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ABSTRACT: Breast cancer (BC) is a malignant neoplasm that begins in the breast
tissue. After skin cancer, BC is the second most common type of cancer in women. At
the end of 2040, the number of newly diagnosed BC cases is projected to increase by
over 40%, reaching approximately 3 million worldwide annually. The hormonal and
chemotherapeutic approaches based on conventional formulations have inappropriate
therapeutic effects and suboptimal pharmacokinetic responses with nonspecific
targeting actions. To overcome such issues, the use of nanomedicines, including
liposomes, nanoparticles, micelles, hybrid nanoparticles, etc., has gained wider
attention in the treatment of BC. Smaller dimensional nanomedicine (especially 50−
200 nm) exhibited improved in vivo effectiveness, such as better tissue penetration and
more effective tumor suppression through enhanced retention and permeation, as well
as active targeting of the drug. Additionally, nanotechnology, which further extended
and developed theranostic nanomedicine by incorporating diagnostic and imaging
agents in one platform, has been applied to BC. Furthermore, hybrid and theranostic
nanomedicine has also been explored for gene delivery as anticancer therapeutics in BC. Moreover, the nanocarriers’ size, shape,
surface charge, chemical compositions, and surface area play an important role in the nanocarriers’ stability, cellular absorption,
cytotoxicity, cellular uptake, and toxicity. Additionally, nanomedicine clinical translation for managing BC remains a slow process.
However, a few cases are being used clinically, and their progress with the current challenges is addressed in this Review. Therefore,
this Review extensively discusses recent advancements in nanomedicine and its clinical challenges in BC.

1. INTRODUCTION
Breast cancer (BC) is the second most frequently diagnosed
cancer in women, surpassed only by skin cancer, and is
categorized as a malignant neoplasm originating in the breast
tissue.1 According to the GLOBOCAN 2020 report, 2.3
million BC cases have been reported worldwide, representing
11.7% of all cancer cases.2 The estimated incidence of BC was
reported for the USA (119.2%),3 Germany (28.02%),4 Spain
(30.72%),4 United Kingdom (27.55%),4 France (30.62%),4

Italy (30.09%),4 Poland (25.28%),4 Finland (32.74%),4

Norway (29.86%),4 Switzerland (32.47%),4 Sweden
(28.73%),4 China (18.41%),5 and Japan (21.4%),6 and India
(13.5).7 Furthermore, by the end of 2040, the number of newly
diagnosed BC cases is projected to increase by over 40%,
reaching approximately 3 million worldwide annually.3 The
etiology of BC involves a complex interplay between
modifiable and nonmodifiable factors. Genetic, hormonal,
environmental, and nutritional factors determine the etiology
of BC.8 The risk factors include a history of BC, a family
history of the disease, obesity, height, smoking, drinking
alcohol, early or late menstruation, a sedentary lifestyle, and

hormone replacement therapy.9 Approximately 80% of patients
with BC are over 50 years old, and the risk increases with
age.10 The analysis of worldwide trends and projections
regarding BC’s incidence and mortality rates reveals that
metabolic issues are primary risk factors associated with BC-
related fatalities globally.10 High body mass index and fasting
glucose levels are potential risk factors for BC-related deaths.10

The relative contribution of these two risk factors varied
considerably across the globe’s sociodemographic index (SDI)
regions.11 The growth rate of BC is proportional to the
increase in body mass index (BMI) in countries with a high
SDI, while in regions with a low or middle SDI elevated BMI is
leading to the fatalities of patients with BC.11 Alcohol
consumption is one of the most significant risk factors for
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death in BC.8 Women showed double BC risk during
pregnancy.12

Previously, BC was linked to toxins including 2,3,7,8-
tetrachlorodibenzo-p-dioxine (TCDD), bisphenol A (PFOA),
and benzo[a]pyrene, as well as compounds like carbon
tetrachloride (CCl4), benzene, formaldehyde, and styrene,
which have been linked to an elevated risk of BC.13,14 Recent
research has also identified possible connections with many
pesticides.15 The polymorphism of the female gene CYP1A1
was more susceptible to polychlorinated biphenyls (PCBs).16

Current treatment strategies include radiology, hormonal
therapy, and chemotherapy.17 Tamoxifen is the first-line
chemotherapy treatment for BC, while hormone therapy
involving the use of biologically active compounds uses
aromatase inhibitors (AIs), gonadotropin hormone-releasing
hormone (GnRHs), and selective estrogen receptor degraders
(SERDs) to inhibit estrogen production and target BC.17

Nevertheless, some patients do not react to the hormone
therapy due to their heterogeneity.17 In contrast, the hormonal
and chemotherapy-based conventional formulations have

Figure 1. Representation of the nanocarriers and anchoring of ligands and anticancer drugs in the active drug targeting breast cancer.

Figure 2. Representation of the passive and active drug targeting of nanocarriers in breast cancer.
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inappropriate therapeutic effects and suboptimal pharmacoki-
netic response with nonspecific targeting action.18 To
overcome such issues, nanomedicines gained wider attention
in terms of effective drug delivery with optimized pharmaco-
kinetics and pharmacodynamics.19 Nanomedicine is defined as
the application of nanomaterials, which is used to address
healthcare problems.19 As per the national nanotechnology
initiative, the definition of nanomedicine for most pharma-
ceutical applications is defined as a size range of up to 1000
nm.20,21 The size of the anticancer drug has been established as
the crucial factor for efficient absorption, biodistribution,
penetration, and internalization at the targeted site and
excretion. Consequently, the size attribute of an anticancer
nanomedicine significantly affects the holistic efficacy of
therapeutic interventions against cancer. The most recent
studies have revealed that anticancer nanomedicines with
smaller diameters have better efficacy with sizes at or below 50
nm, but the clinically approved nanomedicines for cancer
treatment are found to be in the range of 100−200 nm. Several
nanocarriers, such as liposomes, organic nanoparticles,
micelles, dendrimers, nanotubes, inorganic nanoparticles,
polymers, proteins, and combinations of these, are found to
be therapeutically beneficial in the management of breast
cancer, and few products are readily available in markets, e.g.,
Doxil (liposome-based nanoformulation) and Abraxane (nano-
particle formulation).22,23 Moreover, nanocarriers are also
utilized in the effective delivery of nucleic acids to tumor sites,
as further depicted in Figure 1. After all, apart from the
anticancer drug delivery, nanomedicine can be utilized for
diagnostics, imaging, and theranostic action in the manage-
ment of BC. Therefore, this section summarizes the
epidemiology of BC, its etiology, current therapeutic
approaches with their importance and demerits, and the
utilization of nanomedicine with its advantages in the
management of BC.

2. NANOTECHNOLOGY-BASED DRUG TARGETING IN
THE MANAGEMENT OF BC
2.1. Passive Drug Targeting. With their leaky vasculature

and underdeveloped lymphatic drainage, tumors can accumu-
late material of a tiny size more readily than normal tissues.24

Enhanced permeability and retention (EPR) is an alternative
term for passive diffusion, as depicted in Figure 2. Solid cancer,
such as BC, can benefit from EPR’s ability to improve the
specificity of drug delivery,25 whereas the nanocarriers may
enhance the anticancer activity of encapsulated anticancer
drugs at the tumor cellular level via EPR effects.25 Nanocarriers
can penetrate tumor cells by passive endocytosis processes
such as macropinocytosis to enhance the efficiency of drugs
that target intracellular targets even if they do not involve
receptor-mediated activities (e.g., RNA, paclitaxel, and
doxorubicin).26 Additionally, even though passive targeting is
often not a highly selective and efficient drug delivery
approach, researchers use it to treat cancer, which is further
discussed with examples in section 3.26

2.2. Targeted Therapy for BC Treatment. Targeted
therapy delivers anticancer drugs and monoclonal antibodies
acting via receptor targeting, as shown in Figures 1 and 2. The
optimal delivery to target tissue should be defined by the
following: (i) it should be comparatively higher than normal in
tumors and (ii) it should be of absolute concentration to
enable competent targeting.27 Transferrin receptors are an
example of effective drug-targeting mechanisms in receptor-
based ligands. The researcher reported potential drug release
systems for treating multidrug-resistant BC.28 Epidermal
growth factor receptors (EGFRs) are also found to be
overexpressed in tumors. The percentage of solid tumors
with EGFR overexpression was determined to be 30%.
Immune-based nanoparticles loaded with docetaxel (DTX)
reduced toxicity and precisely targeted EGFRs. Furthermore,
results show intracellular drug release and enhanced drug
targeting to the EGFRs in BC.28,29 Folate receptor (FR),

Figure 3. Various examples of nanocarriers employed in breast cancer management.
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estrogen receptor-negative, and human epidermal growth
factor receptor 2 (HER2)-negative metastatic progesterone
receptors are expressed in 50−86% of patients. Selectivity for
MDA-MB-231 cells has been established with folate-con-
jugated liposomes and benzoporphyrin derivatives.30 Triple-
negative breast cancer (TNBC) cells were remarkably
inhibited by lipocalin-2 via siRNA silencing utilizing
immune-based liposomes, suggesting that CXC chemokine
receptor type 4 (CXCR-4) is a possible target of TNBC cells.
A more comprehensive description is provided in the section
below.

3. THERAPEUTIC INTERVENTIONS INVOLVING
NANOCARRIERS FOR MANAGEMENT OF BC

Nanocarriers achieve the limited ability to significantly alter the
oncology landscape through their target-specific action and
overcome the conventional formulation challenges, including
unnecessary dissemination, tumor tolerance, and extreme
systemic adverse effects.31 The nanocarrier drug delivery
system can boost therapeutic performance with fewer adverse
effects and optimize pharmacogenetics.
3.1. Liposomes. Liposomes are the most common

nanoformulation to deliver anticancer drugs, as shown in
Figure 3. They are a lipid bilayer system comprising
biocompatible and biodegradable phospholipids and choles-
terol.32 Doxil, the first US Food and Drug Administration
(FDA)-approved chemotherapeutic nanosystem to be used
therapeutically, contains doxorubicin (DOX). The PEGylated
DOX liposomal formulation extends circulation time and
prevents premature removal of the nanoformulation.33 For
dual targeting, i.e., bone cancer and BC, Zhao and associates
developed paclitaxel (PTX)-loaded liposomes.34 Samson et al.
developed a 78 kDa glucose-regulated protein (GRP78)-
siRNA/CLU (clusterin)-siRNA and camptothecin (CPT)-
loaded liposomes to enhance the anticancer action of BC.35

This study revealed that the transfection performance of this
liposomal formulation was significantly increased by threefold,
with increased anticancer and gene-silence effects.35 Jiang and
his team also made a liposome loaded with DOX to treat
fibronectin in the blood vessels and stroma of BC tumors.36

DOX-loaded liposomes exhibit more pronounced antitumor
and antimetastasis effects than free DOX, enhancing systemic
circulation and efficacy.36 Mrugala and collaborators developed
intrathecal cytarabine-loaded liposomes, now in a phase II
clinical trial to diagnose BC. A preliminary test reported that
they were also feasible in a few survival-encouraging patients in
the phase III stage of the clinical trial.37 Schneeweiss and
associates developed carboplatin-DOX-loaded liposomes for
triple-negative BC.37 The study showed substantial improve-
ment in cellular uptake via permeation and drug retention in
the tumor cell.37 Scientists developed fusogenic liposomes
(FL) loaded with α-tocopheryl succinate (α-TS) and deoxy
ornithine (DO) as FL-α-TS-DO.38 FL were made to easily fuse
with the plasma membrane and let the drug inside them enter
the cytoplasm.39 This liposomal formulation showed adequate
release with deformable formulation characteristics. Further-
more, the apoptotic, cell cycle, and nuclear morphology studies
demonstrated that FL- α-TS-DO induces cell death more
quickly. Moreover, it also exhibited higher DO cellular uptake
with enhanced tumor accumulation.38 Therefore, the results
concluded that better DO uptake and tumor accumulation
exerted higher antitumor activity, which is further summarized
in Table 1.

Recently, researchers developed an effective pH-responsive
and biodegradable calcium orthophosphate (CaP) liposome
for loading the hydrophobic drug PTX and the hydrophilic
drug DO hydrochloride.39 The drug-loaded liposome has
achieved 70% and 90% loading efficiencies.39 Further, the
developed liposome achieved a particle size of 110 ± 20 nm.39

Physiological conditions negatively charge such liposome
formulations. They are easily converted into positively charged
compounds in a weakly acidic environment, leading to efficient
tumor cell internalization.36 Furthermore, these liposomes had
excellent biodegradability under an acidic pH of 5.5. In
addition, the phenomenon of proton expansion within the
endosome, coupled with the pH sensitivity of liposomes,
enables the efficient release of nanoencapsulated drugs.39 In
vivo investigation revealed improved formulation efficiency and
safety, inhibiting 76% of tumor development. Drug-loaded
liposomes demonstrated targeting capabilities through the EPR
effect, effectively inhibiting tumor growth and metastasis.39

Therefore, the combination of CaP with liposomes enhances
the stability of liposomes.39 Thus, it was concluded that the
developed liposomes may be utilized as smart drug-loaded
nanocarriers for the management of BC.

