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Abstract

This thesis shows and gives us an idea about the knowledge of disease biology with developments
in nanoscale advances to investigate the many uses of nanotechnology in breast cancer. The study
opens with a review of the pathophysiology of breast cancer, highlighting the molecular and
genetic abnormalities that drive tumor development and progression. It also categorizes the main
forms and clinical phases of breast cancer, providing the biological and medical background
required to assess new Nano-technological treatments. Building on this framework, the thesis
investigates how nanotechnology is transforming the identification, diagnosis, and management of
breast cancer. It also assesses the broader advantages of nanotechnology, such as enhanced
selectivity and treatment efficacy, alongside its disadvantages, including potential toxicity and
production complexities. Key challenges and limitations that range from biocompatibility

concerns to regulatory hurdles are critically discussed.
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Chapter 1

Introduction

Cancer is a broad group of diseases caused by alterations to genes and epigenetics,
which disable regular cell division, differentiation, and apoptosis. The compromised
cells grow uncontrollably, forming tumors, invade adjacent tissues, and may
metastasize to other organs. Cancer is biologically complex because it has multiple
interacting hallmarks, like sustained proliferative signaling, evasion of growth
suppressors, resistance to cell death, angiogenesis, and immune escape (Hanahan &

Weinberg, 2011).

Cancer remains a heavy burden for public health worldwide. According to recent
large-scale estimates, mortality rates have been consistently high over the past five
years. The Global Burden of Disease Cancer Collaborators estimate that about 10
million people died from cancer globally in 2019. In 2020, deaths from cancer
remained near 10.0 million (Sung et al., 2021). Based on the most recent
GLOBOCAN-based estimates for 2022, it was estimated that there were 9.7 million
deaths (Bray et al., 2024). New estimates from GBD studies indicate that the number
of deaths will increase again due to population growth and aging to about 10.4
million in 2023 (GBD 2023 Cancer Collaborators, 2025). These numbers mean that
the annual deaths from cancer worldwide have remained at approximately the same
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levels since 2019, roughly between 9.7 and 10.4 million. This further indicates how

crucial it is to enhance prevention, early detection, and new treatments.

The main contributor to this problem is breast cancer. It primarily arises from
epithelial cells lining the breast ducts or lobules and exhibits biological
heterogeneity, with subtypes based on receptor status (ER, PR, HER2) and
molecular profile. Nowadays, this is the most common type of cancer in women all
over the world and one of the main cancer burdens in terms of deaths among women
(Sung et al., 2021). Mortality rates have remained high but stable for the last five
years. In the year 2020, breast cancer in women was responsible for the deaths of
approximately 685,000 people worldwide (Sung et al., 2021). More recent estimates
from GLOBOCAN 2022 put deaths at around 670,000 globally, a sign that the
disease continues to be lethal despite advances in the treatment modalities developed
so far (Kim et al., 2025). These data indicate that breast cancer forms a significant
component of annual global cancer mortality and continues to be one of the hotspots

for therapeutic innovation, including nanotechnology-based interventions.



1.1 Aims of the Project

The aim of this paper is to look into the prospects of nanotechnology as an emerging,
transformative approach for the management of breast cancer. It seeks to understand
how nanoparticle-based systems can be integrated into modern oncology to improve
the overall pathway of care-from early detection and accurate diagnosis to more
effective and safer treatment. By reviewing current scientific evidence, this project
aims at highlighting the benefits of nanomedicine compared to conventional
strategies, its clinical relevance within different subtypes of breast cancer, as well as
identifying issues for future consideration that will be critical before wider medical
adoption can be achieved. The ultimate goal of this project is to contribute to a better
understanding of how nanotechnology might result in an improvement in survival

and quality of life for breast cancer patients.



1.2 Objective of this review

e To provide a brief scientific overview of cancer and breast cancer, including current
global mortality rates.

e To explain the principles of nanotechnology and how nanoparticles are used to cure
cancer.

e To evaluate the application of nanotechnology in breast cancer detection, diagnosis,
and treatment.

e To investigate the primary nanoparticle platforms' modes of action in the therapy of
breast cancer.

e To assess the current limitations of nanomedicine and its potential to improve

quality of life and breast cancer survival.



Chapter 2

Methodology

The development of nanotechnology-based treatments for breast cancer involves
several key steps. These steps are synthesis of nanoparticles, drug loading ,

functionalization, in vitro and in vivo testing, and clinical evaluation.

