1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Small. Author manuscript; available in PMC 2024 October 11.

-, HHS Public Access
«

Published in final edited form as:
Small. 2024 October ; 20(41): €2301385. doi:10.1002/smll.202301385.

Impact of Nanomedicine in Women’s Metastatic Breast Cancer

Ali Akbar Ashkarran,

Department of Radiology and Precision Health Program, Michigan State University, East Lansing,
MI48824, USA

Zijin Lin,

Department of Radiology and Precision Health Program, Michigan State University, East Lansing,
MI48824, USA

Jatin Rana,
Division of Hematology and Oncology, Michigan State University, East Lansing, M148824, USA

Harvey Bumpers,
Department of Surgery, Michigan State University, East Lansing, M148824, USA

Lorenzo Sempere,
Department of Radiology and Precision Health Program, Michigan State University, East Lansing,
MIi48824, USA

Morteza Mahmoudi

Department of Radiology and Precision Health Program, Michigan State University, East Lansing,
MI48824, USA; Connors Center for Women'’s Health & Gender Biology, Brigham & Women'’s
Hospital, Harvard Medical School, Boston, MA02115, USA

Abstract

Metastatic breast cancer is responsible for 90% of mortalities among women suffering from
various types of breast cancers. Traditional cancer treatments such as chemotherapy and radiation
therapy can cause significant side effects and may not be effective in many cases. However, recent
advances in nanomedicine have shown great promise in the treatment of metastatic breast cancer.
For example, nanomedicine demonstrated robust capacity in detection of metastatic cancers at
early stages (i.e., before the metastatic cells leave the initial tumor site), which gives clinicians a
timely option to change their treatment process (for example, instead of endocrine therapy they
may use chemotherapy). Here recent advances in nanomedicine technology in the identification
and treatment of metastatic breast cancers are reviewed.
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1. Introduction

Breast cancer (BC) is the most common cancer type in women in the United States,
accounting for 31% of all female cancers,[1] which translated to more than 2.3 million
cases of newly diagnosed female BC worldwide in 2020.[21 BC tumors are defined by their
types and stages (Figure 1). There are two categories (i.e., noninvasive and invasive) and
five different stages of BC recognized among specialists.[31 About 16% of all BC diagnoses
are ductal carcinoma in situ (DCIS); this is noninvasive stage 0 in which cancer cells have
not broken through the basement membrane. The 5-year survival rate for DCIS cases in
almost 100%.[41 The remainder of cases are invasive BC in which cancer cells have escaped
the anatomically defined ductal tree structure, spread through the breast tissue, and migrate
toward the vascular and lymphatic systems. Stages 1-3 are defined by the size of the primary
tumor and the extent of its local and regional spread (lymph node involvement). Stage 4 or
metastatic breast cancer (MBC) is defined by the spread of cancer cells to distant organs
(e.g., bones, brain, lung, and/or liver)[®] regardless of the size of the primary tumor. MBC

is of crucial importance and presents a clinical challenge due to its high mortality rate

(i.e., < 30% 5-year survival).[68] MBC patients account for up to 90% of all BC-associated
deaths.l!] MBC is a heterogenous disease in terms of the genetic background of patients, the
anatomical location of distant organ spread, and the challenge of treating contemporaneous
MBC to primary BC versus refractory MBC after multiple rounds of previous treatments.[®]
Both incidence and mortality rates of MBC are higher among black women compared to
other races.[] Consequently, current treatments for MBC are not curative for most women,
but instead prevent or delay disease progression and/or provide palliative care by reducing
pain and other comorbidities.[1°]

Here, we review advances in multidisciplinary approaches in medicine (e.g., nanotechnology
and proteomics) that have recently revolutionized the possibility of cancer detection and
treatment at early stages.l*1-17] In general, nanomedicine has demonstrated substantial
potential to improve the quality and efficacy of healthcare.[18-20] \iarious nanomedicine
products, such as nanoparticles (NPs), have gained significance in diagnosis, treatment,

and monitoring of MBC.[21-23] Nanoparticle platforms offer much more functionality,
compared to the current clinical approaches, for detection of multiple biomarkers in the
diagnostic setting, e.g., through proteomics and circulating genome fragments. Additionally,
compared to the current clinical approaches, they offer much more versatility and loading
capacity of payloads in the therapeutic setting, as exemplified by the Food and Drug
Administration (FDA)-approved albumin-bound paclitaxel nanoparticle (Abraxene) and
PEGylated liposomal doxorubicin nanoparticle (CAELY X).[24.25]
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2. Pathophysiology of MBC

BC metastasis takes place through several steps, including invasion of nearby healthy cells,
penetration into the circulatory or lymph system, migration through circulation, lodging in
capillaries (i.e., at a specific location they stop moving and migrate into the surrounding
tissue), and formation of smaller tumors (also called micrometastases).[2¢]

Hormone-sensitive BC cells contain some proteins called hormone receptors (HR) that
become activated when hormones bind to them, leading to changes in the expression of
specific genes and consequently stimulation of cell growth (Figure 2).[28] For example,
when the tumor cells contain estrogen receptors, the cancer is called estrogen receptor
positive (i.e., ER+), and when the tumor cells contain progesterone receptors, the cancer

is called progesterone receptor positive (PR+).[2%] Although most ER+ BCs are also PR+,
BC is called HR+ when tumor cells have both estrogen and progesterone receptors. Human
epidermal growth factor receptor 2 (HER2) is a protein that helps BC cells grow quickly,
and HER2+ BC tests positive for this protein.[30] BCs that lack ERs are called ER-, those
that lack PRs are called PR—, and if they lack both ERs and PRs are called HR-. According
to the American Joint Committee on Cancer (AJCC) and the Surveillance, Epidemiology,
and End Results (SEER) statistics, the prevalence of various subtypes of BC in descending
order is: HR+/HER2- > HR-/HER2- > HR+/HER2+ > HR-/HER2+ (Figure 3).31] HR+/
HER2- is the most common subtype of BC, approximately six times more frequent than
HR-/Her2—-BC. When none of the receptors mentioned above (i.e., ER, PR, and HER?2) is
present in BC tumor cells, as determined by lack of expression on immunohistochemistry

and in situ hybridization molecular testing, it is called triple-negative breast cancer (TNBC).
[32]

Although the prevalence of particular subtypes of BC is higher (e.g., HR+/HER2-),
compared to the other subtypes, survival rates associated with various subtypes differ
widely. The 5-year survival rate is an important metric, showing the percentage of people
who are alive five years after BC diagnosis. The overall 5-year survival rates for various
tumor subtypes are illustrated in Figure 3b (based on the most recent data from SEER).[33]

3. Current standard MBC treatment strategies

Although we have recently witnessed remarkable advancements in the treatment of MBC, its
treatment is still considered noncurative.[10] There are five main conventional strategies for
the treatment of MBC: hormonal therapy, targeted therapy, chemotherapy, radiation therapy,
and surgeryl?7]: each associated with unique side effects and rates of relapse.