Researchers used hydrogenated soy phosphatidylcholine
(HSPC)/mPEG-2000 to develop DTX-loaded liposomes
through a remote loading approach. Particle size (115 nm),
polydispersity index (PDI, 0.2), drug encapsulation efficiency
(up to 76%), and liposome stability were all optimized for
DTX-loaded liposomes.40 The developed liposomes using
remote loading achieved 50% more significant control in
plasma over those using passive loading.40 While the
biodistribution studies of DTX-loaded liposomes showed
significantly higher accumulation in the tumor over the free
DTX, this may be due to the EPR effect.40 Furthermore, in
vivo research on BALB/c mice with 4T1 breast carcinoma
tumors revealed a considerable reduction of tumor formation
when delivered with DTX-loaded liposomes. Additionally, the
survival duration of mice treated with DTX-loaded liposomes
was higher than those of the control and Taxotere groups, all
supplied at a comparable dose of 8 mg/kg.40 Therefore, it is
concluded that liposomal formulations found higher antitumor
action against BC management.

Conjugating monoclonal antibodies with liposomes is a
potential strategy for improving liposome selectivity while
minimizing the side effects associated with anticancer drugs.41

The overexpression of HER2 in HER2-positive BC cells can be
targeted by encapsulating liposomes with a monoclonal
antibody that targets HER2.41 Immunoliposomes that were
loaded with calcein and DOX and functionalized with the
monoclonal antibody trastuzumab (TRZ) were found to have
higher cellular toxicity and enhanced drug uptake by the
HER2+ human BC cell line (SK-BR-3).43 Therefore, this
combination of formulations revealed a promising technique in
the area of targeted drug delivery, with results that enhanced
efficiency and reduced the cytotoxicity of anticancer drugs.
There has been modest success using monoligand-directed
liposomes; however, the dual-ligand-directed liposomes have
been proven to show better improvement. Thus, for the
purpose of creating a dual-targeted liposome for BC, scientists
have synthesized a Y-shaped ligand that is covalently coupled
to fructose and biotin (Fru-Bio-Chol).42 Fru−Bio liposomes
showed better absorption by MCF-7 cells than Fru liposomes
or Bio liposomes, and we found that they require energy for
endocytosis. Fru-Bio liposomes loaded with PTX inhibited BC
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cell growth more effectively, resulting in a 1.7-fold higher
apoptosis rate. They also outperformed both Fru liposomes
and Bio liposomes in terms of tumor enrichment ability, as
demonstrated by in vivo imaging.42 Thus, the Fru-Bio
covalently modified liposomes enhanced the BC targeting
ability and revealed great potential as a novel carrier system for
BC.

Highly invasive BC cells have been proven to be resistant to
standard therapies. Conversely, the vasculogenic mimicry
(VM) channels produced by the surviving BC cells promoted
tumor growth and metastasis. Daunorubicin and emodin, two
drugs used to shut down the channels, were encapsulated in
arginine-8-glycine-aspartic acid (R8GD)-targeted liposomes.
Particle size and particle size distribution in the generated
R8GD-modified daunorubicin liposomes were tiny and
homogeneous, respectively, and the drug encapsulation
efficiency was improved.43 Furthermore, the above-mentioned
targeted liposomes destroyed the VM channels and inhibited
tumor metastasis.43 Moreover, the R8GD-modified daunor-
ubicin liposomes and R8GD-modified emodin liposomes
inhibit VM channel growth and tumor cell propagation,
exhibiting cytotoxic effects on MDA-MB-435S cells. They
downregulate metastasis-related proteins like matrix metal-
loproteinase-2 (MMP-2), vascular endothelial cadherin (VE-
cad), transforming growth factor-β (TGF-β1), and hypoxia-
inducible factor 1α (HIF-1α). In vivo study showed targeted
liposomes accumulated specifically at tumor sites, resulting in a
distinct antitumor impact.43 Therefore, combining targeted
daunorubicin liposomes with targeted emodin liposomes might
be an effective new method of treating invasive BC. The
membrane substance ginsenoside Rg-3 is used as a
replacement for cholesterol, and it is an active ingredient
found in traditional Chinese medicine.44 Liposomes based on
ginsenoside Rg-3 are created and loaded with dihydroartemi-
sinin and PTX. A spherical particle shape (107.81 nm),
uniformity across the entire surface, and a zeta potential of 2.78
mV characterize the generated liposomes. The drug loading in
liposomes was 4.46%, whereas the encapsulation efficiencies
were 57.76% and 99.66% for dihydroartemisinin- and PTX-
loaded liposomes, respectively.44 The accumulated drug release
of dihydroartemisinin and PTX from the liposomes at pH 5
showed higher drug release over that at pH 7.4. Further, it
revealed better stability.44 The administration of dihydroarte-
misinin- and PTX-loaded liposomes against MDA-MB-231 and
4T1 cells showed higher cytotoxicity and inhibited migration
compared to the free drugs. Moreover, the liposomes showed
active targeting and lysosome escape.44 Apart from this, the
liposomes showed lower toxicity to H9c2 cells over the free
drugs, which reduced cardiotoxicity.41 Therefore, the ginseno-
side Rg-3-based liposomes with a combination of both drugs
may a substitute for cholesterol in the development of
liposomes and could be a better option in BC in the near
future.
3.2. Solid Lipid Nanoparticles. Solid lipid nanoparticles

(SLNs) are biocompatible and biologically degradable,
providing efficient therapeutic lipid-based colloidal drug
delivery, as shown in Figure 3. SLNs are the most commonly
carriers of poorly water-soluble drugs to improve oral
bioavailability.45 They have many advantages, such as ease of
preparation, effective drug release, and prolonged stability.45

Jain et al. synthesized lipid β-carotene-loaded SLNs to treat
BC. In vitro MTT test experiments revealed that free β-
carotene had a substantial inhibitory effect on cancer cells. The

formulation showed improved bioavailability for BC and
extended blood circulation.46 Xu et al. developed PTX-loaded
SLNs to increase drug absorption by entering BC cells.47 The
anticancer action of the said formulation is further confirmed
via in vitro cell line studies using MCF7 and multidrug-resistant
(MDR) MCF7/ADR along with rhodamine dye.47 The SLNs
demonstrated much more anticancer potential against MCF7/
ADR as well as significantly greater cell penetration in MCF7/
ADR via several endocytotic pathways.47

TNBC is the most lethal form of BC, with low estrogen
receptor (ER), progesterone receptor (PR), and HER2
expression.48 Siddhartha et al. have developed diallyl disulfide
SLNs (DADS-SLNs) that have been found to enhance
apoptotic function in TNBC with receptors for advanced
glycation end products (RAGE) receptors.48 The superficial
DADS-SLNs variant with the RAGE antibody boosted the
cytotoxic effect via intrinsic apoptotic signaling pathways in
MDA-MB231-overexpressed RAGE cells. It is also established
that RAGE is a suitable molecular target in TNBC.48 Zhang et
al. synthesized a combination therapy of PTX and P53 mRNA-
loaded amino lipid derivative nanoparticles (NPs) to diagnose
TNBC.49 In vivo studies of the orthotopic TNBC mouse model
showed that BC cells are significantly inhibited due to their
limited size.49 Eskiler and colleagues have studied the effects of
tamoxifen (TF)-loaded SLNs on the MCF-7 cell line and
observed higher cytotoxicity compared to free methotrexate
(MTX).50

Niclosamide (Niclo), an anthelmintic drug licensed as an
anticancer agent, was recently repurposed.51 Niclo inhibits the
activation of the signal transducer and activator of transcription
3 (STAT3) via reducing STAT3’s phosphorylation. STAT3
was effectively suppressed by the medication, which offers
significant antitumor benefits.51 The Niclo-induced breakdown
of STAT3 boosted TNBC apoptosis and sensitized TNBC to
radiation and chemotherapy.51,52 However, its therapeutic
activity as an anticancer drug was constrained by poor water
solubility, decreased bioavailability, nonspecific action, and side
effects such as nausea, itching, and stomach discomfort.51,52

Researchers synthesized Niclo-SLNs modified with phenyl-
boronic acid (PBA-Niclo-SLNs) and investigated their action
against TNBC. To create PBA-Niclo-SLNs, PBA-associated
stearyl amine (PBSA) was used as a lipid in an emulsion with
solvent evaporation. Further cytotoxicity studies of the
mentioned formulation revealed higher cytotoxicity over
Niclo and Niclo-SLNs.53 Furthermore, the increased cytotox-
icity can be attributed to increased cellular absorption by
MDA-MB-231 cells. PBA-Niclo-SLNs were shown to be more
effective in the destruction of tumor cells by increasing the
likelihood of G0/G1 cell cycle arrest and apoptosis. They also
suppress STAT3, the CD44+/CD24-TNBC stem cell
subpopulation, and epithelial-mesenchymal transition markers.
Furthermore, they accumulate at the tumor site, resulting in
greater tumor shrinkage and increased survival in TNBC-
bearing mice.54 In summary, the formulation of PBA-Niclo-
SLNs is a viable alternative to overcoming traditional
chemotherapy obstacles and treating TNBC radically.

Raloxifene (RLX) hydrochloride, a second-generation
selective ER modulator, has been approved for the treatment
of BC.55 Whereas it had poor (2%) oral bioavailability in
humans, owing mostly to low water solubility, it demonstrated
greater first-pass metabolism, p-gp efflux, and presystemic
glucuronide conjugation.55 The RLX-loaded SLNs were
created by the researcher and optimized using the Taguchi
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design, followed by the Box−Behnken design.55 Conversely,
the optimized SLNs had a mean particle size of 109.7 nm, a
PDI of 0.289, and a zeta potential of −13.7 mV. The in vitro
drug release revealed fickian release with a release exponent of
0.137.55 A pharmacokinetic study revealed that RLX-SLNs
greatly outperformed RLX alone in terms of biopharmaceutical
performance, with a 4.06× increase in Cmax and a 1.22-fold
increase in Tmax.

55 Furthermore, the stability investigations
demonstrated RLX-SLNs’ durability after three months.52 The
findings of the various studies also show that the developed
RLX-SLNs have the ability to combat cancer and that using
SLNs as a drug delivery method is an excellent way to enhance
RLX’s biopharmaceutical properties.

D-Tocopheryl polyethylene glycol 1000 succinate−resvera-
trol (RV)-loaded SLNs (TPGS-RV-SLNs) are being developed
by researchers employing the solvent injection approach to
combat MDR.56 Additionally, the characterization investiga-
tion showed that TPGS-RV-SLNs have a drug-loading of 32.4
± 2.6% and a zeta potential of 25.6 ± 1.3 mV.56 Additionally, it
was shown that TPGS-RV-SLNs significantly inhibited cell
migration and invasion in SKBR3/PR cells compared to the
free RV.56 Furthermore, TPGS-RV-SLNs increased cellular
absorption, brought about mitochondrial malfunction, and
increased tumor effectiveness by triggering apoptosis.56 The
conclusion is that TPGS-RV-SLNs have substantial promise
and are effective drug delivery systems for overcoming drug
resistance in the therapy of BC.

A side chain lysyl (CH2)4NH2 and α-carboxylic acid group is
a necessary building block in the amino acid lysine.57 As
reported in the literature, it is is used in the surface
modification of nanocarriers for targeted drug delivery.
Epirubicin (EPI) was successfully delivered using lysine-
conjugated SLNs, which researchers designed.57 The particle
size is 148.5 nm, and an entrapment efficiency (EE) of 86.1%
was observed. The scanning electron microscopy (SEM)
findings support the formation of nanometer-size SLNs.57

Furthermore, differential scanning calorimetry (DSC) and

Fourier transform infrared (FT-IR) analysis support a
hyperlink of lysine to the free functional group of SLNs.57

Moreover, the in vitro drug release showed 68% EPI-L-SLN
released in a controlled manner for 48 h.57 Noncoupled EPI-
SLNs showed 48.5% drug release, while the cytotoxicity study
showed a lower IC50 (3 μM) for L-conjugated EPI on the
MCF-7 BC cell line.57 Thus, based on in vitro and in vivo
results, it concluded that the EPI-L-SLNs have a remarkable
anticancer effect and can be a good candidate for cancer-
targeted therapy.

