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Simple Summary: Despite tremendous efforts in finding new therapeutic strategies and promoting
screening programs to increase early diagnosis, breast cancer is still a major cause of death in the
female worldwide population. Preclinical and clinical evidence have shown that nanotechnologies
can significantly contribute to improving both therapeutic and diagnostic aspects. This is particularly
true for human epidermal growth factor receptor-2 (HER-2) overexpressing (HER-2+) breast cancer,
where recurrence rates and drug resistance still make it one of the most aggressive breast cancer
subtypes, despite the development of promising targeted therapies. The aim of this review is to
provide an update on the most promising nanoparticle-based approaches developed in the last
decade in the context of HER-2-positive breast cancer therapy and diagnosis.

Abstract: Human epidermal growth factor receptor-2 (HER-2) overexpressing breast cancer is a breast
cancer subtype characterized by high aggressiveness, high frequency of brain metastases and poor
prognosis. HER-2, a glycoprotein belonging to the ErbB receptor family, is overexpressed on the
outer membrane of cancer cells and has been an important therapeutic target for the development of
targeted drugs, such as the monoclonal antibodies trastuzumab and pertuzumab. These therapies
have been available in clinics for more than twenty years. However, despite the initial enthusiasm, a
major issue emerged limiting HER-2 targeted therapy efficacy, i.e., the evolution of drug resistance,
which could be tackled by nanotechnology. The aim of this review is to provide a first critical update
on the different types of HER-2-targeted nanoparticles that have been proposed in the literature in
the last decade for therapeutic purposes. We focus on the different targeting strategies that have been
explored, their relative outcomes and current limitations that still need to be improved. Then, we
review the nanotools developed as diagnostic kits, focusing on the most recent techniques, which
allow accurate quantification of HER-2 levels in tissues, with the aim of promoting more personalized
medicinal approaches in patients.

Keywords: nanoparticle; HER-2-positive breast cancer

1. Introduction

Breast cancer (BC) is the most commonly diagnosed cancer and one of the main causes
of death in women, despite advances in early diagnosis and novel therapies [1]. According
to GLOBOCAN 2020, BC caused 684,996 deaths (one in six of all cancer deaths) and its
incidence was 2.3 million new cases worldwide in 2020 [2]. These numbers highlight that BC
still represents a public health problem; therefore it is of paramount importance to identify
the most effective therapeutic strategy for the patient. Based on the gene expression profile
of biological markers, BC has been classified into four molecular subtypes: Luminal A,
Luminal B, HER-2 enriched, and Basal-like[3]. Among them, the human epidermal growth
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factor receptor 2-positive (HER-2+) and HER-2 enriched BC account for 20–30% of BC. These
are highly proliferative and aggressive BC subtypes often related to drug resistance [4–7]
and associated with a higher incidence of brain metastasis and worse clinical outcomes [8,9].
From the molecular point of view, they are characterized by the overexpression of HER-
2, a glycoprotein with a tyrosine kinase activity, which belongs to the ErbB receptors
family. HER-2 is an orphan receptor, which exists as constitutively active form suitable
for dimerization with other ErbB members. HER-2-mediated activation of ErbB receptor
signaling promotes cell proliferation, motility, differentiation and survival [10]. Hence,
HER-2 amplification or over-expression leads to the constitutive activation of the PI3K/Akt
and Ras/Raf/MAPK pathways, which results in the development of many epithelial
cancers [11–14]. HER-2 status analysis is performed by immunohistochemistry (IHC) or
fluorescence in situ hybridization (FISH), and it has been established that an IHC score of
3+ or 2+, and concomitant amplification, is considered HER-2+ BC [15].

Despite a huge effort in research, after the introduction of the first targeted therapies
there has been a lack of new agents contributing significantly to HER-2+ BC treatment,
which is still an unmet clinical need. In our opinion, two factors would greatly contribute to
an improvement in HER-2+ BC management: the development of new targeted therapeutic
strategies and the introduction of new agents allowing a rapid and personalized diagnosis.
The aim of this review is to critically highlight the main reasons of this lack of success and
to provide an overview of the most promising nanotechnological approaches introduced in
the last 10 years on the therapeutic and diagnostic side.

2. HER-2+ BC Current Therapies and Main Drawbacks

The first-line treatment for HER-2+ BC patients generally includes three steps: first,
neoadjuvant chemotherapy is aimed at reducing the tumor size before surgical resection,
which consists of a combination of taxanes and dual HER-2 blockade with monoclonal
antibodies (mAb) [16,17]. Surgery is then performed to remove the tumor, followed by
adjuvant therapy which includes chemotherapy, radiation therapy and targeted therapy to
eliminate any remaining tumor cells and to reduce the risk of recurrence [18,19].

The clinical outcomes of the early and metastatic HER-2+ patients were extensively
improved after the advent of the HER-2 targeted therapies, such as mAb, antibody-drug
conjugates, specific pathway inhibitors and immunotherapy.

2.1. Monoclonal Antibodies and Antibody-Drug Conjugates

The first and most relevant example of HER-2+-targeted therapy is the FDA approved
humanized mAb Trastuzumab (HerceptinTM; TZ). TZ has been demonstrated to increase
disease-free survival (DFS) and overall survival (OS) in HER-2+ BC patients [20–22]. Its
mechanism of action consists in binding the HER-2 receptor to alter downstream signaling,
inhibiting cell cycle progression and consequently arresting tumor growth [23,24]. De-
spite the wide use of TZ and its success, a great number of patients experience disease
progression and relapse due to the onset of several TZ resistance mechanisms such as:
(i) heterodimerization with other ErbB members or IGF-1R; (ii) the inactivation of Antibody-
Dependent Cellular Cytotoxicity (ADCC); (iii) the expression of the p95-ErbB2 truncated
form of the receptor that maintains its intracellular kinase domain; (iv) the decreased levels
of expression of the tumor suppressor PTEN, and (v) the hyperactivation of PI3K/AKT
pathway [25–30]. To limit TZ resistance, a new antibody called Pertuzumab has been devel-
oped [19,20,31,32]. Pertuzumab and TZ target two different domains of the ErbB2 receptor
(domain II and IV, respectively), and this has proven to prevent heterodimerization with
other ErbB receptors, thus limiting a possible cause of resistance. More recently, Margetux-
imab (Margenza ®) has been approved by the FDA based on data from a SOPHIA trial that
demonstrated the major advantage of Margetuximab compared with TZ in combination
with chemotherapy in pre-treated HER-2+ metastatic BC patients [33]. Margetuximab
has been associated with a significantly longer PFS and better OS with respect to TZ. As
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has been shown for other HER-2 inhibitors, one of the side effects that could occur from
Margetuximab administration is the left ventricular dysfunction.

An interesting evolution of targeted therapy is the possibility of directly conjugating TZ
with anticancer drugs (antibody-drug conjugates, ADCs), thus conferring an intrinsic HER-
2 targeting ability to the drug and reducing the toxicity of chemotherapy alone [34]. This
approach was exploited to develop Trastuzumab emtansine (T-DM1, Kadcyla®, Genentech,
San Francisco, CA, USA), one of the commercially available ADCs developed, starting
from TZ. The efficacy of T-DM1 in metastatic HER-2+ BC was first demonstrated in the
EMILIA trial, where improved OS and PFS were observed in patients treated with T-
DM1 in comparison to those treated with Capecitabine plus Lapatinib [35]. More recently,
the KRISTINE study has demonstrated better efficacy of T-DM1 in the adjuvant setting
instead of its use as neoadjuvant therapy [16,19]. In addition to the mechanisms of action of
TZ [30,36–38], T-DM1 exerts its anticancer activity through internalization in HER-2+ cancer
cells, where the conjugated drug DM1 prevents the assembly of the mitotic spindle, leading
to cell cycle arrest. However, T-DM1 efficacy is still limited by the onset of resistance
mechanisms adopted by tumor cells to evade DM1 activity, such as overexpression of drug
efflux transporters that excrete DM1 outside BC cell [39,40]. Among the ADC categories,
Trastuzumab Deruxtecan (T-Dxd, DS-8201, Enhertu®, Daiichi Sankyo, Tokyo, Japan) has
recently received accelerated approval by the FDA on the basis of its adequate efficacy
and safety demonstrated in the DESTINY-Breast01 study. T-Dxd is recommended for the
treatment of patients with unresectable or metastatic HER-2+ BC who have already received
at least two or more prior anti-HER-2+ treatments [41]. The conjugated cytotoxic drug Dxd
is a topoisomerase I inhibitor attached to TZ with a tetrapeptide-based linker. It is stable
in the plasma but easily cleavable near tumor cells because of the presence of cathepsins
highly expressed on their surface. Indeed, the drug has selective permeability of the cell
membrane of tumor cells in HER-2+ low-expressing cells [42]. Despite the great potential
of the response in T-DM1-resistant HER-2+ BC, T-Dxd can lead to interstitial lung disease.
In fact, adverse reactions caused by its administration are currently under investigation in
ongoing clinical trials.

2.2. HER-2 Pathway Inhibitors and Immunotherapy

In addition to mAb and ADCs, another HER-2 targeted therapeutic strategy is block-
ade of the main cellular pathways leading to the characteristic aggressiveness of HER-2+ BC,
such as PI3K/AKT/mTOR and MAPK pathways, by using specific inhibitors. The aberrant
activation of PI3K/mTOR/AKT pathway in BC is mediated by the mutation of the PI3KCA
gene (more frequent in ER+ and HER-2+) [25], which results in its hyperactivation with con-
sequent dysfunction in the PTEN gene, resulting in AKT overactivation. These mutations
lead to uncontrolled cell growth, migration and deregulated apoptosis [43,44]. Several
examples of PI3K/AKT/mTOR pathway inhibitors have been developed, all interfering
with one or more of the pathway’s components. Among these, the most promising ones
are: Everolimus, Alpelisib, Taselisib and Buparlisib [45]. Everolimus in combination with
Paclitaxel or Vinorelbine and TZ has displayed increased efficacy in metastatic BC patients,
although it did not affect PFS [45]. Typically, these inhibitors are used in relapsed BC as a
second-line treatment to induce cell death and inhibit cancer cell proliferation.

