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Abstract

Breast cancer is a major cause of cancer-associated deaths in the United States. It was
estimated that 12% of women in the U.S. will develop invasive breast cancer in their
lifetime. The human epidermal growth factor receptor (HER2/neu) is a growth-promot-
ing protein that is overexpressed in 15-20% of breast cancers (HER2-positive breast
cancer). HER2-positive breast cancer generally grows and spreads more quickly than
other breast cancers, but it can be targeted therapeutically. Targeting drugs have been
developed with a specific design to stop the growth and even the spread of cancer.
These drugs include trastuzumab (Herceptin), pertuzumab (Perjeta), ado-trastuzumab
emtansine (Kadcyla, or TDM-1), fam-trastuzumab deruxtecan, lapatinib, neratinib

and tucatinib. However, the need for better targeted therapy and efficacy still exists.
Nanotechnology could have major advantages in terms of detection, targeting, drug
delivery, and destruction of cancer cells and tumors. Although a great deal of progress
has been accomplished major challenges still need to be addressed. In this review, we
examine the major areas of research in the area of nanotechnology and HER2-positive
breast cancer.

Keywords: HER2, Breast cancer, Nanotechnology, Targeting, Cellular uptake,
Screening, Co-delivery

Background

Even though there have been many advancements in the treatment and prevention of
cancer, it remains one of the leading causes of morbidity and mortality worldwide. It is
estimated that 1.8 million new cases of cancer will be diagnosed in 2020 in the United
States alone and that 606,520 Americans will die from the disease. This translates to 1600
deaths per day (American Cancer Society 2020). Breast cancer (BC) is a major cause of
cancer-associated deaths. For women in the U.S., breast cancer has a higher death rate
than any other cancer besides lung cancer. It is estimated that 12% or 1 in 8 American
women will develop invasive breast cancer in their lifetime (BREASTCANCER.ORG
2020). In 2020 alone, around 276,480 new cases of invasive breast cancer are predicted
to be diagnosed in women and 2620 in men; around 42,170 U.S. patients are estimated
to die from breast cancer in 2020 (BREASTCANCER.ORG 2020). Breast cancer affects

© The Author(s) 2020. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies
to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12645-020-00068-2&domain=pdf

White et al. Cancer Nano (2020) 11:12 Page 2 of 26

Table 1 FDA-approved targeting nanodrugs for HER2-positive breast cancer

Targeting drug specificto HER2 Mechanism of action Reference

Trastuzumab (Herceptin) Monoclonal antibody that binds to Targeted therapy (2019)
the extracellular domain (ECD) of
the HER2/neu receptor

Pertuzumab (Perjeta) Inhibits dimerization of HER2 recep- ~ PERJETA and HER2+ breast cancer
tors by binding to special epitope (2019)
of the extracellular domain (ECD)

Ado-trastuzumab emtansine Targets HER2 receptors with trastu- ~ Chemocare.com (2019)
(Kadcyla or TDM-1) zumab and delivers the inhibitor

emtancine to arrest and kill cancer
cells

Lapatinib Receptor tyrosine kinase inhibitor in  Targeted therapy (2019)
the ICD

Neritinib Receptor tyrosine kinase inhibitorin ~ U.S. National Library of Medicine
the ICD (2019)

Bevacizumab VEGF inhibitor; reduces the cancers  Targeted therapy, 2019
blood supply

Fam-trastuzumab-deruxtecan Humanized IgG1 monoclonal anti- Fam-Trastuzumab Deruxtecan (2020)

body, which has the same amino

acid sequence as trastuzumab (and
targets HER2. The deruxtecan com-
ponent is a topoisomerase inhibitor

Tucatinib Selectively binds to and inhibits the  Tucatinib (2020)
phosphorylation of ErbB-2, which
may prevent the activation of
ErbB-2 signal transduction path-
ways, resulting in growth inhibition
and death of ErbB-2-expressing
tumor cells

quality of life for patients and their families and imposes a major economic burden on
the American health system. As a result, improved early diagnostic methods and novel
therapies are desperately needed. The human epidermal growth factor receptor (HER2/
neu) is a growth-promoting protein that is overexpressed on the outer cellular mem-
brane of cancer cells. Breast cancer that has an above normal level of HER2 protein is
referred to as HER2-positive breast cancer.

Over-expression of the HER2 protein affects about 1 in 5 women with breast cancer
(BREASTCANCER.ORG 2020). This type of cancer generally grows and spreads more
rapidly than the other types of breast cancers. Current therapeutic treatment options
generally include surgery, radiation followed by chemotherapy in a combined approach.
Such approaches while reducing cancer progression, cause excessive damage to non-
cancerous cells due to inherent cytotoxic side effects of such treatments. Thus, there
is an urgent need to reduce cytotoxicity in cancer treatment strategies. Nanotechnol-
ogy offers hope to achieve such goals. In recent decades, enormous efforts have been
made to develop nanomaterials with unique properties and characteristics. Some of
these properties are exploited to develop tools for diagnosis and treatment of cancers
including breast cancers. A number of nanoparticles are being developed to target and
deliver potent cancer drugs primarily to the affected cells, thus minimizing toxic side
effects. This area of research has evolved so rapidly that there are now several target-
ing drugs specific to HER2-positive breast cancer approved by the FDA. These include

trastuzumab (Herceptin), pertuzumab (Perjeta), ado-trastuzumab emtansine (Kadcyla,
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Fig. 1 Comparison of the number of breast cancer and nanoparticle (BC and NP in blue) and HER2-positive
breast cancer and nanoparticle (HER2+ BC and NP in orange) related publications by year from 2009 to 2020.
The data were taken from PubMed (https://pubmed.ncbi.nim.nih.gov/) on August 20, 2020 and is based on a
keyword search using the keywords: “Breast cancer and nanoparticles’, and “HER2-positive breast cancer and
nanoparticles” PubMed was also searched for a comprehensive review of the literature for nanotechnology
uses in HER2-positive breast cancer

Number of publications

or TDM-1), fam-trastuzumab-deruxtecan, lapatinib, neratinib, and tucatinib (Table 1).
These drugs target the cells carrying the HER2 protein as opposed to untargeted chemo-
therapy that affects all dividing cells.

Side effects of targeted drugs are usually mild but occasionally can be serious. Some
women develop heart damage with trastuzumab, pertuzumab, or TDM-1, which can
lead to congestive heart failure. This risk of heart problems is even greater when these
drugs are used with certain chemotherapies such as doxorubicin. As a result, researchers
are always working to find better ways to target and address HER2-positive breast can-
cer (Targeted Therapy for Breast Cancer 2019).

