153–164. [CrossRef]

35. Dantzig, A.H.; de Alwis, D.P.; Burgess, M. Considerations in the design and development of transport inhibitors as adjuncts to
drug therapy. Adv. Drug Deliv. Rev. 2003, 55, 133–150. [CrossRef]

36. Palmeira, A.; Sousa, E.; Vasconcelos, M.H.; Pinto, M.M. Three decades of P-gp inhibitors: Skimming through several generations
and scaffolds. Curr. Med. Chem. 2012, 19, 1946–2025. [CrossRef]

37. Thomas, H.; Coley, H.M. Overcoming multidrug resistance in cancer: An update on the clinical strategy of inhibiting p-
glycoprotein. Cancer Control 2003, 10, 159–165. [CrossRef] [PubMed]

38. Fox, E.; Bates, S.E. Tariquidar (XR9576): A P-glycoprotein drug efflux pump inhibitor. Expert Rev. Anticancer Ther. 2007, 7, 447–459.
[CrossRef] [PubMed]

39. Pusztai, L.; Wagner, P.; Ibrahim, N.; Rivera, E.; Theriault, R.; Booser, D.; Symmans, F.W.; Wong, F.; Blumenschein, G.;
Fleming, D.R.; et al. Phase II study of tariquidar, a selective P-glycoprotein inhibitor, in patients with chemotherapy-resistant,
advanced breast carcinoma. Cancer 2005, 104, 682–691. [CrossRef] [PubMed]

40. Abraham, J.; Edgerly, M.; Wilson, R.; Chen, C.; Rutt, A.; Bakke, S.; Robey, R.; Dwyer, A.; Goldspiel, B.; Balis, F.; et al. A phase
I study of the P-glycoprotein antagonist tariquidar in combination with vinorelbine. Clin. Cancer Res. 2009, 15, 3574–3582.
[CrossRef]

41. Zhong, P.; Chen, X.; Guo, R.; Chen, X.; Chen, Z.; Wei, C.; Li, Y.; Wang, W.; Zhou, Y.; Qin, L. Folic Acid-Modified Nanoerythrocyte
for Codelivery of Paclitaxel and Tariquidar to Overcome Breast Cancer Multidrug Resistance. Mol. Pharm. 2020, 17, 1114–1126.
[CrossRef]

42. Doyle, L.A.; Yang, W.; Abruzzo, L.V.; Krogmann, T.; Gao, Y.; Rishi, A.K.; Ross, D.D. A multidrug resistance transporter from
human MCF-7 breast cancer cells. Proc. Natl. Acad. Sci. USA 1998, 95, 15665–15670. [CrossRef]

43. Ross, D.D.; Yang, W.; Abruzzo, L.V.; Dalton, W.S.; Schneider, E.; Lage, H.; Dietel, M.; Greenberger, L.; Cole, S.P.; Doyle, L.A.
Atypical multidrug resistance: Breast cancer resistance protein messenger RNA expression in mitoxantrone-selected cell lines.
J. Natl. Cancer Inst. 1999, 91, 429–433. [CrossRef]

44. Gottesman, M.M.; Fojo, T.; Bates, S.E. Multidrug resistance in cancer: Role of ATP-dependent transporters. Nat. Rev. Cancer 2002,
2, 48–58. [CrossRef]

45. Gradhand, U.; Kim, R.B. Pharmacogenomics of MRP transporters (ABCC1-5) and BCRP (ABCG2). Drug Metab. Rev. 2008,
40, 317–354. [CrossRef]

46. Natarajan, K.; Xie, Y.; Baer, M.R.; Ross, D.D. Role of breast cancer resistance protein (BCRP/ABCG2) in cancer drug resistance.
Biochem. Pharmacol. 2012, 83, 1084–1103. [CrossRef]

47. Saraswathy, M.; Gong, S. Different strategies to overcome multidrug resistance in cancer. Biotechnol. Adv. 2013, 31, 1397–1407.
[CrossRef]

48. Ifergan, I.; Scheffer, G.L.; Assaraf, Y.G. Novel extracellular vesicles mediate an ABCG2-dependent anticancer drug sequestration
and resistance. Cancer Res. 2005, 65, 10952–10958. [CrossRef]

49. Wiese, M. BCRP/ABCG2 inhibitors: A patent review (2009-present). Expert Opin. Ther. Pat. 2015, 25, 1229–1237. [CrossRef]
50. Cole, S.P.; Bhardwaj, G.; Gerlach, J.H.; Mackie, J.E.; Grant, C.E.; Almquist, K.C.; Stewart, A.J.; Kurz, E.U.; Duncan, A.M.;

Deeley, R.G. Overexpression of a transporter gene in a multidrug-resistant human lung cancer cell line. Science 1992,
258, 1650–1654. [CrossRef]

51. Cole, S.P.; Deeley, R.G. Multidrug resistance-associated protein: Sequence correction. Science 1993, 260, 879. [CrossRef]
52. Leonessa, F.; Clarke, R. ATP binding cassette transporters and drug resistance in breast cancer. Endocr. Relat. Cancer 2003,

10, 43–73. [CrossRef]
53. Kruh, G.D.; Belinsky, M.G. The MRP family of drug efflux pumps. Oncogene 2003, 22, 7537–7552. [CrossRef]
54. Sodani, K.; Patel, A.; Kathawala, R.J.; Chen, Z.S. Multidrug resistance associated proteins in multidrug resistance. Chin. J. Cancer

2012, 31, 58–72. [CrossRef]
55. Evers, R.; Zaman, G.J.; van Deemter, L.; Jansen, H.; Calafat, J.; Oomen, L.C.; Oude Elferink, R.P.; Borst, P.; Schinkel, A.H.

Basolateral localization and export activity of the human multidrug resistance-associated protein in polarized pig kidney cells.
J. Clin. Investig. 1996, 97, 1211–1218. [CrossRef]

http://doi.org/10.2174/157340606775197732
http://doi.org/10.1158/1078-0432.CCR-09-1321
http://doi.org/10.1038/bjc.2016.203
http://doi.org/10.1111/j.1349-7006.2008.00744.x
http://doi.org/10.2174/138161282005140214165212
http://doi.org/10.1016/j.canlet.2015.10.010
http://doi.org/10.1016/S0169-409X(02)00175-8
http://doi.org/10.2174/092986712800167392
http://doi.org/10.1177/107327480301000207
http://www.ncbi.nlm.nih.gov/pubmed/12712010
http://doi.org/10.1586/14737140.7.4.447
http://www.ncbi.nlm.nih.gov/pubmed/17428165
http://doi.org/10.1002/cncr.21227
http://www.ncbi.nlm.nih.gov/pubmed/15986399
http://doi.org/10.1158/1078-0432.CCR-08-0938
http://doi.org/10.1021/acs.molpharmaceut.9b01148
http://doi.org/10.1073/pnas.95.26.15665
http://doi.org/10.1093/jnci/91.5.429
http://doi.org/10.1038/nrc706
http://doi.org/10.1080/03602530801952617
http://doi.org/10.1016/j.bcp.2012.01.002
http://doi.org/10.1016/j.biotechadv.2013.06.004
http://doi.org/10.1158/0008-5472.CAN-05-2021
http://doi.org/10.1517/13543776.2015.1076796
http://doi.org/10.1126/science.1360704
http://doi.org/10.1126/science.8098549
http://doi.org/10.1677/erc.0.0100043
http://doi.org/10.1038/sj.onc.1206953
http://doi.org/10.5732/cjc.011.10329
http://doi.org/10.1172/JCI118535


Int. J. Mol. Sci. 2021, 22, 4673 31 of 41

56. Filipits, M.; Pohl, G.; Rudas, M.; Dietze, O.; Lax, S.; Grill, R.; Pirker, R.; Zielinski, C.C.; Hausmaninger, H.; Kubista, E.; et al.
Clinical role of multidrug resistance protein 1 expression in chemotherapy resistance in early-stage breast cancer: The Austrian
Breast and Colorectal Cancer Study Group. J. Clin. Oncol. 2005, 23, 1161–1168. [CrossRef]

57. Liu, Y.H.; Di, Y.M.; Zhou, Z.W.; Mo, S.L.; Zhou, S.F. Multidrug resistance-associated proteins and implications in drug develop-
ment. Clin. Exp. Pharmacol. Physiol. 2010, 37, 115–120. [CrossRef] [PubMed]

58. Zhou, S.F.; Wang, L.L.; Di, Y.M.; Xue, C.C.; Duan, W.; Li, C.G.; Li, Y. Substrates and inhibitors of human multidrug resistance
associated proteins and the implications in drug development. Curr. Med. Chem. 2008, 15, 1981–2039. [CrossRef] [PubMed]

59. Scheper, R.J.; Broxterman, H.J.; Scheffer, G.L.; Kaaijk, P.; Dalton, W.S.; van Heijningen, T.H.; van Kalken, C.K.; Slovak, M.L.;
de Vries, E.G.; van der Valk, P.; et al. Overexpression of a M(r) 110,000 vesicular protein in non-P-glycoprotein-mediated
multidrug resistance. Cancer Res. 1993, 53, 1475–1479. [PubMed]

60. Slovak, M.L.; Ho, J.P.; Cole, S.P.; Deeley, R.G.; Greenberger, L.; de Vries, E.G.; Broxterman, H.J.; Scheffer, G.L.; Scheper, R.J. The LRP
gene encoding a major vault protein associated with drug resistance maps proximal to MRP on chromosome 16: Evidence that
chromosome breakage plays a key role in MRP or LRP gene amplification. Cancer Res. 1995, 55, 4214–4219. [PubMed]

61. Izquierdo, M.A.; Scheffer, G.L.; Flens, M.J.; Giaccone, G.; Broxterman, H.J.; Meijer, C.J.; van der Valk, P.; Scheper, R.J. Broad distri-
bution of the multidrug resistance-related vault lung resistance protein in normal human tissues and tumors. Am. J. Pathol. 1996,
148, 877–887.

62. Szaflarski, W.; Nowicki, M.; Zabel, M. The structure of cellular vaults, their role in the normal cell and in the multidrug resistance
of cancer. Postepy Biochem. 2011, 57, 266–273.

63. Wood, N.; Streckfus, C.F. The Expression of Lung Resistance Protein in Saliva: A Novel Prognostic Indicator Protein for Carcinoma
of the Breast. Cancer Investig. 2015, 33, 510–515. [CrossRef]

64. Banerjee Dixit, A.; Sharma, D.; Srivastava, A.; Banerjee, J.; Tripathi, M.; Prakash, D.; Sarat Chandra, P. Upregulation of breast
cancer resistance protein and major vault protein in drug resistant epilepsy. Seizure 2017, 47, 9–12. [CrossRef]

65. Pavlopoulou, A.; Oktay, Y.; Vougas, K.; Louka, M.; Vorgias, C.E.; Georgakilas, A.G. Determinants of resistance to chemotherapy
and ionizing radiation in breast cancer stem cells. Cancer Lett. 2016, 380, 485–493. [CrossRef]

66. Lee, C.H.; Hsieh, J.C.; Wu, T.M.; Yeh, T.S.; Wang, H.M.; Lin, Y.C.; Chen, J.S.; Lee, C.L.; Huang, W.K.; Hung, T.M.; et al.
Baseline circulating stem-like cells predict survival in patients with metastatic breast Cancer. BMC Cancer 2019, 19, 1167.
[CrossRef]

67. Al-Hajj, M.; Wicha, M.S.; Benito-Hernandez, A.; Morrison, S.J.; Clarke, M.F. Prospective identification of tumorigenic breast
cancer cells. Proc. Natl. Acad. Sci. USA 2003, 100, 3983–3988. [CrossRef]

68. Fillmore, C.M.; Kuperwasser, C. Human breast cancer cell lines contain stem-like cells that self-renew, give rise to phenotypically
diverse progeny and survive chemotherapy. Breast Cancer Res. 2008, 10, R25. [CrossRef]

69. Schnell, U.; Cirulli, V.; Giepmans, B.N. EpCAM: Structure and function in health and disease. Biochim. Biophys. Acta 2013,
1828, 1989–2001. [CrossRef]

70. Ginestier, C.; Hur, M.H.; Charafe-Jauffret, E.; Monville, F.; Dutcher, J.; Brown, M.; Jacquemier, J.; Viens, P.; Kleer, C.G.; Liu, S.; et al.
ALDH1 is a marker of normal and malignant human mammary stem cells and a predictor of poor clinical outcome. Cell Stem Cell
2007, 1, 555–567. [CrossRef]

71. Conley, S.J.; Gheordunescu, E.; Kakarala, P.; Newman, B.; Korkaya, H.; Heath, A.N.; Clouthier, S.G.; Wicha, M.S. Antiangiogenic
agents increase breast cancer stem cells via the generation of tumor hypoxia. Proc. Natl. Acad. Sci. USA 2012, 109, 2784–2789.
[CrossRef] [PubMed]

72. Liu, S.; Cong, Y.; Wang, D.; Sun, Y.; Deng, L.; Liu, Y.; Martin-Trevino, R.; Shang, L.; McDermott, S.P.; Landis, M.D.; et al.
Breast cancer stem cells transition between epithelial and mesenchymal states reflective of their normal counterparts. Stem Cell Rep.
2014, 2, 78–91. [CrossRef] [PubMed]

73. Mao, J.; Song, B.; Shi, Y.; Wang, B.; Fan, S.; Yu, X.; Tang, J.; Li, L. ShRNA targeting Notch1 sensitizes breast cancer stem cell to
paclitaxel. Int. J. Biochem. Cell Biol. 2013, 45, 1064–1073. [CrossRef] [PubMed]

74. Wang, X.; Wang, X.; Gu, J.; Zhou, M.; He, Z.; Wang, X.; Ferrone, S. Overexpression of miR-489 enhances efficacy of 5-fluorouracil-
based treatment in breast cancer stem cells by targeting XIAP. Oncotarget 2017, 8, 113837–113846. [CrossRef]

75. Yu, J.M.; Sun, W.; Wang, Z.H.; Liang, X.; Hua, F.; Li, K.; Lv, X.X.; Zhang, X.W.; Liu, Y.Y.; Yu, J.J.; et al. TRIB3 supports breast cancer
stemness by suppressing FOXO1 degradation and enhancing SOX2 transcription. Nat. Commun. 2019, 10, 5720. [CrossRef]

76. Loh, Y.N.; Hedditch, E.L.; Baker, L.A.; Jary, E.; Ward, R.L.; Ford, C.E. The Wnt signalling pathway is upregulated in an in vitro
model of acquired tamoxifen resistant breast cancer. BMC Cancer 2013, 13, 174. [CrossRef]