Another HER-2-targeted therapy is based on small tyrosine kinase inhibitors (TKIs),
such as Neratinib, Lapatinib, Tucatinib and Afatinib [46,47]. These inhibitors are used
in advanced or relapsed HER-2+ BC as a second-line treatment and are able to inhibit
HER-2 receptor kinase activity. Neratinib, which has been validated in combination with
Capecitabine in advanced or metastatic HER-2+ BC [46,48–50], has resulted in a higher
rate of pathological complete response (pCR) in comparison to TZ plus chemotherapy [48].
Moreover, Lapatinib in combination with Capecitabine has improved the OS in patients
previously treated with TZ and standard chemotherapy [51], although mechanisms of
resistance often arise.
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Since increased levels of tumor-infiltrating lymphocytes (TILs) in HER-2+ BC have
been associated with a higher rate of pCR, good prognosis and improved survival after
neoadjuvant chemotherapy [52], an immunotherapeutic approach has also been proposed
in the last few decades. Indeed, the expression of PD-L1 in HER-2+ BC is associated with
increased OS [53] and monoclonal antibodies such as, Atezolizumab, Pembrolizumab,
Nivolumab, directed against PD-1 receptor and its ligand PD-L1, are able to restore antitu-
moral immunity [54–56].

3. Nanotechnological Strategies to Target HER-2 Receptor

Despite the available HER-2 targeted therapies described above, a significant fraction
of patients relapse or progress due to the escape mechanisms adopted by HER-2+ cancer
cells in response to inhibitory therapies. Nanotechnology promises to overcome some
of these clinical challenges by the development of novel HER-2-guided nanosystems
suitable as powerful tools in cancer imaging, targeting and therapy [57]. During the past
10 years, there has been an increase in the number of scientific publications based on
nanotechnological strategies addressing HER-2+ BC specifically [58]. Hence, our intention
is to propose a comprehensive review concerning the main approaches for therapy and
diagnosis to fight HER-2+ BC developed in the last decade.

Most engineered NPs developed for HER-2+ BC therapy take advantage of HER-2
receptor targeting strategies. Active targeting techniques have been employed by applying
ligands to NP surfaces, such as antibodies, peptides and aptamers, that selectively recognize
overexpressed receptors on cancer cells. This is aimed at accumulating the nanosystem
in the cancer-affected areas, as well as favoring controlled and specific internalization in
tumor cells, resulting in enhanced therapeutic efficacy [57]. Achieving specific targeting is
so crucial that researchers constantly propose new strategies to drive the HER-2 targeting
process. As said, the plethora of proposed solutions is so wide that finding the most robust
ones to guide further translational research is an extremely hard task.

Here, we describe the most recent and successful strategies used to functionalize NPs
with specific HER-2 targeting agents (Figure 1I–IV). As this is strictly related to improving
the interactions of these agents with their target cells, this section is mainly focused on
approaches involving in vitro research and, when available, we provide a short description
of their in vivo application.
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Figure 1. Strategies for HER-2+ BC therapy (I) NPs functionalized with HER-2 targeting ligands
ensure a specific targeting into HER-2+ cancer cells; (II) NPs can vehicle chemotherapeutic drugs
or cytotoxic agents into HER-2+ cancer cells; (III) NPs functionalized with photothermal agents
can promote local radiation to obtain tumor ablation; (IV) NPs can deliver nucleic acids or gene
silencing molecules to enable gene expression regulation and overcome the insurgence of resistance
to conventional therapies.
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3.1. Antibodies as Ligands to Target HER-2+ Cancer Cells

Therapeutic antibodies are widely employed in the surface functionalization of tar-
geted nanosystems that can vehicle chemotherapeutic drugs, gene silencing agents or
diagnostic molecules for the diagnosis and treatment of HER-2+ cancer cells [59]. These
antibodies can be anchored to different types of NPs through two main approaches: ad-
sorption or covalent conjugation [57,60]. Functionalization through adsorption methods is
simpler, compared to covalent binding strategies, but is less stable. On the other hand, it
can facilitate the release of the mAb in the tumor site, enforcing its anti-cancer activity [61].
However, adsorption methods require greater amounts of mAb resulting in a more expen-
sive procedure. Otherwise, covalent binding provides excellent reproducibility and is less
subject to spontaneous disassembly. Moreover, covalent binding can be used to obtain
orderly antibody orientation when compared with adsorption, since it takes advantage of
different conjugation strategies such as carbodiimide chemistry, maleimide chemistry and
click chemistry [57,60,62].

TZ is the most widely explored mAb to obtain HER-2 targeted nanosystems for BC
therapy [57,61]. In the next paragraph, we focus on the plethora of NPs exploiting TZ
conjugation proposed in the last decade.

Several gold-based NPs, such as nanospheres [63–65] and nanorods [66] covalently
conjugated with TZ have been proposed to specifically target the HER-2 receptor. In
addition, different kinds of polymeric NPs take advantage of the targeting mediated
by TZ. Zhang et al. proposed an example of lipid-polymer hybrid NPs electrostatically
conjugated with TZ [67], while a similar approach was applied to a novel NP delivery
system obtained from polyethylenimine (PEI) and poly (D,L-lactide-co-glycolide) (PLGA)
by Yu et al. [68]. Other examples of polymeric NPs exploited a covalent conjugation with
TZ to specifically interact with the HER-2 receptor in HER-2+ BC [69–71], while Dominguez-
Ríos et al. proposed a solution based on an HER-2-targeted PLGA nanoplatform covalently
biofunctionalized with TZ for HER-2+ ovarian cancer [72]. Moreover, magnetic [73,74],
carbon-based [75,76] and protein-based [77] NPs conjugated with TZ have been studied.

One of the main advantages of functionalizing NPs with TZ is that the mAb is com-
mercially available, it has been widely used at a clinical level, and its activity is widely
demonstrated. On the other hand, one of the main disadvantages of such an approach
is the high molecular weight of TZ (approximately 148 kDa) and its relatively large size
(around 12 nm) that might significantly modify the physicochemical characteristics of the
smallest NPs, and hence their biodistribution. TZ could be used with more success to
functionalize bigger NPs, such as polymeric ones that are ten times bigger than the mAb.
Another limitation is rapid blood clearance due to increased reticuloendothelial system
kidnapping of full antibody-targeted NPs mediated by the Fc recognition site expressed
by antigen-presenting cells [78]. Finally, due to their high affinity, anti-HER-2 mAbs can
bind HER-2 receptors not only on cancer cells, but also on healthy cells. This specific
yet non-selective binding to HER-2 receptors on healthy cells can lead to a reduction in
drug concentration at the tumor site coupled with undesired toxic effects in off-target
cells/organs [79].

3.2. Nanobodies and Antibody-Fragments as Ligands to Target HER-2+ Cancer Cells

As an alternative to the use of whole mAbs such as TZ, nanobodies and antibody
fragments can be used to address HER-2+ BC [80,81]. Indeed, these molecules, smaller
in size, succeeded in improving targeting and anticancer activity, since they interfere to a
limited extent with the physical and chemical features of the NP [59]. In contrast to what is
observed with full antibody-targeted NPs, smaller antibody fragments seem to provide
enhanced pharmacokinetic profiles and increased tumor tissue penetration [78,80,82].

Among small targeting moieties exploitable to address the HER-2 receptor, single-
domain antibodies (sdAb), also known as nanobodies, were recently proposed for their
interesting properties [81,83]. Nanobodies are small antigen-binding fragments (~15 kDa)
derived from heavy-chain only antibodies present in camelids [84]. It has been reported
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that these types of molecules display low immunogenicity due to their similarity to human
immunoglobulin heavy-chain (VH) sequences, and improved penetration into solid tumors
due to their smaller size. Moreover, they have increased solubility and stability compared to
full-size human/humanized monoclonal antibodies. Nanobodies targeting a wide range of
receptors, including HER-2, have been developed. The HER-2-targeted nanobody 11A4 was
used to achieve improved and selective uptake of polymeric NPs in HER-2+ BC cells SKBR-
3 as compared to HER-2- MDA.MB.231 cells [84], while the sdAb C7b conjugated to silica
NPs has been used to delivery drugs, imaging and theranostic agents [81]. Indeed, in vitro
studies in SKBR-3 demonstrated a significantly higher uptake of the silica-based-C7b
NPs compared to HER-2- larynx carcinoma Hep2 cells, and an improved performance in
photodynamic treatment in an SKBR-3 xenograft murine model [81].

As an alternative to nanobodies, the use of antibody fragments (Fab) has been eval-
uated as an HER-2 targeting tool. Similar to nanobodies, Fab are reported to be less
immunogenic and, due to their reduced size, should be less prone to alter the physicochem-
ical properties of NPs. Fab obtained by papain cleavage of TZ (TmAb) and panitumumab
(PmAb) was employed by Houdaihed et al. to obtain targeted polymeric NPs [80]. In
another study, silica NPs were conjugated with the anti-HER-2 Fab-6His, finely tuning
ligand density and orientation. In these NPs, the modulation of ligand density and orienta-
tion were demonstrated to reduce protein corona formation and to affect specific targeting
towards SKBR-3 HER-2+ BC in vitro, improving NPs targeting efficacy upon increasing the
Fab density [85]. The superiority of Fabs compared to full mAbs as NP targeting molecules
was clearly demonstrated by Duan et al. in vitro and in vivo. They compared targeting
and accumulation of PLGA-PEG NPs loaded with curcumin and functionalized with full
TZ or a particular TZ Fab in BT-474 HER-2+ against MDA-MB-231 HER-2− BC cells. The
authors reported a five-fold increase in NP accumulation into the tumor mass of heterotopic
BT-474 tumor-bearing BALB/c mice when functionalized with the Fab as compared to the
full antibody [78].

