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Abstract

Nanoparticles are being actively developed for biomolecular profiling of cancer biomarkers, tumor imaging in vivo, and tar-
geted drug delivery. These nanotechnology-based techniques can be applied widely in the management of different malignant
diseases, such as breast cancer. Although the number of different types of nanoparticles is increasing rapidly, most can be
classified into two major types: particles that contain organic molecules as a major building material (such as dendrimers,
micelles, liposomes and carbon nanotubes, and other polymers); and those that use inorganic elements, usually metals, as
a core. In particular, inorganic nanoparticles have received increased attention in the recent past as potential diagnostic and
therapeutic systems in the field of oncology. This review primarily discusses progress in applications of inorganic nanopar-

ticles for breast cancer imaging and treatment.
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Introduction

Breast cancer is a leading cause of mortality and morbid-
ity for women with 450,000 annual deaths worldwide [1].
Therefore, the diagnosis and cure of BC at early stage is
highly necessary to decrease mortality and improve the qual-
ity of the lives of patients.

Breast cancer is clinically categorized on the basis of the
existence of estrogen receptor (ER), the amplification of
HER2/ErbB2 gene and the absence of three nuclear recep-
tors, such as ER, progesterone receptor (PR) and HER2/
ErbB2 (Triple Negative). While for the first two groups of
breast cancer receptor-specific therapy is applied, chemo-
therapy remains the mainstay of treatment for triple negative
breast cancer (TNBC) [2].

Currently, the best available tool for the early detec-
tion of breast cancer is mammography [3]; however up to
20% of new breast cancers are not detected or visible on a
mammogram [4]. Magnetic resonance imaging (MRI) and
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ultrasonography are used in cases of impairment of the latter
diagnostic results [5]. Furthermore, it was also found that
mammography is better able to detect certain types of breast
cancer (such as ductal carcinomas) than other types (such
as poor prognosis estrogen receptor (ER)-negative tumors)
[6-9].

Continued improvements to detect breast cancer early
offer the promise of further reducing the burden of this dis-
ease, as breast cancer detected at an earlier stage is much
more curable than is metastatic disease.

Recent progress in nanotechnology has shed new light on
breast cancer therapy and diagnosis due to the large surface
area, high surface reactivity and unique physicochemical
properties of these nanostructures [10-12].

The potential of organic nanomaterials for the treatment
of breast cancer is well-established and described in detail
[13, 14]. In contrast to organic nanoparticles (NPs), inor-
ganic NPs were developed at the end of the last century,
and their biomedical applications are relatively recent [15].

All inorganic NPs share a typical core/shell structure.
The core can contain metals [iron oxide, gold and quan-
tum dots (QDs)] or organic fluorescent dyes encapsulated
in silica. The central core defines the fluorescence, optical,
magnetic, and electronic properties of the particle. The shell
is usually made of metals or organic polymers that protect
the core from chemical interactions with the external envi-
ronment and/or serves as a substrate for conjugation with
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biomolecules, such as antibodies, proteins, and oligonucleo-
tides (see Fig. 1) [16].

During recent years, Nifiez et al. have focused on the
design of novel nanosystems [17-21] with biological [22]
and biomedical applications [23], in particular, breast cancer
treatment [24, 25]. Different reviews focused on applications
of nanoparticles into predictive oncology of breast cancer
[26], but only some of them emphasized on the role of inor-
ganic nanosized objects in the diagnosis and treatment of
this malignancy [15]. This review discussed recent advances
in the use of a particular type of nanosystems [iron oxide
magnetic nanoparticles, semiconductor fluorescent quantum
dots and gold nanoparticles (spheres, shells, rods, cages)]
in tumor targeting, imaging, photothermal therapy and drug
delivery applications in breast cancer.

Superparamagnetic nanoparticles

Superparamagnetic NPs are unique inorganic NPs that were
first introduced for biomedical applications in the late 1980s
[27]. The core of superparamagnetic NPs consists of metal
molecules of nickel, cobalt or iron oxide (Fe;O, magnet-
ite, which is the most commonly used metal). The surface
of superparamagnetic NPs can be modified by coating the
core in a few atomic layers of organic polymers (dextran
[28], starch [29], alginate [30], poly(p,L-lactide-coglycolide)
[31], and poly(ethylene—glycol) (PEG) [32]), inorganic met-
als (gold) or oxides (silica, alumina) [33].
Superparamagnetic NPs can be conjugated with various
bioactive ligands and can be used for in vitro and in vivo

Fig. 1 Basic structure and
functional ligands of inorganic
nanoparticles used in breast
cancer diagnosis and therapy
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diagnosis of tumors [34]. To this aim, various methodolo-
gies have been developed to synthesize superparamagnetic
NPs that are able of distinguishing cancerous tissue from
healthy tissue.

Superparamagnetic NPs have been also used success-
fully for cell labeling, drug delivery, MRI of tumor tissue
and vasculature, hyperthermia induction and magnetofec-
tion of cancer cells (transfection of vector DNA coupled
with magnetic NPs into cells using a magnetic field) [35].
Furthermore, superparamagnetic NPs are also attractive
theranostic platforms because of its capability as a drug
carrier as well as an MRI contrast (see Table 1).

Magnetic resonance imaging (MRI) is one non-invasive
medical diagnostic technique. The MR images of normal
and abnormal tissues are difficult to differentiate; there-
fore, specific exogenous contrast agents are used in order
to increase the contrast and obtain higher resolution and
sensitivity.

The size and the large surface area of the metal NPs with
superparamagnetic phenomena provide a detectable mag-
netic resonance (MR) signal. In particular, superparamag-
netic iron oxide nanoparticles (SPIONs) have been exten-
sively studied as T, contrast agents in magnetic resonance
imaging (MRI). This is due to the negative contrast (dark-
ness) in phantom images that can be enhanced by T, relaxiv-
ity of water protons.