77. Mani, S.A.; Guo, W.; Liao, M.J.; Eaton, E.N.; Ayyanan, A.; Zhou, A.Y.; Brooks, M.; Reinhard, F.; Zhang, C.C.; Shipitsin, M.; et al.
The epithelial-mesenchymal transition generates cells with properties of stem cells. Cell 2008, 133, 704–715. [CrossRef]

78. Palomeras, S.; Ruiz-Martinez, S.; Puig, T. Targeting Breast Cancer Stem Cells to Overcome Treatment Resistance. Molecules 2018,
23, 2193. [CrossRef]

79. Kolev, V.N.; Tam, W.F.; Wright, Q.G.; McDermott, S.P.; Vidal, C.M.; Shapiro, I.M.; Xu, Q.; Wicha, M.S.; Pachter, J.A.; Weaver, D.T.
Inhibition of FAK kinase activity preferentially targets cancer stem cells. Oncotarget 2017, 8, 51733–51747. [CrossRef]

80. Hii, L.W.; Chung, F.F.; Soo, J.S.; Tan, B.S.; Mai, C.W.; Leong, C.O. Histone deacetylase (HDAC) inhibitors and doxorubicin
combinations target both breast cancer stem cells and non-stem breast cancer cells simultaneously. Breast Cancer Res. Treat. 2020,
179, 615–629. [CrossRef]

http://doi.org/10.1200/JCO.2005.03.033
http://doi.org/10.1111/j.1440-1681.2009.05252.x
http://www.ncbi.nlm.nih.gov/pubmed/19566819
http://doi.org/10.2174/092986708785132870
http://www.ncbi.nlm.nih.gov/pubmed/18691054
http://www.ncbi.nlm.nih.gov/pubmed/7680954
http://www.ncbi.nlm.nih.gov/pubmed/7671223
http://doi.org/10.3109/07357907.2015.1081920
http://doi.org/10.1016/j.seizure.2017.02.014
http://doi.org/10.1016/j.canlet.2016.07.018
http://doi.org/10.1186/s12885-019-6370-1
http://doi.org/10.1073/pnas.0530291100
http://doi.org/10.1186/bcr1982
http://doi.org/10.1016/j.bbamem.2013.04.018
http://doi.org/10.1016/j.stem.2007.08.014
http://doi.org/10.1073/pnas.1018866109
http://www.ncbi.nlm.nih.gov/pubmed/22308314
http://doi.org/10.1016/j.stemcr.2013.11.009
http://www.ncbi.nlm.nih.gov/pubmed/24511467
http://doi.org/10.1016/j.biocel.2013.02.022
http://www.ncbi.nlm.nih.gov/pubmed/23500524
http://doi.org/10.18632/oncotarget.22985
http://doi.org/10.1038/s41467-019-13700-6
http://doi.org/10.1186/1471-2407-13-174
http://doi.org/10.1016/j.cell.2008.03.027
http://doi.org/10.3390/molecules23092193
http://doi.org/10.18632/oncotarget.18517
http://doi.org/10.1007/s10549-019-05504-5


Int. J. Mol. Sci. 2021, 22, 4673 32 of 41

81. Sakunrangsit, N.; Ketchart, W. Plumbagin inhibits cancer stem-like cells, angiogenesis and suppresses cell proliferation and
invasion by targeting Wnt/beta-catenin pathway in endocrine resistant breast cancer. Pharmacol. Res. 2019, 150, 104517. [CrossRef]

82. Liu, X.; Huang, J.; Xie, Y.; Zhou, Y.; Wang, R.; Lou, J. Napabucasin Attenuates Resistance of Breast Cancer Cells to Tamoxifen by
Reducing Stem Cell-Like Properties. Med. Sci. Monit. 2019, 25, 8905–8912. [CrossRef]

83. Cuyas, E.; Gumuzio, J.; Verdura, S.; Brunet, J.; Bosch-Barrera, J.; Martin-Castillo, B.; Alarcon, T.; Encinar, J.A.; Martin, A.G.;
Menendez, J.A. The LSD1 inhibitor iadademstat (ORY-1001) targets SOX2-driven breast cancer stem cells: A potential epigenetic
therapy in luminal-B and HER2-positive breast cancer subtypes. Aging 2020, 12, 4794–4814. [CrossRef]

84. Gao, J.; Liu, J.; Xie, F.; Lu, Y.; Yin, C.; Shen, X. Co-Delivery of Docetaxel and Salinomycin to Target Both Breast Cancer Cells and
Stem Cells by PLGA/TPGS Nanoparticles. Int. J. Nanomed. 2019, 14, 9199–9216. [CrossRef]

85. Gener, P.; Montero, S.; Xandri-Monje, H.; Diaz-Riascos, Z.V.; Rafael, D.; Andrade, F.; Martinez-Trucharte, F.; Gonzalez, P.;
Seras-Franzoso, J.; Manzano, A.; et al. Zileuton loaded in polymer micelles effectively reduce breast cancer circulating tumor cells
and intratumoral cancer stem cells. Nanomedicine 2020, 24, 102106. [CrossRef]

86. Kalluri, R.; Weinberg, R.A. The basics of epithelial-mesenchymal transition. J. Clin. Investig. 2009, 119, 1420–1428. [CrossRef]
87. Kokudo, T.; Suzuki, Y.; Yoshimatsu, Y.; Yamazaki, T.; Watabe, T.; Miyazono, K. Snail is required for TGFbeta-induced endothelial-

mesenchymal transition of embryonic stem cell-derived endothelial cells. J. Cell Sci. 2008, 121, 3317–3324. [CrossRef]
88. Li, L.; Zhang, J.; Xiong, N.; Li, S.; Chen, Y.; Yang, H.; Wu, C.; Zeng, H.; Liu, Y. Notch-1 signaling activates NF-kappaB in human

breast carcinoma MDA-MB-231 cells via PP2A-dependent AKT pathway. Med. Oncol. 2016, 33, 33. [CrossRef]
89. Cohen, B.; Shimizu, M.; Izrailit, J.; Ng, N.F.; Buchman, Y.; Pan, J.G.; Dering, J.; Reedijk, M. Cyclin D1 is a direct target of

JAG1-mediated Notch signaling in breast cancer. Breast Cancer Res. Treat. 2010, 123, 113–124. [CrossRef]
90. Li, L.; Zhao, F.; Lu, J.; Li, T.; Yang, H.; Wu, C.; Liu, Y. Notch-1 signaling promotes the malignant features of human breast cancer

through NF-kappaB activation. PLoS ONE 2014, 9, e95912. [CrossRef]
91. Huber, M.A.; Azoitei, N.; Baumann, B.; Grunert, S.; Sommer, A.; Pehamberger, H.; Kraut, N.; Beug, H.; Wirth, T. NF-kappaB is

essential for epithelial-mesenchymal transition and metastasis in a model of breast cancer progression. J. Clin. Investig. 2004,
114, 569–581. [CrossRef]

92. Kim, R.K.; Kaushik, N.; Suh, Y.; Yoo, K.C.; Cui, Y.H.; Kim, M.J.; Lee, H.J.; Kim, I.G.; Lee, S.J. Radiation driven epithelial-
mesenchymal transition is mediated by Notch signaling in breast cancer. Oncotarget 2016, 7, 53430–53442. [CrossRef]

93. Li, C.W.; Xia, W.; Huo, L.; Lim, S.O.; Wu, Y.; Hsu, J.L.; Chao, C.H.; Yamaguchi, H.; Yang, N.K.; Ding, Q.; et al. Epithelial-
mesenchymal transition induced by TNF-alpha requires NF-kappaB-mediated transcriptional upregulation of Twist1. Cancer Res.
2012, 72, 1290–1300. [CrossRef] [PubMed]

94. Chen, J.; Imanaka, N.; Chen, J.; Griffin, J.D. Hypoxia potentiates Notch signaling in breast cancer leading to decreased E-cadherin
expression and increased cell migration and invasion. Br. J. Cancer 2010, 102, 351–360. [CrossRef] [PubMed]

95. Bocca, C.; Ievolella, M.; Autelli, R.; Motta, M.; Mosso, L.; Torchio, B.; Bozzo, F.; Cannito, S.; Paternostro, C.; Colombatto, S.; et al.
Expression of Cox-2 in human breast cancer cells as a critical determinant of epithelial-to-mesenchymal transition and invasiveness.
Expert Opin. Ther. Targets 2014, 18, 121–135. [CrossRef] [PubMed]

96. Yu, Y.; Luo, W.; Yang, Z.J.; Chi, J.R.; Li, Y.R.; Ding, Y.; Ge, J.; Wang, X.; Cao, X.C. miR-190 suppresses breast cancer metastasis by
regulation of TGF-beta-induced epithelial-mesenchymal transition. Mol. Cancer 2018, 17, 70. [CrossRef]

97. Jiang, G.; Shi, W.; Fang, H.; Zhang, X. miR27a promotes human breast cancer cell migration by inducing EMT in a
FBXW7dependent manner. Mol. Med. Rep. 2018, 18, 5417–5426. [CrossRef]

98. Singh, M.S.; Tammam, S.N.; Shetab Boushehri, M.A.; Lamprecht, A. MDR in cancer: Addressing the underlying cellular alterations
with the use of nanocarriers. Pharmacol. Res. 2017, 126, 2–30. [CrossRef]

99. Ruman, U.; Fakurazi, S.; Masarudin, M.J.; Hussein, M.Z. Nanocarrier-Based Therapeutics and Theranostics Drug Delivery
Systems for Next Generation of Liver Cancer Nanodrug Modalities. Int. J. Nanomed. 2020, 15, 1437–1456. [CrossRef]

100. Kapse-Mistry, S.; Govender, T.; Srivastava, R.; Yergeri, M. Nanodrug delivery in reversing multidrug resistance in cancer cells.
Front. Pharmacol. 2014, 5, 159. [CrossRef]

101. Sun, T.; Zhang, Y.S.; Pang, B.; Hyun, D.C.; Yang, M.; Xia, Y. Engineered nanoparticles for drug delivery in cancer therapy.
Angew. Chem. Int. Ed. 2014, 53, 12320–12364. [CrossRef] [PubMed]

102. Swain, S.; Sahu, P.K.; Beg, S.; Babu, S.M. Nanoparticles for Cancer Targeting: Current and Future Directions. Curr. Drug Deliv.
2016, 13, 1290–1302. [CrossRef]

103. Whitehead, K.A.; Langer, R.; Anderson, D.G. Knocking down barriers: Advances in siRNA delivery. Nat. Rev. Drug Discov. 2009,
8, 129–138. [CrossRef]

104. Zhang, L.; Gu, F.X.; Chan, J.M.; Wang, A.Z.; Langer, R.S.; Farokhzad, O.C. Nanoparticles in medicine: Therapeutic applications
and developments. Clin. Pharmacol. Ther. 2008, 83, 761–769. [CrossRef]

105. Youan, B.B. Impact of nanoscience and nanotechnology on controlled drug delivery. Nanomedicine 2008, 3, 401–406. [CrossRef]
106. Farokhzad, O.C.; Langer, R. Impact of nanotechnology on drug delivery. ACS Nano 2009, 3, 16–20. [CrossRef]
107. Folkman, J. What is the evidence that tumors are angiogenesis dependent? J. Natl. Cancer Inst. 1990, 82, 4–6. [CrossRef]
108. Iyer, A.K.; Khaled, G.; Fang, J.; Maeda, H. Exploiting the enhanced permeability and retention effect for tumor targeting.

Drug Discov. Today 2006, 11, 812–818. [CrossRef]
109. Maeda, H.; Wu, J.; Sawa, T.; Matsumura, Y.; Hori, K. Tumor vascular permeability and the EPR effect in macromolecular

therapeutics: A review. J. Control. Release 2000, 65, 271–284. [CrossRef]

http://doi.org/10.1016/j.phrs.2019.104517
http://doi.org/10.12659/MSM.918384
http://doi.org/10.18632/aging.102887
http://doi.org/10.2147/IJN.S230376
http://doi.org/10.1016/j.nano.2019.102106
http://doi.org/10.1172/JCI39104
http://doi.org/10.1242/jcs.028282
http://doi.org/10.1007/s12032-016-0747-7
http://doi.org/10.1007/s10549-009-0621-9
http://doi.org/10.1371/journal.pone.0095912
http://doi.org/10.1172/JCI200421358
http://doi.org/10.18632/oncotarget.10802
http://doi.org/10.1158/0008-5472.CAN-11-3123
http://www.ncbi.nlm.nih.gov/pubmed/22253230
http://doi.org/10.1038/sj.bjc.6605486
http://www.ncbi.nlm.nih.gov/pubmed/20010940
http://doi.org/10.1517/14728222.2014.860447
http://www.ncbi.nlm.nih.gov/pubmed/24325753
http://doi.org/10.1186/s12943-018-0818-9
http://doi.org/10.3892/mmr.2018.9587
http://doi.org/10.1016/j.phrs.2017.07.023
http://doi.org/10.2147/IJN.S236927
http://doi.org/10.3389/fphar.2014.00159
http://doi.org/10.1002/anie.201403036
http://www.ncbi.nlm.nih.gov/pubmed/25294565
http://doi.org/10.2174/1567201813666160713121122
http://doi.org/10.1038/nrd2742
http://doi.org/10.1038/sj.clpt.6100400
http://doi.org/10.2217/17435889.3.4.401
http://doi.org/10.1021/nn900002m
http://doi.org/10.1093/jnci/82.1.4
http://doi.org/10.1016/j.drudis.2006.07.005
http://doi.org/10.1016/S0168-3659(99)00248-5


Int. J. Mol. Sci. 2021, 22, 4673 33 of 41

110. Maeda, H.; Sawa, T.; Konno, T. Mechanism of tumor-targeted delivery of macromolecular drugs, including the EPR effect in solid
tumor and clinical overview of the prototype polymeric drug SMANCS. J. Control. Release 2001, 74, 47–61. [CrossRef]

111. Greish, K.; Fang, J.; Inutsuka, T.; Nagamitsu, A.; Maeda, H. Macromolecular therapeutics: Advantages and prospects with special
emphasis on solid tumour targeting. Clin. Pharmacokinet. 2003, 42, 1089–1105. [CrossRef] [PubMed]

112. Matsumura, Y.; Maeda, H. A new concept for macromolecular therapeutics in cancer chemotherapy: Mechanism of tumoritropic
accumulation of proteins and the antitumor agent smancs. Cancer Res. 1986, 46, 6387–6392. [PubMed]

113. Delbaldo, C.; Michiels, S.; Syz, N.; Soria, J.C.; Le Chevalier, T.; Pignon, J.P. Benefits of adding a drug to a single-agent or a 2-agent
chemotherapy regimen in advanced non-small-cell lung cancer: A meta-analysis. JAMA 2004, 292, 470–484. [CrossRef] [PubMed]

114. Di Maio, M.; Chiodini, P.; Georgoulias, V.; Hatzidaki, D.; Takeda, K.; Wachters, F.M.; Gebbia, V.; Smit, E.F.; Morabito, A.;
Gallo, C.; et al. Meta-analysis of single-agent chemotherapy compared with combination chemotherapy as second-line treatment
of advanced non-small-cell lung cancer. J. Clin. Oncol. 2009, 27, 1836–1843. [CrossRef]

115. Chabner, B.A.; Roberts, T.G., Jr. Timeline: Chemotherapy and the war on cancer. Nat. Rev. Cancer 2005, 5, 65–72. [CrossRef]
116. Woodcock, J.; Griffin, J.P.; Behrman, R.E. Development of novel combination therapies. N. Engl. J. Med. 2011, 364, 985–987.

