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Abstract: 

The most widespread cancer type in women is breast cancer. The expression of overexpressed Human Epidermal growth factor Receptor 2 

(HER2) proteins occurs in just one breast cancer-specific biomarker that has been associated with poor prognosis and limited treatment options 

(chemotherapy, radiation, and surgery). The higher HER2 protein levels result in the progression of HER2 (+) breast cancer. This review explores 

the role of nanotechnology in tumor cell recognition, therapeutic approaches, and delivery systems in cancer diagnosis and therapy, focusing on 

HER2-positive breast cancer. This review presents recent progress in nano-carrier systems (gold nanoparticles, immunoliposomes, quantum dots, 

and silica-based nanoparticles) suitable for the delivery of therapeutic agents, including monoclonal antibodies (trastuzumab, lapatinib, and 

pertuzumab), chemotherapeutic drugs (anthracyclines and rapamycin), and siRNA. The review also reveals that nanomaterials have a promising 

role as early-detection agents, using a diverse set of imaging agents that are accurate for the localization of tumors and surveillance. It also 

explores challenges like nanoparticle stability, toxicity, and clinical manifestations. 
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1. INTRODUCTION 

Breast cancer remains a persistent scourge that afflicts 
women worldwide, responsible for over 600,000 deaths in the 
year 2018 alone, according to recent research [1]. In women, 
this malignant tumor, originating from the uncontrolled growth 
of mammary gland cells, spreads quickly to neighboring tissues 
if left untreated. It is a complex disease with numerous 
preventable risk factors, including obesity, chronic 
inflammation, and insulin resistance. An amplified risk of post-
menopausal breast cancer occurs with obesity, as it becomes the 
primary site for estrogen production. Consuming an excessive 
amount of alcohol activates the enzyme aromatase, which 
converts androgens into estrogens. Smoking elevates the risk, 
as does ionizing radiation. The risk increases as one ages, and it 
peaks between 50 and 70 years [2]. Breast cancer now 
represents the greatest cause of deaths related to cancer in the 
female population, with almost 39% growth in new cases and 

almost 33% growth in fatalities in the years 2008 to 2020 [3]. 
In the United States, experts forecast around 298,000 new 
diagnoses of breast cancer for American women in 2023 [4]. 
Progress in biological understanding and therapeutic options 
has yet to fully stem the rising tide of occurrences and deaths 
from this disease, with the American Cancer Society estimating 
over 287,000 new cases and 43,000 fatalities for 2022. The 
highest incidence rates occurred in Australia, Western Europe, 
and North America, while the lowest burdens were seen in 
Central America, Eastern Africa, and South-Central Asia, 
according to recent statistics, as shown in Fig. (1) [5].   

The three predominant histological types that do occur 
sporadically are invasive lobular carcinoma (ILC), invasive 
ductal carcinoma (IDC), and mixed ductal-lobular carcinomas 
[3]. A kind of ductal carcinoma originates in the cells lining the 
conduits that transport milk from the glands to the nipple [1]. 
DCIS (ductal carcinoma in situ) exists in three grades, namely, 
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low-grade (I), intermediate-grade (II), and high-grade (III), with 
a high probability of progressing to invasive ductal carcinoma 
[6]. DCIS, like IDC, has been subdivided into four intrinsic 
subtypes, including luminal A, luminal B, human epidermal 
growth factor receptor 2 (HER2/ERBB2)-positive, and basal-
like breast cancer [7].   

The HER2-positive subtype is found more frequently in 
DCIS than in IDC, present in around 35% of cases [6]. HER2-
enriched subtypes overexpress as expected HER2-related genes 
and protein. Triple-negative breast cancer (TNBC), the most 
lethal and aggressive form of breast cancer, lacks ER, PR, and 
HER2 receptors [8]. The aggressive disease and poor prognosis 
of breast cancers are related to the abnormal over-expression of 
neu or c-erbB2/neu gene in breast cancers because of an 
increased transcription/translation of this transmembrane 
receptor tyrosine kinase [9].  

The three most prominent techniques of dealing with breast 
cancer include chemotherapy (use of medicines to destroy 
cancer cells), radiotherapy (high-energy waves to destroy 
cancer cells), and surgery (the entire breast is removed or only 
the breast with cancer tissues is removed) [10-12]. 
Nevertheless, the same applies to radiation and chemotherapy, 
as they have some negative effects and do not yield better results 
when the time frame is longer [10]. To avoid adverse effects on 
healthy tissues and ensure effectiveness, several 
nanotechnological techniques are employed to deliver a potent 
anti-cancer drug selectively to breast cancer cells. 