Several breast cancer cell markers receptors such as
gastrin-releasing peptide (GRP), integrin a5, transferrin
(Tf), human epidermal growth factor receptor-2 (Her2),
folic/folate, CD44 and urokinase-type plasminogen acti-
vator (uPA) have been used for targeting of magnetic
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Table 1 (continued)
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oxide (PEG-Gd,O5)/aptamer-Ag nanoclusters

(NCs)
Iron oxide NPs modified with a self-assembled mon-

(58]

MRI and drug delivery [methotrexate (MTX)]

in vitro

10 nm

olayer (SAM) of (3-aminopropyl)trimethoxysilane

[59]

Ultrasound/MRI dual-modality in vitro and in vivo

885.6 nm

Superparamagnetic poly(lactic-co-glycolic acid)

microcapsules (Fe;0,/PLGA)
Double emulsion nanocapsules (DENCs) stabilized

[63]

Drug co-delivery (doxorubicin (DOX) and hydro-
phobic [paclitaxel (PTX)] in vitro and in vivo

Anti-HER?2 antibody (Herceptin)

174 + 13 nm

by a single-component poly(vinyl alcohol) (PVA)

with magnetic nanoparticles

[64]

MRI and drug delivery [paclitaxel (PTX)] in vitro

and in vivo

Folate (FA)

170 nm

Iron oxide superparamagnetic iron oxide nanocrys-

tals within folate-functionalized lipid nanoparti-

cles (LNPs)

nanoparticles to breast cancer tissue for imaging and diag-
nostic applications.

Peptide-conjugated SPIONs have shown great potential
as contrast agents for in vivo tumor detection using MRI.
In particular, Bombesin (BBN) and its human counterpart,
gastrin-releasing peptide (GRP) play an important role in
cancer growth [36]. It was found that GRP receptors are
overexpressed in many cancers, including breast cancer [37].
SPIONSs coated with dextran (DSPIONs) conjugated with
bombesin (BBN) were developed to produce a targeting
contrast agent (DSPION-BBN) for the detection of breast
using MRI [38]. It was found a good targeting ability of
DSPION-BBN for binding T47D breast cancer cells overex-
pressing gastrin-releasing peptide (GRP) receptors. Further-
more, DSPION-BBN possessed good diagnostic capability
as a contrast agent, with appropriate signal reduction in T,-
weighted color map MR imaging in mice with BC.

Integrins are heterodimeric transmembrane glycoproteins
that act as receptors for molecules of the extracellular matrix
(ECM). Integrin o, B5 is of particular interest as an in vivo
imaging target, since it is known to be involved in the pro-
cess of tumor development, angiogenesis, and metastases,
and can thus be found on angiogenic vessels in malignant
tumors. Moreover, integrin o, f3; show a high binding affin-
ity for arginine-glycine-aspartic acid (RGD) peptides, which
naturally occur in ligands specific to integrin receptors. Con-
sequently, RGD peptides have been extensively used as tar-
geting moieties for functionalization of different NP systems,
including SPIONSs [39].

Following this strategy, Gong et al. [40] fabricated
dual-targeting micelles encapsulating SPIONs from the
amphiphilic block copolymer poly(ethylene glycol)-poly(e-
caprolactone) (PEG-b-PCL) conjugated at the distal ends
of the PEG block with the cyclic form of RGD peptides
(cRGD) and the single chain HER-2 antibody fragment
(scFv-ErbB) for human epidermal growth factor recep-
tor-2 overexpressed in breast tumor cells. The efficiency of
fabricated contrast agent was assessed on an animal model
produced by subcutaneous injection of BT474 cells into the
BALB/c-un female nude mice with a 1.5 T clinical MRI
scanner. It was found that the magnetic system delivered
by tail vein injection decreased the T, signal intensity of
the tumor in animals to a higher extent than single ligand-
targeted and non-targeted magnetic micelles.

PEG-modified and SPION-encapsulated magnetoli-
posomes with biotin were also prepared to target integrin
a, P for breast cancer imaging [41]. In a guided 3-step tar-
geting approach, biotinylated anti-o,3; mAbs were intrave-
nously injected into mice bearing MDA-MB-435S breast
tumors, followed by injection of avidin/streptavidin and
finally, injection of the biotinylated magnetoliposomes. Flu-
orescence immunohistochemistry and Prussian blue staining
were employed to determine the specificity of a5 targeting.
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The 3-step pre-targeting approach enhanced the MRI con-
trast to a larger extent compared with no targeting (7.0% of
the tumor area vs. 2.0%), and the targeted magnetoliposomes
were shown to colocalize with neovasculature.

Human transferrin (Tf) was covalently coupled to ultr-
asmall superparamagnetic iron oxide nanoparticles (USPI-
ONs) for in vivo imaging of SMT/2A tumor-bearing rats (rat
mammary carcinoma) [42]. It was found that with a half-life
of 17 min in normal rats, the conjugates could reduce the
MRI signal of the tumor by 40% (range 25-55%) 150 min
after injection, and this signal reduction could be maintained
for at least 8 h. By comparison, the identical parent USPI-
ONss or those labeled with human serum albumin could only
induce a 10% reduction in tumor signal over time.

Her2/Neu receptors are among the most specific mark-
ers in targeting, staging, and treatment of breast cancer. To
validate the targeting specificity, SPIONs functionalized
with dextran and anti-HER2 antibodies (Herceptin) were
synthesized and their MR signal was tested on four different
breast cancer cell lines: BT-474, SKBR-3, MDA MB-231,
and MCF-7 [43]. In fact, MR signal was greater in cell lines
with higher HER2/neu expression; however, even cell lines
with low HER2/neu expression levels could be adequately
detected. Upon intravenous injection of these NPs into mice
bearing breast tumor allografts, a 45% drop in MR enhance-
ment was seen in T2-weighted MR images, which indicated
the high accumulation of NPs within the tumor site.

Huh et al. [44] synthesized magnetic iron oxide nanocrys-
tals conjugated to anti-HER?2 antibodies (Herceptin) and also
with a fluorescent dye-labeled secondary antibody of human
IgG, allowing them to be used both for in vitro and ex vivo
optical detection of cancer as well as for in vivo MRI. In a
similar way, Kievit et al. [45] coated 8 nm SPIONs with a
chitosan/PEG copolymer, labeled them with a fluorescent
dye (Alexa Fluor 647 for in vivo or Oregon Green 488 for
in vitro detection), and further functionalized them with a
monoclonal antibody against the neu receptor (NP-neu). The
Neu-functionalized NPs were highly internalized by Neu-
expressing mouse mammary carcinoma (MMC) cells, and
specificity to the Neu antigen was demonstrated by reversal
of the internalization in the presence of free Neu antibody.
It was found that the bioconjugates could accurately label
breast tumors with MRI and optical dual modality.