[CrossRef]
117. Zhang, R.; Wang, S.B.; Chen, A.Z.; Chen, W.G.; Liu, Y.G.; Wu, W.G.; Kang, Y.Q.; Ye, S.F. Codelivery of paclitaxel and small

interfering RNA by octadecyl quaternized carboxymethyl chitosan-modified cationic liposome for combined cancer therapy.
J. Biomater. Appl. 2015, 30, 351–360. [CrossRef]

118. Misra, R.; Das, M.; Sahoo, B.S.; Sahoo, S.K. Reversal of multidrug resistance in vitro by co-delivery of MDR1 targeting siRNA and
doxorubicin using a novel cationic poly(lactide-co-glycolide) nanoformulation. Int. J. Pharm. 2014, 475, 372–384. [CrossRef]

119. Wei, T.; Chen, C.; Liu, J.; Liu, C.; Posocco, P.; Liu, X.; Cheng, Q.; Huo, S.; Liang, Z.; Fermeglia, M.; et al. Anticancer drug
nanomicelles formed by self-assembling amphiphilic dendrimer to combat cancer drug resistance. Proc. Natl. Acad. Sci. USA
2015, 112, 2978–2983. [CrossRef]

120. Sun, M.; Yang, C.; Zheng, J.; Wang, M.; Chen, M.; Le, D.Q.S.; Kjems, J.; Bunger, C.E. Enhanced efficacy of chemotherapy for breast
cancer stem cells by simultaneous suppression of multidrug resistance and antiapoptotic cellular defense. Acta Biomater. 2015,
28, 171–182. [CrossRef]

121. Yu, P.; Yu, H.; Guo, C.; Cui, Z.; Chen, X.; Yin, Q.; Zhang, P.; Yang, X.; Cui, H.; Li, Y. Reversal of doxorubicin resistance in breast
cancer by mitochondria-targeted pH-responsive micelles. Acta Biomater. 2015, 14, 115–124. [CrossRef]

122. Wang, H.; Li, F.; Du, C.; Wang, H.; Mahato, R.I.; Huang, Y. Doxorubicin and lapatinib combination nanomedicine for treating
resistant breast cancer. Mol. Pharm. 2014, 11, 2600–2611. [CrossRef]

123. Wang, H.; Zhao, Y.; Wang, H.; Gong, J.; He, H.; Shin, M.C.; Yang, V.C.; Huang, Y. Low-molecular-weight protamine-modified
PLGA nanoparticles for overcoming drug-resistant breast cancer. J. Control. Release 2014, 192, 47–56. [CrossRef]

124. Zheng, C.; Zheng, M.; Gong, P.; Deng, J.; Yi, H.; Zhang, P.; Zhang, Y.; Liu, P.; Ma, Y.; Cai, L. Polypeptide cationic micelles mediated
co-delivery of docetaxel and siRNA for synergistic tumor therapy. Biomaterials 2013, 34, 3431–3438. [CrossRef]

125. Bu, H.; He, X.; Zhang, Z.; Yin, Q.; Yu, H.; Li, Y. A TPGS-incorporating nanoemulsion of paclitaxel circumvents drug resistance in
breast cancer. Int. J. Pharm. 2014, 471, 206–213. [CrossRef]

126. Iyer, A.K.; He, J.; Amiji, M.M. Image-guided nanosystems for targeted delivery in cancer therapy. Curr. Med. Chem. 2012,
19, 3230–3240. [CrossRef]

127. Torchilin, V.P. Passive and active drug targeting: Drug delivery to tumors as an example. Handb. Exp. Pharmacol. 2010, 3–53.
[CrossRef]

128. Sethuraman, V.A.; Bae, Y.H. TAT peptide-based micelle system for potential active targeting of anti-cancer agents to acidic solid
tumors. J. Control. Release 2007, 118, 216–224. [CrossRef]

129. Li, J.; Wang, F.; Sun, D.; Wang, R. A review of the ligands and related targeting strategies for active targeting of paclitaxel to
tumours. J. Drug Target. 2016, 24, 590–602. [CrossRef]

130. Pourtau, L.; Oliveira, H.; Thevenot, J.; Wan, Y.; Brisson, A.R.; Sandre, O.; Miraux, S.; Thiaudiere, E.; Lecommandoux, S.
Antibody-functionalized magnetic polymersomes: In vivo targeting and imaging of bone metastases using high resolution MRI.
Adv. Healthc. Mater. 2013, 2, 1420–1424. [CrossRef]

131. Huo, D.; He, J.; Li, H.; Huang, A.J.; Zhao, H.Y.; Ding, Y.; Zhou, Z.Y.; Hu, Y. X-ray CT guided fault-free photothermal ablation
of metastatic lymph nodes with ultrafine HER-2 targeting W18O49 nanoparticles. Biomaterials 2014, 35, 9155–9166. [CrossRef]
[PubMed]

132. Kievit, F.M.; Stephen, Z.R.; Veiseh, O.; Arami, H.; Wang, T.; Lai, V.P.; Park, J.O.; Ellenbogen, R.G.; Disis, M.L.; Zhang, M.
Targeting of primary breast cancers and metastases in a transgenic mouse model using rationally designed multifunctional
SPIONs. ACS Nano 2012, 6, 2591–2601. [CrossRef] [PubMed]

133. Karczag, E.; Minarovits, J.; Foldes, I. Comparison of the effects of peritoneal and spleen cells of syngeneic or allogeneic origin on
the take of transplantable murine tumours. Acta Microbiol. Hung. 1989, 36, 25–31. [PubMed]

134. Peiris, P.M.; Toy, R.; Doolittle, E.; Pansky, J.; Abramowski, A.; Tam, M.; Vicente, P.; Tran, E.; Hayden, E.; Camann, A.; et al.
Imaging metastasis using an integrin-targeting chain-shaped nanoparticle. ACS Nano 2012, 6, 8783–8795. [CrossRef]

135. Chakravarty, R.; Chakraborty, S.; Dash, A. Molecular Imaging of Breast Cancer: Role of RGD Peptides. Mini Rev. Med. Chem.
2015, 15, 1073–1094. [CrossRef]

http://doi.org/10.1016/S0168-3659(01)00309-1
http://doi.org/10.2165/00003088-200342130-00002
http://www.ncbi.nlm.nih.gov/pubmed/14531722
http://www.ncbi.nlm.nih.gov/pubmed/2946403
http://doi.org/10.1001/jama.292.4.470
http://www.ncbi.nlm.nih.gov/pubmed/15280345
http://doi.org/10.1200/JCO.2008.17.5844
http://doi.org/10.1038/nrc1529
http://doi.org/10.1056/NEJMp1101548
http://doi.org/10.1177/0885328215579297
http://doi.org/10.1016/j.ijpharm.2014.08.056
http://doi.org/10.1073/pnas.1418494112
http://doi.org/10.1016/j.actbio.2015.09.029
http://doi.org/10.1016/j.actbio.2014.12.001
http://doi.org/10.1021/mp400687w
http://doi.org/10.1016/j.jconrel.2014.06.051
http://doi.org/10.1016/j.biomaterials.2013.01.053
http://doi.org/10.1016/j.ijpharm.2014.05.039
http://doi.org/10.2174/092986712800784685
http://doi.org/10.1007/978-3-642-00477-3_1
http://doi.org/10.1016/j.jconrel.2006.12.008
http://doi.org/10.3109/1061186X.2016.1154561
http://doi.org/10.1002/adhm.201300061
http://doi.org/10.1016/j.biomaterials.2014.07.034
http://www.ncbi.nlm.nih.gov/pubmed/25112934
http://doi.org/10.1021/nn205070h
http://www.ncbi.nlm.nih.gov/pubmed/22324543
http://www.ncbi.nlm.nih.gov/pubmed/2603643
http://doi.org/10.1021/nn303833p
http://doi.org/10.2174/1389557515666150909144606


Int. J. Mol. Sci. 2021, 22, 4673 34 of 41

136. Wang, Z.; Yu, Y.; Dai, W.; Cui, J.; Wu, H.; Yuan, L.; Zhang, H.; Wang, X.; Wang, J.; Zhang, X.; et al. A specific peptide
ligand-modified lipid nanoparticle carrier for the inhibition of tumor metastasis growth. Biomaterials 2013, 34, 756–764. [CrossRef]

137. Doolittle, E.; Peiris, P.M.; Doron, G.; Goldberg, A.; Tucci, S.; Rao, S.; Shah, S.; Sylvestre, M.; Govender, P.; Turan, O.; et al.
Spatiotemporal Targeting of a Dual-Ligand Nanoparticle to Cancer Metastasis. ACS Nano 2015, 9, 8012–8021. [CrossRef]

138. Liu, T.; Jia, T.; Yuan, X.; Liu, C.; Sun, J.; Ni, Z.; Xu, J.; Wang, X.; Yuan, Y. Development of octreotide-conjugated polymeric prodrug
of bufalin for targeted delivery to somatostatin receptor 2 overexpressing breast cancer in vitro and in vivo. Int. J. Nanomed. 2016,
11, 2235–2250. [CrossRef]

139. Ju, R.J.; Cheng, L.; Peng, X.M.; Wang, T.; Li, C.Q.; Song, X.L.; Liu, S.; Chao, J.P.; Li, X.T. Octreotide-modified liposomes containing
daunorubicin and dihydroartemisinin for treatment of invasive breast cancer. Artif. Cells Nanomed. Biotechnol. 2018, 46, 616–628.
[CrossRef]

140. Qin, C.; He, B.; Dai, W.; Zhang, H.; Wang, X.; Wang, J.; Zhang, X.; Wang, G.; Yin, L.; Zhang, Q. Inhibition of metastatic tumor
growth and metastasis via targeting metastatic breast cancer by chlorotoxin-modified liposomes. Mol. Pharm. 2014, 11, 3233–3241.
[CrossRef]

141. Zhang, J.; Zhang, P.; Zou, Q.; Li, X.; Fu, J.; Luo, Y.; Liang, X.; Jin, Y. Co-Delivery of Gemcitabine and Paclitaxel in cRGD-Modified
Long Circulating Nanoparticles with Asymmetric Lipid Layers for Breast Cancer Treatment. Molecules 2018, 23, 2906. [CrossRef]

142. Sun, Y.; Kang, C.; Liu, F.; Zhou, Y.; Luo, L.; Qiao, H. RGD Peptide-Based Target Drug Delivery of Doxorubicin Nanomedicine.
Drug Dev. Res. 2017, 78, 283–291. [CrossRef]

143. Mattheolabakis, G.; Milane, L.; Singh, A.; Amiji, M.M. Hyaluronic acid targeting of CD44 for cancer therapy: From receptor
biology to nanomedicine. J. Drug Target 2015, 23, 605–618. [CrossRef]

144. Zhang, J.; Song, J.; Liang, X.; Yin, Y.; Zuo, T.; Chen, D.; Shen, Q. Hyaluronic acid-modified cationic nanoparticles overcome
enzyme CYP1B1-mediated breast cancer multidrug resistance. Nanomedicine 2019, 14, 447–464. [CrossRef]

145. Wang, S.; Shao, M.; Zhong, Z.; Wang, A.; Cao, J.; Lu, Y.; Wang, Y.; Zhang, J. Co-delivery of gambogic acid and TRAIL plasmid by
hyaluronic acid grafted PEI-PLGA nanoparticles for the treatment of triple negative breast cancer. Drug Deliv. 2017, 24, 1791–1800.
[CrossRef]

146. Thamake, S.I.; Raut, S.L.; Gryczynski, Z.; Ranjan, A.P.; Vishwanatha, J.K. Alendronate coated poly-lactic-co-glycolic acid (PLGA)
nanoparticles for active targeting of metastatic breast cancer. Biomaterials 2012, 33, 7164–7173. [CrossRef]

147. Zevon, M.; Ganapathy, V.; Kantamneni, H.; Mingozzi, M.; Kim, P.; Adler, D.; Sheng, Y.; Tan, M.C.; Pierce, M.; Riman, R.E.; et al.
CXCR-4 Targeted, Short Wave Infrared (SWIR) Emitting Nanoprobes for Enhanced Deep Tissue Imaging and Micrometastatic
Cancer Lesion Detection. Small 2015, 11, 6347–6357. [CrossRef]

148. Shahverdi, A.R.; Shahverdi, F.; Faghfuri, E.; Reza Khoshayand, M.; Mavandadnejad, F.; Yazdi, M.H.; Amini, M. Characterization
of Folic Acid Surface-Coated Selenium Nanoparticles and Corresponding In Vitro and In Vivo Effects Against Breast Cancer.
Arch. Med. Res. 2018, 49, 10–17. [CrossRef]

149. Zafar, S.; Negi, L.M.; Verma, A.K.; Kumar, V.; Tyagi, A.; Singh, P.; Iqbal, Z.; Talegaonkar, S. Sterically stabilized polymeric
nanoparticles with a combinatorial approach for multi drug resistant cancer: In vitro and in vivo investigations. Int. J. Pharm.
2014, 477, 454–468. [CrossRef] [PubMed]

150. Qian, J.; Xu, M.; Suo, A.; Xu, W.; Liu, T.; Liu, X.; Yao, Y.; Wang, H. Folate-decorated hydrophilic three-arm star-block terpolymer
as a novel nanovehicle for targeted co-delivery of doxorubicin and Bcl-2 siRNA in breast cancer therapy. Acta Biomater. 2015,
15, 102–116. [CrossRef]

151. Zhong, Y.; Zhang, J.; Cheng, R.; Deng, C.; Meng, F.; Xie, F.; Zhong, Z. Reversibly crosslinked hyaluronic acid nanoparticles for
active targeting and intelligent delivery of doxorubicin to drug resistant CD44+ human breast tumor xenografts. J. Control. Release
2015, 205, 144–154. [CrossRef] [PubMed]