As for primary BC, with MBC patient management and treatment selection are based mainly
on expression of estrogen receptor (ER), progesterone receptor (PR), and human epidermal
growth factor receptor-2 (HER2).[28:34-36] For example, when cancer cells express ER,

the cancer is called estrogen receptor positive (i.e., ER+).[2%] Most ER+ MBCs are also

PR+ and are called HR+ and most ER— BCs are also PR— and called HR-. According to

the AJCC and SEER statistics, the prevalence of various subtypes of MBC in descending
order is: HR+/HER2- 69%, HR-/HER2- 10%, HR+/HER2+ 10%, unknown 7%, and HR-/
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HER2+ 4%.[33] The 5-year survival rate of any BC subtype is > 90% when the tumor

is localized. However, when regional or distant metastatic lesions are present, there is a
marked difference between HR+/HER2 and other subtypes, especially TNBC.[37] The 5-year
survival rate for the HR+/HER2- subtype with regional metastasis is 90.3% and with distant
metastasis is 34%, in stark contrast to 66.2% and 12.8% (respectively) for the TNBC
subtype.[4.28.33,37]

The HR+ subtype is treated with hormonal therapy. ERs and their corresponding ligands
play a crucial role in the development and progression of MBC through their involvement
in direct modulation of gene expression associated with cell growth. Hormonal therapy
blocks/modulates ER activity using tamoxifen, raloxifene and toremifene or downregulates
selective ER receptors using fulvestrant.[38] Moreover, the addition of cyclin-dependent
kinase (CDK)4/6 inhibitors is considered an efficient approach, targeting the cell cycle
machinery and interrupting the intracellular and mitogenic hormone signals that stimulate
proliferation of cancer cells.[38-40] HER2+ is treated with targeted therapy. Trastuzumab

is an antibody targeting the extracellular domain of HER2 that upon binding blocks

HER2 signaling as well as antibody-dependent cellular cytotoxicity.[4}] Together, these
approaches lead to the death of cancer cells overexpressing HER2. The specificity of
HER2 targeting by trastuzumab has been further exploited to enhance cancer cell-killing
by conjugation to small-molecule cytotoxic agents, including the microtubule inhibitor
mertansine (trastuzumab emtansine) and the topoisomerase | inhibitor exatecan (trastuzumab
deruxtecan). The high specificity and potency of these antibody drug conjugates may allow
their use to be extended to HR+ cases with weak HER2 expression.[42]

TNBC is treated mainly with chemotherapy, but immunotherapy and antibody drug
conjugates are considered for specific cases. Lack of ER and HER2 expression renders the
above-mentioned hormonal and targeted therapies ineffective in TNBC tumors.[43] However,
a subset of TNBC tumors express other receptors (e.g., Trop-2 and epidermal growth

factor receptor) or ligands (e.g., PD-L1) that can inform other personalized treatments.
Immunotherapy with pembrolizumab increases survival in TNBC patients whose tumors
express high levels of immune checkpoint programmed death ligand 1 (PD-L1).[44] Targeted
therapy with an antibody-drug conjugate (sacituzumab govitecan) that consists of an
antibody-targeting trophoblast cell-surface antigen 2 and a payload of topoisomerase |
inhibitor SN-38 (Trop-2) increases progression-free and overall survival compared to single-
agent chemotherapy.[4%]

TNBC and HR-/HER2+ are initially diagnosed with evidence of regional or distant
metastasis more frequently than the HR+/HER2- subtype, whose prognosis is more
favorable.[8] The propensity of cancer cells to metastasize to distant organs (i.e., bone,
brain, liver, lung) varies per subtype. HR+/HER2— MBC cases present predominantly with
bone metastasis, HR—/HER2+ with liver metastasis, and TNBC with lung metastasis.[8] The
survival rate of MBC is correlated with both the subtype and the distant site of metastasis.
Within the same subtype, patients with only bone metastasis have longer survival than those
with any other single site or multiple sites of metastasis. TNBC cases with multiple sites of
metastasis have the worst clinical outcomes. (€]
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One of the main challenges of MBC treatment is drug resistance.[4647] Since most types

of MBC are treated with a variety of drugs and/or combinations, there is a high chance of
multidrug resistance. Despite recent advancements in drug development and various options
of drug combinations, most MBC patients will develop resistance to drug treatment through
intracellular and extracellular mechanisms.[48] Intracellular mechanisms of drug resistance
are associated with drug metabolism and efflux, target modulations and damage restoration,
while extracellular mechanisms are attributable to the crosstalk between tumor cells and
environmental factors. However, the exact mechanisms underlying BC multidrug resistance
in the vast majority of patients remains unknown.[49]

4. Standard Diagnostic Procedures versus Nanotechnology Approches

4.1. Current Standard MBC Diagnostic Approaches

Breast cancer statistics clearly reveal the crucial importance of early detection.[0 Just in
the US, ~250 000 (1 in 8 women) new cases of BC are reported each year and around

40 000 women die.[52 If BC remains contained to the breast at the time of diagnosis,
average 5-year survival is ~98%.152] If the BC is confined to the breast and the lymph
nodes, average 5-year survival decreases to 84%. However, with metastasis, the average
5-year survival significantly decreases to 25%. The earlier the detection and treatment,
the better the chance of curing the cancer.[53] Moreover, early detection using regular
screenings (e.g., mammograms) not only reduces the amount of treatment necessary but
also improves survival. In addition, early screening and detection reduce the chances of
additional treatments after surgery (e.g., chemotherapy) and recurrence.[54:5°]

Similar to other types of cancer, early detection of BC is critical to improve the

overall survival rate. Conventional BC diagnostic routines include combination of several
complicated approaches, including clinical and physical examinations, histopathology,
imaging, mammography, ultrasound, magnetic resonance imaging (MRI), Xray, computed
tomography (CT), positron emission tomography (PET), cytology, and biopsy.[56-58]
However, the sensitivity of current imaging modalities and testing is insufficient to detect
small lesions in distant organs.[>%! The most common sites of distant metastasis for BC are
bone, lung, brain, and liver, and about 10% of patients with metastatic disease will have
lesions at multiple sites (Figure 4).[60]

Detection of exosomes in body fluids (e.g., blood) is also considered a noninvasive means
to monitor the progression of MBC and identification of new therapeutic targets. Exosomes
are small extracellular vesicles released by many cell types, including cancer cells.[61]
They are involved in cell-to-cell communication and carry various biomolecules, such as
proteins, lipids, and nucleic acids. Exosomes have been shown to play a critical role in
the progression of cancer, including MBC, by promoting tumor growth, invasion, and
metastasis.[62:63] In MBC, tumor cells release exosomes that contain unique molecules
such as proteins and microRNAS that are distinct from those found in non-MBC or
normal cells.[62:63] These biomolecules can serve as biomarkers for the early detection of
MBC. Exosomes have several advantages over traditional biomarkers, including superior
stability, abundance, and specificity. Several studies have shown that exosomes can be
isolated from the blood of BC patients for use as noninvasive tools for detecting MBC.
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[62,63] For example, it was reported that exosomal protein biomarkers can distinguish
between patients with MBC and those with non-MBC with high accuracy.[62] However,

the isolation and purification of exosomes is challenging.[84] In addition, exosomes derived
from drug-resistant BC cells can transfer drug efflux pumps and other molecules to sensitive
cells, further decreasing drug sensitivity.[55] In fact, extracellular vesicles play a relatively
complex role in BC, and a deeper understanding of their function will pave the way for
development of new therapeutic strategies for BC.[66.67]

For example, different types of NPs have been developed and tested for their ability to
isolate and purify exosomes from complex biological fluids.[68.691 |n most cases, NPs are
coated with a protein or antibody that can bind specifically to exosomes (e.g., anti-CD63
antibody). The exosome-bound NPs can then be isolated using centrifugation, allowing for
the purification of exosomes from complex biological fluids. This technique has shown
high specificity and sensitivity and has potential for clinical use. The use of NPs for
exosome purification offers several advantages over more-traditional methods, including
high specificity, efficiency, and the potential for clinical applications.[68.70.71]

4.2. Nanomedicine Approaches for Diagnosis of MBC

Although current technologies and approaches are sophisticated and successful to some
extent, some are also invasive, expensive, time-consuming, plagued by intense side effects,
and require advanced laboratories and infrastructure.[72] Therefore, there is a critical need
for development of new approaches that are simple, noninvasive, low-risk, and accurate
for screening or diagnosis of MBC.[73.74] Recent advancements in BC diagnosis include
development of new tests (e.g., Oncotype DX and MammaPrint) capable of screening
multiple genes and mRNA levels using tumor tissue samples.[75]

Due to their unique physicochemical properties and characteristics, nanomedicines have
demonstrated substantial potential to improve the quality and efficacy of healthcare.[18-20]
Advances in nanotechnology and proteomics have recently introduced the possibility of
identification and treatment of early-stage cancers.l12-17] Various nanomedicine products
have already gained significance in diagnosis, treatment, and monitoring of MBC (Figure
4).[21-23]