Single-chain variable fragments (scFv) derived from TZ have also been studied as
targeting entities. Recently, Shi et al. reported the development of cell-derived exosome NPs
genetically engineered to display two different mAb on the surface. Due to the presence of
both anti-human CD3 and anti-human HER-2 derived scFv, this nanostrategy is capable of
simultaneously targeting T-cell surface CD3 and cancer cell-associated HER-2 receptors,
exhibiting enhanced and specific anti-tumor activity, both in vitro and in vivo, compared
to SKBR-3, HCC 1954 HER-2+ and MDA-MB-468 HER-2− BC cells using an HCC 1954
xenograft tumor model [86].

3.3. Peptides, Aptamers and Ankyrins as Ligands to Target HER-2+ Cancer Cells

Among targeting molecules, small peptides derived from TZ have been considered
another alternative NP functionalization strategy [79]. The anti-HER-2 peptide AHNP is
a small exocyclic peptide derived from TZ. It is able to bind to the HER-2 receptor with
high affinity (Kd = 150 nM), inhibiting effectively the receptor’s kinase activity [87–89].
This peptide was recently exploited as a targeting moiety for different kinds of NPs: a
polymeric nanoconstruct bearing HER-2 specific antisense oligonucleotides [88], liposo-
mal NPs [79] and iron oxide NPs [89]. An innovative approach was proposed by Zhang
et al. that uses non-toxic transformable peptides able to self-assemble into micelles under
aqueous conditions, following interaction with HER-2 on HER-2+ BC cells [90]. Another
strategy exploited to target HER-2 is represented by the use of aptamers. These consist of
single-stranded DNA or RNA with unique tertiary structures that allow them to specifically
bind to target molecules [91]. Smaller size, low immunogenicity, good tissue penetration
and easy manipulation are prominent features for their use. Moreover, the implementation
of aptamers to functionalize NPs holds great promise for targeted drug delivery and cancer
therapy [92]. Recently, several aptamer-decorated NPs have been designed to address HER-
2+ BC. Gold nanoconstructs conjugated with anti-HER-2 aptamers have demonstrated the
ability to recognize HER-2 on SKBR-3 cells and then to be internalized via HER-2-mediated
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endocytosis. Accumulation of these complexes in lysosomes resulted in accelerated degra-
dation of HER-2 and the suppression of cancer cell growth [93]. In addition, pH-responsive
mesoporous silica NPs functionalized with anti-HER-2 aptamers [94], and albumin NPs
decorated with a new DNA aptamer named HB5, obtained by exponential enrichment
technology, have also been proposed [92]. Moreover, DNA-based nanorobots functional-
ized with anti-HER-a aptamers have been developed. Ma and coworkers designed and
explored in vitro the potential of SKBR-3 cells with a tetrahedral framework of nucleic acids
decorated with an anti-HER-2 aptamer, and showed that the construct is able to specifically
target HER-2+ BC in SKBR-3 cells and induce lysosomal degradation of HER-2 [95].

An interesting targeting strategy as an alternative to antibodies, is the use of designed
ankyrin repeat proteins (DARPins). Ankyrins are naturally occurring proteins that act as a
link between a variety of cell membrane proteins and the spectrin-actin cytoskeleton in a
non-immunoglobulin-based approach [96]. DARPins are recombinant engineered binding
proteins with a binding affinity comparable to antibodies, but with smaller size, higher
stability, and cheaper production methods [97,98]. A DARPins-based drug (Abicipar pegol)
is now under clinical evaluation for age-related macular degeneration [99]. In the context
of HER-2+ BC, several DARPins have been shown to bind to different extracellular HER-2
domains with low nanomolar affinity and extremely high specificity. This was confirmed
in both highly overexpressing SKBR-3 cells and mildly overexpressing MCF7 cells [100].
Moreover, DARPins were used to evaluate HER-2 expression in paraffin embedded tissues
from cancer patients, showing again high specificity and equivalence with traditional anti
HER-2 immunoistochemistry [101]. In vivo experiments with CD1-FOXn1/nu SK-OV-
3 bearing mice showed that by PEGylating DAPRins, their biodistribution and a high
tumor-blood ratio but were affected by a rapid clearance, while PEGylated DAPRins had
much slower clearance that, on one hand, further increased tumor accumulation, but on
the other hand decreased the tumor-blood ratio [102]. In this context, DARPins have
been used to functionalize different types of NPs, including magnetic and paramagnetic
NPs, gold nanorods, and polymeric NPs as novel diagnostic, therapeutic and theranostic
agents [103–105]

Finally, an interesting approach exploits NPs obtained from molecularly imprinted
polymers that obstruct the HER-2 signaling by blocking the dimerization site of HER-2
receptors and thereby suppressing the growth of SKBR-3 HER-2+ BC as compared to MCF-7
HER-2 basal cells. These imprinted NPs target HER-2 via binding to its glycans differently
from the other biochemicals and chemicals, which target HER-2 by binding to one of its
domains or sub-domains [106].

In summary, among all the different classes of HER-2+ BC targeting nanoagents, it
is still impossible to identify the winning strategy. The choice should depend on the
final intended application and NP of election. It has already been discussed that small
NPs could not be functionalized with whole antibodies without the risk of altering their
pharmacokinetics and stability profiles. In parallel, if NPs are developed with a therapeutic
goal, the targeting agent should retain the same anticancer activity observed for TZ. Having
said that, all reported results seem very interesting and promising and a new class of
nanoagents able to specifically target HER-2+ BC to deliver cytotoxic or contrast agents
would allow us to solve two major unmet clinical needs: (i) the insurgence of resistance
mechanisms to available TZ-based targeted therapies and (ii) the difficulties encountered
in the process of diagnosis. In this context, the difficulties that physicians have in precisely
quantifying HER-2 levels in patients still limit the prescription of proper treatments and
the prediction of their efficacy [107]. Both these aspects are evaluated in detail in the
following paragraphs.
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4. Nanotechnological Strategies for the Treatment of HER-2+ BC
4.1. Strategies to Deliver Chemotherapeutic Drugs and Other Cytotoxic Agents

In recent years, NPs functionalized with the above-mentioned HER-2 targeting ligands
have been exploited to deliver different kinds of therapeutic agents in HER-2+ BC. The vast
majority of them have been investigated by in vitro assays at the preclinical level.

Among these, we can find several interesting and convincing works, as summarized in
Table 1and Table 2. TZ-coated polymer-based NPs loaded with docetaxel showed increased
target selectivity, cellular uptake, and cytotoxicity in HER-2+ BT474 cells but not in HER-2−

control cells [67]. Cisplatin-loaded lipid, and/or polymer-based NPs, displayed higher
in vitro efficacy in comparison to non-targeted NPs and free drug only in HER-2+ SKOV-3
but not in HER-2− HCC70 cells [71]. Doxorubicin (DOX), widely exploited for therapeutic
purposes in HER-2+ BC, has been loaded into polymeric NPs functionalized with an anti-
HER-2 antibody and displayed higher cytotoxicity toward HER-2+ MCF7 cancer cells
than both non-targeted DOX-NPs and free DOX, without significantly damaging healthy
cells [69]. Moreover, novel pH-sensitive, aptamer-conjugated mesoporous silica NPs loaded
with DOX were described by Shen et al. These NPs released the drug in a pH-dependent
manner, along with effective uptake and enhanced cytotoxic effects in HER-2+ BC SKBR-
3 cells [94]. Several HER-2-targeted polymeric NPs have been studied in vitro for the
delivery of paclitaxel (PTX), either alone [68] or in combination with everolimus [74]. PTX
has also been delivered to HER-2+ BC SKBR-3 cells using iron oxide NPs conjugated with
an anti-HER-2/neu peptide, or using worm-like nanocrystal micelles functionalized with
TZ [70].

Other works describe the in vivo efficacy of HER-2-targeted NPs loaded with chemother-
apeutics. Pegylated carbon-based NPs conjugated with TZ and loaded with DOX have
been proposed as well. These NPs are stable under physiological pH conditions but, in
presence of the lower tumor environment pH and following endocytosis, DOX is released in
a controlled manner resulting in high uptake and activity in vitro and in vivo in HER-2+ BC
(SKBR-3 models) [75]. Finally, pegylated DOX liposomes conjugated with an anti-HER-2
peptide [108] or with an anti-HER-2 affibody [109] demonstrated good potential in the
treatment of a TUBO HER-2+ BC model in vivo.

HER-2-targeted NPs have been exploited for intratumor delivery of the ribosome-
inactivating protein saporin [84]. PLGA NPs decorated with HER-2 nanobody and loaded
with saporin selectively induced cell death of SKBR-3 cells in combination with Photochem-
ical Internalization (PCI). This technique uses a photosensitizer and local light exposure to
trigger endosomal escape of entrapped nanocarriers [84].

Another drug encapsulated in TZ-functionalized polymeric NPs is the anti-SRC kinase
inhibitor Dasatinib. In this case, the nanoformulation improves its in vitro cytotoxicity
against BT474 HER-2+ BC cell lines [110]. Curcumin has also been nanoformulated and
exploited for BC treatment using SKBR-3 human serum albumin NPs decorated with an
anti HER-2 aptamer [92].

An albumin nanoformulation for the delivery of Lapatinib has been suggested, too.
The ability of being internalized and inducing apoptosis was confirmed in SKBR-3 cells and
stronger anti-tumor efficacy compared to lapatinib alone was determined in tumor-bearing
mice with no sub-chronic toxicity [111].