Magnetic hyperthermia (MH) is one form of thermal
therapy in which magnetic nanoparticles produce heat in
the presence of an alternating magnetic field. Multifunc-
tional SPIONs have been used in magnetic hyperthermia
(MH) treatment of cancer. Zhang et al. [46] evaluated the
capacity of anti-HER2-iron oxide nanoparticles coated
with dextran to selectively kill HER2-positive breast can-
cer SKBr3 cells under an alternating magnetic field expo-
sure The accumulation of anti-HER2-iron oxide nanopar-
ticles was observed in SKBr3 but not in HER2-negative

normal human mammary epithelial cells (HMEC). Due to
the active-targeting, a significant increase in nanoparticle
retention (up to 30%) was observed in HER2-positive cells
compared to non-targeted particles, which led to a specific
and more pronounced cell death effect after MH treatment.

It was found that anti-HER?2 targeted-PEGylated SPI-
ONs loaded with paclitaxel presented a 2.5-fold increased
uptake in cells overexpressing HER-2 compared to cells
with low levels of this receptor in a human HER2/neu+
SK-BR-3 breast cancer xenograft mouse model as well as
a selective and increased breast cancer cell death in vitro
compared to free paclitaxel [47]. The same study also
showed reduced paclitaxel toxicity for non-target cells
when the drug is conjugated with nanoparticles compared
to the drug free.

Bae et al. [48] developed a novel multi-functional agents
nanosystem that potentially could be employed for cancer
therapy using therapeutic siRNA and MRI-based diagnosis.
To this aim, they synthesized PEI-coated hollow manganese
oxide nanoparticles for cancer targeted siRNA delivery func-
tionalized with anti-HER?2 antibodies (Herceptin). Hercep-
tin-mediated targeting increased intracellular delivery and
the therapeutic effects of VEGF siRNA against the cancer
cells. This system efficiently generated strong positive T1
contrast on the MR image and also delivered therapeutic
siRNA into human breast cancer cells.

Aires et al. [49] developed a specific drug delivery system
based on iron oxide nanoparticles conjugated with the anti-
body (anti-CD44) and gemcitabine (GEM) for CD44+ breast
cancer cells therapeutics. The treatment with anti-CD44-
GEM-iron oxide nanoparticles (4 pM of GEM) decreased
significantly MDA-MB-231 breast cancer cells viability
(CD44+) in vitro compared to non-targeted GEM-iron oxide
nanoparticles or lower doses of drug free (0.4 and 1 pM).
However, no difference in cell viability was observed when
the free GEM was delivered at the same concentration as in
the nanoplatform (4 pM of GEM).

In a study developed by Sun et al. [S0], SPIONs were
initially coated with covalently-bound bifunctional PEG
and subsequently conjugated with folic acid. The NPs were
shown to preferentially target the folate receptors (FR) over-
expressing HeLa cells and not the non-FR expressing MG-63
osteosarcoma cells. The uptake of folic acid-functionalized
NPs in HeLa cells was 12-fold higher than non-targeted NPs
after 4 h of incubation. It was found that the functionalized
NPs caused a significant contrast enhancement in HeLa cells
compared to MG-63 cells in vitro. Similarly, an excellent
platform for both MRI and fluorescence imaging (FI) that
also specifically target cancer cells overexpressed folate
(FA) receptors were developed by Shi and Yang group [51].
They prepared monodisperse silica-coated manganese oxide
nanoparticle (NPs) covalently conjugated with Rhodamine
B isothiocyanate (RBITC) and folate (FA) on the surface.

@ Springer
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Superparamagnetic iron oxide nanosystems (SPION)
functionalized with APTES [(3-aminopropyl) triethoxysi-
lane] and polyethylene glycol (PEG), and conjugated with
folic acid (FA) were also employed as anticancer drugs car-
riers of carboxylate quercetin (CQ) [52, 53]. Importantly,
this newly synthesized SPION@APTES @FAPEG@CQ
nanosystem showed great potential for the treatment of brain
adenocarcinoma [52] and could be used for the delivery of
quercetin to cervical and breast cancer cells [53].

A multi-modal system composed of iron oxide nanopar-
ticles coated with the amino-terminal fragments of urok-
inase-type plasminogen activator (uPA) (8—10 molecules
per particle) and loaded with the fluorescent Cy5 dye and a
therapeutic agent [fluorescent drug doxorubicin (Dox)] was
developed for combined MRI and optical imaging of breast
cancer cells [54]. In vitro data indicate that uPAR-targeted
SPIONs-Dox delivered high levels of Dox into 4T1 and
MDA-MB 231 cells and produce a strong inhibitory effect
on cell growth when compared to cells treated with free
Dox or nontargeted SPIONs-Dox. The ability of targeted
therapy and MRI of nanoparticle-drug delivery following
systemic delivery of uPAR-targeted IONP-Dox theranostic
IONPs were demonstrated in 4T1 mouse mammary tumor
model [55].

Other example of fluorescence imaging (FI)-MRI dual-
modality imaging nanoprobe was recently reported [56]. It
was based on a Fe;O,-encapsulated block copolymer con-
taining methoxy poly(ethylene glycol) (PEG) (as a hydro-
philic segment) and poly(pB-amino ester) (PAE) (with ion-
izable tertiary amine groups as a pH-responsive segment)
conjugating with fluorescent dye Sulforhodamine 101. The
nanoprobes could be internalized into breast cancer cells,
which were probably used in biomedical diagnosis fields.
Other similar nanoprobe based on polyethylene glycol-
coated ultrasmall gadolinium oxide (PEG-Gd,O;)/aptamer-
Ag nanoclusters (NCs) was employed for the effectively
tracked of MCF-7 tumor cells by FI and MRI in vitro [57].