Through Nano carriers that are capable of navigating 
biological, biophysical, and biomedical barriers. Nano carriers 
probably provide a highly likely cure for breast cancer; it may 
be that small and versatile surface-modifying powers target 
areas of interest [12]. Most of the increasing number of 
nanoparticles (NPs) can be divided into either of two categories: 
1. Organic cations consist of inorganic core ions, which are 
typically metals. 2. Organic molecules are the major component 
of organic anions [13]. Some of these organic compounds that 

it encapsulates include dendrimers, carbon nanotubes, 
emulsions, liposomes, and others. The basic structure that unites 
all the inorganic NPs consists of the electricity and the central 
core of the particle [14]. Forthcoming approaches in disease 
detection and management include the rapidly developing 
science of nanotechnology. Nanooncology is the subspeciality 
that concerns itself with the application in therapy and diagnosis 
[15]. Breast cancer metastasizes at a high rate to the lymph 
nodes and bones, which is why screening and diagnosis must be 
initiated at the earliest time possible [16]. The characteristics of 
nanoparticles employed for drug delivery systems are 
biocompatibility, self-assembly, stability, targeting, and 
encapsulation features [17]. Various NPs for tumor imaging and 
peripheral metastasis detection have been investigated with 
cancer-recognizing ligands attached to their surface [18]. 

Anthracyclines are effective in treating breast cancer at all 
stages, their use is restricted because large cumulative dosages 
of the drug carry a risk of heart damage [19]. When compared 
to unconjugated NPs and native rapamycin, EGFR-antibody 
conjugated NPs (EGFR-Rapa-NPs) demonstrated greater 
antiproliferative efficacy and higher cellular absorption in 
malignant breast cancer cells [20].  Comparably, the 
monoclonal antibody trastuzumab, which targets ERBB2 
oncogene, improves the course of treatment for aggressive 
breast cancer but has a risk of cardiac damage, particularly in 
individuals who have received anthracycline therapy in the past 
[21]. Cancer cells can undergo apoptosis when Herceptin 
(trastuzumab) is coupled with quantum dots (QDs) for targeted 
bioimaging of HER2 receptors. Targeted anticancer therapies 
based on distinct tumor protein profiles can be achieved with 
silver or gold-containing and supermagnetic nanoparticles 
bioconjugates with antibodies against ERBB2 [22]. This article 
presents the targeted and new applicable methods for the 
treatment and control of breast cancer [12]. Many nanomaterials 
are undergoing clinical trials, and several of them have been 
successfully studied for their use in the treatment of cancer so 
far [23]. 

 

Fig. (1). Mortality rate of breast cancer in different countries.
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2. ER2-POSITIVE BREAST CANCER AND ITS 
PREVALENCE 

HER2 positivity occurs in 20 to 30% of breast cancer cases 
and is due to the amplified HER2 gene that stimulates the 
growth of cancer cells through the overexpression of the HER2 
        [  ]  H R             d  g  d     z        d T   ’  
phosphorylation, forming heterodimers with HER2 for 
activation, leading to cell angiogenesis, differentiation, 
proliferation, survival, and invasion. HER2-HER3 heterodimer 
stimulates PI3K/Akt, regulating cell growth and endurance 
[25]. HER2-positive customer malignancies typically provide 
an aggressive clinical picture and unsuitable prognosis; still, 
within ER and PR negative clients, being HER2 positive offers 
a superior prediction to Triple Negative Breast Cancer. The 
percentage prevalence of HER2-positive breast cancer in the pie 
chart represents that a major part of the world is suffering from 
HER2-negative breast cancer, which is almost 61% of the total, 
and the remaining part of the world is suffering from HER2-
positive breast cancer, which is 26.20%, and low cancer, which 
is about 12-13%, respectively, as shown in Fig. (2) [26]. 

3. CONVENTIONAL DIAGNOSIS, TREATMENT, 
AND THEIR LIMITATIONS 

Conventional diagnostic methods for HER2-positive breast 
cancer involve techniques, for instance immunohistochemistry 
(IHC), in-situ hybridization (ISH), Chromogenic in-situ 
hybridization, and Fluorescence in-situ hybridization (FISH), to 
spot HER2 protein. Specifically, immunohistochemistry applies 
a three-tier scoring system (from score zero to score 3+) to 
pinpoint the manifestation and strength of HER2 protein on the 
membrane [27]. Given the fact that HER2 amplification is 
directly linked to HER2 overexpression, in situ hybridization is 
applied when it is necessary to evaluate the number of copies of 

the HER2 gene in tumor nuclei [28]. Fluorescence in situ 
hybridization (FISH) is also used, which locates nucleic acids 
within cells using fluorescent probes [29]. Chromogenic in situ 
hybridization (CISH) is a cytogenetic method that uses a 
combination of in situ hybridization and a chromogenic signal 
detecting method of IHC [30]. CISH allows tissue slices to be 
preserved for extended periods without needing fluorescence 
microscopy, revealing considerable HER2 amplification [31]. 
Although these techniques are used for the diagnosis of HER2, 
unfortunately, there are some limitations, such as the fact that 
the results from fluorescence in situ hybridization. Tests can 
merely be viewed using a fluorescent microscope and cannot be 
stored to be analyzed later [32]. IHC scores of 0 and 1+ were 
deemed clinically insignificant, leading many pathologists to be 
unaware of their relevance, as shown in Table 1. Thus, the 
precise threshold definition of HER2 low positivity remains 
uncertain [33].  