Radiolabeled TRZ is a humanized monoclonal antibody
targeting HER2 in BC. It binds to the HER2 protein and
prevents epidermal growth factor from entering cancer cells,
preventing cell division and destruction of the immune system.
TRZ can prolong the progression-free survival time of HER2-
positive metastatic BC patients and is radiolabeled with 99
mTc for disease diagnosis.58 Using high-shear homogenization
and sonication techniques, researchers developed radiolabeled
TRZ-loaded SLNs found to be less than 100 nm in size with a
negatively charged zeta potential. TRZ-SLNs were biocompat-
ible and effectively induced apoptosis in the MCF-7 cells. The
parenteral injection of TRZ-SLNs in rats uncovered their
biocompatibility and sustained release profile in blood
circulation compared to free drug solutions.58 Furthermore,
based on characterizations, in vitro cytotoxicity, and in vivo
investigations, the 99 mTc-radiolabeled TRZ-loaded SLNs
could be a potential theranostic tool in treating BC.

Mitoxantrone (Mito), an anthracene-dione anticancer drug,
inhibits DNA replication and has higher anticancer activity
against advanced BC. However, systemic adverse effects like
cardiotoxicity and myelosuppression restrict its usage.39 The
subsequent exposure to Mito, which was caused by the
upregulation of several drug efflux transporters, reduced its
therapeutic effectiveness.39 BC faces challenges due to
nonspecific targeted action and dose-limiting adverse side
effects. Researchers developed Mito-loaded SLNs function-
alized with disteroylphosphatidylethanolamine−poly(ethylene

Table 2. Examples of Anticancer Drug-Loaded Nanomedicines in the Management of Breast Cancer at the In Vivo Levela

drug name nanocarriers outcomes ref

DOX Liposome it exhibited extended systemic circulation compared to free DOX. further, it also exhibited more pronounced antitumor
antimetastasis effects over the free DOX

36

PTX and DOX
hydrochloride

calcium
orthophosphate
(CaP) liposome

it achieved EE’s of 70% and 90% for PTX and DOX, respectively. the conversion of negative charge to positive charge under
weak acidic pH conditions promoted efficient cell internalization. the in vivo results demonstrated 76% tumor growth
inhibition

171

PTX and P53
mRNA

SLNs in vivo studies of the orthotopic TNBC mouse model showed that BC cells are significantly inhibited due to their limited size. 49

pterostilbene SLNs CS/Lf/PTS-SLNs reduced tumor growth by 2.4-fold when compared to the PTS solution 59
polyphyllin D SLNs in vivo studies showed maximum tumor inhibitory action on 4T1-implanted BALB/c mice 60
RBO NLCs in vivo pharmacokinetic study revealed that RBO-NLCs have 3.54× the bioavailability of RBO-suspension 67
MTX-CS polymeric

nanoparticles
in vivo pharmacokinetic studies showed enhanced plasma concentration, retention time, and decreased cellular clearance 79

PTX+CUR polymeric NPs in vivo antitumor effects were observed, with significant tumor growth inhibition, prolonged survival time, reduced side
effects, and reduced Ki67 expression over the free combination drugs (PTX+CUR) in BALB/c nude mouse xenografted
with MCF-7 cells

170

quercetin micelles in vivo experiments showed dHAD-QT inhibiting tumor growth by 91.8% in mice, prolonging survival time, and reducing
drug toxicity to normal tissues

95

exemestane polymer−lipid
hybrid
nanoparticles

in vivo investigations showed significantly enhanced antibreast cancer activity through oral administration of exemestane-
loaded TPGS-PLHNPs and exemestane-PLHNPs, with tumor inhibition rates of 72.72% and 61.94%, respectively

121

DOX theranostic
nanoparticles

the in vivo experimental results show good biocompatibility and effective apoptosis, extending the life of animals in the
murine breast cancer model

135

hypericin polyester dendrimer
NPs

it was found to be a highly efficient in MRI contrast enhancement with excellent tumor-inhibiting effects 136

aTNBC, triple-negative breast cancer; NPs, nanoparticles; DTX, docetaxel; BC, breast cancer; SLN, solid lipid nanoparticles; DOX, doxorubicin;
FA, folic acid; MTX, methotrexate; PSO, psoralen.
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glycol)folic acid (DSPE-PEG-FA) ligands, which showed
adequate size and formulation stability for up to six months.
The conjugated SLNs improved circulation time and tumor
selectivity and minimized systemic side effects. Furthermore, iv
injection of conjugated SLNs at acidic pH led to rapid drug
release, enhanced circulation time, tumor selectivity, and
reduced systemic adverse effects.39 The study found that SLNs
are nonhemolytic to human red blood cells (RBC) and possess
the high anticancer activity of Mito, with improved cytotoxicity
toward MCF-7 cells at minimal IC50 concentration. These
effects are attributed to various cellular uptake mechanisms,
including endocytosis, and can enter cells through passive or
flip-flop diffusion.39 Additionally, increased intracellular drug
delivery is achieved by FR-mediated endocytosis, which causes
Mito to accumulate more within MCF-7 cells. These results
were validated using confocal laser scanning microscopes
(CLSM) and flow cytometry.39 This leads to the conclusion
that functionalized SLNs are a remarkable drug delivery
strategy because they enable targeted administration to cancer
cells that express FR+ while decreasing nonspecific tissue
distribution and systemic toxicity.

A phytomolecule with potential for effectiveness against BC
is pterostilbene (PTS). The main drawbacks of it are its poor
solubility, low bioavailability, and chemical instability. The
researcher uses ultrasonication methods to develop PTS-
loaded SLNs. In order to target active drugs, lactoferrin (Lf)
and chondroitin sulfate (CS) are dual-functionalized to
produce CS/Lf/PTS-SLNs.59 Additionally, a PDI of 0.33, a
zeta potential of −11.85 mV, and a particle size of 223.42 nm
were observed for these dual-functionalized SLNs. After 24 h,
the in vitro drug release profile showed 72.93% release in a
controlled manner. In contrast, the in vitro cytotoxicity of
triple-negative MDA-MB-231 cell lines revealed a 2.63-fold
decrease in IC50 with a greater antimigratory impact and
cellular uptake compared to PTS solution.59 In addition to
their in vivo antitumor activity in an orthotopic cancer model,
the CS/Lf/PTS-SLNs reduced tumor growth by 2.4-fold when
compared to the PTS solution.60 Moreover, the results are also
summarized in Table 2. Furthermore, the immune-histochem-
istry experiment revealed that CS/Lf/PTS-SLNs had a greater
antitumorogenic impact through a 5.87-fold reduction in Bcl-2
expression as compared to PTS solution.59 Therefore, it can be
said that CS/Lf/PTS-SLNs show promise as a phytother-
apeutic nanotargeted treatment against BC.

A steroidal saponin called polyphyllin D (PD) is derived
from the Paris polyphylla. In certain malignancies, it induces
apoptosis.58 Its applications are limited because it causes
hemolysis.60 Researchers developed and optimized PD-loaded
SLNs and used them against BC cell lines. The IC50 values
were 33.25 and 35.74 μg/mL for MCF-7 and MDA-MB-231
cells, respectively. Flow cytometry analysis showed a significant
enhancement in apoptosis. PD-loaded SLNs downregulated B-
cell lymphoma 2 (Bcl-2) and 70 kDa heat shock proteins
(HSP70) while upregulating P-53, apoptotic protease activat-
ing factor 1 (Apaf-1), p-53, and Noxa proteins. In vivo studies
showed maximum tumor inhibitory action on 4T1-implanted
BALB/c mice.60 Therefore, it is concluded that PD-loaded
SLNs may become promising in the management of BC
without recognizable side effects.

Researchers developed vincristine-loaded SLNs with an
average particle size of 160 ± 25 nm and a zeta potential of
−34.00 mV, exhibiting higher cytotoxicity against MDA-MB-
231 cell line.61 Therefore, based on in vitro cytotoxicity studies,

it is concluded that vincristine-loaded SLNs could be a better
approach in the management of BC. Maslinic acid (MA) is a
natural pentacyclic triterpenoid with potential antitumor
properties but limited applications due to poor solubility in
water.62 Researchers developed MA-loaded SLNs using
poloxamer 407 and dicarboxylic acid-poloxamer 407 as
surfactants. These homogeneous particles had a 130 nm
particle size and were found to be stable. In vitro cytotoxicity
studies showed higher cytotoxicity against MCF-7 cancer cells,
while Nile red loaded MA-SLNs showed higher cytotoxicity
and quick uptake. No toxic effects were observed in oral or iv
administration, and fluorescent MA-loaded SLNs showed
homogeneous distribution in mice.62 Thus, based on the
results in vitro and in vivo, MA-SLNs have great potential as
nanocarriers for effective delivery of MA with specific targeted
action.
3.3. Nanostructured Lipid Carriers (NLCs). In 2000,

NLCs were established in tumor sites in response to various
drugs, including chemotherapy.63 This drug delivery system
has successfully localized chemotherapeutic agent accumu-
lation to the tumor site, where it can inhibit cancer cell
proliferation.63 The most significant development of NLCs is
the simple and improved entrapment of drug molecules with
biodegradable and biocompatible excipients, including solid
and liquid lipids, to construct a matrix with a large cavity.63

Researchers developed DTX-loaded NLCs and evaluated
cytotoxicity against BT-474 and MDA-MB-468 HER2-positive
and HER2-negative BC cell lines.64 The developed NLCs on
BT-474 cells were more cytotoxic than those on MDA-MB-
468 cells. Flow cytometric tests verified the improved cell
penetration of the NLCs against the BT-474 cell line.64 Ellagic
acid (EGA) is commonly used to prevent and treat cancer.33 A
plethora of researchers have reported that surface-function-
alized nanocarriers have been evaluated in tumor-targeted
delivery of anticancer drugs.33 The researcher who developed
the apigenin-functionalized EGA-loaded NLCs demonstrated a
substantial cytotoxic impact, with an IC50 value of 5.472 μg/
mL above that of the free drug reported at 9.09 μg/mL.33 The
functionalized EGA-loaded NLCs effectively arrest MCF-7
cells in G2/M and S phases, exhibiting apoptotic activity by
upregulating p53, bax, and casp-3 expression and down-
regulating bcl-2.33 Furthermore, tumor necrosis factor-α
(TNF-α) expression was elevated. In contrast, nuclear factor
κ-light-chain-enhancer of activated B cells (NF-κB) activity was
reduced, which supported the considerable induction of
apoptosis by functionalized EGF-NLCs.33 Therefore, function-
alized EGA-NLCs have been successfully proposed as effective
lipidic nanocarriers in managing BC.

Methotrexate (MTX) is a chemotherapeutic agent that is
used in the management of BC. However, MTX has limited
clinical applications due to its low solubility, nonspecific
targeting, and adverse side effects.65 However, NLCs could be
promising nanocarriers for the effective delivery of MTX in the
management of BC. Researchers have developed MTX-loaded
NLCs using biocompatible excipients such as glyceryl
monostearate (GMS) and miglyol 812 (MI1). These NLCs
exhibit spherical shapes, long-term stability, and a cubic
crystalline structure. The encapsulation efficiency is 85%, and
the in vitro release is 52% in 24 h.66 The biocompatibility of
the NLCs is under a 10% tolerance limit, and the MTT results
show significant cytotoxicity against the MCF-7 cell lines.
Chlorambucil (CBL), including BC, is an alkylating agent in
solid tumor management. However, CBL has side effects like

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.3c07345
ACS Omega 2023, 8, 48625−48649

48632

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07345?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


nausea, vomiting, diarrhea, alopecia, oral ulcers, bone marrow
suppression, and hypersensitivity reactions. Researchers have
developed CBL-loaded NLCs functionalized with FA as a
targeting probe. The optimized formulation had an EE of
79.9%, a particle size of 119 nm, a PDI of 0.3, and a zeta
potential of −42 mV. The functionalized NLCs showed
superior activity to nontargeted ones over a CBL solution with
minimal systemic toxicity, confirming their effective targeting
ability.66 Thus, the result finding concludes that using FA in
NLCs provides targeted potential and effective drug release to
the specific site of BC. Ribociclib (RBO), an FDA-approved
anticancer agent, inhibits cyclin-dependent kinase activity in
cell cycle pathways, reducing both retinoblastoma protein
phosphorylation and CDK4 and CDK6 activity.67 It has low
solubility and permeability and a high hepatometabolic rate.
Researchers recently utilized the Box−Behnken design and
produced RBO-NLCs via solvent evaporation.67 The opti-
mized NLCs have a particle size of 114.23 nm and an EE of
87.7%. The transmission electron microscopy (TEM) study
shows a spherical shape and a uniform size distribution, and
the NLCs have shown potential in drug release studies; this is
also summarized in Table 1. In vitro, hemolysis studies found
compatibility with RBCs, and confocal studies confirmed drug
penetration into the intestine by RBO-NLCs to a greater
extent than the RBO suspension and 86.71% drug release in
0.1 N HCl over the RBO suspension. The IC50 was reduced in
cell line studies against MCF-7.67 An In vivo pharmacokinetic
study revealed that RBO-NLCs have 3.54× the bioavailability
of the RBO suspension.67 As a consequence, the findings from
in vitro, ex vivo, and in vivo studies demonstrated an efficient
outcome with enhanced RBO bioavailability augmentation in
the efficient management of BC.