152. Yu, D.H.; Liu, Y.R.; Luan, X.; Liu, H.J.; Gao, Y.G.; Wu, H.; Fang, C.; Chen, H.Z. IF7-Conjugated Nanoparticles Target Annexin 1 of
Tumor Vasculature against P-gp Mediated Multidrug Resistance. Bioconjugate Chem. 2015, 26, 1702–1712. [CrossRef] [PubMed]

153. Li, X.; Yang, X.; Lin, Z.; Wang, D.; Mei, D.; He, B.; Wang, X.; Wang, X.; Zhang, Q.; Gao, W. A folate modified pH sensitive targeted
polymeric micelle alleviated systemic toxicity of doxorubicin (DOX) in multi-drug resistant tumor bearing mice. Eur. J. Pharm. Sci.
2015, 76, 95–101. [CrossRef] [PubMed]

154. Xu, M.; Qian, J.; Suo, A.; Cui, N.; Yao, Y.; Xu, W.; Liu, T.; Wang, H. Co-delivery of doxorubicin and P-glycoprotein siRNA by
multifunctional triblock copolymers for enhanced anticancer efficacy in breast cancer cells. J. Mater. Chem. B 2015, 3, 2215–2228.
[CrossRef]

155. Liang, D.; Wang, A.T.; Yang, Z.Z.; Liu, Y.J.; Qi, X.R. Enhance Cancer Cell Recognition and Overcome Drug Resistance Using
Hyaluronic Acid and alpha-Tocopheryl Succinate Based Multifunctional Nanoparticles. Mol. Pharm. 2015, 12, 2189–2202.
[CrossRef]

156. Xu, Y.; Wang, C.; Ding, Y.; Wang, Y.; Liu, K.; Tian, Y.; Gao, M.; Li, Z.; Zhang, J.; Li, L. Nanoparticles with Optimal Ratiometric
Co-Delivery of Docetaxel with Gambogic Acid for Treatment of Multidrug-Resistant Breast Cancer. J. Biomed. Nanotechnol. 2016,
12, 1774–1781. [CrossRef]

157. Nguyen, D.H.; Lee, J.S.; Bae, J.W.; Choi, J.H.; Lee, Y.; Son, J.Y.; Park, K.D. Targeted doxorubicin nanotherapy strongly suppressing
growth of multidrug resistant tumor in mice. Int. J. Pharm. 2015, 495, 329–335. [CrossRef]

158. Wu, Y.; Zhang, Y.; Zhang, W.; Sun, C.; Wu, J.; Tang, J. Reversing of multidrug resistance breast cancer by co-delivery of P-gp
siRNA and doxorubicin via folic acid-modified core-shell nanomicelles. Colloids Surf. B Biointerfaces 2016, 138, 60–69. [CrossRef]

http://doi.org/10.1016/j.biomaterials.2012.10.018
http://doi.org/10.1021/acsnano.5b01552
http://doi.org/10.2147/IJN.S100404
http://doi.org/10.1080/21691401.2018.1433187
http://doi.org/10.1021/mp400691z
http://doi.org/10.3390/molecules23112906
http://doi.org/10.1002/ddr.21399
http://doi.org/10.3109/1061186X.2015.1052072
http://doi.org/10.2217/nnm-2018-0244
http://doi.org/10.1080/10717544.2017.1406558
http://doi.org/10.1016/j.biomaterials.2012.06.026
http://doi.org/10.1002/smll.201502202
http://doi.org/10.1016/j.arcmed.2018.04.007
http://doi.org/10.1016/j.ijpharm.2014.10.061
http://www.ncbi.nlm.nih.gov/pubmed/25445525
http://doi.org/10.1016/j.actbio.2014.12.018
http://doi.org/10.1016/j.jconrel.2015.01.012
http://www.ncbi.nlm.nih.gov/pubmed/25596560
http://doi.org/10.1021/acs.bioconjchem.5b00283
http://www.ncbi.nlm.nih.gov/pubmed/26076081
http://doi.org/10.1016/j.ejps.2015.04.018
http://www.ncbi.nlm.nih.gov/pubmed/25917524
http://doi.org/10.1039/C5TB00031A
http://doi.org/10.1021/acs.molpharmaceut.5b00129
http://doi.org/10.1166/jbn.2016.2282
http://doi.org/10.1016/j.ijpharm.2015.08.083
http://doi.org/10.1016/j.colsurfb.2015.11.041


Int. J. Mol. Sci. 2021, 22, 4673 35 of 41

159. Guo, S.; Lv, L.; Shen, Y.; Hu, Z.; He, Q.; Chen, X. A nanoparticulate pre-chemosensitizer for efficacious chemotherapy of multidrug
resistant breast cancer. Sci. Rep. 2016, 6, 21459. [CrossRef]

160. Mu, Q.; Wang, H.; Zhang, M. Nanoparticles for imaging and treatment of metastatic breast cancer. Expert Opin. Drug Deliv. 2017,
14, 123–136. [CrossRef]

161. Ni, Q.; Zhang, F.; Zhang, Y.; Zhu, G.; Wang, Z.; Teng, Z.; Wang, C.; Yung, B.C.; Niu, G.; Lu, G.; et al. In Situ shRNA Synthesis on
DNA-Polylactide Nanoparticles to Treat Multidrug Resistant Breast Cancer. Adv. Mater. 2018, 30. [CrossRef]

162. Fisusi, F.A.; Akala, E.O. Drug Combinations in Breast Cancer Therapy. Pharm. Nanotechnol. 2019, 7, 3–23. [CrossRef]
163. Shafei, A.; El-Bakly, W.; Sobhy, A.; Wagdy, O.; Reda, A.; Aboelenin, O.; Marzouk, A.; El Habak, K.; Mostafa, R.; Ali, M.A.; et al.

A review on the efficacy and toxicity of different doxorubicin nanoparticles for targeted therapy in metastatic breast cancer.
Biomed. Pharmacother. 2017, 95, 1209–1218. [CrossRef]

164. Chow, E.K.; Zhang, X.Q.; Chen, M.; Lam, R.; Robinson, E.; Huang, H.; Schaffer, D.; Osawa, E.; Goga, A.; Ho, D. Nanodiamond
therapeutic delivery agents mediate enhanced chemoresistant tumor treatment. Sci. Transl. Med. 2011, 3, 73ra21. [CrossRef]

165. Xiao, J.; Duan, X.; Yin, Q.; Zhang, Z.; Yu, H.; Li, Y. Nanodiamonds-mediated doxorubicin nuclear delivery to inhibit lung
metastasis of breast cancer. Biomaterials 2013, 34, 9648–9656. [CrossRef]

166. Kaminskas, L.M.; McLeod, V.M.; Ryan, G.M.; Kelly, B.D.; Haynes, J.M.; Williamson, M.; Thienthong, N.; Owen, D.J.; Porter, C.J.
Pulmonary administration of a doxorubicin-conjugated dendrimer enhances drug exposure to lung metastases and improves
cancer therapy. J. Control. Release 2014, 183, 18–26. [CrossRef]

167. Gao, Z.G.; Tian, L.; Hu, J.; Park, I.S.; Bae, Y.H. Prevention of metastasis in a 4T1 murine breast cancer model by doxorubicin
carried by folate conjugated pH sensitive polymeric micelles. J. Control. Release 2011, 152, 84–89. [CrossRef]

168. Sun, Y.; Zou, W.; Bian, S.; Huang, Y.; Tan, Y.; Liang, J.; Fan, Y.; Zhang, X. Bioreducible PAA-g-PEG graft micelles with high
doxorubicin loading for targeted antitumor effect against mouse breast carcinoma. Biomaterials 2013, 34, 6818–6828. [CrossRef]

169. Wong, H.L.; Bendayan, R.; Rauth, A.M.; Xue, H.Y.; Babakhanian, K.; Wu, X.Y. A mechanistic study of enhanced doxorubicin uptake
and retention in multidrug resistant breast cancer cells using a polymer-lipid hybrid nanoparticle system. J. Pharmacol. Exp. Ther.
2006, 317, 1372–1381. [CrossRef]

170. Sun, H.; Cao, D.; Wu, H.; Liu, H.; Ke, X.; Ci, T. Development of low molecular weight heparin based nanoparticles for metastatic
breast cancer therapy. Int. J. Biol. Macromol. 2018, 112, 343–355. [CrossRef]

171. Shuhendler, A.J.; Cheung, R.Y.; Manias, J.; Connor, A.; Rauth, A.M.; Wu, X.Y. A novel doxorubicin-mitomycin C co-encapsulated
nanoparticle formulation exhibits anti-cancer synergy in multidrug resistant human breast cancer cells. Breast Cancer Res. Treat
2010, 119, 255–269. [CrossRef]

172. Wong, H.L.; Bendayan, R.; Rauth, A.M.; Wu, X.Y. Simultaneous delivery of doxorubicin and GG918 (Elacridar) by new polymer-
lipid hybrid nanoparticles (PLN) for enhanced treatment of multidrug-resistant breast cancer. J. Control. Release 2006, 116, 275–284.
[CrossRef]

173. Tang, B.; Qian, Y.; Gou, Y.; Cheng, G.; Fang, G. VE-Albumin Core-Shell Nanoparticles for Paclitaxel Delivery to Treat MDR Breast
Cancer. Molecules 2018, 23, 2760. [CrossRef]

174. Pinder, M.C.; Ibrahim, N.K. Nanoparticle albumin-bound paclitaxel for treatment of metastatic breast cancer. Drugs Today (Barc)
2006, 42, 599–604. [CrossRef]

175. Kundranda, M.N.; Niu, J. Albumin-bound paclitaxel in solid tumors: Clinical development and future directions.
Drug Des. Dev. Ther. 2015, 9, 3767–3777. [CrossRef]

176. Gonzalez-Martin, A.; Alba, E.; Ciruelos, E.; Cortes, J.; Llombart, A.; Lluch, A.; Andres, R.; Alvarez, I.; Aramendia, J.M.;
de la Pena, F.A.; et al. Nab-Paclitaxel in Metastatic Breast Cancer: Defining the Best Patient Profile. Curr. Cancer Drug Targets 2016,
16, 415–428. [CrossRef] [PubMed]

177. Zhang, H.; Hu, H.; Zhang, H.; Dai, W.; Wang, X.; Wang, X.; Zhang, Q. Effects of PEGylated paclitaxel nanocrystals on breast
cancer and its lung metastasis. Nanoscale 2015, 7, 10790–10800. [CrossRef] [PubMed]

178. Erdogar, N.; Esendagli, G.; Nielsen, T.T.; Esendagli-Yilmaz, G.; Yoyen-Ermis, D.; Erdogdu, B.; Sargon, M.F.; Eroglu, H.; Bilensoy, E.
Therapeutic efficacy of folate receptor-targeted amphiphilic cyclodextrin nanoparticles as a novel vehicle for paclitaxel delivery
in breast cancer. J. Drug Target. 2018, 26, 66–74. [CrossRef] [PubMed]

179. Xu, W.; Bae, E.J.; Lee, M.K. Enhanced anticancer activity and intracellular uptake of paclitaxel-containing solid lipid nanoparticles
in multidrug-resistant breast cancer cells. Int. J. Nanomed. 2018, 13, 7549–7563. [CrossRef]

180. Van Vlerken, L.E.; Duan, Z.; Little, S.R.; Seiden, M.V.; Amiji, M.M. Biodistribution and pharmacokinetic analysis of Paclitaxel and
ceramide administered in multifunctional polymer-blend nanoparticles in drug resistant breast cancer model. Mol. Pharm. 2008,
5, 516–526. [CrossRef]

181. Milane, L.; Duan, Z.F.; Amiji, M. Pharmacokinetics and biodistribution of lonidamine/paclitaxel loaded, EGFR-targeted nanopar-
ticles in an orthotopic animal model of multi-drug resistant breast cancer. Nanomedicine 2011, 7, 435–444. [CrossRef]

182. Zhang, Q.; Ran, R.; Zhang, L.; Liu, Y.; Mei, L.; Zhang, Z.; Gao, H.; He, Q. Simultaneous delivery of therapeutic antagomirs with
paclitaxel for the management of metastatic tumors by a pH-responsive anti-microbial peptide-mediated liposomal delivery
system. J. Control. Release 2015, 197, 208–218. [CrossRef]

183. Baek, J.S.; Cho, C.W. A multifunctional lipid nanoparticle for co-delivery of paclitaxel and curcumin for targeted delivery and
enhanced cytotoxicity in multidrug resistant breast cancer cells. Oncotarget 2017, 8, 30369–30382. [CrossRef]

http://doi.org/10.1038/srep21459
http://doi.org/10.1080/17425247.2016.1208650
http://doi.org/10.1002/adma.201705737
http://doi.org/10.2174/2211738507666190122111224
http://doi.org/10.1016/j.biopha.2017.09.059
http://doi.org/10.1126/scitranslmed.3001713
http://doi.org/10.1016/j.biomaterials.2013.08.056
http://doi.org/10.1016/j.jconrel.2014.03.012
http://doi.org/10.1016/j.jconrel.2011.01.021
http://doi.org/10.1016/j.biomaterials.2013.05.032
http://doi.org/10.1124/jpet.106.101154
http://doi.org/10.1016/j.ijbiomac.2018.01.195
http://doi.org/10.1007/s10549-008-0271-3
http://doi.org/10.1016/j.jconrel.2006.09.007
http://doi.org/10.3390/molecules23112760
http://doi.org/10.1358/dot.2006.42.9.1009902
http://doi.org/10.2147/DDDT.S88023
http://doi.org/10.2174/1568009615666150817121731
http://www.ncbi.nlm.nih.gov/pubmed/26278712
http://doi.org/10.1039/C4NR07450E
http://www.ncbi.nlm.nih.gov/pubmed/26038337
http://doi.org/10.1080/1061186X.2017.1339194
http://www.ncbi.nlm.nih.gov/pubmed/28581827
http://doi.org/10.2147/IJN.S182621
http://doi.org/10.1021/mp800030k
http://doi.org/10.1016/j.nano.2010.12.009
http://doi.org/10.1016/j.jconrel.2014.11.010
http://doi.org/10.18632/oncotarget.16153


Int. J. Mol. Sci. 2021, 22, 4673 36 of 41

184. Da Rocha, M.C.O.; da Silva, P.B.; Radicchi, M.A.; Andrade, B.Y.G.; de Oliveira, J.V.; Venus, T.; Merker, C.; Estrela-Lopis, I.;
Longo, J.P.F.; Bao, S.N. Docetaxel-loaded solid lipid nanoparticles prevent tumor growth and lung metastasis of 4T1 murine
mammary carcinoma cells. J. Nanobiotechnol. 2020, 18, 43. [CrossRef]