Nanomedicine technologies have been extensively studied over the past few decades for
detection and treatment of a wide range of cancers including MBC.[76.77] A wide range of
nanomaterials, from metals and metal oxides to polymeric and lipid NPs, have been used
for diagnosis of MBC (Figure 4).[76.78-81] A detailed survey of the literature from 2004

to the end of April 2023 using specific keywords “nano” and “breast cancer” in the title

in the Scopus database reveals an increasing trend in publications discussing BC diagnosis
and/or treatment using various nanoscale platforms (Figure 4). Compared with traditional
procedures for MBC detection, nanoscale materials provide more-specific targeting, higher
sensitivity, and better capability for multiple-target measurements due to increased surface-
to-volume ratio and higher interactions within the tumor microenvironment (TME).[82] For
example, nanobiosensors have shown great promise as nanoscale platforms for detection of
a wide range of biomarkers including alpha fetoprotein (AFP), cancer antigen 125 (CA125),
cancer antigen 153 (CA15-3), cancer antigen 19-9 (CA19-9), carcinoembryonic antigen
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(CEA), and interleukins (ILs), in addition to the most common BC biomarkers, with very
low limits of detection (e.g., ~fg mL1).[83]

5. Nanobiosensors in MBC Detection

Nanobiosensors and nanoscale devices/chips have shown exciting potential for detection

of a wide range of biomarkers, circulating tumor cells (CTCs), and biomolecules that

may be released from the TME into the blood during the development of different types

of BC.[84-87] The TME contains a wide range of biomolecules including genes, DNA

and RNA, proteins, lipids and other metabolites, that are originated from various TME
associated cells, that indicate the biological and pathological states of the disease, which can
be found in several sources of biological fluids including urine, serum, and cerebrospinal
fluid.[88] Nanobiosensors are analytical devices that use nanomaterials for detection of such
biological elements (e.g., cell receptors and enzymes) utilizing an analyte and transform
that to a measurable signal using various physiochemical mechanisms (e.g., optical and/or
electrochemical).[89-93] One of the main challenges in the early detection of BC is the

low concentration (e.g., 1 ng mL™1) and short half-life (e.g., 10 min) of such biomarkers/
biomolecules in biological fluids. In this regard, highly sensitive nanoscale materials/devices
containing unique physicochemical properties have been developed over recent decades for
specific and selective detection of various biomarkers and small molecules released during
the development and progression of the BC.[94.95]

Multifunctional magnetic nanowires can detect CTCs in the blood of patients with
nonmetastatic early-stage BC.[79 The 01D pencil-like geometry of magnetic nanowires
greatly increases the rate of contact with CTCs.[”® In addition to the enhancement of
cell-to-nanowire attachments, the 1D structure of nanowires provides multivalent binding
sites for targeting ligands. Using one of the proteins (i.e., Smoothened receptor) of the MBC
cells as a biomarker and graphene NPs, an assay was developed for detection of even small
numbers of MBC cells in tumor sites, thereby helping predict metastatic potential in the
early stages of BC.[9] Although CTCs of MBC are found at low concentration and are
challenging to detect, nanomaterials-based biosensors are able to amplify the low-intensity
signals of these biomarkers, enabling robust and reliable detection of MBC cells.[97-99] For
instance, a DNA hybridization chain reaction was used for detection of rare HER2+ CTCs
using a DNA nanotechnology approach.[100.101] Since HER? is highly expressed in BC
tumor cells, a biotin-streptavidin system was used to link trastuzumab (anti-HER2 antibody)
to the DNA amplification system for detection of MBC CTCs.[192] Although the detection
limit was far from the common levels of CTCs in patients (1:106-108 cells), the proposed
approach detected one cancer cell among 200 noncancer cells.[100]

One promising strategy for collection and detection of MBC cancer biomarkers is the use

of protein corona (i.e., a layer that forms at the surface of NPs upon their interactions

with biological fluids).[193.1041 wWhile the composition of circulating plasma proteins, nucleic
acids, and other biomolecules is dynamic over the spectrum of health and disease, there is

an unacceptable tradeoff between depth of coverage and sample throughput, given the vast
dynamic range and high complexity of the plasma proteome.[195-107] The protein corona
that forms on the surface of NPs is unique in its potential to overcome several limitations
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in the global discovery of plasma proteomics.[103.108-112] A ynjque feature of the protein
corona is that the constituent proteins rarely correspond to the most abundant proteins in
plasma.[103.111.112] |n other words, NPs can provide a novel type of proteomics data (in
terms of the number of proteins and their concentrations) that is significantly different from
similar data on plasma proteins. The composition of the protein corona formed on the NPs’
surface reflects the composition of human plasma in health and diseasel103.104]: using NPs
we can obtain unique signatures of human conditions.[113-115] pProtein corona analysis of
NPs, after interactions with blood plasma of healthy and BC individuals, revealed substantial
discrimination between oncological patients and healthy individuals related to cellular and
molecular aspects of BC.[116]

5.1. Electrochemical, Fluorescence, and Colorimetric Nanobiosensors

The main strategies for detection of BC cells using nanobiosensors include electrochemical,
fluorescence, chemiluminescence, and colorimetric approaches. Electrochemical
nanobiosensors are the most common devices capable of detecting electrical signals
generated after binding of specific biomolecules (e.g., antibody and enzyme) on the

surface of nanomaterials for detection of BC biomarkers.[56:117-120] For example, through
conjugation of gold nanorods and palladium NPs, an electrochemical aptamer nanobiosensor
was developed for detection of HER2 BC (Figure 5a-d). By immobilizing a DNA
tetrahedron with expanded aptamer on the gold electrode, the prepared nanobiosensor was
capable of specific and efficient detection of HER2 BC.[121.122] The prepared highly linear
(i.e., from 10 to 200 ng mL~1) nanobiosensor revealed a very low limit of detection about
0.15 ng mL™1 for detection of HER2 and exciting potential for BC diagnosis.

On the other hand, fluorescence-based nanobiosensors commonly utilize florescent
nanomaterials such as quantum dots and 2D nanomaterials for BC biomarker detection

due to their size-tunable fluorescence properties and high fluorescent quantum yields.
[100,123,124] For example, a fluorescence nanoprobe composed of rare-earth-doped albumin
nanocomposites was developed for diagnosis of two BC models, 4175 and MCF-7. It is
noteworthy that MCF-7 and 4175 have different metastatic potentials in terms of their
tissue tropisms and aggressiveness. The highly aggressive cell line 4175 is specific to the
lung.[125] Ligand-functionalized nanoprobes increased cellular uptake and accumulation

in targeted BC cells compared with untargeted nanoprobes and enabled both in vivo
imaging of biomarkers in mice bearing bilateral tumors and tumor detection.[125] Moreover,
fluorescence-based nanobiosensors are of crucial importance in diagnosis of MBC, since
fluorescence microscopy is capable of showing the distribution of specific proteins within
cancer cells.l126.127] Dyal-mode (SERS)-fluorescence nanoprobes containing gold NPs,
Raman reporters, a silica spacer, a silica shell, and fluorescent dye (Figure 5¢,f) were
developed for both SERS and fluorescence diagnosis of BC using CD24 and CD44
coexpressed in MDA-MB-231 TNBC human cells. It has been suggested that the synergistic
effect of SERS imaging and dual mode nanoprobes is a robust approach to identify
colocalization of CD24 and CD44 biomarkers in BC cells (Figure 5h,i).[128]

Colorimetric sensors are another class of nanobiosensors that simply utilize optical
absorption changes of materials for sensing and detection.[131-135] |n this regard, plasmonic
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nanomaterials and particularly noble metal NPs (e.g., silver and gold nanostructures) are
among the most widely used nanomaterials for diagnostic applications based on colorimetric
sensors.[136-1401 More specifically, colloidal gold NPs exhibit a wide range of colors in

the visible region of the electromagnetic spectrum, which enables detection of various
analytes/biomarkers through probing the red/blue shifts of the plasmonic peaks that are
produced by their binding to specific biomolecules.l141-143] |n addition, gold nanozymes
exhibit more enzymatic efficiency than natural enzymes due to intrinsic properties such

as high biocompatibility and stability, which provides the conditions necessary for design
of advanced nanoscale colorimetric sensors. Based on this concept, a liposome-gold NPs
hybrid nanostructure was developed and conjugated with anti-HER2 for colorimetric
detection of HER2+ BC cells in human serum and BC tissue samples (Figure 5j,k).[130]
Using the high catalytic activity of noble metal NPs (i.e., gold and platinum), a hybrid
nanostructure (PtAuNP) was constructed for detection ofHR+/HER2+ MCF-7 human BC
cells.[1291 |t was found that the color of the prepared nanostructures changes remarkably

in the presence of very small numbers of BC cells (i.e., 10 cells mL™1), which is visually
observable even by the naked eye. The limit of detection of the prepared colorimetric
nanobiosensor was reported to be as low as 10 cells mL~1, with detection linear range from
10 to 10° cells mL~1 in human serum samples (Figure 5I).