NLCs are effective for the transdermal delivery of bioactive
compounds by forming a lipid film upon contact with the
stratum corneum.68 Tetrahydro-curcumin (TH-CUR) is a
major metabolite of CUR, and literature has revealed that it
has enhanced antioxidant and anticancer properties.68

Researchers developed TH-CUR-loaded chitosan (Ch)-coated
NLCs using high-shear homogenization. The optimized TH-
CUR-Ch-NLCs had a particle size of 244 nm, a zeta potential
of −17.5 mV, and an EE of 76.6%.68 The in vitro drug release
study found that the Korsmeyer−Peppas model with Fickian
and non-Fickian diffusion at pH 7.4 and pH 5.5 improved in
vitro skin penetration with sustained release. TH-CUR-Ch-
NLCs showed enhanced skin permeation, cell uptake, and
cytotoxicity toward MD-MBA-231 cell lines compared to
nonencapsulated TH-CUR.68 Therefore, it is summarized that
TH-CUR-Ch-NLCs have great potential as transdermal
nanocarriers in the effective management of TNBC.
Dexibuprofen (DXI) is the dextrorotatory isomer of ibuprofen
(IBU), with nearly 160× higher anti-inflammatory activity and
significantly lower toxicity as compared to the enantiomer R.69

Although DXI is usually well tolerated, it does have some of
the negative effects that are common with NSAIDs.69 DXI is
an antiproliferative therapy against tumors, but it has limited
applications due to the side effects, with poor physiochemical
characteristics. To overcome such issues, researchers devel-
oped NLCs for its effective delivery.69 A two-level factorial
design was used to optimize DXI-NLCs, resulting in a particle
size of 152.3 nm, a PDI below 0.2, and an EE of >99%. These
NLCs showed prolonged drug release and stability for 2
months. Their spherical shape was observed by TEM. The
cytotoxicity studies showed the highest cytotoxic action against

MDA-MB-468 cancer cell lines at a concentration of 3.4 μM.69

In the last, it concludes that DXI-NLCs exhibit promising
antiproliferative action and have been found effective for the
management of BC.
3.4. Polymeric Nanoparticles. Polymeric nanoparticles

(NPs) are a biocompatible and biodegradable material used to
encapsulate various drugs, including chemotherapeutic agents,
as shown in Figure 3. They are categorized into nanospheres
and nanocapsules.70 Ch/polylactide (PLA)-NPs have been
developed for treating TNBC.71 The particle size, in vitro drug
release, and viability of the BC cells were evaluated. The drug
was encapsulated, effectively released, and promoted cell death
against BC.71,72 Biomimetic peptides were tested in vivo in a
mouse model of MDA-MB-231orthotopic xenografts against
TNBC.73 The researcher has developed AXT050-PLGA-block-
PEG (AXT050−PLGA-PEG).73 Antitumor and antiangiogenic
peptides were used as targets and therapeutic bioactive
components. AXT050 NPs were designed to integrate the
aVb3 receptor for BC cells.72 Nosrati et al. developed MTX-
conjugated loaded L-lysine iron oxide magnetic NPs for MCF-
7 BC cells.74 The particle size of <100 nm for the mentioned
formulation found a major anticancer effect.74 Calcitriol
polymeric nanocapsules were developed for BC in 2018 by
Nicolas et al.75 The calcitriol-loaded nanocapsules have shown
controlled drug release into the tumor cells with substantial
calcitriol accumulation.75 The antitumor efficacy of CUR-
loaded poly(lactic-co-glycolic acid) (PLGA)-NPs was assessed
by another researcher in MDA-MB-231 cancer cells. The
PLGA-NPs loaded with CUR were developed utilizing a
modified solvent evaporation process, resulting in increased EE
and prolonged drug release.76 Furthermore, the NPs notably
decreased cellular viability, migration, and invasion to the
MDA-MB-231 cell line.76

Treatment of TNBC poses significant obstacles in cancer
treatment, mostly attributed to the limited availability of drug
delivery methods capable of efficiently targeting malignant
areas. The riboflavin analogue CSRf was loaded into PLGA-
NPs as CSRf-PLGA-NPs. The NPs were synthesized and
modified with a ligand and a photodynamic therapy agent to
target MDA-MB-231 cancer cells.77 In contrast, the bio-
compatibility of the new CSRf-PLGA-NPs with BC cell lines
was investigated. In vitro, cytotoxicity investigation found a
sixfold increase in the cellular absorption of CSRf-PLGA-NPs
in cancer cells compared to normal cellsm,77 while the
photosensitizing property of Rf on the surface of the NPs
was reduced in TNBC cells treated with DOX-loaded CSRf-
PLGA-NPs and UV irradiation.77 Furthermore, in the TNBC
model, the aforementioned NPs were excellent drug delivery
carriers and therapeutic entities with improved photodynamic
effects. Similarly, researchers developed TF-loaded polymeric
NPs with ganoderic acid A (GA-A). They found an average
particle size of 15.7 nm and PDI of 0.27, having excellent drug
loading and an EE of 92.2%.78 The in vitro cytotoxicity study
reported significantly reduced cell viability, with the IC50 at the
lowest value after 72 h.78 In rats treated with 12-dimethylbenz-
[a]anthracene (DMBA), TF with GA-A-loaded polymeric NPs
showed 11.7% tumor incidence and the lowest average tumor
weight. This led to the best recovery and maximal restoration
of hematological parameters, including mitochondrial enzymes,
antioxidants, and inflammatory cytokines, in the DMBA
generated rat breast tumor model. This suggests TF with
GA-A-loaded polymeric NPs has a greater anticancer effect.78

A researcher developed MTX-Ch-NPs by using a single-step
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self-assembly method with ionic gelation. The Ch was cross-
linked with MTX, achieving a 49% loading. The NPs had an
average particle size of 143 nm with a zeta potential of 34 mV
and an EE of 87%. In vitro drug release kinetics showed the
Korsmeyer−Peppas model, while MTT assays showed an IC50
of 15 μg/mL in 24 h. Hemocompatibility studies showed
biocompatibility, hemolysis of <2%, and higher cellular uptake.
In vivo pharmacokinetic studies showed enhanced plasma
concentration and retention time and decreased cellular
clearance. The antitumor efficacy studies showed a reduction
in tumor volume from 1414 to 385 mm3 by MTX-Ch-NPs and
that from 1414 mm3 to 855 mm3 by free MTX.79 Therefore,
the present research concludes that MTX-Ch-NPs could be
effective in the management of BC.

For targeted cancer therapy, albumin enhances the
therapeutic index of anticancer drugs, such as lapatinib
(LAPA). Albumin-coated PLGA-NPs, prepared by an
emulsification method, have a small spherical core, a drug-
loading capacity of 9.65%, and an EE of 75.55% with enhanced
stability and a pH-controlled drug release profile. The MTT
study found significantly higher cancer cell growth inhibition
by LAPA-albumin-PLGA-NPs compared to free LAPA and
uncoated PLGA-LAPA-NPs, and the study has reported
overexpression of albumin receptor as the progenitor of this
effect. The LAPA-loaded albumin-PLGA-NPs also showed
enhanced tumor accumulation, prolonged blood residence
time, and potent tumor growth inhibition with superior
biosafety. This suggests that albumin-coated PLGA-NPs could
be a new strategy to improve the safety and efficacy of LAPA in
BC management.80 As a result, the developed albumin-coated
PLGA-NPs may be used as a new convenient technique to
increase the safety and efficacy of LAPA in the treatment of
BC. Researchers developed pH-responsive CS-based NPs
loaded with DOX, resulting in a particle size of 277.4 nm, a
zeta potential of −13.2 mV, homogeneous dispersion, and a
low PDI. DOX release was pH-dependent, and DOX-laden
NPs showed greater cell cytotoxicity against MCF-7 cancer
cells.75 Therefore, the novel pH-sensitive NPs could be a
promising nanocarrier for tumor-targeted delivery. Silibinin
(SIL) is an anticancer polyphenolic flavonoid with potential.
However, its bioavailability restricts its efficacy at tumor sites.
To overcome this, we developed SIL-loaded PLGA-PEG-NPs
with an average particle size of 220 nm and a zeta potential of
−5.48 mV. In vitro cytotoxicity studies showed the cytotoxic
effects of SIL-NPs were greater than those of pure SIL. SIL-
NPs induced apoptosis in BC cells by upregulating caspase-3,
caspase-7, p53, and Bax, as well as downregulating hTERT and
surviving cyclin D1.81 Therefore, SIL-loaded PLGA−PEG-NPs
can be used as a stable nanocarrier with higher cytotoxic
effects. It can be a promising novel tool for the management of
BC.81

Researchers have developed biodegradable polycaprolactone
(PCEC) copolymer NPs for dual delivery of PTX and CUR
against BC. These NPs have a particle size of 27.97 nm and a
PDI of 0.197. They show slow release of PTX and CUR
without burst effects. The NPs show dose-dependent
cytotoxicity against MCF-7 cells, with a higher apoptosis rate
of 64.29% compared with the free drug combination of PTX
with CUR (34.21%). In vitro cellular uptake studies show drug-
loaded PCEC polymeric NPs are more readily taken up by
tumor cells. In vivo antitumor effects were observed, with
significant tumor growth inhibition, prolonged survival time,
reduced side effects, and reduced Ki67 expression over the free

combination drugs (PTX + CUR) in a BALB/c nude mouse
xenografted with MCF-7 cells,82 which is also summarized in
Table 2. Therefore, the present work can be employed to
effectively manage BC in the near future. FR expression in BC
cells can be utilized as a ligand for conjugation to folate-
functionalized NPs. Metformin (Met), has been used for
anticancer effects. Researchers developed Met-loaded PLGA-
PEG-NPs and evaluated them against MDA-MB-231 human
BC cell lines. Met-loaded NPs showed cytotoxic effects in a
dose-dependent manner, downregulating hTERT and Bcl-2
and upregulating caspase-7, caspase-3, Bax, and p53 gene
expression.83 Thus, this suggests that the FA-functionalized
PLGA-PEG-NPs are an appropriate approach to enhance the
anticancer efficacy of Met against BC. Researchers have
developed glucose-conjugated CPT-loaded glutenin nano-
particles (Glu-CPT-glutenin-NPs) as a promising anticancer
drug delivery tool for targeting malignant cells without
disturbing healthy cells. FT-IR and 13C-NMR spectra
confirmed the conjugation. The Glu-CPT-glutenin NPs are
spherical in shape, 200 nm in size, and have concentration-
dependent cytotoxicity against MCF-7 cells (IC50 = 18.23 μg
mL−1).84 The cellular uptake study shows enhanced
endocytosis and effective delivery of CPT in MCF-7 cells.
The NPs also target mitochondria, enhancing reactive oxygen
species (ROS) levels and damaging mitochondrial membrane
integrity.84 Thus, from the outcomes, it summarized that the
wheat glutenin can be proposed as a delivery carrier in the
enhancement of anticancer drugs.
3.5. Polymeric Micelles. Polymeric micelles are attractive

for the delivery of anticancer drugs with amphiphilic block
copolymers, i.e., a hydrophobic core for loading hydrophobic
drugs, as shown in Figure 3. The nanostructured micelles
contain a hydrophilic shell, which provides firmness.85 Further,
the nanosized micelles can accommodate a large payload and
extended duration of circulation, as well as greater drug
permeability and higher tumor penetration for water-soluble
anticancer drugs.85 Cholecalciferol (CCF)-loaded PEG con-
taining nanomicelles for therapy against TNBC has been
developed by Kutlehria et al.86 Furthermore, the MDA-MB-
231, MDA-MB-468, and MDA-MB-231DR (DOX-resistant)
cell lines showed 1.8×, 1.5×, and 2.9× greater cytotoxicity in
response to the nanomicelles, respectively.86 Western Blotting
analysis has shown that DOX-loaded PEG-CCF significantly
reduced the mTOR, c-Myc, and BCl-xL antiapoptotic markers
and the Bax proapoptotic marker.86 The improved chemical
sensitization and apoptosis lead to reduced activity of P-gp,
thus minimizing their adverse effects, and the micelles could
also serve as a carrier for further chemotherapeutic drugs.86