The first step for this aim is the synthesis of nanoparticles. Different techniques, such
as nanoprecipitation, solvent evaporation, and emulsion polymerization, have been
employed in the fabrication of nanoparticles with desired characteristics like size,
shape, and surface properties. These materials can be made from lipids, polymers,
or metals. Their design usually depends on how they will be used, such as for drug

delivery, imaging, or combined therapies.

These engineered nanoparticles are designed to carry therapeutic agents, including
chemotherapy drugs, gene therapies, and antibodies. This ensures proper drug
encapsulation or attachment to the nanoparticle to enhance its stability, improve its

solubility, and provide for controlled release at the site of action.

Functionalization is the modification of the surface of the nanoparticles toward
targeting specific markers of breast cancer; this involves attaching ligands-

antibodies or peptides-that attach to receptors overexpressed on the surface of tumor



cells. This targeting ensures that the therapy is delivered directly to the tumor,

minimizing side effects on healthy tissues (Peer et al., 2007).

After functionalization, in vitro tests are conducted using breast cancer cell lines to
examine cytotoxicity, the drug release profile, and cellular uptake of the
nanoparticles. All of these tests will give an idea about the effective interaction and
delivery of therapeutic agents by nanoparticles with cancerous cells (Blanco et al.,

2015).

After that, in vivo testing of nanoparticles is done in animal models to find out their
pharmacokinetics, biodistribution, and therapeutic efficiency (Jain &
Stylianopoulos, 2010). For this purpose, many imaging techniques such as MRI or
fluorescence imaging are employed in tracing the accumulation of nanoparticles in

tumors and for appraising the therapeutic outcome.



Chapter 3

Mechanism of Action

3.1 Pathogenesis of Breast Cancer

The disease of breast cancer is underlaid by complex processes at the genetic,
molecular, and environmental levels. Under normal conditions, in the breast, growth,
differentiation, and apoptosis of the epithelium are tightly regulated. In breast
cancer, this process is interrupted, which favors uncontrolled cellular division and
growth. Most human breast cancers develop as a result of mutations in oncogenes,
tumor suppressor genes, and/or mechanisms involved in DNA repair.

The major molecular pathways of breast cancer pathogenesis are:

Hormone Receptor Signaling (Estrogen and Progesterone Receptors): Most
breast cancers are estrogen receptor-positive, meaning that tumor growth is induced
by the steroid hormone estrogen. This subtype of breast cancer depends on estrogen
signaling for the proliferation of cells and thus remains very sensitive to endocrine
therapy. However, this type of treatment also faces potential resistance through
changes in mutations that alter the activity of hormone receptors or through cross-
talk with other signaling pathways, including HER2 (Sood et al.2025)

HER2 (Human Epidermal Growth Factor Receptor 2): HER2 is a receptor
whose amplification and/or overexpression has been seen in nearly 20% of all breast

cancers. This receptor promotes the proliferation and rapid growth of tumors by



activating the downstream signaling pathways, such as the mitogen-activated protein
kinase and PI3K. Targeted therapies, such as trastuzumab, commercially known as
Herceptin, have revolutionized the prognosis of HER2-positive breast cancers
(Hassan et al. 2022).

Genomic Instability: Tumor cells are, in general, burdened with high genomic
instability due to mutations in critical tumor suppressor genes such as TP53,
BRCAL, and BRCAZ2. These interfere with DNA repair capability in the cell and
also provoke further mutations; cancer proceeds, and the tumor becomes resistant to
conventional therapies (Mitragotri & Anderson, 2025).

In general, the breast cancer tumor microenvironment has a strong influence on the
pathogenesis and disease development of the tumor. Indeed, inflammation,
angiogenesis, and immune response represent some processes that allow the
surrounding tissues to be invaded by the breast cancer cells, thus allowing their

metastasis to distant organs. (Sood et al., 2025)



3.2 Types of Breast Cancer

Various types of breast cancer can be differentiated depending on the histology and
molecular features. Classification is necessary because it defines the clinical
approach toward diagnosis, treatment, and prognosis.

Histological Types

1. Ductal Carcinoma In Situ: DCIS is a diagnosis of non-invasive carcinoma
confined to the milk ducts. The malignant cells have not invaded the surrounding
tissues; therefore, DCIS is generally treatable. It is often considered a precursor to
the invasive ductal carcinoma if left untreated (Bertucci et al., 2024).

2. Invasive Ductal Carcinoma (IDC): IDC is the most common kind of invasive
breast cancer. It first begins in the milk ducts of the breast, then invades surrounding
tissue. It accounts for 70-80% of all invasive breast cancers. IDC may metastasize
to other parts of the body; this constitutes the major cause of mortality (Mitragotri
& Anderson, 2025.).