6. Surface-Enhanced RAMAN Scattering-based detection

There is increasing use of the surface-enhanced Raman scattering (SERS) characteristics of
nanomaterials, particularly noble metallic nanostructures (e.g., silver and gold) and 2DNMs
(e.g., graphene), for diagnosis of various diseases including MBC.[144-146] SERS-based
disease detection is a very promising approach, since the Raman signal can be enhanced

by several orders of magnitude (i.e., 103-108) when using nanoscale materials, due to
differences in their optical and chemical properties compared with bulk-scale materials
(Figure 6).1147.148] The conventional Raman scattering technique is based on the vibration
energy of molecules; however, because all molecules have their own unique vibrational
spectrum, Raman scattering is fundamentally a relatively low-sensitivity technique.l14] In
the other hand, when molecules are adsorbed onto a particular surface (i.e., noble metal
nanostructures), the Raman signals increase by several orders of magnitude through two
main mechanisms: electromagnetic and chemical enhancement.[150.151] Electromagnetic
enhancement usually occurs in metallic nanostructures through the localized surface
plasmon resonance (LSPR) of free oscillating charges at the surface of the noble metals
(Figure 6a). Most wavelengths, from UV to the visible region of the electromagnetic
spectrum, can excite the LSPR effect of metallic nanostructures, while this is not applicable
to semiconductor nanomaterials.[152153] On the other hand, chemical enhancement is the
main driver of SERS enhancement in semiconductor nanomaterials, which depends on

the energy levels and electronic structure (i.e., density of states, bandgap energy, highest
occupied molecular orbital, and lowest unoccupied molecular orbital) of the corresponding
semiconductor (Figure 6b).[150]

In general, there are two direct and indirect SERS approaches for detection of biomolecules/
biomarkers using nanomaterials; however, direct detection (also known as label-free) using
SERS is challenging due to the small inherent Raman cross-sections of most biomolecules.
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[154] Another important issue with direct detection using SERS is the formation of the
protein corona, which severely limits the Raman signal intensity, selectivity, and circulation
time.[155-157] Therefore, researchers have been interested in indirect SERS approaches (i.e.,
SERS tags), in which various organic molecules are used as Raman reporters on the surface
of noble metal NPs and targeting ligands on the protective shell for indirect detection of
proteins, DNA, and other biomarkers (Figure 6i).[144158] |n indirect SERS detection, the
target is identified by the targeting moieties attached to the nanomaterials, followed by
binding of the SERS tag to the molecular target and enhancement of the Raman signals of
the reporter.[147.159]

The physicochemical properties of noble metallic nanostructures have a significant influence
on factors enhancing SERS signals and enable detection of several biomolecular signals

in heterogeneous BC.[161] |t was found that dimer-like silver SERS tags provide more
enhanced Raman signals due to formation of hot spots at the junction of two silver
nanospheres compared with single silver nanospheres and nanocubes (Figure 6c-e). For
example, the enhancement factor of a dimer tag on a glass substrate can increase up

to 4.3 x 108 but drops to 2.8 x 10° and 8.7 x 10° when using silver nanospheres and
nanocubes of similar size, respectively (Figure 6j). Using dimer-shaped SERS tags, BC cells
overexpressing HER2 receptors were imaged with high sensitivity and selectivity (Figure
6f-h).[160]

7. Metal Nanostructures’s Shape in Diagnosis OF MBC

Shape-controlled noble metal nanostructures are a novel class of multifunctional
nanomaterials with potential theranostics applications (e.g., imaging and contrast agents)
due to their particular geometry and biocompatibility.[149.162-164] |t js well documented

that the shape/geometry of nanomaterials can significantly change their properties and
consequently their performance in diagnostic applications.[165:166] One of the unique
characteristics of shape-controlled noble metal nanostructures is their plasmonic property

as a result of collective oscillation of the free electrons in the metal under appropriate

light irradiation (also known as surface plasmon resonance or SPR) (Figure 7).[167-169] For
instance, through the well-controlled galvanic replacement reaction, the plasmonic peak

of gold nanocages (AuNCSs) can be specifically tuned from visible to near infrared (NIR)
regions, where the damping of light by blood and soft tissue is remarkably low, making them
a potential contrast agent for optical coherence tomography (OCT) (Figure 7b,c).[170.171]
Pharmacokinetic studies suggest that a particular class of hollow gold nanostructures (i.e.,
gold nanocages) with smaller edge sizes have greater biodistribution, and higher tumor
uptake but lower hepatic and splenic uptake than larger nanocages, in a murine EMT-6 BC
model. Quantitative PET imaging studies revealed rapid accumulation and retention of gold
nanocages inside the tumors, which make these nanostructures very promising for diagnostic
applications.[172.173]

In addition to the significant therapeutic effect of gold nanocages, discussed in detail
below, when gold nanocages are labeled with a suitable radionuclide (e.g., 4Cu), they
offer a multifunctional image-guided therapy platform capable of optimized treatment and
improved outcomes (Figure 7d).[174] Photoacoustic tomography is a promising technique in

Small. Author manuscript; available in PMC 2024 October 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ashkarran et al.

Page 11

BC diagnosis and treatment; however, it is usually challenging due to the heterogeneity of
TME and the presence of various malignant cells in the tumor. In this regard, nanomaterials
(e.g., gold nanocages) can serve as appropriate photoacoustic contrast agents to distinguish
various BC tumor subtypes.[176] Smaller gold nanocages (i.e., <50 nm) have been shown

to be more effective NIR contrast agents for photoacoustic tomography compared with
larger-sized and/or other shapes of gold nanostructures due to their higher optical absorption
and wavelengths of plasmonic peaks (Figure 7e-h).[175]

8. Therapeutic Nanomaterials against MBC

The tumor microenvironment (TME) plays a crucial role in treatment and therapeutic
responses of BC.[177] BC metastasis to distant organs strongly depends on the TME
characteristics. The vascular structure and blood vessels of the TME are significantly
different from normal healthy tissues. In fact, the proliferation of cancer cells causes

rapid growth of blood vessels, incomplete branching patterns, and irregular vascularization.
[88,178,179] Consequently, it takes longer for oxygen to pass through the tumor vasculature.
which results in oxygen deficiency (hypoxia) in the TME and high interstitial fluid
pressure. Regardless of the therapeutic approach, all drugs must i) enter the blood vessels
of the TME, ii) cross the vessel walls, and iii) migrate through the interstitium.[177.180]
Although the blood vessels in the TME are generally more permeable to macromolecules
than normal vessels, the interstitial fluid pressure often acts against the molecular
movement of drugs. However, unlike conventional treatments for MBC, nanomaterials

can be specifically engineered to overcome these barriers.[181-183] For example, there

is a direct relationship between the molecular weight of the polymeric NPs and the
permeability of the TME vessels. It has been reported that increasing the molecular weight
of polymeric NPs enhances the accumulation of macromolecules within the solid tumors
but substantially decreases the vascular permeability, since macromolecules concentrate

at the vascular surface and cannot penetrate deeper into the core of the tumor, which is
critical for efficacious therapy.[184.185] |t is also well documented that modifications of

the physicochemical properties of nanomaterials (e.g., size and surface chemistry) elicits
desirable cellular uptake and penetration of nanodrugs into the thick and fibrous mucus
barriers of solid tumors.[165.186.187] Therefore, novel nanoscale materials-based approaches
(e.g., nano drug delivery systems) offer unique opportunities to increase the efficacy of
anticancer therapies.