Baidya et al. reported the enhanced bioavailability of the
chrysin-loaded conjugated pluronic (PF127-F68) to human BC
cells.87 This structure is used to target the FR in BC. An in
vitro, in vivo, and cell line study for anticervical action has been
evaluated. In the MCF-7 cell line, the formulation greatly
increased the Cmax and AUC values by fivefold.87 Furthermore,
this is also summarized in Table 1. Pawar et al. developed
festin-loaded folate-functionalized pluronate micelles (FS-FA-
PF). This formulation was developed to target the FA receptor
of BC cells.88 In vitro and pharmacokinetic studies were
performed for the said formulation.88 Nanostructured FS-FA-
PF micelles exhibit advanced Cmax, improved half-life,
decreased clearance, long residual periods, moderate plasma
removal, and low systemically toxic anticancer activity
compared to free drugs.88 Farrokhi et al. have developed a
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DNAzyme targeting cyclodextrin nanosystem on c-Myc
oncogenic cell expression.89 The formulation significantly
prevented smooth muscle cell (SMC) and MCF-7 cell line
growth by 30−80%. Phytomolecules are a promising
alternative for BC management.90 In this regard, RV is a
plant-derived polyphenolic phytoalexin with biological activity
but low water solubility, restricting its therapeutic applica-
tion.90 A researcher developed RV-loaded polymeric micelles
using an emulsion technique with a pluronic PF127 block
copolymer and vitamin E (D-α-tocopheryl) polyethylene glycol
1000 succinate (TPGS).90 The NPs were characterized by a
particle size of 179 ± 22 nm, an EE of 73.2%, and a drug-
loading capacity of 6.2%. Flow-cytometry showed higher
uptake in BC cells than RV, while MTT studies showed RV-
loaded NPs reduced cell viability.90 Therefore, this study
concludes that NPs are excellent candidates for diagnosis and
therapy to treat BC. In another study, the researcher developed
baicalin-loaded mixed micelles to overcome the issues
associated with the pharmacokinetic issues of Baicalein.91

Baicalein-loaded mixed micelles were synthesized by using
TPGS and pluronic F127. These micelles had a particle size of
25.04 nm, a zeta potential of −4.01 ± 0.5 mV, an EE of
83.43%, and a sustained release profile at pH 7.4. FT-IR
confirmed the drug’s successful entrapment, revealing
baicalein’s characteristic peak.91 Baicalein-loaded micelles
significantly increased cellular uptake and cytotoxicity against
MDA-MB-231 cell lines, induced apoptosis, and arrested the
cell cycle in the G0/G1 phase. They also induced
mitochondrial-mediated apoptosis through ROS-dependent
mechanisms.91 Therefore, the developed baicalein nano-
micelles were found effective against BC.

Researchers developed polymeric micelles of N-(2 hydroxy
propyl) methacrylamide (HPMA) and mPEG to deliver
anticancer drugs. mPEG-b-HPMA-DOX-loaded micelles were
developed using a different drug-to-polymer ratio through thin
film hydration.92 The micelles were developed with spherical
shapes with diameters of ∼20−100 nm, an EE of 63.3%, and a
drug-loading capacity of 5.6%. They were found to be taken up
by BC cell lines in a time-dependent manner when analyzed
with confocal microscopy and showed lower half IC50
compared to free DOX. The formulation was safe in hemolysis
studies and maintained its residence in circulation.92 There-
fore, the developed formulation found served as a promising
nanomedicine effective for the management of BC. To
improve the capacity to target and overcome the MDR of
tumor cells compared to DOX, TPGS2000-DOX prodrug
micelles have been developed, and they are reported to release
DOX into tumor tissues when the environment is somewhat
acidic. Micelles loaded with TPGS 2000-DOX were found to
have a particle size of less than 30 nm and exhibit stronger
cytotoxicity in vitro with MCF-7/ADR cells and improved
tumor targeting and absorption, with a stronger anticancer
effect in MCF-7 tumor-bearing nude mice compared to free
DOX.93 It was concluded that TPGS 2000-DOX micelles
confirmed the reversal of MDR of tumor cells, enhanced
anticancer efficacy, and reduced DOX toxicity.

There is evidence that lithocholic bile acid (LCA) can
selectively kill cancer cells in a variety of tumor cell lines,
including neuroblastoma and BC.94 LCA has been incorpo-
rated into micelles using methoxy poly(ethylene glycol)-block-
poly(ε-caprolactone) copolymer (mPEG-b-PCL), allowing
pH-sensitive release in acidic media. The micelles, LCA-60
and LCA-25, have particle sizes of 86.9 nm at 60 °C and 228.2

nm at 25 °C, with observed zeta potentials of −7.54 and
−18.83 mV, respectively. These micelles release more LCA in
acidic media than in a physiological medium of pH 7.4.
Micelles containing a fluorescent dye, like coumarin-6, are
effectively internalized in triple-negative MDA-MB-231 BC
after 4 h. LCA-25 and LCA-60 have a greater inhibitory impact
on cell migration than free LCA. LCA-conjugated micelles
reduce lipogenic activity and increase the expression of
apoptotic gene Bax (1.3-fold) and p53 (1.2-fold). Annexin
V-FITC shows many apoptotic cells after applying micelles to
MDA-MB-231 cells.94 Therefore, the developed micelles are
unique in that they exhibit pH-sensitive LCA release while also
displaying effective apoptosis on BC cells.94 Therefore, these
micelles could have great potential for the management of BC
and, in the future, require in vivo studies before clinical
translation.95 Quercetin (QT) is a potent anticancer drug but
has endured several drawbacks, including poor water solubility,
low bioavailability, and nonspecific targeting, which have
hindered its therapeutic uses. To overcome these challenges,
researchers developed amphiphilic hyaluronic acid (HA)
polymers (dHAD), which self-assemble with QT to create
dHAD-QT micelles.95 The dHAD-QT micelles have a superior
drug-loading capacity of 75.9% and improved CD44 targeting
compared to unmodified HA. They show high cytotoxicity and
apoptosis and rapid QT release under low pH conditions. In
vivo experiments showed dHAD-QT inhibited tumor growth
by 91.8% in mice, prolonging survival time and reducing drug
toxicity to normal tissues.95 Furthermore, this is also
summarized in Table 2. Thus, from the findings discussed
above, it can be inferred that the developed dHAD-QT
micelles have promising potential as effective nanocarriers for
the treatment of BC. Combinational therapy is a new trend in
biomedical sciences aiming to achieve higher drug response
with lower adverse effects. Researchers have optimized DOX
and dimethoxy curcumin (DiMC) coloaded nanomicelles at a
ratio of 1:6, while mPEG2000-PLA5000 biocompatible diblock
copolymer was considered at a fixed 9:1 ratio for both drugs.
This approach addresses challenges in conventional cancer
chemotherapy formulations.96 The developed nanomicelles
had an average particle size of 30 nm, with stable drug loading
of over 9% and an EE of 95%. The acid−base interaction
enhances the drug binding with the copolymer, resulting in
good colloidal stability and controlled drug release. A
systematic evaluation of MCF-7 breast tumor-bearing nude
mice showed enhanced anticancer potency with attenuated
toxicity.96 Therefore, from the above finding, it is summarized
that DOX/DiMC complex nanomicelles could be a better
alternative to the conventional formulations of DOX. Since the
glutathione reductase is heightened in BC cells, researchers
developed a redox glutathione-sensitive micelle based on
abietic acid cystamine-gellan gum (AB-ss-GG) for targeted
delivery of ribociclib (RIB) to BC cells. Micelles were
encapsulated with different RIB/polymer ratios, enhancing
glutathione reductase levels in BC cells.97 Whereas with MTT
and flow cytometry, the cell cytotoxicity and cellular uptake
studies conducted on MCF-7 cells, RIB loaded AB-ss-GG
micelles exhibited higher cytotoxicity and cellular uptake than
free RIB.97 Therefore, AB-ss-GG micelles could be promising
redox-sensitive micelles for effective delivery of RIB toward the
management of BC.
3.6. Inorganic Nanoparticles. Inorganic NPs are reported

as drug delivery carriers for the treatment of various disorders.
Inorganic NPs play an effective role in drug delivery by
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simplifying the NP modification controlling drug release
through multiple provocations and active distribution targets.98

Inorganic NPs strengthened the diagnostic and imaging
action.98 Inorganic NPs such as metallic/nonmetallic NPs
demonstrated higher permeability, light absorption plasma
surface resonance, and infrared radiation interaction.98 More-
over, the various inorganic NPs are illustrated in Figure 3.
3.6.1. Carbon Nanotubes. Carbon atoms are arranged in

tubular configurations to form the network-like structure
termed carbon nanotubes. It imparts insolubility in aqueous
solutions and various organic solvents because of its distinctive
structural feature. This characteristic is important, since it is
crucial to determining their potential toxicity in biological
fluids.99 Additionally, Figure 3 illustrates the structure of
carbon nanotubes (CNTs). Furthermore, chemical alteration
of inorganic NPs resulted in water solubility, enhanced
biocompatibility, and reduced toxic effects.99 The higher
surface is suitable for high drug payloads and has special
electrical and mechanical properties. Like an arrow, it is perfect
and an asset to improving tumor targeting ability.99 Liu et al.
observed the covalent binding of HA on amino-functionalized
single-walled carbon nanotubes (NH2-SWCNTs) to load
DOX.100 Furthermore, the amine-functionalized SWCNTs
revealed that the intracellular availability of DOX in CD44-
overexpressed cells of the MDA-MB-231 cell line resulted in a
significant increase in the proliferation and activation of cell
apoptosis.100 Therefore, SWCNTs-DOX-HA significantly
exhibited cytotoxicity against MDA-MB-231 cells. Moreover,
the impact on the development of cancer cell spheroids was
considerably reduced by SWCNTs-DOX-HA.100 The research-
er utilized annexin A5 (ANXA5) with SWCNTs for near-
infrared photothermal ablation of primary orthotopic EMT6
breast tumors in synergetic BALB/cJ mice. The therapy
increased survival by 55% at 100 days, with an average
maximum temperature reaching 54 °C. Combinatorial photo-
thermal ablation and immune stimulation also improved
survival, as assessed by flow cytometric quantification of
splenic antitumor immune effector cells and serum cytokine
measurement.101 TNBC frequently dysregulated P13K/Akt
signaling, targeting drug targets for drug control.101 In this
regard, the researcher developed single-walled CNTs with
carboxyl groups (SWCNT-COOH) and conjugated cisplatin
to inhibit the P13K/Akt signaling pathway. These nano-
conjugates showed remarkable cytotoxicity toward MDA-MB-
231 cells, causing decreased viability and increased cell death at
higher doses.102 In summary, nanoconjugates downregulate
P13K/Akt signaling, promoting Akt protein degradation and
inhibiting tumor cell migration by decreasing P13K and p-Akt
expression. CNTs significantly decreased PI3K/Akt pathway
activity and hindered tumor cell motility.

Multiwalled carbon nanotubes (MWCNTs) are character-
ized by elongated hollow cylindrical structures, which are
highly sought after for drug delivery due to their large surface
area and drug-loading capability. Their flexibility allows for
precise and targeted delivery of anticancer drugs like DOX,
enabling them to attach with bioactive ligands through
covalent and noncovalent interactions.103 Researchers func-
tionalized MWCNTs with carbohydrate ligands using lysine to
improve drug delivery. DOX-loaded functionalized MWCNTs
showed superior drug loading compared to that of
carboxylated and lysinated MWCNTs. In vitro drug release
showed higher release at pH 5.0 than physiological pH 7.4,
demonstrating sustained release over 120 h. DOX-loaded

galactosylated and mannosylated MWCNTs showed enhanced
anticancer efficacy and cellular uptake against MDA-MB-231
and MCF-7 BC cell lines. Importantly, sugar-conjugated blank
MWCNTs such as galactosylated (GA)-MWCNTs, mannosy-
lated (MA)-MWCNTs, and lysinated MWCNTs displayed no
significant toxicity in normal cells.104 Therefore, the result
suggested that sugar-tethered anticancer drug-loaded
MWCNTs, especially the DOX-GA-MWCNTs and DOX-
MA-MWCNTs, may be used to enhance specific targeted
delivery to BC cells.