3. Invasive Lobular Carcinoma: ILC originates within the milk-producing lobules
and is considered the second most frequent type of invasive breast cancer. Usually,
ILCs are more difficult to visualize on mammograms and usually present as a
diffused thickening of the breast rather than a well-defined lump. (Sood et al., 2025)
4. Inflammatory Breast Cancer (IBC): IBC is a rare, aggressive type of breast

cancer that results in redness, swelling, and inflammation of the breast. Because of



the disease's sudden growth, and because there's no distinct lump, IBC is generally
diagnosed at a point when the disease is in its advanced stages.

5. Triple-Negative Breast Cancer (TNBC): TNBC lacks expression of ER, PR,
and HER2. This generally makes the cancer more aggressive and unresponsive to
the use of either hormone therapies or those targeting HER2. TNBC tends to be
higher in the young female population and among African-American females
(Mitragotri & Anderson, 2025).

6. HER2-positive breast cancer: This subtype of cancer is driven by
overexpression/amplification of the HER2 gene and leads to very aggressive tumor
growth. These are more responsive to treatments with the use of targeted therapies
such as trastuzumab (Herceptin) or pertuzumab, according to the work of Bertucci
et al. (2024).

Molecular Subtypes

Another classification involves the division of breast cancer based on molecular
characteristics represented through gene expression profiles. These offer a
personalized approach to treatment.

Luminal A: The cancers of Luminal A subtypes are ER-positive, HER2-negative,
and of low proliferation rate-low Ki-67. Usually, these cancers are slow-growing
and carry the best prognosis. They also respond to endocrine therapies quite well.

Luminal B: Similar to Luminal A, cancers within the category of Luminal B are
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ER-positive; however, they have a higher proliferation rate and can sometimes be
HER2-positive. They are generally more aggressive compared to Luminal A tumors
and may require both endocrine therapy and chemotherapy administration in
combination (Bertucci et al., 2024).

HER2-Enriched: These are cancers which are HER2-positive but lack both
estrogen and progesterone receptors. These cancers tend to be quite aggressive, and
treatment for them will involve targeting the HER2 molecule using drugs such as
trastuzumab, commercially named Herceptin.

Triple Negative: Triple-negative breast cancers lack all three receptors: ER, PR,
and HER2. These cancers are often highly aggressive and, consequently, considered
to have a poor prognosis; they can be treated only by chemotherapy or newer

therapies like immunotherapy (Mitragotri & Anderson, 2025).
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3.3 Stages of Breast Cancer

Disease staging is very important in establishing a prognosis and applying the
appropriate treatment. The most widely used classification system is TNM, which is
based on tumor size, lymph node involvement, and the extent to which cancer has
spread to other parts of the body.

Phase grouping

Stage 0: Non-invasive cancer includes conditions such as DCIS or LCIS, wherein
the malignant cells remain confined to the ducts or lobules and have not yet invaded
the tissue lining it. Although these conditions, DCIS and LCIS, are precursors to
invasive cancers, the conditions are highly treatable with surgery combined with
radiotherapy (Mitragotri & Anderson, 2025).

Stage I: In this stage, the tumor is small <2 cm. There is no spread to nearby lymph
nodes. Surgery is generally the standard therapy for Stage I, including possible
radiation and endocrine or targeted therapies for persons whose tumors are hormone-
receptor-positive or HER2-positive, respectively (Bertucci et al., 2024).

Stage I1: The tumor is between 2 to 5 cm in size, or the cancer has spread to a few

lymph nodes nearby; treatment approaches involve surgery which may be followed

-------

.......

Stage I11: This is the stage at which tumor sizes are bigger than 5 cm or have spread

significantly to lymph nodes and other tissues of the surrounding area. Treatment at
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this stage may involve neoadjuvant chemotherapy for reduction in tumor size,

followed by surgery, radiation, and further systemic therapies (Hassan et al., 2022).

Stage 1V: Metastatic breast cancer is defined as the dissemination of the tumor to
distant organs such as the lungs, liver, bones, or brain. During this stage, the cancer
Is no longer curable, and treatments are mostly palliative, focusing on prolonging
survival and alleviating symptoms. Possible treatments that can be used at this stage
include chemotherapy, targeted therapy, immunotherapy, and hormone therapy

(Bertucci et al., 2024).
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Chapter 4

Nanotechnology

Nanotechnology refers to the manipulation of matter on a nanometer scale. In
addition, it contains other unique properties, such as enlarged surface area,
reactivity, and solubility. Recently, it has found several applications, from medicine,
especially in cancer treatment. Nanoparticles are tiny particles with dimensions
between 1 and 100 nanometers that can be engineered to interact with biological
systems in unique ways to facilitate precise delivery of drugs, imaging, and treatment

(Blanco et al., 2015).