4.2. Strategies to Vehicle Nucleic Acids or Gene Silencing Molecules

Short interfering RNA (siRNA) molecules are a class of double-stranded non-coding
RNA molecules. In recent years, they have been extensively studied in BC as an emerging
class of drug, since they are able to regulate gene expression. With the use of siRNAs, it
is possible to inhibit specific genes and perform cancer treatment of undruggable targets.
However, siRNAs cannot not be employed in vivo as such, since they are affected by in-
herent instability [112]. In the attempt to overcome issues of resistance to conventional
therapies, Gu et al. developed mesoporous silica NPs conjugated with HER-2-targeting
antibodies to deliver HER-2 siRNA, demonstrating in vitro that HER-2+ BC cells usu-
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ally do not develop resistance to HER-2 siRNA compared to TZ or lapatinib. Moreover,
this siRNA can silence HER-2 at the mRNA level, preventing adaptational changes and
survival mechanisms in BT474, SKBR-3 and HCC1954 cells. The authors conclude that
ablation of HER-2 receptor using HER-2 siRNA [113] could overcome the reactivation of
signaling in a BT474 in vivo model, typical of cells resistant to different chemotherapies
(e.g., lapatinib) [114,115].

Cristofolini at al. studied a magnetic hybrid nanostructure of iron oxide stabilized
by caffeic acid coating for magnetic responsive delivery of negatively charged siRNA
entrapped in a middle layer of calcium phosphate. This structure, externally coated with
PEG to improve colloidal stability and evading immune system recognition, is able to
enhance the delivery of HER-2 siRNAs to a human HCC1954 BC cell line in vitro [116]. In
another work, siRNA delivery was improved by assembling RNA-based NPs designed to
resist nucleases. This novel nanostructure has highly efficient gene silencing ability, tumor
targeting specificity, and chemical and thermal stability. In addition, a 2′-F-modified 3WJ-
HER-2aptasiXBPI siRNA has been incorporated in the NPs, becoming more metabolically
and structurally stable and displaying a higher renal filtration clearance [117].

Another advantage of using NPs is the possibility of co-loading them with more than
one agent to perform a dual therapy. Indeed, the combination of a newly developed HER-3
siRNA and TZ has been used for the treatment of HER-2+ BC using polyethyleneimine-
functionalized carbon dots. Overexpression of HER-3, a member of ErbB receptor family,
is associated with TZ resistance. In recent studies, it has been demonstrated that siRNAs
that targets HER-3 can increase antitumoral efficacy of TZ in HER-2+ cancer cells. There-
fore, a combination therapy of TZ and an HER-3 specific siRNA is effective in blocking
HER-2/HER-3 signals, since increased tumor penetration downregulates HER-3 overex-
pression and is able to inhibit proliferation of BT474 cells without inducing resistance to
the therapy [76].

Another study reported the use of a polymalic acid-based mini nanodrug attached to
HER-2-specific antisense oligonucleotides and peptides able to target HER-2 receptors on
BT474 cells [88]. Here, the authors claim that the shape and size of their mini nanodrugs
are important in enhancing penetration of multiple bio-barriers by the nanoconstructs to
enhance their therapeutic efficacy.

Finally, NPs have been used to deliver the mRNA of TZ in vivo to overcome many
of the gaps in antibody production and therapeutic application. The mRNA encoding for
TZ was protected from degradation by encapsulation into lipid-based NPs designed to
allow liver-targeted production of TZ. In this way, prolonged expression of full-size TZ
was achieved in the liver, providing an effective cancer treatment and offering a valuable
alternative to protein administration [118].

4.3. Nanostrategies to Improve Radiation Efficacy in HER-2+ Tumors

Radiation therapy is widely used both in the treatment of early and advanced stage BC
and as palliative treatment to mitigate pain in patients with metastatic BC. This procedure
takes advantage of high energy beams to kill cancer cells and shrink tumor masses.

Gold pegylated NPs linked to TZ and complexed with Auger electron-emitter 111In,
showed inhibition of tumor growth in vitro and in vivo (SKBR-3 models) without toxicity
to normal tissues. In addition, the author showed the critical role of functionalization in
increasing the internalization capacity of NPs in HER-2+ cells [64]. In another report, TZ-
modified AuNPs labeled with 177Lu were developed to target the HER-2 receptor on SKBR-3
and BT474 BC cells, and were more effective in inhibiting tumor growth in vivo compared
with non-targeted AuNP-177Lu [119]. Magnetite NPs can be exploited in antitumor local
radiation. Modifying the magnetite core using α emitter 225Ac, it is possible to obtain a
combination of ionizing radiation and magnetic hyperthermia in a single drug, while the
TZ conjugation confers tumor targeting specificity in SKOV-3 cells [73].

A completely new radiation therapy, named α-nanobrachytherapy, has been proposed
for solid unresectable tumors. This approach has been utilized for selective therapy of
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HER-2+ BC and involves the injection of 5 nm diameter gold NPs labeled with an 211At
emitter, and the α irradiation of bismuth target. NPs used in this approach are stabilized
with PEG and conjugated with TZ to achieve target selectivity. 211At-AuNPs-PEG-TZ can
be effectively used as a local therapy for HER-2+ cancers, as suggested by in vitro studies
with ovarian SKOV-3 cancer cells [65].

Radioactive upconversion NPs (UPNPs) coupled with the beta-emitting radionuclide
yttrium-90 (90Y) and functionalized with specific DARPins binding HER-2 (DARPIn 9-29)
were shown to improve therapeutic efficacy in SK-BR-3 HER-2+ cells compared to HER-2−

CHO cells. Moreover, these NPs confirmed their therapeutic activity in HER-2 xenograft
tumors in vivo, where they delayed and reduced tumor growth after intratumor injec-
tion [120]. Even if promising, this approach should be further improved by carefully
evaluating off-target toxicity after systemic administration.

Another emerging field of local radiation is represented by photothermal therapy
(PTT). PTT is a minimally-invasive therapeutic approach based on the toxic effect produced
when specific photothermal agents that accumulate into the tumor are locally irradiated
with an external source to convert this energy into heat that shrinks the tumor mass. NPs
with the ability of specific tumor accumulation and high photothermal conversion rate have
been proposed to improve PTT efficacy. Among these, gold nanorods display interesting
properties. Indeed, by tailoring the size and shape of nanorods it is possible to tune the near
infrared wavelength of absorption, transforming them into extremely good photothermal
agents [66]. However, bare gold nanorods cannot effectively target the tumor, thus limiting
their efficacy. Therefore, Kang et al. designed gold nanorods (GNRs) functionalized with TZ
and porphyrin, obtaining improved targeting specificity and significantly higher inhibition
of tumor growth in a BT474 xenograft in vivo model [66]. This study showed how GNRs
represent a promising tool for the treatment of HER-2+ BC. DARPins have also been used
as targeting moieties to improve SKBR-3 HER-2+ cell accumulation of UCNPs to be used
as PTT agents. This approach was confirmed in vivo in a Lewis lung cancer (LLC) mouse
model, in which the administration of functionalized UPNCs reduced tumor growth after
a single laser irradiation [121].

Table 1. Summary of all significant examples of organic NPs developed for HER-2+ BC therapy.

Mechanism of Action and
Targeting Molecule Achievements NP Type Reference

A
nt

ib
od

ie
s

Targeted delivery of anticancer
drug. TZ (LuyePharma, Yantai,

China/Genentech,
South San Francisco, CA, USA)

- Increment of anticancer
activity, decrease of toxicity
towards healthy cells

- Lower chemotherapeutic
dose required for treatment

Polymeric/lipid in vitro [67–71]

Delivery of in vitro-transcribed
mRNA coding for TZ

- Improved PK profile
- Suppression of

tumor growth
- Reduction of off-

target effects

Lipid in vitro—in vivo [118]

Targeted delivery of anticancer
drug. TZ (Roche,

Basel, Switzerland)

- Prevention of
chemoresistance

- Higher cytotoxicity on
cancer cells

Polymeric in vitro [72]

Release of anticancer drug in
combination with TZ (Roche,

Basel, Switzerland)

- Effective neoadjuvant
therapy with
reduced toxicity

Albumin-bound
Paclitaxel
(nab-PTX)

clinical trial [77]

Targeted delivery of anticancer
drug. TZ (Roche,

Basel, Switzerland)

- Improved NP stability
- Induction of apoptosis and

cell cycle arrest
Polymeric in vitro [110]
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Table 1. Cont.

Mechanism of Action and
Targeting Molecule Achievements NP Type Reference

N
an

ob
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ie
s

an
d

an
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bo
di

es
fr

ag
m

en
ts

(F
ab

)

Dual-targeted delivery of
chemotherapeutics to HER-2 and

EGFR. TZ—Panitumumab Fab
fragments (In-house

recombinant production)

- Enhanced tumor
accumulation

- Higher cellular
internalization
and cytotoxicity

Polymeric in vitro [80]

Targeted delivery of cytotoxic
molecule after photochemical
internalization. 11A4-nanobody

(In-house recombinant production)

- Selective uptake
- Strong inhibition of

cell proliferation
Polymeric in vitro [84]

Targeted delivery of cytotoxic
agent. TZ fragment (Genentech,
South San Francisco, CA, USA)

- Enhanced cellular
accumulation and
higher cytotoxicity

- Higher tumor permeability
and in vivo half-life

Polymeric in vitro—in vivo [78]

Induction of tumor specific
immune response.

anti-HER2-anti-CD3 dual-scFv

- Enhanced stability
- Controlled

antitumor immunity
- Minimal toxicity

and immunogenicity

Cell-derived
exosome in vitro—in vivo [86]

Pe
pt

id
es

Delivery of antisense
oligonucleotide.

NH2-PEG200-AHNP

- Prevention of HER2
receptor synthesis

- Inhibition of cancer
cell proliferation

- Reduction of
tumor growth

Polymeric in vitro—in vivo [88]

Targeted delivery of cytotoxic
agent. HER2pep

YCDGFYACY-MDV (In-house
recombinant production)

- Higher binding activity to
cancer cells and
endocytosis of the drug

- in vivo anti-tumor efficacy
with minimal toxicity

Liposome in vitro—in vivo [79]

Generation of nanofibers able to
disrupt HER2 dimerization.