Conventional treatment against HER2 involves the use of 
humanized monoclonal antibodies against HER2, which have 
significantly enhanced the management of HER2-positive 
breast cancer by downsizing tumors, thus improving receptivity 
[34]. Before surgery, customized options are offered by dual 
anti-HER2 therapy and chemotherapy, depending on the 
specifics of the tumor and the response of the individual patient. 
HER2-targeted therapies have proven effective against HER2-
positive breast cancer, but resistance often emerges through 
complex molecular pathways, weakening treatment 
effectiveness and allowing illness recurrence or tumor growth 
to continue unchecked, as visible in Fig. (3) [35]. Intracellular 
sources of acquired drug resistance in breast cancer are 
mutations in P53, overexpression of ABC transporters, 
amplification of HER2, upregulation of permeability 
glycoprotein (P-gp), enhanced activity of thymidylate 
synthases, and aberrations in BRAC1 [37]. 

 

 

 

 

 

 

 

 

 

Fig. (2). The chart reveals the percentage prevalence of the patients: 60.2% were HER2-negative, 26.20% were HER2-positive, 
and 13.60% were HER2-low [26].  
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Table 1. Scoring of HER2 by IHC (immunohistochemistry) in accordance with (ASCO/CAP 2021) [7]. 

Staining Pattern of Membrane Tumor Cells Scoring Categories 

Complete, Intense >10% 3+ HER2+ 

Complete, Weak-to-moderate >10% 2+ HER2+ if ISH+ HER2- if ISH- 

Incomplete, barely perceptible >10% 1+ HER2- 

Incomplete, barely perceptible <10% 0 HER2- 

No staining - 0 HER2- 

 
Fig. (3). The relationship between drug resistance sources and tumor cells for conventional chemotherapy medicines [37] 
(reproduced with permission).

4. TARGETED DELIVERY OF ANTI-HER2 DRUGS 
AND LIGANDS 

Cancer therapy is challenged by the drug delivery of 

chemotherapy medication, contrast agents, and radionuclides to 

the tumor site. Targeted therapy offers cancer treatment through 

a targeted approach without involving healthy cells. Reversible 

dual tyrosine kinase inhibitor lapatinib is an inhibitor that binds 

and blocks epidermal growth factor receptor (EGFRs) activity 

and HER2 receptor [38]. 

4.1. HER2-Specific Ligands for Targeted Drug Delivery  

Trastuzumab, a humanized recombinant monoclonal 
antibody, is directed against HER2 and used for the treatment 
of HER2+ breast cancer [39]. The effectiveness of this 
monoclonal antibody depends on HER2 expression on the 
tumor, mutation, and eventual resistance. Some known 
mechanisms include mutation of PI3K, increasing activity of 

other TK receptors, loss of the extracellular domain of HER2, 
and inactivation of the endocytic adapter protein endophilin A2, 
leading to inefficient internalization of HER2 [40]. One of the 
inhibitors, lapatinib, is a reversible dual tyrosine kinase 
inhibitor that interacts and inhibits epidermal growth factor 
receptor (EGFR) or HER2 receptor [41]. Pertuzumab is a 
humanized monoclonal antibody targeting HER2 on the 
extracellular domain II, inhibiting the formation of homo and 
heterodimers, and preventing HER2/HER3 kinases[42]. Co-
administration of Pertuzumab with trastuzumab is observed to 
be more operative for HER2+ breast cancer, and the 
recommendation for first-line treatment of HER2+ BC is the 
grouping of two monoclonal antibodies and taxanes [43]. 
However, resistance to pertuzumab is related to S310F 
mutations, EGFR-HER3 heterodimers, and regulation by 
miRNA [44]. These drugs are designed together with a special 
peptide that binds to the tumor in order to lessen the number of 
side effects and achieve the optimal concentration in the sick 
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area [45]. Four peptide sequences, P51, P25, P47, and P40, can 
be used for developing imaging agents/or targeted drug delivery 
in HER2-positive breast cancer [46]. 

4.2. Antibody Drug Conjugates ADCs 

ADCs, a type of protein-based natural medicinal product to 
control cancer, are composed of anticancer potential assigned 
with the stability, target-selecting tendency, and strength of 
monoclonal antibodies (mAbs) [40, 47, 48]. An ADC 
conjugated to the humanized antibody trastuzumab is known as 
trastuzumab emtansine (T-DM1). It contains the maytansinoid 
toxin DM1 [49]. It minimizes side effects to other tissues 
because it only releases its drug through the receptor-mediated 
endocytosis mechanism [51]. The possible mechanisms of T-
DM1 resistance are the downregulation of HER2, alteration in 
the internalization of the HER2-T-DM1 complex, and the 
inhibited lysosomal release of lysine-MCC-DM1 [52]. ADC 
trastuzumab deruxtecan effectively cleaves lysosomal cathepsin 
to release cytotoxic medications [42, 53]. T-DXd has good 
ADME properties, and its drug-to-antibody ratio is higher. 
Payload mechanisms and monoclonal mechanisms are some of 
the strategies of resistance. The overall survival and the 
progression-free survival rates are positively changing after the 
T-DM1 treatment and are sensitive to the ERBB2 mRNA 
expression. The DAISY study also found that recurrent 
mutations inside the SLX4 gene may affect T-DXd resistance 
[40, 53]. 