Nanotechnology plays an important role in anticancer therapy through designing
nanoparticles, targeted therapy, diagnostics, and imaging techniques, and the
development of new drug delivery systems (Peer et al., 2007). In such cases, these
nanoparticles can be functionalized with targeting ligands that attach to certain
receptors on cancerous cells so that therapeutic agents reach tumor tissue with little

or no exposure to healthy tissues.
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4.1 Nanotechnology in Breast Cancer Detection

The chances of survival and successful treatment for breast cancer patients are higher
in cases of early detection. The classic techniques for the detection of cancer are
mammography, ultrasound, and biopsy, though all these methods bear the burdens
of limitations in sensitivity, specificity, and capability for the identification of small
or early-stage tumors (Davis, Chen, & Shin, 2008). Nanotechnology can offer
promising solutions that improve the sensitivity and specificity of breast cancer
detection by enhancing imaging techniques, molecular biomarkers, and precision in

tumor cell detection.

Nanosensors and Molecular Biomarkers

The use of nanosensors represents one of the upcoming technologies with regard to
diagnosis related to breast cancer. These sensors are capable of detecting certain
biomarkers within the breast cancer cells or tissues, which generally occur at very
low concentrations. Because of their highly sensitive nature, nanoparticles can
provide the potential for tumor marker detection far in advance, often before the

tumor can be clinically identified (Bobo, Robinson, Islam, & Thurecht, 2016).

Gold Nanoparticles: AuNPs are one of the most studied nanomaterials for the

detection of cancer. These nanoparticles can be functionalized with ligands,
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antibodies, or peptides that selectively bind to tumor markers such as HER2,
estrogen receptors, or CA15-3 (Cho, Wang, Nie, Chen, & Shin, 2008). Thus, gold
nanoparticles act like highly sensitive biosensors that, owing to their ability to bind
with these markers, can detect low levels of cancer markers in blood or tissue

samples.

Quantum Dots: Quantum dots are semiconductor nanoparticles exhibiting unique
optical properties, including fluorescence, which are used in the identification of
breast cancer. Conjugation with cancer-specific antibodies allows QDs to perform
fluorescent imaging in which the identification of tumor cells can be done with high
specificity (Kairdolf, Smith, Stokes, Wang, & Nie, 2013).Their applications to in
vivo imaging, now under development, offer real-time monitoring of tumors during

surgery or chemotherapy.

Magnetic Nanoparticles: The magnetic nanoparticles also hold great promise for
the detection of breast cancer. In MRI, SPIONSs are used to enhance contrast with a
view to increasing the visibility of tumors, particularly in the early stages of the
disease . Many ligands specifically targeting tumor cells can be attached to SPIONs,
thereby enhancing their sensitivity and specificity in detecting breast cancer (Wu,

Wu, Yu, Jiang, & Kim, 2015).
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Surface-Enhanced Raman Scattering (SERS)

Another promising detection method involves the use of metallic nanoparticles,
especially gold or silver, to enhance the Raman scattering signal of cancer
biomarkers through a technique called surface-enhanced Raman scattering (Lane,
Qian, & Nie, 2015). This technique is explored in the non-invasive early detection
of human breast cancer. Nanoparticles conjugated with specific biomarkers
associated with this cancer will permit the detection of such biomarkers in blood or
saliva by SERS. Due to the high sensitivity of SERS, even single molecules can be
detected; therefore, SERS is a powerful technique for the early diagnosis of cancer

(Lane, Qian, & Nie, 2015).
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4.2 Nanotechnology in Breast Cancer Diagnosis

Upon the diagnosis of breast cancer, its type, stage, and grade need to be ascertained.
Nanotechnology provides for more sensitive, more accurate, and less invasive
diagnostic modalities. Nanoparticles are employed not only in detecting cancer but
also in evaluating its molecular traits to accommodate a treatment approach and offer

better personalized care.

Early-Stage Detection and Screening

Mammography, while the standard technique for the screening of breast cancer, very
often does not reveal early-stage cancer, especially in women with dense breast
tissue. Nanotechnology offers a chance at earlier and more accurate detection by

means of novel screening methods .

Mammography with nanoparticles: There are some recent approaches to
mammography by incorporating newly developed nanoparticle-based contrast
agents for the increased detection of small tumors.Such agents would improve the
contrast between normal and tumoral tissues, enabling the detection of lesions that
could not be readily visualized by means of a standard mammogram. For example,

SPIONs or liposomes, nanoparticles targeting specific receptors on tumor cells,

18



which enhance resolution and specificity of mammographic images (Mura, Nicolas,

& Couvreur, 2013).