3.6.2. Mesoporous Silica Nanoparticles (MSNPs). Meso-
porous silica nanoparticles (MSNPs) offer promising drug
delivery for hydrophobic drugs, particularly in tumor spaces,
through EPR effects. These nanocarrier systems improve drug
delivery by decreasing toxicity, providing controlled drug
release and stability, and increasing biocompatibility and
biodegradability.104 Further, they have been illustrated to
improve EE and drug-loading capacity via surface modification.
MSNPs have significant curiosity and can effectively deliver
drugs because of their special physicochemical character-
istics.104 Surface structures ensure biocompatibility and
denaturation protection that control cellular penetration of
drug release and prevent untimely drug leakage, ensuring
potent penetration and effective drug delivery within tissues.104

MSNPs have also been used for diagnosis and gene delivery in
cancer management.104 Li and associates have developed
sulfide mesoporous theranostic bismuth silica (Bi2S3@mPS)
filled with a TRZ-paired DOX-loaded nanoformulation
(antibody against expressed BC cells).105 Multiple desirable
attributes have been identified for cancer theranostic
(biocompatibility, drug-loading, accuracy, successful accumu-
lation, and tumor targeting) by in vitro and in vivo studies.106

MTX is an antimetabolite agent that competes with
dihydrofolate reductase receptors (DHFR) for binding,
causing inhibition of cell division and proliferation.106

Researchers developed MTX-loaded MSNPs and modified
them with 3-triethoxysilylpropylamine (APTES) and Ch
through a covalent linkage involving glutaraldehyde. The
MSNPs had a particle size of 100 nm, an EE of 12.2%, and an
elevated release profile for MTX. Confocal microscopy showed
enhanced cellular internalization of fluorescein isothiocyanate
(FITC)-labeled MSNPs-APTES-Ch at a low dose and
efficaciousness in cytotoxic delivery to BC cells.106 Thus,
these NPs hold significant promise for BC treatment
applications. Researchers developed pH-sensitive glucos-
amine-targeted polydopamine (PDA)-coated MSNPs. The
optimized anderson-type polyoxomolybdate NPs exhibited
pH-dependent drug release, an average particle size of 195 nm,
a zeta potential of −18.9 mV, and a 45% drug loading capacity.
The targeted NPs demonstrated enhanced anticancer activity
against MDA-MB-231 BC cell lines, with the highest cellular
uptake and apoptosis.107 Therefore, MSNPs could be clinically
successful nanocarriers.

RV has had challenges in being used clinically for BC
because of its poor solubility, pharmacokinetics, and stability
issues. To overcome these difficulties, scientists developed
MSNPs loaded with RV as RV-MSNPs.108 RV-MSNPs
inhibited MCF-7 cell proliferation, invasion, and apoptosis in
vitro, while in BC mouse models they showed better
performance by inhibiting tumor growth via NF-κB signaling
pathway inhibition.108 Therefore, this finding could be a new
and safer use of phytochemicals against BC. Exemestane, an
oral steroidal AI of the third generation, is used as an adjuvant
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therapy for postmenopausal women with hormonally respon-
sive estrogen-receptor-positive BC. Despite this, its clinical
effectiveness is hindered by its poor oral bioavailability (10%)
and low water solubility.109 To surmount these challenges,
researchers developed magnetic mesoporous silica nano-
particles (MMSNPs) to improve the delivery of exemestane
delivery. These MMSNPs displayed a particle size of 137.2 nm
and a PDI of 0.224, exhibiting a substantial drug-loading
capacity of 37.7% and facilitating efficient sustained release,
with up to 98% release. Magnetic resonance imaging studies
show a concentration-dependent contrast effect, highlighting
the potential of exemestane-loaded MSNPs.109 Therefore,
based on results, it is concluded that exemestane-loaded
MSNPs have good potential and can be used for the treatment
of BC in the near future. In a recent development, researchers
designed dual-loaded hollow mesoporous silica nanoparticles
(HMSNPs) for BC management, combining PTX and 5-
fluorouracil. The system, synthesized using the inverse
microemulsion method, showed improved effects on MCF-7
cells with overexpressed FA receptors compared to individual
drug administrations.110 Therefore, because the developed dual
drug-loaded nanosystem selectively targets the tumor sites and
the synergistic effect reduced its toxic effects on the healthy
cells, it could be a promising option in the management of BC.
Researchers developed silymarin (SLM) and Met-loaded
MSNPs and evaluated them against MCF-7 cell lines. The
coloaded MSNPs showed uniform size and shape, with a
particle size of 100 nm and a pore size of 2 nm. In vitro
cytotoxicity studies showed lower IC50 values for Met-MSNPs,
SLM-MSNPs, and dual drug MSNPs than free-Met, free-SLM,
and free-Met-SLM. The coloaded MSNPs significantly
inhibited breast cancer resistance protein (BCRP) mRNA
expression, promoting apoptosis in MCF-7 cells.111 Therefore,
the finding concludes that both SLM and Met’s anticancer
effects enhance the anticancer effect against BC. Recently,
researchers developed CUR-loaded amine-functionalized
MSNPs, which revealed high drug loading efficiency with
sustained release when tested against MCF-7 cells.112 CUR-
loaded functionalized MSNPs significantly decreased cell
viability against MCF-7 compared to free CUR for 72 h.
Confocal fluorescence microscopy showed higher cytotoxicity
and significantly affected the mRNA and protein levels of
caspase-9, Bcl-2, Bax, caspase-3, and hTERT compared to the
free CUR treatment.112 Therefore, the above results suggested
that amine-functionalized MSNPs drug delivery can be a
promising alternative approach for CUR delivery against the
management of BC.
3.7. Hybrid Nanoparticles. Mixing the nanoformulation

with various organic and inorganic components allows for
structural changes to produce hybrid NPs with the required
effects.113 Effective action against tumor metastasis-resistant
and tumor-guided metastasis therapy has been demonstrated
with liposomes, micelles, dendrimers, metal oxides, gold oxide
NPs, and quantum dots (QDs).113 The peptide enhances
intracellular DOX antitumor action by stimulating BC
mitochondria and nuclei.113 Zhang and co-workers have
developed DOX and mitomycin C dual-targeted hybrid NPs,
demonstrating a synergistic action against MDA-MB-231
cells.113 Albumin NPs codeliver DTX and gemcitabine
(GEM) against BC, enhancing cellular uptake (nuclear
colocation) through hNT, OATP1B3-independent clathrin-
mediated internalization, and enhanced apoptosis in perinu-
clear and nuclear regions. Loading DTX into GEM-albumin-

NPs increased AUC and T1/2 values by 6.12× and 3.27×,
respectively, compared to taxotere and gemzars.114 Psoralen
(PSO) is a phyto-based furocoumarin widely used in
traditional medicine and obtained from Psoralea corylifolia.115

The therapeutic potential of PSO in BC has been well
documented.115 PSO is a promising anticancer chemical.
However, its therapeutic use is hindered by poor water
solubility and decreased bioavailability, which limit its
anticancer activity and make it difficult to use in therapeutic
applications.115 To overcome such problems, lipid−polymer
hybrid nanoparticles (LPHNPs) are carrier systems that offer
advantages over liposomes and polymeric NPs. These carriers
provide stability and inhibit drug diffusion, making them useful
for treating BC. They enhance hydrophobic drug entrapment,
control drug release, improve drug uptake, and prevent water-
soluble drug leakage. PSO-loaded polymeric lipid NPs
(PLNPs) are developed using the nanoprecipitation method
and optimized using a central composite design response
surface methodology. The characterizations of LPHNPs
revealed a particle size of 93.44 nm with a zeta potential of
−27.63 ± 0.31 mV. In vitro drug release studies show burst
release within the first 8 h and accumulated drug release of
over 50%, possibly due to the free PSO attached to the NP
surface.116 The core−shell structure of PLNPs may retard PSO
diffusion and control drug release, resulting in accumulated
drug release exceeding 90% after 36 h.116 Therefore, PSO can
be effectively prolonged through the extensive release time of
said drug. The antitumor efficacy study measured changes in
tumor volume and final tumor weight. The saline group did
not cause tumor growth inhibition, while PSO-PLNPs showed
maximum tumor inhibition. Nude mice treated with PSO-
PLNPs exhibited a tumor inhibition rate of 78.10%, and that of
mice treated with free DOX only was 46.69%, significantly
different from the control group (p < 0.05). Body weight
changes were also a key index in determining systemic adverse
effects. PSO−PLNPs accumulated in the tumor via passive
targeting, leading to enhanced PSO within the tumor over the
free drug. PSO-PLNPs also had an extended circulation time
for PSO and more efficient antitumor effects than other
formulations. No significant histopathological changes were
observed in the liver, spleen, lung, and kidney.116 Thus, from
the above discussion, it is concluded that using PSO-PLNPs as
carriers is a promising strategy to enhance the therapeutic
efficacy of PSO against BC.

DTX-loaded LPHNPs have been developed by Jadon et
al.117 In vitro studies reported significant cytotoxicity and high
cellular penetration at a lower IC50 of DTX against BC.117

Cucurbitacin (CuB), an oxygenated triterpene from the
Cucurbitaceae family, has various effects, including cytotoxic,
antitumoral, hepatoprotective, anti-inflammatory, antibacterial,
antianthelmintic, cardiovascular, and antidiabetic actions. CuB
is an interesting molecule in cancer research due to its
anticancer activity. However, its poor water solubility and
absorption have limited its clinical application. Ensuring
adequate and proper drug access via nanoscale drug delivery
technologies is essential.118 Researchers developed CuB-loaded
LPHNPs using factorial design to balance the effects of total
lipids/lecithin at a molar percentage ratio and used them
against TNBC. The formulation effectively suppressed cell
cycle development in the G0/G1 phase, with an annexin V-
bound cell population of 20.66 ± 1.99%, whereas the
depolarized cell population was higher in CuB-LPHNP treated
cells. CuB-LPHNP-treated cells displayed a more depolarized
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cell population and higher levels of preapoptotic bax and
cleaved poly(ADP-ribose) polymerase (PARP) while down-
regulating antiapoptotic Bcl-2 and NF-κB.119 Based on this
evidence, therapy for BC using CuB-loaded LPHNPs seems
successful. Recently, researchers have developed exemestane
(EXE)-loaded TPGS-based polymer−lipid hybrid nanopar-
ticles (EXE-TPGS-PLHNPs) using a single-step nanoprecipi-
tation technique and Box-Behnken design optimization for the
controlled delivery of EXE in BC treatment.120 The optimized
PLHNPs have a particle size of 136.37 nm, a PDI of 0.110, and
an EE of 88.56%. The encapsulated EXE was confirmed and
validated by FT-IR, DSC, and powder X-ray diffraction
(PXRD). The results show complete encapsulation of EXE
in the hybrid matrix of PLHNPs, with no significant interaction
between the drug and the excipient.120 In vitro drug release
studies showed controlled drug release lasting up to 24 h in
simulated gastrointestinal fluids. Optimized EXE-loaded
TPGS-PLHNPs showed remarkable stability under various
storage conditions. Cellular uptake of EXE-loaded TPGS-
PLHNPs increased over time, leading to dose-dependent
cytotoxicity against MCF-7 cells. Oral administration of EXE-
loaded TPGS-PLHNPs led to 3.58× higher bioavailability than
the conventional EXE suspension, and no acute toxicity was
observed. In vivo investigations showed significantly enhanced
anti-BC activity through oral administration of EXE-loaded
TPGS-PLHNPs and EXE-PLHNPs, with tumor inhibition
rates of 72.72% and 61.94%, respectively. Histopathological
assessments showed negligible changes in vital organs, and
hematological studies confirmed the safety of administered
PLHNPs.121 Thus, the results concluded that EXE-TPGS-
PLHNPs are a promising platform for the effective and
controlled delivery of EXE in the effective management of BC.