For simultaneous MR imaging and drug delivery to breast
cancer, iron oxide NPs modified with a self-assembled mon-
olayer (SAM) of (3-aminopropyl)trimethoxysilane and cova-
lently bound with MTX were synthesized [58]. The SAM-
modified NPs were conjugated with methotrexate (MTX)
through an amide bond, such that MTX could be cleaved
from the NPs in the low pH environment of lysosomes
after cellular uptake. In human MCF-7 and HeLa cancer
cell lines, MTX release was monitored by UV absorbance
(at 304 nm) under conditions that simulated lysosomal pH
and protease levels. Finally, cells expressing the FR were
shown to internalize the NP to a higher extent than non-FR
expressing cells.

Sun et al. [59] prepared superparamagnetic poly(lactic-co-
glycolic acid) microcapsules (Fe;O,/PLGA). Ultrasound/
MRI dual-modality biological imaging in vitro and in vivo

@ Springer

of breast cancer were developed. The bioconjugates pre-
sented a good ultrasound imaging and MRI imaging capa-
bility, providing an alternative strategy for highly efficient
imaging guided non-invasive breast cancer therapy. Other
research groups also obtained similar good results [60—62].

Magnetic nanoparticles were also used for the simulta-
neously co-delivery of two small molecules such as drugs,
DNA or RNA [25]. Following this idea, Chiang et al. [63]
fabricated trastuzumab-conjugated pH-sensitive double
emulsion nanocapsules (DENCs) for simultaneously targeted
delivery of hydrophilic doxorubicin (Dox) and hydrophobic
paclitaxel (PTX). Confocal images revealed significantly
elevated cellular uptake of trastuzumab-conjugated DENCs
in HER-2 overexpressing SkBr3 cells. It is important to
mention that an intravenous injection of this co-delivery
system followed by magnetic targeting (MT) chemotherapy
suppressed cancer growth in vivo more efficiently than the
delivery of either PTX or DOX alone.

More recently, Lee [64] co-encapsulated iron oxide super-
paramagnetic iron oxide nanocrystals (6.8 wt%, 11 nm in
diameter) and the poorly soluble anti-cancer drug paclitaxel
(4.7 wt%) within folate-functionalized lipid nanoparticles
(LNPs). This nanosystem enabled both, the targeted detec-
tion of MCF-7 (human breast adenocarcinoma expressing
folate receptors) in T,-weighted magnetic resonance images,
and the efficient intracellular delivery of paclitaxel. Further-
more, it was also showed in a mouse tumor model that the
low-density lipoprotein-mimetic LNPs can be an effective
theranostic platform with excellent biocompatibility for the
tumor-targeted co-delivery of various anticancer therapeutic
and imaging agents.

Quantum dots

Typical quantum dots (QDs) have a core/shell structure
consisting of molecules of hard metals, such as technetium,
cadmium selenide, zinc, indium or tantalum [65]. The most
commonly used, commercially available QDs contain a cad-
mium selenide core covered with a zinc-sulfide shell. The
core—shell complex is generally encapsulated in a coordinat-
ing ligand and an amphiphilic polymer [66].

Owing to their unique optical properties, QDs have been
developed as fluorescent probes for biomedical applications
[67]. Particularly, QDs have a narrow emission spectrum but
a size-dependent tunable emission wavelength ranging from
visible to near-infrared (NIR) light.

These properties makes QDs-based imaging widely
applicable for tissue and in vivo BC studies (see Table 2).
Particularly, QDs were an useful tool to observe the four
initial steps of cancer metastasis: cancer cells far from
blood vessels in tumor, near the vessel, in the bloodstream,
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and adherent to the inner vascular surface in the normal
tissues near tumor [68].

In this way, anti-HER2-antibody labelled QDs have
been also reported to visualize HER2 in human breast
adenocarcinoma cell line over-expressing HER2 [69] and
these functionalized QDs were also used effectively as
only in vivo method for HER2 detection [70]. Further-
more, this QDs immunofluorescence technology was used
to quantify HER2 expression in BC [71].

Following this methodology, Balalaeva et al. [72] devel-
oped QDs coated with polyethyleneglycol and QDs bound
with anti-HER2/neu scFv antibodies (QD-4D5scFv).
HER2/neu positive breast cancer tumor xenografts in
nude mice were used as a model. It was shown that both
bioinert and tumor-targeted QD probes can be success-
fully applied for visualization of the tumor using in vivo
imaging method, but fluorescent signal of QD-4D5scFv in
tumors was considerably stronger than that of QD-PEG.

The development of QDs-based multiplexed imaging
also showed enormous potentials for in situ multiplexed
imaging to simultaneously reveal the interactions of differ-
ent molecules [73]. In order to understand the evolutionary
process of BC heterogeneity, QDs-based quantitative and
in situ multiplexed imaging on human epidermal growth
factor receptor-2 (HER?2) and estrogen receptor (ER) of
BC tissues were developed [74]. Furthermore, QDs-based
multiplexed imaging on HER2 and IV collagen was also
determined. It was demonstrated the invasive behaviors
of BC by progressive degradation and destruction I'V col-
lagen with the increase of HER2 expression level in BC
tissue, especially at the invasion edge [75].

In this way, Yezhelyev et al. [76] developed a quan-
tum dot-based assay that allows quantitative detection of
oestrogen receptor (ER), progesterone receptor (PR), and
ERBB?2 in paraffin-embedded human breast-cancer cell.
They demonstrated the feasibility of multiplexed labe-
ling. QDs emitting at 525, 565, 605, 655 and 705 nm were
directly conjugated to primary Abs against HER2 (QD-
HER2), ER (QD-ER), PR (QD-PR), EGFR (QD-EGFR)
and mTOR (QD-mTOR). The multicolor bioconjugates
were used for simultaneous detection of the five clinically
significant tumor markers in breast cancer cells with dif-
ferent expression levels of the five protein markers: MCF-7
and BT-474. Using multispectral confocal microscope
spectrally separated QD fluorescence was clearly visible
in both cell lines.

Other example of multiple target detection was recently
reported Wu et al. [77]. QDs were linked with immunoglob-
ulin G (IgG) and streptavidin for the simultaneous labelling
of HER 2 on both the surface of the cells and in the nucleus.
They detected two cellular targets at a single excitation
wavelength and found different colors of quantum dots. This
experiment showed that QDs with different sizes could be
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used both to highlight and distinguish different subcellular
structures with different colors.