In this review, we discuss the most common areas of research being done with HER2-
positive breast cancer and nanotechnology. To date, several publications exist in this area
of interest, but a comprehensive review bringing all the crucial issues together has not
been published. Figure 1 shows an increase in the number of nanotechnology-related
breast cancer publications in the last decade addressing HER2-positive breast cancer
specifically. This review focuses specifically on the key considerations for addressing
HER2-positive breast cancer with nanotechnology, which include mechanisms of cel-
lular uptake, screening and detecting, targeting and drug delivery, stem cell research,
and co-delivery strategies to address drug resistance and improve treatment outcomes.
Here we have organized these topics into individual sections where we provide multiple
examples of the work in that area. Subsections are provided to separate each individual
example under the main section.


https://pubmed.ncbi.nlm.nih.gov/
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Cellular uptake and interaction of nanoparticles with HER2-positive breast
cancer

Though nanomaterials are very useful in many important applications, research has
shown that cells and tumors do not respond to every type of nanoparticle in the same
way. Nanoparticle variations such as size, shape, and surface chemistry make a differ-
ence in the basic mechanisms of cellular uptake and responses as well as their usefulness
in different biological applications (Panariti et al. 2012). Understanding the way specific
nanoparticles interact with specific cell types is crucial for determining the usefulness
of the nanoparticles as well as their effects on cells and the environment. The follow-
ing review sections illustrate the nature of nanoparticle cellular uptake as it relates to
HER2-positive breast cancer. Here we can see that differences in particle and cell type
results in differences in the nature of the cellular uptake and localization of the nano-
materials. This section also illustrates various techniques that can be used to study the
cellular uptake process of different nanomaterials in HER2-positive breast cancer cells.
The following studies involve polystyrene particles in different cell types, gold nanopar-
ticles with differing shapes, iron oxide nanomaterials, gold particles with surface modifi-
cations, dextran—spermine nanoparticles, gold nanospheres, and dendrimers. The focus
of this section is strictly to understand cellular uptake in the different cancer cell models.

Cellular uptake of polystyrene microparticles in different human breast cell lines

There are multiple examples of the work being done using polystyrene particles (Sutapa
Barua 2020; Martinez-Jothar 2020), but the following work highlights an example of the
work being done specifically in the area of cellular uptake as it relates to HER2-positive
breast cancer. Patifio et al. (2015) examined the impact of nanoparticle surface modifica-
tions on uptake efficiency for various cell types, as well as the mechanism of internaliza-
tion. Polystyrene microparticles were functionalized with a fluorescently active antibody.
Two types of polyethylenimine (PEI) differing in structure and molecular weight were
used to coat the particles, which were then studied with two types of human breast cell
lines. This study revealed that cancer cells and normal cells use different types of endo-
cytosis pathways when interacting with different surface modifications. The tumor cell
SKBR-3 showed favorable uptake to positively charged microparticles using the macro-
pinocytosis machinery. On the other hand, the non-tumor MCF-10A cells favored
a negatively charged microparticle and did not seem to favor a dominant endocytosis
mechanism.

In this example, we see differences in uptake based on cell type. The mechanisms used
by the two cell types differ with the same type of nanoparticle. The SKBR-3 breast cancer
cells responded in a different way than the non-tumor cells MCF-10A to the same poly-
styrene microparticles in terms of the cellular uptake process. This study was conducted
using fluorescence microscopy techniques, which is a good way to study cellular uptake
and mechanisms for non-metal nanomaterials. This is a good example of how all cells
do not respond the same way to the same particle type. The next example examines the
cellular uptake process of gold nanoparticles with different shapes in SKBR-3 cell lines.
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Cellular uptake of gold nanoparticles of different shapes in breast cancer cell lines

Gold nanoparticles are very commonly studied in all areas of nanotechnology (Ghosh
et al. 2008; Sperling et al. 2008; Dreaden 2012). In this example, we see how shape can
influence cellular uptake behavior. Here, we also see how optical signatures of gold can
also be used for studying cellular uptake of gold nanomaterials in breast cancer cells
using UV-Vis and how this method compares to the more common Inductively Coupled
Plasma Mass Spectrometry method or ICP-MS. Cho et al. (2010) introduced a method
for studying the cellular uptake of gold nanoparticles with two different shapes using
SKBR-3 cells. The authors showed that due to the different shapes of gold nanospheres
and nanorods, their distinctive optical signatures could be exploited to measure their
individual concentrations in a single sample with UV-Vis absorbance spectroscopy.
Using this method, the study investigated the role of shape in the cellular uptake pro-
cess. This method was compared to inductively coupled plasma mass spectrometry and
proved to be useful for quantifying the uptake of nanoparticles in HER2-positive breast
cancer cells. Interestingly, the results showed differences in the number of particles taken
up by the cells depending on nanoparticle shape and whether they were added together
or independently. Nanoparticle uptake was also dependent on the surface modification
of the gold particle, e.g., polyethylene glycol (PEG) and targeting antibody anti-HER2.
Not only do we see that shape makes a difference in gold particle cellular uptake, we also
see here that surface coating such as PEG influences this process as well. The next exam-
ple in this section looks at iron oxide nanoparticle uptake in different cell types.

Cellular uptake of magnetic iron oxide nanoparticles in human breast cell lines

Truffi et al. (2018) examined the cellular uptake process of SKBR-3 and MDA-MB-453
cell lines. Fluorescently labeled particles targeting HER2 (half chains of trastuzumab) con-
jugated to magnetic iron oxide nanoparticles (MNP-HC) were used to assess the mecha-
nism of cellular uptake as well as the cellular localization. The authors showed that in the
first hour, these nanoparticles accumulated at the cell membrane, but much faster in the
HER2-overexpressing cell line SKBR-3. The signal was detected in the cytoplasm at 4 and
24 h of incubation, and at 48 h, the signal decreased, indicating a reduced rate of cell mem-
brane interaction. In addition, the intracellular trafficking of the iron oxide core was evalu-
ated using transmission electron microscopy (TEM). In SKBR-3 cells, nanocrystals were
detected outside the cells and attached to the cell membrane after 1 h of incubation. After
4 and 24 h of incubation, nanoparticles were seen in endosomal vesicles and later in lys-
osomes, suggesting an endocytosis pathway (Fig. 2).

Here, we see a few different methods for studying cellular uptake, trafficking, and locali-
zation of iron oxide nanoparticles in two different breast cell types. Iron oxide nanoparticles
can easily be labeled with fluorescence and tracked using fluorescent microscopy tech-
niques. In addition, transmission electron microscopy or TEM is an excellent way to study
the internalization and localization of nanomaterials inside cells. The authors show that
iron oxide particles follow the endocytic pathway in a time dependent manner for internali-
zation in both breast cancer cell types (SKBR-3 and MDA-MB-453) using a combination of
these techniques. While many works have been published in work using iron oxide (Shakil
et al. 2019) the example reviewed here was based on the details found on the cellular uptake
process, which many published works may not cover.
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Fig. 2 Intracellular trafficking of nanoparticles. a Time course confocal microscopy of SKBR3 and
MDA-MB-453 cells incubated with MNP-HC (green). Nuclei are stained with DAPI (blue). Scale bar: 10 um. b
TEM images of MNP-HC, pointed by arrows, in SKBR3 cells. E, endosomes; L, lysosomes. Scale bar: 200 nm. ¢
Confocal laser-scanning micrographs of SKBR3 cells incubated with MNP-HC or free TZ and stained for HER2
(red). Nuclei are stained with DAPI (blue). Scale bar: 10 um (Figure reproduced from Truffi et al. (2018))

The next section deals with aspects of cellular uptake of surface modified gold nanorods.

Cellular uptake of conjugated gold nanorods in breast cancer cells

Previously we saw that the shape of a gold nanoparticle has an effect on cellular uptake. In
this study, we see how modifying the surface of gold nanorods for targeting plays a role in
the cellular uptake process. We also see another example of how cell type influences this
process as well and the use of TEM to study these processes. Kang et al. (2017) studied
some aspects of cellular uptake of gold nanorods conjugated with porphyrin and trastu-
zumab using BT474 and SKBR-3 breast cancer cell lines. The cells were incubated with the
conjugated nanorods for 48 h before TEM was performed. In BT474 cells, TEM showed
that the conjugated gold nanorods accumulated in gaps between closely growing cells and
inside the cytoplasm of the cell. Further analysis using higher magnification identified
multivesicular bodies encapsulating the nanorods. Endocytic bodies with nanorods were
also observed in the nucleus of the BT474 cells. In SKBR-3 cells, a few nanoparticles were
observed, which led the researchers to conclude that greater uptake occurs in BT474 than
SKBR-3. This was mainly due to the conjugated gold nanorods localizing on the surface of
the BT474 cells, which resulted in more efficient cellular uptake.