Circulating Tumor Cells (CTCs): Another very promising application of
nanotechnology in the diagnosis of breast cancer includes the detection of CTCs in
blood. The CTCs are defined as those cells of a tumor that have broken off from a
primary tumor and circulate in the bloodstream, giving rise to metastasis. The
capture and analysis of CTCs at extremely low concentrations have been possible
through nanotechnology (Rosenblum, Joshi, Tao, Karp, & Peer, 2018). For example,
gold nanoparticles functionalized with antibodies selectively bind to CTCs, thus

enabling their isolation and characterization.

Nanoparticle-Assisted Biopsy

For years, traditional biopsy methods have been invasive; most take a great deal of
time and sometimes yield inconclusive results. However, nanotechnology assisted
engineers in developing less invasive biopsy alternatives. Nanoparticles coated with
specific biomarkers can be administered in the body, which actively target and bind
to tumor cells (Bobo et al., 2016). After attachment to the tumor cells, the
nanoparticles are easily retrieved through a minimally invasive procedure, such as

fine needle aspiration. This process, sometimes referred to as "liquid biopsy," is less
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intrusive and constitutes a more efficient way to diagnose breast cancer and monitor

disease progression.

Molecular Diagnostics

Molecular diagnosis entails the analysis of the genetic and molecular composition
of tumor cells to identify mutations or other markers that may affect treatment.
Nanotechnology plays a vital role in molecular diagnostics, enabling the detection
of genetic alterations such as mutations, gene expression levels, and epigenetic

modifications.

Nanoparticles for DNA/RNA Detection: Nanotechnology has also entered the
realm of detecting genetic mutations or changes in gene expression associated with
breast cancer. The nanoparticles can be functionalized with DNA or RNA probes
which bind selectively to specific gene sequences or transcripts, hence permitting
detection of genetic mutations typical in some subtypes of breast cancer, such as
HER2 amplification or BRCAL/2 mutations (Cho et al., 2008). This approach has

provided critical information for personalized treatment strategies.

Nanomaterial-based biosensors: Currently, nanomaterials like carbon nanotubes
and graphene are in development for use as biosensors in the detection of the genetic

material associated with breast cancer. The sensors that come forth from this will
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thus be highly sensitive in the detection of low levels of DNA, RNA, and proteins

which are indicative of the disease (Lane et al., 2015).
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4.3 Nanotechnology in Breast Cancer Treatment

Treatment strategies for breast cancer have improved significantly in recent years,
partly due to advances in nanotechnology. Nanoparticles may be utilized to carry
chemotherapeutic agents, immunotherapies, and gene therapies directly to the tumor
site, decreasing adverse side effects and enhancing the overall efficacy of the
treatment (Wang et al., 2012). Nanotechnology also has a role in overcoming drug

resistance and improving the response to treatment.

Nanoparticle-Based Drug Delivery

Traditional chemotherapy often involves the administration of highly toxic drugs
systemically, which may affect tumor and healthy cells alike. The consequences
include hair loss, nausea, and organ toxicity (Venditto & Szoka, 2013).
Nanotechnology enabled the engineering of drug delivery systems that would
specifically target the cells that cause breast cancer, limiting toxicity and improving

the therapeutic effects of the drug.

Liposomes and Polymeric Nanoparticles: Liposomes and polymeric nanoparticles
are some of the most studied nanomaterials in drug delivery. Such nanoparticles are
more capable of loading chemotherapy drugs such as paclitaxel, doxorubicin, or

cisplatin and releasing them at the tumor site. Functionalization of such
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nanoparticles with targeting ligands ensures that the drug is released preferentially
at the site of the tumor with lesser side effects (Venditto & Szoka, 2013). A well-
known example of this is Doxil; this is a liposomal formulation of doxorubicin,

which is an FDA-approved nanocarrier for the treatment of breast cancer.

Stimulus-Responsive Nanoparticles: These nanoparticles are designed to release
their payload in response to a specific trigger in the tumor microenvironment, such
as acidic pH, high temperature, or overexpressed enzymes (Mura et al., 2013). This
kind of targeted release greatly improves the efficacy and reduces the side effects.
For instance, pH-sensitive nanoparticles may deliver drugs in the acidic environment

of tumor cells for better treatment outcomes.

Nanoparticles for Immunotherapy

More recently, immunotherapy has yielded new and promising approaches to
treating breast cancer in cases when traditional chemotherapy and radiation therapy
are ineffectual. Nanoparticles may enhance immunotherapy by the targeted delivery

of immune checkpoint inhibitors, cancer vaccines, or cytokines to the tumor site .