A multimodality nanoprobe containing QDs and mag-
netic iron oxides was developed by Tan et al. [78] to perform
dual-modal image of QDs and MRI in BC bearing mice.
Subsequently, a multilayered, core/shell nanoprobe contain-
ing ferric oxide (core), visible-fluorescent QDs (inner shell),
and NIR QDs (outer shell) was fabricated by Q. Ma et al.
[79] to conduct in vivo multimodality imaging. With mean
size of 150 nm, dual fluorescence at 600 and 750 nm and
competent magnetic property, this nanoprobe were conju-
gated with anti-HER2 antibody to achieve both NIR imaging
and targeted MRI of BC tumor in nude mice.

A complex containing QDs, iron oxide, and doxorubicin
was synthesized by Park et al. [80] to perform MRI, QDs-
based imaging, and therapy on BC-bearing nude mice. In
addition, complex of QDs and the monoclonal anti-HER2
antibody (Trastuzumab) can achieve high-resolution
3-dimensional target imaging in BC-bearing mice [81].
Besides target imaging, the complex containing QDs and
trastuzumab could also have therapeutic effect on BC.

More recently, Alibolandi et al. [82] encapsulated hydro-
phobic doxorubicin (DOX) and hydrophilic 2-mercaptosuc-
cinic acid (MSA)-capped QDs in the bilayer and core of
the polyethylene glycol-poly(p,L-lactic-co-glycolic acid)
(PEG-PLGA) nanopolymersomes, respectively. To achieve
active cancer targeting in vitro and in vivo, QDs and DOX-
encapsulated nanopolymersomes (NPM) were conjugated
with folate for folate-binding protein receptor-guided deliv-
ery. Particularly, it was observed that the folate receptor-
targeted QDs encapsulated NPM accumulate at tumor sites
6 h following intravenous injection in BALB/c mice bearing
4T1 breast adenocarcinoma. In vivo experiments illustrated
a high potential of the prepared targeted theranostic nano-
platform in the treatment and imaging of breast cancer.

Although conventional organic fluorophores have been
used to track the delivery of short-interfering RNA (siRNA)
in vitro, they do not match the superior optical properties
possessed by QDs. In this way, nanometer-sized chitosan
NPs doped with fluorescent quantum dots (QDs) were syn-
thesized and targeted delivery of HER2 siRNA to HER2-
overexpressing SKBR3 breast cancer cells was shown to be
specific with chitosan/QDs NP surface labeled with HER2
antibody [83].

Multifunctional nanoparticles for highly effective siRNA
delivery and imaging by balancing two proton-absorbing
(that is, proton sponge) chemical groups (carboxylic acid
and tertiary amine) on the QD surface were also developed
[84]. With a balanced composition of tertiary amine and
carboxylic acid groups, these nanoprobes were designed
to address longstanding barriers in siRNA delivery such
as endosomal release, carrier unpacking, cellular penetra-
tion, and intracellular transport. It was found a reduction in
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cellular toxicity by 5 to 6-fold and a simultaneous dramatic
improvement in gene silencing efficiency by 10 to 20-fold,
when compared directly with existing transfection agents
for MDA-MB-231 cells. The QD-siRNA nanoprobes were
also dual-modality electron-microscopy and optical probes,
allowing ultrastructural localization of QDs during delivery
and transfection and real-time tracking.

The precise excision of tumor with minimal damage on
normal tissues could be promoted by targeted removal of
tumor. It was found that under the guidance of NIR QDs
imaging on xenografted tumor, targeted removal of subcu-
taneous tumor was successfully performed [85]. Moreover,
with the development of fluorescence-mediated tomography,
the in vivo fluorescence imaging depth could reach as deep
as 10 cm [86], which may be useful to guide intraoperative
surgery for deep BC mass in the near future.

On the other hand, the heat produced by QDs when
excited by laser irradiation can be used for selected destruc-
tion of deep tumor and highly sensitive imaging. QDs
embedded in quantum well was applied by SalmanOgli et al.
[87] to enhance sensitivity of thermal detection on small
tumor based on the difference of temperature between tumor
and normal tissue by computational model-based difference
methods.

Gold nanoparticles

Gold nanoparticles (GNPs) have been used in nanobiotech-
nology over the last four decades as immunocytochemical
probes and biological tags [88]. Similar to other inorganic
NPs, gold NPs can be linked to targeting ligands and used
for selective antitumor therapy [89]. Additionally, the ability
to absorb light by gold NPs has been adopted for the optical
detection of tumor antigens with simultaneous local tumor
thermotherapy (see Table 3) [90].

Gold nanoparticles have been actively used in various
visualization and bioimaging methods to identify chemical
and biological agents [91, 92]. For example, GNPs function-
alized with PEG and coumarin were shown to be effectively
internalized by the human breast carcinoma cells without
causing any toxicity [93]. However, Nuiiez et al. [24] have
recently reported the synthesis of modified gold nanoparti-
cles having functional quinoline molecules (GNPs@L) that
induced apoptosis in MCF-7 cancer cells. It was observed
that GNPs@L induced half maximal cytotoxicity (IC,) at
6.25 + 1.85 and 5.22 + 1.29 pg/ml concentrations at 24
and 72 h, respectively. It was also observed that GNPs@L
increased the percentage of apoptosis at ICs, dose, from
5.87% in control cells to 22.31% in cells treated with
GNPs@L.

Futhermore, in vitro confocal images of MCF-7 cells
incubated with 15 pg/ml of GNPs@L for 3 h. showed that

gold nanoparticles were internalized by the MCF-7 cells.
Nanoparticles were located mainly in the cytoplasm, as
clusters of many GNPs with 1-2 pm in size (green arrows)
(see Fig. 2). The mechanism of entrance of the gold
nanoparticles in the cells was via the receptor-mediated
endocytosis pathway (RME) where a ligand binds onto a
receptor on the cell’s surface and enters the cell when the
membrane invaginates.

Recently, gold nanoparticles decorated with
ruthenium(II) metal complexes were also reported as DNA
targeting supramolecular structures and luminescent cel-
lular imaging agents [94, 95]. Moreover, protein-sized
bioorthogonal nanozymes were developed through the
encapsulation of hydrophobic transition metal catalysts
into the monolayer of water-soluble GNPs. These nano-
systems were used for the cellular delivery of catalysts and
the activation of caged cytotoxic molecules [96].