In this example, we see how surface modification can affect the mechanics of cellular
uptake. It is also important to note that the difference in cell type is very much a factor
to consider as well. This is an excellent example of how small variations can influence the
mechanism of cellular uptake and how important it is to investigate the cellular uptake
behavior in each and every model.
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In the next example of this section, we look at the cellular uptake behavior of dextran—
spermine nanoparticles that have been modified for targeting.

Cellular uptake of magnetic dextran-spermine nanoparticles functionalized for targeting
HER2
Cellular uptake changes with particle type, cell type, surface modification, etc. Here we
see how SKBR-3 breast cancer cells respond to magnetic dextran—spermine nanoparti-
cles. We also see another technique for studying cellular uptake, which is the Prussian
blue method. Avazzadeh et al. (2017) conducted a cellular uptake assay with HER2-pos-
itive breast cancer cells using magnetic dextran—spermine nanoparticles. The nanopar-
ticles were conjugated with anti-HER2 antibody, and the cellular uptake and targeting
process was evaluated using the Prussian blue method and microscopy techniques with
and without the targeting antibody. The results showed differences in cellular uptake
between the SKBR-3 and fibroblast cells. A large number of antibody-conjugated nan-
oparticles entered the SKBR-3 cells, but none were observed in the control fibroblast
cells, and no differences were seen in cellular uptake with the non-targeting nanoparti-
cles. This study illustrates the significance of using a targeting antibody to help facilitate
the cellular uptake of nanoparticles. This example highlights the nature of this specific
particle type. It also shows the effect of conjugating a targeting antibody, which is dis-
cussed more in the section on targeting HER2 breast cancer.

In the next example, we describe gold particles that are spherical and look at how
shape as well as size affects the cellular uptake process.

Cellular uptake of HER2 targeting gold nanospheres in breast cancer cell lines

Cruz and Kayser (2019) analyzed cellular uptake of targeting gold nanospheres using a
combination of ICP-MS and TEM. Trastuzumab was conjugated to gold nanospheres,
and the uptake quantification and localization in SKBR-3 cells was compared to non-
trastuzumab gold nanospheres. Two sizes of nanoparticles, 20 nm and 50 nm, were
tested. The results found that both sizes of trastuzumab-targeting nanoparticles had
enhanced cellular uptake compared to the non-targeting nanoparticles, but in both
cases, cellular uptake did occur. TEM analysis showed that these particles localized in
vesicular structures inside the cells (Fig. 3).

As shown in Fig. 3a, based on quantitative ICP-MS data, it is clear that there is a dif-
ferential uptake of the particles based on their size. Larger particles (50 nm) show more
uptake than smaller particles (20 nm) without targeting antibodies. However, both
20 nm and 50 nm particles show almost similar fold increase in particle uptake following
targeted antibody conjugation as compared with the respective particles without the tar-
geting antibody. This study shows how the size of the nanoparticles has an effect on both
accumulation and localization in this particular cell type. Here we have the same cell
type, same targeting mechanism, and same shape particle, but the size of the particles
being used differ and have a different cellular uptake result. This study also shows how
TEM and ICP-MS used together serves as a great technique for studying gold nanoparti-
cles in breast cancer cells.
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Fig. 3 Evaluation of the active targeting capacity of trastuzumab-functionalized gold nanoparticles. a ICP-MS
quantification of OH-PEG-AuUNP and Tmab—-PEG-AuNP uptake into SKBR-3 cells after 24 h incubation. Uptake
data are reported as means & SD. ***p <0.001 (Student’s t-test). b TEM micrographs of OH-PEG-AuUNPs
internalized into SKBR-3 cells. Scale bar 200 nm. ¢ TEM micrographs of Tmab-PEG-AuNPs internalized into
SKBR-3 cells. Scale bar: 500 nm (Figure reproduced from Cruz and Kayser (2019))

Lastly, we review a nano-design involving drug-loaded dendrimers for its cellular
uptake behavior.

Cellular uptake of targeting and drug-loaded dendrimers in HER2-positive BC cell lines

Dendrimeric nanoparticles have also been used to target HER2-positive breast can-
cer cells (Miyano 2020; Chan 2020; Rameshwer Shukla 2020) However, we found the
study by Kulhari et al. (2016) significant and worth reviewing in this section due to
the focus on cellular uptake. Kulhari et al. (2016) studied the cellular uptake of trastu-
zumab-grafted, docetaxel-loaded dendrimers conjugated to fluorescein isothiocyanate
(TZ-Dend-FITC). The authors used the HER2-positive breast cancer cell line MDA-
MB-453 and compared it with the HER2-negative MDA-MB-231 breast cancer cell line.
Combinations of targeting and non-targeting nanoparticles were used for comparison
of uptake efficiency. Uptake was observed in both MDA-MB-453 (HER2-positive) and
MDA-MB-231 (HER2-negative) cells. In the HER2-positive cell line, both targeting and

non-targeting nanoparticles showed fluorescence after 1 h of incubation. The intensity



White et al. Cancer Nano (2020) 11:12 Page 9 of 26

MDA-MB-453 MDA-MB-231
a Dend-FITC TZ-Dend-FITC Dend-FITC TZ-Dend-FITC

- thout TZ

Vith TZ

% Cell uptake

MDA-MB-453 MDA-MEB-231

Fig.4 a Fluorescent microscope images of MDA-MB-453 and MDA-MB-231 human breast cancer cells after
1 hand 4 h of incubation with FITC-conjugated dendrimers (Dend-FITC) and TZ-conjugated Dend-FITC
(TZ-Dend-FITC); b fluorescent microscope images of co-cultured MDA-MB-453 and MDA-MB-231 human
breast cancer cells followed by incubation with TZ-Dend-FITC; ¢ quantitative uptake of TZ-Dend-FITC by
MDA-MB-453 and MDA-MB-231 human breast cancer cells after 2 h incubation with or without TZ (20 mM).
Figure reproduced from Kulhari et al. (2016) with permission

of the fluorescence was higher in the targeting nanoparticles, indicating more uptake
occurred due to the targeting mechanism. The results indicated that cellular uptake of
the non-targeting nanoparticles was 11.4%, compared to 23.5% for the HER2-targeting
nanoparticles. Results also indicated that the cellular uptake process is time dependent.
After 4 h of incubation, cellular uptake increased for both particle types, but the targeted
nanoparticles still showed higher uptake efficiency. In the non-HER2-positive cells, no
difference in cellular uptake efficiency was observed between the targeted and non-tar-
geted nanoparticles. However, in a mixed culture of the two cell types, selective targeting
was observed. The mixed cell culture assay showed inhibition of uptake by the HER2-
negative cell line and selective uptake by the HER2-positive cell line (Fig. 4).