5. TYPES OF NANOPARTICLES USED IN THE 
DIAGNOSIS AND TREATMENT OF HER2-
POSITIVE BREAST CANCER 

5.1. Gold Nanoparticles (GNPs) 

Gold Nanoparticles (GNPs) can be applied to cancer 
radiotherapy for the destruction of cancerous cells by binding 
them to monoclonal antibodies (mAbs). To efficiently detect the 
tumor using a single specific mAb, HER2, a protein engineering 
technique was applied to conjugate permeation, to the C-
terminus of a broad-type anti-HER2 antibody heavy chain, a 
cell-penetrating peptide (CPP) [56]. One mAb-2CPP 
maintained the capability to bind HER2 and efficiently mediate 
the internalizing capability of the antibody in MCF-7 breast 
cancer. The MAb-2CPP-GNP complex produced a higher death 
rate than mAb-GNP [57]. A novel multimodal radio-
b     j g             g d x   b     (DOX) α-emitter 
(198Au)-based targeted therapy of cancer tissues with HER2-
positive receptors has been developed utilizing trastuzumab as 
a guiding vehicle. The produced nanoparticles that contained a 
poly (ethylene glycol) linker & a high affinity to bind to HER2 
receptors were absorbed by cells [59]. 

5.2. Quantum Dots  

Carbon quantum dots (CQDs) enhanced with nitrogen were 
employed in an immunoelectrode to detect the breast cancer 
biomarker, HER2 [60-62]. Quantitative characterization was 
noticed as more effective in the quantum dot-based 
immunofluorescence approach compared to the usual 
diagnostic methods [63]. For the voltametric study of breast 
cancer cells and HER2-ECD in human serum, an assay of 
immunomagnetic beads conjugated with streptavidin and 

CdSe@ZnS quantum dots was designed. They noted that this 
method presents a sound paradigm in the identification of breast 
cancer [60]. A novel method of staining to herd quantitative data 
on HER2 in breast cancer tissues is quantum dot extending 
trastuzumab immunohistochemistry [66]. By linking 
fluorescence levels to quantum dot concentrations, this 
approach advances cancer detection and therapy planning [61]. 
The CdSe/CdZnS quantum dots have emerged as useful sensors 
for reliably targeting cancer biomarkers [64, 65]. When 
conjugated to hyaluronic acid, N-GQDs present minimal 
toxicity and enhanced fluorescence for the detection of cancer 
cells. While sensitive, CdSe/ZnS quantum dots need to be 
validated and tested for approximating quantification of their 
time-dependent use in therapy effects [66]. Although 
PEGylated QDs offer enhanced photostability and imaging 
severity, the binding efficiency may be altered due to the 
presence of a polyethylene glycol moiety [67]. Uses of QDs can 
be quantified to determine levels of HER2 expression in cells, 
improve the sensitivity and staining of detection, and help with 
the quantitative characterization of breast cancer subtypes. 
While the tagging efficiency of these dots is very high (83%), 
the impact of these dots on cell survival remains rather obscure. 
To obtain a better signal for the examined results, solid-state 
zinc-adsorbed carbon quantum dots immobilized on gold 
nanoparticles, as well as magnetic beads, are employed [61]. 
The graphite sheet substrate was used to fabricate the 
immunoelectrode that helps to sense and assess the HER2 
biomarker on breast cancer with nitrogen-coated carbon 
quantum dots (N-CQDs). The bovine serum albumin (BSA)-
modified immunoelectrode immunodefinitive method has the 
capability to help in detecting HER2 at high sensitivity and 
specificity rate and therefore results in highly accurate HER2 
diagnosis in blood samples (Fig. 4) [61]. A thorough review of 
the existing literature shows a significant gap between 
diagnostic sensitivity and therapeutic feasibility of quantum 
dots. Although the platforms based on N-CQDs show excellent 
detection limits at picogram level in human serum, the 
persistence of heavy-metal cores in the system over time is a 
serious obstacle to the implementation in live therapeutics. 
Future studies should focus more on the long term clearance 
rather than analytical validation. 

5.3. Immunoliposomes 

It was said that liposomal formulations for the treatment of 
breast tumors have merits, while they have demerits such as 
short circulation time in vivo and low bioavailability due to low 
concentration within the target malignant cells [68]. PEGylated 
liposomes are formed through the conjugation with polymers 
like polyethylene glycol and exhibit enhanced in vivo 
circulation times and better tumor tissue uptake [69]. In recent 
one-decade, a considerable number of publications have 
focused on the use of specialized immunoliposomes for the 
purpose of treating breast cancer due to the overexpressed cell 
surface receptors such as HER2 [70, 71]. Liposomal 
formulations containing rapamycin and immuno-liposomes 
containing trastuzumab for improving the therapeutic outcome 
in HER2+ breast cancer [72-74]. Targeting of rapamycin to the 
trastuzumab-coated surface was done through 
immunoliposomes which showed high efficiency and stability 
in antibody functionalization [75]. 
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Fig. (4). Shows a diagram of nitrogen-functionalized carbon quantum dots (N-CQDs) on a sample of coated graphite sheet (GS) 
in relation to electrochemical detection of breast cancer biomarker: Human epidermal growth factor receptor2 (HER2). A 
hyperstable bovine serum albumin version of this N-CQDS/GS -modified HER2 antibody specific to untreated blood samples, the 
addition has a linear response range and a low detection limit of 0.1-1ng/mL and 4.8pg/mL, respectively [61] (reproduced with 
permission). 