Bioconjugated gold nanorods (GNRs) have been also
employed as probes for imaging. For example, a mouse
monoclonal antibody specific to human epidermal growth
factor receptor 2 (HER2), was conjugated to either GNPs
or nanorods to be used for biomedical imaging of SKBR3
breast carcinoma cells [97]. Herceptin-polyethylene
glycol(PEG)-gold nanorods were employed for in vivo
targeting to breast cancer in nude mice model for breast
carcinoma [98].

On the other hand, passive as well as active targeting of
gold nanoparticles have been investigated for in vivo pho-
toacoustic tomography (PAT) imaging of tumors, which
combines high optical contrast and ultrasound resolution.
In this way, after 6 h post-injection, the accumulation
of gold nanostars conjugated with cyclic RGD peptides
(RGD-gold nanostars) in tumor vessels led to a significant
3.5-fold increase in the photoacoustic signal compared to
nontargeted PEG-gold nanostars [99]. Additionally, tar-
geted golden carbon nanotubes (GNTs) conjugated with
folic acid were used for a molecular detection of circulat-
ing breast tumor cells for photoacoustic imaging in vivo
[100]. This approach provided a significant sensitivity
improvement (up to 103-fold gain) in circulating tumor
cell (CTC) detection, important biomarkers for breast can-
cer prognosis and therapy prediction [101].

Nanoscale noble metals such as gold with different
shapes (cages, shells, stars, rods) have shown a tremen-
dous potential as photothermal agents in cancer photother-
mal therapy (PTT). Their tunable optical properties that
can be carefully optimized to enhance the light absorption
from an excitation source (e.g. near infrared (NIR) lasers
that can penetrate tissue somewhat) and convert it into
heat, making gold nanoparticles ideal for thermal therapy
applications [102]. Since relatively lower energies are
needed, heating leads to tumor ablation in a minimally
invasive way.
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Table 3 Examples of active-targeting gold nanoplatforms evaluated in breast cancer imaging and therapy

Nanoprobe Size Targeting strategy Method References
Gold nanoparticles functionalized 29+12nm - FI and cytotoxicity in vitro [24]
with a quinoline ligand (GNPs@L)
Gold nanorods (GNRs) 3.6 £ 0.6 nm Anti-HER2 (Herceptin) antibody =~ Optical imaging in vitro [97]
Polyethylene glycol-gold nanorods - Anti-HER2 (Herceptin) antibody ~ Optical imaging in vivo [98]
(PEG-GNRs)
Gold nanostars 55+ 5nm Cyclic RGD peptides Photoacoustic tomography (PAT) [99]
in vivo
Golden carbon nanotubes (GNTs) - Folic acid (FA) Photoacoustic detection in vitro and [100]
in vivo
Gold nanocages (GNCs) 45 nm Anti-HER?2 (Herceptin) antibody Photothermal therapy (PTT) in vitro ~ [103, 104]
Silica-gold nanoshells (GNShs) 75 nm Anti-HER?2 (Herceptin) antibody ~ Photothermal ablation in vitro [106]
PEGylated gold nanostars (PEG- 60 nm - Photothermal ablation in vitro and [108]
GNSs) in vivo
TAT-peptide functionalized gold - - Photothermolysis in vitro [109]
nanostars (TAT-GNSs)
Polyethylene glycol (PEG)-protected ~ Axial sizes of — Photothermal therapy in vitro and [113]
gold nanorods (PEG-GNRs) 127+ 34 in vivo
and
47 + 9.3 nm
Dumbbel-shaped Au-Fe;O, nanopar- 32 nm Anti-HER2 (Herceptin) antibody ~ Drug delivery (platin complex) [114]
ticles in vitro
Polyethylene glycol (PEG)-coated 170 £2.0nm - Drug delivery [doxorubicin (DOX)]  [116]
gold nanoparticles (PEG-AuNPs) in vitro
Poly(allylamine hydrochloride) 11.8 £+ 0.9 nm - Gene delivery (EGFR siRNA) in vitro [119]
(PAH), PEI and poly(diallyl dime-
thyl ammonium chloride) (PDDA)
modified gold nanoparticles
Gold nanoparticles (GNPs) 2-16 nm - Gene delivery [specific oligonucleo-  [120]
tide sequence (POY2T)] in vitro
Gold nanospheres 5 nm Nucleolin-target aptamer (AS1411) Gene delivery in vitro and in vivo [121]
Gold nanoparticles (GNPs) - Nucleolin-target aptamer (AS1411) Gene (AZD8055) and drug delivery  [122]
[doxorubicin (Dox)] in vitro
Spherical gold nanoparticles function- 100 nm Folic acid (FA) Drug co-delivery [methotrexate [123]
alized with BSA (MTX) and anti-TGF-p1 antibody]
in vitro
Mercaptosuccinic acid (MSA)-capped 32-41 nm - Drug co-delivery [SMI#9 (Rad6 pro- [124]
gold nanoconstructs tein inhibitor) and cisplatin] in vitro
Gold nanorods (GNRs) - Folic acid (FA) Photothermal therapy (PTT) and drug [125]
delivery (cisplatin) in vivo
Gold nanorods (GNRs) 160.9-250 nm — NIR imaging and drug delivery [126]
[doxorubicin (DOC)] in vitro and
in vivo
Gold nanorods (GNRs) - - Photothermal ablation, gene (DNA) [127]
and drug [doxorubicin (DOX)]
delivery in vivo
Gold nanospheres 40 nm (1.7 Photothermal ablation and drug [128]
microg [doxorubicin (DOX)] delivery
DOX/ in vitro
microg Au)

The photothermal effect of gold nanocages (GNCs)
conjugated with monoclonal antibodies (anti-HER2) to
target breast cancer cells (SK-BR-3) was recently reported
[103, 104]. The study showed that the nanocages strongly
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absorbed light in the NIR region to induce thermal destruc-
tion of the cancer cells.