α-TS, a vitamin E derivative with robust anticancer
properties, served as a foundation for further study. The
researchers used a novel approach by developing hybrid NPs
that are sensitive to changes in pH. These NPs consist of a
core made of PLGA polymer and a shell composed of TPGS
lipid. Additionally, the NPs were designed to include both
DOX and TS. The lipid−polymer nanoparticles (LPNPs)
exhibited a unique spherical shape.122 In vitro studies showed a
significant reduction in cell viability, migration and cell death
in the 4T1 cell line compared to free DOX. TS-DOX-LPNPs
were more effective in controlling tumor growth. The
enhanced antitumor efficacy was due to the synergistic
combination of DOX and TS, with high levels of DOX
causing cellular internalization and pH-triggered payload
release in the tumor area.122 Therefore, from the above data,
it can be concluded that LPNPs could be novel option in the
effective management of BC. Sunitinib malate (SM), a well-
known anticancer drug used in the treatment of BC, was
encapsulated in lipoid-90H, Ch, and lecithin-based LPHNPs.
The LPHNPs were precisely produced using the emulsion
solvent evaporation technique. Notably, four different
LPHNPs, identified as LPHNP1−LPHNP4, were produced
by changing the Ch concentrations. Through optimization
efforts, SLPN4 emerged as the most promising, with a particle
size of 439 nm, a PDI of 0.269, a zeta potential of +34 mV, and
an excellent EE of 83.03%.123 An in vitro study found SLPN4
released 84.11% of its drug within 48 h, following the
Korsemeyer−Peppas model with the Fickian mechanism. It
also exhibited potent cytotoxicity against MCF-7 in the BC.123

Thus, this finding concludes that the SM-loaded LPHNPs
could be a promising therapy option in the management of BC
cells expressing IGF-1R, which activate intermittently through
multiple pathways, causing neoplasm cell proliferation,

Figure 4. Representation of the theranostic nanocarriers and their fate inside breast tumor cells. This figure was partly generated using Servier
Medical Art, provided by Servier, licensed under a Creative Commons Attribution 3.0 unported license (https://creativecommons.org/licenses/
by/3.0/).
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apoptosis, survival, and resistance to chemotherapeutic agents.
Suppressing these receptors could be a promising strategy to
inhibit malignant phenotypes in BC cells.124 Researchers have
hybridized methoxypoly(ethylene glycol)−poly(caprolactone)
with dimethyldioctadecylammonium bromide (DDAB) cati-
onic lipid (mPEG-PCL-DDAB) NPs to deliver lycopene and
insulin-like growth factor-1 receptor-specific siRNA against
MCF-7 cells. The mPEG-PCL-DDAB NPs loaded with anti-
insulin-like growth factor-1 receptor siRNA and lycopene
significantly induced apoptosis and arrested cell cycle in MCF-
7 tumor cells.124 Therefore, this finding verifies the potency of
mPEG-PCL-DDAB-NPs for the combinational delivery of
siRNA and lycopene in the BC cell lines via the induction of
apoptosis. The herb extract from Cordyceps militaris, which is
high in the anticancer compound cordycepin, has shown
remarkable effectiveness against BC. By considering this effect,
HA surface-decorated LPHNPs were synthesized. Subse-
quently, MDA-MB-231 and MCF-7 cell lines were used to
assess cordycepin-loaded LPHNPs. Notably, these LPHNPs
displayed heightened cellular uptake facilitated through CD44
receptor-mediated endocytosis.125 Therefore, these results
demonstrated that successful targeted delivery to the CD44
receptors of tumor cells by drug-loaded LPHNPs.125 Thus, the
developed LPHNPs showed promising potential in the
effective delivery of cordycepin against BC.125 However, in
vivo results are required in the future for clinical translation.
3.8. Theranostic Nanoparticles. Imaging agents, drugs,

and genes have been employed in nanoformulation develop-
ment.126 Theranostic NPs in a single system imply “diagnostic
and therapeutic substances”, as shown in Figure 4. It
substantially impacts treating complicated illnesses such as
cancer and proliferative tumors.127 In theranostics for
anticancer drug delivery, QD-based nanohybrids are emerging,
made using polysaccharides, lipids, proteins, and polymers.
QDs are semiconductor crystals with photoluminescence
characteristics.127 Further investigation on theranostic micelles
of gold (Au)−silicon dioxide (SiO2)/QDs revealed the
substantial lethal effects of free DOX in cells compared with
Au-SiO2/QDs.128 The PTX-conjugated cadmium telluride
(CdTe)/cadmium sulfide (CdS)/zinc sulfide (ZnS)-QDs
demonstrated increased therapeutic effectiveness of the
imaging action of the tumor detected.128 Yang and his
collaborator developed Cd-free ZnS-QDs in optimally
fluoresced fluorescent lipid vesicles that showed excellent
colloidal stability, i.e., fluorescence/magnetic resonance-medi-
ated diagnostics.129 Ghosh et al. developed dendrimer-
functionalized QDs.130 Liu et al. developed 2D super-
paramagnetic tantalum carbide composite MXenes (Ta4C3-
IONP-SPs), which showed efficient theranostic action with
higher computed tomography imaging action in BC.131 The
enzyme-sensitive theranostic NPs developed using PTX and
enzyme, which degraded into lower molecular weight products
(44 kDa), effectively released the anticancer drug into the
cancer microenvironment and showed MRI activity, which
improves therapeutic effectiveness and imaging skills and
greatly increases tumor site conjugate accretion.131

A single platform for tumor diagnosis and treatment using
magnetic nanoparticles offers a novel perspective, offering
superior magnetic properties, low toxic effects, biocompati-
bility, and biological degradability to potentially overcome
conventional therapy problems.132 A researcher developed an
innovative theranostic agent using soybean oil-based poly-
styrene-based graft copolymer with silver (Ag) box NPs for

therapeutic and MRI-BC diagnosis. The drug could selectively
bind and efficiently internalize HER2-conjugated magnetic PS-
Ag-box-NPs in MDA-MB-231 and SKBR-3. Additionally, it
revealed the ability to induce MRI activity.133 Thus, this
combination nanosystem can be utilized as a theranostic agent
for BC. Intercellular adhesion molecule-1 (ICAM1) is a
biomarker against TNF-α, but its specific targeting limits its
effectiveness. To address this issue, vesicular NPs with
poly(ethylene glycol)-poly(ε-caprolactone) copolymers con-
jugate anti-ICAM1 antibodies using click chemistry. These
NPs have shown enhanced diagnostic and therapeutic efficacy
in tumor models, with extended circulation time, and
additionally in vitro experiments exhibited specific targeting
action specifically for TNBC.134 Theranostic NPs offer
multiple therapeutic applications, including tumor-targeting
imaging, focused ultrasound ablation, chemotherapy, and
sonodynamic therapy. A multimodal synergistic therapy can
enhance TNBC treatment efficacy and prognosis by enhancing
imaging, guided ablation, and focused ultrasound (FUS)/
chemotherapy effects. The AS1411-Apt-modified PEG@
PLGA-NPs loaded with DOX and perfluorohexane (PFH)
have a 306.03 nm particle size and a zeta potential of −4.05
mV. They bind to 4T1 cells and elevate ultrasound contrast
agent (UCA) image after FUS exposure. Further, this results in
a higher apoptosis rate and stronger inhibitory effect on 4T1
cell invasion. This multifunctional AS1411-DOX/PFH-PEG@
PLGA-NPs enhances real-time contrast imaging, improving
TNBC therapeutic efficacy and prognosis. Therefore, this NPs
can be utilized with therapeutic outcomes against TNBC,
which may provide a promising theranostic approach with
MRI-guided therapy. TNBC is challenging, due to extremely
metastatic and resistance to conventional chemotherapy.
Combining chemotherapy and photothermal therapy (PTT)
for enhanced anticancer effects is increasingly popular. DOX-
loaded HMS-NPs are functionalized with Ch and copper
sulfide (CuS) nanodots to create HMS-NPs-Ch-DOX@CuS.
CuS acts as protective agent, sealing surface pores and
preventing DOX release into systemic circulation. Further, it
exhibits potent tumor-targeted photothermal properties and
can induce DOX release through near-infrared laser irradiation.
In vitro and in vivo experimental results show good
biocompatibility and effective apoptosis, extending the life of
animals in the murine BC model.135 Therefore, it can be
concluded that the HMSNPs-Ch-DOX@CuS nanoplatform
produced highly effective synergistic chemotherapeutic-PTT.
Thus, this work reflects a new avenue for near-infrared (NIR)
enhanced synergistic chemo-PTT against BC. Most recently, in
the area of theranostic nanoplatforms in the management of
BC, researchers developed manganese-based hypericin-loaded
polyester dendrimer NPs (MHPD-NPs).136 The hypericin-
loaded MHPD-NPs achieved MRI activity and enhanced
photodynamic therapy and showed excellent biocompatibil-
ity.136 Therefore, this suggests that MHPD-NPs are highly
efficient in MRI contrast enhancement with excellent tumor
inhibiting effects.136 MHPD-NPs were concluded to be a
novel, stable, and multifunctional nanotheranostic agent for the
management of BC.
3.9. Nanomedicine for Gene Therapy. Gene silencing

using RNA interference is a recently emerging tailored method
for cancer therapy. Specific oncogenes may be silenced using
the effector molecules such as siRNA and microRNA
(miRNA).137 Now, therapeutically, the major limiting factor
for siRNA and miRNA-based therapeutics is the lack of an
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efficient delivery method to prevent the degradation of
nuclease RNA molecules and carry them into cancer cells for
release on the target organelles.137 Several researchers have
developed various NPs and attempted in vivo and cell-line
experiments to solve the above difficulties for efficient gene
therapy.137 HA-Ch-loaded NPs developed by Deng et al.138

further encapsulate miR-34a and DOX for simultaneous
delivery against TNBC. Moreover, in vivo results revealed
significant tumor inhibition by effective delivery and targeting
of the BC cells. Additionally, the NPs also suppress the proto-
oncogene BCl-2.138 Further extensive studies revealed that
miR-34a inhibited BC cells via targeted Notch-1 signaling.
Therefore, the synergistic impact of both drugs was strong for
BC cell suppression.138 Juneja et al. developed protoporphyrin
IX, CUR, and RNA-loaded NPs, and their simultaneous
delivery found synergistic and significant suppression of TNBC
via combined photothermal and chemotherapeutic and nucleic
acid delivery.139 Using the simultaneous targeted delivery of
DTX and insulin-like growth factor-1 (IGF-1) receptor siRNA,
Jafari et al., have developed Apt-hybrid Ch-NPs against
TNBC.140 The findings have shown that cell uptake increased
and the cell viability of SKBR3 cells was dramatically
reduced.140 Additionally, the genetic expression of IGF-1R, a
signal transducer, transcription 3 activators, a metalloprotei-
nase matrix, and vascular growth factors was drastically
decreased by Apt-conjugated NPs. Polymeric NPs encapsu-
lated with PD-L1 siRNA and conjugated with a new RNA-Apt
are specific for TNBC and resistant to nucleases. In vitro
studies show that NPs enhance siRNA uptake specifically into
TNBC MDA-MB-231 and BT-549 target cells, leading to
endosomal release and suppression of PD-L1 expression within
90 min. Overall, targeting PD-L1 in TNBC cells was
achieved.141 Thus, the above results provide an effective
siRNA-delivery system for TNBC treatment. A researcher
developed Au-NPs modified with trimethyl-Ch (TM-Ch) to
improve EGFR targeting, siRNA stability, and BC cell uptake.
The AuNPs-TM-Ch complex, loaded with EGFR-siRNA at a
10:1 weight ratio, was tested against the MCF-7 BC cell line
and found to have 67 nm spherical particles with a +45 mV
zeta potential. Cy5-labeled AuNPs-TM-Ch increased cellular
absorption after 4 h. After complexing with EGFR-siRNA, the
nanocomplex had a particle size of 82 nm and zeta potential of
+11 mV. Interestingly, the nanocomplex had negligible
cytotoxicity, but EGFR-siRNA-loaded-AuNPs-TM-Ch had
50% cytotoxicity and cell viability loss. The nanocomplex
knocked down EGFR gene expression (86%), causing
increased apoptosis.142 Therefore, the above results suggested
a promising nanocarrier for siRNA delivery and a potential
therapeutic nanocarrier for managing BC. A researcher
developed siRNA-loaded PEG disulfide bond-linked poly-
ethylenimine (PEI) NPs that effectively inhibited protein
kinase B (PKB or Akt), phosphoinositide-3-kinase (P13K), p-
EGFR, EGFR, bromodomain-containing protein 4 (BRD4),
and c-Myc expression in tumors without affecting hemato-
logical parameters, biochemical indices, or tissue morphology
in treated mice.143 The siRNA-loaded PEG-SS-PEI demon-
strated favorable antitumor effects against TNBC, with good
targeting efficacy and biocompatibility.