The studies above show that not all cell and nanoparticle combinations result in the same
type of cell/particle interaction. Changes in the model—e.g., cell type, particle type, surface
modification, functionalization for targeting, etc.—can result in changes in cellular uptake
mechanics as cells interact with different particle sizes and surfaces differently. This sug-
gests that with every model the cellular uptake process must be evaluated. Nanoparticle
cellular uptake cannot be generally defined due to the changes seen throughout the various
models. For example, we see that a cell type may employ receptor mediated endocytosis for
gold nanoparticles while another cell type uses macropinocytosis for the same type of parti-
cle. In some cases, we see more quantity being taken up due to size in a certain cell type, etc.
Another thing that is important to consider is the behavior of the particles themselves in
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terms of clumping and aggregation affecting the size and how cells or tumors may respond
differently as a result. In this section, we have also seen that a wide range of techniques
are available for studying the cellular uptake process. For gold nanoparticle analysis, we see
that TEM and ICP-MS work very nicely when used in combination to study internaliza-
tion, quantification, and localization of nanomaterials in breast cancer cells. For non-metal
nanomaterials fluorescent labeling and TEM work well to study these processes.

In the next section, we look at some of the research being conducted in the area of screen-
ing and detecting HER2-positive breast cancer using nanotechnology.

Screening and detecting HER2-positive breast cancer

Screening for cancer leads to early diagnosis and treatments, which results in a greater
chance of survival. Because early detection is of such great importance, demand has
increased for advancements in cancer biomarker screening and detection. The following
section is an overview of some of the designs and methods for screening and detecting
HER2-positive breast cancer using nanotechnology. In this section, we review different
technologies to include the use of iron oxide nanoparticles, dendrimers, and quantum
dots.

Detection of HER2 using iron oxide nanoparticles
As mentioned before iron oxide is seen throughout the literature in many applica-
tions. While many applications exist, they are not all focused on screening and
detecting HER2-positive breast cancer. In this example we see a successful nanotech-
nological design using iron oxide nanoparticles for the detection of HER2 in blood
samples. Emami et al. (2014) designed a label-free immunosensor for the detection
of HER2 in actual blood samples. This approach uses a differential pulse voltammetry
method. Anti-HER2 antibodies were conjugated to iron oxide nanoparticles and later
laid over a gold electrode surface. Under the proper conditions, this immunosensor
was able to detect HER2 in specific ranges of concentrations. This sensor for detect-
ing HER2-positive breast cancer was evaluated using patient serum samples, where
it successfully quantified levels of HER2. The work here is promising as it shows that
levels of HER2 can be detected accurately and easily from a patient’s blood sample. In
addition, iron oxide nanoparticles offer a lot of possibilities in that they can be made
multifunctional for not only detection, but for drug delivery and targeting as well.
The next design reviewed in this section deals with screening for HER2-positive
breast cancer using dendrimers.

Screening for HER2-positive breast cancer using dendrimers

In addition to inorganic nanomaterials such as gold and iron oxide, organic nano-
materials offer benefits as well. Here we see the use of peptides to target HER2
receptors and serve as a vehicle for screening cancer. Wang et al. (2015) used a
microarray-based method to screen for HER2-positive breast cancer using two novel
peptides, YLFFVFER and KLRLEWNR, that bind specifically to the HER2 receptor.
This efficient peptide screening method is based on in situ sequencing of beads in a
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Fig. 5 Methodology of bioconjugation of mercaptoundecanoic acid-coated QDs and application for
localization of HER2 receptors. Anti-HER2-AB conjugates to the QD surface through an amide linkage. The
QD-Anti-HER-AB conjugate then targets and localizes to the HER2 receptors overexpressed on SK-BR-3
cells. Ab, antibody; HER2, human epidermal growth factor receptor 2; QD, quantum dot (Reprinted with
permission from near-infrared quantum dots for HER2 localization and imaging of cancer cells (Rizvi et al.
2014). Originally published by Dove Medical Press Limited)

microarray system. When the peptides were conjugated to nanoparticles, they spe-
cifically accumulated in HER2-positive tumors in xenografted mice, as evidenced by
in vivo imaging. This is a good example of finding alternatives to trastuzumab. The
investigators of this work were able to not only come up with a microarray screening
system for HER2, but the new peptides offer more options for HER2 targeting, which
will be covered in a later section. The next screening technology example involves the
use of quantum dots.

Detection of HER2-positive breast cancer using quantum dots

This next design illustrates how dynamic nanotechnology is in terms of functional-
ity. Here, quantum dots are used for the detection of HER2, but we can see that the
design offers multiple functions. Rizvi et al. (2014) developed a method for detecting
HER2 breast cancer using quantum dots (Core/shell/shell CdTe/CdSe/ZnSe QDs). In
this work, a near-infrared-emitting quantum dot bioconjugate (quantum dots conju-
gated with anti-HER2) was designed for the rapid localization of HER2 receptors. It
can also be a tool for targeted therapy and image-guided surgery (Fig. 5). In this study,
the near-infrared-emitting quantum dot antiHER2-antibody bioconjugates were suc-
cessful in localizing with HER2 receptors using SKBR-3 HER2-positive breast cancer
cell lines. The use of quantum dots are exciting and the authors in this work point
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out the possibilities of their multifunctionality. For example, the quantum dots being
functionalized for targeting the HER2 receptor. They could also be labeled for imag-
ing or even functionalized for anticancer drug delivery.

These are some examples of the new strategies for screening and detecting HER?2 type
cancer using nanosystems. This section provides an overview of some the possibilities
as it relates to using nanotechnology to screen and detect HER2-positive breast cancer.
As mentioned above, knowing the HER2 status of breast cancer is of extreme impor-
tance because once the HER2 status is diagnosed, then the treatment approaches can
be specifically designed for that status. If the HER2 status is positive, then specifically
targeting the HER?2 receptor is ideal, as this type of tumor profile can be exploited for
targeted drug delivery. The next section of this review dives into the all-important area
of research: Targeting HER2-positive breast cancer using nanotechnology.

Targeting HER2 breast cancer using nanotechnology

Targeting cancer cells can involve the cells themselves by targeting their surface
receptors or aspects of the tumor microenvironment (TME) specific to the tumor
type, such as tumor pH. To target these elements, nanomaterials can be designed and
characterized with targeting moieties such as antibodies and receptor ligands. This
results in a vector or vehicle that has a high affinity for binding to tumor cells, lead-
ing the nanomaterial to accumulate there. For targeting to be successful, it requires
a unique identifier specific to the target itself that can be exploited. For example, the
target should not be found in the normal, healthy surrounding cells so that the nano-
system does not target or interact with the normal tissue. Targeting should also facili-
tate the drug delivery process via endocytosis of the nanovehicle into the targeted
cells (Dawidczyk et al. 2014).

The following section highlights the work being done in this area. This includes
a wide range of approaches and designs for targeting HER2-positive breast cancer.
It is important to note that even though these approaches were designed for thera-
peutic targeting, many of them are multifunctional and may also be considered for
other functions, such as detection and co-delivery. In this section, we review multiple
designs for targeting HER2-positive breast cancer using different nanotechnologies.
These designs include targeting using iron oxide, nanobubbles, mini-nanodrugs, gold
nanostars, and gold—gold sulfide.

Targeting HER2-positive BC using iron oxide nanoparticles

Choi et al. (2015) described an approach for targeting the HER2 receptors of breast
cancer using a “chitosan-conjugated, pluronic-based nano-carrier’, which is an ideal
vehicle for different types of agents and works well for conjugating targeting ligands.
In this approach, iron oxide nanoparticles were loaded inside the nano-carrier to ena-
ble MRI imaging. In addition, the nano-carrier was conjugated to Cy5.5 as a fluoro-
phore for optical imaging. Finally, the nano-carrier was loaded with the anticancer
drug doxorubicin for a therapeutic effect. Thus, making this design multifunctional
in that it offers targeting, imaging, and chemotherapy. In this study, the authors con-
firmed active targeting in vivo and showed enhanced antitumor activity in a xenograft
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tumor model. The authors showed that the IONP/DOX loaded multifunctional nano-
carrier has diagnostic capability, HER2 selectivity and therapeutic effects. This is a
good example of how certain nanomaterials can be functionalized for multiple pur-
poses. Being able to target the HER2 receptor, deliver a therapy and image the results
all with one nanodrug is ideal. This design is promising in its ability to accomplish
this functionality. Next, we see the use of nanobubbles to target HER2 BC.