Paclitaxel (PTX) conjugated to trastuzumab & Elacridar 

(ELA)-peptidoglycan PEGylated pH-sensitive liposomes 

(TPPLs) as targeted anticancer drug carriers [76, 77]. PTX is 

used as an anticancer drug, but single use contributes to MDR 

and therapy failure. They administered combined PTX with 

their selective P-glycoprotein inhibitor, ELA, so that they could 

have maximal therapeutic effects [78]. In vitro drug release 

studies indicated that it is possible to obtain a better percentage 

of drug release at a pH of 5 rather than a pH of 7.4, which 

indicates the physiological pH. In vivo tumor regression studies 

demonstrated that TPPLs reduced a greater amount of tumor 

burden, had lower toxicity levels, and were more effective 

against tumors than their corresponding PPLs [79]. In tumor 

models, pH-sensitive TPPL immunoliposomes exhibit 

improved regression dynamics, but one of the key challenges is 

the degradation of the lipid bilayers during the scale-up 

manufacturing process. The clinical failure of many liposomal 

formulations is not due to poor targeting efficacy, but rather to 

variations in the number of ligands attached to each 

formulation, as well as to variability in the amount of ligands 

encapsulated within each formulation. 

5.4. Silica-Based Nanoparticles (SiNPs) 

The delivery of chemotherapy drugs and in vivo imaging 
can be done at the same time, without invasiveness, when using 
Silica-based nanoparticles (SiNPs) for HER2-positive breast 
cancer treatment [80, 81]. The modified SiNPs were able to load 
due to Doxorubicin. SiNPs of two ratios of Trastuzumab half-
chain, Hc-TZ to one nanoparticle (approximately) are harvested 
and used as the linker. These SiNPs were radiolabeled at 
histidine residues with 99mTc [21]. There was a reduction of 
tumor volume and mass at the end of therapy; the nanoparticles 
showed comparable DOX carrying abilities as liposomal 
doxorubicin (Caelyx) [81, 82]. Fig. (5) depicts that SiNPs-TZ 
were stained with the FITC dye to distinguish the nanoparticles 
in vivo. The synthesis and characterisation of Hc-TZ 
functionalised SiNPs-TZ was performed by a 1:8 ratio of SiNPs 
to Hc-TZ. Reacting protocols were done through a fifth of the 
Hc-TZ dose to get this figure to two Hc-TZ per nanoparticle 
[81]. 

These nanomedicines are not to be considered as single 
drugs, but rather a comparative assessment is needed to 
understand which chemical structures will be best suited for 
clinical scale-up, which is critically analyzed in Table 2. 
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Fig. (5). Targeted (Hc-TZ) spherical silica nanoparticles DOX-SiNPs-TZ (hydrodynamic diameter ~70-80nm). The nanoparticles' 
silica core (grey) was highly loaded with doxorubicin (red) [81] (reproduced with permission). 

Table 2. Comparative analysis of nanocarrier modalities in HER2-positive breast cancer therapeutics. 

Nanoparticle Type Key Mechanism of Action Practical Advantages Critical Limitations & Bottlenecks 

Gold Nanoparticles (GNPs) Radiosensitization; heavy-chain 

cell-penetrating peptide antibody 

conjugation.  

High surface-to-volume ratio; 

excellent photothermal conversion.  

Non-biodegradable; long-term 

hepatic and splenic accumulation 

toxicity. 

Quantum Dots (QDs) Immunofluorescence; 

electrochemical biosensing via 

functionalized graphite sheets. 

High quantum yield; extreme 

sensitivity for low-limit antigen 

detection.  

Potential cytotoxicity from heavy 

metal cores (e.g., CdSe); 

photoblueshift risks.  

Immunoliposomes Receptor-mediated endocytosis of 

encapsulated payloads (e.g., PTX, 

Rapamycin).  

Highly biocompatible; prolonged in 

vivo circulation when PEGylated. 

Low structural stability; risk of 

premature drug leakage before target 

localization.  

Silica-based Nanoparticles (SiNPs) Simultaneous therapeutic delivery 

(DOX) and 99mTc-radiolabeled in 

vivo diagnostic imaging. 

Rigid, stable pore architecture; high 

payload capacity; ideal for 

theranostics. 

Slow degradation kinetics; potential 

for immune clearance via the 

mononuclear phagocyte system.  

6. DIAGNOSIS OF HER2-POSITIVE BREAST 
CANCER USING NANOTECHNOLOGICAL 
STRATEGIES 

Current diagnostic methods, which determine treatment 
approaches for HER2 levels, have flaws. [83, 84]. Accurately 
gauging patients' HER2 is pivotal so physicians can craft 
suitable remedies, including immunohistochemistry, 
chromogenic in situ hybridization, and fluorescence in situ 
hybridization normally used [85]. However, these procedures 
aren't flawless [86]. Around 20% of HER2 classification by 
standard means are later found to be inaccurate [87, 88]. Novel 
techniques targeting HER2 might aid earlier disease 
identification, guide options for care, and extend survival rates. 
Recently, organic and inorganic nanoparticles, quantum dots, 
and aptamers in particular have shown promise. Innovative 
imaging employing HER2-targeted nanoparticles allows 
oncologists to properly judge its presence and develop the right 
strategies compared to traditional means [89]. Imaging 
modalities have been applied as positron emission tomography, 
computerized tomography, optical imaging, single photon 
emission computed tomography, magnetic resonance imaging, 
and ultrasounds, as shown in Fig. (6) [90, 91]. Positron emission 
tomography and single photon emission computed tomography 

are more sensitive than magnetic resonance imaging, but offer 
poorer resolution and lack an anatomical framework [92]. 