185. Li, Y.; Jin, M.; Shao, S.; Huang, W.; Yang, F.; Chen, W.; Zhang, S.; Xia, G.; Gao, Z. Small-sized polymeric micelles incorporating
docetaxel suppress distant metastases in the clinically-relevant 4T1 mouse breast cancer model. BMC Cancer 2014, 14, 329.
[CrossRef]

186. Harada, M.; Iwata, C.; Saito, H.; Ishii, K.; Hayashi, T.; Yashiro, M.; Hirakawa, K.; Miyazono, K.; Kato, Y.; Kano, M.R. NC-6301,
a polymeric micelle rationally optimized for effective release of docetaxel, is potent but is less toxic than native docetaxel in vivo.
Int. J. Nanomed. 2012, 7, 2713–2727. [CrossRef]

187. Xu, P.; Meng, Q.; Sun, H.; Yin, Q.; Yu, H.; Zhang, Z.; Cao, M.; Zhang, Y.; Li, Y. Shrapnel nanoparticles loading docetaxel inhibit
metastasis and growth of breast cancer. Biomaterials 2015, 64, 10–20. [CrossRef]

188. Vakili-Ghartavol, R.; Rezayat, S.M.; Faridi-Majidi, R.; Sadri, K.; Jaafari, M.R. Optimization of Docetaxel Loading Conditions in
Liposomes: Proposing potential products for metastatic breast carcinoma chemotherapy. Sci. Rep. 2020, 10, 5569. [CrossRef]

189. Esmaeili, F.; Dinarvand, R.; Ghahremani, M.H.; Amini, M.; Rouhani, H.; Sepehri, N.; Ostad, S.N.; Atyabi, F. Docetaxel-albumin
conjugates: Preparation, in vitro evaluation and biodistribution studies. J. Pharm. Sci. 2009, 98, 2718–2730. [CrossRef]

190. Ghassami, E.; Varshosaz, J.; Mirian, M.; Jahanian-Najafabadi, A. HER-2 aptamer-targeted Ecoflex((R)) nanoparticles loaded with
docetaxel promote breast cancer cells apoptosis and anti-metastatic effect. IET Nanobiotechnol. 2019, 13, 428–434. [CrossRef]

191. Kordezangeneh, M.; Irani, S.; Mirfakhraie, R.; Esfandyari-Manesh, M.; Atyabi, F.; Dinarvand, R. Regulation of BAX/BCL2 gene
expression in breast cancer cells by docetaxel-loaded human serum albumin nanoparticles. Med. Oncol. 2015, 32, 208. [CrossRef]
[PubMed]

192. Li, J.; Zhang, J.; Wang, Y.; Liang, X.; Wusiman, Z.; Yin, Y.; Shen, Q. Synergistic inhibition of migration and invasion of breast cancer
cells by dual docetaxel/quercetin-loaded nanoparticles via Akt/MMP-9 pathway. Int. J. Pharm. 2017, 523, 300–309. [CrossRef]
[PubMed]

193. Jafari, R.; Majidi Zolbanin, N.; Majidi, J.; Atyabi, F.; Yousefi, M.; Jadidi-Niaragh, F.; Aghebati-Maleki, L.; Shanehbandi, D.;
Soltani Zangbar, M.S.; Rafatpanah, H. Anti-Mucin1 Aptamer-Conjugated Chitosan Nanoparticles for Targeted Co-Delivery of
Docetaxel and IGF-1R siRNA to SKBR3 Metastatic Breast Cancer Cells. Iran. Biomed. J. 2019, 23, 21–33. [CrossRef] [PubMed]

194. Thapa, R.K.; Choi, J.Y.; Gupta, B.; Ramasamy, T.; Poudel, B.K.; Ku, S.K.; Youn, Y.S.; Choi, H.G.; Yong, C.S.; Kim, J.O. Liquid
crystalline nanoparticles encapsulating cisplatin and docetaxel combination for targeted therapy of breast cancer. Biomater. Sci.
2016, 4, 1340–1350. [CrossRef] [PubMed]

195. Zhang, L.; Yang, X.; Lv, Y.; Xin, X.; Qin, C.; Han, X.; Yang, L.; He, W.; Yin, L. Cytosolic co-delivery of miRNA-34a and docetaxel
with core-shell nanocarriers via caveolae-mediated pathway for the treatment of metastatic breast cancer. Sci. Rep. 2017, 7, 46186.
[CrossRef]

196. Majidi Zolbanin, N.; Jafari, R.; Majidi, J.; Atyabi, F.; Yousefi, M.; Jadidi-Niaragh, F.; Aghebati-Maleki, L.; Shanehbandi, D.; Soltani
Zangbar, M.S.; Nayebi, A.M. Targeted Co-Delivery of Docetaxel and cMET siRNA for Treatment of Mucin1 Overexpressing Breast
Cancer Cells. Adv. Pharm. Bull. 2018, 8, 383–393. [CrossRef]

197. Zafar, S.; Akhter, S.; Garg, N.; Selvapandiyan, A.; Kumar Jain, G.; Ahmad, F.J. Co-encapsulation of docetaxel and thymoquinone
in mPEG-DSPE-vitamin E TPGS-lipid nanocapsules for breast cancer therapy: Formulation optimization and implications on
cellular and in vivo toxicity. Eur. J. Pharm. Biopharm. 2020, 148, 10–26. [CrossRef]

198. Bai, M.; Shen, M.; Teng, Y.; Sun, Y.; Li, F.; Zhang, X.; Xu, Y.; Duan, Y.; Du, L. Enhanced therapeutic effect of Adriamycin on
multidrug resistant breast cancer by the ABCG2-siRNA loaded polymeric nanoparticles assisted with ultrasound. Oncotarget
2015, 6, 43779–43790. [CrossRef]

199. Chen, J.; He, H.; Deng, C.; Yin, L.; Zhong, Z. Saporin-loaded CD44 and EGFR dual-targeted nanogels for potent inhibition of
metastatic breast cancer in vivo. Int. J. Pharm. 2019, 560, 57–64. [CrossRef]

200. Das, S.; Mukherjee, P.; Chatterjee, R.; Jamal, Z.; Chatterji, U. Enhancing Chemosensitivity of Breast Cancer Stem Cells by
Downregulating SOX2 and ABCG2 Using Wedelolactone-encapsulated Nanoparticles. Mol. Cancer Ther. 2019, 18, 680–692.
[CrossRef]

201. Yallapu, M.M.; Gupta, B.K.; Jaggi, M.; Chauhan, S.C. Fabrication of curcumin encapsulated PLGA nanoparticles for improved
therapeutic effects in metastatic cancer cells. J. Colloid Interface Sci. 2010, 351, 19–29. [CrossRef]

202. Zhang, X.; Li, F.; Guo, S.; Chen, X.; Wang, X.; Li, J.; Gan, Y. Biofunctionalized polymer-lipid supported mesoporous silica
nanoparticles for release of chemotherapeutics in multidrug resistant cancer cells. Biomaterials 2014, 35, 3650–3665. [CrossRef]

203. Chen, G.; Wang, Y.; Wu, P.; Zhou, Y.; Yu, F.; Zhu, C.; Li, Z.; Hang, Y.; Wang, K.; Li, J.; et al. Reversibly Stabilized Polycation
Nanoparticles for Combination Treatment of Early- and Late-Stage Metastatic Breast Cancer. ACS Nano 2018, 12, 6620–6636.
[CrossRef]

204. Cao, H.; Zhang, Z.; Zhao, S.; He, X.; Yu, H.; Yin, Q.; Zhang, Z.; Gu, W.; Chen, L.; Li, Y. Hydrophobic interaction mediating
self-assembled nanoparticles of succinobucol suppress lung metastasis of breast cancer by inhibition of VCAM-1 expression.
J. Control. Release 2015, 205, 162–171. [CrossRef]

205. Li, M.; Tang, Z.; Zhang, Y.; Lv, S.; Li, Q.; Chen, X. Targeted delivery of cisplatin by LHRH-peptide conjugated dextran nanoparticles
suppresses breast cancer growth and metastasis. Acta Biomater. 2015, 18, 132–143. [CrossRef]

http://doi.org/10.1186/s12951-020-00604-7
http://doi.org/10.1186/1471-2407-14-329
http://doi.org/10.2147/IJN.S31247
http://doi.org/10.1016/j.biomaterials.2015.06.017
http://doi.org/10.1038/s41598-020-62501-1
http://doi.org/10.1002/jps.21599
http://doi.org/10.1049/iet-nbt.2018.5047
http://doi.org/10.1007/s12032-015-0652-5
http://www.ncbi.nlm.nih.gov/pubmed/26099171
http://doi.org/10.1016/j.ijpharm.2017.03.040
http://www.ncbi.nlm.nih.gov/pubmed/28336457
http://doi.org/10.29252/ibj.23.1.21
http://www.ncbi.nlm.nih.gov/pubmed/30041514
http://doi.org/10.1039/C6BM00376A
http://www.ncbi.nlm.nih.gov/pubmed/27412822
http://doi.org/10.1038/srep46186
http://doi.org/10.15171/apb.2018.045
http://doi.org/10.1016/j.ejpb.2019.12.016
http://doi.org/10.18632/oncotarget.6085
http://doi.org/10.1016/j.ijpharm.2019.01.040
http://doi.org/10.1158/1535-7163.MCT-18-0409
http://doi.org/10.1016/j.jcis.2010.05.022
http://doi.org/10.1016/j.biomaterials.2014.01.013
http://doi.org/10.1021/acsnano.8b01482
http://doi.org/10.1016/j.jconrel.2015.01.015
http://doi.org/10.1016/j.actbio.2015.02.022


Int. J. Mol. Sci. 2021, 22, 4673 37 of 41

206. Zhang, Z.; Cao, H.; Jiang, S.; Liu, Z.; He, X.; Yu, H.; Li, Y. Nanoassembly of probucol enables novel therapeutic efficacy in the
suppression of lung metastasis of breast cancer. Small 2014, 10, 4735–4745. [CrossRef]

207. Wang, Z.; Yu, Y.; Ma, J.; Zhang, H.; Zhang, H.; Wang, X.; Wang, J.; Zhang, X.; Zhang, Q. LyP-1 modification to enhance delivery of
artemisinin or fluorescent probe loaded polymeric micelles to highly metastatic tumor and its lymphatics. Mol. Pharm. 2012,
9, 2646–2657. [CrossRef]

208. Xu, P.; Yin, Q.; Shen, J.; Chen, L.; Yu, H.; Zhang, Z.; Li, Y. Synergistic inhibition of breast cancer metastasis by silibinin-loaded
lipid nanoparticles containing TPGS. Int. J. Pharm. 2013, 454, 21–30. [CrossRef]

209. Tian, F.; Dahmani, F.Z.; Qiao, J.; Ni, J.; Xiong, H.; Liu, T.; Zhou, J.; Yao, J. A targeted nanoplatform co-delivering chemotherapeutic
and antiangiogenic drugs as a tool to reverse multidrug resistance in breast cancer. Acta Biomater. 2018, 75, 398–412. [CrossRef]

210. Hu, C.M.; Zhang, L. Nanoparticle-based combination therapy toward overcoming drug resistance in cancer. Biochem. Pharmacol.
2012, 83, 1104–1111. [CrossRef]

211. Al-Lazikani, B.; Banerji, U.; Workman, P. Combinatorial drug therapy for cancer in the post-genomic era. Nat. Biotechnol. 2012,
30, 679–692. [CrossRef]

212. Abeylath, S.C.; Ganta, S.; Iyer, A.K.; Amiji, M. Combinatorial-designed multifunctional polymeric nanosystems for tumor-targeted
therapeutic delivery. Acc. Chem. Res. 2011, 44, 1009–1017. [CrossRef]

213. Shapira, A.; Livney, Y.D.; Broxterman, H.J.; Assaraf, Y.G. Nanomedicine for targeted cancer therapy: Towards the overcoming of
drug resistance. Drug Resist. Updates 2011, 14, 150–163. [CrossRef]

214. Chiu, G.N.; Wong, M.Y.; Ling, L.U.; Shaikh, I.M.; Tan, K.B.; Chaudhury, A.; Tan, B.J. Lipid-based nanoparticulate systems for the
delivery of anti-cancer drug cocktails: Implications on pharmacokinetics and drug toxicities. Curr. Drug Metab. 2009, 10, 861–874.
[CrossRef]

215. Tang, H.; Chen, J.; Wang, L.; Li, Q.; Yang, Y.; Lv, Z.; Bao, H.; Li, Y.; Luan, X.; Li, Y.; et al. Co-delivery of epirubicin and paclitaxel
using an estrone-targeted PEGylated liposomal nanoparticle for breast cancer. Int. J. Pharm. 2020, 573, 118806. [CrossRef]

216. Wan, X.; Beaudoin, J.J.; Vinod, N.; Min, Y.; Makita, N.; Bludau, H.; Jordan, R.; Wang, A.; Sokolsky, M.; Kabanov, A.V. Co-delivery of
paclitaxel and cisplatin in poly(2-oxazoline) polymeric micelles: Implications for drug loading, release, pharmacokinetics and
outcome of ovarian and breast cancer treatments. Biomaterials 2019, 192, 1–14. [CrossRef]

217. Dong, X.Y.; Lang, T.Q.; Yin, Q.; Zhang, P.C.; Li, Y.P. Co-delivery of docetaxel and silibinin using pH-sensitive micelles improves
therapy of metastatic breast cancer. Acta Pharmacol. Sin. 2017, 38, 1655–1662. [CrossRef]

218. Dong, S.; Guo, Y.; Duan, Y.; Li, Z.; Wang, C.; Niu, L.; Wang, N.; Ma, M.; Shi, Y.; Zhang, M. Co-delivery of paclitaxel and
gemcitabine by methoxy poly(ethylene glycol)-poly(lactide-coglycolide)-polypeptide nanoparticles for effective breast cancer
therapy. Anticancer Drugs 2018, 29, 637–645. [CrossRef]

219. Zafar, S.; Akhter, S.; Ahmad, I.; Hafeez, Z.; Alam Rizvi, M.M.; Jain, G.K.; Ahmad, F.J. Improved chemotherapeutic efficacy against
resistant human breast cancer cells with co-delivery of Docetaxel and Thymoquinone by Chitosan grafted lipid nanocapsules:
Formulation optimization, in vitro and in vivo studies. Colloids Surf. B Biointerfaces 2020, 186, 110603. [CrossRef]