HER2 targeting nanobubble

The novel approach described by Jiang et al. (2016) makes use of nanobubbles coupled
with contrast-enhanced ultrasonography to detect vascular patterns of breast cancer.
Additionally, the nanobubbles have a PEGylated phospholipid shell and are functional-
ized with Herceptin to specifically target HER2-positive breast cancer cells. This system
relies on the principle of “theranostics’, which is an approach that combines therapy and
diagnostics. This nanobubble can target HER2 receptors in breast cancer and enhance
contrast for diagnostic imaging, while also potentially delivering anticancer drugs.

This is another good design offering targeting as well as multifunctionality. This nano-
bubble targets the HER2 receptor via Herceptin. Once bound to the HER2 receptor this
nano system can be used for diagnostic imaging for assessing vascular patterns and per-
haps tumor growth, morphology, etc. In addition to the targeting and ability to image,
we also see that this design can be functionalized for drug delivery.

Targeting HER2 using a mini-nanodrug

Ding et al. (2017) designed and tested mini-nanodrugs for HER2 targeting. In previous
work conducted by this investigator using mouse models, the researchers found that
trastuzumab could more effectively treat HER2-positive breast cancer when combined
with a co-ligand poly(beta-L-malic acid) (PMLA) and an antisense oligonucleotide that
targets the HER2-mRNA. The resultant mini-nanodrug is a HER2-mRNA-annealing
morpholino antisense oligonucleotide (5'-CATGGTGCTCACTGCGGCTCCGGC
-NH,-3'), which targets HER2 using an anti-HER2/neu peptide or affibody (an affibody
is a small protein designed to bind to a large number of target proteins with high affin-
ity, thus, mimicking antibodies) in place of trastuzumab. The advantages of these “mini-
nanodrugs” include replacement of antibodies, which could result in reduced cost and
effort, as well as high stability, biodegradability, non-toxicity, and non-immunogenicity.
The PMLA offers carboxylic groups that allow functionalization of drugs, targeting pep-
tides, protective polyethylene glycol (PEG), peptides for destabilizing membranes, and
dyes for imaging.

Targeting is of such great importance that researchers work to find stronger and bet-
ter ways to facilitate the targeting process. FDA-approved trastuzumab is undoubtedly
the most common way this is achieved with respect to targeting the HER2 receptor. This
work shows how the targeting process can be even more effective or enhanced using this
mini-nanodrug. In addition to the enhanced targeting and potential reduced cost and
improved availability, this design works well for drug delivery.
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Fig. 6 Internalization process of HApt-AuNS in HER2-overexpressed cancer cells. HApt—-AuNS binds to HER2
on the plasma membrane, and then the HER2-nanoconstruct complex internalizes in the cell by endocytosis.
HER2-HApt-AuNS is transported from endosomes to lysosomes, where HER2 is degraded, inducing cell
death (Reprinted with permission from Lee et al. (2015). Copyright 2015, American Chemical Society)

Targeting HER2 using aptamer-functionalized gold nanostars

Because targeting HER2 has proven to be a highly effective strategy, many research-
ers have focused on novel approaches to more effectively target the receptor. Lee
et al. (2015) designed a nucleotide-based HER2 aptamer for targeted delivery via gold
nanostars (AuNS) (Fig. 6). The authors chose gold nanostars because of their many
advantages, which include their shape that is beneficial for detection, and their ability to
be functionalized with an aptamer as a drug delivery system. This design is an anti-HER2
aptamer (HApt), which is a trimeric version made up of 42 base pairs of the HER2-spe-
cific aptamer that was previously identified. This HApt has both targeting and therapeu-
tic capabilities. It can induce cross-linking of the HER2 receptor on the surface of the
cell. It can also translocate the HER2 receptor from the plasma membrane into vesicles
in the cytoplasm, which will ultimately result in degradation of HER2, thus downregulat-
ing the HER2 receptor and inducing apoptosis. The authors showed that this downregu-
lation resulted in alteration of the cell proliferation and downstream signaling pathways.

Targeting HER2 using conjugated gold-gold sulfide nanoparticles

In 2010, Day et al. designed antibody-conjugated gold—gold sulfide nanoparticles (GGS-
NPs). The authors demonstrated that this combination could simultaneously provide
targeting contrast agents for imaging and photothermal therapy. The gold surface is
functionalized with anti-HER2 antibodies, causing the nanoparticles to target HER2
receptors of SKBR-3 cells. Photoablation was then achieved via exploitation of the opti-
cal properties of the gold surface chemistry. Upon exposure of the particles to SKBR-3
cells, a pulsed near-infrared laser was used to detect the GGS-NPs via multiphoton
microscopy. The authors describe this detection method as well as the thermal dam-

age that can occur in the cancer cells when the power output of the multiphoton is
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increased. The authors suggest that this ability to image the nanomaterials at the same
time as using the photothermal agents for cancer management makes their design very
attractive. This is especially important for treatments that require the integrity of the
surrounding healthy tissue to be maintained.

This design using gold offers several advantages to include photoablation. Here we see
targeting facilitated by the use of HER2 antibodies conjugated to gold—gold sulfide nan-
oparticles. This nano-design targets SKBR-3 cell lines by binding to the cell receptors,
which allow for imaging and photo thermal therapy for cells killing.

Our last example for targeting is a peptide-conjugated iron oxide nanoparticle for tar-
geting HER2-positive breast cancer.

Peptide-conjugated iron oxide particles for targeting HER2

Other nano-based strategies for targeted therapy include the use of albumin, silica gold,
and carbon, to name a few. For example, the FDA-approved Abraxane is an albumin-
stabilized nanoparticle loaded with the chemotherapy paclitaxel (PTX). Abraxane helps
to improve the effectiveness and reduce the side effects of PTX alone but is too large for
optimal in vivo functionality with nanodrugs; it also has no targeting ligand. In addition
to the size issue, gold, silica, carbon, and liposomes often cause toxicity and raise con-
cerns regarding biodegradability and stability.

With respect to the anti-human epidermal growth factor receptor 2 (HER2/neu), this
monoclonal antibody is commonly used for breast cancer targeting. Monoclonal anti-
bodies have a greater advantage as targeting ligands over aptamers, small molecules, and
proteins. However, the size of the monoclonal antibody alters the physical and chemical
properties of the nanoparticle (NP). Mu et al. (2015) proposed an iron oxide nanopar-
ticle conjugated with an anti-HER2/neu peptide and loaded with PTX (AHNP-IONP-
PTX) that seems to solve many of these problems. The design involves the anti-HER2/
neu peptide (AHNP), which is a small exocyclic peptide derived from the 185 HER2/neu
monoclonal antibody trastuzumab. The authors found that their design of an IONP-
based, anti-HER2/neu peptide-conjugated, PTX-loaded NP is smaller than the typical
albumin, liposomes, polymers and gold nanoparticles and has a uniform shape with
ideal stability. This formulation showed positive in vivo and in vitro targeting capacity to
human HER2/neu-positive breast cancer cells and more effectiveness in killing the cells
than the larger nano formulations.