6.1. Nuclear Magnetic Resonance and Computer-Aided 
Tomography 

Magnetic resonance imaging (MRI) is an invasive imaging 
technique for diagnosing tumors because it has high soft tissue 
contrast and high spatial resolution, in contrast to signal depth, 
with the use of exogenous contrast mediums injected before the 
scan. This study envisaged using dextran-modified 
superparamagnetic iron oxide nanoparticles conjugated with 
Herceptin for the recognition of HER2 both on a tissue 
microarray and in a tissue culture of MCF-7 cells [93]. The 
authors described marked improvements in magnetic resonance 
for numerous BC cell types, and in vivo, the contrast agent 
deposition was verified for the recognition of HER2 breast 
tumor [94]. PEGylated SPIONs, single chain variable fragment, 
and a fluorescent tag of Cyanine-based to functionalize particles 
for dual targeting were used to target HER2-Positive breast 
cancer cells, with increased uptake proportional to the level of 
HER2 expression [95]. At present, these particles, due to their 
biocompatibility and biodegradable nature are suitable for the 
uncovering of the early stage of breast cancer.  
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Fig. (6). Approaches of nanotechnology aimed at the diagnosis of her2 positive breast cancer [114] (reproduced with permission). 

6.2. Multimodal Hybrid Methods 

The capability of combining multiple imaging methods on a 
nano-scale platform, employing silica-coated magnetic 
nanoparticles that enabled both fluorescence microscopy and 
magnetic resonance imaging in vitro, was explored [22]. The 
particles, functionalized with trastuzumab, provided a striking 
contrast when detecting HER2 expression on SKBR-3 cells, 
indicating potential as agents for further multimodal in vivo 
examination. Additionally, iron oxide nanoparticles with 
fluorescent labels and an engineered antibody for targeting 
HER2 receptors on cells and tumors are under laboratory 
conditions and within living subjects [96]. They found the 
customized nanoparticles intensely bound to SKBR-3 breast 
cancer cells overexpressing HER2 but barely attached to MDA-
MB-231 cells deficient in the receptor, as observed in mouse 
models [97]. Moreover, iron oxide nanoprobes carrying a 
cyanine dye, polyethylene glycol polymers, and an anti-HER2 
single-chain antibody fragment showed a marked amplification 
of magnetic resonance signals in mice bearing BT474 tumors 
24 hours post-injection, demonstrating specificity for cancer 
cells with high HER2 levels over unaffected cells [95].  

6.3. Inorganic NPs Based Nano Sensors 

Nano-biosensors are used to govern the concentration of 
HER2 in patient blood and tissue specimens to diagnose early 
HER2-Positive BC, predict recurrence, metastasis, and enhance 

treatment regimen in low response or resistant cases [98]. One 
of the scientist Villegas-Serralta et al., synthesized amino silane 
covalently functionalized and dextran surface-covered 
magnetic nanoparticles (As-M and Dx-M) coupled by a Single-
Chain Fragment Variable (scFv) of anti-HER2 monoclonal 
antibody to determine their feasibility as magnetic nano-
biosensors used in HER2 detection employing a magnetic 
enzyme-linked immunosorbent assay (m-ELISA) [99]. Raman 
spectroscopy could also detect As-M, which is a helpful method 
in HER2 quantification and recognition [100]. Nano Based 
platform was synthesized through gold nanoclusters 
encapsulated in liver oil, and have been conjugated with an 
Aptamer or anti-HER2 antibody [101]. The scientists verified 
that their comparatively cheap Nano-biosensor is virtually non-
toxic to the cells, effectively measures the concentration of 
HER2 in cell emulsions, as well as individualizes cancer cells 
with HER2 receptor on the section of tissue [102]. 

6.4. Aptamers-Based Nano Sensors 

Aptamer-based organic nanoparticles display promising 
potential for identifying HER2 positive tumor cells in tissues 
and fluids.  In the studies, two Aptamer of DNA named HeA2_3 
and HeA2_1 performed the whole-cell SELEX (systematic 
evolution of ligands by exponential enrichment), which possess 
considerable specificity to bind with HER2; they also 
investigated that these aptamers bind highly towards HER2-
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Positive cell line and tumor tissues in contrast to the cell line 
MDA-MB-231 with comparatively low expression of HER2 
[103]. Additionally, Kim and co-workers evolved aptamers for 
plasmonic nano sensors intended for detecting HER2 in 
biological fluids. They affixed anti-HER2 positive targeting 
Aptamers to gold Nano rods, showcasing a less limit of 
recognition and paving the means for highly delicate diagnostic 
techniques [104]. 