Anti-HER2-conjugated gold nanoshells (GNShs) were
reported as theranostic agents that accumulated in high
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Fig.2 Left schematic representation of the quinoline-based fluo-
rescent sensor L and gold nanoparticles coated with compound L
(GNPs@L). Right MCF-7 cells were exposed to GNPs@L (15 pg/ml)
for 3 h before in vitro imaging. Confocal images of MCF-7 treated
cells show clusters of gold nanoparticles accumulated in the cyto-
plasm (green arrows). Images were obtained as single channels of

concentration in breast cancer cells and also as a promising
treatment option for chemotherapy resistant cancers [105].
In this way, Carpin et al. [106] demonstrated that anti-
HER2-conjugated silica-gold nanoshells can mediate the
effective targeting and photothermal ablation of two HER2-
expressing breast cancer cell lines, which are both resistant
to treatment with trastuzumab.

Gold nanostars (GNSs) showed unique plasmon proper-
ties that efficiently transduce photon energy into heat for
PTT [107]. Using SKBR3 breast cancer cells incubated
with bare GNSs, Yuan et al. demonstrated the photothermal
ablation within 5 min of irradiation (980 nm continuous-
wave laser 15 W/cm?) [108]. On a mouse injected systemi-
cally with PEGylated GNSs for 2 days, extravasation of
nanostars was observed and localized photothermal ablation
was reported on a dorsal window chamber within 10 min
of irradiation (785 nm continuous-wave laser 1.1 W/cm?).

Similarly, Yuan et al. prepared [109] TAT-peptide func-
tionalized GNSs for both enhanced intracellular particle
delivery and efficient in vitro photothermolysis using an NIR
femtosecond laser under an irradiance of 0.2 W/cm?. After
the incubation of TAT-GNS with BT549 breast cancer cells
(4 h), photothermolysis was accomplished. It was observed
that the enhanced intracellular delivery of TAT-GNS sub-
stantially potentiated the photothermolysis efficiency with-
out compromising cell viability. GNSs showed an extremely
strong two-photon photoluminescence (TPL) process.

Gold nanorods (GNRs) have a high surface area and are
biocompatible, hence, a promising approach for breast can-
cer [110, 111]. Besides nanoshells, efforts were also made
to use nanorods in PTT [112]. von Maltzahn et al. [113] syn-
thesized polyethylene glycol (PEG)-protected gold nanorods

nanoparticle reflection (a), nuclear stain with Hoechst (b) and mem-
brane stain with CellMask red (c). Merge image of all individual
channels (d), 3D reconstruction (f) and Z projection (e), were gener-
ated using Bitplane Imaris 7.2.1 software (Reprinted (adapted) with
permission from [24]. Copyright (2014) Elsevier)

(PEG-GNRs) that exhibited better spectral bandwidth and
photothermal heat generation than gold-silica nanoshells,
showing great potential for ultraselective tumor ablation.
They found that PEG-GNRs rapidly generated more than 6
times of heat generated by PEG-gold nanoshells under iden-
tical experimental conditions, and can cause more efficient
destruction of human tumor cells (MDA-MB-435) after light
irradiation. In vivo study showed that intravenous injection
of PEG-GNRs enabled the destruction of human xenograft
tumors in mice upon irradiation.

Gold nanoparticles have also exhibited unique chemical
and physical properties for transporting and unloading the
pharmaceuticals. They are essentially inert, non-toxic, and
in the size range of 1 nm to 150 nm. Moreover, they can
be functionalized and modified to improve the versatility
of gold nanoparticles. Significant efforts have been devoted
over the past years to the fabrication of gold nanoparticles
for the delivery of anticancer drugs.

In this way, dumbbel-shaped Au-Fe;O, nanoparticles
(NPs) have been made and coupled with Herceptin and a
platin complex. The platin-Au-Fe;0,-Herceptin NPs act as
a target-specific nanocarrier for delivery of platin into Her2-
positive breast cancer cells (Sk-Br3) with strong therapeutic
effects. The conjugate has a half-maximal inhibitory concen-
tration (ICs;,) toward Sk-Br3 cells [114].

Furthermore, multidrug resistance (MDR) has been a
major impediment to the success of cancer chemotherapy
and interest is growing in the development of drug delivery
systems using nanotechnology to reverse MDR in cancer
[115]. Through the development of a drug delivery system
that tethers doxorubicin onto the surface of gold nanopar-
ticles with a poly(ethylene glycol) spacer via an acid-labile
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linkage (DOXHyd@ AuNPs), Wang et al. [116] demon-
strated that multidrug resistance in cancer cells can be sig-
nificantly overcome by a combination of a responsive intra-
cellular release of doxorubicin from the gold nanoparticles
in acidic organelles and a highly efficient cellular entry. They
have also shown that such a delivery system can significantly
inhibit the growth of multidrug-resistant MCF-7/ADR can-
cer cells, owing to the high efficiency of cellular uptake by
endocytosis and subsequent acid responsive release in cells.

It has been reported that the conjugation of nucleic acids
with gold nanoparticles leads to an increase of nucleic acids
stability and prevents their degradation by cellular enzymes
[117, 118]. In order to construct siRNA delivery systems,
poly(allylamine hydrochloride) (PAH), PEI and poly(diallyl
dimethyl ammonium chloride) (PDDA), and siRNA were
assembled on the surface of gold nanoparticles, respectively,
by the ionic layer-by-layer method. After stabilization with
denatured bovine serum albumin, the EGFR siRNA deliv-
ered by PAH-modified gold nanoparticles exhibited an
improved silencing effect when compared to Lipofectamine
2000 [119].

It was found that gold nanoparticles loaded with a specific
oligonucleotide sequence (POY2T) were able to enter into
the nucleus of breast carcinoma cell lines and inhibit cell
proliferation by regulating the expression of the c-myc gene
(decreased by 40% in MCF-7 breast cancer cells) that plays
a key role in the carcinogenesis process [120].