Thus, we have seen a variety of ways researchers can target HER2-positive breast can-
cer cells and tumors using nanotechnology. All of the examples above make use of the
overexpression of the HER2 receptors in some way to exploit the cancer rather it be
with the FDA-approved trastuzumab or anti-HER2 or with the more outside of the box
approach of using minidrugs, peptides or aptamers. Interestingly, we see a big difference
in the nanomaterial itself in these designs. The designs above include anything from iron
oxide nanoparticles to the use of gold nanostars and nanobubbles. The key factor here
that gives any one design an edge over the other may come down to the design’s mul-
tifunctionality capabilities. In addition to targeting the cancer, what else can we hope
to accomplish? Things to consider in designing this technology would certainly be the
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Table 2 Multiple designs of targeting nanodrugs for HER2-positive breast cancer

Nanoparticle Targeting Cancer therapy Multifunction References
mechanism capability
Pluronic-based Chitosan conjugated/ Doxorubicin Iron oxide for MRI Choietal. (2015)
nanocarrier loaded HER?2 targeting imaging, Cy5.5 for
with iron oxide imaging, doxoru-
nanoparticles bicin for anticancer
therapy
PEGylated phospho-  Herceptin targeting ~ None Can potentially Jiang et al. (2016)
lipid nanobubble HER2 receptors deliver anticancer
therapy, has ultra-
sonography capa-
bility for imaging
Mini-nanodrug, co- HER2-mRNA-anneal-  None Functionalization for ~ Ding et al., 2017
ligand poly(beta-L- ing oligonucleotide drugs, targeting
malic acid) (PMLA) peptides, protective
PEG, peptides for
destabilizing mem-
branes and dyes for
imaging
Novel humanized Anti-HER2 antibody ~ None Can be used in Caoetal. (2015)

HER2 antibody

HER2 aptamer-conju-
gated gold nanostar

Antibody-conjugated
gold-gold sulfide
nanoparticle

Iron oxide nanopar-
ticle

42-base pair HER2
aptamer for target-
ing HER2 receptors

Anti-HER2 antibody
conjugated for
targeting HER2
receptors

Small exocyclic
peptide from the
185HER2/neu
monoclonal anti-
body trastuzumab.
conjugated for
targeting HER2
receptors

Reduction of HER2
receptors due to
lysosome degrada-
tion

Photothermal
therapy

Paclitaxel

many targeting
applications. Has
advantages over
traditional antibod-
ies

This HER2 aptamer
gold nanostar can
be used for detec-
tion while offering
drug delivery

Simultaneously
provides targeting
contrast agents for
imaging and pho-
tothermal therapy

None

Lee etal. (2015)

Day et al. (2010)

Mu et al. (2015)

ability to both treat the cancer or deliver a therapy and image the cancer in addition to

the targeting. A summary of the targeting nanodrugs can be found in Table 2.

As mentioned before, targeting nanodrugs are ideal in that they can seek out the can-

cer cells while avoiding the healthy surrounding tissue. In the next section, we look at

another area of extreme importance for combating HER2-positive breast cancer using

nanotechnology: stem cells. When it comes to any type of cancer including HER2-posi-

tive breast cancer, there exists a lot of focus on researching stem cells. This short section

reviews some of the work being done on stem cells as it relates to HER-positive breast

cancer.
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from A novel double-targeted nondrug delivery system for targeting cancer stem cells Qiao et al. (2016)
(Originally published by Dove Medical Press Limited)

Targeting stem cells to address HER2-positive breast cancer

In the treatment of any cancer, it is important to consider targeting the cancer stem cells.
Cancer stem cells are a special cell type that localize in solid cancer tumors and over-
express the CD44 receptor. Cancer stem cells are typically regarded as a determinant
of cancer occurrence and can be responsible for the spreading of cancer. Cancer stem
cells continue to proliferate and differentiate into cancerous cells. It is important to get
rid of the cancer stem cells, the supply line, to completely remove cancer. Conventional
treatments for cancer do not always kill cancer stem cells because the cells tend to be
multidrug resistant, which often results in cancer recurrence. In this section, we review
approaches to targeting and killing cancer stem cells with nanotechnology that are also
useful for treating HER2-positive breast cancer. The designs in this section include a
nondrug delivery system, a chemotherapeutic drug release system and targeting stem

cells using micelles.

Targeting cancer stem cells with a novel nondrug delivery system

Qiao et al. (2016) described the development and use of a novel nondrug delivery system
for targeting cancer stem cells. This design involves the conjugation of hyaluronic acid
and grafting the doublecortin-like kinase 1 monoclonal antibody to the surface of nano-
particles. With this design, the cancer stem cells can be targeted. This targeting nanopar-
ticle can seek out the CD44 receptors as well as the doublecortin-like kinase 1 (DCLK1)
surface marker and distinguish between cancer stem cells and normal stem cells (Fig. 7).
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The targeting activity of this design was used in vitro as well as in vivo. The in vivo
model was 4T1 breast cancer stem-like cells that overexpresses the CD44 receptor and
DCLKI1. The authors found that the dual targeting nanoparticles were able to target can-
cer stem cells using this design. This has important implications in designs for targeting
cancer stem cells, which can be crucial for combating HER2-positive breast cancer in
terms of preventing the spread and reoccurrence of this disease. This example involves
only the targeting process. Next, we look at not only targeting stem cells, but targeting
and drug delivery.

Targeting stem cells for chemotherapeutic drug release

Rao et al. (2015) introduced a method for targeting cancer stem cells and releasing an
engineered chemotherapeutic drug using nanoparticles. This doxorubicin-encapsulated
polymeric nanoparticle is surface modified with chitosan, which specifically targets the
CD44 receptors of cancer stem cells. Doxorubicin is released when the nanodrug is in an
acidic environment, such as within endosomes or lysosomes. In a 3D mammary tumor
spheroid model, this nanoparticle design increased the cytotoxicity of the doxorubicin
by six times compared to doxorubicin alone for eliminating CD44-positive cancer stem
cells. The researchers also showed that the nanosystem reduced the tumor size in an
orthotopic xenograft tumor model.

Here, we see successful targeting of stem cells as well as doxorubicin delivery for the
destruction of the stem cells, which is ideal. We have seen examples of this technology in
a previous section where investigators target and deliver payloads to the tumor or cells
themselves. Here that same technology is applied to the cancer stem cells in an attempt
to attack the root of the cancer and stop it in its tracks.

Next, we look at targeting stem cells as well as stem cell detection using micelles.

Targeting and detecting cancer stem cells using micelles
Gener et al. (2015) developed a novel in vitro fluorescent cancer stem cell model for vis-
ualizing cancer stem cells in a heterogeneous population. This model was utilized for
preclinical validation of a specific type of micelles loaded with paclitaxel. The model was
also utilized to illustrate active targeting against CD44 and EGFR receptors in breast and
colon cancer cell lines. Specific targeting of surface receptors improves the effectiveness
of nanomedicines and makes cancer stem cells sensitive to paclitaxel chemotherapy.