7. NANOTECHNOLOGICAL STRATEGIES FOR THE 
TREATMENT OF HER2-POSITIVE BREAST 
CANCER 

7.1. Approaches to the Administration of 
Chemotherapeutic Agents and Other Cytotoxic 
Compounds 

Lately, several types of NPs functionalized with targeting 
ligands that recognize HER2 have been employed for various 
drugs in HER2+ BC. Non-targeted docetaxel-loaded TZ-coated 
polymer-based NPs remarkably enhanced the target selectivity, 
cellular adhesion, and cytotoxic effect on HER2-Positive 
BT474 cells but not on the HER2 control cells [105]. Although 
in general polymer-based NPs and cisplatin-loaded lipid had a  
high in vitro efficiency in contrast to free drug and non-targeted 
NPs, it was specific for HER2-Positive SKOV-3 but not for 
HER2-Negative HCC70 cells [106]. Doxorubicin (DOX), 
widely used for the treatment of HER2-Positive BC, has been 
incorporated into the antibody functionalized polymeric NPs 
and demonstrates to be more cytotoxic to HER2-Positive MCF7 
cancer cells than DOX-NPs without antibody and free DOX, but 
without harming normal cells [107]. In a parallel therapeutic 
approach designed to bypass conventional multi-drug 
resistance, PLGA (Polylactic-co-glycolic acid) NPs coupled 
with HER2 nano body and encapsulating saporin targeted 
specifically to SKBR-3 cells. This method employs a local light 
exposure and photosensitizer to stimulate the release of the 
encapsulated nanocarriers at the endosomal level [108]. 
Nanoformulation of Curcumin, synthesis, and application for 
BC management through SKBR-3 human serum albumin with 
NP adorned by a link to anti HER2 aptamer [109].  

7.2. Approaches to Nucleic Acid Conveyances or Gene 
Silencing Molecules 

Small interfering RNA (siRNA) is a type of double-stranded 
RNA non-coding molecule. When using siRNAs, it becomes 
easier to knock down certain genes and treat cancer of certain 
targets but they cannot be drugged. Nevertheless, it became 
clear that siRNAs cannot be used in vivo as such because of their 
inherent instability [110]. To address resistance issues, 
mesoporous silica nanoparticles were designed that were 
functionalized with conjugate HER2 targeting antibodies to 
carry HER2 siRNA; it was found that HER2-Positive BC cells 
very rarely acquire fighting to HER2 siRNA as opposed to 
Lapatinib or TZ. The siRNA could really turn off the expression 
of HER2 at mRNA level, and this cannot be offset by any 
adaptive changes and survival mechanisms [110]. In a study, a 
mini Nano drug based on polymeric acid was applied as a 
distribution system for peptides and antisense oligonucleotides 

HER2-specific that target the BT474 cells expressing HER2 
receptors [38].  

7.3. HER2-Positive Tumors: Nanoparticle-Based Strategies 
to Enhance Irradiation Efficiencies 

R d                         α-Nano brachytherapy is 
employed in early and advanced stages of breast cancer, along 
with the management of metastatic cancer-related pain. This 
approach involves introducing Au nanoparticles conjugated 
with 211Atemitter and illuminating the bismuth substrates.    
The NPs are kept stable using PEG and functionalized with 
Tinidazole (TZ) for targeting purposes. In vitro, the evidence 
shows that 211At-AuNPs-PEG-TZ has potential in the 
treatment of HER2+ cancers, as evidenced by experiments 
conducted on SKOV-3 ovarian cancer cells [21]. Partial 
thromboplastin time (PTT) is a non-surgical treatment wherein 
photo-thermal agents are applied to reduce the dimensions of 
the tumor mass. Conjugated NPs with enhanced affinities for 
tumors and high PTT conversion efficiency are considered more 
effective for cancer treatment. Gold Nano rods, whose size and 
shape can be controlled to achieve desired near infrared 
wavelengths of absorption, display certain properties, making 
them ideal photo thermal agents [111]. However, the Nano rods 
made up of plain gold cannot selectively mark the lump, and 
consequently, their ability to treat is hindered. Consequently, 
special gold Nano rods (GNRs) operationalized with porphyrin 
and TZ were developed; the enzymes show a higher targeting 
specificity and stronger anti-tumor effect in a BT474 heterograft 
in vivo model [112]. The study showed clearly that GNRs have 
potential application for HER2+ BC and DARPins (designed 
ankyrin repeat proteins) can enhance the UCNPs (upconverting 
nanoparticles) uptake by SKBR-3 HER2+ cells for PTT 
mediators. This method was also verified in vivo in the lung 
cancer mouse model of Lewis, where functionalized UPNCs 
provided the shrinkage of the tumor size after a single laser 
irradiation [113]. 