220. Lu, Y.L.; Ma, Y.B.; Feng, C.; Zhu, D.L.; Liu, J.; Chen, L.; Liang, S.J.; Dong, C.Y. Co-delivery of Cyclopamine and Doxorubicin
Mediated by Bovine Serum Albumin Nanoparticles Reverses Doxorubicin Resistance in Breast Cancer by Down-regulating
P-glycoprotein Expression. J. Cancer 2019, 10, 2357–2368. [CrossRef]

221. Lan, Y.; Sun, Y.; Yang, T.; Ma, X.; Cao, M.; Liu, L.; Yu, S.; Cao, A.; Liu, Y. Co-Delivery of Paclitaxel by a Capsaicin Prodrug Micelle
Facilitating for Combination Therapy on Breast Cancer. Mol. Pharm. 2019, 16, 3430–3440. [CrossRef]

222. Khan, I.; Joshi, G.; Nakhate, K.T.; Ajazuddin; Kumar, R.; Gupta, U. Nano-Co-Delivery of Berberine and Anticancer Drug Using
PLGA Nanoparticles: Exploration of Better Anticancer Activity and In Vivo Kinetics. Pharm. Res. 2019, 36, 149. [CrossRef]
[PubMed]

223. Wang, Z.; Li, X.; Wang, D.; Zou, Y.; Qu, X.; He, C.; Deng, Y.; Jin, Y.; Zhou, Y.; Zhou, Y.; et al. Concurrently suppressing multidrug
resistance and metastasis of breast cancer by co-delivery of paclitaxel and honokiol with pH-sensitive polymeric micelles.
Acta Biomater. 2017, 62, 144–156. [CrossRef] [PubMed]

224. Foulkes, W.D.; Smith, I.E.; Reis-Filho, J.S. Triple-negative breast cancer. N. Engl. J. Med. 2010, 363, 1938–1948. [CrossRef] [PubMed]
225. Miller-Kleinhenz, J.M.; Bozeman, E.N.; Yang, L. Targeted nanoparticles for image-guided treatment of triple-negative breast

cancer: Clinical significance and technological advances. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2015, 7, 797–816.
[CrossRef]

226. Mittapalli, R.K.; Liu, X.; Adkins, C.E.; Nounou, M.I.; Bohn, K.A.; Terrell, T.B.; Qhattal, H.S.; Geldenhuys, W.J.; Palmieri, D.;
Steeg, P.S.; et al. Paclitaxel-hyaluronic nanoconjugates prolong overall survival in a preclinical brain metastases of breast cancer
model. Mol. Cancer Ther. 2013, 12, 2389–2399. [CrossRef]

227. Deng, X.; Cao, M.; Zhang, J.; Hu, K.; Yin, Z.; Zhou, Z.; Xiao, X.; Yang, Y.; Sheng, W.; Wu, Y.; et al. Hyaluronic acid-chitosan
nanoparticles for co-delivery of MiR-34a and doxorubicin in therapy against triple negative breast cancer. Biomaterials 2014,
35, 4333–4344. [CrossRef]

228. Wang, S.; Zhang, J.; Wang, Y.; Chen, M. Hyaluronic acid-coated PEI-PLGA nanoparticles mediated co-delivery of doxorubicin
and miR-542-3p for triple negative breast cancer therapy. Nanomedicine 2016, 12, 411–420. [CrossRef]

229. Lv, Y.; Xu, C.; Zhao, X.; Lin, C.; Yang, X.; Xin, X.; Zhang, L.; Qin, C.; Han, X.; Yang, L.; et al. Nanoplatform Assembled from a
CD44-Targeted Prodrug and Smart Liposomes for Dual Targeting of Tumor Microenvironment and Cancer Cells. ACS Nano 2018,
12, 1519–1536. [CrossRef]

http://doi.org/10.1002/smll.201400799
http://doi.org/10.1021/mp3002107
http://doi.org/10.1016/j.ijpharm.2013.06.053
http://doi.org/10.1016/j.actbio.2018.05.050
http://doi.org/10.1016/j.bcp.2012.01.008
http://doi.org/10.1038/nbt.2284
http://doi.org/10.1021/ar2000106
http://doi.org/10.1016/j.drup.2011.01.003
http://doi.org/10.2174/138920009790274531
http://doi.org/10.1016/j.ijpharm.2019.118806
http://doi.org/10.1016/j.biomaterials.2018.10.032
http://doi.org/10.1038/aps.2017.74
http://doi.org/10.1097/CAD.0000000000000631
http://doi.org/10.1016/j.colsurfb.2019.110603
http://doi.org/10.7150/jca.30323
http://doi.org/10.1021/acs.molpharmaceut.9b00209
http://doi.org/10.1007/s11095-019-2677-5
http://www.ncbi.nlm.nih.gov/pubmed/31420752
http://doi.org/10.1016/j.actbio.2017.08.027
http://www.ncbi.nlm.nih.gov/pubmed/28842335
http://doi.org/10.1056/NEJMra1001389
http://www.ncbi.nlm.nih.gov/pubmed/21067385
http://doi.org/10.1002/wnan.1343
http://doi.org/10.1158/1535-7163.MCT-13-0132
http://doi.org/10.1016/j.biomaterials.2014.02.006
http://doi.org/10.1016/j.nano.2015.09.014
http://doi.org/10.1021/acsnano.7b08051


Int. J. Mol. Sci. 2021, 22, 4673 38 of 41

230. Misra, A.C.; Luker, K.E.; Durmaz, H.; Luker, G.D.; Lahann, J. CXCR4-Targeted Nanocarriers for Triple Negative Breast Cancers.
Biomacromolecules 2015, 16, 2412–2417. [CrossRef]

231. Devulapally, R.; Sekar, N.M.; Sekar, T.V.; Foygel, K.; Massoud, T.F.; Willmann, J.K.; Paulmurugan, R. Polymer nanoparticles
mediated codelivery of antimiR-10b and antimiR-21 for achieving triple negative breast cancer therapy. ACS Nano 2015,
9, 2290–2302. [CrossRef]

232. Deng, Z.J.; Morton, S.W.; Ben-Akiva, E.; Dreaden, E.C.; Shopsowitz, K.E.; Hammond, P.T. Layer-by-layer nanoparticles for
systemic codelivery of an anticancer drug and siRNA for potential triple-negative breast cancer treatment. ACS Nano 2013,
7, 9571–9584. [CrossRef]

233. Andey, T.; Sudhakar, G.; Marepally, S.; Patel, A.; Banerjee, R.; Singh, M. Lipid nanocarriers of a lipid-conjugated estrogenic
derivative inhibit tumor growth and enhance cisplatin activity against triple-negative breast cancer: Pharmacokinetic and efficacy
evaluation. Mol. Pharm. 2015, 12, 1105–1120. [CrossRef]

234. Meng, H.; Mai, W.X.; Zhang, H.; Xue, M.; Xia, T.; Lin, S.; Wang, X.; Zhao, Y.; Ji, Z.; Zink, J.I.; et al. Codelivery of an optimal
drug/siRNA combination using mesoporous silica nanoparticles to overcome drug resistance in breast cancer in vitro and in vivo.
ACS Nano 2013, 7, 994–1005. [CrossRef]

235. Parvani, J.G.; Gujrati, M.D.; Mack, M.A.; Schiemann, W.P.; Lu, Z.R. Silencing beta3 Integrin by Targeted ECO/siRNA Nanoparti-
cles Inhibits EMT and Metastasis of Triple-Negative Breast Cancer. Cancer Res. 2015, 75, 2316–2325. [CrossRef]

236. Wang, H.; Wu, Y.; Zhao, R.; Nie, G. Engineering the assemblies of biomaterial nanocarriers for delivery of multiple theranostic
agents with enhanced antitumor efficacy. Adv. Mater. 2013, 25, 1616–1622. [CrossRef]

237. Su, S.; Tian, Y.; Li, Y.; Ding, Y.; Ji, T.; Wu, M.; Wu, Y.; Nie, G. “Triple-punch” strategy for triple negative breast cancer therapy with
minimized drug dosage and improved antitumor efficacy. ACS Nano 2015, 9, 1367–1378. [CrossRef]

238. Tannock, I.F.; Rotin, D. Acid pH in tumors and its potential for therapeutic exploitation. Cancer Res. 1989, 49, 4373–4384.
239. Du, J.Z.; Mao, C.Q.; Yuan, Y.Y.; Yang, X.Z.; Wang, J. Tumor extracellular acidity-activated nanoparticles as drug delivery systems

for enhanced cancer therapy. Biotechnol. Adv. 2014, 32, 789–803. [CrossRef]
240. Jia, L.; Li, Z.; Shen, J.; Zheng, D.; Tian, X.; Guo, H.; Chang, P. Multifunctional mesoporous silica nanoparticles mediated co-delivery

of paclitaxel and tetrandrine for overcoming multidrug resistance. Int. J. Pharm. 2015, 489, 318–330. [CrossRef]
241. Ivey, J.W.; Bonakdar, M.; Kanitkar, A.; Davalos, R.V.; Verbridge, S.S. Improving cancer therapies by targeting the physical and

chemical hallmarks of the tumor microenvironment. Cancer Lett. 2016, 380, 330–339. [CrossRef] [PubMed]
242. Li, N.; Zhang, P.; Huang, C.; Song, Y.; Garg, S.; Luan, Y. Co-delivery of doxorubicin hydrochloride and verapamil hydrochloride

by pH-sensitive polymersomes for the reversal of multidrug resistance. RSC Adv. 2015, 5, 77986–77995. [CrossRef]
243. Liu, Y.; Zhou, C.; Wei, S.; Yang, T.; Lan, Y.; Cao, A.; Yang, J.; Hou, Y. Paclitaxel delivered by CD44 receptor-targeting and endosomal

pH sensitive dual functionalized hyaluronic acid micelles for multidrug resistance reversion. Colloids Surf. B Biointerfaces 2018,
170, 330–340. [CrossRef] [PubMed]

244. Yin, J.; Lang, T.; Cun, D.; Zheng, Z.; Huang, Y.; Yin, Q.; Yu, H.; Li, Y. pH-Sensitive Nano-Complexes Overcome Drug Resistance
and Inhibit Metastasis of Breast Cancer by Silencing Akt Expression. Theranostics 2017, 7, 4204–4216. [CrossRef]

245. Cheng, X.; Zeng, X.; Zheng, Y.; Fang, Q.; Wang, X.; Wang, J.; Tang, R. pH-sensitive pluronic micelles combined with oxidative
stress amplification for enhancing multidrug resistance breast cancer therapy. J. Colloid Interface Sci. 2020, 565, 254–269. [CrossRef]

246. Bharti, A.C.; Aggarwal, B.B. Nuclear factor-kappa B and cancer: Its role in prevention and therapy. Biochem. Pharmacol. 2002,
64, 883–888. [CrossRef]

247. Zhang, Z.L.; Jiang, Q.C.; Wang, S.R. Schisandrin A reverses doxorubicin-resistant human breast cancer cell line by the inhibition
of P65 and Stat3 phosphorylation. Breast Cancer 2018, 25, 233–242. [CrossRef]

248. Qiao, Z.Y.; Zhang, R.; Du, F.S.; Liang, D.H.; Li, Z.C. Multi-responsive nanogels containing motifs of ortho ester, oligo(ethylene
glycol) and disulfide linkage as carriers of hydrophobic anti-cancer drugs. J. Control. Release 2011, 152, 57–66. [CrossRef]

249. Wei, B.; Tao, Y.; Wang, X.; Tang, R.; Wang, J.; Wang, R.; Qiu, L. Surface-Eroding Poly(ortho ester amides) for Highly Efficient Oral
Chemotherapy. ACS Appl. Mater. Interfaces 2015, 7, 10436–10445. [CrossRef]

250. Cheng, X.; Li, D.; Sun, M.; He, L.; Zheng, Y.; Wang, X.; Tang, R. Co-delivery of DOX and PDTC by pH-sensitive nanoparticles to
overcome multidrug resistance in breast cancer. Colloids Surf. B Biointerfaces 2019, 181, 185–197. [CrossRef]

251. Ma, Y.C.; Wang, J.X.; Tao, W.; Sun, C.Y.; Wang, Y.C.; Li, D.D.; Fan, F.; Qian, H.S.; Yang, X.Z. Redox-Responsive Polyphosphoester-
Based Micellar Nanomedicines for Overriding Chemoresistance in Breast Cancer Cells. ACS Appl. Mater. Interfaces 2015,
7, 26315–26325. [CrossRef]

252. Zhou, Y.; Wang, S.; Ying, X.; Wang, Y.; Geng, P.; Deng, A.; Yu, Z. Doxorubicin-loaded redox-responsive micelles based on dextran
and indomethacin for resistant breast cancer. Int. J. Nanomed. 2017, 12, 6153–6168. [CrossRef] [PubMed]

253. Guo, X.; Cheng, Y.; Zhao, X.; Luo, Y.; Chen, J.; Yuan, W.E. Advances in redox-responsive drug delivery systems of tumor
microenvironment. J. Nanobiotechnol. 2018, 16, 74. [CrossRef]

254. Zhang, P.; Wu, J.; Xiao, F.; Zhao, D.; Luan, Y. Disulfide bond based polymeric drug carriers for cancer chemotherapy and relevant
redox environments in mammals. Med. Res. Rev. 2018, 38, 1485–1510. [CrossRef]

255. Ghassami, E.; Varshosaz, J.; Taymouri, S. Redox Sensitive Polysaccharide Based Nanoparticles for Improved Cancer Treatment: A
Comprehensive Review. Curr. Pharm. Des. 2018, 24, 3303–3319. [CrossRef] [PubMed]