Nanoparticles-Based Vaccines: Nanoparticles can act as delivery systems for
tumor antigens, enabling improved immune responses to cancer (Rosenblum et al.,
2018). This includes the use of cancer-specific antigens and adjuvants encapsulated

In nanoparticles and the stimulation of the immune response against breast cancer
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cells. Indeed, clinical trials performed with nanoparticle-based cancer vaccines have
demonstrated strong immune responses and an increase in survival rates among

patients.

Immune checkpoint inhibitors: Immune checkpoint inhibitors targeting the cancer
tumors can also be delivered using nanoparticles, including anti-PD-1 and anti-
CTLA-4 antibodies (Ferrari, 2005). Such inhibitors impede the immune checkpoint
proteins, which enable the cancerous cells to escape immune detection, thereby

enhancing the immune system to combat cancer.
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Chapter 05

Advantages, Disadvantages, Challenges Limitations and Future Perspectives of

Nanotechnology in Breast Cancer
5.1 Advantages of Nanotechnology in Breast Cancer

Nanoparticles show great potential in drug delivery and are currently used quite a
lot for cancer therapy, especially in breast cancer.The advantages of nanoparticles
are many and they are extremely stable, have a high rate of encapsulation, but can
also envelop drugs which are both hydrophobic and hydrophilic. But at the same
time, their dangers are apparent. Tiny nanoparticles for example, it can easily pass
through membranes and enter all parts of the body, and have a particularly good
affinity to cells. They can cause intrinsic toxicity in normal cells from a number of
organs.PLGA (National Institute for Materials Science, Kyoto, Japan) has the
advantage of being a biodegradable material; however, its rapid collapse leads to a
loss in biological retention time in tissues. So when cancers need to be treated over
longer periods of time by administration with drugs or cloned genes, all becomes
much less effective. The use of nanotechnology provides innovative paths in which
to battle breast cancer. If nanocarriers increase drug solubility and stability, extend
the life of a drug in body tissues, and allow it to gather at tumor sites more easily,
they have at least three benefits that can make doing difference.lt is in the nature of

their design that these particles release therapeutic agents specifically at tumor sites
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and not elsewhere in the body. This means they can achieve this without hurting
normal tissues one bit, as we may compare with the way other drugs are spread
around.From the nanoparticle approach: normal tissue toxic effects are minimized
and the often serious side effects of conventional chemotherapy are bypassed by this
focused method of payload delivery (Cheriyan et al., 2025). To enhance Drug
effectiveness and bioavailability, nanocarriers increase drug solubility and stability
and prolong the period of time in which a drug remains effective in our body, making
it easier for drugs to accumulate on tumor sites. The result is that more therapeutic
agents can be concentrated in areas where they are most needed, increasing treatment

efficiency.

Dealing with Treatment Limits-

(Mugundhan & Mohan, 2024b) Nanomedicine provides answers to the difficulties
that traditional breast cancer treatments encounter. These include scarce cellular
drug absorption, resistance to drugs surgical, radiotherapeutic and chemotherapeutic
approaches. It can also help in the treatment of metastatic breast cancer, which is

often more difficult to treat effectively.
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Control and prolonged release of drugs-

Nanotechnology makes drugs have a controlled and sustained ability to come out,
thus raising their therapeutic effectiveness and allowing for the use of multiple drug
combination therapies at a time. (Miao et al., 2004). Nikdouz et al. (2022) at the
resolution of location-based delivery of drugs to cancer cells, nanoparticles help in
distinguishing between harmful and non-cancerous cells. With this strategy,
convergent targeting allows for lower toxicities and side effects as opposed to
conventional treatments based on an empirical basis. Nanotechnology comes to be
viewed as an innovative means of treating breast cancer. In this case, nanoparticles
are thought to be able to take medications, inhibitors or genes directly to malignant
tissues without harming surrounding normal organs. Recent studies of
nanotechnology in breast cancer stress certain virtues, namely enhanced solubility,
pharmacokinetics and the potential for targeted distribution and treatment (Cheriyan
et al., 2025b). However, advantages are coupled with obstacles to wide, effective
clinical application of nanotechnology, particularly controlled, experimental clinical

trials.
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Advancement of Immunotherapy-

Advancement of Immunotherapy Nanoparticles offers a means to augment the
Immune system's capacity to identify and eliminate cancerous cells through drug
delivery. Furthermore, they facilitate the development of more potent cancer
vaccines, which activate the immune system's recognition and attack of cancer cells.
Nanoparticles can be engineered to preferentially interact with the tumor
microenvironment, encompassing blood vessels and immune cells associated with
the tumor. Logically, this type of personalized therapy enhances immune responses

and boosts the effectiveness of immunotherapies.