In this example, we see some of the same multifunctionality that we reviewed in
previous sections. This design for targeting stem cells involves micelles, which were

Table 3 Stem cell targeting nanodrugs for HER2-positive breast cancer

Nanotechnology Stem cell target Therapy References

Conjugation of hyaluronic acid and grafting the doublecor- CD44 receptors ~ None Qiao et al. 2016)
tin-like kinase 1 monoclonal antibody to the surface of
nanoparticles

Encapsulated polymeric nanoparticle surface modified CD44 receptors  Doxorubicin  Rao et al. (2015)
with chitosan

Fluorescent micelles CD44 and EGRF  Paclitaxel Gener et al. (2015)
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functionalized for targeting, imaging and drug delivery. Here the CD44/EGER targeting
micelles were made fluorescent for imaging and detection, and loaded with the chem-
otherapy paclitaxel for stem cell killing. A summary of the stem cell nanotechnology
designs can be found in Table 3.

In addition to the importance of stem cell targeting for HER2 breast cancer, it is also
vital to understand that this cancer can become resistant to chemotherapy, even when
delivered via targeting. A co-delivery approach using more than one targeted therapy
might overcome such resistance. Therefore, the following section specifically addresses
this issue, covering the work being done to overcome resistance and cancer relapse using
nanotechnology co-delivery strategies.

Co-delivery approaches to addressing HER2-positive breast cancer

Single-drug chemotherapy to treat breast cancer faces several limitations. These limita-
tions include but are not limited to poor bioavailability of therapeutic drugs and multid-
rug resistance. Additionally, accumulation of a drug at the treatment site can be too low
to be effective, making higher drug doses necessary and, thus, resulting in negative side
effects. Furthermore, the potency of chemotherapies may be lacking, which can result in
an inability to suppress cancer growth, especially in the heterogeneous distribution of
cancer cells in tumors. To overcome these limitations, combination chemotherapy that
utilizes multiple anticancer drugs has been developed, offering the potential to lower
resistance and side effects (Zhang et al. 2016). Still, the challenge remains to achieve an
antitumor effect with reduced toxicity. To address this issue, nanodrugs such as hydro-
gels, liposomes, nanocapsules, and other co-delivery designs have been reported. These
co-delivery nanodrugs work to enhance the therapeutic efficacy of anticancer drugs by
facilitating local accumulation of the drug and enhancing bioavailability (Zhang et al.
2016). Most significantly, these co-delivery nanodrugs provide an approach for incorpo-
rating two or more drugs that employ different mechanisms of action into a single vec-
tor. The co-delivery strategies reported in this section are specifically designed for the
treatment of HER2-positive breast cancer. The nanotechnology designs for co-delivery
in the section are co-delivery of rapamycin and imaging probes, co-delivery of doxoru-
bicin and paclitaxel, and a liposome delivery of chemotherapy and immunosuppressant.

Co-delivery of rapamycin and imaging probes in HER2-positive breast cancer

One nano-based approach to targeting the HER2 receptor and employing co-delivery
involves a lipid-based nanoparticle conjugated to trastuzumab (Tmab). This formulation
uses rapamycin as a payload for its anticancer affect. This particular “nanotheranostic”
formulation incorporates quantum dots as well, to serve as an imaging probe. The lipid
encapsulates both the rapamycin and the quantum dots, and the surface of the lipid is
conjugated to Tmab to target the HER2 receptor. This Tmab-functionalized lipid nan-
oparticle was designed to offer more efficient uptake and better therapy outcomes via
HER2 receptor targeting. Upon cellular uptake via endocytosis, the contents of the lipid
are released into the cancer cell, and the rapamycin works by down regulating the mTOR
signaling pathway (Priyambada Parhi 2015). In this example of co-delivery, we see more
co-function or multifunction. The therapy within this design is the rapamycin, which
is effective at downregulating mTOR and stopping cancer growth. This design delivers
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Fig. 8 Trastuzumab was conjugated to pH-sensitive double-emulsion nanocapsules (DENCs). This
nanocapsule is stabilized by a single-component poly(vinyl alcohol) with magnetic nanoparticles. The design
can be used to encapsulate both hydrophilic Dox and hydrophobic PTX at the same time for co-delivery.
This nanocapsule is conjugated to Tmab to target HER2-positive breast tumor tissues and is guided to the
tumor site via magnetic force, where it can then deliver a dual anticancer drug payload (Reprinted from
Enhancement of cancer therapy efficacy by trastuzumab-conjugated and pH-sensitive nanocapsules

with the simultaneous encapsulation of hydrophilic and hydrophobic compounds, Chih-Sheng Chiang,
Shang-Hsiu Hu, Bang-Jie Liao, Yuan-Ching Chang, San-Yuan Chen, Copyright (2014), with permission from
Elsevier)

the rapamycin while simultaneously delivering the quantum dots for imaging. The whole
system is able to target the cancer via targeting the HER2 receptor. Next, we look at an

example of two different chemotherapies being delivered simultaneously.

Targeting nanocapsule delivers doxorubicin and paclitaxel

In 2014, Chiang et al. conjugated Tmab to pH-sensitive double-emulsion nanocapsules
(DENC:s). This nanocapsule was stabilized by a single-component poly (vinyl alcohol)
with magnetic nanoparticles. The design can encapsulate hydrophilic doxorubicin (Dox)
and hydrophobic paclitaxel (PTX) at the same time for the purpose of co-delivery. The
nanocapsule was conjugated to Tmab to target HER2-positive breast tumor tissues and
could be guided to the tumor site via magnetic force, where it could then deliver a dual
anticancer drug payload. The targeting mechanism showed enhanced cellular uptake, as
demonstrated by incubating SKBR3 cells with DENCs and analyzing cellular uptake with
flow cytometry and confocal microscopy. The nanocapsule is also a pH-responsive drug
carrier, relying on the drugs’ interaction with the lysosomes of the tumor cells to control
release (Fig. 8). In vivo studies utilized mice with HER2-positive xenograft, created via
injections of SKBR3 and Matrigel. The nanocapsules were then administered via tail vein
injection and guided to the tumor location using magnets. The results indicated that, by
targeting with Tmab and using pH-controlled drug release, the T-PTX-DENC was able
to reduce tumor cell viability to 25—-30%. When both PTX and DOX were loaded on the
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Fig. 9 Schematic to explain BC immunotherapy by combined delivery of an immunogenic cell death
stimulus plus an inhibitor of the IDO-1 pathway. DOX delivery to the tumor site provides an effective stimulus
for ICD, which is characterized by calreticulin (CRT) expression (an “eat-me”signal for dendritic cell uptake)

on the cancer cell surface. Subsequent release of adjuvant stimuli, HMGB-1 and ATP, by the dying cancer
cells induces DC maturation and tumor antigen presentation to naive T-cells. Recruitment of CD8" cytotoxic
T-lymphocytes triggers a full-fledged immune response, provided that the tumor infiltrating lymphocytes
can escape the immunosuppressive micromilieu at the BC tumor site. These immunosuppressive pathways
include a contribution by FOXP-3* regulatory T-cells, autoregulatory effects of immune checkpoint receptors
(e.g., PD-1), and the metabolic effects of the overexpressed IDO-1 immune surveillance pathway. The small
molecule inhibitor IND interferes in the IDO-1 pathway. The improved pharmacokinetics of drug delivery

by the nanocarrier allows achievement of sufficiently high tumor drug levels to trigger an effective and
sustained immune response for the reduction or elimination of the primary BC tumor and its metastases
(Reprinted with permission from (Lu et al. 2018). Copyright 2018, American Chemical Society. Further
permissions related to the material excerpted should be directed to the ACS)

nanosystem, cell viability decreased even further to around 10%, indicating that the anti-
cancer drug combination had a powerful synergistic effect.