RNAi-based technology is growing in neoplastic disease
treatment, but in vivo applications are limited due to the lack
of an efficient and safe carrier.144 A researcher developed Apt-
protamine-siRNA-NPs that inhibited tumor growth and cell
cycle in MCF-7-bearing nude mice. In receptor tyrosine-

protein kinase (ErbB3)-positive BC xenograft mice, the
nanocarrier effectively targeted ErbB3-positive tumor cells,
silencing targeted gene expression. This technology has shown
potential in both in vitro and in vivo applications.144 Niosomes
containing lifeguard-specific siRNA are expected to be a
promising therapeutic option for treating BC. However, siRNA
cellular uptake is suboptimal, leading to nonsuitable accumu-
lation in target tissues. Niosomes encapsulate siRNA, and iron
oxide NPs are incorporated into the bilayer structure for
enhanced uptake. Entrapment of siRNA in hybrid niosomes,
administered alone or in combination with erlotinib or TRZ to
BT-474 cells, leads to enhanced apoptosis and downregulation
of the lifeguard (LFG) gene. This leads to improved anticancer
therapeutic efficacy over single siRNAs. The external magnetic
field promotes cellular internalization of siRNA and activation
of apoptotic signaling pathways.145 The NP-Ch-xPEI compo-
site has been developed by researchers, comprising an iron
oxide core that PEI envelopes with a low molecular weight of
800 Da. Additionally, the PEI is cross-linked with Ch. The
aforementioned NPs can compact DNA into smaller NPs
measuring less than 100 nm. These NPs provide complete
protection to the DNA, exhibit superior transfection
effectiveness across several BC cell lines, and demonstrate
reduced cytotoxicity in comparison to widely used commercial
transfection agents such as lipofectamine 3000.146 Therefore,
NP-Ch-xPEI can serve as a reliable vehicle to deliver DNA to
BC. miRNA (i.e., miR-206) has problems with its delivery; it
mimics the site of the tumor.147 Researchers developed Au-
NPs modified with the PEG moiety to encapsulate miR-206,
effectively delivering the compound and causing cytotoxicity in
MCF-7 cells. This nanocomplex enhanced apoptosis by
downregulating NOTCH3 and cell arrest in the G0-G1
phase.147 Au-NPs modified with PEG could be an emerging
option for managing BC. Photochemical internalization (PCI)
and photodynamic therapy (PDT) involve light-induced cell
death and membrane disturbance. Two-photon excitation
(TPE) is useful for PCI and PDT due to its spatiotemporal
resolution and deeper penetration of NIR. Periodic meso-
porous ion silica NPs (PMISNPs) complex with pro-apoptotic
siRNA, leading to significant cell death in MDA-MB-231 BC
cells. Preincubation with NPs in zebrafish embryos showed a
synergistic effect,148 whereas it led to 90% MDA-MB-231
viable cell death. Therefore, PMINPs represent an interesting
nanosystem application.

4. FACTORS AFFECTING THE PHARMACOKINETICS
OF NANOMEDICINE USED IN BC

Several of the most critical physicochemical properties of
nanocarriers, including drug transport, cellular absorption, and
toxicity, are described in the following section.149

4.1. Size and Surface Area. Nanocarrier size and surface
area considerably influence how the nanocarriers are taken up
by cells and distributed, how they accumulate at the tumor site,
and how much of the drug they carry is released.149 The
pharmacological properties of nanocarriers are determined by
their large surface area and compact size. Because of their
potential to access various biological systems, several studies
reported that the toxicity increased with increasing size.150

When nanocarriers in the size range of 100−200 nm enter the
reticuloendothelial system, their half-life is reduced and they
are less able to target various tissues.150 Cellular absorption,
cytotoxicity, and intracellular localization are all affected by the
size of nanocarriers, and this is especially true for their
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interaction with living cells. The cellular absorption of
nanocarriers necessitates a minimum particle size of 30−50
nm, regardless of content. The dispersion of nanocarriers was
also significantly dependent on their size.151 PEG-linked
nanocarriers are used to evaluate gemcitabine delivery, and
there was an increase in effectiveness compared with the free
drug. For nanocarriers, this study found that the conjugation of
their surfaces provides them with the optimal size, facilitating
their active cellular absorption.152 Small nanocarriers are more
likely to be taken in the cells than larger sizes. Thus, it is
concluded that the size and surface area of the nanocarriers
played an important role in the nanocarriers’ stability to
cellular absorption, cytotoxicity, cellular uptake, and toxicity.
4.2. Shape. One of the important aspects of targeted

treatment is determining the nanocarriers. Spherical nano-
particles have shown that they are more easily absorbed into
cells than rod-shaped nanoparticles. Additionally, it has been
reported that the nonspherical nanoparticles, which are more
likely to pass through capillaries than spheres, have
demonstrated toxicity.153 Nanospheres are superior to nano-
rods, nanocages, and nanodiscs in tumor absorption and blood
circulation.139 In most of the investigations, shape-dependent
toxicity is also seen. There is greater evidence that nanospheres
are more rapidly absorbed than Au nanorods.154 As a result,
the NP form must also be considered when attempting to
transport cancer cells to a specific tumor location, such as in
the case of BC. Furthermore, this section concludes that shape
can be a determinantal factor in absorption, tumor targeting,
and toxicity.
4.3. Surface Charge. Their surface charge determines how

nanocarriers interact with biological components. The surface
charge of nanocarriers affects the absorption, plasma protein
binding, colloidal nature, membrane permeability, and toxicity
of nanocarriers.155 Cellular absorption of positively and
negatively charged nanocarriers was shown to be much greater
and quicker.156 The surface charge governs nanocarrier
aggregation and its targeted delivery. The surface coating
may alter the nanocarriers’ surface charge and can also help
protect the nanocarriers from endosomal entrapment.157 It was
shown in the study that the endosomal entrapment of surface-
modified silica NPs with different charged functional groups
was possible. According to the findings, the negatively charged
nanocarriers could better escape endosomal entrapment.158

Researchers found that altering the surface charge can impact
drug delivery to a specific tissue, which is believed to be due to
the modification. Thus, the surface charge on the nanocarriers
is an important factor in absorption, plasma protein binding,
permeability, targeted drug delivery, escape endosomal entrap-
ment, and toxicity.
4.4. Chemical Composition. The chemical composition

of nanocarriers impacts their solubility, stability, and
biocompatibility. Changes in these qualities can affect drug
distribution to malignant tissue.159 Polymeric NPs may be
more effective in delivering drugs than conventional NPs. The
degradation and drug release kinetics of NPs may be controlled
by the physical features of a polymer, such as molecular weight,
crystallinity, dispersity index, and hydrophobicity.159 PLGA-
based NPs loaded with tamoxifen citrate are more effective
than free tamoxifen citrate.160 Another study found that
transfection efficacy relies on the polymer’s properties when
examining nanocomplexes’ biological and physicochemical
aspects for gene delivery. An intermediate molecular weight,
positively charged polymer with a greater degree of acetylation

was shown to be able to carry the miRNA into the cytosol.161

Inorganic NPs with metallic compositions have been hazard-
ous in the past. They can be used as drug delivery carriers
because of their surface characteristics.161 Connecting the
anticancer drugs to Au-NPs is possible using the thiol groups
on their surface. The Au-NPs containing MTX were
developed.162 They exerted a greater cytotoxic effect of MTX
on BC cells than on either the free MTX or the Au-NPs.
Finally, it is concluded that the chemical compositions of
nanocarriers are determinantal factors in their crystallinity,
hydrophobicity, solubility, stability, and biocompatibility.

5. TOXICOLOGICAL ASPECT OF SURFACE
ENGINEERED NANOCARRIERS

Biological barriers are more easily breached when nanocarriers
are small enough to pass through. Toxicities of nanocarriers are
the most serious concern.162 ROS are released when cells are
under oxidative stress, leading to inflammation and cell
damage. Studies have shown that the size, shape, and charge
of NPs are the most important determinants of toxicity. The
common method for lowering nanoparticle toxicity is surface
modification or functionalization. The increased biomedical
application of nanocarriers with surface functionalization
results in less danger to cells and tissues.162 Chemical surface
modification of nanocarriers promotes biocompatibility and
affects binding to plasma proteins and the cytotoxicity of the
NPs. The in vivo aggregation of CNTs determines their
toxicity. The nonfunctionalized CNTs have been examined in
several investigations for in vivo accumulation and toxicity.
Although they accumulate in the liver, lungs, and spleen,162

Yang et al. observed elevated oxidative stress. Moreover,
lactose dehydrogenase and alanine aminotransferase levels
were elevated.163 Additionally, hepatic injury is to blame for
the elevated markers in the blood. Malondialdehyde and
glutathione levels in the lungs and liver have shown higher
levels of oxidative stress. In several other investigations,
SWCNTs and MWCNTs have also been studied for in vivo
aggregation.163 A comparison of the in vivo compatibility of
SWCNTs and MWCNTs was made by Faczek et al. They
discovered that MWCNT aggregates were bigger than
SWCNT aggregates.164 Several factors influence the toxicity
of CNTs in general. Their length strongly influences the
phagocytosis of CNT. For in vivo applications, SWCNT is
preferred over MWCNT because of its shorter length and
lower aggregation.165 To decrease the harmful effects of CNTs,
surface functionalization is required. The functionalization of
SWCNTs is intended to lessen harmful effects. There is,
nevertheless, a need for extensive toxicity investigations of
functionalized CNTs.165 Dendrimers are hazardous because of
their surface charge and terminal groups. Nanoholes can form
when positively charged dendrimers contact negatively charged
membranes, causing cell lysis and membrane breakdown.166

There was evidence of dendrimer toxicity, including PPI
(polypropyleneimine) and PAMAM (polyamide amine). It is
possible to neutralize the surface charge of dendrimers by
performing surface modifications such as PEGylation,
acetylation, and peptide conjugations.166 The surface coating
can minimize the toxicity, as in the case of metallic NPs,
whereas in the case of QDs a secondary coating improves
biocompatibility.166 Choosing the right coating agent is critical
because a weak coating agent that can easily be degraded in
biological environments might expose the metallic core, which
may produce harmful effects or experience undesirable
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interactions with biological components.166 To ensure that
NPs do not pose a health hazard, it is also crucial to evaluate
the charge of the coating agent.167 By adding biological ligands
to the surface of NPs, their toxicity to organs other than the
intended target is reduced while their specificity increases.167

The toxicity of nontargeted NPs may also be decreased by
functionalizing the intended location with ligands onto NPs.
NPs may still be harmful even after the ligands have been
attached to them.167 Thus, the size, shape, and surface charges
are the key factors determining the toxicity of nanocarriers.
The chemical surface modification of nanocarriers may
enhance biocompatibility and minimize toxicity. Moreover,
the surface coating can also be employed to minimize the
toxicity attributed to the nanocarriers.

6. CURRENT CHALLENGES IN THE CLINICAL
TRANSLATION OF NANOMEDICINE: POOR
OPTIMIZATIONS AND PHARMACOKINETICS

Nanomedicine clinical translation for managing BC remains
slow, although a few cases are being used clinically.168

However, various available products are on the market, and
many clinical development stages against BC are summarized
in Tables 3 and 4. However, the slow bench-to-bed conversion
of nanomedicines is due to various factors, including difficulty
in manufacturing, low reproducibility, high expenses, and lack
of “quality by design” (QbD). The lack of predictability in
relation to the success of anticancer nanomedicines is due to
inappropriate pharmacokinetics, biodistribution, and release
kinetics on the target location. Moreover, all these parameters
differ greatly from animal models to human patients.128

Conversely, the nanocarriers can be modified to maximize
safety based on the biodistribution or toxicity results.168

Lessons learned from current clinical applications of anticancer
drugs show that a deeper understanding of tumor pathology
dictates the incorporation of key nanomedicine design features
and allows preclinical models to provide reliable pharmaco-
logical and toxicological data.168,169 The basis of “rational
design” should also take account of well-known aspects that
influence nanomedicine clinical success, including the EPR
effect and the expression of disease-associated cell surface
markers that permit cell identification, absorption, and the
involvement of immune cells at the target location.168,169 Thus,
this section concludes that challenges in the clinical translation
of nanocarriers are manufacturing scale-up issues, low
reproducibility, expenses, and a lack of quality control and
stability. In addition, the in vivo challenges are suboptimal
pharmacokinetics, biodistribution, and drug release kinetics at
the target location.

7. CONCLUSION AND FUTURE PROSPECTS
Significant progress has been made in the understanding of
breast cancer (BC), and with the aid of nanotechnology large
efforts have been made in the area of nanomedicine to
effectively manage it with the least adverse effects. Developing
nanomedicines based on passive and active drug targeting led
to the elimination of multidrug resistance in BC, whereas the
advancement in nanomedicine led to the development of
hybrid and theranostic nanoparticles for drug-to-gene drug
delivery in the management of BC. In addition, optimizing
nanomedicines in terms of size, shape, surface charge, chemical
compositions, etc., is an important consideration for enhancing
biocompatibility and lowering toxicity. Moreover, fewer T
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nanomedicine products for BC have been approved. However,
the still slower bench-to-bed conversion of nanomedicine is
due to the challenges of scaling up manufacturing, poor
reproducibility, and a lack of implementation of quality control
techniques. Therefore, in the end, it is concluded that the
challenges in terms of pharmacokinetics, toxicology, and
clinical progress are required in depth in the near future for
the effective management of BC.
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