Real-time Monitoring and Liquid Biopsies-

Non-invasive cancer monitoring in nanotechnology makes it possible to develop
"liquid biopsy" methods in which nanoparticles filter cancer-indicators from blood
samples. This allows for continuous monitoring of the tumour condition without the
use of invasive tissue biopsies. As a result, this method helps clinicians to evaluate
the effectiveness of treatment and detect early recurrence of cancer. Nanoparticles
can also be designed with certain antibodies to detect circulating tumor DNA or
RNA in the blood of women already diagnosed with breast cancer, thus offering a

less invasive way to monitor the progress of the disease.
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5.2 Disadvantages of Nanotechnology in Breast Cancer

Noxious Nanoparticles-

Nevertheless, inorganic nanoparticles are burdened with several shortcomings,
including their unpredictability. This is because inorganic particles possess a large
surface area and may have unanticipated effects on biomolecules. Long-term health
and environmental risks are of considerable concern. The movement, metabolism
and excretion of inorganic nanomaterials within the body have yet to be fully
understood (Cohn et al., 1998). Some studies have found that nanoparticles like gold,
silver and iron oxide are toxic both in vitro and in vivo. Inorganic nanocarrier slow
disintegration might lead to protracted cytotoxicity. Carbon nanotubes have been
implicated in increases of metastasis in breast cancer by recapitulating the sexual

toxicity between human and animal substances (Karaosmanoglu et al., 2020).

Stability and Effectiveness-

Jittery Liu et al. (2024). Medical nanotechnologies face a number of stability
challenges in biological settings. As an example, indentations and capture by
biological molecules may affect their therapeutic effectiveness. Nanoparticle
applications in a tumor setting are inadequate, as demonstrated by the crystallization

of DOX within liposomes (Karaosmanoglu et al., 2020). In these strategies, the use
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of nanocarriers in patients might bring about unexpected injury and risk. Since
liposomal DOX nanoparticles linked with carriers caused the hand-foot syndrome
due to DOX crystallization within liposomes (Liu et al., 2024). The improper
accumulation ultimately leads to a "protein corona," which deposits on nanodrug
formulations and affects their performance. The fundamental toxicity of many
Inorganic substances, such as heavy metals and the speed at which they gradually
accumulate in and remain in the human body gives rise also to safety worries by
farmers and consumers (Liu et al.2024). The instability and higher costs of the
manufacturing process can inhibit further degrees of spread for nanodrugs, making
their introduction into health care usage more difficult. Now, the matter of how to
select drug delivery materials is complex and difficult. Researchers with their
various mountainsized problems must also consider a long list of far-ranging
environmental safety problems (Karaosmanoglu et al., 2020). However, this is no
easy job because there are no clear mechanisms associated with tumor cell
mutations, metastasis and heterogeneity. Therefore, incomplete knowledge hinders
both the overall removal of primary tumors and the prevention of metastases (Vasil

etal., 2014).
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Pharmacokinetics and Biodistribution of Nanoparticles-

This is the new approach of cancer therapies that are ineffective against triple-
negative breast cancer. The way in which nanostructures could be employed in a
future health care strategy to deliver cutting-edge treatments. Nanoparticles, with
their small size, could have different physicochemical properties. They might be able
to dodge through ill-defined biological barriers between “properties" and
"permutations”. It's a major difficulty in today's science to distribute nanoparticles
across the body better than not at all with new methods that are more effective and
less toxic, it also opens up unimagined possibilities in the future for nano-treatment
of cancer in a controlled environment. Unique nanocarriers are developed, such as
liposomes or polymeric nanoparticles, to transport medications to tumor sites. This
increases the concentration of the drug, increases its bioavailability and decreases

the systemic toxicity.