Drug resistance can be an issue with any cancer type. This example provides a good
technology for better treatment outcomes by co-delivering two chemotherapies simulta-
neously in a targeting manner. This last example in this section involves the co-delivery
of a chemotherapy and an immunosuppressant.

Liposomal delivery of chemotherapy and immunosuppressant

Finally, a chemo-immunotherapy approach for breast cancer was demonstrated by Lu
et al. (2018). In this work, a dual-drug delivery liposomal carrier was used to introduce
an immunogenic cell death signal and interfere in the regionally overexpressed indola-
mine 2,3-dioxygenase (IDO-1) pathway that prevents T-cell priming. This liposome
delivers Dox to provide an immunogenic cell death (ICD) stimulus and an indoximod
(IND) prodrug that interferes in the metabolic immunosuppressive effects of the IDO-1
pathway of the tumor (Fig. 9). The dual-delivery carrier system improved the anti-breast
cancer immune response at the primary and metastatic sites better than the Dox-only
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Table 4 Nanotechnology designs of co-delivery targeting drugs

Delivery system HER2 targeting Co-delivery References
Lipid-based nanoparticle  Trastuzumab Rapamycin and quantum dots Priyambada Parhi
(2015)
pH-sensitive double-emul-  Trastuzumab Magnetic nanoparticles/doxoru-  Chiang et al. (2014)
sion nanocapsule bicin and paclitaxel
Liposomal carrier Targets immune Doxorubicin and indoximod Luetal. (2018)

response to breast
cancer

liposome. Intravenous injections of this DOX/IND-liposome system enhanced the phar-
macokinetics and uptake of both drugs at the tumor site in a breast cancer model (4T1
orthotopic BC model in syngeneic mice). It was further shown that the response was
augmented by adding anti-PD-1 monoclonal antibody to eliminate lung metastases.
From an immunological perspective, this study clearly demonstrates the benefits of co-
delivery over free drugs or single-drug nanoparticles alone.

This is a good example of how targeting HER2-positive breast cancer and delivering
multiple therapies can improve treatment outcomes. The co-delivery designs of this sec-
tion are listed in Table 4.

This section described a number of the co-delivery systems developed to treat most
complex cancer types, e.g., HER2-positive breast cancer. A multi-purpose, multifunc-
tional targeting nanodrug is ideal for HER2-positive breast cancer, as it is complex and
we need to treat it using complex approaches. In many cases, it may be necessary to
attack cancer with multiple therapies to overcome drug resistance, and co-delivery strat-
egies make this possible while maintaining the function of tumor targeting.

Concluding remarks and future directions

In this review, we have highlighted nanotechnology approaches to combating HER2-
positive breast cancer. The sections of this review include cellular uptake of nanoma-
terials in HER2-positive breast cancer models, screening and detecting HER2-positive
breast cancer using nanotechnology, targeting and drug delivery, stem cell research, and
co-delivery strategies and designs to enhance treatment outcomes.

The section on cellular uptake shows us how dynamic this process can be. We looked
at the different models in this section and saw that any slight variation such as size,
shape, surface chemistry and cell type are factors that influence the cellular uptake
behavior. In addition to providing information about the cellular uptake process specific
to the models in this review, this section also provides the researcher with the different
techniques and approaches available for studying the cellular uptake process in different
breast cancer/nanotechnology models. We can never assume this process works in the
same way as another model and if anything is different, e.g., particle type, size, concen-
tration, target cell or tissue then this process needs to be investigated. While the cellular
uptake information provided by the authors of the works in this review is very useful to
aid our understanding, more work needs to be done in this area to help us design better
and more effective nanodrugs to combat HER2-positive breast cancer.
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The section on screening and detecting Her2-positive breast cancer provides us with
examples of great research done in this area. It is crucial in the fight against this dis-
ease to be able to screen, detect and catch the cancer early to improve prognoses and
treatment success. Not only can we take from this section the contribution made by the
original investigators of the works in the review, but the ideas and possibilities that can
be taken from this. Here we see three different nanotechnology designs for screening
and detecting HER2-positive breast cancer that are very different from one another. Iron
oxide nanoparticles, which are easily conjugated, with fluorescent labels for imaging
were shown to be useful for detecting HER?2 in blood samples. Dendrimers were shown
to be a targeting alternative to trastuzumab and quantum dots were shown to be very
multifunctional, which is ideal for any nanotechnology design for cancer treatment.
This section provides good insight into the work being done in this area as it specifically
relates to HER2-positive breast cancer and gives us ideas to push the designs and tech-
nology even further to come up with more effective designs that serve not only to screen
and detect but more functionality such as drug delivery.

In the section on targeting we see different approaches and designs for targeting the
HER2-positive breast cancer cells and tumors. If fact, this targeting strategy is seen in
most of the designs throughout this review. The fact that this cancer overexpresses the
HER?2 receptor makes this cancer vulnerable to the targeting strategies making many
different designs for targeting possible. In this section we see the use of trastuzumab,
Anti-HER?2, peptides and aptamers as well as minidrugs to target this cancer. In addi-
tion to the targeting mechanism we see many examples of the differences in particle type
from metals like gold to non-metals such as nanobubbles. This section also highlights
the ultimate goal of this technology, which is cell killing and combating the cancer itself
by delivering therapies. The targeting is important to signal out the cancer and avoid
the healthy surrounding tissue, but it is incomplete without a payload of some kind or
without therapeutic capability. This section shows us great examples of “targeting nan-
odrugs’, which are specific to HER2-positive breast cancer.

When it comes to stem cells it is important to understand that addressing cancer stem
cells is crucial and if the cancer stem cells are not addressed then any effort of using nan-
odrugs may not be enough due to cancer spreading and cancer recurrence. In the pre-
vious sections we talk about cellular uptake, screening and detecting and targeting the
cancer cells and its helpful to really see that all of these areas of research are pieces that
should work together to reach the goal of treating this disease. For example, we need
nanodrugs that have all these functions combined. We need a nanodrug that can target
the HER2-positive cancer, with the ability to image and detect, while also providing a
therapeutic benefit. With this design we must be able to understand how it works, which
makes the understanding of cellular uptake, localization, and mechanisms of action so
crucial. The issue with stem cells is a separate issue that must be dealt with or addressed
separately from the cancer cells and tumors. In other words, the designs we see in this
review are specific to tumors or cells or they are specific to stem cells, but no technology
reviewed here has the capability to address both. Stem cells do not have HER2 receptors
and targeting stem cells for cancer is different than the way we target the normal cancer
cells and tumors, but cancer stem cells are still an issue with HER2-positive breast can-
cer, and they must be addressed.



White et al. Cancer Nano (2020) 11:12 Page 24 of 26

Co-delivery may very well be the solution. The co-delivery section really highlights
some of the most exciting nanodrug designs. In this section we see how either multi-
ple chemotherapies can be delivered simultaneously, or how different types of drugs
and even imaging probes can be delivered. Cancer is dynamic in that treatments do not
always work, and it becomes relapsing and resistant. The co-delivery research opens up
lots of possibilities to combat these issues by engineering nano-constructs that can be
tailored to patients and designed to release multiple therapies at once to target different
issues with this disease.

Moving forward, we need more multifunctional nanodrug designs that can address the
complexity of this problem. Furthermore, we need to be certain of the ideal particle type
for this type of cancer while considering patient differences, and in every design, the
mechanism of action must be understood. The toxicity issues and the long-term effects
on humans and the environment need to be defined. Finally, most current work is done
in vitro and in animals. Taking these nano-designs from the lab to the clinic is the next
most important step to test their efficacy and safety in humans.
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