8. CLINICAL TRIALS  

The clinical management of HER2-positive breast cancer is 
heavily challenged by profound intratumor and intertumor 
heterogeneity [114]. Considering that metastatic HER2-positive 
breast cancer remains fatal, it is still a key clinical problem at 
this time. New products targeting HER2 have enhanced early 
and later stage general survival considerably. However, de novo 
or acquired resistance enables a metastatic HER2-positive 
breast cancer patient to take anticipatory action in due course 
[115]. Around 20% of the breast cancer patients are HER2 
positive, while others are HER2 negative, and they range from 
70-80%. Furthermore, in the early stage, it is assessed that about 
5-10% of the affected role diagnosed with breast cancer 
demonstrate distant metastases at the time of diagnosis. CDK4/6 
inhibitors significantly improve prognoses, making them 
standard of care alongside endocrine therapy for these patients 
[116]. The Ministry of Health drug program in Poland only 
allows co-financing of CDK4/6 inhibitors for patients, 
potentially delaying their use or relying on cheaper, less 
efficient drugs from older generations [117]. 
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9. FUTURE DIRECTIONS 

Although breast cancer is the second leading cause of death 
among women, there has been a decrease in deaths due to early 
diagnosis instruments and new methods of treatment. Breast 
cancer contributed to 24.5 percent of the new cases and 15.5 
percent of deaths due to cancer in 2020 only [19]. More 
formulations are still coming to clinical trials, and in the near 
future, other approvals are expected. It is noted that in 15-20% 
of cases with invasive breast tumors, the HER2, or ERBB2 
gene, is amplified or upregulated. This has been linked to an 
aggressive phenotype and, accordingly, poor prognosis [118]. 
Bench-to-bedside translation of oncology involves initiation of 
HER2-targeted therapies like tyrosine-kinase inhibitors, 
monoclonal antibodies, and antibody-drug conjugates [119]. 
But there are still several challenges that need to be overcome, 
among these are the toxicities of nanoparticles, uncontrolled 
release of drugs, and the potential of immune cells to clear 
nanoparticles [120]. The conceptual model identifies factors 
contributing to resistance to HER2 treatments in tumors 
overexpressing HER2, including intratumoral heterogeneity, 
immune evasion, and potential future approaches for improved 
patient outcomes [121]. Although breast cancer is still one of 
the main cancers worldwide, the death rate from breast cancer 
is slowly decreasing with the advancement of diagnosis and 
targeted front-line therapies [122]. But, the clinical translation 
of advanced nanomedicines is hindered by nanoparticle 
toxicity, fast clearance by the immune system, and scalability 
bottlenecks in cGMP [123]. Smart, stimuli-responsive 
platforms co-delivering anti-MDR microRNAs and 
chemotherapeutics are key to future success, which will be able 
to programatically overcome efflux pumps and tumor 
heterogeneity [124]. 

CONCLUSION 

The application of nanotechnology in the management of 

HER2-positive breast cancer represents a paradigm change 

from non-specific and highly toxic conventional therapies to 

molecular targeted therapy. Successful enhancement of the 

therapeutic index of potent chemotherapeutic agents, gene-

silencing molecules, and contrast media can be achieved by 

engineering of organic and inorganic nanocarriers with anti-

HER2 antibodies, peptides or aptamers. This specific design 

reduces the amount of off-target cardiotoxicity, a major problem 

that has been a concern in the past with free anthracyclines and 

trastuzumab treatments. Yet, nanomedicine is not a panacea; for 

it to be successful in the clinic, some critical translational 

challenges must be overcome, such as the biophysical behavior 

of the protein corona, scale-up manufacturing consistency, and 

long-term tissue bioaccumulation toxicity. Future clinical 

benchmarks will be based on multi-targeted, stimuli-responsive 

systems that will be able to dynamically respond to the tumor 

microenvironment. The continued interdisciplinary cooperation 

of molecular oncologists, materials scientists, and clinical 

trialists is a must to make these sophisticated lab prototypes into 

life-saving bedside realities. 

LIST OF ABBREVIATIONS 

BSA = Bovine Serum Albumin 

CISH = Chromogenic In Situ Hybridization 

CPP = Cell-Penetrating Peptide 

CQDs = Carbon Quantum Dots 

DARPins = Designed Ankyrin Repeat Proteins 

DCIS = Ductal Carcinoma in Situ 

DOX = Doxorubicin 

EGFR-Rapa-

NPs 

= EGFR-Antibody-Conjugated NPs 

EGFRs = Epidermal Growth Factor Receptors 

FISH = Fluorescence In Situ Hybridization 

GNPs = Gold Nanoparticles 

GNRs = Gold Nano rods 

GS = Coated Graphite Sheet 

HER2 = Human Epidermal Growth Factor Receptor 2 

IHC = Immunohistochemistry 

IDC = Invasive Ductal Carcinoma 

ILC = Invasive Lobular Carcinoma 

m-ELISA = Magnetic Enzyme-Linked Immunosorbent Assay 

mAbs = Monoclonal Antibodies 

MRI = Magnetic Resonance Imaging 

N-CQDs = Nitrogen-Coated Carbon Quantum Dots 

N-CQDs = Nitrogen-Functionalized Carbon Quantum Dots 

NPs = Nanoparticles 

P-gp = Permeability Glycoprotein 

PLGA = Polylactic-co-Glycolic Acid 

PTT = Partial Thromboplastin Time 

PTX = Paclitaxel 

QDs = Quantum Dots 

scFv = Single Chain Variable Fragment 

SELEX = Systematic Evolution of Ligands by Exponential 

Enrichment 

SiNPs = Silica-Based Nanoparticles 

siRNA = Small Interfering RNA 

T-DM1 = Trastuzumab Emtansine 

TNBC = Triple-Negative Breast Cancer 

TZ = Tinidazole 

UCNPs = Upconverting Nanoparticles 
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