256. Tang, Q.; Yu, B.; Gao, L.; Cong, H.; Song, N.; Lu, C. Stimuli Responsive Nanoparticles for Controlled Anti-cancer Drug Release.
Curr. Med. Chem. 2018, 25, 1837–1866. [CrossRef]

http://doi.org/10.1021/acs.biomac.5b00653
http://doi.org/10.1021/nn507465d
http://doi.org/10.1021/nn4047925
http://doi.org/10.1021/mp5008629
http://doi.org/10.1021/nn3044066
http://doi.org/10.1158/0008-5472.CAN-14-3485
http://doi.org/10.1002/adma.201204750
http://doi.org/10.1021/nn505729m
http://doi.org/10.1016/j.biotechadv.2013.08.002
http://doi.org/10.1016/j.ijpharm.2015.05.010
http://doi.org/10.1016/j.canlet.2015.12.019
http://www.ncbi.nlm.nih.gov/pubmed/26724680
http://doi.org/10.1039/C5RA15313A
http://doi.org/10.1016/j.colsurfb.2018.06.024
http://www.ncbi.nlm.nih.gov/pubmed/29936386
http://doi.org/10.7150/thno.21516
http://doi.org/10.1016/j.jcis.2020.01.029
http://doi.org/10.1016/S0006-2952(02)01154-1
http://doi.org/10.1007/s12282-017-0821-9
http://doi.org/10.1016/j.jconrel.2011.02.029
http://doi.org/10.1021/acsami.5b01687
http://doi.org/10.1016/j.colsurfb.2019.05.042
http://doi.org/10.1021/acsami.5b09195
http://doi.org/10.2147/IJN.S141229
http://www.ncbi.nlm.nih.gov/pubmed/28883726
http://doi.org/10.1186/s12951-018-0398-2
http://doi.org/10.1002/med.21485
http://doi.org/10.2174/1381612824666180813114841
http://www.ncbi.nlm.nih.gov/pubmed/30101696
http://doi.org/10.2174/0929867325666180111095913


Int. J. Mol. Sci. 2021, 22, 4673 39 of 41

257. Li, Y.; Chen, M.; Yao, B.; Lu, X.; Zhang, X.; He, P.; Vasilatos, S.N.; Ren, X.; Bian, W.; Yao, C. Transferrin receptor-targeted
redox/pH-sensitive podophyllotoxin prodrug micelles for multidrug-resistant breast cancer therapy. J. Mater. Chem. B 2019,
7, 5814–5824. [CrossRef] [PubMed]

258. Rajendrakumar, S.K.; Venu, A.; Revuri, V.; George Thomas, R.; Thirunavukkarasu, G.K.; Zhang, J.; Vijayan, V.; Choi, S.Y.; Lee, J.Y.;
Lee, Y.K.; et al. Hyaluronan-Stabilized Redox-Sensitive Nanoassembly for Chemo-Gene Therapy and Dual T1/T2 MR Imaging in
Drug-Resistant Breast Cancer Cells. Mol. Pharm. 2019, 16, 2226–2234. [CrossRef]

259. Qiao, H.; Zhu, Z.; Fang, D.; Sun, Y.; Kang, C.; Di, L.; Zhang, L.; Gao, Y. Redox-triggered mitoxantrone prodrug micelles for
overcoming multidrug-resistant breast cancer. J. Drug Target. 2018, 26, 75–85. [CrossRef]

260. Li, J.; Xu, R.; Lu, X.; He, J.; Jin, S. A simple reduction-sensitive micelles co-delivery of paclitaxel and dasatinib to overcome tumor
multidrug resistance. Int. J. Nanomed. 2017, 12, 8043–8056. [CrossRef]

261. Gote, V.; Sharma, A.; Pal, D. Hyaluronic Acid-Targeted Stimuli-Sensitive Nanomicelles Co-Encapsulating Paclitaxel and Ritonavir
to Overcome Multi-Drug Resistance in Metastatic Breast Cancer and Triple-Negative Breast Cancer. Int. J. Mol. Sci. 2021, 22, 1257.
[CrossRef]

262. Comes Franchini, M.; Baldi, G.; Bonacchi, D.; Gentili, D.; Giudetti, G.; Lascialfari, A.; Corti, M.; Marmorato, P.; Ponti, J.;
Micotti, E.; et al. Bovine serum albumin-based magnetic nanocarrier for MRI diagnosis and hyperthermic therapy: A potential
theranostic approach against cancer. Small 2010, 6, 366–370. [CrossRef]

263. Xue, L.; Deng, D.; Sun, J. Magnetoferritin: Process, Prospects, and Their Biomedical Applications. Int. J. Mol. Sci. 2019, 20, 2426.
[CrossRef]

264. Wang, C.; Tao, H.; Cheng, L.; Liu, Z. Near-infrared light induced in vivo photodynamic therapy of cancer based on upconversion
nanoparticles. Biomaterials 2011, 32, 6145–6154. [CrossRef]

265. Batchelor, D.V.B.; Abou-Saleh, R.H.; Coletta, P.L.; McLaughlan, J.R.; Peyman, S.A.; Evans, S.D. Nested Nanobubbles for
Ultrasound-Triggered Drug Release. ACS Appl. Mater. Interfaces 2020, 12, 29085–29093. [CrossRef]

266. Ge, J.; Neofytou, E.; Cahill, T.J., 3rd; Beygui, R.E.; Zare, R.N. Drug release from electric-field-responsive nanoparticles. ACS Nano
2012, 6, 227–233. [CrossRef]

267. Zhang, Y.; Yu, J.; Bomba, H.N.; Zhu, Y.; Gu, Z. Mechanical Force-Triggered Drug Delivery. Chem. Rev. 2016, 116, 12536–12563.
[CrossRef]

268. Jose, A.; Ninave, K.M.; Karnam, S.; Venuganti, V.V.K. Temperature-sensitive liposomes for co-delivery of tamoxifen and imatinib
for synergistic breast cancer treatment. J. Liposome Res. 2019, 29, 153–162. [CrossRef]

269. Meng, D.; Lei, H.; Zheng, X.; Han, Y.; Sun, R.; Zhao, D.; Liu, R. A temperature-sensitive phase-change hydrogel of tamoxifen
achieves the long-acting antitumor activation on breast cancer cells. Onco Targets Ther. 2019, 12, 3919–3931. [CrossRef]

270. Marino, A.; Battaglini, M.; De Pasquale, D.; Degl’Innocenti, A.; Ciofani, G. Ultrasound-Activated Piezoelectric Nanoparticles
Inhibit Proliferation of Breast Cancer Cells. Sci. Rep. 2018, 8, 6257. [CrossRef]

271. Yin, T.; Wang, P.; Li, J.; Wang, Y.; Zheng, B.; Zheng, R.; Cheng, D.; Shuai, X. Tumor-penetrating codelivery of siRNA and
paclitaxel with ultrasound-responsive nanobubbles hetero-assembled from polymeric micelles and liposomes. Biomaterials 2014,
35, 5932–5943. [CrossRef] [PubMed]

272. Liu, L.; Chang, S.; Sun, J.; Zhu, S.; Yin, M.; Zhu, Y.; Wang, Z.; Xu, R.X. Ultrasound-mediated destruction of paclitaxel and oxygen
loaded lipid microbubbles for combination therapy in ovarian cancer xenografts. Cancer Lett. 2015, 361, 147–154. [CrossRef]
[PubMed]

273. Yu, Z.; Pestell, T.G.; Lisanti, M.P.; Pestell, R.G. Cancer stem cells. Int. J. Biochem. Cell Biol. 2012, 44, 2144–2151. [CrossRef]
[PubMed]

274. Najafi, M.; Farhood, B.; Mortezaee, K. Cancer stem cells (CSCs) in cancer progression and therapy. J. Cell Physiol. 2019,
234, 8381–8395. [CrossRef]

275. Visvader, J.E.; Lindeman, G.J. Cancer stem cells in solid tumours: Accumulating evidence and unresolved questions.
Nat. Rev. Cancer 2008, 8, 755–768. [CrossRef]

276. Rupp, U.; Schoendorf-Holland, E.; Eichbaum, M.; Schuetz, F.; Lauschner, I.; Schmidt, P.; Staab, A.; Hanft, G.; Huober, J.;
Sinn, H.P.; et al. Safety and pharmacokinetics of bivatuzumab mertansine in patients with CD44v6-positive metastatic breast
cancer: Final results of a phase I study. Anticancer Drugs 2007, 18, 477–485. [CrossRef]

277. Krop, I.; Demuth, T.; Guthrie, T.; Wen, P.Y.; Mason, W.P.; Chinnaiyan, P.; Butowski, N.; Groves, M.D.; Kesari, S.;
Freedman, S.J.; et al. Phase I pharmacologic and pharmacodynamic study of the gamma secretase (Notch) inhibitor MK-
0752 in adult patients with advanced solid tumors. J. Clin. Oncol. 2012, 30, 2307–2313. [CrossRef]

278. Schott, A.F.; Landis, M.D.; Dontu, G.; Griffith, K.A.; Layman, R.M.; Krop, I.; Paskett, L.A.; Wong, H.; Dobrolecki, L.E.;
Lewis, M.T.; et al. Preclinical and clinical studies of gamma secretase inhibitors with docetaxel on human breast tumors.
Clin. Cancer Res. 2013, 19, 1512–1524. [CrossRef]

279. Schramek, D.; Leibbrandt, A.; Sigl, V.; Kenner, L.; Pospisilik, J.A.; Lee, H.J.; Hanada, R.; Joshi, P.A.; Aliprantis, A.;
Glimcher, L.; et al. Osteoclast differentiation factor RANKL controls development of progestin-driven mammary cancer. Nature
2010, 468, 98–102. [CrossRef]

280. Fillmore, C.M.; Gupta, P.B.; Rudnick, J.A.; Caballero, S.; Keller, P.J.; Lander, E.S.; Kuperwasser, C. Estrogen expands breast cancer
stem-like cells through paracrine FGF/Tbx3 signaling. Proc. Natl. Acad. Sci. USA 2010, 107, 21737–21742. [CrossRef]

http://doi.org/10.1039/C9TB00651F
http://www.ncbi.nlm.nih.gov/pubmed/31495855
http://doi.org/10.1021/acs.molpharmaceut.9b00189
http://doi.org/10.1080/1061186X.2017.1339195
http://doi.org/10.2147/IJN.S148273
http://doi.org/10.3390/ijms22031257
http://doi.org/10.1002/smll.200901689
http://doi.org/10.3390/ijms20102426
http://doi.org/10.1016/j.biomaterials.2011.05.007
http://doi.org/10.1021/acsami.0c07022
http://doi.org/10.1021/nn203430m
http://doi.org/10.1021/acs.chemrev.6b00369
http://doi.org/10.1080/08982104.2018.1502315
http://doi.org/10.2147/OTT.S201421
http://doi.org/10.1038/s41598-018-24697-1
http://doi.org/10.1016/j.biomaterials.2014.03.072
http://www.ncbi.nlm.nih.gov/pubmed/24746965
http://doi.org/10.1016/j.canlet.2015.02.052
http://www.ncbi.nlm.nih.gov/pubmed/25754815
http://doi.org/10.1016/j.biocel.2012.08.022
http://www.ncbi.nlm.nih.gov/pubmed/22981632
http://doi.org/10.1002/jcp.27740
http://doi.org/10.1038/nrc2499
http://doi.org/10.1097/CAD.0b013e32801403f4
http://doi.org/10.1200/JCO.2011.39.1540
http://doi.org/10.1158/1078-0432.CCR-11-3326
http://doi.org/10.1038/nature09387
http://doi.org/10.1073/pnas.1007863107


Int. J. Mol. Sci. 2021, 22, 4673 40 of 41

281. Karthik, G.M.; Ma, R.; Lovrot, J.; Kis, L.L.; Lindh, C.; Blomquist, L.; Fredriksson, I.; Bergh, J.; Hartman, J. mTOR inhibitors
counteract tamoxifen-induced activation of breast cancer stem cells. Cancer Lett. 2015, 367, 76–87. [CrossRef]

282. Lamb, R.; Lehn, S.; Rogerson, L.; Clarke, R.B.; Landberg, G. Cell cycle regulators cyclin D1 and CDK4/6 have estrogen receptor-
dependent divergent functions in breast cancer migration and stem cell-like activity. Cell Cycle 2013, 12, 2384–2394. [CrossRef]

283. Diessner, J.; Bruttel, V.; Stein, R.G.; Horn, E.; Hausler, S.F.; Dietl, J.; Honig, A.; Wischhusen, J. Targeting of preexisting and induced
breast cancer stem cells with trastuzumab and trastuzumab emtansine (T-DM1). Cell Death Dis. 2014, 5, e1149. [CrossRef]

284. Chung, Y.C.; Kuo, J.F.; Wei, W.C.; Chang, K.J.; Chao, W.T. Caveolin-1 Dependent Endocytosis Enhances the Chemosensitivity of
HER-2 Positive Breast Cancer Cells to Trastuzumab Emtansine (T-DM1). PLoS ONE 2015, 10, e0133072. [CrossRef]

285. Martinez, M.T.; Perez-Fidalgo, J.A.; Martin-Martorell, P.; Cejalvo, J.M.; Pons, V.; Bermejo, B.; Martin, M.; Albanell, J.; Lluch, A.
Treatment of HER2 positive advanced breast cancer with T-DM1: A review of the literature. Crit. Rev. Oncol. Hematol. 2016,
97, 96–106. [CrossRef]

286. Li, J.; Xu, W.; Yuan, X.; Chen, H.; Song, H.; Wang, B.; Han, J. Polymer-lipid hybrid anti-HER2 nanoparticles for targeted
salinomycin delivery to HER2-positive breast cancer stem cells and cancer cells. Int. J. Nanomed. 2017, 12, 6909–6921. [CrossRef]

287. Chen, F.; Zeng, Y.; Qi, X.; Chen, Y.; Ge, Z.; Jiang, Z.; Zhang, X.; Dong, Y.; Chen, H.; Yu, Z. Targeted salinomycin delivery with
EGFR and CD133 aptamers based dual-ligand lipid-polymer nanoparticles to both osteosarcoma cells and cancer stem cells.
Nanomedicine 2018, 14, 2115–2127. [CrossRef]

288. Singh, J.K.; Farnie, G.; Bundred, N.J.; Simoes, B.M.; Shergill, A.; Landberg, G.; Howell, S.J.; Clarke, R.B. Targeting CXCR1/2
significantly reduces breast cancer stem cell activity and increases the efficacy of inhibiting HER2 via HER2-dependent and
-independent mechanisms. Clin. Cancer Res. 2013, 19, 643–656. [CrossRef]

289. Idowu, M.O.; Kmieciak, M.; Dumur, C.; Burton, R.S.; Grimes, M.M.; Powers, C.N.; Manjili, M.H. CD44(+)/CD24(-/low) cancer
stem/progenitor cells are more abundant in triple-negative invasive breast carcinoma phenotype and are associated with poor
outcome. Hum. Pathol. 2012, 43, 364–373. [CrossRef]

290. Chen, D.; Wang, G.; Song, W.; Zhang, Q. Novel CD44 receptor targeting multifunctional “nano-eggs” based on double pH-
sensitive nanoparticles for co-delivery of curcumin and paclitaxel to cancer cells and cancer stem cells. J. Nanopart. Res. 2015,
17, 1–10. [CrossRef]