HER2pep BP-FFVLK-
YCDGFYACYMDV

- Induction of cancer
cell apoptosis

- Effective in mouse
xenograft model

Peptide-based in vitro—in vivo [90]

Targeted delivery of anticancer
drug. AHNP

(FCDGFYACYADVGGG)

- Higher uptake in
tumor cells

- Increased cytotoxicity and
prevention of
tumor growth

Liposome in vitro—in vivo [108]

A
pt

am
er

s

Targeted delivery of anticancer
molecule. HB5 DNA aptamer

- Good size distribution,
solubility and long
erm stability

- Higher cytotoxic effect

Albumin-based in vitro [92]

XBP1 deletion by therapeutic
siRNA delivery. 3WJ-HER2

aptamer (In-house
recombinant production)

- Higher tumor cell targeting
and lower binding to
heathy tissues

- Increased gene silencing,
suppression of tumor
growth and prevention of
drug resistance

RNA-based in vitro—in vivo [117]

Lysosomal degradation of
membrane protein HER-2. HApt

aptamer (TaKaRa Ostu, Japan)

- Induction of cell apoptosis
and inhibition of cell
proliferation

- Enhanced stability and
circulation time

DNA nanorobot in vitro—in vivo [95]
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Table 2. Summary of all significant examples of inorganic NPs developed for HER-2+ BC therapy.

Mechanism of Action and
Targeting Molecule Achievements NP Type Reference

A
nt

ib
od

ie
s

Intratumor retention leading
to an immune response

activation. TZ (Genentech,
South San Francisco, CA, USA)

- Antitumor immune
response without
requiring a
therapeutic payload

- Reduced tumor growth

Iron oxide in vitro—in vivo [74]

Targeted photothermal
ablation by near-infrared laser.
TZ (Roche, Basel, Switzerland)

- Enhanced
targeting specificity

- Inhibition of
tumor growth

- Limited damaging to
surrounding tissues

Gold nanorods in vitro—in vivo [66]

Selective targeting of HER-2
Increase of pro-apoptotic

proteins. TZ (Roche,
Basel, Switzerland)

- Higher stability and
cellular internalization

- Higher cytotoxicity
related to
survival-proliferation
pathways decrease

Gold nanospheres in vitro [63]

HER-2 gene silencing by
siRNA delivery. TZ (Roche,

Basel, Switzerland)

- Reduced proliferation
and prevention of tumor
initiating cells

- More durable inhibition
than existing therapeutic
monoclonal antibodies
and small molecules

Carbon
dots/mesoporous

silica
in vitro [76,114]

Radio-immunotherapy
Magnetic hyperthermia. TZ

(Roche, Basel, Switzerland)

- Enhanced cytotoxicity
due to internal
irradiation

- Suitable for destroying
micrometastatic cancer
cells thanks to the
reduced size

Superparamagnetic
iron oxide in vitro—in vivo [73]

Antitumor local radiation. TZ
(Roche, Basel, Switzerland)

- Specific tumor cell
binding and
internalization and
higher cytotoxicity

- Inhibition of
tumor growth

- Suitable for the
elimination of single
micrometastatic
cancer cells

Gold NPs in vitro—in vivo [64,65,119]

Targeted delivery of
anticancer molecule. TZ
(Roche, Basel, Switzerland)

- Higher cellular uptake
and lower toxicity

- Efficient inhibition of
antitumor activity

Carbon-based in vitro—in vivo [75]
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Table 2. Cont.

Mechanism of Action and
Targeting Molecule Achievements NP Type Reference

N
an

ob
od

ie
s

an
d

an
ti

bo
di

es
fr

ag
m

en
ts

(F
ab

)

Local irradiation (PDT).
sdAb C7b

(In-house recombinant
production)

- Higher uptake rate
- Local hyperaemia,

oedema, necrosis after
the first irradiation

- Modest effect of PDT

Silica in vitro—in vivo [81]

Improved targeting due to the
reduced protein corona
formation. Anti-HER2

Fab-6His (Hangzhou HealSun
Biopharm Co., Ltd.,
Zhejiang, China)

- Enhanced
cytotoxic effect Silica in vitro [85]

Pe
pt

id
es

Targeted delivery of
anticancer molecule

Inhibition of kinase activity.
AHNP (GenScript Inc.,
Piscataway, NJ, USA)

- Great stability in
biological medium
thanks to size and
uniform shape

- Improved targeted
delivery of drug in vivo
and in vitro

Iron oxide in vitro—in vivo [89]

A
pt

am
er

s

Targeted delivery of
anticancer molecule

Downregulation of HER-2
Hapt is also an antagonist

Synergic mechanism. HApt
aptamer (Sangon Biotech Co.,

Ltd., Shanghai, China)

- Inhibition of cell
proliferation by
induction of apoptosis

Mesoporous silica
nanocarrier in vitro [94]

Downregulation of HER-2.
(HApt aptamer IDA Inc.,

Coralville, IA, USA)

- Efficient
lysosomal targeting

- Inhibition of cell
proliferation

- Suitable for
PTT applications

Gold nanostars in vivo [93]

D
A

R
Pi

ns

Targeted delivery of 90Y
radionuclides and toxins.

DARPin_9.29 (in-house
recombinant production)

- Specific cytotoxicity of
DARPin-90Y-UPNPs in
SKBR-3 cells

- Reduced tumor growth
after 90Y-UPNPs
intratumoral injection
in vivo

Upcoversion NPs in vitro—in vivo [120]

Photothermal therapy.
DARPin_9.29 (in-house
recombinant production)

- Specific cytotoxicity in
SKBR-3 cells after
laser irradiation

- Reduced tumor growth
after laser irradiation
in vivo

Upcoversion NPs in vitro—in vivo [121]

5. Detection of HER-2+ BC: State of the Art and Clinical Needs

As already mentioned, HER-2 is an important clinical biomarker, as its overexpres-
sion or amplification is associated with greater aggressiveness and influences a patient’s
management [122,123]. Therefore, a precise quantification of HER-2 levels in patients is of
fundamental relevance to guide doctors in elaborating the proper therapeutic strategy and
predicting the response to therapy. The standard methods used in clinics to define HER-2
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positivity are: (i) IHC, and (ii) FISH and chromogenic in-situ hybridization (CISH). IHC
shows the amount of HER-2 protein in the sample, while FISH allows the determination of
the number of copies of HER-2 present in tumor cells [124]. CISH is a diagnostic method
that combines the chromogenic signal detection method of IHC techniques with in situ
hybridization [125].

Despite their wide use, these techniques have several limitations. First of all, IHC,
FISH and CISH are highly invasive since they require tissue biopsies. Furthermore, their
sensitivity and target specificity still need to be improved [125]. It has been reported
that about 20% of HER-2 positivity diagnoses made with the available standard methods
appear to be inaccurate [126,127]. Moreover, HER-2 expression in primary tumors and
metastases is highly discordant, with several reported cases of HER-2− primary and HER-
2+ metastases. Therefore, several biopsies should be made during the course of treatment,
at least in uncertain cases, and not all metastatic foci are available for sampling. In addition,
HER-2 gene overexpression may not correlated with protein levels, and FISH results may
underestimate HER-2 levels. These aspects may significantly contribute to imprecise
quantifications obtained by standard methods [128]. Based on these considerations, it
appears clear that the development of tools able to target HER-2 with high sensitivity, and
in a simple and accessible way, would be of great help to enable an early diagnosis of the
disease, thus guiding therapeutic choice and increasing the chances of survival [58]. These
targeting agents should be able to evaluate HER-2 levels in primary tumors and small
metastases, as well as working on circulating tumor cells to enable liquid biopsies [129].

6. Nanotechnological Approaches for HER-2+ BC Diagnosis

Recently, several nano-based approaches have emerged as promising candidates for
the detection and screening of HER-2+ BC, including organic and inorganic NPs, QDs and
aptamers (Table 3 and Figure 2) [58].
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6.1. Imaging Agents for Early Diagnosis and Tailored Therapy

Using innovative bioimaging techniques, HER-2-targeted NPs can allow oncologists to
evaluate HER-2 expression more precisely than with traditional methods and to elaborate
the correct therapeutic strategy more rapidly. The imaging techniques that have shown
the most promising results are computerized tomography (CT), positron emission tomog-
raphy (PET), single photon emission computed tomography (SPECT), ultrasounds (US),
magnetic resonance imaging (MRI) and optical imaging [58,130,131]. These techniques
have their own advantages and disadvantages. PET and SPECT have a much higher sensi-
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tivity compared to MRI, but much lower resolution and cannot provide any anatomical
information [132].

Most of the targeting agents exploit the anti-HER-2 humanized monoclonal antibodies
(Trastuzumab and Pertuzumab), mAbs, Fabs, scFv, etc. Labeling NPs with these targeting
moieties has the dual advantage of conferring stability to the targeting agent and loading a
single vector with many contrast agents, thus significantly increasing the specificity and
intensity of the signal [133]. Moreover, the possibility of modifying the physico-chemical
properties of the constructs, allows a much higher control of the biodistribution and
clearance kinetics, thus improving tumor retention and allowing prolonged imaging of the
tumor tissue [134].

6.1.1. Magnetic Resonance Imaging and Computerized Tomography

MRI is a widely diffused non-invasive imaging tool used in the clinics for diagnosis of
tumors. It is characterized by a high degree of soft tissue contrast, and spatial resolution
without any limitation due to signal depth. To increase contrast, exogenous contrast agents
are administered prior to scanning [132]. Chen et al., explored the possibilities of using
superparamagnetic iron oxide NPs modified with dextran and conjugated with Herceptin
for detecting HER2 in vitro and in vivo. The authors reported significant magnetic reso-
nance enhancements for the different BC cell lines tested proportional to the HER2/neu
expression level (SKBR-3, BT-474, MDA-MB-231, and MCF-7). When TZ–NPs were admin-
istered in vivo, the authors observed an accumulation of the contrast agent in the tumor
sites, confirming their suitability for detection of HER2/neu-expressing BC [135].