Additionally, gold nanospheres functionalized with a
nucleolin-target aptamer (AS1411) had an intense antiprolif-
erative effect specifically on breast cancer cell lines [MDA-
MB-231 (88%) and MCF-7(80%)] in a concentration about
20-fold less than that needed using the aptamer alone. A
complete inhibition of tumor growth and tumor regression
was observed after systemic administration of AS1411-gold
in MDA-MB-231 xenografts mouse models [121]. Simi-
larly, the surface modification of gold nanoparticles with
the AS1411 aptamer led to a high affinity to the nucleolin
overexpressed on the surface of malignant cells in vitro,
providing an increased specificity and targeted delivery
of doxorubicin (Dox) towards malignant cells, including
MCF-7 breast cancer cells [122]. Due to its high specificity,
the AS1411-Dox-gold nanosystem increased breast cancer
cell death by about 50% compared to Dox-gold nanoparticles
modified with a nonspecific aptamer.

Synergistic treatment with different anticancer agents
using nanoplatforms has been provided superior anti-tumor
effects in preclinical studies. In this way, spherical gold
nanoparticles functionalized with folic acid-BSA and com-
bining two different anti-cancer drugs (methotrexate and
anti-TGF-B1 antibody) were used for combinational therapy
in metastatic breast cancer cells overexpressing TGF-p1 pro-
tein [123]. It was found that the levels of free extracellular
TGF-B1, associated with cancer progression and metastasis,
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were reduced by 30% in cells exposed to targeted nanoparti-
cles compared to unexposed cells and by 10% compared to
free anti-TGF-f1 antibody.

A significant enhancement in triple negative breast cancer
cells sensitivity to the cisplatin drug was observed when
the treatment was combined with the exposure to mercap-
tosuccinic acid (MSA)-capped gold nanoconstructs loaded
with SMI#9 (Rad6 protein inhibitor). The effective dose of
cisplatin needed to inhibit the growth of 50% of cancer cells
(4.9 pM) was at least 5 times less than in the treatment with
free cisplatin (> 25 pM) in vitro [124] which may lead to
a more tolerable treatment for patients in a still efficacious
dose.

As an example of multi-modal therapy, a single plat-
form composed of folic acid-targeted nanoparticles carry-
ing cisplatin drug were developed [125]. This nanoprobe
showed high accumulation into tumors and a synergistic
effect in vivo to kill orthotopic triple negative breast tumors
combined with photothermal therapy (PTT), which lead to
virtually complete tumor eradication. No tumor growth was
detected at day 20 post-administration of folic acid-cisplatin-
gold nanorods followed by irradiation, significantly different
from the growth rates (tumor volume > 600 mm?) observed
in tumors treated in other conditions. Additionally, the
cotreatment suppressed the breast cancer metastasis to the
lung by disrupting the peripheral tumor vasculature.

A NIR light-sensitive targeted nanoparticles based on
gold nanorods loaded with doxorubicin demonstrated a sig-
nificant in vivo anticancer activity showing its potential for
synergistic therapy in breast cancer treatment. Moreover,
the encapsulation of doxorubicin in the nanosystem reduced
significantly the systemic toxicity caused by the free drug
[126].

To treat metastatic breast cancer, a Dox-loaded DNA-
wrapped gold nanorod was developed, which allowed for
dual therapeutic functions, photothermal ablation and, chem-
otherapy [127]. Mice bearing 4T1 mammary tumors were
treated with the Dox-loaded DNA-wrapped gold nanorod
and received 655-nm laser irradiation. A significant reduc-
tion of primary tumor growth was observed in the gold
nanorod-treated mice as well as a suppression in lung metas-
tases when compared with untreated mice [127].

Another hollow gold nanosphere, which is a promising
theranostic nanoparticle platform, has plasmon absorption
in the NIR region and displays strong photothermal coupling
properties suitable for photothermal ablation therapy [128].
The hollow gold nanospheres (HAuNS, ~ 40-nm diameter)
could carry large amounts of Dox (63% by weight), and drug
release can be triggered by NIR light irradiation. The dual
therapeutic effects of Dox-loaded HAuNS and laser irra-
diation were demonstrated through enhanced cell death of
combination treated groups compared with single treatment
groups in the human TNBC MDA-MB-231 cell line [128].
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Future perspectives

Imaging has an essential role in breast cancer detection.
Mammographic screening reduces breast cancer mortality,
however, despite high sensitivity of radiological screening,
the specificity of breast radiological imaging has been dem-
onstrated as low as 71%.

Nanotechnology offers the possibility of significantly
improving radiological screening methods. Owing to their
significant advantages over traditional contrast agents,
superparamagnetic NPs were used as an alternative to con-
ventional radiological agents. Additionally, studies have
shown that the iron released from degrading SPIONSs is
metabolized by the body, reducing the potential for long-
term cytotoxicity.

The use of dual-modality nanoprobes to detect or analyze
cells, (optical and MRI) could improve the diagnostic quality
of breast tumors. MR imaging can offer high spatial resolu-
tion and the capacity to simultaneously obtain physiological
and anatomical information, whereas optical imaging allows
for high sensitivity and provides the real-time molecular tar-
geting of images.

Furthermore, nanoparticles with MRI and fluorescence
imaging (FI) dual-modality are able to label and track target-
ing cells in tissue or solid tumors. To this aim, SPIONs are
generally combined with either fluorescent dyes or quantum
dots (e.g. CdSe/ZnS) and used as bimodal magnetic-fluo-
rescent nanoprobes for cell labeling and MRI applications.
QDs have excellent optical properties; therefore, they have
great potential to be applied in tumor imaging field as fluo-
rescence probes in vivo. Although QD probes have their own
advantages, it also has some drawbacks. The wavelength of
emission photon of QD was coincidence with the emission
band of tissue autofluorescence in the visible range. Further-
more, the fluorescence of QD shows low spatial resolution
in organ analysis. These disadvantages can effectively be
compensated by the magnetic resonance imaging (MRI).

The discovery and characterization of novel breast cancer
markers will usher in new targeting moieties. In this way,
researchers have been conjugating inorganic nanoparticles
(superparamagnetic, quantum dots and gold nanoparticles)
with various ligands and biomolecules to develop strategies
for targeted delivery.

Combinational therapies using multifunctional nanoplat-
forms to fight cancer have acquired special attention in the
recent years. The combination of two or more anticancer
agents or the combination of more than one therapeutic
approach (multi-modal therapy) can synergistically improve
treatment efficacy and decrease tumor drug resistance with
reduced side effects.
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