Resisting Control -

With the benefit of nanoparticle designs, drug resistance mechanisms in triple-
negative breast cancer and other aggressive subtypes of breast carcinoma are
beginning to be blocked (Gupta et al., 2024). In compound therapies,
nanotechnology makes it possible to combine diverse therapeutic agents or measures
In a synergistic way.
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5.3 Challenges and Limitations of Nanotechnology in Breast Cancer

Nanotechnology has great promise in the diagnosis and treatment of breast cancer by
delivering drugs directly to tumors and even cells within them. It can achieve this in many
other ways to improve the solubility of drugs or their stability at different pH values and
enhance targeted therapies. (Hussain et al., 2018). But a broad acceptance meets many
challenges and limitations. While these promising advances exist, obstacles remain for wide
clinical application. This includes guaranteeing the continued safety and biological
compatibility of nanoparticles, optimizing large-scale production procedures, ensuring
reproducibility and addressing regulatory challenges (Sun et al., 2023). Continuous
development of research in these areas is essential for moving novel nanotechnologies from
the laboratory to clinical practice to improve patient outcomes. Creating nanoparticles with
consistent size, shape, surface properties, drug content, and release patterns on a large scale
is a complex task. Moreover, the rules for nanomedicines are still being developed and vary
widely. This includes safety assessments, studies of long-term effects and quality control,
which all present challenges (Abolhassani et al., 2024). Many promising nanoparticle systems
are still being tested in preclinical models, like cells and animals, rather than in human trials.
In addition, complex multifunctional systems, such as those combining drugs, imaging agents,
and stimulus-responsive release mechanisms, can increase manufacturing costs, regulatory

risks, and potentially reduce reliability.
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Nanotechnology could change how breast cancer is treated in a big way, but it also has a lot
of problems and limits. One of the hardest things to do is to find cancer cells without hurting
healthy tissues. This is because tumors can be very different from each other, which makes it
hard to be sure of specificity. Also, it's still hard to design and keep nanoparticles stable
because they need to be small enough to get into tumors but also stable in the blood and break
down so they don't become toxic. It's also hard to make sure that the right amount and timing
of drugs are given to the tumor site. Nanoparticles can also make people sick and cause
Immune responses, which makes people worry about how safe they are in the long run. Getting
regulatory approval for nanomedicines is also a slow and hard process because there aren't
any standard frameworks and it's hard to make enough of them for clinical use. Things are
even more complicated by moral questions like how the public sees it and how fair access is,
as well as the high costs of development and production. Nanotechnology is still a promising
area of research for treating breast cancer, but these issues need to be worked out before it can

be used in hospitals all over the world.
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5.4 Future Perspectives for Nanoparticles in Breast Cancer Treatment
Personalized Nanomedicine

Nanotherapies for breast cancer are going to be one of the best inventions in oncology.
In the next generation, patients can customize their targeted therapies according to their
cancer type. For instance, triple-negative breast cancer (TNBC) may benefit from
nanoparticles containing immune-modulating drugs, whereas HER2-positive tumors
may be treated with HER2-targeted antibody—drug conjugates (ADCs). Genomic
sequencing could guide ligand selection for active targeting, ensuring that nanoparticle
binding matches the patient’s tumor-specific receptors. This personalization aims to

increase efficacy while minimizing systemic toxicity (Shi et al., 2017).

Overcoming Multidrug Resistance (MDR)

One of the primary causes of chemotherapy failure in metastatic breast cancer is still
multidrug resistance, which is frequently brought on by P-glycoprotein (P-gp) efflux
pumps. By delivering medications intracellularly through endocytosis and avoiding
efflux routes, nanoparticles can avoid these pumps. Additionally, nanoparticles can co-
deliver gene-silencing agents such as small interfering RNA (siRNA) to suppress the

expression of resistance-related genes, restoring drug sensitivity (Wang et al., 2021).
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Chapter 06

Conclusion

Nanotechnology marks a significant advancement in the fight against breast cancer through
targeted and efficient diagnostic and therapeutic strategies.Additionally, nanoparticles can
enable earlier and more accurate diagnosis, along with innovative treatment options, including
for aggressive and resistant cancers. This precision medicine approach, still under
development, shows great promise for optimizing patient management and transforming
breast cancer treatment strategies. Scientists and doctors are increasingly turning to
nanotechnology, an innovative medical science that can lead to breakthroughs in diagnosis
and treatment. Nanotechnology exploits the unique properties of nanoparticles, such as their
small size, high surface area, and ability to interact at a molecular level. Although these novel
cancer therapies remain in the experimental stage, they have a promising future. However,
challenges must be addressed for nanotechnology to significantly contribute to breast cancer
care. These include concerns about long-term safety, such as toxicity levels, as well as
complexities in manufacturing and regulatory approval. Nevertheless, ongoing research is
tackling these issues, with trials evaluating both the effectiveness and safety standards of these
new methods. In summary, nanotechnology is a groundbreaking development in the battle
against breast cancer. It offers innovative avenues for diagnosis, treatment, and healing.

Despite the hurdles, the potential benefits of nanotechnology in breast cancer therapy are
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Immense and could revolutionize treatments, bringing us closer to personalized, less invasive,

and more effective therapies.
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