In another work, PEGylated SPIONs were exploited to target HER-2+ BC. The authors
functionalized the particles with a single chain variable fragment directed against HER-2
and labelled them with a Cyanine (Cy) based fluorescent tag to provide dual tracking
modality. These NPs demonstrated enhanced uptake into BC cells depending on their
HER-2 expression level (BT474, SKBR-3, MDA-MB-231 and MCF-7) [136]. These results,
together with their biodegradable nature and biocompatibility profile, represent prominent
features for their use in early BC diagnosis.

Another approach is so called “supersensitive magnetic resonance imaging”, that uses
contrast agents with a high R2 relaxivity (low T2, as R2 = 1/T2) to enhance imaging sensi-
tivity. In this context, Zhang et al., developed recombinant magnetosomes functionalized
with an anti-HER-2 affibody that showed high specificity only for the SKBR-3 HER-2+ BC
model up to 24h after IV administration. Interestingly, the immunogenicity of the complex
was controlled by chemically removing the lipid bilayer of the extracted magnetosome
with a non-pyrogenic stealth lipid mixture. Moreover, the highly negative zeta-potential
of the system (≈−20 mV) significantly reduced the nonspecific binding of magnetosomes
to non-target cells. These small details confer to the study an even stronger translation
potential toward safe clinical applications [137].

6.1.2. In Vivo Fluorescence Imaging

Fluorescence based techniques are widely used at a clinical level for all sorts of diag-
nostic assays. NIR infrared fluorescence bioimaging is emerging as a powerful technology
especially for fluorescence-guided surgery, with many dyes already used at a clinical level,
such as indocyanine green. Many tools are being tested preclinically, such as organic natural
fluorescent dyes, hybrid fluorescent dyes, protein dyes, polymer dots, and quantum dots.

Quantum dots (QDs) are characterized by a tunable and narrow fluorescence emission
spectrum, long lifetime and high optical stability compared to other organic fluorescent
dyes [138]. However, their clinical development is limited by toxicity issues, as they are
made using heavy metals [139]. Wei et al. developed a method for the identification of
HER-2+ BC using an HER-2 antibody with MnCuInS/ZnS QDs-loaded BSA fluorescence
NPs [140]. Interestingly, the authors developed a method to produce heavy metal-free QDs,
thus addressing the main concerns related to QD toxicity. In this work, the nanoprobe was
tested in HER-2+ SKBR-3 cells versus HER-2− MDA-MB-231 cells. After 4 h of incubation,
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the authors demonstrated by confocal microscopy that functionalized NPs were able to
specifically target HER-2+ cells with very low cytotoxicity. In another in vitro study, the
direct conjugation of the anti-HER-2 antibody to the QD surface for detection of the HER-2
receptor was investigated in HER-2+, and HER-2− cells. An increase in the uptake of
anti-HER-2-QD antibody conjugate was found only in SKBR-3 HER-2+ cells [141]. Wang
and colleagues screened two novel HER-2 targeting peptides, YLFFVFER and KLRLEWNR,
and conjugated them to quantum dots to specifically target HER-2+ in vivo in an SKBR-3
model [142]. Another study reported the possibility of using QDs conjugated with HER-2
targeting single-domain antibodies (sdAb), for detecting micrometastases and disseminated
HER-2+ tumor cells ex vivo [143].

Further, in vivo biodistribution and imaging studies will be important to confirm if
these promising results can be translated in clinics, carefully evaluating targeting specificity
and sensitivity, to detect single cells ex vivo.

6.1.3. Nuclear Medicine

Nuclear imaging techniques such as PET and SPECT represent powerful tools to
allow HER-2+ BC visualization. These have been the first clinically approved molecu-
lar imaging modalities and nowadays are widely diffused in clinical practice, with 18F-
fluorodeoxygluocse and 99mTc being the most common tracers used for PET and SPECT
respectively [130]. However, these agents lack any tumor specificity, and researchers have
been developing several engineered tracers with cancer targeting ability. In the case of
HER-2+ cancers, numerous studies have developed radiotracers conjugated with TZ, TZ
antibody fragments, affibodies, nanobodies and aptamers to allow specific tumor targeting.
Among these, Xavier C. et al. used 18F labelled with an anti HER-2 nanobody as a PET con-
trast agent and demonstrated a significantly higher tumor-to-blood ratio, at 1h and 3h after
injection, for the targeting tracer compared with non-targeting tracer in a SKOV-3 xenograft
model. All agents were quickly cleared through the kidneys [144]. Similarly, Ahlgren et al.
used anti HER-2 affibodies labelled with 99mTc as specific SPECT cancer imaging agents
in two in vivo BC xenograft models with different HER-2 expression. Interestingly, they
showed high tumor accumulation of the engineered probes 4h after injection, and this
was proportional to the HER-2 expression levels. Moreover, with a modification to the
C-terminal cysteine of the construct, they were able to reduce off-target liver uptake [145].

Although interesting, these solutions have limitations, such as low contrast and short
half-life, that limit the temporal window to obtain optimal imaging acquisitions. Due to
advantages offered by nanotechnology, such as high loading capacity and multiple surface
functionalization, it has been possible to develop radiolabeled probes with higher contrast
and favorable biodistribution kinetics compared to standard imaging probes [146]. How-
ever, most of the studies found in the literature rely on passive tumor targeting, mediated
by the so-called Enhanced Permeation and Retention (EPR) effect [147], while only a few
works exploit specific surface functionalization to enhance tumor targeting. An example
of specific tumor targeting in an HER-2+ BC attempt was described by Rainone et al. [148].
The authors developed 99mTc-radiolabeled silica NPs functionalized with a TZ half-chain
and verified the nanoprobe specific affinity with SKBR-3 HER-2+ BC cells in vitro, and in
the relative xenograft animal model ex vivo.

Tumor radioactivity was higher in animals treated with TZ -functionalized probes
as compared to non-functionalized ones. However, this difference was not statistically
significant since at longer time points the advantage of functionalization was lost [148].

These results suggest that further research needs to be done to optimize NP character-
istics and imaging set up to confirm the potential impact of nanotechnology in promoting
HER-2 targeting probes for nuclear imaging. Other studies have co-loaded nuclear medicine
radiolabels and chemotherapeutic agents inside the same nanocarriers to combine diagno-
sis and therapy in the so-called theranostic [149,150]. These are addressed in a dedicated
section at the end of this review (Section 7).
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6.1.4. Multimodal Hybrid Approaches

As previously said, all imaging techniques have intrinsic advantages and disadvan-
tages. A possible solution would be coupling more than one imaging approach within
the same nanoplatform. This is a very powerful approach that could lead to improved
diagnosis and should be explored in detail.

An early work using multimodal imaging was reported by Jang et al. [151]. The authors
used silica core shell NPs, both fluorescently and magnetically labelled, for fluorescence
imaging and MRI (in vitro). The particles were targeted with TZ and provided high contrast
in HER-2+ SKBR-3 cells. Even if very preliminary, these NPs could be interesting agents
for further multimodal in vivo imaging applications. Similarly, Li et al. used DARPin
G3-coated fluorescently labelled SPION for HER-2+ cells and a tumor model in vitro and
in in vivo, respectively. The authors showed that functionalized SPIONs had a significantly
higher binding with SKBR-3 HER-2+ cells than with MDA-MB-231 HER-2− ones. This
behaviour was also observed in mouse models, in which, by MRI, much higher contrast
in SKBR-3 tumor bearing mice than in MDA-MB-231 bearing mice was observed [104].
Interestingly, the DARPin G3 has a different binding site compared to TZ, suggesting that
DARPin G3 based HER-2 targeting ability should not be influenced by treatment with TZ.

Ultrasound molecular imaging has undergone significant evolution due to the devel-
opment of specific ultrasound contrast agents offering high tumor selectivity and high
sensitivity [152]. Li et al. used US and MRI in a SKBR-3 in an in vivo model to evaluate the
targeting ability and biodistribution of iron oxide-doped silica NPs functionalized with an
anti-HER-2 antibody. Even if the synthesized NPs had a short blood half-life (with a peak
60 min after administration) and high liver uptake, mainly due to their large size (diameter
of approximately 200 nm), the authors observed specific intratumoral accumulation of
NPs both by US and MRI within minutes after administration [153]. Even if the increase
in image contrast was not significant between the target and the control group, and the
possibility of visualizing metastases was not explored, the idea of coupling these two
imaging modalities is extremely interesting.

In another work by Chen et al., MRI was coupled with CT, demonstrating the possibil-
ity of specifically imaging an HER-2+ in vivo model with a generation 5 Polyamidoamine
(PAMAM) dendrimer covalently linked to gold NPs and gadolinium, and functionalized
with TZ [154]. The authors reported a significant increase in both MRI and CT contrast
(30% and 13% respectively) 4 h after IV administration of functionalized dendrimers, as
compared to non-functionalized ones. Biodistribution and MRI proved the persistence of
functionalized dendrimers in the tumor up to 48h, while the signal in non-target organs
started decreasing 4h after administration. The specificity and the possibility of such a
wide imaging window are the major strength of this nanotool, that may allow early and
non-invasive diagnosis of both HER-2+ primary tumors and metastases.

Other approaches to address HER-2+ BC, involve the use of SPIONs-Cy-PEG-scFv as
a targeted imaging agent in vivo. The authors reported a significant increase of MR signals
in BT474 HER-2+ tumor-bearing mice 24h after injection, compared to non-functionalized
NPs, indicating specificity scFv versus HER-2 overexpressing cells/tumors [136].