8.1. Metal and Metal Oxide Nanomaterials

Metallic nanostructures (e.g., silver and gold) are an interesting class of nanomaterials
with exciting potential in photothermal BC therapy due to their plasmonic characteristics.
[188-190] p|asmons are the oscillations of free electrons in metallic NPs, and when the
frequency (wavelength) of an incident light matches the frequency (wavelength) of the
oscillating electrons, absorption of light increases, resulting in a plasmonic resonance.[191]
What distinguishes metallic nanostructures from other nanomaterials is the possibility of
controlling their shape/geometry during the synthesis process, producing a wide range

of geometries with various properties and applications (Figure 8).[18] Different shapes of
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metallic nanostructures have different symmetries, which affects the polarizations of these
nanostructures and consequently the number of plasmonic peaks.[189.192]

Spherical metallic NPs (i.e., the most symmetric shape) show just one plasmonic peak,
since a sphere can be polarized only in dipole mode, while other geometries of metallic
nanostructures (e.g., rods, cubes, and triangles) can be polarized in higher modes (e.g.,
dipole and quadrupole) and therefore have more than one plasmonic peak.[191.194-196]
This unique property has made them a focus of research in many applications including
photothermal BC therapy, due to their strong light absorption in the NIR region. In

other words, through controlling the geometry of metallic nanostructures their plasmonic
properties can be specifically tuned toward distant NIR regions, with practical applications
in photothermal BC therapy.[189]

A quantitative study of the photothermal effect of gold nanostructures with various shapes
revealed that gold nanocages and nanorods are more effective light absorbers (Figure 9)
than other geometries (e.g., spheres and shells) and appropriate photothermal agents again
invasive BC.[198.199] Gold nanocages (average edge length 65+7 nm) have a plasmonic peak
centered around 800 nm, which is irradiated with a pulsed NIR laser at various power
densities and exposure times to optimize treatment conditions for efficient destruction of
HER2+ BC cells.[198] A similar study, using doxorubicin (DOX)-loaded gold nanocages
(AuNSs) and surface-coated DOX-incorporated AuNs (CDAuUNSs), showed that CDAUNS
enabled hyperthermia-triggered drug release under NIR laser irradiation (A = 808 mn);

the combination of chemotherapy and PTT revealed higher therapeutic benefits on the tumor
volume and metastatic nodules in MBC (4T1 orthotopic mammary tumor models).[197]

One of the most relevant examples of metal oxide therapeutic NPs being used against

BC are magnetic NPs (e.g., iron oxide). Magnetic NPs are able to induce local tumor
hyperthermia and temperature increase (>41 °C) when an external alternating magnetic field
(AMF) is applied, which results in energy transfer through hysteresis loss and consequently
local heating and damage to the tumor (Figure 8, bottom panel).[200.201] |_ocal changes

in temperature of the tumor can be easily controlled by altering the strength and duration

of the external magnetic field.[292] In addition the local temperature of the tumor can be
tuned by altering the physicochemical properties of magnetic NPs (e.g., size and surface
charge), which supports the applicability of magnetic NPs-based hyperthermia.[203.204] Both
magnetic NPs and metallic nanostructures produce heat and cause hyperthermia at the
tumor site, by different mechanisms (i.e., external magnetic fields and light irradiation,
respectively), increasing the temperature and causing cancer cell death.[197] One of the
main advantages of nanoscale materials is that they can be highly functionalized with
desired characteristics for cancer-specific treatments. However, one concern is the focusing
of heat generation at the tumor site without damaging the surrounding normal cells.[20°]
This issue has been addressed by developing Herceptin-conjugated liposomes containing
magnetite NPs to improve the targeting capabilities of the prepared magneto-liposomes
(HMLs) against both BT474 (high HER2 expression) and SKOV3 (low HER2 expression)
BC cells in mice.[201] This particular type of HMLs exhibited improved adsorption and
incorporation into BC cells, compared to other NPs, of nude mice and enabled cancer-
specific hyperthermia. It has been shown that HMLs can specifically bind to HER2-
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overexpressing BC tumors, and all injected magnetic NPs were retained in the tumor 48
h after injection, while magnetic NPs were virtually cleared in the same period of time in
control samples (i.e., HER2-negative tumors).[201]

8.2. 2D Nanomaterials

2D nanomaterials (2DNMSs) are ultrathin nanostructures with an approximate thickness

of one atom.[206]1 2DNMss include a very broad range of materials from graphene to
hexagonal boron nitride (h-BN) and transitionmetal dichalcogenides with high therapeutic
potential owing to their unique optoelectronic properties, unusual electrical conductivity,
high biocompatibility, and extraordinary thermal and mechanical properties.[207:208] Since
the discovery of graphene in 2004, 2DNMs have attracted much attention in theragnostic
applications to various types of cancer including BC due to their particular planar structure,
which serves as a unique carrier for different types of drugs, including chemotherapeutic
agents, genes, and small interfering RNAs (siRNAs).[209.210] Most 2DNMSs show strong
optical absorption in the NIR region, which makes them a potential photosensitizing

agent in PTT and photodynamic therapy against BC.[211] Compared to traditional
approaches to combat MBC, multifunctional 2DNMs are not only able to deliver different
chemotherapies but also have photothermal and photodynamic impacts on target sites

such as fluidizing TME and surpassing the high oncotic pressure of tumor interstitial

fluid, due to their strong light absorption.[212] Based on these concepts, a nanoscale
platform consisting of polydopamine-functionalized nanosized reduced graphene oxide
(NRGO), gold nanostars (GNS), and doxorubicin (DOX) (denoted NRGO-GNS@DOX)
was developed for combination chemotherapy and PTT treatment of MBC (Figure 10a). It
was found that when irradiated with NIR laser light (1 = 655 nm), NRGO-GNS@DOX
nanocomposites produce substantial cytotoxicity in aggressive 4T1 TNBC cells (mouse
model) due to the cumulative therapeutic effect of NRGO-GNS-elicited hyperthermia and
DOX-induced cytotoxicity. The results revealed a substantial higher therapeutic effect

of NRGO-GNS+laser or NRGO-GNS@ DOX+laser compared with the PBS or NRGO-
GNS group, indicating the potential of the NRGO-GNS@DOX nanoscale platform in
combination with PTT to suppress MBC (Figure 10b,c).[213] Due to the oxygen-rich
functional groups on their surface and efficient fluorescence properties, 2DNMs are ideal
platforms for loading BC drugs and detectable delivery of chemotherapeutic drugs into BC
cells without additional fluorescence labeling.[?14] Based on these characteristics, a novel
theranostic agent was developed by loading DOX onto the surface of graphene quantum dots
and conjugating Cy5.5 dye to the dots through a cathepsin D-responsive peptide. The results
against mouse 4T1 TNBC cells demonstrate improved therapeutic efficacy both in vitro and
in vivo due to enhanced tissue penetration and cellular uptake (Figure 10d,e).[214]

8.3. Polymeric Nanomaterials

Polymeric nanomaterials are a promising class of materials that have been used to treat
MBC, as they are highly tunable in order to increase the kinetic and thermodynamic stability
of their drug cargo as well as biodistribution and biocompatibility.[182.215] For instance,
traceable poly(ethylene oxide)-poly(ester) micelles conjugated to poly(ester) with poly(e-
caprolactone) (PCL) or poly(a-benzyl carboxylate-e-caprolactone) (PBCL) cores were
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developed using click chemistry approaches and used against aggressive MDA-MB-231
TNBC cells (human model).[216]