291. Hu, K.; Zhou, H.; Liu, Y.; Liu, Z.; Liu, J.; Tang, J.; Li, J.; Zhang, J.; Sheng, W.; Zhao, Y.; et al. Hyaluronic acid functional amphipathic
and redox-responsive polymer particles for the co-delivery of doxorubicin and cyclopamine to eradicate breast cancer cells and
cancer stem cells. Nanoscale 2015, 7, 8607–8618. [CrossRef] [PubMed]

292. Sulaiman, A.; McGarry, S.; Li, L.; Jia, D.; Ooi, S.; Addison, C.; Dimitroulakos, J.; Arnaout, A.; Nessim, C.; Yao, Z.; et al. Dual inhibi-
tion of Wnt and Yes-associated protein signaling retards the growth of triple-negative breast cancer in both mesenchymal and
epithelial states. Mol. Oncol. 2018, 12, 423–440. [CrossRef] [PubMed]

293. Sulaiman, A.; McGarry, S.; Lam, K.M.; El-Sahli, S.; Chambers, J.; Kaczmarek, S.; Li, L.; Addison, C.; Dimitroulakos, J.;
Arnaout, A.; et al. Co-inhibition of mTORC1, HDAC and ESR1alpha retards the growth of triple-negative breast cancer and
suppresses cancer stem cells. Cell Death Dis. 2018, 9, 815. [CrossRef] [PubMed]

294. Yang, F.; Xu, J.; Tang, L.; Guan, X. Breast cancer stem cell: The roles and therapeutic implications. Cell. Mol. Life Sci. 2017,
74, 951–966. [CrossRef]

295. Li, Q.; Yao, Y.; Eades, G.; Liu, Z.; Zhang, Y.; Zhou, Q. Downregulation of miR-140 promotes cancer stem cell formation in basal-like
early stage breast cancer. Oncogene 2014, 33, 2589–2600. [CrossRef]

296. Shen, M.; Dong, C.; Ruan, X.; Yan, W.; Cao, M.; Pizzo, D.; Wu, X.; Yang, L.; Liu, L.; Ren, X.; et al. Chemotherapy-Induced
Extracellular Vesicle miRNAs Promote Breast Cancer Stemness by Targeting ONECUT2. Cancer Res. 2019, 79, 3608–3621.
[CrossRef]

297. Drago-Ferrante, R.; Pentimalli, F.; Carlisi, D.; De Blasio, A.; Saliba, C.; Baldacchino, S.; Degaetano, J.; Debono, J.;
Caruana-Dingli, G.; Grech, G.; et al. Suppressive role exerted by microRNA-29b-1-5p in triple negative breast cancer
through SPIN1 regulation. Oncotarget 2017, 8, 28939–28958. [CrossRef]

298. Kang, L.; Mao, J.; Tao, Y.; Song, B.; Ma, W.; Lu, Y.; Zhao, L.; Li, J.; Yang, B.; Li, L. MicroRNA-34a suppresses the breast cancer stem
cell-like characteristics by downregulating Notch1 pathway. Cancer Sci. 2015, 106, 700–708. [CrossRef]

299. Ahmadalizadeh Khanehsar, M.; Hoseinbeyki, M.; Fakhr Taha, M.; Javeri, A. Repression of TGF-beta Signaling in Breast Cancer
Cells by miR-302/367 Cluster. Cell J. 2020, 21, 444–450. [CrossRef]

300. Umeh-Garcia, M.; Simion, C.; Ho, P.Y.; Batra, N.; Berg, A.L.; Carraway, K.L.; Yu, A.; Sweeney, C. A Novel Bioengineered miR-127
Prodrug Suppresses the Growth and Metastatic Potential of Triple-Negative Breast Cancer Cells. Cancer Res. 2020, 80, 418–429.
[CrossRef]

301. Pan, M.; Li, M.; You, C.; Zhao, F.; Guo, M.; Xu, H.; Li, L.; Wang, L.; Dou, J. Inhibition of breast cancer growth via miR-7 suppressing
ALDH1A3 activity concomitant with decreasing breast cancer stem cell subpopulation. J. Cell Physiol. 2020, 235, 1405–1416.
[CrossRef]

302. Zhang, S.; Liu, C.; Zhang, X. Mitochondrial Damage Mediated by miR-1 Overexpression in Cancer Stem Cells. Mol. Ther. Nucleic Acids
2019, 18, 938–953. [CrossRef]

303. Tang, H.; Song, C.; Ye, F.; Gao, G.; Ou, X.; Zhang, L.; Xie, X.; Xie, X. miR-200c suppresses stemness and increases cellular sensitivity
to trastuzumab in HER2+ breast cancer. J. Cell Mol. Med. 2019, 23, 8114–8127. [CrossRef]

http://doi.org/10.1016/j.canlet.2015.07.017
http://doi.org/10.4161/cc.25403
http://doi.org/10.1038/cddis.2014.115
http://doi.org/10.1371/journal.pone.0133072
http://doi.org/10.1016/j.critrevonc.2015.08.011
http://doi.org/10.2147/IJN.S144184
http://doi.org/10.1016/j.nano.2018.05.015
http://doi.org/10.1158/1078-0432.CCR-12-1063
http://doi.org/10.1016/j.humpath.2011.05.005
http://doi.org/10.1007/s11051-015-3217-9
http://doi.org/10.1039/C5NR01084E
http://www.ncbi.nlm.nih.gov/pubmed/25898852
http://doi.org/10.1002/1878-0261.12167
http://www.ncbi.nlm.nih.gov/pubmed/29316250
http://doi.org/10.1038/s41419-018-0811-7
http://www.ncbi.nlm.nih.gov/pubmed/30050079
http://doi.org/10.1007/s00018-016-2334-7
http://doi.org/10.1038/onc.2013.226
http://doi.org/10.1158/0008-5472.CAN-18-4055
http://doi.org/10.18632/oncotarget.15960
http://doi.org/10.1111/cas.12656
http://doi.org/10.22074/cellj.2020.6193
http://doi.org/10.1158/0008-5472.CAN-19-0656
http://doi.org/10.1002/jcp.29059
http://doi.org/10.1016/j.omtn.2019.10.016
http://doi.org/10.1111/jcmm.14681


Int. J. Mol. Sci. 2021, 22, 4673 41 of 41

304. Santos, J.C.; Lima, N.D.S.; Sarian, L.O.; Matheu, A.; Ribeiro, M.L.; Derchain, S.F.M. Exosome-mediated breast cancer chemoresis-
tance via miR-155 transfer. Sci. Rep. 2018, 8, 829. [CrossRef]

305. Jia, Z.; Zhu, H.; Sun, H.; Hua, Y.; Zhang, G.; Jiang, J.; Wang, X. Adipose Mesenchymal Stem Cell-Derived Exosomal microRNA-
1236 Reduces Resistance of Breast Cancer Cells to Cisplatin by Suppressing SLC9A1 and the Wnt/beta-Catenin Signaling.
Cancer Manag. Res. 2020, 12, 8733–8744. [CrossRef]

306. Yuan, L.; Liu, Y.; Qu, Y.; Liu, L.; Li, H. Exosomes Derived From MicroRNA-148b-3p-Overexpressing Human Umbilical Cord
Mesenchymal Stem Cells Restrain Breast Cancer Progression. Front. Oncol. 2019, 9, 1076. [CrossRef]

307. Sun, X.; Xu, H.; Huang, T.; Zhang, C.; Wu, J.; Luo, S. Simultaneous delivery of anti-miRNA and docetaxel with supramolecular
self-assembled “chitosome” for improving chemosensitivity of triple negative breast cancer cells. Drug Deliv. Transl. Res. 2020.
[CrossRef]

308. Shin, J.H.; Shin, D.H.; Kim, J.S. Let-7 miRNA and CDK4 siRNA co-encapsulated in Herceptin-conjugated liposome for breast
cancer stem cells. Asian J. Pharm. Sci. 2020, 15, 472–481. [CrossRef]

309. OncotypeIQ@. Oncotype IQ Genomic Intelligence Platform Answers Questions across the Patient Journey. Available online:
https://www.oncotypeiq.com/en-US/about/about-oncotype-iq (accessed on 25 March 2021).

310. Chen, L.; Yang, L.; Yao, L.; Kuang, X.Y.; Zuo, W.J.; Li, S.; Qiao, F.; Liu, Y.R.; Cao, Z.G.; Zhou, S.L.; et al. Characterization of PIK3CA
and PIK3R1 somatic mutations in Chinese breast cancer patients. Nat. Commun. 2018, 9, 1357. [CrossRef]

311. Yu, X.; Liang, J.; Xu, J.; Li, X.; Xing, S.; Li, H.; Liu, W.; Liu, D.; Xu, J.; Huang, L.; et al. Identification and Validation of Circulating
MicroRNA Signatures for Breast Cancer Early Detection Based on Large Scale Tissue-Derived Data. J. Breast Cancer 2018,
21, 363–370. [CrossRef]

312. Souza, K.C.B.; Evangelista, A.F.; Leal, L.F.; Souza, C.P.; Vieira, R.A.; Causin, R.L.; Neuber, A.C.; Pessoa, D.P.; Passos, G.A.S.;
Reis, R.M.V.; et al. Identification of Cell-Free Circulating MicroRNAs for the Detection of Early Breast Cancer and Molecular
Subtyping. J. Oncol. 2019, 2019, 8393769. [CrossRef] [PubMed]

313. Behjati, S.; Tarpey, P.S. What is next generation sequencing? Arch. Dis. Child Educ. Pract. Ed. 2013, 98, 236–238. [CrossRef]
[PubMed]

314. Al-Ejeh, F.; Miranda, M.; Shi, W.; Simpson, P.T.; Song, S.; Vargas, A.C.; Saunus, J.M.; Smart, C.E.; Mariasegaram, M.;
Wiegmans, A.P.; et al. Kinome profiling reveals breast cancer heterogeneity and identifies targeted therapeutic opportunities for
triple negative breast cancer. Oncotarget 2014, 5, 3145–3158. [CrossRef] [PubMed]

315. Penault-Llorca, F.; Bertucci, F.; Adelaide, J.; Parc, P.; Coulier, F.; Jacquemier, J.; Birnbaum, D.; Delapeyriere, O. Expression of FGF
and FGF receptor genes in human breast cancer. Int. J. Cancer 1995, 61, 170–176. [CrossRef]

316. Han, Y.J.; Zhang, J.; Zheng, Y.; Huo, D.; Olopade, O.I. Genetic and Epigenetic Regulation of TOX3 Expression in Breast Cancer.
PLoS ONE 2016, 11, e0165559. [CrossRef]

317. Grisanzio, C.; Freedman, M.L. Chromosome 8q24-Associated Cancers and MYC. Genes Cancer 2010, 1, 555–559. [CrossRef]
318. Kiyotani, K.; Mushiroda, T.; Imamura, C.K.; Hosono, N.; Tsunoda, T.; Kubo, M.; Tanigawara, Y.; Flockhart, D.A.; Desta, Z.;

Skaar, T.C.; et al. Significant effect of polymorphisms in CYP2D6 and ABCC2 on clinical outcomes of adjuvant tamoxifen therapy
for breast cancer patients. J. Clin. Oncol. 2010, 28, 1287–1293. [CrossRef]

319. Yuan, Y.; Cai, T.; Xia, X.; Zhang, R.; Chiba, P.; Cai, Y. Nanoparticle delivery of anticancer drugs overcomes multidrug resistance in
breast cancer. Drug Deliv. 2016, 23, 3350–3357. [CrossRef]

320. Yao, Y.; Zhou, Y.; Liu, L.; Xu, Y.; Chen, Q.; Wang, Y.; Wu, S.; Deng, Y.; Zhang, G.; Shao, A. Nanoparticle-Based Drug Delivery in
Cancer Therapy and Its Role in Overcoming Drug Resistance. Front. Mol. Biosci. 2020, 7, 193. [CrossRef]

321. Ji, X.; Lu, Y.; Tian, H.; Meng, X.; Wei, M.; Cho, W.C. Chemoresistance mechanisms of breast cancer and their countermeasures.
Biomed. Pharmacother. 2019, 114, 108800. [CrossRef]

322. Huang, Y.; Cole, S.P.; Cai, T.; Cai, Y.U. Applications of nanoparticle drug delivery systems for the reversal of multidrug resistance
in cancer. Oncol. Lett. 2016, 12, 11–15. [CrossRef]

http://doi.org/10.1038/s41598-018-19339-5
http://doi.org/10.2147/CMAR.S270200
http://doi.org/10.3389/fonc.2019.01076
http://doi.org/10.1007/s13346-020-00779-4
http://doi.org/10.1016/j.ajps.2019.03.001
https://www.oncotypeiq.com/en-US/about/about-oncotype-iq
http://doi.org/10.1038/s41467-018-03867-9
http://doi.org/10.4048/jbc.2018.21.e56
http://doi.org/10.1155/2019/8393769
http://www.ncbi.nlm.nih.gov/pubmed/31485228
http://doi.org/10.1136/archdischild-2013-304340
http://www.ncbi.nlm.nih.gov/pubmed/23986538
http://doi.org/10.18632/oncotarget.1865
http://www.ncbi.nlm.nih.gov/pubmed/24762669
http://doi.org/10.1002/ijc.2910610205
http://doi.org/10.1371/journal.pone.0165559
http://doi.org/10.1177/1947601910381380
http://doi.org/10.1200/JCO.2009.25.7246
http://doi.org/10.1080/10717544.2016.1178825
http://doi.org/10.3389/fmolb.2020.00193
http://doi.org/10.1016/j.biopha.2019.108800
http://doi.org/10.3892/ol.2016.4596

	Introduction 
	Breast Cancer Classification 
	Breast Cancer Pathophysiology and Metastasis 

	Molecular Mechanism for Breast Cancer Resistance, Metastasis, and Relapse 
	Increased Drug Efflux 
	P-Glycoprotein 
	Breast Cancer Resistance Protein 
	Multidrug Resistance Protein 
	Lung Resistance Protein 

	Breast Cancer Stem Cells 
	Epithelial to Mesenchymal Transition (EMT) 

	Nanotherapeutics 
	Passive Targeting 
	Active Targeting 

	Nanomedicine to Overcome Drug Resistance in Breast Cancer 
	Doxorubicin 
	Paclitaxel 
	Docetaxel 
	Other Drugs 
	Combination Chemotherapy 
	Nanotherapeutics for Triple Negative Breast Cancer 
	Stimuli Responsive Drug Release 
	Internal Stimuli Assisted Drug Release 
	Redox-Responsive Drug Release 
	External Stimuli-Responsive DDS 

	Breast Cancer Stem Cell Targeting Nanotherapeutics 

	Recent Advancement in Breast Cancer Treatment 
	Targeting miRNA 
	Precision Medicine in Breast Cancer 

	Conclusions 
	References