In 2018, Chen et al. showed how dual radio (89Zr)-labelled and fluorescently (Cy5.5)-
labelled ultra-small silica NPs functionalized with anti-HER-2 scFv fragments specifically
accumulated in HER-2+ BT474 tumors [155]. Perfectly aware of the off-target distribution
issue, the authors explored NPs with proper size and surface characteristics to avoid off-
target distribution in the liver and limited renal filtration. After 24h, the particles seemed
to reach a peak concentration in the tumor that was maintained at an approximately stable
level until 72 h after administration. By contrast, the off-target signal slightly decreased.
Results showed the highly specific tumor accumulation and clear targeting potential of
such NPs.
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6.2. Nano-Biosensors for the Detection of HER-2 Levels in Biological Fluids and Tissues

Another huge area of research is the development of novel nano-biosensors able to
detect and quantify HER-2 in blood or small tissue samples collected from patients. This
approach is of extreme interest and would allow an early diagnosis of HER-2+ BC, the
possibility of predicting recurrence, detecting metastases, and improving treatment regimen
in the case of low response and acquired resistance to target therapies [156].

6.2.1. Inorganic NPs-Based Nanosensors

A successful nanotechnological non-invasive approach for detecting and quantifying
HER-2 levels in serum samples obtained from patients was developed by Emami et al. [157].
The authors developed a label-free immunosensor consisting of pegylated iron oxide NPs
conjugated with anti-HER-2 antibodies. This non-invasive strategy was highly sensitive, re-
sponding to HER-2 concentrations over the ranges of 0.01–10 ng mL−1 and 10–100 ng mL−1.
In addition, the simplicity and accuracy of this method make it comparable to other meth-
ods responsive to HER-2.

Apart from the more diffused Iron Oxide Nanoparticles (IONPs), magnetite NPs have
been explored as magnetic nano-biosensors. In a preliminary report, Villegas-Serralta et al.
developed aminosilane-coated and dextran-coated magnetite nanoparticles (As-M and
Dx-M, respectively) conjugated with anti-HER-2 scFvs and evaluated their potential use as
biosensors for HER-2 detection using a magnetic based ELISA [158]. The authors showed
that As-M NPs were more efficient in scFv immobilization and had higher biomarker
targeting activity. An advantage of such an approach is that As-M were also detectable by
Raman-Spectroscopy, which is emerging as a very promising technique for HER-2 detection
and quantification. Yang et al., developed a novel surface-enhanced Raman scattering
(SERS) probe to distinguish between HER-2+ SKBR-3 cells and HER-2− MCF7 cells [159].
Gold NPs have also been employed as HER-2 nanosensors. Tao et al. developed a nanoplat-
form based on gold nanoclusters encapsulated into liposomes further functionalized with
an anti-HER-2 antibody or aptamer [160]. The authors proved that their cost-effective
nano-biosensor are highly biocompatible and can precisely quantify HER-2 levels in cell
suspensions and identify HER-2+ cancer cells on tissue slices. As compared to traditional
immunoassays, the main advantages of such an approach are related to the intrinsic robust-
ness of gold NPs and to the significantly higher sensitivity due to the high loading capacity
of gold NPS inside a single liposome.

Finally, examples of QDs-based HER-2 nanosensors can be found in the work by
Tabatabaei-Panah [161]. Herein, they provided the proof of concept of anti HER-2 func-
tionalized QDs as sensors to specifically bind HER-2 over-expressing SKBR-3 cells and
tumor tissues ex vivo. The authors used a homemade anti HER-2 antibody-biotin conju-
gate labelled with commercially available QDs (QD525, Invitrogen) in comparison with
FITC-labelled antibodies. In both in vitro and ex-vivo experiments, immunofluorescence
analysis showed that labelling with QDs improved the staining index (contrast between
specific HER-2 signal and background) by five times compared with FITC. These results
are remarkable, and the images in the paper are impressive. However, the authors fail to
provide sufficient evidence for the specific labelling of HER-2, since preliminary results
were not supported by further histopathological analyses.

6.2.2. Aptamers Based Nanosensors

Another approach for the detection of HER-2+ cancer cells in fluids and tissues is
based on the use of aptamer-based organic NPs. Gijs et al. discovered two DNA aptamers
(HeA2_1 and HeA2_3), by screening a library of ligands obtained by a whole-cell systematic
evolution and exponential enrichment (SELEX) method to bind HER-2 protein with high
specificity. Their results demonstrated that both aptamers possessed excellent binding
affinity to HER-2+ cell lines (SKOV-3 and SKBR-3) and an HER-2+ tumor tissue sample in
comparison to an MDA-MB-231 cell line (low HER-2 expression level) [162]. Chu et al.,
developed another HER-2 aptamer (HB5) using the SELEX approach. The HER-2 HB5
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aptamer was able to specifically bind to HER-2+ BC cells (SKBR-3) with minimal binding
to HER-2− cells (MDA-MB-231). Furthermore, an improved IHC method with an HB5
aptamer was investigated in clinical samples compared to other commercial kits approved
by the FDA for the evaluation of the HER-2 expression profile, demonstrating greater
efficacy and specificity than commercial kits [163].

Aptamers have also been developed by Kim et al. and used as plasmonic nanosensors
for HER-2 in biological fluids. In a preliminary study, the authors coupled anti-HER-2
specific aptamers to dopamine-coated gold nanorods and verified an extremely low limit
of detection, thus opening the way to super-sensitive detection methods [164].

7. Theranostics

The is great interest in multifunctional NPs that can be used as theranostic agents able
to: (i) specifically visualize primary tumors and metastases; (ii) to quantify HER-2 levels
allowing more accurate tumor stratification, and (iii) specifically deliver therapeutic agents
to HER-2+ tumors.

In this context, Zheng et al. reported the use of multivalent PLGA NPs loaded with
SPIONs and DOX, further labelled with gold NPs and Herceptin. These were used as MRI
and photoacoustic dual contrast agents to couple the advantages of both imaging tech-
niques. Furthermore, they promoted both DOX-driven chemotherapy and photothermal
therapy due to the presence of gold NPs on the surface of PLGA NPs. These NPs resulted
in a unique and complex nanosystem able to modulate immune responses and remodel the
tumor microenvironment in a BT474 xenograft model amplifying the antitumor therapeutic
effect [165].

Rainone et al. used fluorescent and 99mTc-radiolabeled silica NPs functionalized
with a TZ half-chain to specifically detect HER-2 overexpressing tumors. Moreover, they
loaded the NPs with DOX to simultaneously confer traceability and antitumoral properties
in comparison with liposomal DOX (Caelyx) [150]. The developed nanoagents could
be utilized as new theranostic agents for HER-2+ BC lesions. The authors showed high
accumulation of NPs in the SKBR-3 tumor mass within the first 4h of treatment, with a
fast decay and low tumoral specificity at later time points. This peculiar aspect should be
improved to grant longer tumor visualization and to allow the use of these NPs during
surgical procedures.

Choi et al. developed pluronic-based NPs functionalized with an anti-HER-2 antibody
and labeled with Cy5.5 to enable in vivo optical imaging. The authors co-loaded IONPs
and DOX to simultaneously couple MRI and chemotherapy. Specific cellular uptake was
studied in HER-2 overexpressing SKBR-3 cells. Moreover, in an in vivo xenograft tumor,
the developed herceptin-functionalized NPs showed higher tumor uptake and antitumor
efficacy compared to non-functionalized ones 14 days after treatment [166].

All these examples can be further improved in terms of cancer specificity, off target
distribution, and metastases detection to enhance their success in clinical translation. As a
general consideration, coupling early detection and therapy could provide an enormous
advantage toward future clinical applications to reduce intervention invasiveness and
improve treatment schedule.

Table 3. Summary of all significant examples of NPs developed for HER-2+ BC diagnosis.

Technique NP Type Achievements Reference

M
ag

ne
ti

c
R

es
on

an
ce

Im
ag

in
g

Herceptin-dextran iron oxide nanoparticles
(Roche, Basel, Switzerland)

- Low cytotoxicity
- Magnetic resonance enhancements

proportionally to the HER-2/neu
expression level in vitro

- Higher level of accumulation of the
contrast agent in tumors expressed the
HER-2/neu receptor

in vitro—in vivo [135]

SPIONs-Cy-PEG-scFv
(Recombinant scFv 4D5-Cys)

- Higher affinity and specificity in vitro
- Selective MRI labelling of HER-2+

tumors in vivo
in vitro—in vivo [136]
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Table 3. Cont.