The findings suggest that stabilization of nanodrug due to the presence of PBCL over PCL
cores significantly affects nanocarrier accumulation in primary BC tumor.[216.219] Although
traditional chemotherapies are effective to some extent against MBC, they are not efficient
against brain metastasis, mainly due to the blood-brain barrier (BBB). This issue has

been addressed by developing BBB-penetrating amphiphilic polymer-lipid NPs that can
effectively deliver the antimitotic drug docetaxel (DTX) for the treatment of brain metastasis
of TNBC in a human model. Biodistribution, brain accumulation, pharmacokinetics and
efficacy studies against TNBC demonstrate release of DTX-NP from brain micro-vessels
and accumulation in micro-metastasis lesions in the brain. The DTX-NPs platform increased
the blood distribution of DTX by 5.5-fold compared with Taxotere (a clinically used DTX
formulation), reduced tumor growth by 11-fold, and increased median survival of tumor-
bearing mice by 94% compared with Taxotere in similar experimental conditions (Figure
11a).[227]

The acidic nature of the TME is considered a hallmark of MBC tumors and plays a

critical role in tumor progression.[220] In this regard, pH-responsive nanomaterials (i.e.,
containing a core-shell structure that responds to external pH) have shown promise for MBC
drug delivery. For example, doxorubicin-loaded polymer-caged nanobins are dual-function
cross-linked polymers that protect the drug payload and serve as a pH-responsive trigger

to improve drug release in the acidic TME. One of the main advantages of such polymeric
nanoscale systems is the ability to tune the degree of cross-linking to increase the in vivo
blood distribution of the nanocarriers against the invasive TNBC (Figure 11b,c).[218]

8.4. Peptide- and Protein-Based Nanomaterials

Nanostructures functionalized with peptides and proteins are a particular class of nanodrugs
with enhanced killing of cancer cells for MBC therapeutic use. It has been reported that
protein- and peptide-conjugated nanomaterials can increase tumor homing of nanomaterials
and improve cellular penetration to promote MBC cytotoxicity while reducing side effects in
healthy tissues.[221] For example, Abraxane (the NP formulation of Paclitaxel/PTX) was one
of the first nanoscale-based materials for the treatment of MBC, approved by FDA in 2005
due to its longer plasma half-life and reduced toxicity.[222] PTX is one of the drugs most
commonly used against various types of advanced-stage cancers including MBC. However,
due to its poor solubility, PTX requires the use of a lipid-based solvent (e.g., polyoxyl castor
oil) to maximize its effect. In addition, PTX can cause severe hypersensitivity reactions,
drug resistance, and other significant side effects particularly at higher dosages.[223-225]
Thus, researchers became interested in modifying Abraxane to make it more efficient against
MBC. In this regard, various peptide- and protein-based Abraxane have been developed to
increase solubility and biocompatibility.[24.226.227]

Peptide- and protein-based NPs are an essential therapeutic nanomaterial against MBC,

since they can target several membrane receptors such as HER2 and epidermal growth factor
receptor (Figure 12).1221] Regarding composition, albumin-based nanomaterials are the most
common type of NPs incorporating proteins or peptides against MBC.[222] For example, NP
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albumin-bound PTX (nab-PTX), which is PTX conjugated to albumin NPs (~130 nm), is

a suspension of albumin NPs designed to increase the therapeutic efficacy of PTX through
receptor-mediated transport (also known as transcytosis) and to reduce its toxicity and side
effects (Figure 12a). Albumin-based nanodrugs are biocompatible, biodegradable, and easy
to be functionalized.[?2] Due to the presence of a permeable vasculature and absence of
lymphatic drainage in cancerous tissue, albumin generally achieves high penetration. The
size of albumin is another important feature, i.e., small enough to be released from tumor
blood vessels into the tumor tissue but large enough (67 kDa) to be maintained in the
tumor interstitium (unlike <40 kDa macromolecules), making it a highly desirable MBC
treatment (Figure 12b).[228]1 For example, it has been shown that DOX-loaded albumin

NPs targeted with Trastuzumab (HER2 antibody) against SKBR3 (HER2+) have higher
uptake due to increased tumor homing and penetration alongside lower clearance (Figure
12a). SKBR3 (also known as SK-BR-3) is a human BC cell line derived from a pleural
effusion due to an adenocarcinoma originating in a 43-year-old Caucasian female, isolated
by the Memorial Sloan — Kettering Cancer Center in 1970, that is used in therapeutic
research, especially in the context of HER?2 targeting.[229] The conjugation of nanomaterials
and biomolecules including peptides/proteins is highly controllable, making it a suitable
approach for particular applications like MBC treatment. For instance, cell-penetrating
peptides have proven a promising platform against MBC due to increased tissue penetration
and crossing of the BBB.[230] It is reported that trans-activating transcriptional activator
(TAT) cell-penetrating peptide conjugated to gold NPs results in drug delivery increase

to brain MBC. Intravenous administration of TAT peptide-modified gold NPs (23 nm
total diameter) carrying DOX causes high accumulation of TAT-gold NPs and, therefore,

improved survival in an intracranial MDA-MB-231-Br xenograft mouse model (Figure 12c).
[230]

8.5. Lipid-Based Nanomaterials

Lipid-based NPs such as liposomes, solid lipid NPs, lipid nanocarriers, etc., are emerging
classes of nanoscale materials for MBC targeting and/or treatment.[231.232] |_iposomes,
which are one of the most frequently used lipid NPs, are spherical vesicles composed of
phospholipid bilayers and constitute an important class of lipid-based nanomaterials.[233]
The size of liposomes can be readily modified, from a few nm to a few pm, making them
an excellent platform for drug delivery systems due to their ability to trap a wide size range
of hydrophilic and lipophilic drugs, as well as their biocompatibility, biodegradability, low
toxicity and low immunogenicity.[233] In addition, the surface chemistry of liposomes is
highly tunable through covalent and noncovalent surface functionalization (e.g., by using
polyethylene glycol/PEG), which increases their biodistribution and tumor targeting and
penetration (e.g., by using antibodies and peptides).[234]

Drug delivery using nanomaterials/nanocarriers such as liposomes has been shown to have
several advantages over traditional chemotherapy approaches because of lower toxicity to
normal tissues and fewer severe side effects.[235] Further, liposomes and micelles have
been shown to be more effective drug delivery platforms compared with conventional
chemotherapies for several reasons, including increased biodistribution, deeper penetration
into tumor cells, and enhanced biocompatibility.[233] Liposome-based nanocarriers are
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capable of protecting healthy tissues from the toxic effects of drugs due to their phospholipid
bilayer. In addition, the phospholipid bilayer enables PE-Gylation of liposomes, which
increases biodistribution time and consequently increases the concentration of the drug
delivered to the tumor site.[23%] However, inefficient drug transfer from liposome
nanocarriers to tumor cells is one of the major challenges of these types of nontargeted drug
delivery systems. One possible approach to address such inefficiencies is targeted liposome-
based chemotherapeutic drug delivery or development of smart drugs for localization

in the tumor cells. It was demonstrated that nano-immunotherapy, by reprogramming
cancer-associated fibroblasts (CAFs), enhances therapeutic delivery and immune-stimulation
and improves BC outcomes.[182.236.237] ytjlizing the CAF-reprogramming capabilities of
tranilast, they combined tranilast-loaded micelles and epirubicin-micelles or Doxil with
immunotherapy, which resulted in an increase in T-cell infiltration and curing of mice
bearing immunotherapy-resistant BC.[182] There is growing evidence of MBC resistance to
traditional chemotherapies due to the presence of cancer stem cells (CSC) and dormant
cells. Combinations of various therapeutic approaches elicit better MBC outcomes by
rendering CSC and dormant cells more sensitive to active drugs.[238-240] |n other words,

the combination of chemotherapy and immunotherapy enhances the action of cytotoxic
T-lymphocytes and leads to more durable responses, and when further combined with
traditional chemotherapies, prolongs the lifespan of tumor-bearing mice.[241]

Combining chemotherapy and immunotherapy, Lan and co-workers proposed a novel
approach against MBC using a cocktail strategy, in which traditional chemotherapy against
MBC cells and CSC and immune checkpoint blockade therapy are integrated into one drug
delivery platform.[241] They incorporated PTX as the chemotherapeutic agent, thioridazine
(THZ) as the anti-CSC agent, and the PD-1/PD-L1 inhibitor HY19991 (HY) into an
enzyme/pH dual-sensitive NP with a micelle-liposome double-layer structure, and named
this nanodevice PM@THL (Figure 13).[241] Their findings suggest that this combination
therapy increases intratumoral drug concentrations due to shrinkage of NPs and exhibits
significant efficacy against mouse BC, with a tumor inhibition rate of 93.45% and lung
metastasis suppression rate of 97.64%.

Among various types of BC, TNBC behaves more aggressively, is more likely to recur,

and has higher mortality due to its particular pathological characteristics, making it very
difficult to diagnose and treat.[242] Although current immunotherapy approaches have shown
promise in BC therapy, they are not efficient against MBC or more advanced stages of

BC (e.g., TNBC) due to the interaction of the tumor cells and the suppressive TME, with

its high lactic acid metabolism and antioxidant levels.[243] Cisplatin (Pt(I1)) is a common
first-line treatment for TNBC, upregulating genes related to inflammation and increasing the
ratio of dendritic cells (DCs)/macrophages to induce a more favorable TME with immune
checkpoint.[?44] Using a combination of Pt(I1), chloroquine (CQ), and perfluorohexane
(PFH) contrast agent, a nanoscale platform was designed to improve the ratio of

mature dendritic cells (mDCs) and proinflammatory macrophages by reprogramming the
metabolism of immature DCs (iDCs) and tumor-associated macrophages (TAMs) (Figure
14a,b).[245] This nanoscale platform increases the intracellular reactive oxygen species
(ROS) and the ratio of mDCs and apoptotic tumor cells, which cooperatively enhance
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antitumor chemoimmunotherapy by suppressing tumor cell autophagy and reprogramming
immunocyte metabolism.

Using a similar strategy Xu and coworker developed a puerarin nano emulsion (nanoPue)
to increase the solubility and biodistribution of puerarin.[246] Their findings reveal that the
nanoPue was able to effectively modify the TME and reduce the physical barrier to particle
and cell penetration of the 4T1 murine TNBC tumor model, which significantly accelerated
the chemotherapeutic effect, e.g., ~6-fold reduction of tumor-associated fibroblasts in
nanoPue-treated mice compared with the PBS control, p < 0.0001 (Figure 14c).

A quick search (www.clinicaltrials.gov) of clinically approved nanomaterials for MBC
treatment shows that liposomes are critical, since a major portion of the completed

clinical trials against MBC.[231.232] A recent review of cancer nanomedicine by He and
co-workers reveals that liposome-based nanodrugs are among the MBC nanomedicines

most likely to receive clinical approval, including but not limited to PEGylated liposomal
doxorubicin (Doxil/Caelyx), liposomal doxorubicin (Myocet), liposomal paclitaxel (Lipusu),
albumin-bound paclitaxel (Abraxane), paclitaxel micellar (Genexol-PM), and paclitaxel
nanosuspension (PICN).[247] More specifically, Abraxane/PTX, which utilizes liposomes

in its structure, is among the nanodrugs most commonly used against MBC.[248.249]
Previous clinical trials of Abraxane demonstrated an enhanced response rate for women
with MBC compared with other drugs such as Taxanes (e.g., Taxol and Taxotere), which
cause hypersensitivity reactions in many patients.[250.251] The notable presence of liposomes
among clinical nanodrugs against MBC underlines the high potential of liposome-based
nanodrugs to combat MBC and their importance in the future of MBC nanomedicine.

9. Conclusion

In this review, we summarized various types of MBC and their pathophysiology. We

then provided details of current clinical approaches to identification of MBC together

with their benefits and shortcomings. We then focused our attention on the potential of

the emerging field of nanomedicine in identification and treatment of MBC. While the
field of nanomedicine is still developing, the potential impact on detection and treatment
of women’s metastatic BC is significant.[252] By providing more effective and targeted
treatments with fewer side effects, nanomedicine has the potential to improve the lives of
millions of women worldwide.[253] However, it is important to note that further research and
clinical trials are needed to fully evaluate the safety and efficacy of these new treatments,
and to ensure that they are accessible and affordable to all women who need them.[254]
Although nanomaterials have shown great promise in the diagnosis and treatment of MBC,
there are challenges that need to be considered to successfully translate nanomedicine
discoveries to the clinic. These include our incomplete understanding of the effect of

the personalized protein corona and its complexity on the safety and therapeutic efficacy
of nanomedicine technologies, substantial unwanted targeting of nanoparticles, limited
penetration of tumor tissues to reach cancer cells, and regulatory challenges.[255-259] Fully
addressing these considerations is likely to delay the clinical availability of nanomedicine
treatments.
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Stage 0 | | Stage | | { Stage Il | | Stage Ill |
Noninvasive ductal Invasive ductal Invasive ductal Invasive ductal
carcinoma in situ (DCIS) carcinoma carcinoma carcinoma

Cancer in breast tissue.

Cancer cells in breast duct have Cancer in breast tissue. Tumor 3.6 om In diameter.

A ) not spread to breast tissue. Tumor <2 cm in diameter.

Tumor >5 cm in diameter.

Cancer has spread to auxiliary

lymph nodes.

Metastastatic breast cancer (MBC)

Cancer has spread beyond the breast to
distant organs. Preferential metastasis
to brain, lungs, liver and bones.

Distant metastasis via blood stream
(Intravasation and extravasation)

Figure 1.
Various stages of BC. Schematic illustration of different stages/types and specifications of

BC including MBC.
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Figure 2.
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Best
prognosis

Worst
prognosis

Molecular classifications of BC. Various intrinsic or molecular subtypes of BC and their
corresponding prognosis. Some parts of the figure were reproduced with permission.[27]

Copyright 2023, American Chemical Society.
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Figure 3.
Distribution and survival rates of BC subtypes. a) Prevalence of various subtypes of BC and

their percentages, and b) the 5-year survival rates of various subtypes of BC (all stages).
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MBC treatment strategies. Schematic illustration of conventional therapies and emerging
nanomedicine treatments to combat MBC. There is growing use of various nanomaterials
against MBC, ranging from metals and metal oxides to proteins and lipid-based
nanostructures, reflected by a significant rise in the number of publications in recent years.

Data is extracted from the Scopus database (date of search April 28, 2023), reflecting

publications from 2004 to April 2023 with the words “nano” and “breast cancer” in the title.
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Figure5.
Nanobiosensors based on nanomaterials for BC diagnosis. a) Schematic illustration of

fabrication of gold nanorods@Pd aptamer nanobiosensor for HER2 detection of BC, b)
TEM image of gold nanorods, ¢c) TEM image of gold nanorods@Pd, d) differential pulse
voltammetry signals obtained from HER2, epidermal growth factor receptor, VEGF165
and blank control at identical concentration (from a to d, respectively). Reproduced

with permission.l121] Copyright 2019, Elsevier, e) schema showing the various layers of
the SERS-fluorescence dual-mode nanoprobe and a corresponding TEM image (f), g)
photographs showing the fluorescence emission of GNP colloid, Raman reporter-labeled
GNP colloid, and DMNP colloid, h) fluorescence, and i) SERS overlay images of CD24 and
CD44 BC biomarkers. Reproduced with permission.[128] Copyright 2012, RSC Publishing,
j) optical absorption changes of PtAuNP colorimetric sensor as a function of HR+/HER2+
MCEF-7 BC cell numbers (i.e., 0, 10, 102, 103, 104, 105 cells/mL), k) photographs
showing the color changes of the nanostructures in the presence of BC cells. Reproduced
with permission.[1291 Copyright 2015, Elsevier, and ) optical absorption and visual color
changes in the presence of liposome-gold NPs and different numbers of SKBR3 BC cells.
Reproduced with permission.[*30] Copyright 2017, Ivyspring International Publisher.
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Figure®6.
Using SERS in BC detection. Schematic illustration of (a) and (b) two main fundamental