Technique NP Type Achievements Reference

M
ag

ne
ti

c
R

es
on

an
ce

Im
ag

in
g Magnetosomes functionalized with an

anti-HER-2 affibody
(Recombinant MamC (GenBank: CDK99608.1) and

anti-HER-2 affibody)

- Higher specificity for HER-2+ BC cells
- Higher r2 relaxivity, good dispersion

and biocompatibility
in vitro—in vivo [137]

In
V

iv
o

Fl
uo

re
sc

en
ce

Im
ag

in
g

MnCuInS/ZnS@BSA-Anti-HER-2 bioconjugates
(Anti-HER-2 antibody, Sino Biological Inc.,

Beijing, China)

- Good biocompatibility, low
cytotoxicity, high colloidal stability

- Higher selectivity of HER-2+

cancer cells

in vitro [140]

Anti-HER-2-QD-antiboy conjugate
(Anti-HER-2 antibody, Invitrogen,

Carlsbad, CA, USA)

- Localization of HER-2 receptors in
both fixed and live cancer cells

- Good biocompatibility
in vitro [141]

Peptide Nanoprobes

- Two novel peptides YLFFVFER (H6)
and KLRLEWNR (H10) show good
specificity toward HER-2

- Lower toxicity and
good biocompatibility

in vivo—ex vivo [142]

sdAb-HER-2-QD
- Higher specificity and sensitivity
- Detection of micrometastases and

disseminated tumor cells
ex vivo [143]

N
uc

le
ar

M
ed

ic
in

e

[18F]FB-anti-HER-2 nanobody
(In-house recombinant anti-HER-2 nb 2Rs15d)

- Excellent targeting properties and
specificity for HER-2 Higher
tumor-to-blood ratio

- Non-competitive nature with
trastuzumab for binding to the
HER-2 receptor

in vivo [144]

99mTc-ZHER2:2395-Cysc (In-house
recombinant production)

- High and specific uptake in
HER-2+ cells

- Reduced off-target liver uptake
in vitro—in vivo [145]

99mTc-radiolabeled nanosilica system,
functionalized with a TZ half-chain

(Genentech, South San Francisco, CA, USA)

- Increased selective accumulation
within the HER-2+ cells

- Enhanced (but not significantly) tumor
targeting for functionalized NPs 4h
post injection

- Good safety

in vitro—ex vivo [148]

M
ul

ti
m

od
al

H
yb

ri
d

A
pp

ro
ac

he
s

TZ-conjugated Lipo[MNP@m-SiO2]-HER-2Ab
(Genentech, Inc., South San Francisco, CA, USA)

- Biological stability
- Higher specificity to

HER-2/neu-overexpressing BC cells
In vitro [151]

DARPin G3 coated fluorecently labelled SPIONs
- Higher binding and improved

cytotoxicity in SBKR-3 cells
- Higher MRI contrast in vivo after

systemic administration of SPIONs

In vitro—in vivo [104]

HS-Fe-PEG-HER-2
(Anti-HER-2 antibody, Abcam, Cambridge, UK)

- Good physical properties and biosafety,
low-cytotoxicity

- Dual-mode US–MR-specific
imaging agent

- Higher specificity to HER-2+ BC cells

in vitro—in vivo [153]

G5-AuNP-Gd-TZ
(Genetech, San Francisco, CA, USA)

- Higher specificity to HER-2+ cells
- Efficient targeting of HER-2+

breast tumors
- Enhanced MRI signal and

CT resolution

in vitro—in vivo [154]

SPIONs-Cy-PEG-scFv
(Recombinant scFv 4D5-Cys)

- Higher affinity and specificity versus
HER-2 overexpressing cells/tumors

In vitro—in vivo [136]

89Zr-DFO-scFv-PEG-Cy5-C’ dots
(In-house recombinant anti-HER-2 scFv

fragments-TZ)
- Specific accumulation into

HER-2+ tumors
in vitro—in vivo [155]

In
or

ga
ni

c
N

Ps

Pegylated iron oxide NPs conjugated with
anti-HER-2 antibodies

(Herceptin, F. Hoffmann-La Roche Ltd.,
Basel, Switzerland)

- Simplicity and accuracy of method
- The method has a low detection limit

with excellent sensitivity
in vitro [157]

Dx-M and As-M were conjugated with a
monoclonal scFv

(In-house recombinant
scFvs)

- As-M NPs were more efficient in scFv
immobilization than Dx-M NPs

- chemical modification with
aminosilane improved the
HER-2 detection.

- As-M were also detectable by
Raman-Spectroscopy

in vitro [158]
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Table 3. Cont.

Technique NP Type Achievements Reference

In
or

ga
ni

c
N

Ps

Anti-HER-2 antibody-conjugated silver
nanoparticles

(Anti-HER-2 antibody, Fuzhou Maxim Biotech, Inc.,
Fuzhou, China)

- High sensitivity for targeting HER-2
- Easy fabrication, high SERS sensitivity

and biocompatibility
in vitro [159]

BSA-AuNCs-LPs-anti-HER-2
(Anti-HER-2 antibody, R&D Systems,

Minneapolis, MN, USA)

- Higher sensitivity and selectivity of the
HER-2+ BC cell lines/tissue

- Simple and economic approach:
colorimetric “readout”

in vitro [160]

anti HER-2 antibody-biotin conjugate labelled
with commercially available QDs (QD525)

- A Sensitive reporter of HER-2
expression in BC cells and tissues

- Superiority over conventional
fluorophores in terms of resistance to
photobleaching

- Higher fluorescent intensity, higher
staining index and lower minimum
detection limit

in vitro [161]

A
pt

am
er

s HeA2_1 and HeA2_3

- Higher specificity to
HER-2-overexpressing cells and
HER-2+ tumor tissue samples

- Inhibitory effect on cancer cell growth
and viability related to the aptamer’s
specificity for HER-2

in vitro—ex vivo [162]

HB5 - Specific binding to HER-2 protein and
HER-2+ BC cells

in vitro [163]

APlaS to detect ECD-HER-2 protein - Higher sensitivity and selectivity in vitro [164]

A
nt

ib
od

ie
s

HER2-DOX-SPIOs@PLGA@A (Herceptin)

- High targeting of HER-2+ cells
- Targeted drug delivery combined with

photothermal-responsive drug release
- Good biosafety in vivo and good

antitumor effect

in vitro—in vivo [165]

99mTc-SiNPs-TZ/DOX-SiNPs-TZ

- Good specificity to HER-2+ BC lesions
- Higher uptake in HER-2

overexpressing cells
- DOX-SiNPs-TZ NPs are able to deliver

DOX at tumor site: tumor
growth inhibition

in vitro—ex vivo—in vivo [150]

IONP/DOX-MFNC
(Herceptin, Chonnam National University

Hwasun Hospital)

- Higher cellular uptake and
stronger cytotoxicity

- Higher tumor uptake
- Enhanced therapeutic effects via

HER-2-mediated selectivity:
tumor regression

in vitro—in vivo [166]

8. Conclusions

HER-2+ BC is a pathology much studied by nanotechnologists who have developed
many nanosystems aimed at improving the treatment and diagnosis of cancer. Starting
from therapeutic antibodies currently used in BC therapy, many targeted NPs have been
developed. Therapeutic antibodies and their derivatives have been used to functional-
ize different kinds of NPs in an attempt to drive tumor recognition, NP accumulation,
and internalization, resulting in increased performance as diagnostic devices, and with
therapeutic properties.

NPs also allow the delivery of hydrophobic molecules, due to their encapsulation in
appropriate nanosystems, improving their bioavailability and hence favoring their use as
new therapeutic agents with improved therapeutic and imaging properties. Indeed, by
modifying NP characteristics, the pharmacokinetics of injected molecules can be enhanced
and their blood half-life extended. The toxicity of parenterally administered drugs can
be reduced by enhancing drug accumulation i the target tissue and reducing off-target
effects. Moreover, a single NP can be loaded with several drug molecules, allowing testing
of different therapeutic combinations to improve BC management and reduce the onset of
chemoresistance. In parallel, NPs can be loaded with several contrast agents and used as
highly sensitive tools for early cancer diagnosis, as active moieties for radiation therapy
and as theranostic tools if co-loaded with active drugs. Moreover, as the cellular uptake
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mechanisms of encapsulated drugs are completely different from those of free drugs, this
has been shown to significantly reduce the evolution of resistance mechanisms.

Among all the nanotechnological solutions proposed so far, a preferred candidate NP,
able to be used as a safe and active targeted nanodrug for HER-2+ BC, has not emerged
yet. This is due to several factors that need further investigation, including difficulties
in the translation of the results from in vitro to in vivo experiments in murine models of
cancer, rapid clearance from the bloodstream and liver sequestration, intrinsic toxicity of
the material used to prepare the NPs, and low reproducibility and high production costs.

We believe that in the effort of developing NPs for the management of HER-2+ BC,
the focus on the translational potential of the agents should always be central at the very
beginning of nanodrug development.
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Abbreviations

BC Breast cancer
HER-2+ BC Human epidermal growth factor receptor-2 overexpressing breast cancer
NPs Nanoparticles
EGFR Epidermal growth factor receptor
AKT Protein kinase B, PKB
PI3K Phosphoinositide 3-kinase
MAPK Mitogen-activated protein kinase
IHC Immunohistochemistry
FISH Fluorescence in situ hybridization
mAb Monoclonal antibodies
TZ Trastuzumab
DFS Disease-free survival
OS Overall survival
ADCC Antibody-Dependent Cellular Cytotoxicity
T-DM1, Kadcyla® Trastuzumab emtansine
ADCs Antibody-drug conjugates, anticancer drugs
PFS Progression-free survival
PTEN Phosphatase and tensin homolog
TKIs Tyrosine kinase inhibitors
pCR Pathological complete response
TILs Tumor-infiltrating lymphocytes
PEI Polyethylenimine
PLGA Poly (D,L-lactide-co-glycolide)
sdAb Single-domain antibodies
VH Human immunoglobulin heavy chain
Fab Antibody fragments
TmAb Fab obtained by papain cleavage of TZ
PmAb Fab obtained by papain cleavage of panitumumab
scFv Single chain variable fragments
DOX Doxorubicin
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PTX Paclitaxel
PCI Photochemical Internalization
siRNA Short interfering RNA
PTT Photothermal therapy
GNRs Gold nanorods
AuNPs Gold nanoparticles
PK Pharmacokinetic
XBP1 X-box binding protein 1
PDT Photodynamic therapy
Hapt Aptamer
IHC Immunohistochemistry
CISH Chromogenic in-situ hybridization
CT Computerized tomography
PET Positron emission tomography
SPECT Single photon emission computed tomography
US Ultrasounds
MRI Magnetic resonance imaging
SPIONs Super paramagnetic iron oxide nanoparticles
FGS Fluorescence guided surgery
QDs Quantum dots
Cy Cyanine
BSA Bovine serum albumin
EPR Enhanced Permeation and Retention
PAMAM Polyamidoamine
SERS Surface-enhanced Raman scattering
SELEX Systematic evolution of ligands by exponential enrichment
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