mechanisms involved in enhancement of Raman scattering signals. Reproduced with
permission.[150] Copyright 2021, RSC Publishing, Raman spectra and the corresponding
SEM images (inside) of various shapes of SERS tags on glass substrates: ¢) dimer tags, d)
sphere tags, ) cube tags in various directions of laser polarization relative to the particle
orientation, f-h) SERS mapping of SKBR3 human BC cells by detecting HER2 using dimer
tags, sphere tags, and cube tags (from top to bottom). Reproduced with permission.[160]
Copyright 2013, The Royal Society Publishing, i) scheme showing the various components
and preparation steps of noble metal NPs SERS tags. Reproduced with permission.[158]
Copyright 2022, Ivyspring International Publisher, and j) Raman spectra of various shapes of
SERS tags in aqueous solution (dimer, sphere, and cube, from top to bottom). Reproduced
with permission.[160] Copyright 2013, The Royal Society Publishing.
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Figure7.
Shape-controlled metallic nanostructures in BC imaging. SEM and TEM (inset) of a)

silver nanocubes and b) gold nanocages (after galvanic replacement; scale bars are 200

nm), c) optical absorption spectroscopy showing the tuning of the plasmonic peak of

gold nanocages (AuNCs) from visible to NIR region, d) scheme showing the potential
application of gold nanocages in imaging, photothermal therapy, and controlled release.
Reproduced with permission.[*67] Copyright 2008, American Chemical Society; Reproduced
with permission.[174] Copyright 2021, John Wiley and Sons. Photoacoustic tomography of

a rat’s cerebral cortex without (e) and with (f) gold nanocages, g) a pixelwise differential
image of (e) and (f), h) optical image of rat’s cerebral cortex showing the vasculature
features after interactions with gold nanocages. Reproduced with permission.[175] Copyright
2007, American Chemical Society.
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Figure8.
Metal and metal oxide nanostructures employed against MBC using photothermal therapy

(PTT) and hyperthermia. (Top panel) Shape-dependent plasmonic resonance of metallic
nanostructures scheme showing plasmonic resonance in gold spherical NPs as an

example, and shape-selective synthesis of silver and gold nanostructures. Reproduced

with permission.[193] Copyright 2007, American Chemical Society, (middle panel) possible
PTT mechanisms of shape-controlled nanostructures against MBC, and (bottom panel)
illustration showing magnetic hyperthermia using magnetic NPs to combat MBC.

Small. Author manuscript; available in PMC 2024 October 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Ashkarran et al.

Page 36

40Qr'n 50 nm

;:\ s '; /4 —65 nm ‘:é
9 < i i =
= 06 £ 06 A i§ 8
2 04 E \ﬁ/’ \ 204
£ g 7 3
= 02 & 02 (¥ L, ;02
a6 00+ ) : .
400 600 800 1000 400 500 600 . - ths(‘:“’m) 1000
Wavelength (nm) Wavelength (nm) 9
(8) (h) oo -
PBS CAuNs CDAuNs . §
56.7 s
55 1 B
o ~2
‘g 50 4 o A z —— DOX
" 2 o = —— CAuNs
4 [J 6 —o— CDAuNs
o 45 1
=1 )
£ . -
2 40 4 *
35 ' " " '
25 0 100 200 300 400 500
Time(s)
. AuNs 50.5
(i) I

v

‘
U 26.7
Figure9.

SPR-mediated temperature increase and tumor ablation of MBC cells. TEM images of a)
gold nanorods, b) silver nanocubes, c) gold nanocages (scale bars are 50 nm) and d-f)

the corresponding plasmonic peaks. Reproduced with permission.[1891 Copyright 2013,
American Chemical Society, g) NIR thermographic images of MBC (4T1) after NIR
irradiation, and h) the corresponding temperature increase at tumor site. Reproduced with
permission.[197] Copyright 2017, John Wiley and Sons, i) TEM image of a human HER2+
BC cell (SKBR3) conjugated with gold nanocages shows decoration and internalization of
gold nanocages by the cell. Reproduced with permission.[198] Copyright 2008, American
Chemical Society, and j) infrared thermal photos of control sample and gold nanostructures.
Reproduced with permission.[197] Copyright 2017, John Wiley and Sons.
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Figure 10.
Nanomaterials in combinational BC therapies. a) Schematic illustration of the preparation of

NRGO-GNS@DOX nanocomposite for combined photothermal and chemotherapy of BC,
including internalization, entrapment inside the lysosome, and cytosol release of DOX under
NIR irradiation (inside (a), (b), and (c), respectively), b) numbers of lung metastasis nodules,
and c) staining of the lung in mice treated with various samples (i.e., 1. PBS, 2. NRGO-
GNS, 3. DOX, 4. NRGO-GNS@DOX, 5. NRGO-GNS+laser, 6. NRGO-GNS@DOX+laser)
(**p < 0.01). Reproduced with permission.[213] Copyright 2016, John Wiley and Sons,

d) illustration of graphene quantum dot-based theranostic agent for probing anticancer

drug delivery, release, and response, and e) images of multicellular 3D tumor spheroids.
Reproduced with permission.[214] Copyright 2017, American Chemical Society.
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Figure 11.

a) Schematic showing formation of DTXx02010NPs from the amphiphilic terpolymer,
recruitment of Apo-E, and proposed enhanced mechanism for crossing the
bloodx02010brain barrier (BBB). Reproduced with permission.[217] Copyright 2017,
Elsevier, b) Schematic illustration of DXRx02010encapsulated polymerx02010caged
nanobins, and c) in vitro cytotoxicity of DXRx02010encapsulated polymer-caged nanobins,
empty PCN vehicles, and free DXR against human TNBC cells. Reproduced with
permission.[218] Copyright 2010, American Chemical Society.
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Figure 12.
a) Schema showing protein- and peptide-based nanomaterials for improved tumor homing

of nanomaterials, increased cancer cell disruption and penetration, and attacking particular
genetic and biochemical processes responsible for MBC development. Reproduced with
permission.[221] Copyright 2011, American Chemical Society, b) Schema and transmission
electron microscope (TEM) image of a 130 nm nab-PTX showing conjugation of albumin
and PTX. Reproduced with permission.[228] Copyright 2008, Elsevier, and c) schematic
representation of conjugation of TAT to gold NPs and Dox (A), illustration showing the
possible mechanism by which TAT-Au-Dox reaches the leaky tumor vasculature, where
particles penetrate cancer cells and are retained at the tumor site, secondary to the
enhanced permeability and retention effect and release of drug due to the low-pH TME
(B), and intravenous and intratumoral delivery modes (C). Reproduced with permission.[230]
Copyright 2016, American Chemical Society.
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Figure 13.
a) A combination of chemotherapy and immunotherapy approaches against MBC using

drug-loaded micelle-liposome double-layer nanostructures (i.e., PM@THL), b) TEM images
of PTX-micelle (PM) and PM@THL under different experimental conditions, c,d) size
distribution and zeta potential of PM and PM@THL at pH 7.4, and e) PTX, THZ, and HY
release curves from PM@THL under different experimental conditions. Reproduced with
permission.[241] Copyright 2019, John Wiley and Sons.
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Figure 14.
a) Schematic showing Pt(IV)/CQ/PFH NPs-DPPA-1-mediated ultrasound for

chemoimmunotherapy against TNBC, b) the corresponding preparation steps of
Pt(I\V)/CQ/PFH NPs. Reproduced with permission.[245] Copyright 2022, American
Chemical Society, and c) illustration of TME remodulation by targeted puerarin delivery.
Reproduced with permission.[246] Copyright 2020, Elsevier.
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